Office de la Proprieté Canadian CA 2553349 C 2010/04/06

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 553 349
Findustie Canada Industry Ganada 12 BREVET GANALIEN
CANADIAN PATENT
13) G
(86) Date de dépé6t PCT/PCT Filing Date: 2005/01/19 (51) Cl.Int./Int.Cl. B60C 23/04 (2006.01),
(87) Date publication PCT/PCT Publication Date: 2005/08/04 B60C 23/00(2006.01)
- . (72) Inventeurs/Inventors:
(45) Date de délivrance/lssue Date: 2010/04/06 STEWART. WILLIAM DAVID GB:
(85) Entree phase nationale/National Entry: 2006/07/13 MCCALL, ALAN KENNETH, GB:
(86) N° demande PCT/PCT Application No.: US 2005/002189 BOUDAOUD, IDIR, FR;
o o ROBB, STEPHEN JOHN, GB
(87) N publication PCT/PCT Publication No.: 2005/069993 S
L o | (73) Proprietaire/Owner:
(30) Priorites/Priorities: 2004/01/20 (US10/761,772); SCHRADER BRIDGEPORT INTERNATIONAL. INC.. US
2004/01/20 (US10/761,734) |
(74) Agent: FETHERSTONHAUGH & CO.

(54) Titre : DETERMINATION DE LA POSITION D'UN CAPTEUR DE ROUE AU MOYEN DE CAPTEURS DE CHOCS ET
SOLUTION SANS FIL

(54) Title: DETERMINATION OF WHEEL SENSOR POSITION USING SHOCK SENSORS AND A WIRELESS
SOLUTION

124
[j[%
~ S
104 106

112

108 19

100

(57) Abréegée/Abstract:
A remote tire monitor system (102) includes a control unit (112) and a plurality of tire monitors (124, 126, 128, 130) mountable on
respective wheels (104, 106, 108, 110) of a vehicle (100) to transmit radio signals to the control unit. The tire monitors each include

B
.
'
e
BTN .
N : "c'-'-.n:‘-:{\: e L~
0

A7 /7]
o~

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




CA 2553349 C 2010/04/06

anen 2 553 349
13) C

(57) Abrege(suite)/Abstract(continued):

a palr of motion sensors such as shock sensors (210, 212) and a control circuit (202) configured to determine position information
for the respective tire monitor based on first and second shock sensor signals from the pair of shock sensors. The shock sensors
produce an output voltage proportional to a change in applied force. Therefore, the offset created by centrifugal force in previously
used accelerometers Is absent, simplifying design of the tire monitors.



woO 2005/069993 A2 I B0 ! A0 AL ORI 0

CA 02553349 2006-07-13

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

(19) World Intellectual Property
Organization

International Bureau

(43) International Publication Date
4 August 2005 (04.08.2005)

Not classified

(51) International Patent Classification:

(21) International Application Number:

PCT/US2005/002189
(22) International Filing Date: 19 January 2005 (19.01.2005)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:

10/761,734 20 January 2004 (20.01.2004) US
10/761,772 20 January 2004 (20.01.2004) US
(71) Applicant (for all designated States except US):

SCHRADER BRIDGEPORT INTERNATIONAL,
INC. [US/US]; 1551 Wewatta Street, Denver, Colorado
80202 (US).

(72) Inventors; and
(75) Inventors/Applicants (for US only): STEWART,
William, David [GB/GB]; 24 Oakglen, The Folly,, Co.

(74)

(81)

(10) International Publication Number

WO 2005/069993 A2

Antrim, N. Ireland, Antrim (GB). MCCALL, Alan, Ken-
neth [GB/GB]; 91 Rockford Heights, Connor, Ballymena,
Co. Antrim, N. Ireland, Antrim (GB). BOUDAOUD, Idir,
|[DZ/FR]; 15 Rue Charrier, F-94000 Charrier (FR). ROBB,
Stephen John, [GB/GB]; 51 Castle Park, Antrim, Co.
Antrim, N. Ireland, Antrim (GB).

Agent: SHOUSE, Emily A.,; Waddey & Patterson, Bank
of America Plaza, 414 Union Street, Suite 2020, Nashville,
Tennessee 37219 (US).

Designated States (unless otherwise indicated, for every

kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KP, KR, K7, L.C, LK, LR, LS, LT, LU, L.V, MA, MD,
MG, MK, MN, MW, MX, MZ, NA, NI, NO, NZ, OM, PG,
PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM.,
ZW.

