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(57) Abstract: A controller for an inductive load in the form of a DC electric motor which has an inductive winding. Controller in -
cludes a first input for drawing a DC load current in a first period from a first energy source in the form of a bank of batteries. The
first input supplies a first DC charging current to batteries during a second period. A second input draws a second DC charging cur -
rent during the second period from a second energy source in the form of a DC power source. A control module issues control sig-
nals. A first drive circuit and a second drive circuit, both operate in a first state and a second state during the first period and the
second period respectively wherein, in the first state, drive circuits are connected with the first input and are responsive to the con-
trol signals for receiving load current and selectively energising windings to create torque in motor.
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A CONTROLLER FOR AN INDUCTIVE LOAD HAVING ONE OR MORE INDUCTIVE
WINDINGS

FIELD OF THE INVENTION

[0001] The present invention relates to a controller for an inductive load and in
particular to a controller for an inductive load having one or more inductive windings.

[0002] The invention has been developed primarily for use in plug-in electric vehicles
and will be described hereinafter with reference to that application. However, it will be
appreciated that the invention is not limited to these particular fields of use and is also
applicable to other vehicular uses such as plug-in hybrid electric vehicles whether for
private or commercial use. The invention is also applicable to non-vehicle uses such as
pumps, compressors, and many other applications of electric motors or inductive loads in

many different industries.
BACKGROUND

[0003] Any discussion of the background art throughout the specification should in no
way be considered as an admission that such art is widely known or forms part of
common general knowledge in the field.

[0004] Electric vehicles have been available for many decades and make use of one or
more electric motors to provide locomotive drive for the vehicle. In more recent times this
form of vehicle is becoming increasingly more viable as cars for private and commercial
use. Electric vehicles offer many advantages over vehicles with an internal combustion
engine (ICE) and hybrid ICE/electric motor vehicles. However, the major disadvantage or
drawback of electric vehicles remains: the range that is available between recharging is
relatively short, and the charging time, particularly to obtain a full charge, is long relative to
the refuelling time for a car with an ICE.

[0005] To encourage the sale and use of electric vehicles at least one electric vehicle
manufacturer is making efforts to have purpose-built rapid charging stations constructed in
a number of different locations in different countries. This however remains a very
expensive infrastructure-based solution that will take considerable time to meaningfully
deploy.

[0006] The requirement for purpose-built charging stations and other infrastructure to
reduce the duration of the recharge time for electric vehicles arises partly from the
installation within such vehicles of recharging circuitry that is only capable of

accommodating relatively low power levels. One factor contributing to the inclusion of this
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lower power circuitry in the vehicles is to reduce the cost of manufacture of the vehicles.
However, other motivations are to reduce the weight and size of the vehicles. For high
power components, and the need to keep those components within acceptable operating
temperature ranges, consumes considerable space and adds considerable weight, both of
which diminish vehicle performance and range. Additionally, the weight of the recharging
components can be considered dead weight whilst driving, as it is only used when the
vehicle is stationary and not operating.

[0007] One partial solution that has been proposed to this problem is to include in an
electric vehicle a power conversion device that is a drive circuit for the electric motor and
a charging circuit for the on-board battery. An example of such a power conversion device
is disclosed in Chinese utility patent CN 203708127, where use is made of all three of the
motor windings of a switched reluctance motor for charging the battery from an AC
source. This prior art arrangement is however limited in operation and application. By way
of example, it is through its architecture limited to: an AC input for charging; and a
switched reluctance motor. Moreover, it is not able to gain the benefits of scale, in that
where use is made of multiple motors there is also a need to make use of multiple
versions of the conversion device.

[0008] Accordingly, there is a need in the art for an improved controller for an inductive

load having one or more inductive windings and a controller for such a load.
SUMMARY OF THE INVENTION

[0009] Itis an object of the present invention to overcome or ameliorate at least one of
the disadvantages of the prior art, or to provide a useful alternative.
[0010] According to a first aspect of the invention there is provided a controller for an
inductive load having one or more inductive windings, the controller including:
a first input for drawing a DC load current from a first energy source during a first
period and for supplying a first DC charging current to the first energy source
during a second period;
a second input for drawing a second DC charging current from a second energy
source during the second period;
a control module for issuing control signals; and
a first drive circuit and a second drive circuit that operate in a first state and a
second state during the first period and the second period respectively wherein, in
the first state, the drive circuits are connected with the first input and are
responsive to the control signals for receiving the load current and selectively

energising at least one of the one or more windings and wherein, in the second
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state, the second drive circuit is disconnected from the first input and the first and

second drive circuits are responsive to the control signals such that:

(a) the second drive circuit is able to connect with the second input and be
responsive to the second charging current for selectively directing an
energizing current through at least one of the one or more windings; and

(b) the first drive circuit is able to be responsive to the energising current for
generating the first DC charging current.

[0011] In an embodiment the first drive circuit and the second drive circuit include
respective power rails and the controller includes a switching device for selectively
connecting and disconnecting the power rails in the drive circuits to and from each other.
[0012] In an embodiment the first drive circuit and the second drive circuit include
respective pairs of like power rails and the switching device selectively connects and
disconnects the like power rails in the drive circuits to and from each other.

[0013] In an embodiment the respective pairs of like power rails include a positive
power rail and a negative power rail.

[0014] In an embodiment the switching device: includes one or more switches where
the or each switch has at least two states; and is responsive to the control signals for
selectively changing the state.

[0015] In an embodiment the switching device is responsive to the control signals for
selectively connecting and disconnecting the power rails.

[0016] In an embodiment the switching device is responsive to the control signals for
selectively connecting and disconnecting one or more of the power rails from the first
input.

[0017] In an embodiment the controller includes an input circuit having a third input for
connecting to an external energy source and an output for providing the second DC
charging current to the second input.

[0018] In an embodiment the input circuit includes a filter.

[0019] In an embodiment the external energy source is an AC source and the input
circuit includes a rectifier.

[0020] In an embodiment the input circuit includes an inverter and is responsive to the
control signals for drawing a DC current from the second input and supplying via the third
input an AC current to the external source.

[0021] In an embodiment the first drive circuit selectively provides a current path
between at least one of the supply rails in the pair of supply rails and at least one of the
one or more windings.

[0022] In an embodiment the first drive circuit includes a rectifier circuit.
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[0023] In an embodiment the rectifier circuit includes at least one half-bridge rectifier
[0024] In an embodiment the rectifier circuit includes: at least one asymmetrical
rectifier.

[0025] In an embodiment the second drive circuit selectively provides a current path
between at least one of the supply rails in the pair of supply rails and at least one of the
one or more windings.

[0026] In an embodiment the second drive circuit includes a rectifier circuit.

[0027] In an embodiment the rectifier circuit includes at least one half-bridge rectifier.
[0028] According to a second aspect of the invention there is provided a controller for
an inductive load having one or more inductive windings, the controller including:

a first input for drawing a DC load current from a first energy source during a first
period and for supplying a first DC charging current to the first energy source
during a second period;
a second input for drawing a second DC charging current from a second energy
source during the second period; and
a first drive circuit and a second drive circuit that operate in a first state and a
second state during the first period and the second period respectively wherein, in
the first state, the drive circuits are connected with the first input for receiving the
load current and selectively energising at least one of the one or more windings,
and wherein, in the second state, the second drive circuit is disconnected from the
first input such that:

(a) the second drive circuit is able to connect with the second input and be
responsive to the second charging current for selectively directing an
energizing current through at least one of the one or more windings; and

(b) the first drive circuit is able to be responsive to the energising current for
generating the first DC charging current.

[0029] According to a third aspect of the invention there is provided a controller for an
inductive load having one or more inductive windings, the controller including:

at least two drive circuits, wherein each drive circuit includes a power rail from

which DC current is selectively drawn by the drive circuit to energise at least one

of the one or more windings; and

a switching device for operating in a first state and a second state wherein, in the

first state, the switching device connects the power rails to a common DC energy

source and, in the second state, the switching device isolates at least one of the
power rails from at least one other of the power rails and connects the at least one

of the power rails to a further DC energy source.
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[0030] In an embodiment the inductive load is an electric motor and, in the first state,
the DC current is a DC load current that is drawn by the power rails to energise the one or
more windings to drive the motor.
[0031] In an embodiment the electric motor is a DC motor having a single armature
winding.
[0032] In an embodiment the electric motor has a plurality of windings.
[0033] In an embodiment the electric motor has a plurality of interconnected windings.
[0034] In an embodiment, in the second state, the DC current drawn by the at least one
of the power rails is a DC charging current from the further DC energy source that is at
least in part directed through at least one of the one or more windings.
[0035] In an embodiment the controller includes a control module for providing control
signals, wherein the switching device is responsive to the control signals for operating in
the first state or the second state.
[0036] In an embodiment the drive circuits are responsive to the control signals for
selectively energising at least one of the one or more windings.
[0037] In an embodiment each drive circuit includes a set of switches that are
responsive to the control signals for selectively energising at least one of the one or more
windings.
[0038] In an embodiment the sets of switches define respective half-bridge rectifiers.
[0039] In an embodiment the inductive load includes three windings and three drive
circuits and, in the second state, two of the power rails remain connected.
[0040] In an embodiment the controller includes three inductive windings and three
drive circuits wherein, in the second state, all of the power rails are isolated from each
other.
[0041] In an embodiment the controller includes a plurality of windings and a plurality of
drive circuits having respective power rails wherein, in the second state, at least one of
the power rails for one of the drive circuits is electrically isolated from the other power rails
of the other drive circuits.
[0042] According to a fourth aspect of the invention there is provided a controller for an
electrical machine including a plurality of interconnected inductive windings, the controller
including:
a plurality of drive circuits each having a power rail from which current flows as the
interconnected windings are selectively and collectively energised; and
a switching device for operating in a first state and a second state wherein, in the
first state, the switching device connects the power rails to a common DC energy

source and/or sink and, in the second state, the switching device isolates at least
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one of the power rails from at least one other of the power rails and connects the
at least one of the power rails to a further energy source and/or sink.
[0043] In an embodiment the further energy source and/or sink is one of: a DC energy
source and/or sink; and an AC energy source and/or sink.
[0044] According to a fifth aspect of the invention there is provided a method for
controlling an inductive load having one or more inductive windings, the method including
the steps of:
at a first input: drawing a DC load current from a first energy source during a first
period; and supplying a first DC charging current to the first energy source during a
second period;
at a second input, drawing a second DC charging current from a second energy
source during the second period;
issuing control signals from a control module; and
providing a first drive circuit and a second drive circuit that operate in a first state
and a second state during the first period and the second period respectively
wherein, in the first state, the drive circuits are connected with the first input and
are responsive to the control signals for receiving the load current and selectively
energising at least one of the one or more windings and wherein, in the second
state, the second drive circuit is disconnected from the first input and the first and
second drive circuits are responsive to the control signals such that:

(a) the second drive circuit is able to connect with the second input and be
responsive to the second charging current for selectively directing an
energizing current through at least one of the one or more windings; and

(b) the first drive circuit is able to be responsive to the energising current for
generating the first DC charging current.

[0045] According to a sixth aspect of the invention there is provided a method for
controlling an inductive load having one or more inductive windings, the method including
the steps of:
at a first input: drawing a DC load current from a first energy source during a first
period; and supplying a first DC charging current to the first energy source during a
second period;
at a second input, drawing a second DC charging current from a second energy
source during the second period; and
providing a first drive circuit and a second drive circuit that operate in a first state
and a second state during the first period and the second period respectively

wherein, in the first state, the drive circuits are connected with the first input for
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receiving the load current and selectively energising at least one of the one or

more windings, and wherein, in the second state, the second drive circuit is

disconnected from the first input such that:

(a) the second drive circuit is able to connect with the second input and be
responsive to the second charging current for selectively directing an
energizing current through at least one of the one or more windings; and

(b) the first drive circuit is able to be responsive to the energising current for
generating the first DC charging current.

