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MOTOR DRIVER AND A METHOD OF OPERATING THEREOF

TECHNICAL FIELD

The present disclosure relates to electrical motors. More particularly, this

disclosure relates to coil driver circuitry for an electrical motor.

BACKGROUND

In an electrical motor which has coil windings as part of its stator, such as in a
switched reluctance electrical motor, it is common for the electrical motor to be
powered by a three phase power supply and to apply AC waveforms to the coil
windings to control the operation of the motor. Some electric motors have been
created with more phases, but a significant factor in creating such multi-phase
electrical motors is the cost of the phase driver electronics. In conventional motors a
pulse width modulation (PWM) voltage controller (typically arranged with an H-
bridge topology to drive motor coils bi-directionally) is coupled to a large power
supply and the large voltages and currents which are required to drive the motor coils
can add significantly to the cost of the driver circuitry. Accordingly, multiple phase
motors requiring multiple coil driver circuits are expensive to produce according to

contemporary techniques.

Also conventional motors usually only operate at their highest efficiency when
operating at full design output power levels. It is known to provide variable output
driver circuits to allow a motor to operate at reduced output power levels, but the
motor efficiency is then markedly reduced due to a less effective coupling of the
smaller magnetic fields. Consequently, to maintain reasonable efficiency such motors
must be operated in narrow ranges near their design points, and mechanical gearboxes
and transmission systems (even some with multiple motors) must be used to maintain
efficiency across a wider range of output levels. Such configurations are both

expensive and mechanically complex.



WO 2018/142157 PCT/GB2018/050313

10

15

20

25

30

SUMMARY
At least one example described herein provides apparatus comprising:
an electrical motor comprising a rotor and a stator, the rotor comprising a
plurality of rotor teeth and the stator comprising a plurality of stator teeth, and
a driver circuit to drive the electrical motor comprising:
a boost converter comprising a charge storage element and coupled to a
first terminal of a coil winding on at least one of the plurality of stator teeth; and
a buck converter comprising said charge storage element and coupled to
said first terminal of the coil winding on the at least one of the plurality of stator teeth,
wherein an inductive element of the boost converter and the buck converter is
provided by said coil winding of the at least one of the plurality of stator teeth,
and wherein the charge storage element is referenced to a supply node for

coupling the second terminal of the coil winding to an electrical supply.

At least one example described herein provides a motor driver circuit for
driving a coil winding of an electrical motor comprising:

a boost converter comprising a charge storage element and an input node
arranged to be coupled to a first terminal of a coil winding of an electrical motor; and

a buck converter comprising said charge storage element and said input node,

wherein an inductance of the boost converter and the buck converter is
provided when the input node is coupled to the coil winding of the electrical motor,

wherein an output of the boost converter is a voltage developed across the
charge storage element and an input of the buck converter is the voltage developed
across the charge storage element,

and wherein the charge storage element is referenced to a supply node, wherein
the supply node is arranged to couple the second terminal of the coil winding to an

electrical supply.

At least one example described herein provides a method of operating a driver
circuit to drive an electrical motor comprising:
switching a boost converter comprising a charge storage element and coupled

to a first terminal of a coil winding on at least one of the plurality of stator teeth of the
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electrical motor to connect the first terminal of the coil winding to a ground node of an
electrical supply, wherein a supply node of the electrical supply is coupled to a second
terminal of the coil winding;

switching a buck converter comprising said charge storage element and
coupled to said first terminal of the coil winding to connect the first terminal of the
coil winding to the charge storage element, wherein an inductive element of the boost
converter and the buck converter is provided by said coil winding of the at least one of
the plurality of stator teeth;

and referencing the charge storage element to the supply node.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be described further, by way of example only, with
reference to particular examples as illustrated in the accompanying drawings, in
which:

Figure 1 schematically illustrates a switched reluctance motor having two
stator sections in one example;

Figure 2 schematically illustrates a coil driver circuit in one example;

Figure 3 shows the use of a boost signal and a buck signal in the circuit of
Figure 2 to cause variation in a stator coil current;

Figure 4 shows the four phase operation of two coil driver circuits and the
resulting current flows in one example;

Figure 5A schematically illustrates switched inductance boost voltage
converter circuitry forming part of a driver circuit in one example;

Figure 5B schematically illustrates switched inductance buck voltage converter
circuit forming part of a driver circuit in one example;

Figure 6 schematically illustrates a driver circuit in one example;

Figure 7 shows an end view of a switched reluctance electrical motor in one
example having 16 rotor teeth and 24 stator teeth;

Figure 8 illustrates a six stage control operation for a group of 6 stator coils in

one example;
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Figure 9 shows a simulation of the magnetic field density for a switched
reluctance motor powered by a bidirectional coil driver circuit of one example
compared to configuration which only provides unidirectional current;

Figure 10A schematically illustrates the placement of 3 optical sensors to
provide rotational position information for the rotor with respect to the stator in an
electrical motor in one example;

Figure 10B shows the set of six possible optical sensor outputs for the three
optical sensors shown in Figure 10A;

Figures 11A and 11B schematically illustrate two examples of how the
magnetic field polarity in a motor coil may be inverted;

Figure 12 schematically illustrates a driver board comprising 6 electrical motor
coil driver circuits in one example;

Figure 13 schematically illustrates a switched reluctance electrical motor driver
apparatus comprising eight driver boards as shown in Figure 12 in one example;

Figure 14 schematically illustrates a sequence of steps which are taken in the
method of one example;

Figure 15 schematically illustrates the motor system of one example used to
power the wheels of a car;

Figure 16 schematically illustrates an example in which a motor system is
provided by the adaptation of a brake disk in an automobile;

Figure 17 schematically illustrates a coil driver circuit in one example where
the charge storage element is supply-referenced;

Figure 18A schematically illustrates switched inductance boost voltage
converter circuitry forming part of a driver circuit in one example where the charge
storage element is supply-referenced;

Figure 18B schematically illustrates switched inductance buck voltage
converter circuit forming part of a driver circuit in one example where the charge
storage element is supply-referenced;

Figure 19 schematically illustrates a driver circuit in one example where the

charge storage element is supply-referenced;
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Figures 20 and 21 schematically illustrate a driver circuit in examples where
the charge storage element is supply-referenced and an additional protective supply
capacitor and supply diode are provided;

Figures 22 and 23 illustrate the variation in supply current with time in an
example in which the charge storage element is ground-referenced;

Figures 24 and 25 illustrate the variation in supply current with time in an
example in which the charge storage element is supply-referenced; and

Figures 26 and 27 schematically illustrate two examples of three-phase
arrangements, one with a shared supply-referenced storage capacitor and one with a

separate storage capacitors for each phase.

DESCRIPTION OF EXAMPLE EMBODIMENTS

In some examples there is apparatus comprising:
an electrical motor comprising a rotor and a stator, the rotor comprising a
plurality of rotor teeth and the stator comprising a plurality of stator teeth, and
a driver circuit to drive the electrical motor comprising:
a boost converter comprising a charge storage element and coupled to a
first terminal of a coil winding on at least one of the plurality of stator teeth; and
a buck converter comprising said charge storage element and coupled to
said first terminal of the coil winding on the at least one of the plurality of stator teeth,
wherein an inductive element of the boost converter and the buck converter is
provided by said coil winding of the at least one of the plurality of stator teeth,
and wherein the charge storage element is referenced to a supply node for

coupling the second terminal of the coil winding to an electrical supply.

As is described in more detail below, the techniques discussed herein provide a
configuration of combined switched inductance boost voltage converter circuitry and
switched inductance buck voltage converter circuitry within a driver circuit for an
electric motor coil. In this context whilst a more conventional expectation might be
for the charge storage element to be referenced to a ground node in the circuitry, a
further alternative configuration has been established which references the charge

storage element to a supply node. In the operation of the driver circuitry, which may
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be characterized by having a “boost phase” and a “buck phase”, it has been found that
some configurations of the driver circuit can be improved by this arrangement because
it cuts the electrical supply out of the buck phase and the buck phase recharges itself.
Because the inductive element is attached to the supply node, not the ground node, and
here the charge storage element is also attached to the supply node, not the ground
node, the entire buck phase dumps charge in a tight loop between the charge storage
element and the inductive element, and the electrical supply is no longer involved.
Hence when the inductive element is charged from the charge storage element in the
buck phase, the current no longer flows to the supply and then the inductive element is
discharged in the buck phase, the charge flows back to the charge storage element

from where it came.

This also allows for a reduction in size (and thus notably also cost) of the
charge storage element, since the charge storage element is always biased at the supply
voltage. As mentioned above, this supply referencing of the charge storage element
means that the supply does not take part in any current that involves the charge storage
element, since the supply is bypassed whenever the charge storage element is charging
or discharging, allowing it to be reduced in size. Unlike in the case of a ground-
referenced charge storage element, the inductive element current does not match the
supply current. It is recognised that this arrangement may have other consequences,
for example this may obstruct bi-directional operation (used for example in energy
recovering braking), but this is not a key feature of all motor applications (e.g. those

provided for pumps and blowers).

