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STATIONARY STATE DETERMINATION. SPEED MEASUREMENTS

PRIORITY CLAIM
[001] The present application claims the priority of U.S. Provisional Application
No. 62/733,939, filed September 20, 2018, which is incorporated herein by reference

in its entirety.
BACKGROUND

[002] Knowing the exact location of a vehicle, such as a train, is crucial to
managing the movement and storage of a large number of vehicles. Vehicles

experience wheel slip and wheel slide and are moved when positioning equipment is

disabled.

BRIEF DESCRIPTION OF THE DRAWINGS

[003] Aspects of the present disclosure are best understood from the following
detailed description when read with the accompanying figures. It is noted that, in
accordance with the standard practice in the industry, various features are not drawn
to scale. In fact, the dimensions of the various features may be arbitrarily increased or

reduced for clarity of discussion.

[004] Figure 1 is a diagram of a wheel mounted accelerometer and gyroscope

configuration, in accordance with some embodiments.

[005] Figure 2 is a diagram of a wheel mounted accelerometer and gyroscope

configuration, in accordance with some embodiments.

[006] Figure 3 is a diagram of a wheel mounted accelerometer and gyroscope

configuration, in accordance with some embodiments.

[007] Figure 4 is a diagram of a wheel mounted accelerometer and gyroscope

configuration, in accordance with some embodiments.

[008] Figure 5 is a diagram of stationary/moving state based on wheel marker

position with a probe field of view, in accordance with some embodiments.
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[009] Figure 6 is a chart of measured acceleration as a function of vehicle speed,

in accordance with some embodiments.

[010] Figure 7 is a block diagram of a system for implementing an embodiment, in

accordance with some embodiments.
[011] Figure 8 is a flow chart of a method, in accordance with some embodiments.

[012] Figure 9 is a diagram of a wheel mounted accelerometer, marker detection,

and inclinometer, in accordance with some embodiments.

DETAILED DESCRIPTION

[013] The following disclosure provides many different embodiments, or
examples, for implementing different features of the provided subject matter. Specific
examples of components, values, operations, materials, arrangements, or the like, are
described below to simplify the present disclosure. These are, of course, merely
examples and are not intended to be limiting. Other components, values, operations,
materials, arrangements, or the like, are contemplated. For example, the formation of
a first feature over or on a second feature in the description that follows may include
embodiments in which the first and second features are formed in direct contact, and
may also include embodiments in which additional features may be formed between
the first and second features, such that the first and second features may not be in
direct contact. In addition, the present disclosure may repeat reference numerals
and/or letters in the various examples. This repetition is for the purpose of simplicity
and clarity and does not in itself dictate a relationship between the various

embodiments and/or configurations discussed.

[014] Further, spatially relative terms, such as ‘“beneath,” “below,” “lower,”

LEINTs

“above,” “upper” and the like, may be used herein for ease of description to describe
one element or feature’s relationship to another element(s) or feature(s) as illustrated
in the figures. The spatially relative terms are intended to encompass different
orientations of the device in use or operation in addition to the orientation depicted in
the figures. The apparatus may be otherwise oriented (rotated 90 degrees or at other

orientations) and the spatially relative descriptors used herein may likewise be

interpreted accordingly.
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[015] Figure 1 is a diagram of a wheel mounted accelerometer and gyroscope
configuration 100, in accordance with some embodiments. An accelerometer and
gyroscope 104 is attached to a wheel 102. The wheel 102 has a radius of runeel. The
accelerometer and gyroscope 104 is attached at a distance r; from the center of wheel
102. The wheel 102 is on a track 106. The track 106 has a grade of 8grade. The wheel
102 experiences gravitational force g. As the wheel 102 moves, the accelerometer and
gyroscope 104 moves through angle 0, at a wheel/axle angular speed ®, and with a
wheel/axle angular acceleration a. The accelerometer measures the centripetal
acceleration a. and the gyroscope measures the angular speed ®w. The wheel 102
experiences a net acceleration due to motoring & braking am/s, compensated for the

wheel-to-rail friction and drag along the vehicle’s primary axis.

[016] Figure 2 is a diagram of a wheel mounted accelerometer and gyroscope
configuration 200, in accordance with some embodiments. A first accelerometer and
gyroscope 204 is attached to a wheel 202. A second accelerometer and gyroscope 206
is attached to the wheel 202 on the opposite side of the wheel 202 from the first
accelerometer and gyroscope 204. The accelerometer and gyroscopes 204 and 206 are
attached at a distance r; from the center of wheel 202. The wheel 202 is on a track
208. The track 208 has a grade of Ograde. As the wheel 202 moves, the accelerometer
and gyroscopes 204 and 206 move through angle 6, at a wheel/axle angular speed o,
and with a wheel/axle angular acceleration a. The accelerometers measure their
respective centripetal accelerations ac1 and ac> and the gyroscopes measure the angular

speed o.

[017] Figure 3 is a diagram of a wheel mounted accelerometer and gyroscope
configuration 300, in accordance with some embodiments. Three accelerometers 304,
306 and 308 are attached to a wheel 302. A first accelerometer and gyroscope 304 is
attached to the wheel 302. A second accelerometer and gyroscope 308 is attached on
the opposite side of the wheel 302. A third accelerometer and gyroscope 306 is
attached to the wheel 302, ninety degrees away from both the first and second
accelerometer and gyroscopes 304, 308. The accelerometer and gyroscopes 304, 306
and 308 are attached at a distance r from the center of wheel 302. The wheel 302 is on
a track 310. The track 310 has a grade of Ograge. As the wheel 302 moves, the

accelerometer and gyroscopes 304, 306 and 308 move through angle 6, at a wheel/axle
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angular speed o, and with a wheel/axle angular acceleration a. The accelerometers
measure their respective centripetal accelerations aci1, ac2 and ac3 and the gyroscopes

measure the angular speed o.

[018] Figure 5 is a diagram of a wheel mounted accelerometer and gyroscope
configuration 500, in accordance with some embodiments. Four accelerometers and
gyroscopes 504, 506, 508 and 510 are attached to a wheel 502. A first accelerometer
and gyroscope 504 is attached to the wheel 502. A second accelerometer and
gyroscope 506 is attached to the wheel 502. A third accelerometer and gyroscope 508
is attached to the wheel 502. A fourth accelerometer and gyroscope 510 is attached to
the wheel 502. Each accelerometer and gyroscope is ninety degrees out of phase from
an adjacent accelerometer and gyroscope. A marker 512 is attached to the wheel 502
near the first accelerometer and gyroscope 504. An inclinometer 514 is positioned
above the wheel 502. The accelerometer and gyroscopes 504 and 506 are attached at
a distance 11 from the center of wheel 502. The accelerometer and gyroscopes 508 and
510 are attached at a distance r» from the center of wheel 502. The wheel 502 is on a
track 510. The track 510 has a grade of Ocrade. As the wheel 502 moves, the
accelerometer and gyroscopes 504, 506, 508 and 510 move through angle 6, at a
wheel/axle angular speed ®, and with a wheel/axle angular acceleration a. The
accelerometers measure their respective centripetal accelerations aci, ac2, ac3 and acs
and the gyroscopes measure the angular speed ®. The wheel 502 experiences a net
acceleration due to motoring & braking am/g compensated for the wheel-to-rail friction
and drag along the vehicle’s primary axis. The accelerometer and gyroscopes 504,
506, 508 and 510 measure the acceleration a, due to vibration, train dynamics and
other sources perpendicular to the vehicle’s primary axis. In normal conditions, the
vehicle will experience an equal number of upward motions and downward motions,

so that the net vertical acceleration is expected be, on average, zero or “zero mean”.

[019] Figure 4 is a diagram 400 of stationary/moving state of a wheel, e.g., wheel
102, 202, 302, 502, based on wheel marker position with a probe field of view, in
accordance with some embodiments. A wheel 402 has a marker 404 affixed,
represented in the Figure by a radial line. When the wheel 402 is stationary, from time

t1 to to, the marker 404 does not move. When the wheel 402 is moving, from time t; to
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to, the marker 404 moves. With a probe, the stationary state of a vehicle can be

determined with high integrity using a simple explainable measurement method.

[020] Figure 6 is a chart of measured acceleration as a function of vehicle speed,
in accordance with some embodiments. The graph shows the measured acceleration
due to gravity for speeds of V=0 kilometers per hour (kph), V=5 kph and V=10 kph.
The measured acceleration has a “fixed” (as a function of the speed) component and
alternating component (sinusoidal) with an amplitude of g (gravity) and frequency of

.

