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FIG. 1

(57) Abstract: Methods and apparatus (100) to determine a position of a rotatable shaft of a motor are disclosed. An example apparatus
to determine a position of a rotatable shaft of a motor includes a sensor printed circuit board (PCB) (140) structured to be mounted
to a motor (110), the sensor PCB (140) including a plurality of capacitive sensors (144A-144H) the plurality of capacitive sensors

(144A-144H) having respective ones of a plurality of capacitances

that independently change as a conductor (152) moves relative to

the sensor PCB (140) in conjunction with a rotatable shaft of the motor (110) during an operation of the motor (110), and a controller
(180) electrically coupled to the sensor PCB (140), the controller (180) configured to determine a position of the rotatable shaft based

on the plurality of capacitances.
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METHODS AND APPARATUS TO DETERMINE A POSITION OF A ROTATABLE
SHAFT OF A MOTOR

FIELD OF THE DISCLOSURE

[6061] The present disclosure relates generally to motors and, more particidarly, to

methods and apparatus to determine a position of a rotatable shaft of a motor.
BACKGROUND

[0002] Motors convert supplied energy (e.g., electrical, hydro, natural gas, propane,

gasoline, diesel, etc.) into mechanical energy in the form of, for examaple, a rotating shaft.
BRIEF DESCRIPTION OF THE DRAWINGS

{6083] FIG. 1 is a block diagram of an example motor assembly having a motor
position sensce assembly in accordance with this disclosure.

[6004] FIG. 2 1s a perspective partially-exploded view of the example motor assembly
of FIG. 1.

[6005] FIG. 3 is a top view of an example portion of the example sensor printed
circuit board (PCB)Y of FIGS. 1 and 2, in accordance with the disclosure.

[6086] FIG. 4 is a side view of an example portion of the example PCB assembly of
FIGS. I and 2, in accordance with the disclosure.

{6087] FIG. 5 is an end view of the example motor of FIGS. 1 and 2 itlustrating an
example operation of the example motor of FIGS. 1 and 2, in accordance with the disclosure.
{6008] FIG. 615 a graph illustrating example capacitances of the example sensor
regions of FIG. 5 for an example position of the motor of FIGS. 1 and 2, in accordance with

the disclosure.

[0088] FIG. 7 is a schematic diagram of an example oscillator cirenit that may be
used to implement an example sense circuit of FIG. 1, in accordance with the disclosure.

{0010} FIG. 8 is a schematic view of an example sensor PCB in accordance with the
disclosure.

{6011} FIG. 9 is a schematic view of an example conductor PCB, in accordance with
the disclosure, that may be used together with the example sensor PCB of FIG. §.

[6012] FIG. 10 is an example table that may be used to determine the position of a

motor using the exampie sensor PCB of FIG. § and the example conductor PCB of FIG. 6.
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[6013] FIG. 11 15 a schematic view of another example conductor PCB, in accordance
with the disclosure, that may be used together with the example sensor PUB of FIG. 8.

[6014] FIG. 12 is a schematic view of another example sensor PCB in accordance
with the disclosure

[6015] FIG. 13 is a schematic view of an example conduactor PCB in accordance with
the disclosure, that may be used together with the example sensor PCB of FIG. 12.

[0016] FIG. 14 is a schematic view of yet another example sensor PCB in accordance
with the disclosure

[6017] FIG. 15 15 a schematic view of an example conductor PCB in accordance with
the disclosure, that may be used together with the example sensor PCB of FIG. 14,

[6018] FIGS. 16-18 are examples graphs of example counts that may be used to
detect faplt conditions.

{6019] FIG. 19 is a schematic diagram of another example circuit that may be used o
iraplement an exaraple sense civeuit of FIG. 1, in accordance with the disclosure.

[6628] FIG. 20 1s a schematic diagram of vet another example circuit that may be
used to implement an example sense circuit of FIG. 1, in accordance with the disclosure.

[6021] FIG. 21 is a thow diagram representing an cxample process that may be
implemented as machine-readable instructions that may be executed to implement the
exarmple motor position sense assembly to determine the position of a rotatable shaft of a

1010

(0022} FIG. 22 illustrates an example processor system structured to execuie the

example instructions of FIG. 21 to implement the example motor position sense assembiies

disclosed herein.
SUMMARY

{0023} Example methods and apparatus to determine a position of a rotatable shaft of
a molor are disclosed. An example apparvatis to determine a position of a rotatable shaft of a
motor includes a sensor PCB structured to be mounted o a motor, the sensor PCB including a
plurality of capacitive sensors, the plurality of capacitive sensors having respective ones of a
plurality of capacitances that independently change as a conductor moves relative to the
sensor PCB in conjunction with a rotatable shaft of the motor during an operation of the
wotor, and a controller electrically coupled to the sensor PCEB, the controller configured to

determine a position of the rotatable shaft based on the plurality of capacitances.
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DETAILED DESCRIPTION

[0024] In some example uses of motors, it is beneficial to guickly and accurately
determine rotor position and/or angle. For example, it may be beneficial during motor start up
to repeatedly swing the rotor of a permanent-magnet synchronous motor (PMSM) back and
forth over a small angular range. In such instances, being able to determine or estimate the
rotor magnetic pole position is beneficial. Knowing rotor position can also be beneficial to
detect fault conditions, such as, a rotor stop {e.g., motor no longer rotating), a rotor unbalance
or wobble (e.g., when the center of mass or inertia axis of the rotor is out of alignment with
the center of rotation, running axis, or geometric axis). Conventional solutions use
incremental encoders or hall effect sensors. However, some conventional solutions are prone
to degradation in their performance or characteristics over time. For example, some hall
ctfect sensors can become less accurate over time. In addition to these and other benefits,
disclosed examples vse fewer sensor inputs than conventional solutions. For instance, using
only 12 sensor inputs to determine between 54 angular positions.

16025] Reference will now be made in detail to non-limiting examples of this
disclosure, examples of which are #lustrated in the accompanying drawings. The examples
are described below by referring to the drawings, wherein like reference numerals refer to
like elements. When like reference numerals are shown, corresponding description(s) are not
repeated and the interested reader is referred to the previously discussed figure(s) for a
description of the like element(s).

16026] FIG. 1 is a block diagram of an example motor assembly 100 having an
example motor 110, and an exampie motor position sense asscmbly 120, in accordance with
this disclosure. As shown in the partially-exploded perspective view of FIG. 2, the example
motor 110 has an example rotatable shaft 112 that can be used to, for example, perform
purposeful work.