In some examples the apparatus further comprises a supply diode coupling in a
forward direction the supply node to the second terminal of the coil winding. Such a
supply diode, which may for example take the form of a true diode or may also say be
provided by a transistor arranged as a switch, placed inline from the supply can hinder
current from flowing back to the supply. In such examples, when the driver circuit
tries to drive current back to the supply (which only happened on buck inductor
discharge), voltage then builds up at a node “downstream” of the supply diode (also

referred to herein as the “local supply” node). Regeneration may also be prevented.
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As the voltage at this local supply increases, some of the current will be driven back

towards the charge storage element, partly recharging it.

Electrical energy which remains stored at the local supply may in some
configurations have the potential to result in relatively high local voltages and
accordingly in some examples the apparatus further comprises a supply capacitor
spanning the supply diode. Such a supply capacitor can absorb this additional local
current and reduce the level of such local supply voltages. In a similar, alternative
configuration in some examples the apparatus further comprises a supply capacitor
coupling the second terminal of the coil winding to a ground node on an opposite side

of the electrical supply to the supply node.

As mentioned above, depending on the particular configuration, and notably
the provision or not of additional protective diodes, in some examples the electrical
supply is a bidirectional electrical supply. In other examples the electrical supply is a

unidirectional electrical supply.

In some examples the apparatus comprises two further driver circuits to drive
the electrical motor, wherein the driver circuit and the two further driver circuits are
coupled to three independent coil windings of the electrical motor, wherein the driver
circuit and the two further driver circuits share the electrical supply, and wherein the
driver circuit and the two further driver circuits are arranged to operate in a three-
phase arrangement with respect to one another. In such a three-phase arrangement the
referencing of the charge storage element to a supply node in the circuitry can result in
approximately half the supply current being drawn and the respective charge storage
elements only needing to be approximately half the size (by comparison with an

equivalent ground node referenced arrangement).

In some examples the boost converter further comprises: a diode coupled to
the coil winding and a first electrode of the charge storage element; and a switch
arranged to connect the coil winding to a ground node on an opposite side of the

electrical supply to the supply node. Essentially therefore such examples provide two
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key components of the switched inductance boost voltage converter circuitry in the

form of a boost diode and a boost switch.

In some examples the buck converter further comprises: a diode coupled to the
coil winding and the ground node on the opposite side of the electrical supply to the
supply node; and a switch arranged to connect the coil winding to the first electrode of
the charge storage element in dependence on a buck signal. Similarly to the boost
arrangement described in the previous paragraph, such examples therefore provide two
key components of the switched inductance buck voltage converter circuitry in the

form of a buck diode and a buck switch.

In some examples there is a motor driver circuit for driving a coil winding of
an electrical motor comprising:

a boost converter comprising a charge storage element and an input node
arranged to be coupled to a first terminal of a coil winding of an electrical motor; and

a buck converter comprising said charge storage element and said input node,

wherein an inductance of the boost converter and the buck converter is
provided when the input node is coupled to the coil winding of the electrical motor,

wherein an output of the boost converter is a voltage developed across the
charge storage element and an input of the buck converter is the voltage developed
across the charge storage element,

and wherein the charge storage element is referenced to a supply node, wherein
the supply node is arranged to couple the second terminal of the coil winding to an

electrical supply.

In some examples there is a method of operating a driver circuit to drive an
electrical motor comprising:

switching a boost converter comprising a charge storage element and coupled
to a first terminal of a coil winding on at least one of the plurality of stator teeth of the
electrical motor to connect the first terminal of the coil winding to a ground node of an
electrical supply, wherein a supply node of the electrical supply is coupled to a second

terminal of the coil winding;
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switching a buck converter comprising said charge storage element and
coupled to said first terminal of the coil winding to connect the first terminal of the
coil winding to the charge storage element, wherein an inductive element of the boost
converter and the buck converter is provided by said coil winding of the at least one of
the plurality of stator teeth;

and referencing the charge storage element to the supply node.

In some examples a driver circuit is provided for driving an electrical motor
coil comprising: switched inductance boost voltage converter circuitry comprising a
storage capacitor and an input node arranged to be coupled to the electrical motor coil;
and switched inductance buck voltage converter circuitry comprising the input node
and the storage capacitor, wherein inductance of the switched inductance boost voltage
converter circuitry and of the switched inductance buck voltage converter circuitry is
provided when the input node is coupled to the electrical motor coil, and an output of
the switched inductance boost voltage converter circuitry is a voltage developed across
the storage capacitor and an input of the switched inductance buck voltage converter

circuitry is the voltage developed across the storage capacitor.

Whilst switched inductance boost voltage converter circuitry and switched
inductance buck voltage converter circuitry are each individually known, the driver
circuit of the present techniques adapts and combines the two in a particular manner.
Firstly a storage capacitor is provided where the output of the boost voltage converter
would typically be and secondly the output of the boost voltage converter provides the
input for the buck voltage converter. Indeed, the storage capacitor which forms part of
the switched inductance boost voltage converter circuitry also forms part of the
switched inductance buck voltage converter circuitry, such that the voltage developed
across the storage capacitor by the boost voltage converter circuitry is configured to

provide the input for the buck voltage converter circuitry.

The inventor has surprisingly found that such a configuration of combined
switched inductance boost voltage converter circuitry and switched inductance buck

voltage converter circuitry can be of particular benefit in the context of a driver circuit
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for an electric motor coil. The electrical motor coil provides the switched inductance
element in both the boost voltage converter circuitry and the buck voltage converter
circuitry, and combining the circuits in this way allows the switching current to flow in
one direction through the electrical motor coil when the boost voltage converter
circuitry dominates and in the opposite direction through the electrical motor coil

when the buck voltage converter circuitry dominates.

This arrangement has various advantages. If the inductance of the electrical
motor coil is large, a large voltage will be required to change the current flow. The
rate of current change is given by the voltage divided by the inductance (di/dt = V/L),
and hence it is generally required when powering an electrical motor coil having a
large inductance to provide a high voltage in order both to start current flow quickly
and to stop current flow quickly. However, according to the present arrangement,
because the circuit creates its own high voltage through the action of its boost voltage
converter circuitry, a high voltage need only be provided initially to start a current
flow and a self-boosting voltage is used to stop it. Accordingly, to a first
approximation only half the supply voltage of a normal (prior art) driver circuit is
required. For example, in a configuration with a 150V supply and a 35mH electrical
motor coil, that supply voltage can be applied to the coil to start it conducting. When
the voltage is removed from the coil, the current will continue to flow as the energy is
dissipated from the coil. Using the driver circuit this energy dissipated from the coil is
collected in a storage capacitor. Continuing the above example this quickly boosts the
storage capacitor to approximately 300V and the resulting -150V difference quickly
shuts down the current in the coil. Furthermore, the boosted voltage stored in the
storage capacitor is then available for energising the coil in the opposite direction. The
operation of the buck voltage converter circuitry can then apply the previously boosted
voltage to the electrical motor coil, and drive the current back towards the original
power supply. Further continuing the above example, the approximately 300V now
gives 150V differential to the 150V power supply, and quickly drives up the current in
the coil. To shut it down, the approximately 300V is removed and a ground

connection applied. Hence the coil then sees -150V and quickly shuts down.
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Further, the arrangement of the present driver circuit to have combined
switched inductance boost and buck voltage converter circuitry means that this driver
circuit does not act as a pulse width modulation (PWM) controller (as many prior art
driver circuits do) and as such the switching which it performs can take place when the
currents flowing and switching voltages are low, making the power dissipation in the
driver circuit small. A particular consequence of this is for the components which
make up the driver circuit, which can thus be provided by circuit components with
relatively low ratings and tolerances, contributing to the overall lower cost of the

present driver circuit.

In some examples of the driver circuit the switched inductance boost voltage
converter circuitry comprises a boost diode connecting in a forward direction the input
node and a first electrode of the storage capacitor; and a boost switch arranged to
connect the input node to a second electrode of the storage capacitor in dependence on
a boost signal, and the switched inductance buck voltage converter circuitry comprises
a buck diode connecting in a forward direction the second electrode of the storage
capacitor to the input node; and a buck switch arranged to connect the input node to
the first electrode of the storage capacitor in dependence on a buck signal. The
symmetry of this arrangement provides a balanced arrangement supporting the
bidirectional characteristic of the driver circuit in which control over the coupling of
the storage capacitor to the electrical motor coil in each direction (via the input node)

is expediently effected by the respective boost and buck signals.