[ Continued on next page]

(54) Title: DETERMINATION OF WHEEL SENSOR POSITION USING SHOCK SENSORS AND A WIRELESS SOLUTION

1 12\L COLI}![;[]-;*'T'OL

100

(57) Abstract: A remote tire monitor
system (102) includes a control unit (112)
and a plurality of tire monitors (124, 126,
128, 130) mountable on respective wheels
(104, 106, 108, 110) of a vehicle (100) to
transmit radio signals to the control unit.
The tire monitors each include a pair of
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accelerometers is absent, simplifying design
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DESCRIPTION
DETERMINATION OF WHEEL SENSOR POSITION USING SHOCK
SENSORS AND A WIRELESS SOLUTION

COPYRIGHT NOTICE

[0001] A portion of the disclosure of this patent document contains material
which 1s subject to copyright protection. The copyright owner has no objection to the
facsimile reproduction by anyone of the patent document or the patent disclosure, as
it appears in the Patent and Trademark Office patent file or records, but otherwise

reserves all copyright rights whatsoever.

BACKGROUND ART

[0002] In one aspect, the present invention relates generally to a remote tire
monitoring system and components for such a system. In other aspects, the present
invention relates to methods and apparatus for automatically wireless autolocation for
tire monitors 1n such a system.

[0003] Systems have been developed to monitor a characteristic such as tire
pressure of a vehicle and to report the characteristic to a receiver at a central
monitoring station using radio transmissions. A monitor 1s located at each tire and
periodically takes a measurement of the tire characteristic. The tire monitor senses
activity through action of a roll switch. The roll switch 1s a mechanical switch using
a ball and spring to sense when the vehicle is at rest or 1s in motion, and to measure
tire characteristics accordingly. The monitor then transmits the results of the
measurement in a radio frequency transmission to the central monitoring station
which produces an alarm or a display 1n response to the measurement.

[0004] One problem with such systems has been the need to program the location
of the transmitters at the central station. To be fully useful, the tire characteristic data
is preferably associated with the tire which originated the measurement when
presenting a display or alarm. Each monitor includes identification information
which can be transmitted with the measurement. The tire monitor 1s preferably
activated to produce this information and the information is then conveyed to the
central station and associated with the position of the tire.

[0005] In the technique of U.S. Patent No. 5,600,301, the tire monitors each

include a reed switch or other magnetic device. A magnet 1s passed near the reed
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switch, causing the monitor to transmit a radio frequency transmission that includes
identification data. A service technician repeats this process at each wheel and then
loads the identification and position information into the central monitoring station.
Another method provides a printed bar code on each tire monitor which contains the
identification information and which may be read with a suitable bar code reader.
[0006] In U.S. Patent No. 5,880,363, an activation signal 1s provided from the
central controller to a low frequency transmitter at each wheel well. The transmitter
generates a low frequency signal to activate the tire monitor. The tire pressure
monitor responds by generating a long wave identification signal and transmitting
that signal with tire pressure and identification data directly to the control unit. The
long wave identification signal i1s used to identify the position of the tire by
distinguishing this transmission from other transmissions received by the controller.
[0007] U.S. Patent No. 5,883,305 discloses two-way ¢ ommunication o f data by
radio signals. A tire pressure monitor i1s activated by a radio frequency signal
transmitted by an antenna in the wheel well adjacent the tire. The tire pressure
monitor transmits a second radio frequency signal which 1s d etected by the w heel
well antenna. The second signal 1s demodulated to detect that tire pressure data.
[0008] U.S. Patent number 6,204,758B1 discloses a tire monitor including a
tangential accelerometer for detecting acceleration of the tire monitor. Tangential
acceleration along a single axis 1s detected to determine acceleration. Position
information for the tire monitor 1s determined in response to the acceleration.

[0009] These previous techniques have been limited in effectiveness. The
magnetic programming technique may be subject t o 1nterference and crosstalk, for
example 1n a factory where many such tire monitors are being assembled with tires
and vehicles. The bar code label system requires a label at each tire which can be lost
or become dirty or illegible. The apparatus for transmitting a long wave activation
signal and generating a long wave 1dentification signal therefrom is too expensive for
some applications.  The two-way data communication techniques requires
demodulation of the received radio signals at the wheel well and coaxial cabling back
to the central controller, both of which add to the cost of the system. The tangential
acceleration which must be sensed requires a highly sensitive accelerometer which

may be prohibitively expensive 1n the current application.
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[0010] A further limitation of some of these prior techniques is the manual
operation requiring activation by a service technician. A systemis desired which
automatically conveys wheel position data to the receiver. Such a system would be
particularly useful after any change in tire position, such as tire' rotation or
replacement of a tire.

