wo 2017/191445 A1 | 00000 O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
09 November 2017 (09.11.2017)

(10) International Publication Number

WO 2017/191445 A1l

WIPO I PCT

(51) International Patent Classification:
HO2P 25/092 (2016.01) HO2K 19/10 (2006.01)

(21) International Application Number:
PCT/GB2017/051230

(22) International Filing Date:
03 May 2017 (03.05.2017)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

15/145,702 03 May 2016 (03.05.2016) US

(71) Applicant: ARM LTD [GB/GB]; 110 Fulbourn Road,
Cambridge CB1 9NJ (GB).

(72) Imventor: PIETROMONACO, David Victor; 110 Ful-
bourn Road, Cambridge CB1 9NJ (GB).

(74) Agent: TLIP LTD; Leeds Innovation Centre, 103 Claren-
don Road, Leeds Yorkshire LS2 9DF (GB).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN, KP, KR,
KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(54) Title: DRIVER CIRCUIT FOR ELECTRIC MOTORS

14 {stator)

12 {rotor)

'/10 {electric motor)

’,r22

Driver

16 (stater tooth}

18b {coil winding)

AEREEX

o }/ 18a (coil winding)

FiG. 1

(57) Abstract: A method and a device for engendering rotation of a rotor relative to a stator. Stator teeth may comprise a mutually
coupled coil winding pair, and a driver circuit may drive current through a first coil winding of the mutually coupled coil winding pair
to generate a current on a second coil winding of the mutually coupled coil winding pair. The driver circuit may drive charge through
the second coil winding to apply a torque to a rotor tooth. The driver circuit may also recapture and store charge to drive through the

second coil winding.

[Continued on next page]



WO 2017/191445 A1 {00001 0 00 0 T

Published:
—  with international search report (Art. 21(3))



WO 2017/191445 PCT/GB2017/051230

DRIVER CIRCUIT FOR ELECTRIC MOTORS

[0001] The subject matter disclosed herein relates generally to electric motors and/or
driver circuits for electric motors.

[0002] There are several different ways of configuring electric motors and/or driver
circuits each of which has its own associated advantages and disadvantages. Some
configurations may provide efficient operation. However, efficient operation is generally
drawn to particular operating frequency of a motor and as the motor moves away from this
operating frequency the efficiency may drop dramatically. To address this, previous motors
have used, by way of example, gearing systems to enable driving axles at different speeds,
while still operating close to desired rotation frequency. Adding gears or other mechanical
drive mechanisms to an electric motor adds cost and can also reduce efficiency.

It may be desirable to increase the range of efficient operation of an electric motor.

[0003] Claimed subject matter is particularly pointed out and distinctly claimed in the
concluding portion of the specification. However, both as to organization and/or method
of operation, together with objects, features, and/or advantages thereof, it may be best
understood by reference to the following detailed description if read with the
accompanying drawings in which:

[0004] FIG. 1 is a block diagram illustrating a schematic electric motor and driver
according to one embodiment.

[0005] FIG. 2A is a schematic diagram of an example transformer according to an
embodiment. FIG. 2B is a schematic diagram of an example circuit according to an
embodiment.

[0006] FIG. 3 illustrates an electric motor embodiment.
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[0007] FIG. 4 1s a flow diagram illustrating a method of engendering rotation of a rotor
relative to a stator for one electric motor embodiment.

[0008] FIG. 5 is a circuit schematic for a driver embodiment.

[0009] FIG. 6 is a timing diagram for a driver and electric motor embodiment.

[0010] FIG. 7 is a flow diagram illustrating a method of operating a driver circuit
embodiment.

[0011] Reference is made in the following detailed description to accompanying
drawings, which form a part hereof, wherein like numerals may designate like parts
throughout are corresponding and/or analogous. It will be appreciated that the figures have
not necessarily been drawn to scale, such as for simplicity and/or clarity of illustration. For
example, dimensions of some aspects may be exaggerated relative to others. Further, it is
to be understood that other embodiments may be utilized. Furthermore, structural and/or
other changes may be made without departing from claimed subject matter. References
throughout this specification to “claimed subject matter” refer to subject matter intended
to be covered by one or more claims, or any portion thereof, and are not necessarily
intended to refer to a complete claim set, to a particular combination of claim sets (e.g.,
method claims, apparatus claims, etc.), or to a particular claim. It should also be noted that
directions and/or references, for example, up, down, top, bottom, and so on, may be used
to facilitate discussion of drawings and/or are not intended to restrict application of claimed
subject matter. Therefore, the following detailed description is not to be taken to limit
claimed subject matter and/or equivalents.

[0012] References throughout this specification to one implementation, an

implementation, one embodiment, an embodiment, and/or the like means that a particular



WO 2017/191445 PCT/GB2017/051230

feature, structure, characteristic, and/or the like described in relation to a particular
implementation and/or embodiment is included in at least one implementation and/or
embodiment of claimed subject matter. Thus, appearances of such phrases, for example, in
various places throughout this specification are not necessarily intended to refer to the same
implementation and/or embodiment or to any one particular implementation and/or
embodiment. Furthermore, it 1s to be understood that particular features, structures,
characteristics, and/or the like described are capable of being combined in various ways in
one or more implementations and/or embodiments and, therefore, are within intended claim
scope. In general, of course, as has always been the case for the specification of a patent
application, these and other issues have a potential to vary in a particular context of usage.
In other words, throughout the disclosure, particular context of description and/or usage
provides helpful guidance regarding reasonable inferences to be drawn; however, likewise,
“in this context” in general without further qualification refers to the context of the present
disclosure.

[0013] In some electric motors, efficiency of the motor, which refers to a ratio of shaft
output power to electrical input power, varies at different rotor speeds. In fact, in some
electric motors, peak efficiency may occur within narrow power bands. By way of non-
limiting example, some electric motors may be efficient at high voltages but relatively
inefficient at lower voltages (or power signal frequencies, in the case of AC motors). For
instance, low voltages at coil windings of an electric motor may induce weaker
electromagnetic field on the coil windings, which may result in a lower output power for
engendering rotation of a rotor of the electric motor. A number of approaches to

overcoming inefficient low voltage/frequency operation are currently used. For example,
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one approach may be to use a multi-phase power supply. While some electric motors may
comprise more than three phases, the cost of the phase driver electronics may be
disadvantageous (e.g., adding to the cost of the driver circuitry). As should be apparent,
motors enabled to operate over multiple phases may call for multiple coil driver circuits
that may also be expensive to produce according to contemporary techniques.

[0014]  Another approach to overcoming low voltage inefficiency is to use mechanical
components to overcome electrical and/or magnetic inefficiencies. For instance,
mechanical gearboxes and/or transmission systems (e.g., even using multiple motors) may
be used to maintain efficiency across a wider range of output levels at the cost of
mechanical complexity and increasingly expensive electric motors.

[0015] Furthermore, in some cases, low voltage operation may be mandated, such as
for safety. For example, small battery operation (e.g., drones, handheld vacuums, electric
toothbrushes, etc.) and vehicular uses (e.g., for blowers, electric windows, seats, etc. in
cars, buses, trains, planes, etc. regulations may constrain voltage to 12.0V), among others,
may mean a choice between electric motors with complex and expensive drivers,
gearboxes, transmissions, etc. or operating an electric motor inefficiently.