In some examples the switched inductance boost voltage converter circuitry
further comprises a first boost circuit diode connecting in a forward direction the input
node to a first connection of the boost switch. Providing a diode in this manner which
connects the input mode from the electrical motor coil to a first connection of the boost
switch in particular provides a level of protection for the boost switch by isolating the
boost switch from the buck voltage converter circuitry, so that the risk of damage to
the boost switch by the operation of the buck voltage converter circuitry is
significantly reduced. Moreover the provision of this diode greatly reduces the

occurrence of “ringing” (i.e. current oscillations) in the circuit. As a result of these
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factors, the intrinsic resilience of the boost switch can be reduced, i.e. the boost switch
can be provided by a smaller, weaker and thus cheaper component, thus reducing the

overall cost of the driver circuit.

In some examples, the switched inductance boost voltage converter circuitry
further comprises a second boost circuit diode connecting in a forward direction the
second electrode of the storage capacitor to the first connection of the boost switch.
The provision of such a second diode in the switched inductance boost voltage
converter circuitry can provide an additional level of protection for the boost switch
against reverse currents which may occur in the driver circuit when the buck voltage

converter circuitry is active.

In some examples the boost switch is an N-type field effect transistor. The
configuration of the present driver circuit is particularly suitable for the boost switch to
be provided by a relatively small switching device, such as a field effect transistor,
rather than a more expensive, more heavy-duty device, such as an insulated gate bi-
polar transistor (IGBT). Indeed, in some examples the boost switch may be provided
by an N-type MOSFET. In contrast to prior art electrical motor coil driver circuits, the
present techniques enable the driver circuit to be switched by such relatively weak

components.

In some examples the switched inductance buck voltage converter circuitry
further comprises a first buck circuit diode connecting in a forward direction a first
connection of the buck switch to the input node. Analogously to the above-mentioned
first boost circuit diode, this first buck circuit diode protects the buck switch from
reverse currents when the boost voltage converter circuitry is active and further

prevents ringing within the driver circuit.

In some examples the switched inductance buck voltage converter circuitry
further comprises a second buck circuit diode connecting in a forward direction the

first electrode of the storage capacitor to a second connection of the buck switch. The
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provision of this second buck circuit diode further prevents ringing in the switched

inductance buck voltage converter circuitry of the driver circuit.

In some examples the buck switch is P-type field effect transistor. Similarly to
the above comments with respect to the possibility of providing the boost switch by an
N-type field effect transistor, the configuration of the present driver circuit is
particularly suitable for the buck switch to be provided by a relatively small switching
device, such as a field effect transistor, rather than an IGBT. In some examples the

buck switch may be provided by a P-type MOSFET.

In some examples the switched inductance buck voltage converter circuitry
further comprises reference circuitry configured to reference the buck signal to a
ground connection and to provide at a gate of the buck switch a gate voltage which is
referenced to a voltage at the first electrode of the storage capacitor. Given that there
is the potential for the voltage of the first electrode of the storage capacitor to vary
over a considerable range as the storage capacitor is charged and discharged by the
actions of the boost voltage converter circuitry and the buck voltage converter
circuitry, it is advantageous to provide such reference circuitry, such that the gate
voltage of the (e.g. P-type field effect transistor) buck switch can be appropriately set
with respect to the voltage of the storage capacitor despite the intrinsic voltage range
tolerance of the buck switch potentially being considerably less than the voltage range
experienced by the storage capacitor and the buck switch can thus switch correctly

when the buck signal indicates that this should occur.

In some examples the reference circuitry comprises a voltage divider arranged
to provide first and second resistive paths coupled to the gate of the buck switch,
wherein the first resistive path connects the first electrode of the storage capacitor to
the gate of the buck switch and the second resistive path connects the gate of the buck
switch to the ground connection in dependence on the buck signal. Accordingly, this
configuration of first and second resistive paths provides an arrangement in which the
gate of the buck switch is coupled to the voltage provided at the point where the first

and second resistive paths meet and thus by the appropriate setting of the resistance of
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the first and second resistive paths, the gate of the buck switch can be controlled to

appropriately switch in dependence on the buck signal.

In some examples the second resistive path comprises an N-type field effect
transistor arranged to connect the second resistive path to the ground connection in
dependence on the buck signal. This second transistor in the buck voltage converter
circuitry can thus enable the buck signal to be provided as a relatively low voltage
digital signal, whilst allowing the buck switch to operate coupled to the storage

capacitor which may then handle much higher voltages.

In some examples the first resistive path comprises a third buck circuit diode
connecting in a forward direction the first electrode of the storage capacitor to the gate
of the buck switch. This third buck circuit diode can be provided in association with
the above-mentioned second buck circuit diode, such that the first electrode of the
storage capacitor is coupled both to the second connection (e.g. source connection) of
the buck switch and to the gate connection of the buck switch by parallel diodes. The
third buck circuit diode can be configured to be of the same configuration as the
second buck circuit diode, and as a result voltage and temperature variation can be

compensated for by the parallel response of these two diodes.

In some examples the driver circuit further comprises a first buck circuit
capacitor providing a gate-source connection for the buck switch. The provision of
this capacitor can stabilise the operation of the buck switch, in particular by
suppressing noise which could otherwise cause unwanted switching of the buck

switch.

In some examples the first resistive path further comprises a second buck
circuit capacitor in parallel with at least a portion of the first resistive path. This
second buck circuit capacitor can further suppress noise in the circuit and may in
particular be configured to be of a similar configuration to the first buck circuit
capacitor to allow equal compensation on their respective paths to voltage and

temperature variation.
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In some examples the driver circuit further comprises control circuitry
configured to provide the boost signal and buck signal, wherein the control circuitry is
configured to begin assertion of either the boost signal or the buck signal when a
current flow in the electrical motor coil is substantially zero. Configuring the driver
circuit such that its switching takes place when the current flow is substantially zero
further enables the components of the driver circuit, and in particular the boost and
buck switches, to be provided by relatively “lightweight” (i.e. weak and thus

inexpensive) devices.

In some examples the control circuitry is configured to assert the boost signal
and the buck signal in mutual exclusion. This can provide a further level of protection
for the components of the driver circuit, such that only one of the switched induction
boost voltage converter circuitry and switched induction buck voltage converter
circuitry is operative at any given time, and conflict between the two (in particular

with respect to current driving directions) is avoided.

In some examples the control circuitry is configured to assert each of the boost
signal and the buck signal as a single continuous pulse. This enables the control
circuitry which provides these signals to be provided by a relatively simple

configuration of a digital control device.

In some examples a driver board is provided for driving at least two electrical
motor coils of a switched reluctance electrical motor comprising: a first driver circuit
according to the first aspect for driving a first electrical motor coil of the at least two
electrical motor coils; and a second driver circuit according the first aspect for driving
a second electrical motor coil of the at least two electrical motor coils, wherein the first
driver circuit and the second driver circuit are powered by a shared supply. Co-
locating two driver circuits on a single driver board powered by a shared supply can be
of particular benefit, most notably when the first and second electrical motor coils
which are driven by the first and second driver circuits are arranged to be in opposing

phases of operation with a respect to one another, such that the current flow in one
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driver circuit with a respect to the shared supply is opposite to that in the second driver
circuit with respect to the shared supply and hence the net current draw on the supply
can be significantly reduced, since the majority of the current flow can be between the

first driver circuit and the second driver circuit and not on or off the driver board.

In some examples the driver board further comprises control circuitry
configured to operate the driver board in four stages of operation in which: in a first
stage of operation the first electrical motor coil is charged with current of a first
polarity and the second electrical motor coil is charged with current of a second
polarity, wherein the second polarity is opposite to the first polarity; in a second stage
of operation the first electrical motor coil is discharged into the storage capacitor of the
first driver circuit and the second electrical motor coil is discharged to the shared
supply; in a third stage of operation the first electrical motor coil is charged with
current of the second polarity and the second electrical motor coil is charged with
current of the first polarity; and in a fourth stage of operation the first electrical motor
coil is discharged to the shared supply and the second electrical motor coil is
discharged into the storage capacitor of the second driver circuit. Accordingly, by
coordinating the operation of each driver circuit in this manner the predominant
current flow induced by the first and second driver circuits is co-ordinated, such that
the predominant current flow is between the first and second driver circuits rather than
to and from the shared supply. For example, in a configuration in which 1A of current
comes from the supply to one driver circuit, the other driver circuit may be pushing
back 0.75A of current into the supply at the same time. The net draw on the supply is
therefore only 0.25A of current, and yet, by the opposing configuration (in terms of
phase of operation) of the first driver circuit and the second driver circuit for their
respective motor coils, 1.75A of current flows in the respective motor coils to generate
magnetic field (and thus output torque of the electric motor). Most notably, since the
coil energy is proportional to the square of the current, this gives 49x more energy
delivered to the motor coils than is drawn from the supply (1.75° / 0.25* = 49).
Although somewhat counter-intuitive, it should be remembered that this additional
energy has previously been stored in the coils of the motor or the storage capacitor of a

driver circuit, and the driver circuit provided by the present techniques enables this to
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be efficiently moved back and forth between the motor coil and storage circuitry,
rather than providing “fresh” energy from the power supply to the motor coil at each

cycle of its respective phase.