[6027] To sense motor position {e.g., an angular position of the rotatable shaft 112),
the example motor position sense assembly 120 includes an example printed circuif board
(PCB) assembly 130 having an example sensor PCB 140 and an example conductor PCB
150. In some examples, the sensor PCB 140 includes an opening 142 (e.g., circular} through
which the rotatable shaft 112 passes, allowing the sensor PCB 140 to remain stationary with
respect to rotation of the rotatable shaft 112, In some examples, the conductor PCB 150 is
fixedly attached to the rotatable shaft 112, rotating together with the rotatable shaft 112 with

respect (o the sensor PCB 140,
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[0028] In the illustrated examples of FIGS. 1 and 2, the example sensor PCB 140
includes a plurality of capacitive sensors 144A-H arranged in a ring, with the capacitive
sensors 144 A-H associated with different angular positions of the rotatable shaft 112
Capacitances 148A-H of respective ones of the example capacitive sensors 144A-H change in
response to their proximity (e.g., overlap) to an example conductor 152 (e.g., a copper pad) of
the conductor PCB 150. Gther example sensor PUBs are shown in FIGS. 8, 12, and 14. Other
example conductor PCBs are shown in FIGS. 9, 11, 13 and 15, While example sensor PCBs
and exaraple conductor PCBs are disclosed herein, one of ordinary skill in the art will, in
view of this disclosure, ready appreciate that capacitive sensors and conductors may be
posttioned in other arrangemenis to determine a position of a rotatable shaft of a motor.

[6029] Turning to FIGS. 3 and 4, an example capacitive sensor 304 and an example
conductor 414 that may be used to implement the exampie motor position sense assembly
120 of FIGS. 1 and 2 are shown. FIG. 3 is a top view of an example portion 300 of the
example sensor PCB 140 of FIGS. 1 and 2. FIG. 4 is a side cross-section view of an example
portion 400 of the example PCB assembly 130 of FIGS. 1 and 2 corresponding to the
example portion 300 of FIG. 3. In FIGS. 3 and 4, the example capacitive sensor 304 is
formed as an example PCB-based capacitor 306 including an example conductive region 310
and an example ground region 320 formed on an example PCB substrate 325. The exarople
ground region 320 is spaced apart from the example conductive region 310 (e.g., not in
physical contact, not in clectrical contact, eic.) to form an example clectric ficld 330 in an
arca about (e.z., above, surrcunding, including, etc.) the PCB-based capacitor 306. In the
example of FIGS. 3 and 4, the ground region 320 surrounds the wedge shaped conductive
region 310, however, PCB-based capacitors having other geometric and non-geometric
arrangements {¢.g., circles, rectangles, cic.} may be used. In the example of FIGS. 3 and 4,
self-capacitance is implemented. However, other forms of capacitance, such as mutoal-
capacitaince may be implemented. In some examples, the ground region 32{ is implemented
as a common ground region in the central area of the sensor PCB 140, and a conductor
extends inward to overlap with the common ground region on the sensor PCB 140.

[0030]  As the example conductor 410 (e.g., a copper pad) moves, the conductor 410
can move into, through, and out of the electric field 330. When the conductor 410 is at least
partially above or near the capacitive seusor 304 in the electric field 330, the conductor 410
interferes with the electric field 330, thereby increasing the capacitance of the PCB-based
capacitor 306 beyond the baseline capacitance of the PCB-based capacitor 306. By

wonitoring the capacitance of the PCB-based capacitor 306, the proximity of the conductor
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410 to the capacitive sensor 304 can be detected, and the amount of overlap {e.g., 253%, S0%,
75%, 100%, ¢tc.) can be determined {e.g., estimated, calculated, ctc.). In some examples, the
largest capacitance occurs when the conductor 410 and the capacitive sensor 304 are aligned
{e.g.. fully overlapped, overlapped as much as possible, etc.).

{6031] Retwmning to FIGS. 1 and 2, determining (e.g., measuring, estimating,
representing, ete.) which capacitive sensor(s) 144A-H has/have the largest respective
capacitances 148 A-H at a given time can be used to determine (e.g., decode, estimate, etc.)
the angular position of the conductor 152 and, thus, the angular position of the rotatable shaft
112 of the motor 110.

[6032] Turning to FIG. 5, an end view of the example motor assembly 100 of FIGS. 1
and 2 1s shown. As the rotatable shaft 112 of the motor 110 rotates, the conductor 152 of the
conductor sensor PCB 150 sequentially rotates into and out of overlap with the capacitive
sensors 144A-H. In FIG. 5, the conductor 152 s partially overlapping the capacitive sensor
1448 and the capacitive sensor 144,

[6033] FIG. 615 an example graph 600 of example capacitances 148A-H for
respective ones of the capacitive sensors 144A-H. The example graph 600 corresponds to the
exampie positions of the conductor 152 and capacitive sensors 144A-H shown in FEG. 5. As
explained above in connection with FIGS. 3 and 4, the capacitance 148A-H of a capacitive
sensor 144A-H depends on its proximity to a conductor. Because, in FIG. 3, the conductor
152 overlaps the capacitive sensor 144B and the capacitive sensor 144C, they have larger
respective capacitances 1488 and 148C than the other capacitive sensors 1444, and 144D-H.
Moreover, because the conductor 152 overlaps more of the capacitive sensor 1448 than the
capacitive sensor 144C, the capacitance 148B is greater than the capacitance 148C. If the
conductor 152 were positioned differently than in FIG. 5, the capacitances 148A-H would
have corresponding changes to veflect which of the capacitive sensors 144A-H now overlap
the conductor 152, In the example of FIGS. 5 and 6, the capacitance 1488 is approximately
three times the capacitance 148, indicating that the conductor 152 overlaps approximately
75% of the capacitive sensor 1448 and 25% of the capacitive sensor 144C,

[6034] Retuming to FIG. 1, to measure the capacitances 148A-H, the example motor
position sense assembly 120 includes example sense circuits 160A-H, and example count
registers 170A-H for respective ones of the example capacitive sensors 144A-H. Example
sense circuits include, but are not limited to, a charge-transfer circutt, a relaxation-oscillator
circuit, a sigma-delta modulator circuit, a successive approximation circuit, ete. FIGS. 7, 19

and 20 are schematic diagrams of non-limiting example circuits 700, 1900, and 2000,
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respectively, which may be used to implement the example sense circuits 160A-H of FIG. 1.
FI(3. 7 is a schematic diagram of an example oscillator circuit 700 and an example count
register 73( for a capacitive sensor 704, which may be used to implement the example sense
circuits 160A-H and the example count registers 170A-H. When a control input 706 is set to
a logic high {c.g., equal to a supply voltage Vcc), an example resistor ladder network 710
creates an example reference input 712 for an example comparator 714 that changes with an
example output 716 of the comparator 714. The example reference input 712 toggles and has
a polarity that is opposite the charge and discharge of the capacitive sensor 704. In the
example of FIG. 7, if the resistors R of the resistor ladder network 710 have approximately
equal resistances, then the oscillation frequency fp of the output 716 of the comparator 714
can be expressed mathematically as

fose = 1/{1.386 R Copysor),
where Cognsor 18 the capacitance 718 of the capacitive sensor 704, which varies responsive 1o
the proximity of 2 conductor, such as the example conductor 152 or the example conductor
410. As discussed above in connection with FIGS. 3-7, as a condactor interferes with the
electric field 330 of a capacitive sensor 304, the capacitance 718 of the capacitive sensor 304
increases and, thus, the oscillation frequency fggc of the output 716 of the comparator 714
increases. That is, the oscillation frequency fg- can be used as a measure of the capacitance
71§ of the capacitive sensor 304.