[0016] Therefore, there may be a desire for a relatively inexpensive and/or simple way
of operating electric motors at low voltages. One approach may comprise transforming a
low voltage, such as from a battery, to a higher voltage to drive an electric motor. FIG. 2A
illustrates a simple transformer comprising a mutually inductive coil winding pair. As
shown, an oscillator (e.g., an AC power source) may drive a current I, through a primary
coil winding 8a. Of course, transformers operate consistently with the law of conservation

of energy and Faraday’s law of induction, such that a power on first mutually coupled coil
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winding 8a is equal to a power on second coil winding 8b of the mutually coupled inductive
pair, represented as P = IV, = I;Vs. According to Faraday’s law, there is a relationship
between the number of turns of the coil winding and the induced voltage. As such, it may
be possible to induce a desired voltage and/or current on second coil winding 8b by
selecting an appropriate coil, such as with an appropriate number of turns. For example,

Faraday’s law of induction provides that a voltage for a wound coil may be represented as

d .
V=-N d—f, where N refers to a number of turns of a coil winding and d® refers to a

change in magnetic flux. In other words, a voltage on a coil winding may be proportional
to a change in magnetic flux. Additionally, Lenz’s law provides that changes in current on
one coil winding of a mutually coupled coil winding pair, may be opposed by current
induced on the other coil winding of the pair. Thus, changes in I in primary coil winding
8a may induce an electromagnetic field. In response, an opposing electromagnetic field
may be induced on secondary coil winding 8b, which may generate a current I, which is
opposite in direction to that of I, And because, as noted, if second coil winding 8b
comprises more coil tums than primary coil winding 8a, a step-up effect may be created
wherein a lower voltage Vp may generate a greater voltage Vs on the secondary coil
winding 8b. Furthermore, it may be desirable to, rather than using a separate transformer,
enable the coils of an electric motor to act as a step up transformer.

[0017]  According to an embodiment, a change in a current through a coil winding on a
stator tooth may induce a magnetic force, creating a torque to drive a motor. In a particular
implementation, a stator tooth may comprise two coil windings, a first coil winding to
receive a signal from a power supply and a second coil winding to generate the magnetic

force creating the torque. It may be desirable to enable yet further efficiency in electric
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motor operation by capturing and/or reusing the current generated on the second coil
winding. In one embodiment, this may be achieved by allowing stored charge to oscillate
through the second coil winding. Responsive to changes in current through the second
current from oscillation of the stored charge, the second coil winding may induce a
magpnetic force to create the torque. For instance, the second coil winding may be arranged
relative one or more charge storage devices (e.g., capacitors) to form a resonance circuit
capable of maintaining an oscillating current to induce an electromagnetic field. In a
particular implementation, one or more switches may be used in a driver circuit to, among
other things, facilitate control of timing of oscillations of current through the second coil
winding. In particular implementations, the first and second coil windings on the stator
tooth form a mutually inductive pair such that the first coil winding may, in response to a
power signal, generate a magnetic field inducing a current in the second coil winding. The
driver circuit may synchronize the induced current in the second coil winding and add it to
current in the second coil winding from the oscillating charge.

[0018] According to an embodiment, an electric motor 10 in FIG. 1 may comprise a
stator 14 and a rotor 12 capable of moving in relation to stator 14. Though not limited in
this respect, stator 14 and/or rotor 12 of example electric motor 10 may comprise one or
more raised portions, or teeth, such as stator tooth 16 and rotor teeth 20a and 20b. Rotor
12 may rotate relative to stator 14 responsive, at least in part, to one or more
electromagnetic forces between one or more teeth of stator 14 and one or more teeth of
rotor 12. For example, an electromagnetic force (e.g., an attractive or repulsive force) may
be generated (e.g., such as in response to changes in current driven through a stator coil

winding) between stator tooth 16 and one or more of rotor teeth 20a or 20b. In one
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embodiment, one or more electromagnetic forces may be generated based, at least in part,
on an electromagnetic field formed between one or more stator teeth of an electric motor,
such as stator tooth 16, and one or more rotor teeth of an electric motor, such as rotor teeth
20a and 20b. In FIG. 1, stator tooth 16 comprises a first coil winding 18a and a second coil
winding 18b. A current may be driven through one or more of first or second coil windings
18a or 18b in order to induce an electromagnetic field (e.g., a change in current may yield
an electromagnetic field). For simplicity, electromagnetic forces and electromagnetic fields
are referred to herein interchangeably as EMF. Consequently, current (e.g., one or more
current pulses) may be driven through the coil windings of a plurality of teeth of stator 14
in order to produce a plurality of electromagnetic forces relative to the teeth of rotor 12,
such as shall be described hereinafter with reference to FIG. 3. In one embodiment, a driver
22 and/or control circuit (not shown, but may be combined in driver 22 or may be
independent therefrom) may enable generation of electromagnetic forces consistent with a
desired timing to produce movement of rotor 12 relative to stator 14. For simplicity of
illustration, FIG. 1 only shows that a single stator tooth 16 comprises first and second coil
windings 18a and 18b. It is to be understood, however, that multiple stator teeth of stator
14, if not all stator teeth of stator 14, may similarly include first and second coil windings
(not shown) according to applicable description of first and second coil windings 18a and
18b provided herein. Furthermore, it is to be further understood that description of features
of diver circuit 22 in relation to first and second coil windings 18a and 18b of stator tooth
16 may also apply to similar driver circuitry (not shown) to be used for controlling behavior
of first and second coil windings on other teeth of stator 14. It is also to be understood that

the arrangement of first coil winding 18a and second coil winding 18b on stator tooth 16
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is arbitrarily illustrated in FIG. 1 with first coil winding 18a above second coil winding
18b. In one embodiment, second coil winding 18b may be closer to rotor teeth, such as
rotor teeth 20a and 20b, than first coil winding 18a. Or, alternatively, first and second coil
windings 18a and 18b may be partially or completely overlapping. Furthermore, different
variations in wire sizes and/or turn ratios are contemplated by the present description. For
example, in one implementation, first coil winding 18a may comprise coil of a thicker
gauge than that of second soil 18b. In another embodiment, first coil winding 18a and
second coil winding 18b may comprise wire of approximately a same gauge and/or second
coil winding 18b may be wound to have double or triple the number of turns about stator
tooth 14.

[0019] For instance, in one embodiment, first and second coil windings 18a and 18b
may be arranged to operate similarly to the transformer embodiment of FIG. 2A. In one
particular embodiment of stator tooth 16, second coil winding 18b may comprise a greater
number of turns around stator tooth 16 than first coil winding 18a does. In one embodiment,
first and second coil windings 18a and 18b may operate as primary and secondary coil
windings of the transformer of FIG. 2A. It is noted that while transformers typically receive
an AC signal, in some embodiments it may be possible to achieve a transformer-like effect
using a DC power signal, as shall be discussed hereinafter, such as by using an appropriate
driver, such as driver circuit 22.

[0020] FIG. 2B illustrates a resonance circuit embodiment to demonstrate particular
operation of particular features of first and second coil windings 18a and 18b according to
an embodiment of stator tooth 16 and a simple driver circuit, such as may be used to apply

torque to a rotor. A magnetic force may be induced responsive to changes in current
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through second coil winding 18b. The induced magnetic force may apply a torque to one
or more rotor teeth (e.g., rotor tooth 20a or 20b in FIG. 1). Additionally, energy that is not
used or lost in inducing the magnetic field may be captured in a charge storage device, such
as a capacitor. Charge storage devices C1 and C2 represent devices, such as capacitors,
capable of storing and discharging a charge. Therefore, the top portion A (shown with
dotted line) of FIG. 2B may be capable of acting as an energy pendulum in which charge
may be stored in C1 or C2, alternatively. While charge is in transit through second coil
winding 18b, a change in current through second coil winding 18b may induce an
electromagnetic force, applying a torque to one or more rotor teeth.

[0021] While energy in the resonance circuit may be converted to work or lost as charge
oscillates between C1 and C2, the lower portion of FIG. 2B may be capable of introducing
additional energy as current into second coil winding 18b. In one embodiment, a ratio of
turns about stator tooth 16 of first coil winding 18a to turns about stator tooth 16 of second
coil winding 18b may be selected to achieve a step-up transformer effect. For instance,
acceptable ratios may include, but are not limited to, 1:2, 1:3, 1:5, and 1:10. Thus, an
electric and magnetic field (EMF) responsive to changing current in first coil winding 18a
may generate a desired current in second coil winding 18b that may be added to current
between charge storage devices C1 and C2. For instance, in one embodiment, second coil
winding 18b may have 10x more turns than first coil winding 18a, such as to enable an
increased voltage on second coil winding 18b. Of course, any other appropriate ratio may
be selected according to desired operation and operational parameters (e.g., input voltage,

desired output voltage, etc.), and claimed subject matter is not limited in this respect.