In some examples the driver board is configured to drive six electrical motor
coils of the switched reluctance electrical motor and comprises six respective driver
circuits according to the first aspect, each for driving a respective electric motor coil of
the six electric motor coils, wherein the control circuitry is configured to drive the six
driver circuits in three pairs, wherein the first driver circuit is paired with a fourth
driver circuit, the second driver circuit is paired with a fifth driver circuit, and a third
driver circuit is paired with a sixth driver circuit, and wherein for each pair of driver
circuits the control circuitry is configured simultaneously to assert the boost signal of
one driver circuit of that pair with the buck signal the other driver circuit of that pair.
Co-locating the six respective driver circuits on one driver board in this manner
facilitates the coordination between the three pairs of driver circuits and is particularly
useful for driving six adjacent electrical motor coils in the switched reluctance
electrical motor. Six adjacent electrical motor coils can be of significance for example
when the switched reluctance electrical motor is configured to have a three : two ratio
of stator to rotor teeth, such that for six adjacent stator teeth (around which respective
coils are wound) only two will be aligned with rotor teeth for any given orientation of
the rotor in the stator. Hence, for the coils of these six adjacent stator teeth exactly two
of them require power at any one time and moreover these can be arranged such that
when one channel (driving one coil) is pulling current from the power supply, the other
channel (driving the other coil) is providing it back, and the net effect is the energy
from the providing channel goes directly into the pulling channel (on the same driver
board) without tapping the supply for more energy than is necessary to recover a few

percent of losses on that cycle.

In some examples the control circuitry is configured to selectively disable each
pair of driver circuits. Although the electric coil motor will operate most powerfully
with all three pairs of driver circuits enabled, it is not necessary for all three pairs to be

operational for the electrical motor to work, and therefore the electrical motor can be
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operated in a lower power configuration when at least one of the pair of driver circuits

is thus disabled.

In some examples a switched reluctance electrical motor driver apparatus is
provided comprising four driver boards according to the second aspect, configured to
drive twenty four electrical motor coils of the switched reluctance electrical motor
independently of one another, and configured to drive each of the twenty four
electrical motor coils with respect to a selected phase of an at least six phase cycle of

operation.

In some examples the switched reluctance electrical motor drive apparatus is
configured to selectively disable each driver board. Each driver board is thus
configured to drive six of the twenty four electrical motor coils of the switched
reluctance electrical motor and may for example thus correspond to a quadrant of the
electrical motor. Hence each quadrant of the electrical motor may be selectively

switched off in order to operate the electrical motor in a lower power configuration.

In some examples the switched reluctance electrical motor driver apparatus
comprises eight driver boards according to the second aspect, and configured to drive
forty eight electrical motor coils of the switched reluctance electrical motor in the at
least six phase cycle of operation, wherein pairs of electrical motor coils are driven
with a same phase of the at least six phase cycle. For example, the electrical motor
may be configured to have two distinct stator sections dividing the longitudinal length
of the electrical motor into two parts. According to the present techniques each of the
forty eight electrical motor coils could thus be individually controlled and driven,
however in some examples the two stator sections are configured to be driven in
parallel with one another, such that the same phase of the phase cycle is applied to two

electrical motor coils, one in each stator section.

In some examples a method of operating a driver circuit to drive an electrical
motor coil is provided comprising the steps of: charging the electrical motor coil with

current of a first polarity from an electrical supply; discharging the electrical motor
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coil into a storage capacitor of the driver circuit; charging the electrical motor coil with
current of a second polarity from the storage capacitor of the driver circuit, the second
polarity being opposite to the first polarity; and discharging the electrical motor coil to

the electrical supply.

In some examples a driver circuit for driving an electrical motor coil is
provided comprising: means for charging the electrical motor coil with current of a
first polarity from an electrical supply; means for discharging the electrical motor coil
into a storage capacitor of the driver circuit; means for charging the electrical motor
coil with current of a second polarity from the storage capacitor of the driver circuit,
the second polarity being opposite to the first polarity; and means for discharging the

electrical motor coil to the electrical supply.

In some examples an apparatus is provided comprising: a switched reluctance
electrical motor comprising a rotor section and a stator section, the rotor section
comprising a plurality of rotor teeth and the stator section comprising at least 12 stator
teeth, each stator tooth wound with a respective coil; and a motor driver circuit for
driving an electrical motor coil of the coils of the switched reluctance electrical motor,
wherein the motor driver circuit comprises: switched inductance boost voltage
converter circuitry comprising a storage capacitor and an input node arranged to be
coupled to the electrical motor coil; and switched inductance buck voltage converter
circuitry comprising the input node and the storage capacitor, wherein inductance of
the switched inductance boost voltage converter circuitry and of the switched
inductance buck voltage converter circuitry is provided when the input node is coupled
to the electrical motor coil, and an output of the switched inductance boost voltage
converter circuitry is a voltage developed across the storage capacitor and an input of
the switched inductance buck voltage converter circuitry is the voltage developed

across the storage capacitor.

Some particular examples are now described with reference to the

accompanying figures.
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Figure 1 schematically illustrates a switched reluctance electrical motor system
10 in one example. The electrical motor comprises a rotor section 12 configured to
rotate within two stator sections 14 and 16. The rotor section is configured to have
sixteen rotor teeth, which form longitudinal spines extending radially outward and
running along the length of the rotor section through both stator sections 14 and 16.
Each stator section is configured to have twenty four stator teeth, which form
longitudinal spines extending inwardly and also running along the length of each stator
section. Each stator tooth is wound with a coil comprising a high number of turns — in
this instance there being approximately two hundred. In the example illustrated in
Figure 1 there are no coils on the rotor teeth, as the magnetic fields generated by
powering the stator teeth coils cause the motor to rotate by the action of those

magnetic fields on the rotor.

The electrical motor system 10 further comprises stator coil driver circuitry 20,
which is configured to be controlled by the associated control circuitry 22. A power
supply 24 is coupled to both the stator coil driver circuitry and to the stator coils of the
motor. As such there can be current flow both between the stator coils and the supply
24 and between the stator coils and the stator coil driver circuitry 20. The significance

of this arrangement will become apparent from the description of the further figures.

Figure 2 schematically illustrates the principal components of the stator coil
driver circuitry associated with a single stator coil. In essence the circuitry shown in
Figure 2 is a combination of switched inductance boost voltage converter circuitry and
switched inductance buck voltage converter circuitry. The switched inductance boost
voltage converter circuitry comprises the boost diode 30 and the boost switch 32 and
the switched inductance buck voltage converter circuitry comprises the buck diode 34
and the buck switch 36. The switched inductance boost voltage converter circuitry and
the switched inductance boost voltage converter circuitry share the storage capacitor
38. Each is also connected, via the input node 44, to the stator coil 40 which is driven
by this circuit and the supply 42. The control signals for the boost switch 32 and the

buck switch 36, namely the boost signal and the buck signal respectively, are
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generated by the control circuitry (which here is represented by the same control

circuitry 22 as shown in Figure 1).

In operation the boost and buck signals of the example of Figure 2 are asserted
in mutual exclusion by the control circuitry 22 to cause the stator coil 40 to be
powered, and moreover to be driven bi-directionally, wherein current is first caused to
flow one way through the stator coil (during “boost” operation) and then to flow the
other way through the stator coil (during “buck’ operation). Asserting the boost signal
to cause the boost switch 32 to close (conduct) causes the supply voltage provided by
the supply 42 to be applied to the stator coil 40. The boost signal is asserted for a
suitable period until the current flow in the stator coil is generating the required
magnetic field for operation of the motor. When the boost signal is switched off,
opening the boost switch 32, the current continues to flow (via the boost diode 30) as
the energy is dissipated from the coil. This energy dissipated from the stator coil 40 is
collected by charging the storage capacitor 38. This quickly boosts the storage

capacitor to a static voltage which shuts down the current in the coil.

This “boosted voltage” stored in the storage capacitor 38 is then available for
energising the stator coil 40 in the opposite direction. When this is required the buck
signal is asserted to cause the buck switch 36 to close (conduct) and the previously
boosted voltage can be applied (via buck diode 34) to the stator coil 40 in the opposite
direction to that of the boost phase.