[0011] U.S. Patent No. 6,518,876, commonly assigned with the present
application, discloses a system and method 1n which tire monitors are located at each
wheel of the vehicle and periodically transmit tire data along with a tire monitor
identifier. Four small, inexpensive RF detectors are located near each wheel. Each
RF detector 1s connected to the central control unit by a power line and a ground line.
When a tire monitor transmits data by emitting an RF transmission, the RF detector
that 1s closest to the transmitter will detect the burst of RF energy. The RF detector
responds to the RF energy by modulating the power line to the control unit with the
envelope of the transmitted data. The control unit detects this modulation on one of
its power lines. Also, the RF receiver of the control unit receives and demodulates
the data transmutted by the tire monitor. The control unit associates the received data
with the position indication provided by the modulation on the power line. When the
positions of the wheels on the vehicle are changed, the control unit can determine the
new position using the modulated power line in association with the tire monitor
1dentifier in the transmitted data.

[0012] While this system has been very successful in application, a system and
components featuring reduced cost and improved durability is desired. The roll
switch included 1n prior tire monitors is necessarily subject to a lot of forces during
use, including high-g forces during vehicle motion and shock and vibration as the tire
traverses rough pavement. Also, the roll switch tends to degrade in performance over
time and become a non-ideal switch. Still further, presently available roll switches
are not true surface-mount devices of the type that can automatically be assembled on
a printed circuit board, and the presently available roll switch is relatively expensive.
Accordingly, there 1s a need for an improved tire monitor and remote tire pressure

monitoring system using such improved tire monitors.
DISCLOSURE OF THE INVENTION
[0013] By way of introduction only, a remote tire monitor system includes a

control unit and a plurality of tire monitors mountable on respective wheels of a
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vehicle to transmit radio signals to the control unit. The tire monitors each include
a pair of piezoelectric or piezoceramic sensors such as shock sensors and a
control circuit configured to determine position information for the respective tire
monitor based on first and second shock sensor signals from the pair of shock
sensors. The shock sensors produce an output voltage proportional to a change
In applied force. Therefore, the offset created by centrifugal force in previously

used accelerometers is absent, simplifying design of the tire monitors.

[0013a] One aspect of the invention provides a tire monitor configured for
mounting on a vehicle, the tire monitor comprising: a first shock sensor to produce
a first motion signal; a second shock sensor to produce a second motion signal;
and a control circuit coupled to the first shock sensor and the second shock
sensor and configured to determine right side-left side position information for the

tire monitor based on a lag-lead relationship of the first motion signal and the

second motion signal.

[0013D] There Is also provided a remote tire monitor system comprising: a
control unit; and a plurality of tire monitors mountable on respective wheels of a
vehicle to transmit radio signals to the control unit, the respective tire monitors
each including a pair of shock sensors to produce first and second sensor signals
which are proportional to a change in force applied to the sensors, and a control
circuit configured to determine right side-left side position information for the
respective tire monitor based on the first and second sensor signals from the pair
of sensors and wherein transmitted radio signals include temperature information
and the control circuit operates in response to compensation software, the control
circult in conjunction with the compensation software configured to compensate
relative strength of the transmitted radio signals using the temperature

iInformation.

[0013c] Another aspect of the invention provides a tire monitor configured for
mounting on a vehicle, the tire monitor comprising: a first shock sensor to produce
a first motion signal; a second shock sensor to produce a second motion signal; a

control circuit coupled to the first shock sensor and the second shock sensor to

determine right side-left side position information for the tire monitor based on the
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first motion signal and the second motion signal; a radio circuit coupled to the
control circuit to transmit radio signals based at least in part on a tire condition
signal; and at least one temperature sensor electrically coupled to the radio circuit,
the transmitted radio signals including temperature information, and the control
circuit operating in response to compensation software, the control circuit in
conjunction with the compensation software configured to compensate the relative

strength of the transmitted radio signals using the temperature information.

[0014] The foregoing summary has been provided only by way of

Introduction. Nothing in this section should be taken as a limitation on the

following claims, which define the scope of the invention.

[0015] FIG. 1 is a block diagram of one embodiment of a remote tire

monitor system shown in conjunction with portions of a vehicle;

[0016] FIG. 2 Is a block diagram of a tire monitor for use in the remote tire

monitor system of FIG. 1,

[0017] FIG. 3 is a block diagram showing one embodiment of the controller

of the tire monitor of FIG. 2:

[0018] FIG. 4 is a block diagram of one embodiment of the shock sensor
interface of FIG. 3;

[0019] FIGS. 5-9 illustrate acceleration experienced by the tire monitor of
FIG. 2;
[0020] FIG. 10 is a flow diagram illustrating general operation of the tire

monitor of FIG. 2;

[0021] FIG. 11 is a timing diagram illustrating operation of the tire monitor of
FIG. 2:
[0022] FIG. 12 1s a flow diagram illustrating a motion detection method of

the tire monitor of FIG. 2:
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[0023] FIG. 13 is a timing diagram illustrating operation of the controller of

the tire monitor of FIG. 2 for determining phase information for the two tire monitor

signals;
[0024] FIG. 14 illustrates one method of confirming a sampling frequency:;
10025] FIG. 15 illustrates phase determination by the tire monitor using two

shock sensor signals;