[0046] According to a seventh aspect of the invention there is provided a method for
controlling an inductive load having one or more inductive windings, the method including
the steps of:

providing at least two drive circuits, wherein each drive circuit includes a power rail

from which DC current is selectively drawn by the drive circuit to energise at least

one of the one or more windings; and

operating a switching device in a first state and a second state wherein, in the first

state, the switching device connects the power rails to a common DC energy

source and, in the second state, the switching device isolates at least one of the
power rails from at least one other of the power rails and connects the at least one
of the power rails to a further DC energy source.
[0047] According to an eighth aspect of the invention there is provided a method for
controlling an inductive load having a plurality of interconnected inductive windings, the
method including the steps of:
providing a plurality of drive circuits each having a power rail from which current is
drawn to selectively and collectively energise the interconnected windings; and
operating a switching device in a first state and a second state wherein, in the first
state, the switching device connects the power rails to a common DC energy
source and, in the second state, the switching device isolates at least one of the
power rails from at least one other of the power rails and connects the at least one
of the power rails to a further energy source.
[0048] According to another aspect of the invention there is provided a According to
another aspect of the invention there is provided a controller for an electric vehicle,
comprising:

a motor of the vehicle having one or more inductive windings;

a first drive circuit including a first half-bridge rectifier;

a second drive circuit including a second half-bridge rectifier;

a third drive circuit including a third half-bridge rectifier;
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wherein the one or more inductive winding is connected across from a midpoint of
one of the first, second, or third half-bridge rectifiers to a midpoint of an other of the first,
second, or third half-bridge rectifiers;

a first input connected to respective like pairs of positive power rails and negative
power rails of the first, second, and third drive circuits in a parallel arrangement;

a first direct current energy source or an onboard battery connected across the
first input; and

a control module configured to issue control signals to reconfigure the first,
second, and third drive circuits from a first state to a second state;

wherein, in the first state, in response to the control signals, the first, second, and
third drive circuits are configured in a first period to drive the motor to propel the vehicle
and in a second period to generate a first direct current charging current to re-charge the
on-board battery;

wherein said first, second and third drive circuits are connected with the first input
and are responsive to the control signals for receiving a load current and selectively
energising at least one of the one or more inductive windings; and

wherein, in the second, reconfigured state, the controller comprises:

a second direct current external energy source connected across a second
input, to charge the onboard battery, the second input connected across the
second drive circuit;

a switch in at least one of the positive power rail and the negative power
rail, between the second drive circuit and the first drive circuit; and

a first bulk capacitor across the first input and a second bulk capacitor
across the second input;

wherein, in the second state, the switch is open, the second drive circuit is
disconnected from the first input, and the control module is configured to operate
at least one of the first, second, and third drive circuits, with at least one inductive
winding, in a buck convert mode, a boost convert mode, or a buck-boost convert
mode from the second direct external power source at a second potential to a first
potential in order to charge the onboard battery.

[0049] Reference throughout this specification to “one embodiment”, “some

embodiments” “an embodiment”, “an arrangement”, “one arrangement” means that a
particular feature, structure or characteristic described in connection with the embodiment
or arrangement is included in at least one embodiment or arrangement of the present
invention. Thus, appearances of the phrases “in one embodiment”, “in some

embodiments”, “in an embodiment”, “in one arrangement”, or “in and arrangement” in
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various places throughout this specification are not necessarily all referring to the same
embodiment or arrangement, but may. Furthermore, the particular features, structures or
characteristics may be combined in any suitable manner, as would be apparent to one of
ordinary skill in the art from this disclosure, in one or more embodiments or arrangements.
[0050] As used herein, and unless otherwise specified, the use of the ordinal adjectives
"first", "second", "third", etc., to describe a common object, merely indicate that different
instances of objects in a class of objects are being referred to, and are not intended to
imply that the objects so described must be in a given sequence, either temporally,
spatially, in ranking, in importance or in any other manner.

[0051] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by those of ordinary skill in the art to which the
invention belongs.

[0052] The articles “@” and “an” are used herein to refer to one or to more than one
(that is, to at least one) of the grammatical object of the article unless the context requires
otherwise. By way of example, “an element” normally refers to one element or more than
one element.

[0053] As used herein, the term “exemplary” is used in the sense of providing
examples, as opposed to indicating quality. That is, an “exemplary embodiment” is an
embodiment provided as an example, as opposed to necessarily being an embodiment of

exemplary quality.
BRIEF DESCRIPTION OF THE DRAWINGS

[0054] Embodiments of the invention will now be described, by way of example only,
with reference to the accompanying drawings in which:
Figure 1 is an electrical schematic diagram for a controller for a DC motor having a
single inductive winding;
Figure 2 is an electrical schematic diagram of a controller for a three phase
inductance motor having a wye configuration and which is configured to receive
DC power from an external PV array;
Figure 3 is a schematic view of a controller similar to Figure 2 for use in an electric
vehicle and which is configured to receive three phase power from an external
electricity grid;
Figure 4 is an electrical schematic diagram of a controller similar to the controller
of Figure 3 which is configured to receive single phase power from the external

electricity grid;
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Figure 5 is an electrical schematic diagram of a controller similar to that of Figure 4
illustrating an alternative configuration to receive single phase power from the
electricity grid;

Figure 6 is an electrical schematic diagram of a controller for use in an electric
vehicle and which is configured to receive three phase power from an external
electricity grid and which has three drive circuits including insulated gate bipolar
transistors;

Figure 7 is an electrical schematic diagram of another controller for use in an
electric vehicle when operating in the second state and in a buck mode;

Figure 8 is a flow chart of the steps followed by the controller of Figure 7 when
operating the second state;

Figure 9 is an electrical schematic diagram of the controller of Figure 7 operating
in the second state and in a boost mode; and

Figure 10 is an electrical schematic diagram of the controller of Figure 7 operating
in the second state and in a buck-boost mode;

Figure 11 is a schematic diagram of a controller similar to the controller of Figure 6
making use of a bidirectional rectifier/inverter;

Figure 12 is a schematic diagram of a controller making use of a plurality of banks
of ultra-capacitors (or supercapacitors), with only one bank shown;

Figure 13 is a schematic diagram of a further controller making use of a plurality of
banks of ultra-capacitors;

Figure 14 is a schematic diagram of a further controller for an inductive load in the
form of a switched reluctance motor, or a motor with independently controlled
windings;

Figure 15 is a schematic diagram of a further controller for an inductive load
including multiple electric motors;

Figure 16 is a schematic diagram of a further controller similar to that of Figure 15
and having staggered connections;

Figure 17 is a schematic view of a further controller for an inductive load including
multiple electric motors;

Figure 18 is a schematic diagram of a further controller for an active rectifier with
bidirectional capabilities coupled with an inductive load in the form of a three
phase motor having three windings shown in a wye configuration;

Figure 19 is a schematic view of a further controller enabled to work as a magnetic

energy recovery switch (MERS) system; and
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Figure 20 is a schematic view of a further embodiment of the invention making use

of wireless power transfer.
DETAILED DESCRIPTION

[0055] Described herein is a controller for an inductive load having one or more
inductive windings.

[0056] Referring to Figure 1 there is illustrated a controller 1 for an inductive load in the
form of a DC electric motor 2 which has an inductive winding 3. Controller 1 includes a
first input defined by terminals 5 and 6 for drawing a DC load current 7 in a first period
from a first energy source in the form of a bank of batteries 8. Terminals 5 and 6 supply a
first DC charging current 9 to batteries 8 during a second period. A second input defined
by terminals 11 and 12 draws a second DC charging current 13 during the second period
from a second energy source in the form of a DC power source 15. A control module 20
issues control signals along control lines 21 to 25, which are illustrated in Figure 1 as
uniformly broken lines. A first drive circuit 31 and a second drive circuit 32, shown
bounded in variable broken lines, both operate in a first state and a second state during
the first period and the second period respectively wherein, in the first state, circuits 31
and 32 are connected with terminals 5 and 6 and are responsive to the control signals for
receiving load current 7 and selectively energising winding 3 to create torque in motor 2.
In the second state, the circuit 32 is disconnected from terminal 5 and circuits 31 and 32
are responsive to the control signals such that: circuit 32 is able to connect with
terminal 11 and be responsive to current 13 for selectively directing an energizing
current 35 through winding 3; and circuit 31 is able to be responsive to current 35 for
generating current 9.

[0057] Circuit 31 includes a positive power rail 41 and a negative power rail 42, and
circuit 32 includes a positive power rail 43 and a negative power rail 44. Drive circuits 31
and 32 each include a set of switches, which in this embodiment are exemplified by two
MOSFETSs, each with a freewheeling diode (FWD). In other embodiments, the drive
circuits 31 include other configurations of sets of switches, including one or more switches
of one or more types. These switches are able to be unidirectional, bidirectional, or
multidirectional, and implemented by electrical, mechanical, or electro-mechanical devices
including, but not limited to, transistors, MOSFETs, HEMTs, HFETs, MODFETSs, IGBTSs,
Darlington pairs, diodes, photodiodes, thyristors, contactors, relays, or other such existing
or future devices. The configuration of the set of switches is able to include, but are not
limited to, half-bride, full-bridge, H bridge, asymmetrical bridge, or one or more switches in

any configuration of series and/or parallel. Controller 1 includes a bidirectional switching
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device in the form of a single throw single pole switch 48 for selectively connecting and
disconnecting power rails 41 and 43 to and from each other. Switch 48 is implemented in
this embodiment with two IGBTs in series having common emitters with free-wheeling
body diodes. However, in other embodiments another form of uni-directional or multi-
directional switch is used such as back-to-back MOSFETS, relays, contactors, mechanical
switches, or other such devices including those mentioned in this specification.

[0058] In this embodiment the negative power rails 42 and 44 remain connected and
are common at all times. However, in other embodiments, another switch, like to
switch 48, is located between power rails 42 and 44 for selectively connecting and
disconnecting power rails 42 and 44 to and from each other. In other embodiments
switch 48 is omitted and only the another switch between power rails 42 and 44 is used. In
further embodiments additional switches are used to provide further selective connection
and disconnection between rails 41 and 43 and rails 42 and 44. Accordingly, the switching
device includes, in different embodiments, at least one switch for selectively connecting
and isolating the like power rails. More particularly, the switches each have at least two
states and are responsive to the control signals for selectively changing state. The change
in state, in response to the control signals, has the effect of selectively connecting and
disconnecting the power rails. Moreover, the switching device, in whatever form it takes, is
responsive to the control signals for selectively connecting and disconnecting at least one
of the power rails from either or both of terminals 5 and 6, and at least one of the other
power rails from either or both of terminals 11 and 12.

[0059] In the Figure 1 embodiment, when switch 48 is in the open state (as shown),
rail 43 is disconnected or isolated from rail 41 and terminal 5. Although rail 44 is still
physically connected to rail 42, drive circuit 32 is functionally disconnected from circuit 31
to allow those circuits to perform different functions. This functional disconnection is able
to be established by having the break between either or both of the like power rails in the
two drive circuits.

[0060]  Circuit 31 includes two serially connected MOSFETs 51 and 52 (that define
respective switches) that extend between rails 41 and 42 and which receive respective
control signals from control module 20 via control lines 24 and 25 to selectively allow a
current path to be established between a first end 53 of winding 3 and rails 41 and 42.
Similarly, circuit 32 includes two serially connected MOSFETs 55 and 56 (that define
respective switches) that extend between rails 43 and 44 and which receive respective
control signals from control module 20 via control lines 21 and 22 to selectively allow a
current path to be established between a second end 57 of winding 3 and rails 43 and 44.

In this way, and subject to the control signal generated by module 20, current is able to be
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passed through winding 3 in either direction to drive motor 2 or to allow generation of
current 9 from current 35.

[0061] It will be appreciated by those skilled in the art that drive circuits 31 and 32
include respective half-bridge rectifiers. That is, the MOSFETs 51, 52, 55 and 56 are also
operating as switches (albeit with the added function provided by the respective body
diodes) in response to the relevant control signals generated by module 20. In other
embodiments different set configurations and types of switches are used to substitute for
one or more of the MOSFETs. Examples of other such switches include other active or
passive electronic components, or combinations of active and passive components. In
some embodiments the switches are implemented either in whole or in part with insulated
gate bipolar transistors (IGBT), bipolar junction transistors (BJT) or Darlington pairs, or the
like. Further embodiments make use of electrical contactors and/or mechanical contactors
and/or other such devices.