Charge in volts (V)
G 18b | G

Time t;
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to Vi ov ov

t1 ov Vi ov

t ov ov Va2

13 ov V3 Va2
Table 1

[0022] Table 1 illustrates charge location in the resonance circuit of FIG. 2B at a
plurality of points in time, ti. For simplicity, it is assumed that the resonance circuit is a
simplified ideal circuit. Accordingly, in one embodiment, at a first time to, a first voltage
V1 may be stored in charge storage device C1. Charge storage device C1 may tend to
equalize its voltage with that of charge storage device C2. Therefore, at a second time ti,
charge may be driven from charge storage device C1 through second coil winding 18b.
Changes in current in second coil winding 18b may induce a magnetic force, applying a
torque to a rotor. Once charged, however, second coil winding 18b may tend to discharge
and drive charge back to charge storage devices C1 and/or C2. As such, at a third time, t,
charge may be driven to charge storage device C2. Thus, a second voltage (e.g., V2, where
Vi1 =-V3) may be stored at charge storage device C2. At a fourth time, t3, additional charge
may be generated in second coil winding 18b. For instance, current may be affected in
second coil winding 18b by driving a current from a power source PS (e.g., a battery)
through first coil winding 18a. The current generated in second coil winding 18b (e.g.,
corresponding to a voltage V3 across terminals of second coil winding 18b) may then be
added to or otherwise combined with the charge oscillating between charge storage devices
Cl1 and C2 (e.g., referred to as an energy pendulum in FIG. 2A), such as to facilitate
operation of the electric motor. The arrangement of PS, 18a, S1, C2 and D1 in FIG. 2B
may form what may be referred to as a switched inductor boost circuit. As such, while

current may be generated in second coil winding 18b responsive to an EMF, current in
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second coil winding 18b may also be based at least partly on current generated from the
switched inductor boost circuit. Thus, in one implementation, diode D1 may serve to keep
current from being generated in first coil winding 18a and diode D1 may also serve as part
of the switched inductor boost circuit to transfer charge from the switched inductor boost
circuit to the top portion A, as shall be discussed in greater detail hereinafter in relation to
FIG. 5.

[0023] Some embodiments may employ one or more driver circuits to coordinate
current pulses through coil windings (e.g., coil windings 18a and/or 18b) of a plurality of
stator teeth to engender movement (e.g., rotation) of a rotor relative to a stator. FIG. 3 is a
radial view of a rotor section and teeth of a stator section of an electric motor and shows a
plurality of rotor teeth arranged in proximity to a plurality of stator teeth. The electric motor
embodiment of FIG. 3 has twenty-four stator teeth and sixteen rotor teeth. However, these
are merely examples of numbers of stator teeth and rotor teeth that may be implemented in
a motor, and claimed subject matter is not limited in this respect. For ease of explanation,
the stator teeth have been divided into four groups, group numbers 1, 2, 3, and 4, and
individual stator teeth within each group have been numbered 1 through 6. As shall be
discussed in more detail below with reference to FIG. 5, driver circuits associated with a
stator coil in a group may be provided on a single board and may share control circuitry
and, potentially, a single DC power supply. FIG. 3 illustrates a snapshot of one stage of a
six stage cycle in which a stator coil winding of a first stator tooth in each group (labelled
1 in FIG. 3) is powered in a first direction (a first portion of an oscillation cycle) in this
embodiment. The resulting magnetic field induced in the stator tooth is oriented north (N)

radially inwards and south (S) radially outwards. A fourth stator tooth has a stator coil
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winding in each group that is approximately simultaneously powered in an opposite
direction (a second portion of an oscillation cycle with an opposite EMF to that of the first
portion) in this embodiment. The magnetic field induced in the stator teeth is orientated
south (S) radially inwards and north (N) radially outwards. Driving current through stator
coil windings of this electrical motor may continue, as desired, in this paired opposing
induced magnetism fashion to facilitate further rotor rotation relative the stator. For
example, at a next stage, current may be driven through stator coil windings of stator teeth
2 and 5 (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.
It 1s noted that in an embodiment it may be possible to arrange driver circuits and stator
teeth with mutually coupled coil windings, to achieve more efficient operation with
comparatively smaller current pulses. This may be achieved in one implementation by
configuring paired driver circuits to be out-of-phase (e.g., a first driver circuit coupled to
coil windings of stator tooth 1 of group number 1 to have a first phase, and a second driver
circuit coupled to coil windings of stator tooth 4 of group number 4 to have a second phase,
different from the first). It should be appreciated, therefore, that this arrangement may yield
more efficient operation by allowing pairing of out-of-phase EMF on corresponding stator
teeth and thus using less current (e.g., only using a current pulse of 1mA driven to stator
tooth 1 from a corresponding driver circuit, rather than pulsing two times 1mA to drive
current to both stator teeth 1 and 4 from the corresponding driver circuits).

[0024] We point out that the configuration in FIG. 3 of the rotor and stator teeth (in
particular the 2:3 ratio of their number) may result in an arrangement in which when half

of the rotor teeth are directly aligned with corresponding stator teeth, the other half of the
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rotor teeth are unaligned with the stator teeth (being aligned with the center of a gap
between two stator teeth in this embodiment). For an aligned pair of rotor/stator teeth this
means that there may be a relatively small air gap (e.g. less than 0.5mm) between a rotor
tooth and a stator tooth, which may correspond 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 (e.g., due to the larger air gap, of more than
1.0mm, by way of example) between the non-aligned stator/rotor teeth. Some switched
reluctance electric motors may include partial overlap between rotor and stator teeth to
keep the motor in a configuration where reluctance is low for an acceptable efficiency.
Nevertheless, torque may 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 that is not used may be captured or reused, thus improving the
efficiency.

[0025] FIG. 4 illustrates a process 400 according to one embodiment for rotating a rotor
relative to a stator, such as rotor 12 and stator 14 of FIG. 1, including transmission of
current pulses, such as, by way of non-limiting example, DC current pulses, to a plurality
of coil windings of a stator tooth.

[0026] At block 405, current from a driver process is driven through a first coil winding
(e.g., first coil winding 18a). By way of non-limiting example, charge may be driven from

a charge storage device, such as charge storage devices C1 or C2 in FIG. 2B, through a

13
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second coil winding (e.g., second coil winding 18b). A change in current may induce an
attractive or repulsive force between the second coil winding and a rotor tooth. The charge
driven through the second coil winding may be captured in a charge storage device (e.g.,
one or more capacitors), such as to be reused in further cycles to induce an electromagnetic
force on a rotor tooth.

[0027]  Atblock 410, a current is driven through the first coil winding, such as part of a
charge up cycle to induce current in the second coil winding. Responsive to changes in
current on the second coil winding, an EMF may be generated.

[0028]  Similar to the discussion of a transformer-like effect, discussed above, at block
410, responsive to the EMF from the charge up cycle (e.g., block 410), a current may be
induced on the second coil winding mutually coupled to the first coil winding. Thus, if a
number of turns of the second coil winding is greater (e.g., 10x greater) than the number
of turns of the first coil winding, a step-up transformer effect may be created to engender
a higher voltage on the second coil winding than the first coil winding.

[0029] At block 420, a variation in a combined current in the second coil winding may
generate an EMF to rotate a rotor (e.g., rotor 12 of FIG. 1) relative to a stator.