[0026] FIG. 16 Is a timing diagram illustrating a wireless autolocation

process for a tire monitor in a vehicle;



CA 02553349 2006-07-13
WO 2005/069993 PCT/US2005/002189

5
[0027] FIGS. 17-19 are flow diagrams illustrating the wireless autolocation
process of FIG. 16;
[0028]  FIG. 20 is a timing diagram 1llustrating a second embodiment of a wireless
autolocation process for a tire monitor in a vehicle;
[0029] FIGS. 21-22 are flow diagrams illustrating the wireless autolocation
process of FIG. 16;
[0030] FIG. 23 1s a flow diagram illustrating the transmit direction procedure of
FIGS. 18 and 22;
[0031] FIGS. 24-28 are flow diagrams illustrating operation of the remote tire

monitor system of FIG. 1.

BEST MODE FOR CARRYING OUT THE INVENTION
[0032] Referring now to the drawing, FIG. 1 1s a block diagram of a remote tire

monitor system 102 shown in conjunction with portions of a vehicle 100 with a
remote tire monitor system 102. The vehicle 100 includes wheels 104, 106, 108, 110.
Each wheel includes a tire mounted on a rim. In other embodiments, the vehicle 100
may have other numbers of wheels. For example, in one particular embodiment, a
truck has 18 wheels.

[0033] The remote tire monitor system 102 in the illustrated embodiment includes
a control unit 112 and tire monitors 124, 126, 128, 130. The tire monitors 124, 126,
128, 130 measure tire characteristics and transmit tire data for reception and
processing by the control unit 112. The system 102 may include other components as
well. Thus, the 1llustrated embodiment of FIG. 1 i1s exemplary only.

[0034] The remote tire monitor system 102 as illustrated in FIG. 1 includes a tire
monitor associated with each wheel of the vehicle 100. Thus, a tire monitor 124 is
associated with wheel 104; tire monitor 126 is associated with wheel 106; tire
monitor 128 1s associated with wheel 108; and tire monitor 130 1s associated with
wheel 110. The tire monitors are generally of the type described herein and are
configured to detect a tire condition such as tire pressure and to occasionally transmit
a transmission including tire data, such as tire pressure data and identification
information uniquely 1dentifying the respective tire monitor.

[0035] Each of the tire monitors 124, 126, 128, 130 includes a battery powered
radio frequency (RF) transmitter and a sensor such as a pressure sensor for measuring

a tire characteristic. The tire monitor 126 converts the measured tire characteristic to
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tire data. The tire data is encoded for transmission from the wheel 106. Any suitable
tire monitor may be used. The tire monitors 124, 126, 128, 130 will be described in
greater detail below in conjunction with FIG. 2.

[0036] Regarding the control unit 112, any suitable control unit may be used in
the system 102. In one exemplary embodiment, the control unit 112 includes a
controller 132, a memory device 134 and a receiver 136 to receive radio frequency
transmissions from tire monitors of the tire monitor system 102. The controller 132
forms a processing means and may be any suitable control device such as a
microprocessor, microcontroller, application specific integrated circuit (ASIC) or
logic device coupled together to p erform the necessary functions described h erein.
The control unit 112 may be coupled to a vehicle data communication bus for
exchange of data about vehicle conditions. For example, some vehicles use a CAN
bus to communicate data internally among the components of the vehicle. One
example of this data 1s data about the speed of the vehicle.

[0037] In one embodiment, the controller 132 is implemented as a processor. The
processor stores position data for a plurality of tire monitors of the remote tire
monitor system 102. The controller 132 receives tire data and position data as
transmitted from the tire monitors and decoded at the receiver 136. In the illustrated
embodiment, when tire data and position data are received at the processor, the
processor retrieves stored position data from the memory 134. In one embodiment,
the position data are stored in association with a position on the vehicle, such as left
front, left rear, right front or right rear. The received position data i1s compared with
the stored position data. If there 1s no change, the position data is not updated and
further processing may occur using the received tire data. However, the processor
updates the position data for the transmitting tire monitor when the position of the
transmitting tire monitor varies from the stored position data for the transmitting tire
monitor. Thus, the controller 132 includes a memory 134 and a processor configured
to store in the memory 134 positions of the plurality of tire monitors including the
position of the transmitting tire monitor which originated the received position data.
[0038] The memory device 134 forms a memory means for storing data and
preferably 1s formed of semiconductor memory. In the illustrated embodiment, the
memory device 134 of the control unit 112 includes persistent memory or nonvolatile

memory such as an E°PROM, and working memory such as random access memory
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(RAM). For example, the persistent memory may be used to store tire identifiers and
pressure data over extended periods of time, such as when the vehicle 100 is parked.
[0039] The receiver 136 may be any suitable radio receiver circuit. The receiver
136 and the tire monitors of the system 102 must be designed to cooperate so that
data encoded and modulated for transmission by the tire monitors is reliably
demodulated and decoded at the receiver. The receiver 136 preferably includes a
received signal strength indication (RSSI) circuit for determining relative strength of
transmissions from tire monitors received at the receiver. Any suitable RSSI circuit
can be used.