[0062] Module 20 includes a microprocessor and associated hardware such as
memory, interface cards, communications ports and the like. The microprocessor is
responsive to a wide range of voltage and current inputs and to software code contained
within the memory for executing operations that result in control signals being generated
and communicated through lines 21 to 25 for controlling the state of switch 48 and
MOSFETSs 51, 562, 55 and 56 to allow the above functions, and others, to be realised. In
this embodiments module 20 is dedicated to the operation of controller 1. However, in
other embodiments, motor 2 is for providing locomotive power to an electric vehicle and
module 20 is a control system for the electric vehicle and controls functions in addition to
those directly relevant to controller 1. In further embodiments motor 2 is a single phase
AC motor for driving the compressor of an air conditioning unit and module 20 is a control
system from a building power management system and controls functions in addition to
those directly relevant to controller 1.

[0063] In further embodiments motor 2 is part of a water bore pump (not shown) and
module 20 is a control system to control the power management between an array of
solar PV panels, an attached battery, and motor 2. In further embodiments, the inductive
load is one or more heating elements, and module 20 is responsive to various inputs for
providing a financially effective heating operation. This includes the selective draw of
current from the electrical grid and one or more attached energy storage devices for
maintaining heating requirements and/or charging the one or more other attached energy
storage devices. In still further embodiments, motor 2 is part of a cordless appliance such
as a cordless vacuum cleaner or power tool, and module 20 is the control system

responsible for the operation of the appliance or tool during the intended use of the
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appliance or tool, and for the charging cycle of the appliance or tool whilst not in use and
connected to a suitable power source at the second input.

[0064] The various embodiments of the invention make use of the switching device to
interrupt the power rails between at least two drive circuits that collectively provide drive
current to the motor during normal drive conditions. These normal drive conditions equate
to the period in which module 20 is operating controller 1 in the first state.

[0065] The switching device in its simplest form is a single switch, such as switch 48 in
Figure 1, which selectively connects and separates at least one of the drive circuits from
at least one other of the drive circuits. This allows the separated or isolated drive circuit to
be connected to, and to draw a DC current such as current 13, from a different source
than the other drive circuits. Through module 20 controlling the operation of the two
circuits to act as a charger in this separated configuration (that is, the second state), the
DC current is allowed to flow through the winding of the motor — or for multi-winding
motors, through one or more of the windings — and to make use of that winding as part of
the Buck-boost structure of the charger. That is, the separation of the control circuits and
the controlled cooperation between the separated drive circuits allows those circuits to
define, in combination with winding 3, a non-inverting cascaded buck-boost converter for
charging, for example, batteries 8 from another DC source, such as source 15.

[0066] Although the above operation of module 20 is described with reference to
charging batteries 8 when operating in the second state, in other embodiments there are
additional or alternative options available during the second state as will be described in
the embodiments below. All these options arise from module 20 providing controller 1 with
the capability of translating energy between at least two DC voltages.

[0067] It will also be appreciated that module 20 is able to control switch 48 and
MOSFETs 51, 52, 55 and 56 to implement additional functionalities. Particularly,
module 20 is able to issue control signals that enable controller 1 to provide bi-directional
current between batteries 8 and source 15. That is, controller 1 is able to charge
source 15 by drawing energy from batteries 8.

[0068] Moreover, in circumstances where motor 2 is being driven as a generator,
module 20 is able to issue control signals such that the current generated by motor 2 is
used to define DC current 9. Alternatively, the current generated is able to define a DC
charging current 58 that flows from terminal 11, in the opposite sense to current 13, into
source 15 (where source 15 is a rechargeable source able to receive that current). These
circumstances exemplarily include in an electric vehicle application where use is made of
regenerative braking. In other embodiments, module 20 provides control signals to

alternately or simultaneously generate currents 9 and 58.
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[0069] As controller 1 makes use of circuits 31 and 32 and winding 3 to define a Buck-
boost converter structure module 20 is able to provide DC charging across differing
voltage levels and, for multiphase applications, across multiple voltage levels, which will
be described in more detail below.
[0070] Accordingly, in general terms, embodiments of the invention are available with
one or up to all of the following capabilities:

e Todrive a motor from a first power source during the first state.

e Todrive the motor from a second power source during the first state.

e To drive the motor from either or both of the first power source and the

second power source during the first state.

e To charge either or both of the first power source and the second power

source from current generated by the motor, where those power sources are

rechargeable power sources.

e To charge the second power source from the first power source during the

second state, where the second power source is a rechargeable power source.

e To charge the first power source from the second power source during the

second state, where the first power source is a rechargeable power source.
[0071] That is, for those embodiments making use of two rechargeable energy sources
and a motor, and offering all of the above capabilities, the controller for the motor provides
full bidirectional energy flows between the motor and the energy sources.
[0072] Moreover, where a multiphase motor is appropriately configured any number of
the motor phase windings, including up to all of the motor windings, are able to be used
for the voltage translation power conversion. Furthermore, the windings are able to be
configured in series or parallel (or a combination of series and parallel} to offer
respectively greater inductance to the buck-boost structure and higher rates of power
transfer.
[0073] In those embodiments where the inductive load is a motor, such as provided in
Figure 1, it is typically beneficial to disable the motor while using the motor as the buck,
boost, or buck-boost inductor during the voltage translating operation. This prevents
creating excessive torque in the motor during that operation. In a DC motor this includes,
for example, disconnecting or bypassing the field winding and using the armature winding
as the load inductance. In other embodiments a similar effect is achieved by
disconnecting or bypassing the armature winding and using the field winding as the load
inductance. In an AC motor this effect includes, for example, controlling the current

waveform so that it does not induce torque in the motor. In some embodiments the stator
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and the rotor of the motor are preferentially mechanically locked during the power
conversion operation.

[0074] In some embodiments motor 2 is a pump motor that operates intermittently or
infrequently and source 15 is a PV array. (A specific example of this is provided below
with reference to Figure 2). When the PV array is generating power (that is, when
sufficient sunlight falls upon the array) and motor 2 is required to operate, module 20
provides control signals such that the power generated by the PV array is used to directly
drive the motor, with batteries 8 only having to provide any shortfall based upon the
current being drawn by motor 2. If motor 2 is not required to operate when power is
supplied by the PV array, module 20 provides control signals to direct any DC current
from the array, which is boosted or reduced in voltage (via the cooperation between
winding 3 and circuits 31 and 32), to define current 9, at the required DC voltage, to
increase the state of charge of batteries 8. During this charging of batteries 8 using
controller 1, module 20 is able to regulate the charge current 9 and enable Maximum
Power Point Tracking (MPPT).

[0075] As the PV array is not a rechargeable source it will typically have either a
protection diode or a switch, such as switch 59 (not shown) that is controlled by
module 20, to prevent a flow of current into the PV array.

[0076] The above operation is also enabled in embodiments making use of multiphase
motors. For example, in Figure 2, where corresponding features are denoted by
corresponding reference numerals, there is illustrated a controller 61 for an inductive load
in the form of a three phase motor 62 having three windings 3a, 3b and 3c in a wye
configuration. In light of the need to drive three inputs for motor 62, controller 61 includes
three drive circuits, including circuit 31, circuit 32 and circuit 63. It should also be noted
that motor 62 is a three phase pump motor, and source 15 is a PV array that provides
current 13. In other embodiments motor 62 is used in other than a pump, and source 15 is
other than directly from a PV array.

[0077] It will also be noted that some features have been omitted from Figure 2 (and
others of the figures) for simplicity and clarity. For example, in Figure 2 switch 53 has not
been explicitly shown. It will be appreciated however by the skilled addressee that such a
switch, and other such components such as current limiting circuitry, other protection
circuitry, earthing circuitry and the like, are included depending upon the application and
design parameters of the motor, the controller, and the associated circuits.

[0078] In this embodiment, a further rechargeable energy storage device, in the form of
a capacitor 65, is placed in parallel with batteries 8 to accommodate high power flows

both in currents 7 and 9. In other embodiments the rechargeable energy storage device is
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a plurality of capacitors, one or more ultra-capacitors, one or more hybrid capacitors/ultra-
capacitors, or a combination of one or more of these or other such devices.

[0079] Switch 48 operates, in response to relevant control signals from module 20 (not
shown in this Figure) to selectively disconnect rails 41 and 43. In addition, module 20
generates further control signals for circuits 31, 32 and 63, to allow for the required energy
flows during the different states of operation.

[0080] While in the Figure 2 embodiment the power rails for circuits 31 and 63 remain
always connected that should not imply that, when switch 48 is open, that both circuits 31
and 63 must operate in the same manner, although in some embodiments that identical
operation does occur. For example, there are circumstances where motor 62 is not
required to operate and current 13 from source 15 is available to charge batteries 8, but it
is quite small. In such cases, and when controller 1 is operating in a boost mode, either of
circuits 31 and 63 are able to be rendered inoperative — in that both MOSFETs in that
drive circuit are turned OFF — and the charging function, on the downstream side of the
windings, is performed by the controlled switching (by module 20) of the other of
circuits 31 and 63. In other embodiments, and under light load conditions, circuits 31
and 63 are controlled in a phase shifted manner, simultaneously, or inversely. In further
embodiments, the structure of the controller is changed to change the inductance/power
capability/efficiency, and examples of this are described below.

[0081] In other embodiments switch 48 is disposed between circuits 31 and 63. In still
further embodiments, an additional like switch is disposed between circuits 31 and 63 that
is responsive to control signals from module 20 to operate in unison with or separately
from switch 48 depending upon the functionality being provided by controller 61 at the
relevant time, or the parameters for which the operation of controller 61 is being
optimised.

[0082] It will also be appreciated that although switch 48 is disposed in Figure 2 to
provide a break between the positive power rails of adjacent drive circuits, in other
embodiments the or a further switch is disposed to provide instead, or in addition, a break
between the negative power rails of adjacent drive circuits.

[0083] Controller 61 is also able to applied, for example, to an electric vehicle. That is,
motor 62 is used to provide locomotive energy to the vehicle and batteries 8 are on-board
batteries for the vehicle. In such an embodiment capacitor 65 is substituted by an energy
storage device such as a bank of ultra-capacitors working in cooperation with batteries 8.
In other embodiments alternative substitutions are used. Module 20 controls the operation
of circuits 31, 32 and 63 to provide the required voltage translation and/or current

shaping/control requirements, including bidirectional power requirements for the energy
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accumulator to charge and discharge while maintaining the ability to operate motor 62 to
provide the required locomotive force which varies considerably over time. This
functionality includes, for example, operating in the first state by having switch 48 in its
closed state and operating circuits 31, 32 and 63 to connect motor 62 to batteries 8 and
the bank of ultra-capacitors to allow the considerable current 7 to be drawn. Between
periods in which motor 62 is being actively driven to provide locomotive drive to the
vehicle, module 20 is able to operate in the second state by having switch 48 in its open
state and operating circuit 32 and one or both of circuits 31 and 63 to allow recharging of
batteries 8 (and energy store 65) from an external power source such as source 15. In
some cases it is beneficial to transfer power back into the external source, for example,
for vehicle-to-everything (V2X) operation. Controller 61, when used in an electric vehicle,
accommodates these multiple modes of charge and discharge making use of substantially
only the existing drive circuits in the vehicle, albeit configured in a new way. For example,
in V2X operation, AC output is required to put energy back on to the electrical power grid
(V2G), whereas DC output may be beneficial to directly charge another electric vehicle
(V2V) which may have run out of battery energy. Where AC output is required,
controller 61 includes additional circuitry, which will be described in more detail below.
[0084] Controller 61 is well suited for use in an electric vehicle as it is able to utilise the
high power rating of the existing drive components to enable fast charging of the on-board
storage (batteries 8) from a high powered DC supply while using minimal extra
components. With the inclusion of an input circuit with a rectifier and/or inverter,
controller 61 is also able to accept high power AC charge currents — for example from a
standard three phase grid connection — and to return AC to the external source. In either
case, controller 61 makes redundant the dedicated on-board charger required on prior
electric vehicles.

[0085] Itis noted that for electric vehicle applications of controller 61, the chassis of the
vehicle should be earthed during any external connection that has a voltage potential to
earth, and the on-board energy storage and the chassis of the vehicle should be
electrically isolated from each other. The usual care should be taken to ensure there is
minimal earth leakage current and/or capacitance build up between any on-board energy
storage and the chassis of the vehicle. It will be appreciated by those skilled in the art,
having the benefit of the teaching herein, that in all embodiments use should be made of
suitable earth connections that comply with the relevant standards in the jurisdiction in
which the embodiment is implemented.