16035] To determine {e.g., estimate, measure, etc.) the oscillation frequency fose of
the output signal 716 of the comparator 714, the example oscillator circuit 700 includes an
example counter 720 and the cxample count register 730. The exaraple counter 720 counts
oscillations or cycles of the output signal 716 by, for example, counting vising or falling
edges of the output 716. At periodic intervals, the current oscillation count is stored in the
cxample count register 730 for subsequent retrieval, and the counter 720 is reset. The larger
the oscillation count stored in the count register 730, the higher the oscillation frequency fpec
of the output 716, and the larger the capacitance 718 of the capacitive sensor 704, which
indicates a larger interference of the capacitive sensor 704 by a conductor. Thus, oscillation
counts stored in the count registers 730, 170A-H for respective ones of the oscillation circuits
700, 160A-H can be used to determine which capacitive sensors 704, 144A-H are in close(-
st) proximity to a conductor, and, thus, to determine the anguolar position of the rotatable shaft

112 of the motor 110
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[8036] Returning to FIG. 1, to determine the position of the rotatable shaft 112, the
example motor assembly 106 of FIG. 1 includes an example controller 180, such as that
shown in FIG. 22 and discussed below. As discussed below, the example controller 180 of
FIG. 1 periodically and/or aperiodically obtains oscillation counts stored in the count
registers 170A-H, and uses the oscillation counts to determine the angular position of the
rotatable shaft 112. In some examples, the controller 180 controls the motor 110 based in part
on motor positions determined using the capacitive sensors 144A-H.

[6037]  In some exaraples, the sensor PCB 140 inchudes the example capacitive
sensors 144 A-144H, the example sense circuits 160A-160H, the exarple count registers
170A-170H, and the cxample controller 180. In some examples, a portion of cach of the
sense circuits 160A-160H (e.g., the comparator 714 and the counter 720), the count registers
170A-H, and the controller 180 are implemented by an integrated circuit (IC) 190. Example
1Cs 190 include, but are not limited to, MSP430 microcontrollers with CapTivate™
technology by Texas Instruments Incorporated, CapSense® Controllers by Cypress
Sermiconductor Corp., and maXTouch® Touchscreen Controllers by Microchip Technology
Inc.

[6038] While example implementations of the example motor position sense
assembly 120, the example PCB assembly 130, the example sensor PCB 140, the example
capacitive sensors 144A-H, the example conductor PCB 150, the example conductor 152, the
example sense circuits 160A-H, the example count registers 170A-H, the example controller
180, the exarople integrated circuit 190, the exarople capacitive sensor 304, the example
PCB-based capacitor 306, the example conductive region 310, the example ground region
320, the example substrate 323, the conductor 410, the capacitive sensor 704, the resistor
ladder 710, the comparator 714, the counter 720 and the count register 730 are shown in
FIGS. 1-7, one or more of the elements, processes and/or devices ithustrated in FIGS. 1-7 may
be combined, divided, re-arvanged, omitted, eliminated and/or impiemented in any other way.
Further, the example motor position sense assembly 120, the example PCB assembly 130, the
example sensor PCB 140, the example capacitive sensors 144A-H, the example conductor
PCB 150, the example conductor 152, the example sense circuits 160A-H, the exarople count
registers 170A-H, the example controller 180, the example integrated circuit 190, the
example capacitive sensor 304, the exarople PCB-based capacitor 306, the example
conductive region 310, the exarple ground region 320, the example substrate 323, the
conductor 414, the capacitive sensor 704, the resistor ladder 710, the comparator 714, the

counter 720 and the count register 730 of FIGS. 1-7 may be implemented by hardware,
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software, firmware and/or any combination of hardware, software, and/or furaware. Thus,
for example, any of the example motor position sense assembly 120, the example PCB
assembly 130, the examople sensor PCB 140, the example capacitive sensors 144A-H, the
example conductor PCB 150, the example conductor 152, the example sense circuits 160A-
H, the example count registers 170A-H, the example controller 180, the example integrated
circuit 190, the example capacitive sensor 304, the example PCB-based capacitor 306, the
example conductive region 310, the exanmple ground region 320, the example substrate 325,
the conductor 410, the capacitive sensor 704, the resistor ladder 710, the comparator 714, the
counter 720 and the count register 730 could be implemented by onie or more analog or
digital circuit(s), logic circuits, programmable processor(s), graphics processing unit(s)
(GPU(s)), digital signal processor(s) (DSP(s)), application specific integrated circuit(s)
(ASIC(s)), programmable logic device(s) (PLD{s)), and/or field programmable logic
device(s) (FPLD(s}). When reading any of the apparatus or system claims of this patent to
cover a purcly software and/or firmware implementation, at least one of the example motor
position sense assembly 120, the examiple PCB asserably 130, the exarnple sensor PCB 140,
the example capacitive sensors 144A-H, the example conductor PCB 150, the example
conductor 152, the example sense circuits 160A-H, the example count registers 170A-H, the
exarnple controller 180, the exarople integrated circuit 190, the exarople capacitive sensor
304, the example PUB-based capacitor 306, the example conductive region 314, the example
ground region 320, the example substrate 3235, the conductor 410, the capacitive sensor 704,
the resistor ladder 710, the comparator 714, the counter 720 and the count register 730 isfarc
hereby expressly defined to inclade a tangible computer-readable storage medium storing the
software and/or firmware. Further still, the example motor position sense assembly 126, the
example PCB assembly 130, the example sensor PCB 140, the example capacitive scnsors
144A-H, the example conductor PCB 150, the example conductor 152, the example sense
circuits 160A-H, the example count registers 170A-H, the example controller 180, the
example integrated circuit 190, the example capacitive sensor 304, the example PCB-based
capacitor 306, the example conductive region 310, the example ground region 320, the
example substrate 325, the conductor 410, the capacitive sensor 704, the resistor ladder 710,
the comparator 714, the counter 720 and the count register 730 of FIGS. 1-7 may include one
or more clements, processes and/or devices in addition to, or instead of, those illustrated in
FIGS. 1-7, and/or may include more than one of any or all of the illustrated clements,