[0040] FIG. 2 1s a block diagram of a tire monitor 200 in accordance with a
further embodiment of the present invention. The tire monitor 200 includes a
controller 202, a battery 204, a transponder coil 206, a pressure sensor 208, one or
more piezoelectric motion sensors such as a first shock sensor 210 and a second
shock sensor 212, an RF circuit 214 and an antenna 216. It is envisioned that each
wheel or tire of a vehicle will have a tire monitor such as the tire monitor 200
associated with it to monitor tire conditions such as tire pressure. The tire monitor is
actuated 1n part by signals produced by the shock sensors 210, 212 and 1s controlled
by the controller 202. The controller 202 determines positioning of the tire monitor,
for e xample, on the left side or the right side of the vehicle, based on the signals
produced by the shock sensors 210, 212. The controller 202 thus forms a tire monitor
position information determining circuit which 1s responsive to an acceleration signal
from the shock sensors 210, 212. The controller 202 forms a control circuit
configured to determine position information about position of the tire monitor on the
vehicle in response to an acceleration signal from the shock sensors 210, 212.

[0041] The controller 202 may be any suitable processor, microprocessor,
microcontroller or other suitable data processing device for performing the functions
described herein. In one embodiment, the controller 202 i1s configured as an
application specific integrated circuit (ASIC). The ASIC is designed using pre-
existing circuit blocks which are capable of performing the necessary functions,
either alone or in conjunction with controlling software. The controller 202 generally
further includes memory for storing data and instructions for use in conjunction with

received and generated data. The controller 202 will be described in further detail

below in conjunction with FIG. 3.
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[0042] The battery 204 provides operating power for the tire monitor 200,
including the controller 202. The battery 204 may be replaceable or may be
permanently installed.
[0043] The transponder coil 206 1s configured for actuation in response to
electromagnetic energy imparted from external to the tire monitor 200. In response
to the imparted RF energy, the transponder coil 206 produces a voltage or current
signal which may be detected by the controller 202. Communication with the
controller 202 using a transponder coil 1n this matter 1s known for actuating operation
of a tire monitor such as the tire monitor 200 or for communicating d ata or other
information produced at the tire monitor 200. In the illustrated embodiment, the
transponder coil 206 may detect a programming actuation produced by bringing an
exciter into the vicinity of the transponder coil 206. The exciter actuates the
transponder coil to produce a signal detectable by the controller 202. This may cause
the controller, for example, to transmit tire information in a manner to be described
below. This 1nitial transmission of tire information may then be used to program the
control unit of a remote tire monitoring system of the type described herein.
[0044] The pressure sensor 208 forms a sensing device for detecting a tire
condition and producing tire data in response thereto. In the illustrated embodiment,
the pressure sensor 208 detects the pneumatic air pressure of the tire with which the
tire monitor 200 is associated. In alternate e mbodiments, the pressure sensor 208
may be supplemented with or replaced by a temperature sensor or other devices for
detecting tire data. An indication of the tire data is provided by the controller 202 at
an 1iput 220.
[0045] The shock sensor 210 forms a motion switch or rotational sensor for the
tire monitor 200. The shock sensors 210, 212 in combination form a dual axis
accelerometer and determine first acceleration along a first axis and second
acceleration along a second axis. As will be described below 1n ¢ onjunction with
FIGS. 4-8, during operation, the first axis and the second axis lie in a rotational plane
of the respective tire with which the tire monitor 200 is associated. The tire monitor
200 and its associated wheel rotate about a third axis which is orthogonal to the first
axis and the second axis.
[0046] The shock sensors 210, 212 are one example of a force sensor,