[0086] Referring to Figure 3 there is schematically illustrated an embodiment of the

invention for an electric vehicle (not shown) where corresponding features are denoted by
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corresponding reference numerals. In this embodiment a controller 71 for an inductive
load in the form of a three phase motor 72 having three windings 3a, 3b and 3c in a wye
configuration. Controller 71 includes an input circuit 75 having input terminals 76 for
connecting with a three phase grid 77. Circuit 75 includes a filter 78 and a bidirectional
inverter and rectifier circuit 79. This allows controller 71 to effect bidirectional power flows
to and from grid 77 in addition to the other power flows mentioned above. It will be
appreciated that when power is drawn from and provided to grid 77 and respectively into
and from controller 71, that the voltage at terminals 11 and 12 is always a DC voltage.
[0087] The six energy/power flows — that is, the three bidirectional flows — enabled by
controller 71 are illustrated in Figure 3. That is, controller 71 provides a fully bidirectional
DC-DC converter disposed electrically between the two sources of energy (the on-board
batteries, and the external source), and a DC-DC, DC-AC or AC-DC converter between
either of the sources and the motor.

[0088] While controller 71 makes use of a three phase grid connection, it will be
appreciated that a single phase connection or a DC connection to grid 77 is also able to
be used. Two examples of the latter are illustrated in Figure 4 and Figure 5 as
controllers 81 and 91 respectively. In the Figure 5 embodiment, a drive circuit 92 is utilised
to rectify the incoming AC current. However, during this rectification operation, circuit 92 is
isolated from the windings of the motor by module 20 (not shown) having a switch 93 held
in its open state as illustrated in Figure 5. The DC current that is generated by this
rectification is provided to a drive circuit 93, which is separated from the remaining drive
circuit 94 by module 20 holding switch 48 in its open state, as also illustrated in Figure 5.
This allows for two of the windings (or more than two if there are more than three
windings) to be used to provide the buck-boost function. The windings do not contribute to
the rectification of the AC current.

[0089] In some embodiments the controller is able to receive either single phase or
three phase power from grid 77. However, in other embodiments only single phase power
or three phase power is able to be obtained from or supplied to grid 77. In still further
embodiments DC power is able to be obtained from and supplied to grid 77.

[0090] A further embodiment of the invention is illustrated in Figure 6, where
corresponding features are denoted by corresponding reference numerals. More
particularly, a controller 101 for an inductive load in the form of motor 72 has three drive
circuits 102, 103 and 104 that have positive and negative power rails 105 and 106, 107
and 108, and 109 and 110 respectively. Circuits 102, 103 and 104 include respective pairs
of switches that receive control signals from module 20 (not shown) to determine the state

of the switches at any given time. In this embodiment, each switch is implemented with an
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IGBT, and the control signals are received at the gate of the transistors. The phases of the
three-phase motor are able to be connected in either a delta or a wye configuration.

[0091] When controller 101 is operating in the first state to drive motor 72, module 20
provides a control signals to switch 48 such that it is maintained in its closed state.
Accordingly, all of positive power rails 105, 107 and 109 are common, all of the negative
power rails 106, 108 and 110 are common, and the state of the switches in circuits 102,
103 and 104 are sequentially changed to provide the required timing and level of current
to operate the three coils of motor 72 such that the locomotive energy for the electric
vehicle (not shown) is generated. When the electric vehicle is not requiring drive to be
provided to motor 72 it is possible to connect controller 101 to grid 77, via circuit 75, and
the controller is able to operate in the second state by having switch 48 maintained in its
open state, as illustrated in Figure 6. The result is that rails 105 and 109 remain common,
while rail 107 is disconnected from those other rails. This allows circuit 103 to provide,
together with circuits 102 and/or 104 and one or more of the windings in motor 72, the
required buck-boost function. At least one of circuits 102 and 104 will operate to provide a
current path from motor 72 to terminal 5 or 6 to allow the charging current to flow into
batteries 8 (and any associated accumulator). If the connection to grid 77 has sufficient
capacity, it is possible for both of circuits 102 and 104 to simultaneously provide a current
path from motor 72 to terminal 5 or 6 so as to increase or optimise the charge current
entering batteries 8.

[0092] It will be noted from Figure 6 that, for electric vehicle applications, it is common
to have a decoupling capacitance across the power rails. A capacitor is shown in this
embodiment across terminals 5 and 6 (shown as Cp) and across terminals 11 and 12
(shown as C;). A further advantage of the architecture of the embodiments of the
invention, when used in electric vehicles and other applications having such capacitances,
is that the Buck-boost functionality provided is available to pre-charge (or discharge) C.
and/or Cp from batteries 8 and/or from grid 77 (or any other power source being used).
This Buck-boost function, controlled by module 20, accommodates any voltage
differences between the different parts of the circuit without requiring the use of additional
protection circuitry such as current limiting circuitry to avoid damage from inrush currents
should one or both of capacitors C; and Cy be at a low level of charge. In this embodiment,
C: is used as the main bulk capacitance for the drive circuits and is pre-charged through
the buck-boost functionality mentioned above. In other embodiments, multiple capacitors
and/or snubbers and/or other devices such as a bank of ultra-capacitors, make up the
bulk capacitance and may be distributed throughout the system. In a fault condition, the

control module may make use of the buck-boost capabilities as to quickly discharge the
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bulk capacitance to comply with any standards and/or regulations applicable to the
intended application.

[0093] Reference is now made to Figure 7 where there is illustrated a further
controller 121 for an inductive load in the form of a three phase motor 122 with three
windings 123, 124 and 125 in a wye configuration. The DC source at terminals 5 and 6 is
batteries 8, which have a voltage V4, and the DC source at terminals 11 and 12 is
rechargeable source 15 which has a voltage V-. It will be appreciated from the teaching
herein that the two DC sources are able to be selected from a wide variety of sources. It
will also be appreciated that controller 121 includes an input circuit 75 (not shown) for
allowing electrical energy to be transferred to and from grid 77 via terminals 11 and 12.
[0094] In this example, controller 121 is an on-board controller for an electric vehicle
(not shown) and module 20 (also not shown) functions so as to deliver the required
operation of controller 121. When operating in the second state, controller 121 is
responsive to a number of inputs (which are used by module 20 to generate the control
signals) to perform the steps set out in Figure 8. These steps are followed by module 20
executing software stored in local memory, and includes gaining information about the
present operating parameters of controller 121 (including present voltages, such as Vi
and V,, and others such as currents 7, 9, 13, 35 and 58). In embodiments that include
more than one inductive winding, more current sensors are typically used to allow more
accurate control of the system. Similarly, in embodiments that include more than one
power rail break, more voltage sensors are typically used. The control strategy of Figure 8
is simplified to concisely demonstrate one control method possible of operation in the
second state, but other control methods are possible. The control method is also
responsible for operations not shown, such as safety checks and measures, which are
able to include multiple levels of redundancy. These redundancy measures, in some
embodiments, take the form of hardware or software redundancy including feedback loops
and/or human input, to compliment the control operation. For instance, this feedback is
able to include redundant feedback from both a charging plug and a human actuated
mechanical input switch before the control method enters the second state of operation
shown in Figure 8. The control method is also able to include other features as to comply
with applicable standards and/or regulations of the application, such as those used in
automotive applications. In some embodiments, the control is also sensitive to other
feedback, for example, such as that gained through communication with the electrical grid
or interface plug to ascertain the maximum permissible power level able to be drawn or
returned. It will be appreciated by those skilled in the art that the control strategy shown is

able to be expanded or contracted based on the requirements of the application.
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[0095] With the electric vehicle not requiring motor 122 to provide locomotive drive,
module 20 has switch 48 in its open state. If a DC input voltage exists (for example, where
source 15 is a rectified AC voltage from input circuit 75 or if the output of a PV array is
connected) this will be present across terminals 11 and 12.

[0096] While in this embodiment terminals 76 of circuit 75 (not shown) receive an AC
voltage from a grid 77, in other embodiments terminals 76 are connected to a DC source
such as a dedicated DC charging station for the electric vehicle. In other embodiments,
terminals 76 are connected to an unregulated DC supply such as a grid tied bidirectional
battery storage unit. In other embodiments, input circuit 75 is designed to accept the
voltage requirements of, and interface with, a high voltage DC (HVDC) electrical power
transmission line or derivation thereof. Accordingly, in this embodiment, input circuit 75 is
configured to be responsive to either polarity of DC voltage at terminals 76 to provide a
consistent polarity of DC voltage across terminals 11 and 12. When generating current 58,
module 20 is responsive to the polarity of the DC voltage at terminals 76 for determining
the control signals required to be supplied to input circuit 75.

[0097] At step 126 module 20 is responsive to the relevant inputs (most significantly,
the voltage across batteries 8 — which in Figure 7 is V1 — and the voltage across
terminals 11 and 12 — which in Figure 7 is V) to ascertain the nature of the conditioning
that is required to provide the required charge to batteries 8. This includes operating the
drive circuits to deliver a boost mode, a buck mode, or a buck-boost mode, which will be
described in more detail below. Once the required mode has been determined by
module 20, it then issues control signals to implement the selected mode at step 127
while also adjusting the charging current supplied. This operation is maintained until
module 20 assesses at step 128 that batteries 8 are charged.

[0098] Reference is again made to Figure 7 in which controller 121 is illustrated as
operating in the buck mode in the second state when the first energy source is being
charged from the second energy source. That is, module 20 detects that V1 < V> and
issues control signals to establish current paths from terminals 11 and 12 to terminals 5
and 6 to provide the required charging current. These current flows are represented in
Figure 7 as thick lines superimposed upon the schematic diagram, where the solid lines
indicate continuous (although changing) DC voltage levels in the current path, and the
broken lines indicate switched DC voltage levels in the current path. Controller 121
includes a first drive circuit 131, having two MOSFETs 133 and 134 connected to positive
power rail 135 and negative power rail 136 respectively, a second drive circuit 137, having

two MOSFETs 139 and 140 connected to positive power rail 141 and negative power
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rail 142 respectively, and a third drive circuit 143, having two MOSFETs 145 and 146
connected to positive power rail 147 and negative power rail 148 respectively.

[0099] When operating in buck mode in the second state, module 20 provides a control
signal to switch 48 to remain in its open position, and then provides control signals to the
gates of all of MOSFETs 133, 134, 139, 140, 145 and 146. The control signals provided to
the MOSFETSs are selected to ensure those individual MOSFETSs operate specifically and
overall collectively to deliver the required buck functionality. For example, the control
signals provided to MOSFETs 134 and 146 are to maintain a non-conductive state and
thereby prevent a current path from being established through those MOSFETs to
respective rails 136 and 148. The control signals provided to MOSFETs 133 and 145 is
also to maintain those switches in their open state (that is, the MOSFETs themselves are
not conductive). However, as those MOSFETSs include a body diode, a current path is
established to respective supply rails 135 and 147. The control signal provided to
MOSFET 139 is a pulse width modulation (PWM) signal. That is, although the current path
through MOSFET 139 will be segmented (due to the PWM control signal) the current flow
in the indicated current path downstream of MOSFET 139 will be continuous (although
variable) when operating in a continuous conduction mode (CCM) due to the current path
including the three windings of motor 122. The control signal provided to MOSFET 140
maintains that switch in its open state. Accordingly, there is no conduction through that
MOSFET proper. However, when MOSFET 139 is switched OFF an into its open state,
current will be drawn through the body diode of MOSFET 140 due to the inductive effect
of the windings in the indicated current path. This provides for asynchronous operation of
MOSFETs 139 and 140. In other embodiments MOSFET 140 is provided with PWM
control signals that are the inverse of those provided to MOSFET 139 to enable
synchronous operation of those MOSFETs. Alternatively, in some embodiments
MOSFETs 133 and 145 are used to provide synchronous operation and reduce the
forward conduction losses of their respective diodes.

[00100] In other embodiments module 20 provides control signals such that controller 1
works in modes other than CCM. Examples of other such modes include discontinuous
conduction mode (DCM), or other hybrid modes such as pseudo continuous conduction
mode (PCCM). In some embodiments, individual inductive windings are in different
conduction modes than the other windings.