[0030] According to an embodiment, first and second coil windings 18a and 18b of
stator tooth 16 may form a mutually inductive coil winding pair as described above with
reference to FIG. 2A. With operation of mutually inductive first and second coil windings
18a and 18b in mind, FIG. 5 illustrates an example driver circuit 500 according to one
embodiment for maintaining an oscillating current through second coil winding 18b to
generate an EMF. Even though they are not shown in FIG. 5, for simplicity, a first coil

winding to be coupled to terminals PRIMARY 1 and PRIMARY?2 is referred to as first coil
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winding 18a. A second coil winding to be coupled to terminals SECONDARY1 and
SECONDARY?2 is referred to as second coil winding 18b. Driver circuit 500 may comprise
a plurality of switches, S1, S2, and S3 operating as conducting elements (e.g., implemented
by MOSFETS M1, M2, and M3), a plurality of charge storage devices (e.g., capacitors),
such as charge storage devices C1 and C2, and a plurality of diodes DO-DS.

[0031] Driver circuit 500 may also be capable of coupling to first and second coil
windings 18a and 18b. For instance, first coil winding 18a may be electrically coupled to
terminals PRIMARY1 and PRIMARY2. Second coil winding 18b may be electrically
coupled to terminals SECONDARY1 and SECONDARY?2. In one embodiment, for
example, driver circuit 500 may be electrically coupled to first coil winding 18a and second
coil winding 18b of FIG. 1.

[0032] In a particular context of usage, such as a particular context in which tangible
components are being discussed, the terms “coupled” and “connected” are used in a manner
so that the terms are not necessarily synonymous. Similar terms may also be used in a
manner in which a similar intention is exhibited. Thus, “connected” is used to indicate that
two or more tangible components and/or the like, for example, are tangibly in direct
physical contact. Thus, by way of example, two tangible components that are electrically
connected are physically connected via a tangible electrical connection, as previously
discussed. However, “coupled,” 1s used to mean that potentially two or more tangible
components are tangibly in direct physical contact. Nonetheless, “coupled” is also used to
mean that two or more tangible components and/or the like are not necessarily tangibly in

direct physical contact, but are able to co-operate, liaise, and/or interact, such as, for
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example, by being “optically coupled.” Likewise, the term “coupled” may be understood
to mean indirectly connected in an appropriate context.

[0033] Switches usable in driver circuit 500 may operate as conducting elements, such
as FETs, to permit current to pass between source and drain terminals based, at least in
part, on a voltage applied to a gate terminal. It should be understood, however, that other
types of devices such as a bipolar transistor, thyristor, diode, variable resistor, etc. may be
used as a conducting element, and that claimed subject matter is not limited in this respect.
In this context, a switch may comprise a conducting element having first and second
terminals may form a connection between the first and second terminals by providing a
conductive path between the first and second terminals having a very small or negligible
impedance for a particular signal. In one particular example implementation, a conductive
element may vary in impedance between the first and second terminals based, at least in
part, on a signal provided to a third terminal of the conductive element (e.g., based on a
voltage or current applied to a third terminal). In one aspect, a conductive element may
“close” to thereby connect first and second terminals in response to a signal provided on
the third terminal. Likewise, a conductive element may “open” to thereby disconnect first
and second terminals in response to a different signal provided on the third terminal. In one
aspect, a conductive element in an open state may isolate a first portion of a circuit from a
second portion of the circuit by removing or disrupting a conductive path between the first
and second portions of the circuit. In another aspect, a conducting element may vary an
impedance between first and second terminals between opened and closed states based on

a signal provided to a third terminal.

16



WO 2017/191445 PCT/GB2017/051230

[0034] A source of current, such as a power source, may be electrically coupled to
terminals BOOST1, BUCK1, BUCK2, and/or POWER. In one embodiment, power
provided to driver circuit 500 via terminals BOOST1, POWER, BUCKI1, and/or BUCK2
may comprise DC power. For instance, power may be provided, via one or more of
terminals BOOST1, POWER, BUCKI1, and/or BUCK2, based at least in part on a control
circuit (not shown) capable of managing timing of current pulses and/or amplitude thereof.
It is noted that the terms “boost” and “buck” are used merely for illustration and are not to
be taken in a limiting sense. Indeed, as shall be shown, one embodiment of a driver 500
may not necessarily function as a pure “buck” and/or “boost,” in spite of the use of the
term.

[0035] In one embodiment, oscillation of current through second coil winding 18b may
be maintained using a circuit of driver 500, as mentioned above. For example, if charge is
stored in charge storage devices C1 and C2 such that there is a differential voltage across
nodes STORED1 and STORED?2 (e.g., across terminals of charge storage devices C1 and
C2), for example, and we assume that terminals SECONDARY1 and SECONDARY?2 are
shorted, charge storage devices C1 and C2 may tend to equalize stored charge. However,
ifa second coil winding 18b is electrically coupled between terminals SECONDARY'1 and
SECONDARY?2, and charge storage devices C1 and C2 are arranged around the second
coil winding 18b, as charge storage devices C1 and C2 equalize, second coil winding 18b
is charged. And if, for example, charge storage devices C1 and C2 are equalized and second
coil winding 18b electrically coupled to terminals SECONDARY1 and SECONDARY?2 is

charged, second coil winding 18b may tend to discharge while driving charge from second
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coil winding 18b back onto charge storage devices C1 and/or C2 (such as to create a
differential voltage across charge storage devices C1 and C2).

[0036] Electrical resonance by charge storage devices C1 and C2, and second coil
winding 18b electrically coupled to terminals SECONDARY1 and SECONDARY?2 may,
in at least some cases, enable efficient use of input power (e.g., from a power source) such
as by capturing and reusing stored charge to affect current in second coil winding 18b. For
example, electrical resonance may be used to oscillate charge between charge storage
devices C1 and C2 and second coil winding 18b coupled between charge storage devices
C1 and C2. In one embodiment, charge may oscillate between storage devices C1 and C2
through second coil winding 18b for a plurality of cycles while charging and discharging
second coil winding 18b electronically coupled between the charge storage devices C1 and
C2.

[0037] One or more switches of driver 500 may be used to manage oscillation cycles
between a first portion of a current oscillation cycle (e.g., while there 1s a differential
voltage across charge storage devices C1 and C2), and a second portion of a current
oscillation cycle (e.g., while voltage between charge storage devices C1 and C2 is
equalized). In one embodiment, switches for managing oscillation cycles between charge
storage devices C1 and C2 may comprise one or more transistors (e.g., MOSFETs or BJTs)
or thyristors, by way of non-limiting example. As illustrated in FIG 5, switches S1 and S2
may comprise MOSFETs (e.g., N-type FETs). Switches S1 and S2 may be capable of
controlling oscillation or cycles of electrical resonance between charge storage devices C1
and C2 to drive current in second coil winding 18b. It should be understood, however, that

different types of switches may be used for maintaining transfer of charge between charge
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storage devices C1 and C2 and second coil winding 18b, and that claimed subject matter
is not limited in this respect.

[0038] In one embodiment, there may be a desire to protect charge storage devices C1
and C2, such as against reverse bias, and one or more protection devices, such as diodes
DO and D1, may be arranged relative switches S1 and S2 and charge storage devices C1
and C2 to provide reverse bias protection. Diodes D2 and D3 may be arranged relative to
second coil winding 18b electrically coupled to terminals SECONDARY1 and
SECONDARY?2 and charge storage devices C1 and C2. This arrangement may facilitate
an equalization cycle, such as by allowing charge from one charge storage device C1 or C2
to travel to the other charge storage device C1 or C2 (see, for example, diode D1 in FIG.
2B). While using MOSFETs M1 and M2 as switches S1 and S2 may be desirable for low
cost and low complexity, among other things, they may be less robust than other switching
mechanisms (e.g., insulated gate bi-polar transistor (IGBT)). Accordingly, diodes D5 and
D6 may be used to protect switches, such as MOSFETs M1 and M2, from currents outside
of particular operating ranges. Of course, it should be understood that in some
embodiments, driver 500 may be capable of operating without diodes D5 and D6.

[0039]  As discussed above, a lower voltage may be stepped up to a higher voltage such
as part of a charge up cycle as was discussed in relation to FIG. 2B. For example, current
may be generated in second coil winding 18b responsive to current changes in first coil
winding 18a in order to replenish charge oscillating between charge storage devices Cl
and C2 and second coil winding 18b. Thus, in one embodiment, to facilitate a changing
current on second coil winding second coil winding 18b electrically coupled to terminals

SECONDARY1 and SECONDARY2, one or more current pulses may be driven through
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first coil winding 18a coupled to terminals PRIMARY1 and PRIMARY2. Current
generated on second coil winding 18b responsive to changing current on first coil winding
18a may be added to current already oscillating between charge storage devices C1 and C2
and second coil winding 18b.