[021] Figure 7 is a block diagram of a system 700, in accordance with some
embodiments. A data bus 702 and a power bus 704 are connected to the components
of the system 700. The power bus 704 is connected to a battery 708 and the battery
708 is connected to a charging device 706. In some embodiments, the battery 708 is
one or more other power sources. In some embodiments, the charging device 706 is

an optional component.

[022] A microcontroller 710 and associated non-volatile memory 712 are
connected to the data bus 702. Wireless transmitters 714, 716 are connected to the
microcontroller 710. A wireless receiver 718 is connected to the wireless transmitter
714. A position/speed computer 720 is connected to the wireless receiver 718.
Accelerometers 722, 724, 726 are connected to the data bus 702. A gyroscope 728 is
connected to the data bus 702. A marker detection sensor 730 is connected to the
microcontroller 710 and sends a detection signal to the data bus 702 when a marker is
detected. One or more visible/IR spectrum probes 732, 734, 736 are connected to the
data bus. An accelerometer 738 attached to the static marker is connected to the data
bus 702. An inclinometer 740 attached to the static marker is connected to the data

bus 702.

[023] A standalone odometry device includes accelerometers 722, 724, 726, 738.
In one or more embodiments, the accelerometers are dual axis MEMS accelerometers
and/or dual axis Piezoelectric accelerometers. In an embodiment, the odometry device
includes a single pair of static marker (e.g., a magnet) and marker detection sensor
730 (e.g., a coil). In an embodiment, the odometry device includes a single dual axis

MEMS accelerometer 738 attached to the static marker. In an embodiment, the
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odometry device includes a single inclinometer 740 attached to the static marker. In
an embodiment, the odometry device includes two microcontrollers 710. In an
embodiment, the odometry device includes two non-volatile memories 712. In an
embodiment, the odometry device includes two batteries 708. In an embodiment, the
odometry device includes a single battery charger unit 706. In an embodiment, the
odometry device includes two wireless transmitters 714, 716 and/or wired links. In an
embodiment, the odometry device is attached to the vehicle’s wheel/axle, for example,

wheels 102, 202, 302, 502, 902.

[024] In an embodiment, four dual axis MEMS accelerometers 722, 724, 726, 738
are in 90° out of phase arrangement with respect to each other (refer to Figure 5) with
each one measuring both the centripetal acceleration (a.) and tangential acceleration
(ay). In at least some embodiments, high accuracy of the 90° property (i.e.

1+arcminute) is required.

[025] A marker detection sensor 730 with accuracy of 1+arcminute is installed on
accelerometer 722 and a static marker is installed at the angular position of

accelerometer 738 at its reference position (0o).

[026] In some embodiments, the static marker contains a dual axis accelerometer
738 which has its X axis aligned with the vehicle’s primary axis with 1 arcminute
angular accuracy (typical), and its Y axis is perpendicular to the vehicle’s primary

axis with +1 arcminute angular accuracy (typical).

[027] The static marker contains an inclinometer 740 which has its leveled position

aligned with the vehicle’s primary axis with £1 arcminute angular accuracy (typical).

[028] In an embodiment, four dual axis Piezoelectric accelerometers 722, 724, 726,
738 are in 90° out of phase arrangement with respect to each other (refer to Figure 5)
with each one measuring both the centripetal acceleration (ac) and tangential
acceleration (ag). In some embodiments, high accuracy of the 90° property (i.e.

+larcminute) is required.

[029] The two microcontrollers 710 and their associated non-volatile memories
712 are connected to all sensors 722, 724, 726, 738, 728, 730 with each

microcontroller 710 powered from an independent battery 708 or other power source.
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In some embodiments, high synchronization of all the accelerometers measurements
and processing is required (lusec or better). In at least some embodiments, high

bandwidth accelerometers (10KHz or higher) are required.

[030] The battery recharge unit 706 converts the rotational energy of the axle into

electricity and charges the batteries when the axle is rotating.

[031] The calculation of the vehicle odometry and positioning properties including
speed, distance travelled, wheel diameter, grade, acceleration due to motoring and
braking, or the like is performed in the digital domain with floating point arithmetic,
if digitally performed, including trigonometric functions (sin, tg?!, etc.) or its
equivalent. The calculation of the vehicle odometry and positioning properties
including speed, distance travelled, wheel diameter, grade, acceleration due to
motoring and braking, or the like is performed in the “analog” domain using an
operational amplifier or equivalent. Special care must be taken for singular cases such
as division by zero, tg-1(90°), or the like to avoid exceptions “halt” situations as the

proposed method is a real-time high-accuracy system.

[032] The sensors, including the accelerometers 722, 724, 726, 738, gyroscopes
728 and probes 732, 734, 736, are powered from a battery 708 and report their
measurements to the microcontrollers 710 which timestamp the measurements,
calculate the odometry outputs, log the data into the memory in FIFO manner and
transmit the data to the positioning computer 720 on-board the vehicle via the wireless

link 726, 718.

[033] The microcontroller clock is synchronized with the position/speed computer

clock either by network time protocol (NTP) or precision time protocol (PTP).

[034] Before the position/speed computer 720 is intentionally shutting down or
transitioning to hibernation mode the position/speed computer 720 commands the
microcontroller 710 to erase its memory content. The microcontroller timestamp upon
the shutdown/hibernation is stored in the position/speed computer flash memory
together with the vehicle’s reference position. When the position/speed computer 720
is powered up or transitions out of the hibernation mode, the computer 720 checks the
records stored in the microcontroller memory to determine if the vehicle has been

moved during this period.
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[035] Figure 9 is a diagram of a wheel-mounted accelerometer, marker detection,
and inclinometer, in accordance with some embodiments. Four accelerometers and
gyroscopes 904, 906, 908 and 910 are attached to a wheel 902. The first accelerometer
and gyroscope 904, second accelerometer and gyroscope 906, third accelerometer and
gyroscope 908 and fourth accelerometer and gyroscope 910 are attached to the wheel
902, each ninety degrees out of phase. A marker 912 is attached to the wheel 902 near
the first accelerometer and gyroscope 904. An inclinometer 914 is positioned above
the wheel 902. The wheel 902 is on a track 916. The track 916 has a grade of Ograde.
As the wheel 902 moves, the accelerometer and gyroscopes 904, 906, 908 and 910
move through angle 6, at a wheel/axle angular speed w, and with a wheel/axle angular
acceleration a. The accelerometers measure their respective centripetal accelerations
ac1, ac2, ac3 and ac4 and the gyroscopes measure the angular speed w. The wheel 902
experiences a net acceleration due to motoring & braking am/s compensated for the
wheel-to-rail friction and drag along the vehicle’s primary axis. The accelerometer
and gyroscopes 904, 906, 908 and 910 measure the acceleration ay due to vibration,
train dynamics and other sources perpendicular to the vehicle’s primary axis. In

normal conditions, this acceleration is expected to be “zero mean”.

[036] The odometry method and system generates data regarding the vehicle’s
speed, wheel rotation direction, accumulative distance travelled, stationary status,
acceleration due to motoring and braking, wheel diameter and the grade, and cold
motion detection. Embodiments of the system and method generate data regarding
wheel vibration monitoring, wheel diameter monitoring, guideway survey (grade) and
monitoring, track & rails monitoring (e.g. “bumps”, gaps, etc.), traction and braking

control and wheel-rails/road adhesion monitoring.

[037] In one or more embodiments, the odometry method and system make
stationary state determinations, speed measurements, provide a dead reckoning system

and a cold motion detection system with wheel/axle mount sensors.

[038] In one or more embodiments, a wheel-mounted, self-contained and wired or
wireless odometry system and method calculates the vehicle’s speed, the wheel
rotation direction, the vehicle’s accumulative distance, the vehicle’s acceleration due
to motoring and braking, the grade of the track, the vehicle’s stationary status, any

change in the vehicle’s position due to cold motion and the wheel diameter.
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[039] A system is self-contained when the system has an intrinsic power source

which does not require any external measurements to determine its intended outputs.

[040] Accumulative distance travelled is the distance travelled along the

tracks/road since the system startup time.

[041] A vehicle’s stationary state is when the vehicle speed is below a certain low
speed threshold (typically 0.5 kph); and the vehicle did not move more than a certain

travelled distance (typically +/- 3cm).