[00101] In further embodiments a further switch, like to switch 48, is disposed between
rails 135 and 147 for allowing those rails to be selectively connected and disconnected in

response to control signals from module 20. This allows for the implementation of a
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multiphase buck converted, with PWM control signals being provided to one or both of the
gates of MOSFETs 139 and 145.

[00102] In the example provided in Figure 7, the buck inductance is 1.5 times the
individual phase inductance of the individual windings of motor 122, whereas the boost
inductance is 1.5 to 2 times the individual phase inductance. If the wye configuration of
windings in Figure 7 is substituted with a delta configuration, the buck inductance is
equivalent to half the individual winding inductance, and the boost inductance is between
0.66 to1 times the individual phase inductance. Therefore it is possible to get a
configuration for buck and boost inductance values that are between half and two times
the individual phase inductance.

[00103] In other embodiments using a wye configuration and where switch 48 is located
between rails 135 and 147, the buck and boost inductances are 1.5 to2 times the
individual phase inductance. For the same alternate location of switch 48 and using the
delta configuration, the buck and boost inductances are 0.5 to 0.66 times the individual
phase inductance.

[00104] The different buck, boost or buck-boost inductances, along with the switching
frequency of the drive circuits controlled via module 20 (not shown), are able to be
optimised based on the power loading requirement at any given time. The system
architecture is able to be optimised based on the intended voltage of the attached energy
storage device, the power of the required DC-DC conversion, and the voltage of the
power source at the second input. In the application to an electric vehicle being charged
from the electrical grid, the system architecture is optimised based on the on-board
battery voltage, charging power capability, and the local grid voltage where the vehicle is
to be deployed. This system architecture optimisation is achieved through component
selection, placement selection of the switch 48, the number of power rail interruption
switches, star or delta winding configuration of the motor, and the switching control
method and frequency employed by module 20. Component selection is in some
embodiments influenced by voltage and/or current carrying capability, rise/fall time,
switching frequency, conduction resistance, power consumption, quality, cost, or a range
of other measures depending on the component in question. Optimisation is also able to
be implemented in the control strategy such that component stress is managed and/or
evenly distributed such that the life expectancy of critical components is prolonged.
Similarly, the system is able to be optimised based on failure modes and effects analysis
(FMEA) such that operational safety is improved and complies with all applicable
standards and/or regulations of the intended application. For example, in some

embodiments it is desirable to implement a specific type of switch 48 which has a short
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circuit failure mode so that the motor operation will not be interrupted in a fault condition
whilst operating in the first state.

[00105] In other embodiments use is made of multiple interruptions — that is,
disconnections — on the positive power rail to enable selection at any given time of one of
a plurality of buck or boost inductances to enable variable inductance to improve the
efficiency of the controller at different voltages, loading levels, and charging current flow
directions.

[00106] In other embodiments, use is made of switching mechanisms such that the
attached motor or polyphase load is able to change on demand between a wye, delta
and/or other configurations.

[00107] Reference is now made to Figure 9 where controller 121 is illustrated as
operating in the boost mode, in that V4 > V; in the second state when the first energy
source is being charged from the second energy source. In this embodiment the boost
mode is achieved by module 20 maintaining MOSFET 139 in the closed or conductive
state, and applying a PWM control signal to the gates of MOSFETs 134 and 146. To
obtain a variable inductance in the indicated current path, MOSFETs 134 and 146 are
operated together or singularly. Preferentially, to reduce harmonics and have a more
regular current draw, MOSFETs 134 and 146 are operated in phase shifted operation or
inversely. The inductance provided by the windings of motor 122 will push current through
the body diodes of MOSFETs 133 and 145 to charge batteries 8.

[00108] Reference is now made to Figure 10 where controller 121 is illustrated as
operating in the buck-boost mode. This typically occurs when V4 and V- are close in value,
and where changes in both during the charging can have those values crossing each
other a number of times. In this embodiment the buck-boost mode to charge V1 from V2 is
achieved by module 20 providing respective PWM control signal to the gates of
MOSFET 139 (the buck switch) and the gates of MOSFETs 134 and 146 (the boost
switches). To increase or maintain maximum current during the conducting phase of these
switches, module 20 controls the buck and boost switches together such that when
MOSFETs 134 and 146 are turned ON, MOSFETs 139 is also ON. The buck operation of
MOSFETs 139 is also able to be used to reduce the current applied in the boost phase.
MOSFETs 134 and 146 are able to be operated in phase shifted operation, and
MOSFETs 133 and/or 145 are able to be toggled (depending on the switch type) to
reduce forward voltage drop. In the case that MOSFETs 133 and/or 145 are toggled,
MOSFET 139 is preferentially also inversely toggled to prevent reverse current flow.
MOSFET 140 is able to be inversely toggled to provide synchronous buck operation and
reduce forward conducting losses of the body diode of MOSFET 140.
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[00109] It will be appreciated that this Buck-boost mode is able to enter periods of purely
buck mode or purely boost mode to achieve the desired charging performance.

[00110] It will be appreciated that in the second state, controller 121 is able to act as a
four-switch non-inverting cascaded buck-boost converter, and therefore use any known
control method for this or similar topologies.

[00111] The embodiments of the invention are applicable not just to vehicles, but to any
application which has both:

e  One or more coupled energy storage devices.

e An inductive load, or an electric motor which is able to be connected to two

or more power sources/sinks.

[00112] The one or more coupled energy storage devices typically generates electricity
(electrical current) from the stored energy and is able to include one or a combination of:
one or a bank of batteries; one or a bank of capacitors; one or a bank of ultra-capacitors;
one or more fuel cells; one or more kinetic energy recovery systems; and the like.

[00113] The electric motor is connected to the external power source typically via a plug
and/or cabling. However, in other embodiments use is made of wireless power
transmission.

[00114] Reference is now made to Figure 11 where there is schematically illustrated a
controller 161 for an inductive load in the form of a three phase motor 162. This
controller 161 is similar to controller 101 of Figure 6, and corresponding features are
denoted by corresponding reference numerals. In Figure 11, controller 161 is configured
to connect with grid 77 which provides an AC source of electrical energy and to
accommodate bi-directional V2X operation. Accordingly, the 3-phase rectifier 79 of
Figure 6 is replaced with a 3-phase inverter 163. The control strategy executed by
module 20 (not shown) by issuing the relevant control signals is the same as described
above with reference to Figure 10 although with the current flows being reversed and the
buck switches and the boost switches being reversed.

[00115] The operation of controller 161 is as follows. Firstly, with switch 48 in its open
state (as illustrated) controller 161 determines if the voltage across batteries 8, that is, Vi,
is higher than the peak of the intended AC inverted or DC output voltage. If so, module 20
issues control signals such that controller 161 provides the voltage required for V2X
functionality by entering into a buck mode. However, if V4 is less than the peak of the
intended AC inverted or DC output voltage then controller 161 will provide the voltage

required for V2X functionality by entering into a boost mode. If V1 is close to the peak of



12 Apr 2021

2016318231

27

the intended AC inverted or DC output voltage then the V2X functionality is able to be
implemented by controller 161 operating in a Buck-boost mode.

[00116] In this embodiment, module 20 is responsive to the voltages V1 and V: (as
illustrated in the Figure) to determine the mode required by controller 161. Additionally, a
feedback loop is derived using the illustrated ammeters on the motor phase connections
to allow module 20 to control circuits 102, 103 and 104 such that the current flow in those
windings is carefully regulated. In other embodiments module 20 makes use of other
inputs, instead of or in addition to the above inputs, for deriving the control signals.

[00117] When controller 161 is operating in the buck mode from Vi to V2, module 20
applies a control signal in the form of a PWM signal to the gates of switches Qs and/or Qs
(which will be denoted as “Qs5”). As the voltage V1 is higher than V2, a current will pass
through the freewheeling diode (FWD) of Q1. When Qg5 is turned from an ON to an OFF
state, a current will continue to flow due to the inductance in motor 162. This current is
able to be supplied by the freewheeling diode (FWD) of Qa6 (Where use is made of
asynchronous operation) or Qs proper when Qus is inversely toggled to Qs (where use
is made of synchronous operation and the switch type allows for bidirectional operation).
[00118] When controller 161 is operating in the Boost mode module 20 issues control
signals that results in Qa5 being constantly ON. Module 20 issues a further control signal,
in the form of a PWM signal, to the gate of switch Qo.

[00119] In other embodiments, where the switch 48 is located between the positive
power rails 105 and 109 of circuits 102 and 104 respectively (that is, between Q2 and Qs)
a multi-inductance boost mode is able to be implemented by applying a PWM signal to
gates Q2 and/or Q.

[00120] When controller 161 is operating in the buck-boost mode module 20 applies a
control signal in the form of a PWM signal to the gates of the buck switches Q35 and the
boost switch Q.. The buck operation in this mode is able to be performed in either
synchronously or asynchronously.

[00121] If more phases are available and one or more additional switches 48 are used
between the power rails of those phases, multiple buck or boost inductances are able to
be realised. Similarly, if the configuration of the phases is able to be changed on demand
between a delta and a wye configuration, other inductances are possible.

[00122] When operating in any of the modes set out above a DC voltage will be
developed at terminals 11 and 12 and across C.. Once module 20 assesses that the
voltage has reached a predetermined level it issues control signals to inverter 163 to

invert the voltage to single or 3-phase AC waveform at the required voltage and
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frequency. Alternatively, if grid 77 defines a DC grid, module 20 issues control signals to
inverter 163 to operate so as to pass DC power of any polarity to input 76.

[00123] When controller 161 (and in particular module 20) operates circuit 163 as a bi-
directional rectifier/inverter this has the added benefit of being able to provide active
rectification during the charging of batteries 8. That is, in addition to providing the charging
functionality, module 20 is also able to improve the power factor of controller 161 and to
reduce the harmonics generated. To achieve very low harmonics and near unity power
factor, and/or to meet THD requirements, filter 78 is employed between the active
rectifier/inverter 163 and the grid 77. In some embodiments, filter 78 includes one or more
inductors at its input. These inductors are also able to act as individual phase boost
inductors to the input of the rectifier. In this embodiment filter 78 is a passive filter,
although in other embodiments active elements are also used. In further embodiments
different filters and/or rectifier/inverters are used, not all of which are compatible with full
bidirectional operation of the controller.

[00124] It should also be noted that while the above embodiments make use of the
inductance of the motor to provide various advantageous functions, it is also open to
additionally operate the controller such that the motor inductance is not used. For
example, in some embodiments, the controller allows an external DC source (such as an
external DC charger) to bypass the inductance of the motor to allow direct charging of the
batteries. This allows the resultant controller to be fully compatible prospectively or
retrospectively with a larger range of charging methodologies and hardware.

[00125] The selective connection and disconnection of the power rails of the drive
circuits described above also opens up additional design freedoms and allows for further
new combinations and advantages to be for gained. For example, by making use of the
multiple bidirectional buck-boost functionality it becomes possible to incorporate into a
motor controller one or more ultra capacitor banks to help with high power transients and
to enable a lower peak power battery chemistry to be used as the main energy
accumulator. The energy stored in a capacitor (and a ultra-capacitor or the like) is defined
by the equation:

1
E =—CV?
2

[00126] To extract maximum energy from the capacitor the capacitor voltage needs to
be able to change as much as possible. Accordingly, the inventor has found considerable
advantages arising by combining capacitive devices with the bidirectional Buck-boost
functionality used in embodiments of the present invention. That is, these Buck-boost

functionalities accommodate not only a wide range of voltages but different voltages in
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different parts of the controller. An example of a controller that takes advantage of this
design freedom is provided in Figure 12, where corresponding features are denoted by
corresponding reference numerals. In this embodiment, a controller 171 for an electric
vehicle (not shown) regulates not only the drive provided to a three phase wye configured
motor 172, but also regulates the power transfer (charging and discharging) of the
vehicles on-board DC power sources in the form of the bank of batteries 8 and a bank of
ultra-capacitors 173. During those periods when motor 172 is not being used to propel the
vehicle — for example, when the vehicle comes to a halt at a traffic light and current 7
drawn by the drive circuits is effectively zero — module 20 (not shown) is able to issue
control signals to switch 48 to more to its open state (as shown) and to the switches in the
three drive circuits to allow a current to be drawn from ultra-capacitors 173 to generate
current 9 that is provided via terminals 5 and 6 to increase the charge of batteries 8. If the
voltage provided by ultra-capacitors 173 across terminals 11 and 12 falls below the
voltage of the batteries across terminals 5 and 6, module 20 generates control signals to
the drive circuits to provide the boost functionality. Once module 20 determines that
batteries 8 are fully charged, it generates a control signal to which a switch 175 is
responsive to temporarily disconnect batteries 8 from the remainder of controller 171. In
this configuration, module 20 is also able to progress switch 48 to its closed state and
drive motor 172 through use of the three cooperating drive circuits drawing drive power
directly from ultra-capacitors 173. This will result in the voltage provided by ultra-
capacitors 173 — and hence the voltage across terminals 5 and 6 — progressively
decreasing. Once this voltage reaches a point that it no longer adequately supports the
required energy needs of motor 172, module 20 moves switch 175 to its closed state
(while also moving a switch 176 to its open state) to then draw current 7 from batteries 8
such that batteries 8 provide all the energy required to the drive circuits.