Figure 3 illustrates the cyclical operation of the circuit shown in Figure 2, in
which the stator coil current is caused first to be driven in one (e.g. positive) direction
by the assertion of the boost signal, whereafter the stator coil current is caused to be
driven in the other (e.g. negative) direction by the assertion of the buck signal. Note
that the assertion of the buck signal does not take place until the stator coil current has
fallen to zero. This means that in the driver circuit voltages are switched when
currents are low and currents are switched when voltages are low, making the power
dissipation in the switching devices quite small. As will be discussed in more detail

with reference to the example shown in Figures 5A, 5B and 6 this means that relatively
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lightweight switches (e.g. MOSFETs, instead of more expensive IGBTs) can be used

as the switches in the circuit.

A particular advantage of the present techniques with respect to driving
electrical motor stator coils can be seen from Figure 4, which illustrates a four phase
process by which two stator coils are driven in one example. Two stator coils are each

coupled to a shared (DC) supply and to their own respective coil driver circuits.

In the first phase both motor coils are charged, but in opposite directions. The
first motor coil is charged with current of a first polarity from the shared supply and
the second motor coil is charged with current of a second (opposite) polarity from the
storage capacitor of the second driver circuit. In the example given in the figure, 1.6A
from the supply is provided to the first coil, whilst 1.3A deriving from the storage
capacitor of the second driver circuit is returned to the supply via the second coil. As a
result for a net 0.3A supply load a sum coil ramp up corresponding to 2.9A is

achieved.

In the second phase both motor coils are discharged, again in opposite
directions. The first motor coil is discharged into the storage capacitor of the first
driver circuit and the second electrical motor coil is discharged to the shared supply.
In the example given in the figure, 1.6A is passed from the first coil to the storage
capacitor of the first driver circuit, whilst 1.3A is returned to the supply deriving from
the second coil. As a result for a net supply load falling from -1.3A to zero a sum coil

ramp down of 2.9A is achieved.

In the third phase both motor coils are charged again, but in the opposite
direction to in the first phase. The first motor coil is charged with current of the
second polarity from the storage capacitor of the first driver circuit and the second
motor coil is charged with current of the first polarity from the shared supply. In the
example given in the figure, 1.3A deriving from the storage capacitor of the first driver

circuit is returned to the supply via the first coil, whilst 1.6A from the supply is
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provided to the second coil. As a result for a net 0.3A supply load a sum coil ramp up

corresponding to 2.9A is achieved.

Finally in the fourth phase both motor coils are again discharged. The first
motor coil is discharged to the shared supply and the second electrical motor coil is
discharged into the storage capacitor of the second driver circuit. In the example given
in the figure, 1.3A is returned to the supply deriving from the first coil, whilst 1.6A 1is
passed from the second coil to the storage capacitor of the second driver circuit. As a
result for a net supply load falling from -1.3A to zero a sum coil ramp down of 2.9A is

achieved.

More detail of the configuration of a driver circuit in one example is now given
with reference to Figures 5A, 5B and 6. The switched inductance boost voltage
converter circuitry is represented separately in Figure 5A, whilst the switched
inductance buck voltage converter circuitry is represented separately in Figure 5B, and
the combined driver circuit having both switched inductance boost voltage converter
circuitry and switched inductance buck voltage converter circuitry is shown in Figure

6.

In the switched inductance boost voltage converter circuitry of Figure 5A the
boost switch is provided by the NMOS 50, whilst the storage capacitor (CSTORE) is
provided by the 33uF capacitor 52. Note that in addition to the boost diode (D1) 54,
two further diodes D2 56 and D3 58 are also provided in this example. The boost
voltage converter circuitry is coupled to the stator coil 60 and the 150V DC supply 62.

With regard to the switched inductance buck voltage converter circuitry of
Figure 5B, it is important to note that the storage capacitor (CSTORE) is the same
33uF capacitor 52 as shown in Figure 5A. As labelled in Figures SA and 5B, the
voltage developed across the capacitor 52 can be viewed as the output of the switched
inductance boost voltage converter circuitry of Figure 5A and as the input of the
switched inductance buck voltage converter circuitry of Figure 5B. Also the buck

voltage converter circuitry is coupled to the same stator coil 60 and the same 150V DC
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supply 62. In the example shown in Figure 5B the buck switch is provided by the
PMOS 64. In addition to the buck diode 66 (D4), two further diodes 68 and 70 (D5
and D6) are also provided in this example. Finally the switched inductance buck
voltage converter circuitry of Figure 5B also comprises reference circuitry coupled to
the gate of the buck switch (PMOS 64). This reference circuitry is composed of
NMOS 72, resistors 74, 76 and 78 (R7, R8 and R9), capacitors 80 and 82 (C2 and C3)
and diode 84 (D7).

More detail of the configuration of the full driver circuit in this example,
showing its switched inductance boost voltage converter circuitry and its switched
inductance buck voltage converter circuitry in their combined configuration is now
given with reference to Figure 6. The components of the driver circuit of Figure 6
have the same reference numerals as the components shown in Figures 5SA and 5B,
since these latter separate representations are only shown separately to emphasise the

respective part to which each component of the full driver circuit belongs.

The various additional diodes (i.e. in addition to the boost and buck diodes
shown in Figure 2) that are provided in this example serve a number of purposes, but
overall a particular role that they play is to enable the critical switching devices (boost
switch 50 and buck switch 64) to be provided by very cheap MOSFET devices
(instead of much more expensive IGBT devices, say), despite the size of motor coil
and the supply voltage required for the motor (e.g. a 35mH coil and a 150V DC
supply). The large EMF and rapid voltage changes associated with operating a motor
with this kind of configuration has the potential to cause damaging voltages and gate-
step (turning them on when supposed to be off) so these diodes are used throughout the
circuit to provide power blocking that protects the switches. The diodes also serve to
separate the switched inductance boost voltage converter circuitry from the switched
inductance buck voltage converter circuitry, such that the operation of one does not
risk damage to the components of the other. For example the combination of the
diodes 68 and 70 (D5 and D6) placed either side of PMOS 64 in the buck voltage
converter circuitry prevents the power of the current flow discharging from the coil

from turning this PMOS on and off during the “boost” mode of operation of the driver
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circuit (and thus adversely affecting correct operation of that boost mode and risking

damage to this other components of the buck voltage converter circuitry).

Note that the transistor 64 is provided as a PMOS (as opposed to a cheaper
NMOS) device, since when in the “buck” mode of operation and bucking through the
inductance (coil) to the supply, the inductor (stator coil 60) pulls current through the
buck diode 66, dropping the switch there to one diode drop below ground. This works
when using a PMOS for transistor 64, since it just adds a little more drop on its drain.
An NMOS device could in principle be used, but because of the above-mentioned pull
down to below ground (which would be on the source of the NMOS device),
additional circuitry would be required to provide its gate voltage at a below-ground
level, since otherwise it could not be turned off when the inductor (stator coil 60) is

discharging.

Additionally, the diodes in the circuit provide a rectifying function to rectify
oscillations (ringing) that otherwise would strongly occur when driving a large

capacitor from a large inductor.

The capacitors 80 and 82 (C2 and C3) are provided to suppress noise in the
circuitry that could otherwise affect the stability of the switching of the gate of the
buck switch (PMOS 64), the gate of this transistor being in particular susceptible to
such noise by virtue of its connection to the storage capacitor 52 (albeit via the diodes
70 and 84 (D6 and D7). The capacitors 80 and 82 also form part of the reference
circuitry, which notably further comprises the resistors 74, 76 and 78 (R7, R8 and R9)
and the NMOS transistor 72. The provision of this reference circuitry enables the buck
signal (BUCK) to be referenced to ground (GND) and the gate signal of the buck
switch 64 to be referenced to the voltage present on the upper side (as illustrated in
Figure 6) of the storage capacitor 52. Hence, switching of the digital (low voltage)
BUCK signal is able to correctly control the switching of the buck switch 64 by virtue
of setting a correct source-drain threshold voltage (with respect to the voltage seen on
the storage capacitor). Note that the parallel configuration of the diodes 70 and 84 (D6
and D7), the capacitors 80 and 82 (C2 and C3) and the resistors 74 and 76/78 (R7 and
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R8/RY) enable the circuitry to perform consistently across a range of voltage and
temperature variation, due to the equivalent response that each these components in
their respective pairs will have to that temperature and voltage variation. Note that
logically the resistors 76 and 78 (R8 and R9) can be considered to form a single
resistor, though are provided as two distinct components in this example for reasons of
lower cost and size, as well as improved power dissipation. The provision of the
diodes 70 and 84 (D6 and D7) also reduces the gate drop needed to be provided by the
remainder of the reference circuitry, further reducing the cost of the resistive
components that need to be explicitly provided (since they have lower power

requirements) and allow a range of voltages to more easily be handled.