[042] Cold motion is vehicle motion while the main positioning/speed computer is

shutoff. Cold motion can make stored position data incorrect.

[043] Wheel spin is the rotation of a vehicle’s wheel without traction. Wheel spin
typically occurs during motoring while the motor provides traction power resulting in

wheel rotation which does not translate into translation motion.

[044] Wheel slide is when a vehicle’s wheel rotation underestimates the vehicle’s
translation speed. Wheel slide typically occurs during braking while the brakes are
applied resulting in slowing down the wheel rotation (angular speed) which does not

translate into translation speed slow down.

[045] Wheel lock is when the vehicle’s wheel rotation is zero or near zero while

the vehicle’s translation speed in not impacted.

[046] A marker 512, 912 is an element passive or active that can be detected by
the marker detection sensor with high angular accuracy (typically better than 1

arcminute).

[047] A marker detection sensor 730 is a sensor capable of detecting a marker with

high angular accuracy (typically better than 1 arcminute).

[048] In an embodiment, a single axis accelerometer and gyroscope pair such as
104 with wired or wireless transmission capability is installed on the wheel/axle of a
vehicle. A probe such as 732 in the visible spectrum or the IR spectrum is oriented to

monitor the wheel 102.
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[049] The accelerometer 104 measures the centripetal acceleration of the wheel
and also normal, to the “local level” plane, component of the acceleration due to

gravity and the motoring/braking force induced by the vehicle as shown in Equation

(1).

[050] Equation (1) ac = @’r + gcos(0crade)cosd - apm/psind - aycosd
[051] a. - Centripetal acceleration measured by the accelerometer.
[052] ® - Wheel/Axle angular speed.

[053] r - The distance from the wheel/axle centre to the sensor.
[054] g — Gravity.

[055] am/ - The net acceleration due to motoring & braking (compensated for the

wheel to rail friction and drag along the vehicle’s primary axis.

[056] av - The acceleration due to vibration, train dynamics and other sources
perpendicular to the vehicle’s primary axis. In normal conditions this acceleration is

expected to be “zero mean”.
[057] 6 - The accelerometer angular position on the wheel/Axle.
[058] Ocrade - The angular slope due to grade at the wheel-rail contact point.

[059] Therefore, the vehicle’s translation speed (V) can be expressed as shown in

Equation (2).

[060] Equation (2) V = rwheel X ® = Twheel X ((ac + amypsin® + aycos -

%)

gc08(0Grade)c0sB) / 1), where rwheer is the wheel radii.

[061] 0 is a function of the wheel angular speed and time as shown in Equation

(3).
[062] Equation (3) 0 = 0o + ot + Yat?

[063] o - Wheel/Axle angular acceleration.
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[064] If two accelerometers, such as 204, 206 in Figure 2, are installed 180° out

of phase then V can be calculated using Equation (4).
[065]  Equation (4) V = rwheel X ® = I'wheet X ((2c1 + ac2) / (11 + 12))"

[066] Where 11 is the distance from the wheel/axle centre to a first sensor 204 and

r2 is the distance from the wheel/axle centre to a second sensor 206.

[067] If a third accelerometer 306 is added in 90° out of phase to a first
accelerometer 304, then the wheel rotation direction can be determined too. The wheel
rotation direction is forward if a second accelerometer 308 is leading over the first

accelerometer 304, otherwise the wheel rotation direction is reverse.

[068] If a fourth accelerometer 510 is added and all four accelerometers 504, 506,
508, 510 are dual axis accelerometers measuring both the centripetal acceleration (ac)
and the tangential acceleration (a;) then the grade (Ograde), acceleration due to motoring
and braking (am/s), angular acceleration (o) and angular speed (w) can be determined

too as shown in Equations (5) to (9) below.

[069] Determination of grade and acceleration due to motoring and braking in

Equations (6) and (7) below assume av is approximately zero.

[070] Equation (5) a¢= or + gcos(Ograde)sind + apm/pcosh - aysind

[071] Equation (6) 0crade = cos"/(ACo0s0 + B) / (g(sin0 + co0s?0)), where
[072] A = (r2(ac1 + a) - r1(ac2 + aq + ae - a3)) / (2(r1 + r2))

[073] B = (r2(an - ac3) - ri{ap + acs - ac1 - ac2)) / (2(r1 + 12)), or alternatively
[074] 0’ Grade = cos /(A’cosO + B’) / (g(sin + cos?0)), where

[075] A’ = (r2(ac1 + ai) - r1(ac3 + aca + a2 - a3)) / (2(r1 + 12))

[076] B’ = (r2(as - ac3) - ri(as + aw - a - acs)) / (2(r1 + 12))

[077] Equation (7) amp = gcosBgradecosd - A, or alternatively

[078] a’m/B = £c0s0’Gragecost - A’
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[079] Equation (8) a = (an + ap) / (r1 + 12) = (ap + aw) / (r1 + 12)
[080] Equation (9) ®2 = (ac1 + ac2) / (r1 + 12) = (ac3 + aca) / (11 + 12)

[081] Vertical acceleration av (typically results from vibration, noise, vehicle’s
dynamics, etc.) requires estimation in order to achieve accurate Ograde. The noise of
the acceleration along the vehicle’s primary axis has no influence on the determination
of Ocrade according to the propose method. To accurately determine the acceleration
due motoring and braking, both ay and the noise of the acceleration along the vehicle’s

primary axis must be estimated.

[082] The wheel rotation direction is forward if a and o are positive, otherwise it
is reverse. The gyroscope 728 measures the wheel/axle angular speed. The wheel

rotation direction is forward if woyro is positive, otherwise it is reverse.

[083] To resolve Equation (6) and (7) above, the angular position of the first
accelerometer 104, 204, 304, 504, 904 needs initialization. Then, the angular position

is calculated as shown in Equation (3) above.

[084] Even though the calculation of 6 is done via integration which may drift over
time due to small error (bias) integration of long period of time, this error is contained
due to the fact that the error is reset every wheel/axle revolution by using another
method indicating when the first accelerometer 104, 204, 304, 504, 904 is in the 8=0¢
angular position. This method may include, but is not limited to, a pair of static marker
512 and a sensor 730 detecting the static marker with an angular accuracy typically
better than 1 arc minute. For example, a static proximity sensor paired with another
proximity sensor attached to the first accelerometer 104, 204, 304, 504, 904, or a static
magnet and a coil attached to the first accelerometer 104, 204, 304, 504, 904.

[085] The linear acceleration due to motoring and braking (am/s) plus the gravity
component due to grade along the vehicle’s primary (gsinfgrade) axis are equal to the

product of the wheel diameter (rwnee1) and the wheel/axle angular acceleration (o).

[086] Equation (10) am/s + gSinOcGrade = I'WheelOl



WO 2020/058941 PCT/1B2019/057998
13

[087] Therefore, the wheel diameter can be determined when the non-zero angular
acceleration exist (0>5°/sec’? or 0<-5°/sec?). In this case the wheel diameter is

determined as shown in the Equation below.
[088] Equation (11) rwheet = (am/B + g8in0Grade) / @

[089] In case of the angular acceleration is “zero” (a<5°/sec? and a>-5°/sec?) then
the last valid wheel diameter calculated by Equation (11) above will be used without

any change until non-zero angular acceleration occurs again.

[090] Therefore Equation (4) above can be solved without calibration of the wheel
diameter based on external (to the odometry system) measurements removing the
limitation of current wheel mounted sensors technologies. i.e. calibrating the wheel
diameter based on known distance between two landmarks or manual calibration by

the maintainer/operator.

[091] The accumulative distance travelled (d) is determined as shown in Equation

(12).
[092] Equation (12) d = XV x At

[093] An alternative method to determine the accumulative distance travelled is
described below. Instead of calculating the accumulative distance travelled based on
the integration of the speed over time as shown in Equation (12) above, the
accumulative distance travelled is calculated based on the number of wheel/axle
complete (full) revolutions counted plus the angular position of the wheel/axle in the

current revolution.

[094] Equation (13) d = n2arwneel + ((0 - 00)trwheer / 180)
[095] Equation (14) n = integer ((0 - 60) / 360)

[096] Equation (15) 6o = 0 at startup

[097] The proposed method is capable to detect and compensate for wheel spin and

slide without additional measurement/information from any other sensor.