displacement sensor, or rotation sensor. The shock sensors may also be referred to
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generically as a piezoelectric rotation sensor. Other types of piezoelectric rotation
sensors may be used in place of the shock sensors described herein.
[0047]  In accordance with the preferred embodiment, the shock sensors 210, 212
are embodied as commercially available shock sensors of the type which detect a
shock as acceleration and produce an electrical signal proportional to the
acceleration. Examples are the PKGS-xXxRA series shock sensors available from
Murata, Inc. These devices are exemplary only and other devices may be substituted.
These devices use a piezoelectric ceramic structure as an acceleration detection
element. These devices are of the charge-sensitive type which detects acceleration in
the form of an electrical charge output. Shock sensors are not mechanical switches
but are sensors. They do not dissipate power but actually generate current. A typical
value of the charge sensitivity of these devices is 0.153 pC/G. These devices provide
an output voltage proportional to applied acceleration, typically 1mV/g, where g is
- the acceleration due to gravity. Each shock sensor has a characteristic resonance
frequency, typically approximately 27 KHz. Previously, such devices have been used
for write protection in hard disk drives and for airbag deployment in a utomobiles.
Preferably, the shock sensors 210, 212 can be assembled to a printed circuit board
using conventional surface mount soldering techniques.
[0048]  The main difference between an accelerometer and a shock sensor is that
the output signal from a shock sensor is related to a change of force applied to the
shock sensor, whereas the output signal from an accelerometer is proportional to the
absolute force applied. One benefit of using shock sensors in an application such as
that described herein is that use of the shock sensor eliminates issues of detection of
small signal variations in the presence of large voltage offsets caused by centrifugal
force at high speeds, a problem inherent with use of an accelerometer. Also because
accelerometers measure absolute force applied, at some point when detecting a small
signal with a big signal offset, the accelerometer saturates at high speed. In a
previous design using used a dual axis accelerometer, the tire monitor system could
not detect wheel location at speeds above 60 mph because the accelerometer had
saturated due to the high G force. As an example, using a 16" wheel rim at 100mph,
the centrifugal force seen by the sensor is 260g. The circuit analyzing the
accelerometer output signal will be looking for a variance of +/- 1g on this offset.

The offset problem can be addressed by using complicated filtering and
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amplification. However, this adds complexity and cost to the design and hinders the
performance at high speeds. The shock sensor 1s especially good at high speeds and
works well down to 1 mph if required. Also, low cost accelerometers require
substantial supply power to operate and so to use them in a RTPM sensor will limit
the battery life of the sensor. In contrast, the shock sensor does not draw current but
actually generates current.

[0049]  Another i1ssue arises when using dual axis accelerometers. Accelerometers
are specified for operation in relation to three geometric axes X, y and z, where the x
and y axes are parallel to the plane of the printed circuit board (PCB) on which the
accelerometer 1s mounted with the z axis normal to the plane of the printed circuit
board. However, accelerometer vendors only offer x and y plane device. Tire
monitor use requires an X and z plane dual axis accelerometer. The available dual
axis accelerometer can not simply be mounted on its side because the devices are
mounted to the surface of a printed circuit board. To orient the dual axis
accelerometer on its side would require a small daughter board PCB which is
mounted to the main PCB of the tire monitor. There 1s no off the shelf x and z plane
dual axis accelerometers on the market as there 1s minimal demand for them. A
custom made x and z plane device will have huge development and part costs.

[0050] Operation of the tire monitor 200 in conjunction with the shock sensors
210, 212 will be described below 1n conjunction with FIGS. 4 through 7. In the
1llustrated embodiment, the shock sensors 210, 212 are used both as a motion switch,
to determine when the tire 1s moving, and to determine what side of the vehicle the
tire 1s located on. The shock sensor 210 1s coupled with the controller 202 between
inputs 222, 224. Similarly, the shock sensor 212 is coupled with the controller 202
between inputs 226, 228. The shock sensor 210 may be referred to as shock sensor X
and the shock sensor 212 may be referred to as shock sensor Y.

[0051] The RF circuit 214 includes circuitry necessary for transmitting radio
frequency signals conveying tire data, identification data, status data and other
information from the tire monitor 200. The antenna 216 is electrically coupled with
the RF circuit 214 to facilitate RF transmission. In one embodiment, the valve stem
of the tire 1s used as the antenna 216. In the preferred embodiment, the RF stage 214
transmits radio signals to communicate data representative of the position

information determined for the tire monitor, such as positioning of the tire monitor
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200 on the right or left side of the vehicle. The RF stage 214 thus forms a position
information radio transmitting circuit.
[0052) FIG. 3 is a block diagram showing one embodiment of the controller 202
of FIG. 2. The controller 202 1s implemented i1n this embodiment as an application
specific integrated circuit (ASIC). The ASIC includes a microprocessor core 302, a
transponder interface 304, a shock sensor interface 306, an analog to digital converter
308, an amplifier 310, and a current source 312. The amplifier 310 and the current
source form a pressure sensor interface. These devices are integrated in a single
monolithic integrated circuit for reduced size, weight and power consumption.
[0053] The microprocessor core 302 may be any conventional microprocessor
circuit. The microprocessor core 302 is preferably a conventional core circuit
available for integration in the ASIC. Preferably, the microprocessor core 302
includes a memory circuit and a processor. The processor operates in response to
data and instructions stored in the mémory circuit. The memory circuit 1n turn
includes read only memory storing control programs and data for the processor and
read-write memory for storing operational data of the processor. Examples of
memory usage for the memory circuit to be described below include a stored 1 ast
moving or stationary decision, a motion decisions counter, a returned value of a
moving or stationary subroutine, a motion status flag and the position information for
the transmitting tire monitors of the vehicle.
[0054] The transponder interface 304 includes circuitry for detection of external
activation of the transponder by a signal applied by a remote exciter and for
modulation of a signal to communicate data to a remote detector from the tire
monitor 200. In one embodiment, the transponder interface 304 1s constructed and is
operated in accordance with the disclosure of U.S. patent application serial number
09/245,938 entitled “Method And Apparatus For A Remote Tire Pressure Monitoring
System,” filed February 5, 1999, in the names of S. McClelland, et al., which

application is commonly assigned to the assignee of the present application.