processes and devices.
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[003%9] Tuming to FIG. 8, a schematic diagram of ancther example sensor PCB 800 is
shown that may be used together with an example conductor PCB 900 shown in FIG. 9 to
determine an angular position of a rotatable shaft of a motor, in accordance with this
disclosure. The exarople sensor PCB 800 of FIG. § includes 54 capacitive sensing regions,
one of which is designated at reference numeral 804. In the exampie of FIG. 8, the capacitive
sensing regions 804 are wedge-shaped regions that extend radially. The 54 capacitive sensing
regions 804 arc assigned to 12 groups, labeled 1, 2, ..., 9, A, B, Cin FIG. 8. Capacitive
sensing regions 804 that are assigned to the same group are clectrically coupled {(e.g.. in
parallel, by electrically coupling their conductive regions 310). Each of the example groups 1,
2,....9 A, B, Cis connected to a respective sensc circuit (e.g., the example oscillator circuit
700 of FIG. 7) and an IC 808 (e.g., the example 1€ 190 of FIG. 1} located in a central area
812 of the sensor PCB 800.

160406] As will be explained below, the capacitive sensing regions 804 are assigned to
the groups 1,72, ..., 9, A, B, C according to an example pattern (see FIG. 10} that allows for
snambiguous decoding of 54 rotational positions, when used with the example conductor
PCB 900 of FIG. 9, while requiring 12 rather than 54 sense circuits, IC input pins and
counters.

[6041] The example condactor PCB 900 of FIG. 9 inchudes two conductors 904 and
908 that are spaced 120 degrees apart. The exampie conductors 904 and 908 of FIG. 9 have
shapes corresponding to the capacitive sensing regions 804 of FIG. &.

{0042} In operation, the example conductor PCB 900 rotates relative to the example
sensor PUB 800. When the conductor 904 and the conductor 908 overlap with respective
ones of the capacitive sensing regions 804, two different groups of the groups 1. 2, ..., 9, A,
B, € will have their capacitance increased due to the proximity of their respective conductor
0904, 008, As discussed above, the capacitance increase causcs the oscillation count for the
group o increase. Thas, the two groups with the largest oscillation counts represent the
respective locations of the conductor 904 and the conductor 908.

{6043] FIG. 10 is an example table 1000 that may be used fo determine angular
position of a rotatable shaft knowing which two sensing groups have the largest oscillation
counts. For exaraple, knowing that groups 3 and A have the largest oscillation counts, row
1010 of the table 1000 is identified, and the angular position of 73 degreces is obtained from

the example row 1010.
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[6044] In some exaroples, the table 1000 s determined by rotating the conductor PCB
900 through each angular position and recording which groups on the sensor PCB 800
overlap the conductors 904 and 908 for each angular position.

[6045] In some examples, the table 1000 is interpolated to obtain finer angular
resolution. For example, if groups 3, 4, 8 and A have the largest oscillation counts, and have
approximately equal oscillation counts, then the row 1010 and a row 1012 can be identified,
and an angle of 76.5 degrees, which is approximately halfway between 73 degrees (row
1010) and 80 degrees (row 1012) s used as the angular position of the rotatable shaft 112.

[6046] In another example conductor PCB 1100 shown in FIG. 11, additional
conductors 1104 and 1108 are added 1o the example conductor PCB 900 of FIG. 9. In the
exarnple of FIG. 11, the additional conductors 1104 and 1108 can be used to provide
additional decoding redundancy. The additional redundancy can be used to overcome faulty
capacitive sensing regions using, for example, 3 out of 4 majority decoding.

[0047) FIG. 12 is a schematic diagram of yet another example sensor PCB 1200. The
example sensor PCB 1200 of FIG. 12 has 3 example capacitive sensing vegions 1204, 1202
and 1212. The example capacitive sensing regions 1204, 1208 and 1212 of FIG. 12 have
finger-like interlocking or interlaced shapes. The capacitive sensing regions 1204, 1208 and
1212 are defined by 3 accordion or fan fold like barriers 1216, 1218 and 12260, Similar to
FIG. 8, each of the example capacitive sensing regions 1204, 1208 and 1212 is connected to a
respective sense circuit {e.g., the example oscillator circuit 700 of FIG. 7) and an IC 1222
(e.g., the example IC 190 of FIG. 1) located in a central arca 1224 of the sensor PCB 1200,

{0048] FIG. 13 1s a schematic diagram of an example conductor PCB 1300 that can
be used together with the example sensor PCB 1200 of FI(. 12 to determine angular position
of the rotatable shaft 112. The exarople conductor PCB 1300 of FIG. 13 includes a single
conductor 1304.

{0048] In operation, the example conductor PCB 1300 rotates relative to the sensor
PCB 1200. As the conductor 1304 sweeps across the capacitive sensing regions 1204, 1208
and 1212, the capacitances and, thus, corresponding oscillation counts for the capacitive
sensing regions 1204, 1208 and 1212 change. For example, starting from the 3 o’clock
position in FIG. 12 and rotating counter-clock wise, the osciliation count for capacitive
sensing region 1212 will start with its largest value and decrease until it reaches its smallest
value at the 11 o’clock position. Simultaneously, the oscillation count for the capacitive

sensing region 1208 will start with its smaliest value and increase until it reaches its largest
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value at the 11 o’clock position. Accordingly, the oscillation counts for the capacitive sensing
regions 1204, 1208 and 1212 can be used to determine angular position.

[6056] Turning to FIG. 14, a schematic diagram of another example sensor PCB 1400
is shown that may be used together with an example conductor PCB 1500 shown in FIG. 15
to determing an angular position of the rotatable shaft 112, in accordance with this disclosure.
The example sensor PCB 1400 of FIG. 14 includes 30 capacitive sensing regions, one of
which is designated at reference numeral 1404, In the example of FIG. 14, the capacitive
sensing regions 1404 are wedge-shaped regions that extend radially. The 30 capacitive
sensing regions 1404 are assigned to five groups, labeled 0, 1, ..., 4 in FIG. 14. Capacitive
sensing regions 1404 that arc assigned to the same group are clectrically coupled {c.g., in
parallel, by electrically coupling their conductive regions 310). Similar to FIG. 8, cach of the
example groups O, 1, ..., 4 is connected to a respective sense circuit (e.g.. the example
oscillator circuit 700 of FIG. 7) and an IC 1406 (c.g., the example IC 190 of FIG. 1) located
in a ceniral arca 1408 of the sensor PCB 1400,

[6031] FIG. 15 15 a schematic diagram of an example condactor PCB 1300 that can
be used together with the example sensor PCB 1400 of FIG. 14 to determine angular position
of the rotatable shaft 112. The exarople conductor PCB 1500 of FIG. 15 includes a single
conductor 1504, In operation, the example conductor PCB 1500 rotates clockwise relative to
the sensor PCB 1400. As the conductor 1504 sweeps across the capacitive sensing regions
1404, the capacitances and, thus, corresponding oscillation counts for the capacitive scnsing
regions 1404 change.