[098] In the case the state is stationary, motoring is applied and the wheel, e.g.,

wheel 102, 202, 302, 502, is spinning, the wheel’s angular speed will be “non-zero”
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and therefore based on equation (4) “non-zero” translation speed will be determined.
However, the acceleration due to motoring and braking based on Equation (7) above
will be “zero” (i.e. -am/ spin < am/B < +amyB spin) Which indicated that the wheel, e.g.,

wheel 102, 202, 302, 502, is rotating but no translation motion occurs.

[099] am/B spin 1S the threshold for the acceleration due to motoring and braking
during spin in the transition from stationary state to the non-stationary state due to

motoring. Typical value is 0.05m/sec?.

[100] If the current state is the stationary state spin state will be determined if the
speed determined based on Equation (4) above and the speed determined based on the
integration of am/g plus the gravity component along the vehicle’s primary axis over
time (VBefore Spin + X (am/B + g8in0crade) At) do not match as shown in the Equation

below.

[101] Equation (16) Absolute (0rwheel - (VBefore Spin + = (am/B + g8in0crade) At)) >

VSpin Threshold
[102] Typical value for Vspin Threshotd 1s 2kph.

[103] In the case the state is non-stationary, and either motoring or braking is
applied and the wheel, e.g., wheel 102, 202, 302, 502, is either spinning or sliding,
the translation speed based on equation (4) above will not match with the speed
determined based on the integration of am/s plus the gravity component along the
vehicle’s primary axis over time (VBefore Spin/stide + = (am/B + g8in0Grade) At) as shown
in Equation (15) above with Vgefore spin re€placed with Viefore spin/stide. Then spin/slide

state will be determined by the proposed method.

[104] In the spin or spin/slide state the speed determined based on Equation (4)
above and the distance travelled determined based on Equation (12) and/or Equations
(13) to (15) above cannot be trusted resulting in the speed and distance travelled

determined as shown below.
[105] Equation (17) V = VBefore Spin/stide + = (am/B + g8in0grade) At

[106] Equation (18) d = X Vgefore spinsstide At + ¥2X (am/m + g8in0Grade) At?
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[107] The check of Equation (16) will continuously performed to determine if the
spin or slide condition is ceased resulting in the transition to the non-spin/slide state

if the conditions in the Equation below are satisfied.

[108] Equation (19) Absolute ((DI'Wheel - (VBsfore Spin/slide + z (aM/B + gSil’leGrade) At))

< VSpin Threshold.

[109] Figure 8 is a flow chart of a method, executed by a microcontroller, such as
710, in accordance with some embodiments. When the process is initialized, the radius
of the wheel ryneer and the distances from the center of the wheel to the accelerometers
11, r2 are defined and stored in step 802. A positioning/speed computer command 806,
for example, requesting data about the position and speed of the vehicle, is processed
in step 804. The wheel’s initial angular position is detected (also referred to as
registered) and stored using, for example, a probe or a marker, in step 808. A
stationary state is determined, for example, using data from an accelerometer 722,
gyroscope 728, a marker detection sensor, such as 730 or a visual/IR probe 732, in
step 810. If the state of the wheel is stationary, the state is reported to the
positioning/speed computer at step 828. If the state of the wheel is not stationary, the
wheel angle 0 is determined at step 812. The wheel/axle angular speed ®» and the
angular acceleration o are determined at step 814. The angle of grade Ocrade and the
net acceleration due to motoring and braking am/s are determined at step 816. The
angular acceleration is compared to zero at step 818. If the angular acceleration is
non-zero, the radius of the wheel is determined, for example calculated using the net
acceleration due to motoring and braking and the grade as in Equation (11), at step
820. The speed and distance travelled is determined, for example by using Equation
(2) and Equation (12) at step 822. Wheel spin/slide is determined, for example
calculated using the net acceleration due to motoring and braking and the grade as in
equation (16), at step 824. If there is wheel spin/slide, the speed and distance travelled
is determined, for example calculated using the net acceleration due to motoring and
braking and the grade as in Equation (17) and (18), at step 826. The data is reported
to the positioning/speed computer at step 828.

[110] By observing a dedicated marker, e.g. markers 512, 912 (or markers) on the
wheel, e.g., wheel 102, 202, 302, 502, the visible or IR spectrum probe 732 is capable
to determine if the wheel, e.g., wheel 102, 202, 302, 502, 902 is rotating or not.
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[111] If the marker position within the probe’s FOV does not change the wheel is
not rotating (refer to Figure 4), otherwise the wheel is rotating. The angular speed of

the wheel can be determined by the frequency the marker or markers are observed.

[112] For example, if only single marker is marked on the wheel and the marker is

observed at 1Hz, then the angular speed of the wheel is 360°/sec.

[113] The accelerometers, for example 722, 724, 726, 738 and gyroscopes 728
send their measurements to a microcontroller 710 (or microcontrollers) which
determines the speed of the vehicle, the wheel rotation direction, the accumulative
distance travelled, the acceleration due to motoring and braking, the vehicle's
stationary status, the grade of the ground or track, the wheel spin/slide state and any
cold motion of the vehicle. In an embodiment, the microcontroller 710 or
microcontrollers transfer this data to the positioning/speed computer 720 via a wired

or wireless link 716, 718.

[114] The wired or wireless link 716, 718 communicates with microcontroller 710.
The microcontroller 710 has non-volatile memory 712 and stores the accelerometer’s
722, 724, 726, 738 and gyroscope’s 728 output with a timestamp together with their
associated speed, wheel rotation direction, stationary status, grade, etc. If during the
period the positioning/speed computer 720 is shutoff and the vehicle did move the
motion will be recorded in terms of angular speed and/or acceleration indicating to

the positioning/speed computer 720 (when powered up) that cold motion did occur.

[115] In one or more embodiments, the odometry method and system determines
the vehicle’s speed, wheel rotation direction, accumulative distance travelled,
stationary status, acceleration due to motoring and braking, wheel diameter and the
grade. The wheel/axle 102, 202, 302, 502, 902 is equipped with a set of four dual axis
accelerometers, such as 722, 724, 726, 738 in 90° out of phase arrangement.
Gyroscope 728 may be added to improve the integrity of the stationary status

determination.

[116] By using the four wheel/axle mounted dual axis accelerometers 722, 724,
726, 738 in 90° out of phase arrangement the vehicle’s speed, wheel rotation direction,

accumulative distance travelled, stationary status, acceleration due to motoring and
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braking, wheel diameter and the grade can be independently determined four (4) times

by using the following arrangement in Equations (4) to (9) above.
[117]  act’ = ac1, a2’ = a2, a3’ = a3 and aw’ = au.
[118]  aci’ = ac3 a2’ = ac4, a3” = A and au’ = an.
[119]  act’ = ac, a2’ = ac1, a3’ = aw and aw’ = ag.

[1201 Ac1’ = Ac4, A2’ = aAc3, a3’ = ar and ay’ = ap.

[121] Where aci’, ac2’, a3’ and aw’ are the values plugged in into Equations (4),

(6)5 (7)5 (8) & (9) above.

[122] In an embodiment, a standalone odometry method includes four dual axis
accelerometers 722, 724, 726, 738 in 90° out of phase arrangement (refer to Figure 5)
are used to determine the vehicle’s speed, wheel rotation direction, accumulative
distance travelled, stationary status, acceleration due to motoring and braking, wheel
diameter and the grade (only if stationary status is determined) by Equations (4) to

(13) above.

[123] If the vehicle is stationary then wgyro Will be zero within a certain predefined
tolerance (typically +25°/sec) and the accelerations measured by the four (4)
accelerometers 722, 724, 726, 738 do not change over time except noise generated by
the vehicle’s vibration or vibrations generated by passengers walking inside the

vehicle.

[124] Using the visible spectrum/IR probe 732, in an embodiment, the stationary
status can be determined by analyzing the marker position within the probe’s FOV. If
the marker position does not change the vehicle is stationary, otherwise the vehicle is
in motion. The frequency the same marker is detected determines the angular speed

the wheel is rotating (@wnheel = fMarker X 360°/revolution).

[125] Cold motion detection includes a sensor 722, 724, 726, 738 or sensors,
connected to a microcontroller 710 which is battery 708 powered and can be recharged

when the wheel/axle is rotating. The acceleration and angular speed are logged locally
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even though the positioning/speed computer 720 is not powered on and therefore cold

motion can be detected.