Figure 7 schematically illustrates a radial view of the rotor section and the teeth
of one stator section in one example. In this example control over the coils (not
illustrated) of the stator section is arranged such that groups of 6 stator teeth have been
put together and the cyclical control sequence asserted over each group runs through
six stages, corresponding to the six stator teeth in that group. A further feature of this
example, to be discussed in more detail below with reference to Figure 12, is that the
driver circuits associated with each stator coil in a group are provided on one board
which shares control circuitry and a single DC supply, so that the above-mentioned
benefits of one driver circuit operating in “buck mode”, whilst another driver circuit
which shares the same supply is operating in “boost mode” can result. Figure 7 further
illustrates a snapshot of one stage of the six stage cycle in which a first stator coil in
each group (labelled 1 in the figure) is currently being powered in a first direction
(boost mode) in this example, in which the resulting magnetic field induced in the
stator tooth is oriented north (N) radially inwards and south (S) radially outwards,
whilst the fourth stator coil in each group is simultaneously being oppositely powered
(buck mode) in this example, such that the magnetic field induced in the stator teeth is
orientated south (S) radially inwards and north (N) radially outwards. Driving the
stator coils of this electrical motor continues in this paired opposing induced
magnetism fashion, wherein at the next stage stator teeth 2 and 5 are driven (oppositely
with respect to one another), followed by stator teeth 3 and 6, followed by stator teeth

1 and 4 (in the opposite magnetic configuration to the first phase) and so on.
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Still referring to Figure 7, note that the configuration of the rotor and stator
teeth (in particular the 2:3 ratio of their number) results in an arrangement in which
when half of the rotor teeth are directly aligned with corresponding stator teeth, the
other half of the rotor teeth are unaligned with the stator teeth (being aligned with the
centre of the gap between two stator teeth in this example). For an aligned pair of
rotor/stator teeth this means that there is only a relatively small air gap (e.g. less than
0.5mm) between the rotor tooth and the stator tooth, which corresponds to a low
reluctance and hence no output power (zero torque) from the motor. Conversely the
non-alignment of the other stator teeth of the set of six stator teeth with corresponding
rotor teeth can thus provide a high reluctance and high torque configuration (due to the
larger air gap, e.g. more than 1.0mm) between the non-aligned stator/rotor teeth).
Whilst in known switched reluctance electric motors partial overlap between the rotor
and stator teeth may be required in order to keep the motor in a configuration where
reluctance is low for an acceptable efficiency, but torque can still be achieved -
although at a level below the maximum possible, the present electrical motor system
achieves an improved trade-off between torque and efficiency by providing a
configuration in which higher torque can be generated (by the non-aligned stator/rotor
teeth), but also in which energy that is expended in generating a magnetic field which

doesn’t get used gets recycled, thus improving the efficiency.

Figure 8 schematically illustrates the relative timing of the boost and buck
signals in the driver circuits which provide the above-described control over the set of
six stator teeth in each group. The above mentioned pairing over the control over
stator coils 1/4, 2/5 and 3/6 can be seen, in which the stator coil of each pair is always
driven by a driver circuit in opposite mode (boost/buck) and the resulting current flow
(triangular wave forms in the figure) is always of opposite plurality. Note that the start
of the assertion of the boost and buck signals only begins when the current in the
respective circuit is zero (or at least negligible) to ensure that the components of the
respective driver circuits are not damaged by any residual opposing current flow. The
sequence of control signals shown in Figure 8 is applied to each of the four groups of

stator coils shown in Figure 7 when the electrical motor is configured to be in a full
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power configuration, however it is also possible for the electrical motor to operate in a
lower power configuration when at least one of the groups of stator coils is not
powered. This may be achieved by varying the boost and buck control signals
asserted, which may in turn be achieved by switching off one or more driver circuits or
one or more driver boards as appropriate. Additionally, it should be noted that the
speed at which the motor operates is thus determined by the timing sequence of boost
and buck signals applied (such as in Figure 8) and not on the particular power level at
which the motor is operating. The power level may be determined by the size of the
current pulses which result from the chosen boost and buck signal durations. Hence,
for example, for approximately similar power levels, the motor may be operated at two
significantly different speeds (e.g. 500 rpm and 1000 rpm). This independence of the
rotational speed from the operational power level adds significant flexibility to the
user’s choice of how to operate the motor, dictating the rotational speed by means of
the timing sequence and the overall operational power level by the choice of which
groups of stator coils to power. Moreover the fact that the user has such direct and
independent control over the rotational speed of the motor means that in many
circumstances the transmission or gearing provided in association with a traditional

electric motor can be dispensed with.

Figure 9 shows a simulation of the magnetic fields which develop in one
operational state of an example electrical motor when viewed in the same radial
presentation as that of Figure 7. This (shown on the left hand side) is labelled
“bidirectional” and corresponds to driver circuits according to the present techniques
being used to simultaneously drive pairs of stator coils in a group in opposite
directions. For comparison a second simulation (shown on the right hand side) is
labelled “unidirectional” and corresponds to a configuration in which instead pairs of
stator coils in a group are simultaneously driven in the same direction. The magnetic
field notations (in Tesla) are what occur in the air gaps between the stator teeth. When
measured in the air gap, it can be seen that (for the bidirectional case by comparison
with the unidirectional case) the resulting ON field is about 25% greater, the top OFF
field is about 9 times smaller and the bottom OFF field is nearly 750 times smaller.

The increased ON field increases torque and the decreased OFF fields reduce drag.
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This is due to the fact that the bidirectional configuration creates reinforcing magnetic
fields in the electrical motor — and in particular in the rotor section — which further

enhance the efficiency of this motor system.

Figures 10A and 10B illustrate the use of optical sensors to provide relative
position information for the rotor section with respect to the stator section(s). Figure
10A shows three optical sensors 100, 102, 104 positioned aligned with three of the
stator teeth, and sized and calibrated such that a) when a rotor tooth is aligned with an
optical sensor and stator tooth, only one optical sensor registers the presence of a rotor
tooth and b) as the rotor rotates with respect to the stator section, at most two of the
optical sensors register the presence of rotor teeth. This configuration means that with
only three optical sensors (ultimately resulting in three bits of information — possibly
after analogue to digital conversion, depending on the type of sensor used) the relative
orientation of the rotor to the stator can be determined to within 2.5° (for this 16 rotor
teeth / 24 stator teeth example configuration). Moreover there are no intermediate
positions in which no information about the relative rotor-stator position is available
and as such whatever position the motor stops in it can always be known which stator
coils to activate to get the motor running. Figure 10B shows the corresponding three

optical sensor outputs as the rotor rotates with respect to the stator.

In some example configurations the direction of the electrical power through a
stator coil — and hence the direction of the resulting magnetic field — may be brought
about by a particular configuration of the connections to the coil. Figure 11A shows
one example configuration in which a coil driver circuit can be used to provide the
power to both of a pair of stator coils which are active at a time, but activated in
opposite directions (in the figure this being the first and fourth coil in a group of six).
The winding of the first and the fourth coils has been made in the opposite sense to
each other, so that for one polarity of electrical power provided by the coil driver,
oppositely oriented magnetic fields in the first and fourth stator teeth results. Figure
11B shows another example configuration in which additional switching circuitry is
provided in association with each stator coil, controlled by a switch control signal

which determines the direction of current flow through the coil. The switch control
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signal could either be provided by the coil driver or for example by the control

circuitry which controls the coil driver.

Figure 12 schematically illustrates a driver board in one example. This driver
board is provided as a single integrated circuit board on which six driver circuits 112,
114, 116, 118, 120 and 112 (for example configured as shown by Figure 6), control
circuitry 126 and shared DC supply 124 are arranged. The control circuitry provides
the boost and buck control signals individually to each of the driver circuits. The
provision of the shared DC supply on the same board as the six driver circuits means
that the above-described (for example with respect to Figure 4) majority movement of

current within the board (as opposed to on and off the board) is supported.