[0052] The capacitive sensing regions 1404 are assigned to the groups 0, 1, ..., 4s0a
non-repeating sequence of groups is identified as the conductor PCB 1500 rotates. For
cxample, if group 2 currently has the largest oscillation count, then the angular position could
correspond to any of capacitive sensing regions 1404, 1410, 1412, 1414, 1416 and 1418,
However, knowing the previous group with the largest oscillation count was group 3, the
currently angular position can be determined to correspond to capacitive sensing region 1410.
In some cases, more than one previous group may be used to decode the angular position.
Likewise, additional previous groups may be used to provide redundancy, or correct for
potential decoding errors.

{6053] The example sensor PCBs and conductor PCBs may, additionally and/or
alternatively, be used to detect other conditions such as motor stop, rotor unbalance, ete. For
example, if the conirolier 180 expects the motor 110 to be operating but the oscillation counts

are not changing as expected for a rotating motor {€.g., the same capacitive sensor 144A-H
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repeatedly has the largest oscillation count), then the controller 180 can determine that the
motor 110 has stopped rotating. When the motor 110 is operating smoothly (e.g., without a
wobble or imbalance), the capacitive sensors 144A-H will have approximately the same
largest oscillation counts. Accordingly, the controller 180 can determine conditions such as a
wobble or tmbalance by looking for variations in the oscillation counts {e.g., an oscillation,
such as, a sinusoidal variation, in the maximum values of an oscillation count) due to changes
or variations in conductor and capacitive sensor overlap while the motor rotates. Such
variations occur when a conductor overlaps with a capacitive sensor by different amounts as
the conductor rotates in addition to wobbling back and forth.

[6054] FIG. 16 is an example graph of example cycles counts for one of the exaraple
capacitive sensors 144A-H and the example sense circuits 160A-H. For clarity of illustration,
the example graph is not drawn to scale for either access. As the conductor PCB 130 rotates,
the count will pericodically increase when the conductor 152 overlaps the capacitive sensor
144 A-H. As explained above, this periodic increase can be used to determine that the
condactor 152 is located at the capacitive sensor.

[6055] FIG. 17 1s another example graph of example cycle counts for motor faalt
condition in the form of a rotor stop condition. As shown in Fi(. 17, following a rotor stop
event, the cycle count for the capacitive sensor 144A-H stops, possibly immediately,
periodically increasing, and can be used to detect the rotor stop event. In some examples,
slowing or increasing in speed can be determined or detected by measuring the time between
peaks of the cycle count.

[8056] FIG. 18 1s yet another example graph of example cycle counts for another
cxample motor fault condition in the form of a rotor imbalance or wobble. As shown in FIG.
18, the rotor imbalance or wobble condition causes the periodic cycle count increase to vary
in, for example amplitude. In some example, the cycle count variation is sinusoidal in nature.

16057] FIG. 19 is a schematic diagram of an example charge-transfer sense circuit
1900 and an example count register 1902 for a capacitive sensor 1904, which may be used to
irnplement the example sense circuits 160A-H and the example count registers 170A-H of
FIG. 1. In FIG. 19, a resistor-capacitor {(RC) network 1906 is used to charge a circuit voltage
1908. Charge is periodically transferred from the sense capacitor 1904 to the RC network
1906 by conirolling example switches SW, and SW2. When a conductor is proximate fo the
capacitive sensor 1904, the capacitance of the capacitive sensor 1904 increases, and more
charge is transferred from the capacitive sensor 1904 to the RC network 1906 per cycle of the

switches SW; and SW,. By counting, with a counter 1910, the number of cycles of the
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switches SW and SW (e.g., number of cycles of a control signal 1912) needed for the circuit
voltage 1908 to exceed a threshold voltage Vgep, a measure of the capacitance of the
capacitive sensor 1904 can be determined.

[6058] The smaller the count stored in the count register 1902, the larger the
capacitaince of the capacitive sensor 1904, which indicates a larger interference of the
capacitive sensor 1904 by a conductor. Thus, counts stored in the count registers 1902, 200A-
H for respective ones of the sense circuits 1900, 160A-H can be used t© determine which
capacitive sensors 1904, 144A-H are in close(-st) proximity to a conductor, and, thus, to
determine the angular position of the rotatable shaft 112 of the motor 110.

[6059] FIG. 20 is a schematic diagram of an example sigma-delta sense circuit 1900
and an example count register 2002 for a capacitive sensor 2004, which may be used to
tmplement the example sense circuits 160A-H and the exampie count registers 170A-H of
FIG. 1. In FIG. 20, the capacitive sensor 2004 charges a resistor-capacitor (RC) network
2006 that charges a circuit voltage 2008. When a conductor is proximate to the capacitive
sensor 2004, the capacitance of the capacitive sensor 2004 increases, and charge is
wansferred faster from the capacitive sensor 2004 to the circuit voltage 2008. Once the civcuit
voltage 2008 exceeds a threshold reference voltage Vayr, a comparator 2012 is tripped, and
discharge of the circuit voltage 2008 through a resistor 2014 begins. As the capacitance of the
capacitive sensor 2004 increases, the discharging slows as charging by the capacitive sensor
2604 continues. By counting, with a counter 2016, the number of cycles of an output signal
2018 of an oscillator 2020 can be used to determine the capacitance of the capacitive sensor
2004.

{0066] The larger the count stored in the count register 2002, the larger the
capacitance of the capacitive sensor 2004, which indicates a larger interference of the
capacitive sensor 2004 by a conductor. Thas, counts stored in the count registers 2002, 200A-
H for respective ones of the sense circuits 2000, 160A-H can be used to determine which
capacitive sensors 2004, 144A-H are in close{-st) proximity to a conductor, and, thus, to
determine the angular position of the rotatable shaft 112 of the motor 110.

[6061] FIG. 21 is a flow diagram representative of example process(es) that may be
implemented as coded computer-readable instructions, the coded instructions may be
executed to implement the motor position sense assembly 120 to determine the angular
position of the rotatable shaft 112 of the motor 110, In this example, the coded instructions
comprise one or more programs for execution by a processor such as the processor 2212

shown in the example processor platform 2200 discussed below in connection with FIG. 22.
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The program(s) may be embodied in the coded instructions and stored on one or more
tangible computer-readable storage medivms associated with the processor 2212, One or
more of the program(s) and/or parts thercof could alternatively be exccuted by a device other
than the processor 2212. One or more of the programs may be embodied in firmware or
dedicated hardware. Further, although the example process(s) is/are described with reference
to the flowchart tlustrated in FIG. 21, many other methods of implementing the motor
position sense assembly 120 may alternatively be used. For example, the order of execution
of the blocks may be changed, and/or some of the blocks described may be changed,
eliminated, or combined.