[126] A configuration file contains stored parameters. In an embodiment, the radii
(from the axle’s centre) for accelerometers 1 and 3 (r1 in Figure 5) is 8 cm assuming
the axle radii is 7.5cm. The radii (from the axle’s centre) for accelerometers 2 and 4
(r2 in Figure 5) is 12 cm assuming the axle radii is 7.5cm. A typical value for the wheel

radii is 35cm.

[127] The angular position (0) is initialized when the marker detection sensor 730

attached to accelerometer detects the static marker 512, 912.

[128] The vehicle’s stationary state is determined if all of the following conditions

are satisfied:

[129] The system state is non-spin/slide.
[130] Absolute(ac: + ac2) < 0.05m/sec?.
[131] Absolute(acs + aca) < 0.05m/sec?.
[132] Absolute(an + ap) < 0.05m/sec?.
[133] Absolute(as + au) < 0.05m/sec?.

[134] For at least 3 out of the 4 accelerometers the change in the measured

tangential acceleration (a1, a2, ai and aw) is bounded within +0.05m/sec?.

[135] For at least 3 out of the 4 accelerometers the change in the measured

centripetal acceleration (aci, ac2, ac3 and ac4) is bounded within +0.05m/sec?.

[136] The absolute value of the gyroscope’s measured angular speed (w) is less

than 5°/sec.

[137] The absolute value of the difference between (a) the angular speed measured
by the gyroscope, and (b) the angular speed calculated by accelerometers 1 & 2 ((ac1

+ ac2) / (11 + 12))", is less than 10°/sec.
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[138] The absolute value of the difference between (a) the angular speed measured
by the gyroscope, and (b) the angular speed calculated by accelerometers 3 & 4 ((ac3

+ acq4) / (11 + 12))", is less than 10°/sec.

[139] The absolute value of the difference between (a) the angular acceleration
measured by the angular acceleration sensor, and (b) the angular acceleration

calculated by accelerometers 1 & 2 (an + arp) / (11 + 12), is less than 5°/sec?.

[140] The absolute value of the difference between (a) the angular acceleration
measured by the angular acceleration sensor, and (b) the angular acceleration

calculated by accelerometers 3 & 4 (a3 + au) / (r1 + 12), is less than 5°/sec?.

[141] In the proposed method, the system will compare the angular speed

determined by:
[142] o212 = ((ac1 + ac2) / (11 + 12))*
[143] %34 = ((ac3 + ac4) / (11 + 12))*

[144] Only if 12 and o 34 matches within a certain predefined tolerance (typically
25°/sec) the system will determine the angular speed to the average of ® 12 and 34,

otherwise an alarm is raised.

[145] The odometry system compares the two grades determined by Equation (6)

above (eGrade and e’Grade):
[146] a12 = (ag + ap) / (r +r2)
[147] o34 = (a + aw) / (r1 +12)

[148] In an embodiment, only if a 12 and o 34 matches within a certain predefined
tolerance (typically 5°/sec?) the odometry system determines the angular acceleration

to the average of a 12 and o 34, otherwise an alarm is raised.

[149] The odometry system determines the angular position (8) to 6 = 8 + ot +
Yhat?. When the marker detection sensor 730 attached to the first accelerometer 504,
904 detects the static marker 512, 912 the odometry system will determine 6 to 6. The
odometry method and system compares the two grades determined by Equation (6)

abOVe (eGrads and e,Grade) .
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[150] In an embodiment, only if Ograge and 0’grage matches within a certain
predefined tolerance (typically 10 arcminutes) the system will determine the grade to

the average of Bgrade and 6’Grade, otherwise an alarm is raised.

[151] In certain conditions typically associated with noisy acceleration
environment the calculation of Ograde may not be accurate enough. In this cases or if
OGrade and 0’Grade do not match 6grade Will be determined by an independent sensor,
such as inclinometer 740 which is not rotating with the wheel/axle and its leveled

position is aligned with the vehicle’s primary axis.

[152] The odometry method and system compares the accelerations due to

motoring and braking (am/s and a’wm/s) determined by Equation (7) above.

[153] In an embodiment, only if am/s and a’m/p matches within a certain predefined
tolerance (typically 0.05m/sec?) the system will determine the acceleration due to

motoring and braking to the average of am/s and a’m/s, otherwise an alarm is raised.

[154] If the odometry system is initialized while the angular acceleration is “zero”
(and therefore the wheel radii cannot be determined) the default wheel radii will be

used to determine the speed, otherwise the system will determine the wheel radii to:
[155]  rwheet = (am/p + g8inOGrade) / o

[156] When the odometry system transitions from the stationary state to non-

stationary state the system determines spin state if either of the following is fulfilled:

[157] Absolute (rWheel((acl + 302) / (rl + rz))l/’) - (VBefore Spin12 + by (aM/B + gSineGrade)

At)) > Vspin Threshold-

[158] Absolute (rWheel((ac3 + 3-04) / (rl + rz))l/’) - (VBefore Spin 34 + by (aM/B + gSineGrade)

At)) > VSpin Threshold.

[159] VBefore Spin 1S the speed determined by accelerometers sets 1 and 2 before spin

state was determined (rwheel((ac1 + ac2) / (r1 + 12))"Before Spin)-

[160] VBefore Spin 34 1S the speed determined by accelerometers sets 3 and 4 before

spin state was determined (rwheei((ac3 + ac4) / (r1 + 12))"Before Spin)-
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[161] While in the spin state the odometry system will determine the speed to V =
VBefore Spin + % (am/B + gsinBcrade) At, and the distance travelled to d = X Vpefore spin At

+ 1Y (amp + g8iN0Grade) AL,

[162] When the odometry system transitions from the stationary state to non-
stationary state the system will determine non-stationary non-spin/slide state if both

of the following are fulfilled:

[163] Absolute (rWheel((acl + acZ) / (rl + rZ))%) - (VBefore Spin 12 + by (aM/B + gSineGrade)

At)) < Vspin Threshold-

[164] Absolute (rwheet((ac3 + aca) / (r1 + 12))") - (VBefore Spin 34 + 2 (am/B + g8110Grade)

At)) < VSpin Threshold-

[165] While in the non-stationary state the odometry system will transition to the

spin/slide state if either of the following is fulfilled:

[166] Absolute (twheel((ac1 + ac2) / (r1 + 12))") - (VBefore spin/siide 12 + = (am/B +

gSineGrade) At)) > VSpin Threshold.

[167] Absolute (rwheei((ac3 + aca) / (r1 + 12))"®) - (VBefore Spin/Slide 34 + X (am/B +

gSineGrade) At)) > VSpin Threshold-

[168] While in the spin/slide state the odometry system will determine the speed
to V = VBefore Spin/Slide + = (am/B + gsinbBcrade) At, and the distance travelled to d = dpefore

Spin/Slide += VBefore Spin/stide At + 2% (am/B + g8in0Grade) At>.

[169] While in the non-stationary and non-spin/slide state the odometry system

will compare the vehicle speed determined by:

[170] V12 = rwheel((ac1 + ac2) / (r1 + r2))”

[171] Viy = rWheel((ac3 + 3-04) / (I‘] + rZ))l/z

[172] Only if V12 and V34 matches within a certain predefined tolerance (typically

0.5kph) the odometry system will determine the vehicle speed to the average of Vi

and Vs4, otherwise an alarm is raised.
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[173] While in the non-stationary and non-spin/slide state the odometry system

will determine the distance travelled since initialization (d) to:
[174] d = n27 X rwheet + ((0 - Op)arwheer / 180)
[175] n and O are determined based on Equations (14) and (15) above.

[176] While in the non-stationary and non-spin/slide state the system will compare
Ad (((0 - Bo)urwneer / 180)) with the estimated distance travelled since the last
wheel/axle revolution start (Ad’ = XVAtsince revolution start). This check is a

diversity/sanity check.

[177] In an embodiment, only if Ad and Ad” matches within a certain predefined
tolerance (typically 1cm), then the odometry system determines the distance travelled

since initialization to d, otherwise an alarm is raised.

[178] Upon shutdown command from the positioning/speed computer 720 the
system will log the positioning/speed computer timestamp embedded in the shutdown

command together with its own timestamp.

[179] After a shutdown command is received from the positioning/speed computer
720, the system reports the speed, wheel rotation direction, distance travelled,
acceleration due to motoring and braking, grade, cold motion status and the last
position/speed computer timestamp logged every TShutdown, Typically TShutdown

is 10 minutes.

[180] Upon wakeup command from the positioning/speed computer, the system
reports the speed, wheel rotation direction, distance travelled, acceleration due to
motoring and braking, grade and cold motion status every TReport. Typically TReport

is 60 msec.