Figure 13 schematically illustrates a complete switched reluctance electrical
motor driver apparatus 130 in one example which comprises eight driver boards 132
(for example configured as shown by Figure 12) and is hence configured to control 48
individual stator teeth (as are present in the example motor system shown in Figure 1).
An overall control unit 134 also forms part of the apparatus 130 and dictates the high-
level operation of the eight driver boards 132, for example causing individual driver
boards to be temporarily switched off when the electrical motor should operate in a
lower power mode and when each individual driver board is coupled to a set of stator
coils (for example a quadrant in each stator section) which can be switched off to
effect this low power mode. It is important to appreciate however that the combination
of driver circuit control provided by the overall control 134 and the board controls 126
are such that firstly any individual driver circuit can be switched on or off regardless of
the operation of the other driver circuits and secondly the control over each stator coil
provided by each driver circuit is fully independent of the control over any other stator
coil provided by any other driver circuit. As such therefore, the electrical motor driver
apparatus 130 thus provides individual control over up to 48 driver circuits and hence
stator coils, although in the light of the above discussion about groups of stator coils
and pairs of driver circuits it may be chosen to closely link the operation of some
driver circuits due to the benefits which result, and in such a configuration the phases

of electrical power provided to various stator coils may be the same.
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Figure 14 shows a sequence of steps which are taken in one example,
illustrating how two driver circuits are operated. The flow can be considered to
commence at step 140 where in a first phase a first stator coil of a switched reluctance
electrical motor is charged by one driver circuit with current of a first polarity from a
shared supply and a second stator coil is charged with current of a second (opposite)
polarity from the storage capacitor of the second driver circuit. At step 142, in a
second phase, both motor coils are discharged, the first stator coil being discharged
into the storage capacitor of the first driver circuit and the second electrical motor coil
is discharged to the shared supply. At step 144, in a third phase, both motor coils are
charged again, but each in the opposite direction to the first phase. The first motor coil
is charged with current of the second polarity from the storage capacitor of the first
driver circuit and the second motor coil is charged with current of the first polarity
from the shared supply. Finally at step 146, in a fourth phase, both motor coils are
again discharged. The first motor coil is discharged to the shared supply and the
second electrical motor coil is discharged into the storage capacitor of the second

driver circuit.

Figure 15 schematically illustrates an electric vehicle, say an automobile, in
which an example of the electrical motor system is to be found. The vehicle 150 has
four wheels 152, each driven by its own motor 154. Each motor 154 is driven by an
associated driver apparatus 156, and overall control of the set of four driver
apparatuses is maintained by a central control unit 158. Within each motor 154 the
coil windings provided on each stator tooth are aluminium. In the context of a mobile
vehicle, this is beneficial because aluminium is approximately three times lighter than
copper and approximately five times cheaper (by weight), making it approximately
fifteen times cheaper per area (making it cheap enough to be a replaceable wear item).
In other examples the coil windings provided on each stator tooth may be copper, or

any other suitably conductive metal.

Previously the choice of aluminium for the stator coil windings would have

generally been rejected however, because aluminium’s resistance is twice as high per
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cross sectional area, and because it fatigues with vibration more quickly than copper.
However in an electrical motor system according to the present techniques, the current
required in the coils is notably low and hence the power loss (according to I’'R) due to
the higher resistance is of lesser significance. Indeed the higher value of R in fact

makes the L/R time constant lower, and so the driver circuit operates faster.

Furthermore, the combination of the low cost of the motor and its flexibility of
operation with respect to rotational speed means that it is practical in the example
shown in Figure 15 to provide an individual motor at each wheel, rather than one
central motor with associated gearing and transmission. Placing such a “cheap” motor,
using aluminium windings for the stator coils, at each wheel makes the motor
accessible to be a replaceable item (in the manner of a brake pad, say) and the benefit

of using the cheap aluminium can be realized.

It should be appreciated that such an arrangement is also possible, at least in
part, due to the lessened importance of the magnetic energy transfer to the rotor from
the coil here. This is due the fact that the present techniques mean that whatever
magnetically stored energy that doesn’t get magnetically transferred to the rotor from
the coil can be recovered and reused. Where previously the air-gap between the coils
and the rotor in the motor would have to be very small — e.g. a fraction of a millimeter
— in order to maintain an acceptable efficiency (by good magnetic energy transfer from
the rotor to the coil), this constraint on the size of the air-gap is more relaxed for the
present motor system, due to the recycling of energy. In turn this means that the motor
can be positioned in a much more exposed position, due to its greater tolerance for a

more relaxed (and varying) air-gap.

Indeed Figure 16 illustrates an example motor example in which an automobile
wheel 160 has a brake disk 162 which has been adapted to form part of the motor.
Brake pads 164 continue to perform the usual braking function through selective
frictional application to the brake disk 162, but the outer edge 166 of the brake disk
162 has been adapted to provide the rotor portion (e.g. with molded fins or spokes to

provide variable reluctance) of the motor. A surrounding part 168 provides the stator
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portion. Combining an “existing” component with the motor in this manner also has
clear weight reduction advantages for the vehicle as a whole. Such an adaptation
could also for example be made to other components of the general wheel assembly
such as the steel rim or the brake drum. Previous switched reluctance motor designs
would typically be unable to tolerate operation in this kind of exposed position, due to
their fine sensitivity as regards the air-gap between the coils and the rotor in the motor,
for example requiring the air-gap to be less than 0.5mm, and the exposure of a
relatively expensive motor in this manner would not normally be contemplated.
However the present techniques: a) provide a considerably cheaper motor system
which makes its own replacement a less significant cost factor; b) allow a lower
current configuration which makes its construction out of cheaper, but more resistive
materials (such as aluminium) more practical; and c¢) recycle the energy used, thus
allowing an improved efficiency and making a precise and small coil to rotor air-gap

less significant, e.g. allowing the air-gap to be greater than 1.0mm.

In conclusion, it will be appreciated from the above description that the
electrical motor system and its associated coil driver circuitry described herein enables
the use of strong magnetic fields in the stator coils at low net power outputs by
recycling the unused energy that isn’t translated into rotational energy from those
fields. With this capability and further by means of being able to disable groups of the
stator coils the motor can be operated efficiently down to extremely low input levels.
For example, a prototype 750W (1HP) motor constructed according to the described
principles has been operated across its full range of output speeds with input power
levels as low as 15W, i.e. 50x lower than its design power. This capability, in addition
to operating the motor at low rotational speeds (facilitated by the large number of
phases and rotor teeth) allows the motor to operate efficiently at a wide variety of
output levels, which may obviate the need for a gearbox and/or transmission in various

systems.

Figure 17 schematically illustrates the principal components of one example of
the stator coil driver circuitry associated with a single stator coil, which will be

recognised as a variation on the circuitry shown in Figure 2. Indeed the components of
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the circuitry in Figure 17 are the same as those shown in Figure 2, play the same roles
as the components shown in Figure 2, and are given the same reference numerals. A
repeated description of those components is therefore dispensed with here for brevity.
The difference between the circuitry of Figure 17 that of Figure 2 is that in Figure 17
the storage capacitor 38 is referenced to the supply node instead of the ground node.
Because the stator coil 40 is attached to the supply node, not the ground node, and here
the storage capacitor 38 is also attached to the supply node, not the ground node, the
entire buck phase dumps charge in a tight loop between the storage capacitor 38 and
the stator coil 40, and the electrical supply 42 is no longer involved. Hence when the
stator coil 40 is charged from the storage capacitor 38 in the buck phase, the current no
longer flows to the supply 42 and then the stator coil 40 is discharged in the buck

phase, the charge flows back to the storage capacitor 38 from where it came.

This also allows for a reduction in size (and thus notably also cost) of the
storage capacitor 38, since the storage capacitor 38 is always biased at the supply
voltage. As mentioned above, this supply referencing of the storage capacitor 38
means that the supply does not take part in any current that involves the storage
capacitor 38, since the supply is bypassed whenever the storage capacitor 38 is
charging or discharging, allowing it to be reduced in size. Unlike in the case of a
ground-referenced storage capacitor 38, the stator coil current does not match the

supply current.

Figures 18A, 18B, and 19 similarly illustrate the further detail of the
configuration of a driver circuit in one example which in turn are the same variation on
the examples of Figures 5A, 5B and 6 respectively, i.e. where the storage capacitor
(CSTORE) 52 is supply node referenced (instead of being ground referenced as in the
examples of Figures 5A, 5B and 6). Again the components of the circuitry in Figures
18A, 18B, and 19 are the same as those shown in Figures SA, 5B and 6, play the same
roles as the components shown in Figures 5SA, 5B and 6, and are given the same
reference numerals. A repeated description of those components is therefore

dispensed with here for brevity.



WO 2018/142157 PCT/GB2018/050313

10

15

20

25

30

35

Figure 20 shows a variation on the example of Figure 17, where a supply diode
200 and a supply capacitor 202 are added. The supply diode 200 is provided to hinder
current from flowing back to the supply 42. Hence, when the driver circuit tries to
drive current back to the supply 42 (which only happened on buck inductor discharge),
voltage then builds up at a node “downstream” of the supply diode (also referred to
herein as the “local supply” node). As the voltage at this local supply increases, some
of the current will be driven back towards the storage capacitor 38, partly recharging
it. Because electrical energy which remains stored at the local supply node could
result in relatively high local voltages, the circuit of Figure 20 further comprises a
supply capacitor 202 spanning the supply diode 202. This supply capacitor 202 can
absorb this additional local current and reduce the level of such local supply voltages.
Figure 21 shoes a similar, alternative configuration where the supply capacitor 204
instead couples the local supply node (i.e. a terminal of the coil winding) to the ground

node on the opposite side of the electrical supply to the supply node.