Other suitable transponder interface circuits may be substitutedt =~ - = -

[0055] The shock sensor interface 306 is configured to provide the necessary

control signals and detect the response signal from the shock sensors 210, 212. As

noted above, the shock sensors 210, 212 in one embodiment detect acceleration in the
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form of an electrical charge output signal. T he output signal is on the order of 1
mV/g. The shock sensor interface 306 receives this analog signal, amplifies and
filters the signal and provides an amplified signal in response. The shock sensor
interface 3 06 o perates in response to control si gnals from the microprocessor core
302. Preferably, both shock sensors can share the same interface via multiplexing.
The shock sensor interface will be described 1n greater detail below in conjunction
with FIG. 4.

[00S6] The ADC 308 receives analog signals and converts them to multiple-bit
digital signals. The ADC 308 1s preferably a conventional core circuit available for
integration in the ASIC. In particular, the ADC 308 receives the amplified sh ock
sensor signals from the shock sensor interface 306 and converts these to digital data.
The ADC 308 provides the digital data to the microprocessor core 302 for further
processing. The ADC 308 operates in response to control signals from the
microprocessor core 302.

[0057] The amplifier 310 amplifies a pressure signal received from the pressure
sensor 208. The amplifier 310 provides an amplified pressure signal 20 to the ADC
308. The ADC 308 in turn converts the analog pressure signal to digital data and
provides the digital data to the microprocessor core 302 for further processing. The
current source 312 provides a constant current to the pressure sensor 308 irrespective
of possible fluctuations 1n supply voltage.

[0058]  FIG. 4 1s a block diagram of one embodiment of the shock sensor interface
306 of FIG. 3. The shock sensor interface 306 includes a voltage amplifier 402, a
high pass filter 404, a low pass filter 406 and a voltage amplifier 408. In other
embodiments, additional components may be included or substituted to provide
particular operational features or meet particular design goals.

[00S9]  As noted above, the two shock sensors preferably share a common shock
sensor interface. The input signals from the shock sensors are multiplexed using a
suitable c ontrol circuit under control of, for e xample, the microprocessor c ore 3 02
(FIG. 3). In this manner, only a single implementation of the shock sensor interface
1s required, reducing the physical size and power dissipation requirements of the tire
monitor. By multiplexing, first one shock sensor input signal is coupled to the shock

sensor interface for amplification and filtering during a first time period.
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Subsequently, during a second time period, the second shock sensor input signal is
coupled to the shock sensor interface.

[0060]  The voltage amplifier 402 has a differential input coupled to the two nodes
of a shock sensor such as the shock sensor 210. Because the output signal from the
shock sensor is very small in amplitude, the shock sensor interface 306 provides
substantial gain to this signal for reliable detection and subsequent processing in the
controller 202. The voltage amplifier 402 in the illustrated embodiment provides a
substantial portion of this gain. The voltage amplifier 402 is set to have voltage gain
of approximately 500. The voltage amplifier 402 also provides differential to single-
ended conversion. Any suitable amplifier circuit, such as an o perational amplifier
integrated circuit, may be used to implement the voltage amplifier 402.

[0061]  The high pass filter 404 and the low pass filter 406 operate to filter the
amplified signal from the voltage amplifier 402 and to limit the bandwidth of thhe
signal produced by the shock sensor interface 306. In the illustrated embodiment, the
high pass filter has a cut off frequency of approximately 2 Hz and the low pass filter
has a cut off frequency of approximately 120 Hz. Other cut off frequencies may be
chosen for particular implementations. Alternatively, the two filters 404, 406 could
be combined in a single bandpass filter.

[0062]  The voltage amplifier 408 provides a final stage of voltage amplification.
In the exemplary embodiment of FIG. 4, this amplifier 408 has a voltage gain of
substantially 7. Other gain values may be chosen. Also, any suitable amplifier
design may be used to provide the output signal from the shock sensor interface 306.
[0063]  FIG. 5 1llustrates acceleration e xperienced by a tire monitor such as the
tire monitor 200 of FIG. 2. FIG. 5 illustrates a tire monitor 200 mounted on a wheel
502 associated with a tire 504. The wheel 502 and tire 504 spin about a hub 506 in
either a clockwise direction or a counterclockwise direction. Rotation in the
clockwise (CW) direction is illustrated in FIG. 5. As is further illustrated in FIG. 5,

the tire monitor 500 experiences two types of acceleration during rotation of the tire.