[181] In an embodiment, the timing accuracy of the microcontroller 710 is one
microsecond (1psec) or better, to ensure the accuracy of the dead reckoning distance

travelled determined by the system.

[182] When the system is in the non-stationary state the wheel rotation direction

will be determined based on the sign of the angular speed.
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[183] In an embodiment, the wheel/axle mounted odometry method includes
measurement of the centripetal and tangential acceleration at four (4) quadrants of the
wheel/axle (refer to Figure 5) using four dual axis accelerometers 722, 724, 726, 738

in 90° out of phase arrangement.

[184] In an embodiment, the wheel/axle mounted odometry method includes
determination of the initial angular position of the sensors assembly using a single

pair of static marker (e.g. magnet) and marker detection sensor (e.g. coil).

[185] In an embodiment, the wheel/axle mounted odometry method includes
measurement of the acceleration along the vehicle’s primary axis (am/B) and the
acceleration perpendicular to this axis (av) with a dual axis accelerometer 738 attached

to the static marker.

[186] In an embodiment, the wheel/axle mounted odometry method includes
measurement of the grade (Ograde) With an inclinometer 740 attached to the static

marker.

[187] In an embodiment, the wheel/axle mounted odometry method includes

measurement he angular speed of the wheel/axle using single gyroscope 728.

[188] In an embodiment, the wheel/axle mounted odometry method includes
measurement of the angular acceleration of the wheel/axle using angular acceleration

measurement sensor.

[189] The vehicle’s translation speed, wheel/axle rotation direction, vehicle’s
accumulative distance travelled, stationary status, acceleration due to motoring and
braking, wheel diameter (without relying on any external measurements) and grade

are determined according to Equations (4) to (19) above.

[190] These attributes are calculated in four (4) independent microcontrollers 710

using different arrangements in the Equations as described below.

[191] ac1’ = acl,ac2’ = ac2, a3” = a3, and au’ = aw.

[192] ac1’ = ac3, A2’ = Acd, a3 = a2 and aw’ = aq.

[193] ac1’ = ac2, A2’ = Ac1, A3” = aw and aw’ = ag.
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[194] ac1’ = ac4, Ac2” = Ac3, a3’ = ag and ay’ = ap.

[195] Stationary status is determined if the centripetal acceleration and the angular
speed does not change beyond specified tolerance indicating the wheel translation

speed is below a certain predefined threshold and the wheel is not rotating.

[196] The sensors 722, 724, 726, 738 are powered via a battery 708 which is
recharged when the wheel/axle rotates. The microcontrollers 710 associated with the
sensors 722, 724, 726, 738 will temporary store the measurements with timestamp in
volatile/non-volatile memory 712 until the positioning/speed computer 720 confirms
the data has been received. If the positioning/speed computer 720 is powered off and
the vehicle was moved (cold motion) then when the computer 720 is powered on again

it will detect the cold motion based on the reported data from the sensor.

[197] The wheel radii, grade and the acceleration due to motoring and braking are
determined by using four independent dual axis accelerometers 722, 724, 726, 738 in
90° out of phase arrangement, single pair of static marker (e.g. magnet) and marker
detection sensor (e.g. coil) 730, a dual axis accelerometer 738 attached to the static
marker (which its X axis must be aligned with the vehicle’s primary axis to measure
am/p and the noise along this axis and its Y axis must be perpendicular to the vehicle’s
primary axis measuring the noise along this axis (av)), and an inclinometer 740

attached to the static marker.

[198] The odometry system monitors the wheel radii against a predefined
minimum or maximum value providing indication to the maintenance monitoring
system that maintenance action is needed. The odometry system monitors the grade
against a reference grade profile providing indication to the central control and

monitoring system that track/rail condition have been changed.

[199] The odometry system monitors the track/rail condition against a reference
profile of the four centripetal and tangential accelerations measured by the four dual
axis sensors arrangement providing indication to the maintenance monitoring system

that track/rail condition have been changed.

[200] The odometry system monitors the motoring and braking profile against a

reference profile (required as an input to the system) providing indication to the
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central control and monitoring system that the expected motoring and braking profile

is not adhered to.

[201] The odometry system monitors the wheel/spin slide state providing
indication to the central control and monitoring system that rail-wheel adhesion issue

occurred.

[202] The odometry system monitors the speed and accumulative distance
calculated by the proposed odometry method does not rely on external measurements

to calibrate the wheel diameter;

[203] The odometry system monitors the speed and accumulative distance is
calculated by the proposed odometry method under non spin/slide condition and under

spin/slide condition too.

[204] In an embodiment, the odometry method and system does not require
external power source to compute and transfer its output to the positioning speed

computer.

[205] In an embodiment, the odometry method and system uses cables to transfer
data to the positioning speed computer if wired solution is selected, or if wireless
solution is selected no cables are used to transfer data to the positioning speed

computer 720.

[206] In an embodiment, the odometry method and system determines the wheel

radii without relying on any external measurements.

[207] In an embodiment, the odometry method and system determines the grade

without relying on any external measurements.

[208] In an embodiment, the odometry method and system determines the
acceleration due to motoring and braking without relying on any external

measurements.

[209] In an embodiment, the odometry method and system detects and reports cold

motion even if the position/speed computer 720 is off.
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[210] In an embodiment, the method and system alarms the maintainer if the
calculated wheel radii approach the radii threshold which requires maintenance action

(alarm thresholds must be set).

[211] In an embodiment, the method and system alarms the central control office
that track/rail condition have been changed (reference grade and accelerations profiles

must be set).

[212] In an embodiment, the method and system alarms the central control office
that the expected motoring and braking profile is not met (reference motoring and

braking profile must be set).

[213] In an embodiment, the method and system measures the
vibration/acceleration noise along the axis perpendicular to the vehicle’s primary axis
(avy) and alarm the central control office that the vibration/acceleration noise exceeded

a certain threshold (threshold must be set).

[214] Accurate determination of the acceleration due to motoring and braking
(am/) and grade (Ocrade) relies on accurate (as much as possible) estimation of the
acceleration noise both along the vehicles primary axis and perpendicular to the

vehicle’s primary axis (av).

[215] In an embodiment, a dual axis accelerometer attached to the static marker
measures the acceleration along the vehicle’s primary axis (am/B) and the acceleration

noise perpendicular to this axis (av).

[216] In an embodiment, an inclinometer attached to the static marker measures

the grade (Ograde)-

[217] The measured av is used, for example in Equations (6) and (7), to determine
the grade (Ocrade) and the acceleration due to motoring and braking (am/g). The
acceleration along the vehicle’s primary axis by the accelerometer 738 attached to the
static marker (am/B s) will be compared with the acceleration due to motoring and

braking determined by the proposed method (am/g) to verify its correctness.
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[218] If using the av from the accelerometer 738 attached to the static marker is
not good enough (too much sensitivity to noise), then the grade will be determined by

the inclinometer 740.

[219] In an embodiment, the odometry system includes a set of four dual axis
accelerometers 722, 724, 726, 738 which measures the centripetal and tangential
accelerations of the rotating wheel/axle (ac and ar) at four quadrants. The four

accelerometers 722, 724, 726, 738 are configured according to Figure 5.

[220] In an embodiment, the odometry system includes a set of single pair of static
marker (e.g. magnet) and marker detection sensor (e.g. coil) which initializes the

sensors assembly angular position (essential).

[221] In an embodiment, the odometry system includes a set of single dual axis
accelerometer 738 attached to the static marker which its X axis is aligned with the
vehicle’s primary axis (am/p) and its Y axis is perpendicular to the vehicle’s primary

axis (av).

[222] In an embodiment, the odometry system includes a set of single inclinometer

740 attached to the static marker.

[223] In an embodiment, the odometry system includes a set of single gyroscope

728 which measures the angular speed of the rotating wheel/axle (®)

[224] In an embodiment, the accelerometers 722, 724, 726, 738 and the gyroscopes
728 are MEMS technology-based sensors and/or Piezoelectric technology based

SENSOrs.