[6062] As mentioned above, the example process(es) of FIG. 21 may be implemented
using coded wnstructions (e.g., computer-readable instractions and/or machine-readable
insiructions) stored on one or more tangible computer-readable storage mediums. As used
herein, the term tangible compuicr-readable storage medium is expressly defined w include
any type of computer-readable storage device and/or storage disk and to exclude propagating
signals and to exclude transmission media. As used herein, "tangible computer-readable
storage medinm” and "tangible machine-readable storage medinm” are used mterchangeably.
Additionally, or alternatively, the example process(es) of FI(z. 21 may be implemented using
coded instructions {e.g., computer-readable instructions and/or machine-readable
mnsiructions) stored on one or more non-transitory computer medinms. As used herein, the
term non-transitory computer-readable storage medium is expressly defined to inciude any
type of computer-readable storage device and/or storage disk and to exchude propagating
signals and to exclude transmission media. As used herein, "non-transitory computer-
readable storage medium"” and "non-transitory machine-readable storage medium” arc used
mnterchangeably.

[6063] Example tangible computer-readable storage mediums include, but are not
limited to, any tangible computer-readable storage device or tangible computer-readable
storage disk such as a memory associated with a processor, a memory device, a flash drive, a
digital versatile disk (IDVD), a compact disc (CD}, a Blu-ray disk, a floppy disk, a hard disk
drive, a random access memory (RAM]}, a read-only memory (ROM), etc. and/or any other
storage device or storage disk in which information is stored for any duration {e.g., for
extended time periods, permancntly, for brief instances, for teraporarily buffering, and/or for
caching of the information).

[0064] The example process of FIG. 21 includes the controller 180 initializing the

sense circuits 160A-H (block 2105), and checking the capacitive sensors 144 A-H for fault
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conditions, such as an open, a short, a high tnpedance state, cte. (block 2110}, Such
conditions can be identified, for example, by oscillation counts that are too high, {co low,
don’t changes as the motor rotates, ctc.

[0065] The controller 210 obtains the oscillation count values from the count
registers160A-H (block 2115) and, if any are out of bounds (block 2128}, performs a
calibration process on the capacitive sensors 144A-H and/or sense circuits 160A-H (block
2123). An cxample calibration process, for the exaraple oscillator civcuit 700 of FIG. 7,
changes the threshold of the comparator 714 positive input, or resistance of a resistor 732 to
move the cuiput in the range, when the capacitance to digital counts conversion is out of the
range. Control returns to block 2105 to re-initialize the sense circuits 160A-H.

[6066] If the oscillation counts are in range (block 2120), the oscillation counts are
used to decode the angular position of the rotatable shaft 112 (biock 2130). If redundancy
information (if available) confirms the angular position {(block 2133), the angular position is
output and/or used for motor control, or other purposes (block 2140).

[6067] The oscillation counts are monitored for variations (block 2145). For example,
an oscillation count is momtored for a variation, such as, an oscillation {e.g., a sinusoidal
variation) in the maximum values of the oscillation count. If a wobble is detected (block
2150}, a wobble detected indication is output (block 2155), and control returns to block 2115
to obtain new oscillation counts (block 2115).

{6068] Retwrning to block 2135, if the redundancy information does not confirm: the
angular position (block 2115}, the decoded angular position is discarded (block 2160), and
control returns to block 2115 to obtain new oscillation counts (block 2115).

{8069} FIG. 22 s a block diagram of an example processor platform 2200 configured
to execute the process{es) of FIG. 21 to implement the example motor position sensc
assembly 120 of FIGS. 1 and 2. The processor platform 2200 can be, for example, a server, a
personal computer, or any other type of computing device.

{6078] The processor platform 2200 of the illustrated example includes a processor
2212, The processor 2212 of the illustrated example is hardware. For example, the processor
2212 can be implemented by one or move integrated circuits, logic circuits, microprocessors,
GPUs, or controllers from any desired family or manufacturer.

{6071] The processor 2212 of the illustrated exanple includes a local memory 2213
{e.g.. a cache). The processor 2212 of the illustrated example is in communication with a
main memory inchiding a volatile memory 2214 and a non-volatile memory 2216 via a bus

2218. The volatile memory 2214 may be implemented by Synchronous Dynamic Random
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Access Memory (SDRAM), Dynamic Random Access Memory (DRAM), RAMBUS
Dynamic Random Access Memory (RDRAM) and/or any other type of random access
memory (RAM) device. The non-volatile memory 2214 may be implemented by flash
memory and/or any other desired type of memory device. Access to the main memory 2214,
2216 is controlled by a memory controller.

{6072]  In the ilhastrated example, any one or more of the local memory 2213, the
RAM 2214, the read ouly memory 2216, and/or a rass storage device 2228 may iraplement
the example count registers 160A-H.

[6073] In some examples, the example processor 2212 communicates with the
example motor 110 via the bus 2218, and/or another input/output interface (e.g., external IC
pins).

10074] The processor platform 2200 of the illustrated example also includes an
interface circuit 2220, The interface circuit 2220 may be implemented by any type of
nterface standard, such as an Ethernet interface, a universal serial bus (USB), and/or a
peripheral component interconnect (PCI) express interface.

[8075] In the illustrated example, one or more input devices 2222 are connected to the
mierface circuit 2220, The input device(s) 2222 permit(s) a user to enter data and comumands
into the processor 2212, The input device(s) can be implemented by, for example, an audio
sensor, & microphone, a camera {stidl or video), a keyboard, a button, a mwouse, a touchscreen,
a track-pad, a trackball, isopoint and/or a voice recognition system. In some examples, the
input devices 2222 implement all or a portion of the capacitive sensors 144A-H and/or the
sense circuits 160A-H.

{8076} One or more ocutput devices 2224 are also connected to the interface circuit
2220 of the illustrated example. The output devices 2224 can be implemented, for example,
by display devices (e.g., a light emitting diode (LED), an organic light emitting diode
(OLED), a liguid crystal display, a cathode ray tube display {CRT), a touchscreen, a tactile
output device, a light emitting diede (LED), a printer and/or speakers). The interface circuit
2220 of the illustrated exarople, thus, typically includes a graphics driver card, a graphics
driver chip or a graphics driver processor. In some cxamples, one or more output devices
2224 are used to control the motor 110.