Figures 22-25 discuss the variation in supply current with time in comparison
between examples in which the charge storage element is ground-referenced (Figures
22 and 23) and examples in which the charge storage element is supply-referenced
(Figures 24 and 25) through the respective boost and buck phases. Figure 22 is shown
with a first boost phase, in which firstly the supply coil (the inductor) is charged from
the supply and then secondly the supply coil is discharged into the capacitor. This is
then followed by a subsequent buck phase in which firstly the supply coil (the
inductor) is charged from the capacitor and then secondly the supply coil is discharged

into the supply. The inductor current can be seen to match the supply current.

Figure 23 shows how two coil drivers each with ground-referenced charge
storage elements can be run out-of-phase with each other from a shared supply, such
that the net coil driver supply current is largely cancelled out, leaving only the net
motor output power as the supply draw. The full line corresponds to the current
profile for a first coil driver as described above with reference to Figure 22. The

dotted line corresponds to the current profile for a second coil driver operating 180
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degrees out of phase with the first coil driver. When the first coil driver is in the boost

phase, the second coil driver is in the buck phase, and vice versa.

Turning to Figure 24, the variation in supply current with time is shown in the
example of a coil driver in which the charge storage element is supply-referenced. As
in the Figure 22 example there is a first boost phase, in which firstly the supply coil
(the inductor) is charged from the supply and then secondly the supply coil is
discharged into the capacitor. However the supply-referencing of the capacitor means
that there is no supply current when the supply coil is discharged into the capacitor and
this can be seen to directly fall to zero. Conversely this is then followed by the
subsequent buck phase in which firstly the supply coil (the inductor) is charged from
the capacitor and then secondly the supply coil is discharged into the supply. Again,
the supply-referencing of the capacitor means that there is no supply current when the
supply coil is charged from the capacitor and the supply current can be seen to remain
at zero. When the supply coil is finally discharged into the supply and the supply
current can can be seen to rapidly peak before discharging to zero. Overall it can be
seen that the supply no longer takes part in any current that involves the capacitor, the
supply being bypassed whenever the capacitor is charging or discharging. Here (by

contrast with Figure 22) the inductor current no longer matches the supply current.

Now considering Figure 25, it can be seen that the multi-channel cancellation
of currents shown in Figure 23 is no longer possible. Figure 25 shows how two coil
drivers each with supply-referenced charge storage elements being run out-of-phase
with each other from a shared supply does not result in the net coil driver supply
current being cancelled out. In essence, the wrong parts of the current flows are
hidden from the supply, leading to discontinuities and the addition of the currents. The
full and dotted lines represent the supply current profiles of the two coil drivers and on
the right hand side, with the dashed line, the net supply current is shown. Note that a
small offset of the current traces (in particular of the net supply current from the two
coil driver profiles) is employed merely for clarity of illustration such that both lines
can be seen. In fact the net supply current should directly overlie the other (dotted and

full) lines.



10

15

20

WO 2018/142157 PCT/GB2018/050313

37

Supply referencing the storage capacitor can thus find particular applicability
in arrangements where paired multi-phase supply current cancelling is of lesser
concern, such as in the example of a three-phase system, as here it can directly reduce
currents by half with a bidirectional supply (as well as reduce the costs for the storage
capacitors) when compared to the traditional ground referenced storage capacitor. For
a unidirectional supply the currents are further reduced, but the capacitor cost is not,
due to the need for the additional supply capacitor on the “local supply” (as discussed
above). Figures 26 and 27 show two examples of three-phase configuration. Figure
26 shows a shared supply-referenced storage capacitor, whilst Figure 27 shows a
separate storage capacitors for each phase, where each is reference to the same supply

node.

Although illustrative examples of the invention have been described in detail
herein with reference to the accompanying drawings, it is to be understood that the
invention is not limited to those precise examples, and that various changes, additions
and modifications can be effected therein by one skilled in the art without departing
from the scope and spirit of the invention as defined by the appended claims. For
example, various combinations of the features of the dependent claims could be made
with the features of the independent claims without departing from the scope of the

present invention.
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1 CLAIM:

1. Apparatus comprising:
an electrical motor comprising a rotor and a stator, the rotor comprising a
plurality of rotor teeth and the stator comprising a plurality of stator teeth, and
a driver circuit to drive the electrical motor comprising:
a boost converter comprising a charge storage element and coupled to a
first terminal of a coil winding on at least one of the plurality of stator teeth; and
a buck converter comprising said charge storage element and coupled to
said first terminal of the coil winding on the at least one of the plurality of stator teeth,
wherein an inductive element of the boost converter and the buck converter is
provided by said coil winding of the at least one of the plurality of stator teeth,
and wherein the charge storage element is referenced to a supply node for

coupling the second terminal of the coil winding to an electrical supply.

2. The apparatus of claim 1, further comprising a supply diode coupling in a

forward direction the supply node to the second terminal of the coil winding.

3. The apparatus of claim 2, further comprising a supply capacitor spanning the
supply diode.
4. The apparatus of claim 2 or claim 3, further comprising a supply capacitor

coupling the second terminal of the coil winding to a ground node on an opposite side

of the electrical supply to the supply node.

5. The apparatus of any of claims 1-4, wherein the electrical supply is a

bidirectional electrical supply.

6. The apparatus of any of claims 2-4, wherein the electrical supply is a

unidirectional electrical supply.
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7. The apparatus of any of claims 1-6, comprising two further driver circuits to
drive the electrical motor, wherein the driver circuit and the two further driver circuits
are coupled to three independent coil windings of the electrical motor, wherein the
driver circuit and the two further driver circuits share the electrical supply, and
wherein the driver circuit and the two further driver circuits are arranged to operate in

a three-phase arrangement with respect to one another.

8. The apparatus of any of claims 1-7, wherein the boost converter further
comprises:

a diode coupled to the coil winding and a first electrode of the charge storage
element; and

a switch arranged to connect the coil winding to a ground node on an opposite

side of the electrical supply to the supply node.

9. The apparatus of claim 8, wherein the buck converter further comprises:

a diode coupled to the coil winding and the ground node on the opposite side of
the electrical supply to the supply node; and

a switch arranged to connect the coil winding to the first electrode of the

charge storage element in dependence on a buck signal.

10. The apparatus of claim 9, further comprising a controller to provide the boost
signal and the buck signal and to begin assertion of either the boost signal or the buck

signal when a current flow in the coil winding is substantially zero.

11. The apparatus of claim 10, wherein the controller is configured to assert the

boost signal and buck signal in mutual exclusion.

12. The apparatus of claim 10, wherein the controller is configured to assert the

boost signal and the buck signal as a continuous pulse.

13. The apparatus of any of claims 8-12, further comprising a first boost diode

coupling in a forward direction the coil winding to the switch of the boost convertor.
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14. The apparatus of any of claims 9-12, or claim 12 when dependent on claim 9,
further comprising a first buck diode coupling in a forward direction the switch of the

buck convertor to the coil winding.

15. The apparatus of any of claims 9-12, or claim 12 when dependent on claim 9,
or claim 14, wherein the buck converter further comprises reference circuitry to
reference the buck signal to the ground node and to provide at a gate of the switch a

gate voltage referenced to a voltage at the first electrode of the charge storage element.

16. The apparatus of claim 15, wherein the reference circuitry comprises a voltage

divider to provide first and second resistive paths to the gate of the buck switch; and
wherein the first resistive path couples the first electrode of the charge storage

element to the gate of the buck switch and the second resistive path couples the gate of

the buck switch to the ground node in dependence on the buck signal.

17. A motor driver circuit for driving a coil winding of an electrical motor
comprising:

a boost converter comprising a charge storage element and an input node
arranged to be coupled to a first terminal of a coil winding of an electrical motor; and

a buck converter comprising said charge storage element and said input node,

wherein an inductance of the boost converter and the buck converter is
provided when the input node is coupled to the coil winding of the electrical motor,

wherein an output of the boost converter is a voltage developed across the
charge storage element and an input of the buck converter is the voltage developed
across the charge storage element,

and wherein the charge storage element is referenced to a supply node, wherein
the supply node is arranged to couple the second terminal of the coil winding to an

electrical supply.

18. A method of operating a driver circuit to drive an electrical motor comprising:
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switching a boost converter comprising a charge storage element and coupled
to a first terminal of a coil winding on at least one of the plurality of stator teeth of the
electrical motor to connect the first terminal of the coil winding to a ground node of an
electrical supply, wherein a supply node of the electrical supply is coupled to a second
terminal of the coil winding;

switching a buck converter comprising said charge storage element and
coupled to said first terminal of the coil winding to connect the first terminal of the
coil winding to the charge storage element, wherein an inductive element of the boost
converter and the buck converter is provided by said coil winding of the at least one of
the plurality of stator teeth;

and referencing the charge storage element to the supply node.
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