[225] The sensors are powered from a rechargeable battery 708 and their
measurements are reported to two or more independent micro controllers 710 which
calculate the wheel translation speed, rotation direction, accumulative distance
travelled, stationary status, acceleration due to motoring and braking, wheel diameter
(without relying on any external measurements) and grade, and detects cold motion of
the vehicle. These attributes are stored with a timestamp into a non-volatile memory
712 for logging and via a wired or wireless transmitter 714 transferring the data to the

position/speed computer.
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[226] The four dual axis accelerometers 722, 724, 726, 738 in 90° out of phase
arrangement, a single pair of static marker 512, 912 (e.g. magnet) and marker detection
sensor 730 (e.g. coil), a single dual axis accelerometer attached to the static marker
738, a single inclinometer 740 attached to the static marker and a

microcontroller/processor.

[227] In an embodiment, thee microcontroller/processor 710 measures the
centripetal (ac) and tangential (a:) accelerations at four quadrants, determining the

initial angular position of the sensors assembly.

[228] In an embodiment, the microcontroller/processor 710 calculates the angular

speed (w).

[229] In an embodiment, the microcontroller/processor 710 calculates the angular

acceleration (o).

[230] In an embodiment, the microcontroller/processor 710 determines the
vehicle’s speed, wheel rotation direction, accumulative distance, stationary status,
grade, acceleration due to motoring braking and wheel radii by four independent

processes during non-wheel-spin/slide state and during wheel spin/slide state too.

[231] In an embodiment, the microcontroller/processor 710 provides alarm to the
maintainer if wheel maintenance action is needed due to the wheel radii approaching

a certain predefined threshold.

[232] In an embodiment, the microcontroller/processor 710 provides alarm to the
central control office if track conditions have been changed against an apriori defined

grade and accelerations (4 centripetal and 4 tangential accelerations) profile.

[233] In an embodiment, the microcontroller/processor 710 provides alarm to the
central control office if the calculated motoring and braking acceleration does not
match with the expected motoring and braking profile either defined apriori or set in

real-time.

[234] In an embodiment, the microcontroller/processor 710 provides alarm to the

central control office if wheel spin or slide too frequently occurs.
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[235] In an embodiment, the microcontroller/processor 710 provides alarm to the
central control office if the vibration/acceleration noise perpendicular to the vehicle’s

primary axis exceeds a predefined threshold.

[236] The non-volatile memory 712 which logs the measurements and the resultant
calculated outputs (speed, wheel rotation direction, accumulative distance, stationary

status, wheel diameter and acceleration due to motoring and braking.)

[237] Non-volatile memory 712 enables the collection of the measurements while
the position/speed computer 720 is off to determine if cold motion had occurred during

this period.

[238] From packaging perspective, one variant of an embodiment of the present
disclosure which is important is packing the proposed sensing arrangement within an
existing tachometer or speed sensor housing as direct fit form and function (and more)
replacement. In this way what the user’s observe is the same device as the existing
tachometer or speed sensor but the internal is completely different with superior
capabilities over the existing tachometer (optical) or speed sensor (Hall Effect)

technologies.

[239] In an embodiment, the odometry method and system provides direct
measurement of the wheel’s angular position, speed and acceleration, and rotation

direction.

[240] In an embodiment, the odometry method and system provides a wheel/axle
mounted self-contained odometry method for determining the vehicle’s translation
speed, wheel/axle rotation direction, vehicle’s accumulative distance travelled,
stationary status, wheel diameter (without relying on any external measurements),
grade and cold motion detection based on the centripetal and tangential acceleration
measured on the wheel or axle by four independent dual axis accelerometers 722, 724,
726, 738 in 90° out of phase arrangement and a pair of single static marker 512, 912

and single marker detection sensor 730.

[241] In an embodiment, the odometry method and system provides a wheel/axle

mounted self-contained odometry method for determining the vehicle’s stationary
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status and wheel/axle rotation direction based on the wheel angular speed measured

by single (1) gyroscope 728.

[242] In an embodiment, the odometry method and system provides a wheel/axle
mounted self-contained odometry method capable to determine the speed, wheel
rotation direction, accumulative distance, stationary status, wheel diameter and
acceleration due to motoring and braking in case the wheel/axle is spinning and/or

sliding.

[243] In an embodiment, the odometry method and system provides a wheel/axle

mounted self-contained method capable to determine and monitor the grade.

[244] In an embodiment, the odometry method and system provides a wheel/axle

mounted self-contained method capable to determine and monitor the wheel radii.

[245] In an embodiment, the odometry method and system provides a wheel/axle
mounted self-contained method capable to determine and monitor the acceleration due

to motoring and braking.

[246] In an embodiment, the odometry method and system provides a wheel/axle

mounted self-contained method capable to monitor the tracks/rails conditions.

[247] In an embodiment, the odometry method and system provides a wheel/axle
mounted self-contained method capable to monitor the vehicle’s motoring and braking

control system if motoring and braking commands are provided as an input.

[248] In an embodiment, the odometry method and system provides a wheel/axle

mounted self-contained method capable to monitor the rail-wheel adhesion.

[249] In an embodiment, the odometry method and system provides a wheel/axle
mounted self-contained stationary status determination method using visible/IR

spectrum probe or probes 732, 734, 736.

[250] In an embodiment, the odometry method and system provides a wheel/axle

mounted self-contained cold motion detection method.
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[251] In an embodiment, the odometry method and system provides a safety
critical wheel/axle mounted self-contained and wired or wireless odometry, dead

reckoning and cold motion detection method.

[252] In an embodiment, the odometry method and system includes an
accelerometer or accelerometers (single axis or dual axis) 722, 724, 726, 738, a single
pair of static marker (e.g. magnet) 512, 912 and marker detection sensor (e.g. coil)
730, single dual axis accelerometer attached to the static marker 738, single
inclinometer 740 attached to the static marker 512, 912, gyroscope 728, angular
accelerometer and/or visible/IR spectrum probe 732 to determine the vehicle’s speed,
wheel rotation direction, accumulative distance travelled, acceleration due to motoring
and braking, grade, wheel radii and stationary status in non-wheel-spin/slide state and

in wheel spin/slide state too.

[253] In an embodiment, the odometry method and system logs the measurements
and the calculated outputs into a non-volatile memory 712 to detect if cold motion had

occurred during the period that the position/speed computer 720 was off.

[254] In an embodiment, the odometry method and system provides alarms to the

maintainer and/or the central control office that wheel maintenance action is needed.

[255] In an embodiment, the odometry method and system provides alarms to the
maintainer and/or the central control office that tracks conditions,
vibration/acceleration noise, wheel-rail adhesion, and/or motoring/braking requires

attention.

[256] In an embodiment, the odometry method and system provides direct
measurement of the wheel’s angular position, speed and acceleration, and rotation

direction.

[257] In an embodiment, the odometry method and system provides a wheel/axle
mounted self-contained odometry method for determining the vehicle’s translation
speed, wheel/axle rotation direction, vehicle’s accumulative distance travelled,
stationary status, wheel diameter (without relying on any external measurements),
grade and cold motion detection based on the centripetal and tangential acceleration

measured on the wheel or axle by four independent dual axis accelerometers 722, 724,
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726, 738 in 90° out of phase arrangement and a pair of single static marker 512, 912

and single marker detection sensor 730.

[258] In an embodiment, the odometry method and system provides a wheel/axle
mounted self-contained odometry method determining the vehicle’s stationary status
and wheel/axle rotation direction based on the wheel angular speed measured by single

(1) gyroscope 728.

[259] In an embodiment, the odometry method and system provides a wheel/axle
mounted self-contained odometry method capable to determine the properties listed in

item (3) above in case the wheel/axle is spinning and/or sliding.

[260] In an embodiment, the odometry method and system provides a wheel/axle

mounted self-contained method capable to determine and monitor the grade.

[261] In an embodiment, the odometry method and system provides a wheel/axle

mounted self-contained method capable to determine and monitor the wheel radii.

[262] In an embodiment, the odometry method and system provides a wheel/axle
mounted self-contained method capable to determine and monitor the acceleration due

to motoring and braking.

[263] In an embodiment, the odometry method and system provides a wheel/axle

mounted self-contained method capable to monitor the tracks/rails conditions.

[264] In an embodiment, the odometry method and system provides a wheel/axle
mounted self-contained method capable to monitor the vehicle’s motoring and braking

control system if motoring and braking commands are provided as an input.

[265] In an embodiment, the odometry method and system provides a wheel/axle

mounted self-contained method capable to monitor the rail-wheel adhesion.

[266] In an embodiment, the odometry method and system provides a wheel/axle
mounted self-contained stationary status determination method using visible/IR

spectrum probe or probes 732, 734, 736.