[6077]  In some exampies, the processor 2212 includes analog front-end (AFE)
components 2230 that enable the processor 2212 to control and/or receive inputs from the
motor 110 and/or the motor position sense assembly 120. Example AFE components include,

but are not limited to, an example timer 2230A to gate the storage of oscillations counts in the
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count registers 190A-H, bias and internal oscillator civcuits 22308, an example threshold
tracker 2230C to monitor oscillator counts and adjust thresholds for determining whether an
oscillator count is out of range, and a capacitive sensor interface 22300 for controlling and
receiving information from the oscillator circuits 2230B.

[6078] The interface circait 2220 of the illustrated example also includes a
communication device such as a transmitter, a receiver, a transceiver, a modem and/or
network interface card to facilitate exchange of data with external machines (¢.g., computing
devices of any kind) via a network 2226 {(e.g., an Ethernet connection, a digital subscriber
line (DSL), a telephone line, coaxial cable, a cellular telephone system, etc.).

{6079] The processor platform 2200 of the illustrated example also includes one or
more mass storage devices 2228 for storing softwave and/or data. Examples of such mass
storage devices 2228 include floppy disk drives, hard drive disks, compact disk drives, Blu-
ray disk drives, RAID systems, and digital versatile disk (DVD) drives.

[6083] Coded instructions 2232 include the machine-readable instructions of FIG. 21
and may be stored in the mass storage device 2228, in the volatile merory 2214, in the non-
volatile memory 2216, and/or on a removable tangibie computer readable storage mediuom
such as a CD or DVD. Example coded instructions include, but are not limited to,
configuration and management functions 2232A to implement the overall control and
operation of the motor 110, an angle searcher 2232B to determine the angular position of the
rotatable shaft 112 from oscillation counts, and a capacitance measurer 2232C to determine
capacitances by controlling an oscillator and a counter.

[6081] From the foregoing, it will be appreciated that methods, apparatus and articles
of manufacture have been disclosed which enhance motor control operations by improving
the accuracy and speed of determining the angular position of a rotatable shaft of a motor.
Additional examples of which include, but are not limited to:

10082] An example apparatus to determine a position of a rotatable shaft of a motor
includes a sensor printed circuit board (PCB) structured to be mounted to a motor, the sensor
PCB including a plurality of capacitive sensors, the plurality of capacitive sensors having
respective ones of a plurality of capacitances that independently change as a conductor moves
relative to the sensor PCB in conjunction with a rotatable shaft of the motor during an
operation of the motor, and a controller clectrically coupled to the sensor PCE, the controller
configured to determine a position of the rotatable shaft based on the plurality of

capaciiances.
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[6083] An example printed example circiit board (PCB) structured to be mounted to
a motor includes a plurality of capacitive sensors, each of the capacitive sensors having a
capacitor, the capacitor having a first terminal and a second terminal, the second terminal
coupled to a ground terminal, a sense circuit coupled to the first terminal, the sense circuit
having a signal having a frequency that depends on a capacitance of the capacitor, the
capacitance responsive to a proximity of the capacitor to a conductor that rotaies together
with a rotatable shaft of the motor, a counter coupled to the signal to count cycles of the
signal, and a controller to determine a position of the rotatable shaft of the motor based on a
count of the cycles.

[6084] An example method of determining a fault condition of a rotatable shaft of a
motor includes counting a plurality of cycle counts of respective ones of a plurality of sense
circuits, each of the sense circuits having a signal having a respective cycle frequency based
on a capacitance of a respective capacitive sensor, the capacitive sensors associated with one
of a plurality of respective angular positions of a conductor that rotates in connection with the
rotatable shaft, and determining a fault condition of the rotatable shaft based on a variation in
the plurality of cycle counts.

[0085]  An example tangible computer-readable storage medivm including
instructions that, when executed, cause a machine to perform at least counting a plurality of
cycle counts of respective ones of a plurality of sense circuits, each of the sense circuits
having a signal having a respective cycle frequency based on a capacitance of a respective
capacitive sensor, the capacitive sensors associated with one of a plurality of respective
angular positions of a conductor that rotates in connection with a rotatable shaft, and
determining an angular position of the rotatable shaft based on the plurality of cycle counts

[6086] An example motor assembly includes a motor having a rotatable shaft, a
sensor printed circuit board (PCB) mounted to the motor, the sensor PCB including a
plurality of capacitive sensors, the phurality of capacitive sensors having respective ones of a
plurality of capacitances that change as a conductor moves relative to the sensor PUB during
an operation of the motor, each of the pluarality of capacitive sensors includes a conductive
region formed on the sensor PCB, and a ground region formed on the sensor PCB, the ground
region spaced apart from the conductive region to form, together with the conductive region,
a capacitor, the capacitor forming the capacitance of the capacitive sensor, 2 plurality of sense
circuits for respective ones of the plurality of capacitive sensors, each of the sense civcuits
having a signal having a cycle freguency based on the capacitance of the respective

capacitive sensor. A confrolier mounted to the sensor PCB, the controller configured to count
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cycles of the plurality of signals for respective ones of the plurality of capacitive sensors, and
to determine a position of the rotatable shaft based on the capacitive sensor having the largest
respective count, and a conductor PCB mounted to the rotatable shaft, the conductor PCB
rotating in connection with the rotatable shaft, the condactor PCB including the conductor
that changes the plurality of capacitances as the rotatable shaft rotates during the operation of
the motor.

[6087]  In this specification and the appended claims, the singular forms "a,” "an" and
"the” do not exclude the plural reference unless the context clearly dictates otherwise.
Further, conpunctions such as “and,” “or,” and “and/or” are inclasive unless the context
clearly dictates otherwise. For example, “A and/or B” includes A alone, B alone, and A with
B. Further, as used herein, when the phrase "at least” is used in this specification and/or as the
traxsition term in a preambile of a claim, it is open-ended in the same manner as the term
“comprising” is open ended.

[6088] Further, connecting lines or connectors shown in the various figures presented
are mntended to represent exemplary functional relationships and/or physical or logical
couplings between the various elements. It should be noted that many alternative or
additional functional relationships, physical connections or logical connections may be
present in a practical device. Morcover, 1o item or component is essential to the practice of
the embodiments disclosed herein unless the element is specifically described as “essential”
or “critical”.

[6089] Terms such as, but not limited to, approximately, substantially, generally, etc.
are used herein to indicate that a precise value or range thereof is not required and need not
be speciticd. As used herein, the terms discussed above will have ready and instant meaning
to one of ordinary skill in the art.