[00127] Itis not unusual for an electric vehicle to experience, between periods where the
electric motor is providing locomotive drive, periods of deceleration where use is made of
regenerative braking. When transitioning between a period of drive for motor 172 and a
period of regenerative braking, module 20 in some embodiments changes the state of
switches 175 and 176 such that batteries 8 are again isolated from the remainder of
controller 171 and the regenerative braking current developed by motor 172 is directed
into ultra-capacitors 176. This takes advantage of the high power capability of ultra-
capacitors. Should module 20 assess that the ultra-capacitors 173 are reaching at state of
full charge control signals are issued to direct the regenerative braking current to

batteries 8. In either case, should the vehicle come to a complete stop following this



12 Apr 2021

2016318231

30

braking, module 20 is again able to further charge batteries 8 from ultra-capacitors 173
using the buck-boost mode described above.

[00128] In some embodiment module 20 acts to retain a predetermined minimum
voltage across ultra-capacitors 173 to reserve a store of on-board energy to supply peak
power demands of motor 172. In such embodiments, once the voltage across ultra-
capacitors 173 falls below the predetermined minimum after having supplied such a peak
power demand, switch 176 (which in Figure 11 is exemplary illustrated as a MOSFET
device) is partially or fully progressed to an open state to regulate the flow of electrical
energy into ultra-capacitors 173. This flow of energy into ultra-capacitors 173 preferentially
occurs when power demand by motor 172 is low or zero. Separately, switch 175 is able to
be pulsed — that is, progressed between its open and closed states in response to PWM
control signals provided by module 20 — to also contribute a chopped current 7 to
supplement the current provided to motor 173 (via the drive circuits) by ultra-
capacitors 173 during any period of peak power demand.

[00129] In some embodiments it is preferential to have ultra-capacitors 173 fully charged
whilst the vehicle is stationary to prepare for an anticipated high or peak power demand
associated with the acceleration of the vehicle from stationary. This is because capacitors
generally have higher power density and a lower energy density than commonly achieved
with battery chemistries. In such cases, the energy recovered from regenerative braking —
that is, from kinetic energy converted into electrically energy during the deceleration of the
vehicle - would be stored in ultra-capacitors 173 by closing switch 176 and opening
switch 175. If, during this recovery operation, ultra-capacitors 173 become fully charged,
switch 175 is able to be closed to direct any subsequently supplied energy into pack 8. If
all possible kinetic energy is recovered and ultra-capacitors 173 are less than fully
charged, module 20 (not shown) is able selectively to charge the ultra-capacitors 173 from
pack 8. The latter is enabled by opening switch 48 and closing switches 175 and 176.
That is, module 20 (not shown) switches the relevant drive circuits, as previously
described, to implement selectively one or more of buck, boost and buck-boost
operations. Once ultra-capacitors 173 are charged to the selected upper level, or the
vehicle needs to generate tractive effort, switch 175 is opened and switch 48 is closed
such that motor 172 operates solely from the energy stored in ultra-capacitors 173. Once
ultra-capacitors 173 discharge a predetermined amount, switch 175 is progressively
pulsed to provide additional energy from bank 8. That is, the motor is drawing energy from
both ultra-capacitors 173 and bank 8. Once ultra-capacitors 173 reach a predetermined
minimum level of charge, switch 176 is fully opened, and switch 175 fully closed, such that

all required energy is now sourced from bank 8. Filter circuits are also able to be
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employed to smooth any pulsed current from the use of switches 175 and/or 176 with
PWM.

[00130] The use of ultra-capacitors 173 (or the like) also allows for rapid charging due to
their high power density and tolerance to high charge and discharge rates. This is
particularly applicable for vehicle applications making use of frequent stops, such as an
electric bus. Once stopped, a high power DC or AC source (through input circuit 75) is
able to rapidly charge ultra-capacitors 173. Simultaneously, module 20 generates control
signals to operate the buck-boost capabilities of controller 171 to provide a top-up charge
to batteries 8. For instances where a DC source is used, it is preferentially interfaced
directly to terminals 11 and 12 (or one or more of the power rails of controller 171) to
bypass the losses of any input circuit 75. Once the charging is complete, or the vehicle
moves from the charging point, ultra-capacitors 173 are able to contribute in full or in part
to driving motor 172. Alternatively, or additionally, ultra-capacitors 173 are able to
continue charging batteries 8 through the Buck-boost capabilities of controller 1 whenever
the vehicle is stopped and until ultra-capacitors 173 are depleted or the voltage is reduced
to the predetermined minimum. Once ultra-capacitors 173 are depleted between stops
they are available to be charged from batteries 8, or by motor 172 during regenerative
braking.

[00131] A further embodiment of the invention making use of ultra-capacitors is provided
in Figure 13, where corresponding features are denoted by corresponding reference
numerals. Controller 181 includes a bank of ultra-capacitors 173 located between two of
the drive circuits and an additional switch 182 that is responsive to control signals from
module 20 (not shown). This allows for controller 181 to perform the power and voltage
conversion required to charge ultra-capacitors 173 from an external source at input
terminals 11 and 12. Ultra-capacitors 173 are intended to operate at voltage different to
the rectified AC input voltage at terminals 11 and 12 and the voltage provided by battery
bank 8 at terminals 5 and 6. However, in other embodiments ultra-capacitors 173 operate
at a similar voltage to one of the voltages at terminals 11 and 12 or terminals 5 and 6.
When switch 48 and 182 are in their open states while input 76 is connected to grid 77
and charging current 13 is being provided at terminal 11 and 12, the charging of ultra-
capacitors 173 is able to occur at a different rate and at a different voltage to the charging
of batteries 8. In this embodiment switch 176 takes the form of two sets of IGBTs with
inline diodes set in head-to-tail in parallel. This switch is responsive to control signals from
module 20 (not shown) to assist in controlling the current flow to and from ultra-
capacitors 173. Therefore, power/energy is able to be transferred in twelve directions with

combinations thereof. That is, in the first state, the motor is able to power or be powered
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by any combination of the ultra-capacitors 173, battery bank 8, and/or a second input. In
the second state, DC-DC power/energy is able to be transferred bi-directionally between
any one or all combinations of the battery bank 8, the ultra-capacitors 173, and the
second input source. It will be appreciated, given the benefit of the teaching herein, that
many other configurations are possible for the location of the ultra-capacitors or for the
use of multiple banks of ultra-capacitors or other storage media.

[00132] A further embodiment of the invention is illustrated in Figure 14 where
corresponding features are denoted by corresponding reference numerals. In this
embodiment, a controller 191 for an inductive load in the form of a switched reluctance
motor 192 includes five switches K1 to Ks that are responsive to control signals from
module 20 (not shown) for selectively connecting and disconnecting the supply rails
betweens the three drive circuits for the three windings of motor 192. That is,
embodiments of the invention also extend to motors having independently driven motor
coils. In this embodiment, each drive circuit includes an H-bridge for providing drive
current to the relevant coil. In other embodiments, an asymmetrical H-bridge is used.
Through selective interruption of the power rails between those H-bridges it becomes
possible to use the individual windings in motor 192 to translate the available DC source
voltages in series, or to act in parallel, or a combination of series and parallel. When
acting in series all switches K to Ks are in their open state as shown, and the voltage is
translated from terminals5 and6 to terminals 11 and 12, or the converse, by
controller 191 operating each coil independently in a buck mode, a boost mode, or a
Buck-boost mode. When charging batteries 8 from another DC source 15 at terminals 5
and 6, the voltage is translated in steps from V2 to V3 to V4 to V4. As varying levels of
voltages are accommodated within controller 191, additional energy storage is also able to
be implemented at those intermediate levels (for example, using ultra-capacitors).

[00133] When operating in parallel, K4, and K, are closed and V, =V, and V3= V.
Accordingly, the input and output voltage of each buck, boost, or buck-boost configuration
is the same. This allows controller 191 to increase the efficiency and/or power transfer
during specific charging requirements.

[00134] Although the above embodiments have been described with reference to a
single phase or three phase examples, it will be appreciated that the invention is
applicable to motors having a different number of phases.

[00135] In Figure 15 there is illustrated another embodiment of the invention where a
controller 201 is for an inductive load in the form of two three phase motors 202 and 203.
In other embodiments more than two motors are included. Both motors in this

embodiment (or in other embodiments, all motors) are able to be used to provide voltage
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translation and bi-directional operation. As the power rails for each stage of voltage
translation is arranged in parallel, the charging power is able to increase with each added
motor and its associated drive circuits. In Figure 15, motors 202 and 203 are connected to
allow for high power charging as both motors and the associated power electronics — that
is, the associated drive circuits — are able to be used to regulate the power flow between
the two sets of terminals. When cost considerations are paramount, use is made of the
same power rail switches 48 and 182 for the drive circuits for both motors. In other
embodiments, the power rails of the drive circuits of the respective motors are not
connected and include their own power rail disconnection switches, therefore allowing the
respective drive circuits and buck-boost functions to operate independently.

[00136] In the Figure 15 embodiment the rectified 3-phase power from grid 77 results in
a DC voltage at terminals 5 and 6 that is translated by controller 201 to a voltage across
ultra-capacitors 173 and/or a voltage across batteries 8. Controller 201 is able to operate
bi-directionally to supply DC output voltage at terminals 11 and 12, or to invert that DC
voltage to an AC signal at input 76 if an inverter rectifier is used in circuit 75.

[00137] In another embodiment, illustrated in Figure 16, motor 203 is staggered across
different decoupling switches to motor 202 so that module 20 (not shown) is able to
control the switches to varying the inductances used to charge/discharge batteries 8 and
ultra-capacitors 173.

[00138] A series format for those embodiments making use of multiple controllers and
motors and which draws upon two forms of on-board energy storage (such as batteries
and ultra-capacitors) is illustrated in Figure 17. Between the controllers for the two motors
there is provided an independent voltage at which to operate an energy storage device
such as a bank of ultra-capacitors, or another input/output terminal to interface with an
external source. During a charging mode a high power DC source or a rectified 3-phase
AC source provides an input voltage that is translated through the first controller and onto
the ultra-capacitors. From this independent voltage, the second controller is able to
translate to a second voltage to charge the batteries. As the ultra-capacitors are able to
charge and discharge at a higher rate than batteries, the charge and discharge levels will
typically differ considerably between the two storage devices. This system topology
enables many modes of operation. For example, if the main switch for connecting and
isolating the batteries is in its open state (isolated the batteries from the remainder of the
controller), both motors are able to drawn energy stored on the ultra-capacitors. If that
main switch is in its closed state the motors are able to draw energy from either or both of
the batteries and ultra-capacitors. Through the use of the inductance provided by the

second motor, the ultra-capacitors are able to be used to continue charging the batteries,
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or vice versa, even after the external power source is removed. The ultra-capacitors, the
batteries, or a hybrid of both, are available to provide vehicle-to-grid (V2G) or DC output
operation.

[00139] The controller of Figure 17 is illustrated schematically and it will be appreciated
by those skilled in the art that various components have been omitted for the sake of
clearly illustrating the overall architecture and design concept. When implemented the
controller is able to include further components to enable specific operation, as would be
appreciated by those skilled in the art.

[00140] In other embodiments, use is made of other energy storage devices at the
independent voltage. In further embodiments, a further AC or DC input/output terminal is
located at the independent voltage. This may include interfacing another input circuit, such
as for optimising rectification for single or three phase AC.