[0040]  As discussed above, characteristics of a mutually coupled coil winding pair may
be selected to achieve a desired charge up cycle and/or desired oscillation of current
through second coil winding 18b of the mutually coupled coil winding pair. In one
embodiment, the first and second coil windings 18a and 18b may be wound in opposing
directions. For example, first coil winding 18a may be wound about a stator tooth in a first
direction (e.g., clockwise) while second coil winding 18b may be wound about the stator
tooth in a second/opposite direction (e.g., counterclockwise). Additionally, in one
embodiment, second coil winding 18b may comprise a greater number of turns about the
stator tooth than first coil winding 18a. A ratio of turns of second coil winding 18b to turns
of first coil winding 18a may be 2:1, 5:1, 10:1, etc., by way of non-limiting example.
[0041]  As pointed out above, at least partly, due to an arrangement of first and second
coil windings 18a and 18b as a mutually coupled coil winding pair, responsive to a
magnetic field from first coil winding 18a, a current may be induced in second coil winding
18b.

[0042]  FIG. 7 illustrates a method 700 whereby current may be generated in second coil
winding 18b, as indicated by block 705, and oscillation of current in second coil winding
18b may be induced, as indicated by block 710. As discussed above, the current oscillating
in second coil winding 18b may induce an electromagnetic force and provide a torque on

one or more teeth of a rotor.
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[0043] In one embodiment, switches S2 and S3 of driver circuit 500 may facilitate
generation of current in second coil winding 18b, as indicated by block 705, as part of a
charge up cycle. To initiate the charge up cycle, switches S2 and S3 may be closed to drive
a current through first coil winding 18a. To close switches S2 and S3, voltages on terminals
BUCK1 and BOOST1 may be raised. Closing of switches S2 and S3 is represented in block
707 of method 700 in FIG. 7. As a result of closing switches S2 and S3, charge is driven
through first coil winding 18a, coupled to terminals PRIMARY 1 and PRIMARY?2.

[0044]  After current is driven through first coil winding 18a, switches S2 and S3 may
be opened, such as to disconnect terminals thereof. Closing and/or opening switches S2
and S3 may affect changes in current in first coil winding 18a. Since first and second coil
windings 18a and 18b form a mutually inductive pair, changes in current in first coil
winding 18a may affect current at second coil winding 18b, thus adding charge for the
current oscillating in second coil winding 18b.

[0045]  Similar to the energy pendulum in FIG. 2A, block 710 indicates an approach for
inducing and controlling oscillation of current between charge storage devices C1 and C2
and through second coil winding 18b. After block 709, a differential voltage is stored
across charge storage devices C1 and/or C2. At block 712, switch 1 is closed, and charge
is driven through second coil winding 18b. As charge travels through second coil winding
18b, an EMF may be induced corresponding to a change in current and may provide a
torque on a rotor. In order to avoid the induced EMF on second coil winding 18b from
inducing current on first coil winding 18a, diodes D4 and D7 may be arranged in driver

circuit 500 around terminals PRIMARY 1 and PRIMARY?2.
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[0046] As was explained above in relation to FIG. 3, it may be desirable to provide
torque pulses at desired times. For instance, applying a torque to a rotor tooth in close
proximity to a stator tooth might impede rotor rotation. Also, it might be desirable to
maintain a particular time in between applications of torque to charge up second coil
winding 18b. In one embodiment, charge may be retained in charge storage devices Cl
and/or C2 such that little to no charge passes through second coil winding 18b. Thus, by
holding charge in charge storage devices C1 and/or C2, little or no magnetic force is
induced by second coil winding 18b. As noted earlier, charge may be driven to charge
storage devices C1 and C2 as second coil winding 18b discharges. To hold charge in charge
storage devices C1 and/or C2, switch S1 may be opened, as indicated at block 714, thus
resulting in a differential voltage across terminals of charge storage devices C1 and/or C2.
[0047] When it is desired to apply another torque to a rotor tooth, charge may be driven
from charge storage devices C1 and/or C2 through second coil winding 18b. Driving
charge through second coil winding 18b may produce a changing current. The changing
current through second coil winding 18b may contribute to an EMF and apply a torque to
a rotor tooth. The torque applied to the rotor tooth may arise from an attractive or repulsive
force. At block 717 switch S2 may be closed to drive charge stored in charge storage
devices C1 and/or C2 through second coil winding 18b.

[0048]  After applying a torque by second coil winding 18b, it may be desirable to cease
application of the torque, such as by transferring charge from second coil winding 18b to
charge storage devices C1 and/or C2. Similar to as was illustrated above by the example

of block 714, in one implementation, switch S2 may be opened to allow charge to travel
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from second coil winding 18b to charge storage devices C1 and/or C2. At block 719, switch
S2 may be opened, such as by reducing a voltage at terminal BUCK1 of driver 500.
[0049]  After driving current through second coil winding 18b for one or more cycles, it
may be desired to introduce additional charge, such as by way of operation discussed above
at block 705. In one embodiment, driver operation discussed at blocks 705, 707, and 709
may generate additional current in second coil winding 18b via a transformer effect with
mutually coupled first coil winding 18a. As was discussed above in relation to FIG. 2B, in
one embodiment a combination of a transformer effect and a switched inductor boost
circuit may serve to generate additional current in second coil winding 18b. FIG. 5
illustrates an example boost circuit comprising switch S3, a power source coupled to
terminal POWER, first coil winding 18a (e.g., coupled to terminals PRIMARY1 and
PRIMARY?2), diode D8, and charge storage device C1. Thus, it should be appreciated that
different portions of the circuit in FIG. 5, may perform more than one function. By way of
non-limiting example, charge storage device C1, may both operate in conjunction with
second coil winding 18b and charge storage device C2 to oscillate current and may also
operate in conjunction with other portions of a switched inductance boost circuit to
generate additional current in second coil winding 18b.

[0050] As discussed above, it may be desirable to synchronize cycles and oscillations
of charge between charge storage devices C1 and/or C2 and second coil winding 18b. As
noted above, some components of driver 500 may be sensitive to operation within specified
ranges. Conversely, some components might not function properly, or even break, if
operated outside of specified ranges. For example, certain switches, like FETs, may be

susceptible to current and/or voltages outside of operating ranges. Additionally, some
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charge storage devices, like certain capacitors by way of example, might be unable to store
charges above a certain amount. Thus, it may be desirable to allow charge storage devices
C1 and/or C2 to transfer charge to equalize charge across charge storage devices C1 and
C2, such as between cycles of oscillating charge between charge storage devices and
second coil winding 18b. For example, in one case, and as shown at blocks 712 and 717 of
method 700 in FIG. 7, closing a switch (switch S1 at block 712 and switch S2 at block 717)
may enable charge storage devices C1 and/or C2 to transfer charge and equalize voltage,
such as to avoid accumulating charge in charge storage devices C1 and C2 that is in excess
of operation ranges. Switches S1 and/or S2 of driver 500 may be held open for a period of
time that is long enough to allow desired charge transfer.