[6093] Although cerfain example methods, apparatises and articles of manufacture
have been described herein, the scope of coverage of this patent is not imited thereto. ftisto
be understoed that terminology employed herein is for the purpose of describing particular
aspects, and is not intended to be limiting. On the contrary, this patent covers all methods,
apparatus and articles of manufacture fairly falling within the scope of the claims of this

patent.
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What Is Claimed Is:

1. An apparatus to determine a position of a rotatable shaft of a motor, the
apparatus comprising:

a sensor printed circuit board (PCB) structured to be mounted to a motor, the sensor
PCB including a plurality of capacitive sensors, the pluvality of capacitive sensors having
respective ones of a plurality of capacitances that independently change as a conductor moves
relative to the sensor PCB in conjunction with a rotatable shaft of the motor during an
operation of the motor; and

a coniroller electrically coupled to the sensor PCB, the controller configured to

determine a position of the rotatable shaft based on the plurality of capacitances.

2. The apparatus as defined in claim 1, including:

the motor; and

a conductor PCB mounted to the rotatable shaft, the conductor PCB rotating in
connection with the rotatable shaft, the conductor PCB including the conductor that changes

the plurality of capacitances as the rotatable shaft rotates during the operation of the motor.

-

3. The apparatus as defined in claim 2, wherein the sensor PCB has an opening
through which the rotatable shaft passes, the sensor PCB stationary with respect to rotation of

the rotatable shaft.

4. The apparatus as defined in claim 2, wherein the conductor PCB includes a
second conductor spaced apart from the conductor, and the controller is to determine the
position of the rotatable shaft based on the capacitances of two of the capacitive sensors that

are in proximity io respective ones of the conductor and the second conductor.

5. The apparatus as defined in clairmn 1, whercin the controller includes an
integrated circuit mounted to the sensor PCB, the integrated circuit including:
one or more counters to count cycles of a plurality of signals for respective ones of the
plurality of capacitive sensors, cach of the signals having a cycle frequency based on the
capacitance of the respective capacitive sensor, the capacitance changing responsive (o a
1ovement of the conducior; and
a processing unit configured to determine the position of the rotatable shaft based on

the capacitive sensor having the largest respective count.
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6. The apparatus as defined in clairn 5, wherein each of the plurality of capacitive
sensors includes a conductive region formed on the sensor PCB, and a ground region formed
on the sensor PCB, the ground region spaced apart from the conductive region to form,
together with the conductive region, a capacitor, the capacitor forming the capacitance of the

Capaciiive sensor.

/. The apparatus as defined in claim 5, wherein the cycle count of a sense curcuit
increases as a separation between the respective capacitive sensor and the conductor

decreases.

5. The apparatus as defined in claim 5, wherein the cycie count of a sense circuit

increases as an overlap of the respective capacitive sensor and the conductor increases.

9. The apparatus as defined in claim 1, wherein at least one of the plurality of
capacitive sensors includes a capacitor formed on a surface of the sensor PCB, the
capacitance of the capacitor to change in response 10 a proximity of the capacitor to the

conductor.

10. The apparatus as defined in claim 1, wherein two of the plurality of capacitive

sensors are electrically coupled.

1. The apparatus as defined in claim 1, wherein cach the plurality of capacitive

sensors extends radially.

12. The apparatus as defined in claim 1, wherein the plurality of capacitive

sensors have intertacing finger shapes.

13. A printed circuit board (PCB) structured to be mounted to a motor, the PCB
comprising:

a plurality of capacitive scnsors, each of the capacitive sensors having a capacitor, the
capacitor having a first terminal and a second terminal, the second terminal coupled to a
ground terminal;

a sense circuit coupled to the first terminal, the sense circuit having a signal having a
frequency that depends on a capacitance of the capacitor, the capacitance responsive to a
proximity of the capacitor {0 a conductor that rotaies fogether with a rotatable shaft of the
Motor;

a counter coupled to the signal to count cycies of the signal; and
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a controtler to determine a position of the rotatable shaft of the motor based on a

count of the cycles.

14. A method of determining a fault event of a rotatable shaft of a wotor, the
method comprising:

counting a plurality of cycle counts of respective ones of a plurality of sense circuits,
cach of the sense circuits having a signal having a respective cycle frequency basedon a
capacitance of a respective capacitive sensor, the capacitive sensors assoctated with one of a
plurality of respective angular positions of a conductor that rotates in connection with the
rotatable shaft; and

determining a fault event of the rotatable shaft based on a variation m the plurality of

cycle counts.

15. The method as defined in claim 14, wherein a sensor printed circuit board
fixedly mounted to the motor includes the plurality of capacitive sensors, and a conductor

printed circuit board mounted to a rotatable shaft of the motor incudes the conductor.

fe. The method as defined in claim 14, wherein determining the fauit event of the

rotatable shaft includes identifying a capacitive sensor having a variation in a cycle count.

7. The method as defined in claim 16, wherein determining the variation includes

at least one of a sinusoidal variation, or a stop in a periodic behavior.

18. A tangible computer-readable storage medinm comprising instructions that,
when execued, cause a machine to perform at least:

counting a plurality of cycle counts of respective ones of a plurality of sense circuits,
cach of the sense circuits having a signal having a respective cycle frequency based on a
capacitance of a respective capacitive sensor, the capacitive sensors associated with one of a
plurality of respective angular positions of a conductor that rotates in connection with a
rotatable shaft; and

determining an angular position of the rotatable shaft based on the plarality of cycle

counts,

19. The tangible computer-readable storage medium as defined in claim 18,
wherein the instructions, when executed, further cause the machine to determine the angular
position of the rotatable shaft by identifving two capacitive sensors in a pre-determined

arrangement having the largest respective cycle counts.
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20. A motor assembly comprising:

a motor having a rotatable shaft;

a sensor printed circuit board (PCB) mounied to the motor, the sensor PCB including
a plurality of capacitive sensors, the phirality of capacitive sensors having respective ones of
a plurality of capacitances that change as a conductor moves relative to the sensor PCB
during an operation of the motor, each of the plurality of capacitive sensors includes a
conductive region formed on the sensor PCB, and a ground region formed on the sensor PCB,
the ground region spaced apart from the conductive region to form, together with the
conductive region, a capacitor, the capacitor forming the capacitance of the capacitive sensor;

a plurality of sense circuits for respective ones of the plurality of capacitive sensors,
cach of the sense circuits having a signal having a cycle frequency based on the capacitance
of the respective capacitive sensor;

a controller mounted to the sensor PCB, the controller configured to count cycles of
the plurality of signals for respective ones of the plurality of capacitive sensors, and to
determine a position of the rotatable shaft based on the capacitive sensor having the largest
respective count; and

a conductor PCB mounted to the rotatable shaft, the conductor PCB rotating in
connection with the rotatable shaft, the conductor PCB including the conductor that changes

the plurality of capacitances as the rotatable shaft rotates during the operation of the motor.
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