[00141] For those embodiments making use of V2G functionalities, and/or other
operations which are able to provide benefit to the grid, it is preferred that use is made of
a high life cycle energy storage medium such as a bank of ultra-capacitors or the like,
such as those presented in Figure 17. This enables the system to provide benefits to the
grid and or user without significantly depreciating the components within the system.
These benefits are able to take place in providing demand response, voltage and/or
frequency regulation, load shedding, and/or phase balancing, of any one or more phases
of the connected electrical grid. The embodiments of the controllers described in this
specification are configured for easy integration with ultra-capacitors or the like, with
bidirectional voltage and power translation between the batteries and/or ultra-capacitors
and/or electrical grid, and therefore making bidirectional and/or V2G capabilities a viable
and potentially profitable technology.

[00142] Reference is now made to Figure 18, where corresponding features are denoted
by corresponding reference numerals. A controller 221 for an inductive load in the form of
a three phase motor 222 provides for bidirectional translation of electrical energy. In
particular, controller 221 includes two spaced apart switches 48 and 182 for breaking the
positive power rail twice. That is, in the first state the three drive circuits have common
power rails and operate in unison to selectively allow current flows through the winding of
motor 222 to create positive or negative torque in the motor. However, in the second
state, the three drive circuits are each able to be isolated from each other to enable a bi-
directional buck-boost converter using, in input circuit 75, an otherwise unidirectional
rectifier. In this embodiment input circuit 75 is unidirectional (as is preferential in some
embodiments) to allow controller 221 to draw from grid 77 a sinusoidal input current at a

high power factor, and a low total harmonic distortion (THD). As illustrated in Figure 18,
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the series configuration of IGBTs Q7 to Q12 and the respective inline diodes defines six
unidirectional switches which are able to be controlled by module 20 as buck switches to
control the current rectified through the input circuit 75 from each individual phase of
grid 77. This provides controller 221 with greater current control on each phase when
charging batteries 8. However, it does not provide a current path for V2G operation when
controller 221 acts in a bi-directional capacity. Instead, to supply current back to grid 77,
the polarity of two supply rails 223 and 224 within circuit 75 are reversed to that of
batteries 8.

[00143] During the second state — which in this embodiment defines a charge mode for
batteries 8 — switches 48 and 225 and MOSFET Qi3 are in their open states, while
switches 182 and 226 and MOSFET Q14 are in their closed state. During buck operation,
Q1 is operated as a buck switch, with Q. being used in synchronous operation. During
boost operation, Q4+ and Qe are toggled. In another embodiment, during boost operation,
switch 48 is in its closed state and switch 182 is in its open state, and MOSFETs Q1 and
Qs act as the buck switches while MOSFET Qs acts as the boost switch.

[00144] During bidirectional V2G operation: switches 48, 182, 226 and MOSFET Q14 are
in their open states, while switch 225 and MOSFETs Q1, Q2, and Q3 are in their closed
states. MOSFETs Qs and Qs are used as the buck and synchronous buck switches
respectively, while MOSFET Qg is used as the boost switch. Switch 48, and MOSFETs Qq,
Q2 and Q3 act to reverse the polarity of supply rails 223 and 224 so that circuit 75 is able
to invert an AC output into the electrical grid 77. During the second state, where
terminals 11 and 12 are drawing current from grid 77, MOSFET Qi3 and either/both of
switches 48 and 182 are in their open state and MOSFET Quq is in its closed state, such
that terminal 6 is connected to rail 224 via Qs During bidirectional operation,
MOSFET Qs is in its closed state, and MOSFET Q14 and switch 48 are in their open
states such that terminal 5 is connected to rail 224. MOSFETs Q and Q: are in their
closed states so that terminal 6 is functionally connected to terminal 11. This operation
reverses the polarity of the relevant terminals and allows the unidirectional switches of
circuit 75 to invert the DC power received at terminals 11 and rail 224 and supply that
inverted power to grid 77. Switch 225 is used to control the charge and discharge current
to and from an inline capacitor 227. This capacitor acts as a decoupling capacitor and
energy storage buffer for energy to be inverted in V2X operation.

[00145] When circuit 75 is performing rectification of the current drawn from grid 77,
switch 225 is in its open state so that the inductance of motor 222 is able to be used to
control the input current favourably to ensure a sinusoidal current is drawn from the grid.

During bi-directional operation, switch 225 is in its closed state so that capacitor 227
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stores and smoothes the buck-boost voltage to provide a more stable voltage for circuit 75
to invert and supply to grid 77.

[00146] In another embodiment an additional set of unidirectional switches (IGBTs with
respective inline diodes) in circuit 75 are configured inversely (that is, facing an opposite
polarity) to IGBTs Q7 to Q12 to provide an AC current path without reversing the polarity of
rails 223 and 224.

[00147] Having two power rail interruptions — in the form of switches 48 and 182 —
allows for variable buck and/or boost inductance values to be implemented to improve the
efficiency of controller 221 at different power and voltage levels. In charging mode, for
example, if switch 48 is in its open state and switch 182 and 226 are in their closed state,
then the buck inductance provided by the wye configured windings of motor 222 is 1.5
times the individual phase inductance of the windings. If switch 48 is in its closed state
and switch 182 is in its open state, then the buck inductance is able to be configured to be
1.5 to two times the phase inductance. Having two independently actuatable power rail
interruptions — which in this embodiment takes the form of switches 48 and 182 — also
allows for independent voltages to be produced between those interruptions. This allows
for easy integration of other energy storage mediums at these isolated positions, as has
been described in other embodiments above.

[00148] Features of other embodiments are able to be included in the Figure 18
embodiment, such as rectification of the neutral point, or the addition of ultra-capacitors.
For instance, rectification including a neutral point is able to occur with each phase at
input 76 interconnected with a capacitor network in star configuration (not shown). A
capacitor is then able to be connected between the neutral star point and the common
point of a drive circuit that is disconnected from the motor. In this specific embodiment, the
neutral star point is connected via a capacitor between the drive circuit switches formed
by Qi and Q2. In this example, switches Kz and K4 are held open (in a nonconductive
state), and the buck-boost functionality occurs using switches Qs to Qs.

[00149] Reference is now made to Figure 19, where corresponding features are denoted
by corresponding reference numerals. A controller 229 for an inductive load in the form of
a three phase motor 162 uses module 20 (not shown) to work as a magnetic energy
recovery system (MERS) during the second state of generating charging current 9 from
the second input source. This embodiment is exemplary of a case where it is
advantageous to disconnect the negative power rail of one drive circuit from one or more
negative power rails of other inputs or drive circuits. During the first state, module 20
issues signals to close switches 48, 175 and 231, and connect the motor phase winding to

the centre tap of the first drive circuit 102 via a switch 230. In the second state, module 20
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issues signals to open switches 48, 175 and 231, and to connect terminal 5 to the centre
tap of the first drive circuit via switch 230. In this embodiment, switch 231 is shown as a
MOSFET with FWD and controller 229 allows for a MERS compensation system to form
around a capacitor 232, with an inductive series input from the motor winding. This
creates an AC switch around the capacitor to allow its selectively inclusion in the circuit to
provide compensation and to recover energy from the MERS system. The current through
the winding is able to be further modulated through operation of buck switch Q1. In other
embodiments use is made of other systems, such as an active rectifier with inline reverse
blocking diodes (not shown). Boost functionality is able to be realised by closing Q4 and
issuing a PWM signal to switch 231. During the off periods of switch 231, the current
through the winding must continue to flow and will therefore charge battery bank 8 through
a body diode of Qs unless the capacitor 232 is switched into the circuit. A voltage sensor
is employed in this embodiment to measure the voltage across capacitor 232. The MERS
system is able to be used to aid in charging efficiency, THD, PFC, and/or charging ripple
current.

[00150] Reference is now made to Figure 20, where corresponding features are denoted
by corresponding reference numerals. More particularly, there is illustrated a
controller 250 for an inductive load in the form of a 3-phase motor 251 in delta
configuration. Controller 250 uses module 20 (not shown) to control wireless power
transfer through a set of wirelessly coupled transducers 252. In this embodiment, the
coupled transducers 252 take the form of a primary and secondary transducer, each
offering bidirectional transfer, where the off-board transducer is a single high density coil
embedded in a paddle. In other embodiments, the off-board transducer is a track loop or a
series of coils embedded under the road surface. In this embodiment, the off-board
transducer draws energy from a single or three-phase electrical grid through an AC-AC
converter 253, and creates a high frequency AC signal. In other embodiments, other AC
frequencies and converter types are possible. In further embodiments, converter 253 is a
DC-AC converter and the input source is DC, such as a bank of batteries (not shown). As
the power transfer is wireless, the on-board transducer is able to interface with many
different off-board transducers, including accepting wireless transfer from multiple primary
transducers simultaneously. In this embodiment the input circuit 75 includes a bidirectional
active rectifier-inverter composed of MOSFETs with anti-parallel diodes. In other
embodiments, input circuit 75 includes filtering mechanisms and/or other components
required to efficiently rectify the wireless power received from the on-board transducer as
would be appreciated by those skilled in the art. Whilst the vehicle is stationary and in the

second state, wireless power received is able to be used to charge the bank 8 by keeping
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a switch 256 in a conductive state and switch 48 (not shown) and/or switch 182 in a non-
conducting state and following the buck-boost methods outlined previously. Similarly, as
input circuit 75 contains an inverter circuit, bidirectional operation is enabled by generating
a high frequency AC in the on-board transducer to be transferred to the off-board
transducer for wireless V2G operation. In this embodiment, while the vehicle is moving
and making use of the motor for tractive effort, module 20 holds switch 256 in a non
conductive state and any received wireless power is able to be rectified onto ultra-
capacitors 254. Power flowing in and/or out of ultra-capacitors 254 is able to be controlled
by switch 255, represented in this embodiment as a single MOSFET with FWD. In other
embodiments switches 255 and/or 256 contain two IGBTs in series having common
emitters with freewheeling diodes, or other switching mechanisms. During vehicle
operation, module 20 is able to provide PWM drive to switches 256 and/or 255 to
selectively charge or discharge the ultra-capacitors 254, and/or send or receive wireless
power to/from the on-board transducer. Whilst in the second state, the batteries 8 are able
to charge the ultra-capacitors 254, and vice versa, through the buck-boost operations
outlined previously. In other embodiments, the coupled transducer coils are replaced by
another wireless transfer method, and the input circuit 75 is adapted accordingly to create
a DC voltage at the second input terminals 11 and 12. In further embodiments, the
coupled transducers 252 are replaced with a wired AC or DC power transfer mechanism
and input circuit 75, and off-board AC-AC converter 253, are adapted accordingly. In other
embodiments, another on-board transducer is used such that the primary on-board
transducer delivers wireless, and therefore isolated, power to the secondary on-board
transducer. This secondary on-board transducer is then able to supply, for example, a low
voltage (LV) isolated power rail for the general operation of an electric vehicle. This power
rail would replace a dedicated 12 Volt or 24 Volt on-board battery, or dedicated DC-DC
isolated converter. In other embodiments, the primary and secondary on-board
transducers form a transformer, with primary and secondary windings wound around a
common core material. In further embodiments, multiple windings or transducers are used
to generate multiple isolated power rails, and/or power coupling with external devices,
capable of multi-directional power flow.

[00151] Features and control methods from any one embodiment are able to be
selectively applied to and combined with the features and methods of one or more other
embodiments, as would be appreciated by a person skilled in the art, particularly in light of
the teaching herein. The omission of any feature or method from any one embodiment is
only done to avoid redundancy in the description, not to imply that other combinations are

not possible.
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[00152] In relation to the above preferred embodiments, and other embodiments. it
should be noted that:

An inverter or rectifier is able to be replaced to rectify or invert any number of
electrical phases.

The switch 48 (or like switch) is able to be located between any of the plurality of
like power rails. That is, it is able to be on either the positive or negative power rail.
Multiple (two or more) switches (such as switches 48) are used for breaking the
power rails at different points depending on the mode of operation.

Additional inputs/outputs and/or energy storage devices are able to be
implemented at each power rail able to be disconnected from another power rail.
Additional or different sensors are able to be used in the controllers to aid the
operation of the control module in issuing control signals.

Multiple motor/inverter configurations are available, including single/multiple
phase(s) rectified per motor with or without DC-DC isolating converters.