[267] In an embodiment, the odometry method and system provides a wheel/axle

mounted self-contained cold motion detection method.
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[268] In an embodiment, the odometry method and system provides a safety
critical wheel/axle mounted self-contained and wired or wireless odometry, dead

reckoning and cold motion detection method.

[269] In an embodiment, the odometry method and system includes the usage of
accelerometer or accelerometers (single axis or dual axis) 722, 724, 726, 738, single
pair of static marker (e.g. magnet) 512, 912 and marker detection sensor (e.g. coil)
730, single dual axis accelerometer attached to the static marker 738, single
inclinometer 740 attached to the static marker 512, 912, gyroscope 728, angular
accelerometer and/or visible/IR spectrum probe 732 to determine the vehicle’s speed,
wheel rotation direction, accumulative distance travelled, acceleration due to
propulsion and braking, grade, wheel radii and stationary status in non-wheel-

spin/slide state and in wheel spin/slide state too.

[270] In an embodiment, the odometry method and system includes the logging of
the measurements and the calculated outputs into a non-volatile memory 712 to detect
if cold motion had occurred during the period that the position/speed computer 720

was off.

[271] In an embodiment, the odometry method and system provides alarms to the

maintainer and/or the central control office that wheel maintenance action is needed.

[272] In an embodiment, the odometry method and system provides alarms to the
maintainer and/or the central control office that tracks conditions,
vibration/acceleration noise, wheel-rail adhesion, and/or motoring/braking requires

attention.

[273] In an embodiment, the odometry method and system is self-contained, acting
independent of external measurements. In an embodiment, the odometry method and
system provides safety critical odometry (dead reckoning) and cold motion detection

method operational under non-wheel-spin/slide and wheel-spin/slide states.

[274] In an embodiment, the odometry method and system includes odometry and
cold motion detection method based on diverse low cost measurement technologies
(MEMS accelerometer, Piezoelectric accelerometer, single pair of static marker (e.g.

magnet) 512, 912 and marker detection sensor (e.g. coil) 730, single dual axis MEMS
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accelerometer attached to the static marker 738, MEMS gyroscope 728, Piezoelectric

gyroscope 728 and visible/IR spectrum probe 732.

[275] In an embodiment, the odometry method and system includes an odometry
method capable to determine the wheel radii, acceleration due to motoring and

braking, and the grade.

[276] A standalone odometry device comprising four dual axis accelerometers 722,
724, 726, 738 in 90° out of phase arrangement for mounting on a wheel, e.g., wheel
102, 202, 302, 502 of a vehicle, the accelerometers for determining one or more of the
speed, wheel rotation direction, accumulated distance travelled, stationary status,
acceleration, deceleration, wheel diameter, and grade of surface on which the wheel
is stationary; and a controller in communication with one or more of the four dual axis
accelerometers 722, 724, 726, 738 and arranged to receive data from each of the four
dual axis accelerometers722, 724, 726, 738, the controller 710 configured to execute
one or more equations using the received data from each of the four dual axis

accelerometers 722, 724, 726, 738.

[277] A device for determining stationary status of a vehicle. The device
comprising a marker 512, 912 on a wheel, e.g., wheel 102, 202, 302, 502 of a vehicle;
an electromagnetic spectrum probe 732 configured to view the marker; and a controller
710 configured to determine the wheel is stationary if the position of the marker does
not change; or the angular speed at which the wheel is rotating based on the frequency

of detection of the marker by the probe.

[278] The foregoing outlines features of several embodiments so that those skilled
in the art may better understand the aspects of the present disclosure. Those skilled
in the art should appreciate that they may readily use the present disclosure as a basis
for designing or modifying other processes and structures for carrying out the same
purposes and/or achieving the same advantages of the embodiments introduced herein.
Those skilled in the art should also realize that such equivalent constructions do not
depart from the spirit and scope of the present disclosure, and that they may make
various changes, substitutions, and alterations herein without departing from the spirit

and scope of the present disclosure.
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WHAT IS CLAIMED IS:

1. A standalone odometry device comprising:

an accelerometer configured to be mounted on a wheel or axle of a vehicle; and

a controller in communication with the accelerometer and configured to receive
data from the accelerometer, the controller processes the data to determine one or
more of the speed, wheel rotation direction, accumulated distance travelled, stationary
status, acceleration, deceleration, wheel diameter, and grade of surface on which the

wheel is in contact with.

2. The device of claim 1, further comprising a second accelerometer.

3. The device of claim 2, further comprising a third accelerometer.

4. The device of claim 3, further comprising a fourth accelerometer.

5. The device of claim 1, wherein the accelerometer is dual axis.

6. The device of claim 4, wherein the four accelerometers are in 90° out of

phase arrangement.

7. The device of claim 1, wherein the controller processes the data using one

Oor morc equations.

8. The device of claim 7, wherein the one or more equations comprise:

Equation (1) ac = @’r + gcos0gradecosd - apypsind - avcos0.

9. The device of claim 7, wherein the one or more equations comprise:
Equation (2) V = rwheel® = I'wheel{{ac + am/psind + aycos - gcosOgradecost) /

191

10.  The device of claim 7, wherein the one or more equations comprise:

Equation (3) 0 = 0o + ot + Yaat?.
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The device of claim 7, wherein the one or more equations comprise:

Equation (4) V = rwneel ® = rwheei((2c1 + ac2) / (r1 + 1r2))"

12.

The device of claim 7, wherein the one or more equations comprise:

Equation (5) at = ar + gcosOcradesind + apm/pcosd - aysind.

13.

14.

The device of claim 7, wherein the one or more equations comprise:
Equation (6) 0grade = cos'(Acos0 + B) / (g(sin0 + cos’0)), where, A =
(ra(ac1 + ag) - ri(ac2 + a1 + a2 - a)) / (2(r1 + r2) and B = (r2(an - ac3) -

ri(an + acs - ac1 - ac2)) / (2(r1 + 12)).

The device of claim 7, wherein the one or more equations comprise:

Equation (7) amp = gcosOcradecost - A where A = (r2(ac1 + as) - ri(ac + an + ap

-an))/ 2(r1 + 12). .

15.

The device of claim 7, wherein the one or more equations comprise:

Equation (8) a = (an + ap) / (11 + 12) = (a3 + aw) / (r1 + 12).

16.

The device of claim 7, wherein the one or more equations comprise:

Equation (9) ®” = (ac1 + ac2) / (r1 + 12) = (ac3 + ac4) / (11 + 12).

17.

The device of claim 7, wherein the one or more equations comprise:

Equation (10) am/p + gsinOcrade = I'Wheeld.

18.

The device of claim 7, wherein the one or more equations comprise:

Equation (11) rwheel = (am/ + g8inOgrade) / a.

19.

The device of claim 7, wherein the one or more equations comprise:

Equation (12) d = XV x At.

20.

The device of claim 7, wherein the one or more equations comprise:

Equation (13) d = n X 2@trwheel + ((0 - Og)mrwheer / 180).
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21. A device for determining stationary status of a vehicle, the device
comprising:
a marker on a wheel of a vehicle;
an electromagnetic spectrum probe configured to view the marker; and
a controller configured to determine:
the wheel is stationary if the position of the marker does not change; or
the angular speed at which the wheel is rotating based on the frequency

of detection of the marker by the probe.

22.  The device of claim 21, wherein the angular speed is determined based
on:

Wwheel = fmarker3602/revolution

23.  The device of claim 21, wherein the controller is battery powered.

24.  The device of claim 22, wherein the battery is rechargeable by the

rotation of the wheel.

25.  The device of claim 21, wherein the controller logs the acceleration and
angular speed of the wheel.
26. The device of claim 1, wherein wheel radii is monitored that it is within

certain configurable bounds otherwise an alarm is raised.

27. The device of claim 1, wherein grade is monitored that it conforms
within certain configurable bounds to a database grade profile, otherwise an alarm is

raised.

28.  The device of claim 1, wherein speed is monitored that it conforms
within certain configurable bounds to an expected speed profile, otherwise an alarm

is raised.
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29.  The device of claim 1, wherein acceleration due to motoring and braking
is monitored that it conforms within certain configurable bounds to an expected

acceleration profile, otherwise an alarm is raised.

30. The device of claim 1, wherein wheel/axle vibrations characteristics are
determined and monitored that it is within certain configurable bounds otherwise an

alarm is raised.

31. The device of claim 1, wherein wheel/axle shocks characteristics are
determined and monitored that it is within certain configurable bounds otherwise an

alarm is raised.