[0051]  As discussed above, an example electric motor may comprise two coil windings
per stator tooth. The coil windings may be arranged as a mutually inductive coil winding
pair, and may be driven by a driver, such as driver 500. Thus, an embodiment in which the
stator has twenty-four stator teeth may comprise twenty-four drivers. Of course, while the
drivers may be formed on separate devices, in some cases it may be desirable to form
multiple drivers (e.g., multiple drivers 500) on a single device. For example, multiple
drivers may be formed in a single device using any one of several suitable CMOS
processing technologies, for example. In other implementations, multiple drivers may be
formed along with a processor (e.g., digital controller or microprocessor core) on a single
device (e.g., as a system on a chip). Such a processor may provide signals (e.g., to terminals
BUCKI1, BUCK2 and BOOSTTI) to control the opening and closing of switches (e.g.,
control of opening and closing switches S1, S2 and S3 according to FIG. 7) for multiple

drivers controlling coil windings for multiple stator teeth of a motor. In a particular
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implementation, such a single device integrating a processor and multiple drivers may
comprise a package with multiple external terminals (e.g., a ball grid array package)
mountable to a printed circuit board. For example, the external terminals of the package
may be coupled to capacitor devices (e.g., to perform the functions of charge storage
devices C1 and C2), first and second coil windings of respective stator teeth (e.g., first and
second coil windings 18a and 18b) and a power supply that are integrated with a motor. Of
course, other embodiments are contemplated by the present description, such as, for
example, drivers capable of coupling to a plurality of coil winding sets. The coil winding
sets may be electrically coupled in series or parallel, such as to accommodate larger and/or
fewer drivers, etc., such as according to design constraints.

[0052] FIG. 6 1s a timing diagram for an example driver coupled of a mutually inductive
coil winding pair, such driver 500 shown in FIG. 5 and first and second coil windings 18a
and 18b of FIG. 1. The timing diagram in FIG. 6 shows several plots to illustrate how an
exemplary driver coupled to a mutually inductive coil winding pair may operate. Plot 602
illustrates current in a first coil winding (e.g., first coil winding 18a in FIG. 1), and plot
604 illustrates a current in a second coil winding (e.g., second coil winding 18b in FIG. 1).
Plots 606 include a first plot and a second plot illustrating a differential voltage across
charge storage devices arranged around second coil winding 18b, such as charge storage
devices C1 and C2 in FIG 5. Plots 608, 610, and 612 illustrate opening and closing of
switches S1, S2, and S3 of a driver (e.g., MOSFETs M1, M2, and M3), such as driver 500
in FIG. 5. Plot 614 illustrates a value proportional to a magnetic field engendered on second
coil winding 18b (e.g., note that the form and pattern of plot 614 corresponds to that of plot

604, which, as noted above, illustrates current in second coil winding 18b).
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[0053] Looking first at plot 614, several positive peaks 614p1 and 614p2 are indicated.
Peaks 614p1 and 614p2 indicate an EMF induced on a second coil winding (e.g., second
coil winding 18b). For instance, by way of illustration, peak 614p1 may correspond to an
EMF induced at stator teeth 1 of group numbers 1, 2, 3, and 4 in FIG. 3 (e.g., with a south
(S) polarity radially inwards towards rotor teeth, and a north (N) polarity radially outwards
away from rotor teeth). Thus, in the embodiment shown in FIG. 3, four drivers (e.g,
corresponding to stator tooth 1 of groups numbers 1, 2, 3, and 4) may generate EMF on
second coil winding 18b as shown by peak 614pl. While, at approximately a same time,
four different drivers (e.g., corresponding to stator tooth 4 of group numbers 1, 2, 3, and 4)
may be out-of-phase and generate EMF opposite to that of peak 614pl (e.g., peak 614n2)
on corresponding second coil winding 18b. Meanwhile, the remaining drivers (e.g.,
corresponding to stator teeth 2, 3, 5, and 6) may not be exhibiting an EMF. Configuring a
pair of driver circuits to be out-of-phase as to each other might be desirable for efficiency,
as noted above. Further, an out-of-phase arrangement might be desirable to filter ripple, for
example.

[0054]  Of note, immediately prior to each positive EMF pulse (e.g., 614pl, 614p2, etc.),
a very narrow negative pulse is shown, as shown by 614n1 and 614n3. These narrow
negative peaks or “blips” correspond to a charging up cycle in which a current in generated
on second coil winding 18b in response to current being driven through first coil winding
18a, such as was discussed above in relation to FIG. 2B. Nevertheless, the magnitude of
these pulses decreases as more charge is generated on second coil winding 18b via the

charge up cycle.
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[0055] The negative EMF pulses 614n2 and 614n4 of plot 614 may be capable of
creating an oppositely arranged force as compared to pulses 614pl and 614p2. For
example, returning to FIG. 3, and as explained above, at a first time the stator tooth 1 may
exhibit a force consistent with that shown in FIG. 3. However, at a subsequent moment in
time, stator tooth 1 may exhibit an opposite force, such as corresponding to a negative EMF
pulse like those of 614n2 and 614n4 in plot 614. Of note, in some cases, while the
magnitude of the negative “blip” pulses (e.g., 614n1 and 614n3) may decrease over time
as the resonance circuit charges, as discussed above, the magnitude of the EMF pulses, like
pulses 614n2, 614p2, 614n4, etc., may increase over time. In some implementations, as the
negative “blip” pulses corresponding to charge up cycles decrease over time, charge
introduced in subsequent charge up cycles may instead add to subsequent EMF pulses,
such as at the beginning of a subsequent positive or negative EMF pulse to provide a torque
to a rotor. A controller or processing element may control switching behavior of a driver
in order to coordinate inducement of EMF pulses on a given stator tooth.

[0056] Plots 602 and 604 illustrate how the EMF pulses of plot 614 may be induced.
Looking first at plot 604, which represents current present on a second coil winding (e.g.,
coil winding 18b), the positive current pulses 604pl and 604p2 correspond to the EMF
pulses 614pl and 614p2. Similarly, the negative current pulses 604n2 and 604n4
correspond to the EMF pulses 614n2 and 614n4.

[0057]  Additionally, the negative blips 604nl and 604n3 correspond to the charge up
cycle, and decrease as more and more charge i1s generated on second coil winding 18b
responsive to current driven through first coil winding 18b (e.g., 604n3 is smaller than

604nl, etc.). For example, referring to plot 602, it is noted that current pulses 602p1 and
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602p2 on the first coil correspond to the negative blips 604n1 and 604n2 on second coil
winding 18b. This relationship illustrates how the charge up cycle may function as current
is driven through first coil winding 18a, an opposing current may be generated on second
coil winding 18b.

[0058]  To illustrate how the current pulses on first and second coil windings 18a and
18b may be derived, reference is made to plots 606, 608, 610, and 612.

[0059] The oscillation of current between charge storage devices C1 and/or C2 and a
second coil winding (e.g., second coil winding 18b) may be illustrated by comparing to
plots 614 and 606. As has already been described at some length, driver 500 may be
configured to oscillate current between charge storage devices C1 and/or C2 and second
coil winding 18b. Thus, peaks in EMF should correspond to points in time with roughly
equal voltage across charge storage devices C1 and C2. And referring to FIG. 6, this
appears to be the case. Referring to plots 606, two particular points in time, t2.5 and t4.5
are indicated. Points t2.5 and t4.5 represent points in time at which a charge on first charge
storage device C1 equals that of second charge storage device C2 (e.g., voltage is roughly
equalized across the charge storage devices). As should be apparent, these points
correspond to the peak of 614p1 and 614n2, respectively.

[0060]  Another aspect of note of plots 606 is the length in time indicated by t3-4 and
t5-6. By comparison to plot 614, it should be apparent, that at t3-4, no EMF 1is present on
plot 614. Similarly, at t5-6, plots 606 show a differential voltage maintained across the
charge storage devices C1 and/or C2 and no EMF on plot 614. However, the duration of
t3-4 1s less than that of t5-6. The difference in duration (e.g., of maintaining a differential

voltage across the charge storage devices) may be useful, such as to provide sufficient time
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for a charge up cycle. Of course, the timing and duration may also be dictated by stator
and/or rotor tooth arrangement and orientation, among other things.

[0061]  Still further, plots 606 show a small spike in differential value, such as at t6-7,
as indicated. As should be apparent by reference to plot 602, the small spike in differential
value corresponds to a charge up cycle. For example, t6-7 on plots 606 corresponds to peak
602p2 in plot 602. As additional charge is added through subsequent charge up cycles, the
jump in differential voltage at the charge up cycles decreases comparatively.