The controller method is able to be employed using a variety of inductive loads of
one or more phases set in different configurations such as delta or wye.

One rectifier having one or more motors is able to be controlled to flatten the
current load and reduce harmonics.

The rectification and power factor correction is able to occur off-board. In such
embodiments the controller typically controls the charging current and either
bucks, boosts, or buck-boosts the voltage.

The controller is able to be configured to comply with demand response, load
shedding, phase balancing, and/or voltage and/or frequency regulation of each
phase.

The controller is able to be optimised to achieve criteria such as efficiency, cost,

safety, longevity, reliability, and/or function.

[00153] Reference in this specification to vehicles includes a reference to both land-

based vehicles and other vehicles such as aircraft and watercraft. Typical examples of

land-based vehicles include plug-in electric vehicles and plug-in hybrid electric vehicles.

These electric vehicles are not limited to cars, and include also trucks, buses, forklifts,

mining equipment, agricultural equipment, recreational vehicles, and others.

[00154] Although the above embodiments have been described with reference to

inductive loads such as motors, it is also applicable to other inductive loads such as

electrical heating elements and electric current conductors with inductance, or to a

combination of motors and such other inductive loads.
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e The ability to charge a rechargeable power source from wide range of
inputs, including a further DC source, a single phase AC source, and a three

phase AC source.

e Providing buck functionality (where the second source voltage is higher
than the present battery/rechargeable energy source voltage) and/or boost
functionality (where the second source voltage is lower than the present

battery/rechargeable energy source voltage) and any combination of the two.

e Bidirectional DC power flow between two DC sources/sinks, with buck and

boost functionality in both directions.

¢ Bidirectional power flow to and from a DC source/sink to both a DC and AC

input and output.

¢ Needing minimal extra components above that already required to operate

and drive the motor, motors, or other inductive load or loads.

e Allows the use of three phase grid AC power to reduce charging times of

an electric vehicle to a period comparable with Level 3 DC fast charging.

e Enables universal deployment by offering buck, boost and buck-boost

functionality.

e Accommodates a variety of input voltages and types, including typical
electrical grid infrastructure voltages such as 110V, 240V, 480 V three phase,

and others.

e Bidirectional capability allows for vehicle-to-grid, vehicle-to-vehicle, vehicle-

to-home, and V2X support for electric vehicles.

e Operate efficiently, and without the addition of large or costly components

such as dedicated buck/boost inductors.

e When coupled with an inverter/rectifier, the input/output becomes a

versatile AC input or output, or polarity independent DC input or output.

e Allows for varying levels of inductance in voltage translations. That is, use
is able to be advantageously made of one or all of a windings to implement one

or more DC-DC translations.
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e Allows for an increase in energy transfer.

e Allows for different configurations of poly-phase loads and motors, such as

wye or delta configurations.
¢ Increases the efficiency of the charging operation and power conversions.
e Allows for the reduction of the ripple in the DC charging current.

e Reduces the complexity of the overall circuitry required for an electric
vehicle. The small increase in complexity to the controller is offset by the
elimination of the need for separate charging circuitry as the same circuits used

to drive the motor are used to charge the batteries.

e Applicable to a broad range of motors and electrical machines, including
brushed and brushless DC motors, single-phase AC motors, multi-phase
motors (such as induction motors, asynchronous motors, and permanent

magnet synchronous motors), switched reluctance motors, and others.

¢ When used in independently coiled motors (such as switched reluctance
motors) the embodiments are able to be advantageously operated to selectively

place the windings in parallel or series.

e Allows the charge/discharge of other energy storage devices at different

voltage levels. That is, it is compatible with ultra-capacitors, MERS and the like.

e Allows for multiple voltage inputs and outputs, including voltage outputs
independent of the input voltage and the battery voltage. This is enabled by
allowing for more than one separation between the power rails of the drive

circuits.

e Ability to provide power rails of varying levels required by the application.
For instance, replacing the low voltage (LV) battery or DC-DC converter of an
electric vehicle by supplying the energy requirements of the LV control system

power rail.

e Ability to interface with external DC chargers by providing a direct
connection with the onboard batteries or rechargeable energy source without

passing through the inductive load or motor.

e The applicability to electric motors which do not drive each winding

independently. That is, embodiments are applicable to single-phase or DC
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motors, and to 3+ phase motors where each phase is linked together in a star

or delta configuration.
e Avoiding the need for asymmetrical half-bridges in the drive circuits.

e Applicable to multiple motor configurations, and able to be implemented in

series and/or parallel.

e Capable regulating bidirectional power flow with a range of external power
sources, including the single or 3-phase AC electric grid, HVDC electrical
system, wireless power transducer, unregulated DC energy storage, or external

DC charger.

e Capable of regulating the input of an external source so as to provide
power factor correction, load balancing, demand response, low harmonic

distortion, maximum power point tracking (MMPT), and the like.

e Capable of regulating bidirectional power flow with external power sources

through wired or wireless power transmission.

e Ability to adapt the efficiency of operation based on the voltage and power
of the translation required, through the select use of control strategy, switching

frequency, and variable buck-boost inductance capability.
e  Ability to optimise the design based on locality and/or intended application

e Ability to reduce costs, weight, and component count of a system by
consolidating the function of multiple converters within the system into the

operation of the proposed controller

e Ability to improve safety and reliability of a system through component

reduction and/or optimisation

e Eliminating or reducing the requirement for external charging station
equipment or apparatus intended for electric vehicle recharging and/or V2X

operation.

Reference in the above embodiments to control signals is to all signals that are

generated by a first component and to which a second component is responsive to

undertake a predetermined operation, to change to a predetermined state, or to otherwise

be controlled. The control signals are typically electrical signals although in some

embodiments they include other signals such as optical signals, thermal signals, audible

signals and the like. The control signals are in some instances digital signals, and in
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others analogue signals. The control signals need not all be of the same nature, and the
first component is able to issue different control signals in different formats to different
second components, or to the same second components. Moreover, a control signal is
able to be sent to the second component indirectly, or to progress through a variety of
transformations before being received by the second component.

[00157] It will be appreciated that the disclosure above provides various significant
improvements in a controller for an inductive load having one or more inductive windings.
[00158] It should be appreciated that in the above description of exemplary
embodiments of the invention, various features of the invention are sometimes grouped
together in a single embodiment, Figure, or description thereof for the purpose of
streamlining the disclosure and aiding in the understanding of one or more of the various
inventive aspects. This method of disclosure, however, is not to be interpreted as
reflecting an intention that the claimed invention requires more features than are expressly
recited in each claim. Rather, as the following claims reflect, inventive aspecits lie in less
than all features of a single foregoing disclosed embodiment. Thus, the claims following
the Detailed Description are hereby expressly incorporated into this Detailed Description,
with each claim standing on its own as a separate embodiment of this invention.

[00159] Furthermore, while some embodiments described herein include some but not
other features included in other embodiments, combinations of features of different
embodiments are meant to be within the scope of the invention, and form different
embodiments, as would be understood by those skilled in the art. For example, in the

following claims, any of the claimed embodiments can be used in any combination.

[00160] In the description provided herein numerous specific details are set forth.
However, it is understood that embodiments of the invention may be practiced without
these specific details. In other instances, well-known methods, structures and techniques
have not been shown in detail in order not to obscure an understanding of this description.
[00161] Similarly, it is to be noticed that the term “coupled” or “connected”, when used in
the description and claims, should not be interpreted as being limited to direct connections
only. The terms "coupled" and "connected," along with their derivatives, may be used. It
should be understood that these terms are not intended as synonyms for each other.
Thus, the scope of the expression “a device A connected to a device B” should not be
limited to devices or systems wherein an output of device A is directly connected to an
input of device B. Rather, it means that there exists a path between an output of A and an
input of B which may be a path including other devices or means. "Connected" may mean

that two or more elements are either in direct physical or electrical contact, or that two or
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more elements are not in direct contact with each other but yet still co-operate or interact
with each other.

[00162] Thus, while there has been described what are believed to be the preferred
embodiments of the invention, those skilled in the art will recognize that other and further
modifications may be made thereto without departing from the spirit of the invention, and it
is intended to claim all such changes and modifications as falling within the scope of the
invention. For example, any formulas or flowcharts provided are merely representative of
procedures that may be used. Functionality may be added or deleted from the block
diagrams and operations may be interchanged among functional blocks. Steps may be

added or deleted to methods described within the scope of the present invention.
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CLAIMS

1. A controller for an electric vehicle, comprising:

a motor of the vehicle having one or more inductive windings;

a first drive circuit including a first half-bridge rectifier;

a second drive circuit including a second half-bridge rectifier;

a third drive circuit including a third half-bridge rectifier;

wherein the one or more inductive winding is connected across from a midpoint of
one of the first, second, or third half-bridge rectifiers to a midpoint of an other of the first,
second, or third half-bridge rectifiers;

a first input connected to respective like pairs of positive power rails and negative
power rails of the first, second, and third drive circuits in a parallel arrangement;

a first direct current energy source or an onboard battery connected across the
first input; and

a control module configured to issue control signals to reconfigure the first,
second, and third drive circuits from a first state to a second state;

wherein, in the first state, in response to the control signals, the first, second, and
third drive circuits are configured in a first period to drive the motor to propel the vehicle
and in a second period to generate a first direct current charging current to re-charge the
on-board battery;

wherein said first, second and third drive circuits are connected with the first input
and are responsive to the control signals for receiving a load current and selectively
energising at least one of the one or more inductive windings; and

wherein, in the second, reconfigured state, the controller comprises:

a second direct current external energy source connected across a second
input, to charge the onboard battery, the second input connected across the
second drive circuit;

a switch in at least one of the positive power rail and the negative power
rail, between the second drive circuit and the first drive circuit; and

a first bulk capacitor across the first input and a second bulk capacitor
across the second input;
wherein, in the second state, the switch is open, the second drive circuit is
disconnected from the first input, and the control module is configured to operate
at least one of the first, second, and third drive circuits, with at least one inductive

winding, in a buck convert mode, a boost convert mode, or a buck-boost convert
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mode from the second direct external power source at a second potential to a first

potential in order to charge the onboard battery.

2. The controller according to claim 1, further including: an alternating current input circuit
applied across the second input; wherein the alternating current input circuit includes an
active rectifier suitable for an external, alternating current power source and power factor

correction.

3. The controller according to claim 2, wherein the second bulk capacitor is configured to
filter a direct current voltage potential of the external power source or an output of the

alternating current input circuit when the controller is configured in the second state.

4. The controller according to claim 3, wherein the second bulk capacitor, when the
controller is configured in the first state, is configured to filter a voltage potential applied to

the motor.

5. The controller according to any one of claims 1, 3 or 4, wherein the second direct

current external power source is a direct current charging station.

6. The controller according to any one of the preceding claims, wherein the motor has
more than three phase inductive windings, and wherein an additional drive circuit is

included for each additional phase inductive winding.

7. The controller according to any one of the preceding claims, wherein the controller is
bidirectional such that in the second state the second direct current external power source

or an alternating current external power source are charged by the controller.

8. The controller according to any one of the preceding claims, wherein the switch
includes one or more switches where the or each switch has at least two states and is
responsive to the control signals for selectively progressing the or each switch between

the states.

9. The controller according to any one of the preceding claims, wherein the switch is
responsive to one or more of the control signals, from the control module, for selectively
connecting and disconnecting one or more of the positive and negative power rails from

the second input and at least one or an other of the power rails to and from the first input.



12 Apr 2021

2016318231

47

10. The controller according to any one of the preceding claims, wherein each of the first,
second, and third half-bridge rectifiers of the first, second, and third drive circuits includes
a respective pair of switches, the switches being responsive to the control signals from the

control module for selectively energising at least one of the inductive windings.

11. A controller according to any one of the preceding claims, wherein at least one of the
first, second, and third drive circuits selectively connects at least one of the inductive

windings with at least one of the positive and negative power rails.

12. The controller according to any one of the preceding claims, wherein the motor has a

plurality of interconnected inductive windings.

13. The controller according to any one of the preceding claims, wherein an inductive load

is the motor having three inductive windings.

14. The controller according to claim 2, wherein the vehicle includes a third input applied
across the alternating current input circuit for interfacing with an alternating current

source.

15. The controller according to claim 2 or claim 14, wherein the alternating current source

is three phase.
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