[0062] Reference is made to plots 608, 610, and 612, which illustrate current pulses to
open or close switches S3, S2, and S1, respectively. Plot 614 shows that EMF oscillation
on second coil winding 18b begins with a negative peak 614nl corresponding, as was
discussed earlier, with a charge up cycle wherein current is driven through first coil
winding 18a (see 602pl). At block 707 of method 700, a charge up cycle is initiated by
closing switches S3 and S2. Closing switches S3 and S2 is shown by current pulses CUP1
in plots 608 and 610, occurring between tl and t2. Thus, closing switches S3 and S2
corresponds to driving current through a first coil winding (e.g., first coil winding 18a).
[0063] At time t2, switches S3 and S2 may be opened and switch S1 may be closed,
such as described in relation to blocks 709 and 712 of FIG. 7. The opening of switches S3
and S2 and closing of switch S1 is shown by pulses CUP1 in plots 608 and 610 dropping
off at t2, and pulse OP3 occurring on plot 612 between t2 and t3. The peak 604pl in plot
604 represents current driven through second coil winding 18b. And peak 614p1 on plot

614 shows a corresponding EMF spike between t2 and t3.
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[0064] Subsequently, at time t3, switch S1 may be opened again, similar to the
discussion of block 714 in FIG. 7. This point in the cycle may correspond to a differential
voltage being maintained across charge storage devices C1 and/or C2.

[0065] At time t4, switch S2 is closed, corresponding to pulse OP4 in plot 610 (see, e.g.,
block 717 and related discussion). Referring to plot 604, negative peak 604n2 corresponds
to the closing of switch S2. And negative peak 604n2 also corresponds to inducement of a
force on second coil winding 18b, as shown by negative peak 614n2 in plot 614. Then, at
time t5, switch S2 is opened again (see, e.g., block 719 in FIG. 7). Subsequently, an
additional charge up cycle may be run by closing switches S3 and S2 again, as shown by
CUP2 in plots 608 and 610.

[0066] It is noted that prior to time t1, plot 610 shows two pulses on switch S2, CUP.5
and OP2, and plot 612 shows one pulse OP1 on switch S1. It is notable that because prior
to time tl no charge has been generated in second coil winding 18b, the opening and/or
closing of switches S3, S2, and S1 has little substantive effect on the EMF (or lack thereof)
generated on first and second coil windings 18a and 18b. It is only after second coil winding
18b has been charged up that operation of switches S3, S2, and S1 facilitate oscillation of
EMF, such as for rotating a rotor relative to a stator.

[0067] References throughout this specification to one implementation, an
implementation, one embodiment, an embodiment and/or the like means that a particular
feature, structure, and/or characteristic described in connection with a particular
implementation and/or embodiment is included in at least one implementation and/or
embodiment of claimed subject matter. Thus, appearances of such phrases, for example, in

various places throughout this specification are not necessarily intended to refer to the same
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implementation or to any one particular implementation described. Furthermore, it is to be
understood that particular features, structures, and/or characteristics described are capable
of being combined in various ways in one or more implementations and, therefore, are
within intended claim scope, for example. In general, of course, these and other issues vary
with context. Therefore, particular context of description and/or usage provides helpful
guidance regarding inferences to be drawn.

[0068] The terms, “and”, “or”, “and/or” and/or similar terms, as used herein, include a
variety of meanings that also are expected to depend at least in part upon the particular
context in which such terms are used. Typically, “or” if used to associate a list, such as A,
B or C, 1s intended to mean A, B, and C, here used in the inclusive sense, as well as A, B
or C, here used in the exclusive sense. In addition, the term “one or more” and/or similar
terms 1s used to describe any feature, structure, and/or characteristic in the singular and/or
is also used to describe a plurality and/or some other combination of features, structures
and/or characteristics. Likewise, the term “based on” and/or similar terms are understood
as not necessarily intending to convey an exclusive set of factors, but to allow for existence
of additional factors not necessarily expressly described. Of course, for all of the
foregoing, particular context of description and/or usage provides helpful guidance
regarding inferences to be drawn. It should be noted that the following description merely
provides one or more illustrative examples and claimed subject matter is not limited to
these one or more examples; however, again, particular context of description and/or usage
provides helpful guidance regarding inferences to be drawn.

[0069] Inthe preceding description, various aspects of claimed subject matter have been

described. For purposes of explanation, specifics, such as amounts, systems and/or
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configurations, as examples, were set forth. In other instances, well-known features were
omitted and/or simplified so as not to obscure claimed subject matter. While certain
features have been illustrated and/or described herein, many modifications, substitutions,
changes and/or equivalents will now occur to those skilled in the art. It is, therefore, to be
understood that the appended claims are intended to cover all modifications and/or changes
as fall within claimed subject matter.

[0070] One skilled in the art will recognize that a virtually unlimited number of
variations to the above descriptions are possible, and that the examples and the
accompanying figures are merely to illustrate one or more particular implementations for
illustrative purposes. They are not therefore intended to be understood restrictively.
[0071]  While there has been illustrated and described what are presently considered to
be example embodiments, it will be understood by those skilled in the art that various other
modifications may be made, and equivalents may be substituted, without departing from
claimed subject matter. Additionally, many modifications may be made to adapt a
particular situation to the teachings of claimed subject matter without departing from the
central concept described herein. Therefore, it is intended that claimed subject matter not
be limited to the particular embodiments disclosed, but that such claimed subject matter
may also include all embodiments falling within the scope of the appended claims, and
equivalents thereof.

[0072]  As discussed above, an apparatus is disclosed herein. In one embodiment, the
apparatus includes a first circuit and a second circuit arranged such that the second circuit
is to be coupled to a second coil winding and to drive a first current through the to be

coupled second coil winding; and the first circuit is to generate a first magnetic field in
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response to a second current in a first coil winding, and the first magnetic field is to generate
a third current in the second coil winding constructively combining with the first current
to provide a combined current in the second coil winding. The combined current is to
induce a magnetic force against one or more rotor teeth to apply a torque relative to a stator
tooth.

[0073] In some embodiments of the apparatus, the second circuit comprises a first
charge storage device to charge while the first current flows through the second coil
winding in a first direction and to discharge while the first current flows through the second
coil winding in a second direction. The second circuit further comprises a second charge
storage device to charge while the first current flows through the second coil winding in
the second direction and to discharge while the first current flows through the second coil
winding in the first direction.

[0074] In some embodiments of the apparatus, the first current is to be generated at least
in part in response to a difference in a first voltage across terminals of the first charge
storage device and a second voltage across terminals of the second charge storage device.
[0075] In some embodiments of the apparatus, the apparatus also comprises at least a
first switch and a second switch to control initiation of cycles to equalize charge stored in
first and second charge storage devices.

[0076] In some embodiments of the apparatus, the apparatus also comprises at least a
third switch to power up the second circuit by starting current in the first coil winding.
[0077] In some embodiments of the apparatus, the third switch is arranged such that

opening the third switch removes power from the first coil winding to engender an opposite
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EMF, in response to one or more current pulses from one or more of the first and second
switches.

[0078] Insomeembodiments of the apparatus, the apparatus also comprises a first diode
and a second diode arranged relative the first and the second switches for protection from
power outside of an operation range of the first and second switches.

[0079] In some embodiments of the apparatus, the apparatus also comprises a diode
arranged relative the third switch for protection from power outside of an operation range
of the third switch.

[0080] In some embodiments of the apparatus, the second circuit comprises a first
switch and a second switch to control electrical resonance between the first and second
charge storage devices and the to be coupled second coil winding.

[0081] In some embodiments of the apparatus, the apparatus also comprises a diode
arranged in the second circuit to facilitate transfer of the second current to the second
circuit.

[0082] Insome embodiments of the apparatus, the to be coupled second coil winding is
to be arranged between the first charge storage device and the second charge storage
device.

[0083] Insomeembodiments of the apparatus, the apparatus also comprises a first diode
and a second diode arranged relative to the first and second charge storage devices to
protect against a reverse bias.

[0084] Insomeembodiments of the apparatus, the apparatus also comprises a first diode
and a second diode arranged to allow transfer of charge between the first and second charge

devices.
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[0085] In some embodiments of the apparatus, the apparatus also comprises: a first
diode arranged between the first circuit and a first portion of the first coil winding, a second
diode arranged between the first circuit and a second portion of the first coil winding, and
a third diode arranged between a power source and the first circuit.

[0086] In some embodiments of the apparatus, the first, second, and third diodes are
arranged to keep the induced magnetic force from generating a current on the first coil
winding,

[0087] A method is also disclosed. One embodiment of the method comprises: driving
a first current through a second coil winding of a stator tooth; and driving a second current
through a first coil winding of the stator tooth, the second current inducing a third current
in the second coil winding constructively combining with the first current to provide a
combined current in the second coil winding. The combined current induces a magnetic
force against one or more rotor teeth to apply a torque.

[0088] In some embodiments of the method, driving the first current to the second coil
winding comprises opening at least one of a second switch or a third switch.

[0089] In some embodiments of the method, the method includes opening at least one
of the second switch or the third switch to maintain a differential voltage across a pair of
charge storage devices.

[0090] In some embodiments of the method, inducing the magnetic force comprises
opening a first switch and the second switch and closing the third switch.

[0091] In some embodiments of the method, the method also comprises opening the
second switch and maintaining a differential voltage across the pair of charge storage

devices.
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[0092] In some embodiments of the method, the method also comprises closing the first
switch and allowing equalization of charge between the pair of charge storage devices.
[0093] In some embodiments of the method, the method also comprises allowing at
least one of the pair of charge storage devices to fully discharge.

[0094]  An electric motor is also disclosed. One embodiment of the electric motor
comprises: a rotor comprising a plurality of rotor teeth; a stator comprising a plurality of
stator teeth; mutually coupled first and second coil windings wound about at least one of
the plurality of stator teeth; and a driver circuit coupled to the mutually coupled first and
second coil windings and comprising a plurality of charge storage devices. The driver
circuit 1s to drive a first current on the first coil winding responsive to which a second
current is induced on the second coil winding; and use electrical resonance between the
plurality of charge storage devices and the second coil winding to engender an oscillating
magnetic field to interact with one or more of the plurality of rotor teeth. The oscillating
magnetic field is to be based, at least in part, on the generated second current.

[0095] In some embodiments of the electric motor, the number of turns of the second
coil winding is greater than the number of turns of the first coil winding.

[0096] In some embodiments of the electric motor, the number of turns of the second
coil winding is at least five times the number of turns of the first coil winding.

[0097] In some embodiments of the electric motor, the first current on the first coil
winding is in the form of DC current.

[0098] In some embodiments of the electric motor, the mutually coupled first and
second coil windings are wound about a same stator tooth of the at least one of the plurality

of stator teeth.
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CLAIMS

1. An apparatus comprising:

a first circuit and a second circuit arranged such that:

the second circuit is to be coupled to a second coil winding and to drive a
first current through the to be coupled second coil winding; and

the first circuit is to generate a first magnetic field in response to a second
current in a first coil winding, and the first magnetic field is to generate a third
current in the second coil winding constructively combining with the first current
to provide a combined current in the second coil winding;

wherein the combined current is to induce a magnetic force against one or

more rotor teeth to apply a torque relative to a stator tooth.

2. The apparatus of claim 1, wherein the second circuit comprises a first charge
storage device to charge while the first current flows through the second coil winding in a
first direction and to discharge while the first current flows through the second coil winding
in a second direction, and wherein the second circuit further comprises a second charge
storage device to charge while the first current flows through the second coil winding in
the second direction and to discharge while the first current flows through the second coil

winding in the first direction.

3. The apparatus of claim 2, wherein the first current is to be generated at least in
part in response to a difference in a first voltage across terminals of the first charge storage

device and a second voltage across terminals of the second charge storage device.

4. The apparatus of claim 2 or claim 3 and further comprising at least a first switch
and a second switch to control initiation of cycles to equalize charge stored in first and

second charge storage devices.

5. The apparatus of claim 4 and further comprising at least a third switch to power

up the second circuit by starting current in the first coil winding.
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6. The apparatus of claim 5, and wherein the third switch is arranged such that
opening the third switch removes power from the first coil winding to engender an opposite
EMF, in response to one or more current pulses from one or more of the first and second

switches.

7. The apparatus of any of claims 4 to 6 and further comprising a first diode and a
second diode arranged relative the first and the second switches for protection from power

outside of an operation range of the first and second switches.

8. The apparatus of any of claims 6 or 7 and further comprising a diode arranged
relative the third switch for protection from power outside of an operation range of the third

switch.

9. The apparatus of any of claims 2 to 8, wherein the second circuit comprises a
first switch and a second switch to control electrical resonance between the first and second

charge storage devices and the to be coupled second coil winding.

10. The apparatus of any of claims 7 to 9 and further comprising a diode arranged

in the second circuit to facilitate transfer of the second current to the second circuit.

11. The apparatus of any of claims 2 to 10, wherein the to be coupled second coil
winding is to be arranged between the first charge storage device and the second charge

storage device.

12. The apparatus of any of claims 2 to 11 and further comprising a first diode and
a second diode arranged relative to the first and second charge storage devices to protect

against a reverse bias.

13. The apparatus of any of claims 2 to 12 and further comprising a first diode and
a second diode arranged to allow transfer of charge between the first and second charge

devices.

14. The apparatus of any preceding claim and further comprising: a first diode

arranged between the first circuit and a first portion of the first coil winding, a second diode
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arranged between the first circuit and a second portion of the first coil winding, and a third

diode arranged between a power source and the first circuit.

15. The apparatus of claim 14, wherein the first, second, and third diodes are
arranged to keep the induced magnetic force from generating a current on the first coil

winding,

16. A method comprising:

driving a first current through a second coil winding of a stator tooth;

driving a second current through a first coil winding of the stator tooth, the
second current inducing a third current in the second coil winding constructively
combining with the first current to provide a combined current in the second coil
winding,

wherein the combined current induces a magnetic force against one or more

rotor teeth to apply a torque.

17. The method of claim 16, wherein driving the first current to the second coil

winding comprises opening at least one of a second switch or a third switch.

18. The method of claim 17, wherein opening at least one of the second switch or

the third switch maintains a differential voltage across a pair of charge storage devices.

19. The method of claim 18, wherein inducing the magnetic force comprises

opening a first switch and the second switch and closing the third switch.

20. The method of claim 19 further comprising opening the second switch and

maintaining a differential voltage across the pair of charge storage devices.

21. The method of claim 20 further comprising closing the first switch and allowing

equalization of charge between the pair of charge storage devices.

22. The method of claim 21 further comprising allowing at least one of the pair of

charge storage devices to fully discharge.

23. An electric motor comprising:
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a rotor comprising a plurality of rotor teeth;
a stator comprising a plurality of stator teeth;
mutually coupled first and second coil windings wound about at least one
of the plurality of stator teeth; and
a driver circuit coupled to the mutually coupled first and second coil
windings and comprising a plurality of charge storage devices, the driver circuit to:
drive a first current on the first coil winding responsive to which a
second current is induced on the second coil winding; and
use electrical resonance between the plurality of charge storage
devices and the second coil winding to engender an oscillating magnetic
field to interact with one or more of the plurality of rotor teeth, the
oscillating magnetic field based, at least in part, on the generated second

current.

24. The electric motor of claim 23, wherein the number of turns of the second coil

winding is greater than the number of turns of the first coil winding.

25. The electric motor of claim 24, wherein the number of turns of the second coil

winding is at least five times the number of turns of the first coil winding.

26. The electric motor of any of claims 23 to 25, wherein the first current on the

first coil winding is in the form of DC current.

27. The electric motor of any of claims 23 to 26, wherein the mutually coupled first
and second coil windings are wound about a same stator tooth of the at least one of the

plurality of stator teeth.
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