Centrifugal acceleration a, which may be encountered by a tire monitor or dependent

on the maximum vehicle speed and the tire and rim combination used. The required
turn on speed for the tire monitor in one exemplary embodiment, indicating when the
tire monitor determines that it should change state, is when the vehicle has reached a

speed of approximately 15 miles per hour. Other turn on speeds may be used as well.
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The forces seen by the tire monitor at this speed can vary. Empirically, an
accelerometer force of 2G, or twice the acceleration due to gravity, is specified. The
maximum acceleration seen by the tire monitor 500 will occur in certain high speed

automobiles which can achieve speeds of 200 miles per hour or more, corresponding

to a centrifugal acceleration ¢, of 1800G at the tire monitor.

[0064]  As is further illustrated 1n FIG. 5, the tire monitor 500 also e xperiences

tangential acceleration a,. The tangential acceleration experienced by the tire

monitor 1s, in contrast to centrifugal acceleration a, , very small in magnitude.

Exemplary values are fractions of a g force. Also, such tangential acceleration may
last for only short durations.

[0065]  FIG. 6 further illustrates acceleration in a tire monitor 600 such as the tire
monitor 200 of FIG. 2. The tire monitor 600 includes a pair of shock sensors such as
the shock sensors 210, 212 of FIG. 2 which, in this embodiment, are positioned in the
tire monitor on the wheel so as to be sensitive to acceleration along two orthogonal
axes. As shown 1n FIG. 6, these include an x axis 602 and a z axis 604. The shock
sensors, In conjunction with the tire monitor 600 rotate about the center 606 of the
wheel on which the tire monitor 600 1s mounted. A y axis extends through the center
606, perpendicular to the plane of the page and orthogonal to the x axis 602 and the z
axis 604. As the wheel turns, the tire monitor 600 moves in one of a clockwise
direction 608 and a counterclockwise direction 610.

[0066] In this embodiment, the shock sensors are positioned in the tire monitor
600 with sensitive axes oriented as shown in FIG. 6. As the vehicle moves forward,
the tire monitor 600 and the two perpendicular axes of the accelerometer will rotate
around the y axis or wheel axis at the wheel center 606. In the embodiment, each
output signal of the shock sensors, one output per axis, will produce a sine wave.
This sine wave describes acceleration due to gravity plus the centrifugal or tangential
acceleration components. The two sine waves are 1llustrated in FIGS. 7 and 8. The
dual shock sensors will produce first and second axis acceleration signals having a
sine wave characteristic such as that illustrated in the drawing figures.

[0067])  FIG. 7 1s a diagram showing acceleration or G force versus wheel angular
position when the wheel 1s moving 1n a counterclockwise (CCW) direction. FIG. 7

shows acceleration along the x axis 702 and the z axis 704. Similarly, FIG. 8 shows
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acceleration or G force versus wheel angular position when the wheel is moving in a
clockwise (CW) direction. FIG. 8 shows acceleration along the x axis 802 and
acceleration along the zaxis 804. In both FIG.7 and FIG. 8, the maximum
acceleration detected by the shock sensor is approximately plus or minus 1 g or
1 times the acceleration due to gravity. As noted above, in typical applications, the
actual acceleration experienced in a moving wheel may be much larger or much
smaller than this amount.
[0068] From FIG. 7 and FIG. 8, it can be seen that, as the wheel rotates, the two
waveforms produced by the shock sensor are out of phase by 90 degrees. Depending
on the direction of rotation of the wheel, clockwise or counterclockwise, one axis will
lead or lag the other axis. Thus, in FIG. 7, showing rotation in a counterclockwise
direction, acceleration along the z axis 704 leads acceleration along the x axis by
approximately 90 degrees. Similarly, in FIG. 8, acceleration along the x axis 802
leads the acceleration along the z axis 804 by approximately 90 degrees.
[0069]  In the 1illustrated embodiment, the shock sensors convert the acceleration
they detect into signals such as voltage waveforms. These signals, including a first
signal for acceleration on one axis and a second signal for acceleration on a second
ax1s, can then be amplitied, filtered and converted to digital data by the controller of
the tire monitor. Position information about position of a tire including the tire
monitor can then be determined based on the signal. A decision can subsequently be
made as to whether the tire monitor 1s rotating in a clockwise or counterclockwise
direction, based on the sampled signal from the shock sensor. The position
information, such as right hand side positioning or left hand side positioning can be
determined from the direction of rotation.
[0070]  For example, the controller of the tire monitor can determine a lag/lead
relationship of the first acceleration signal for the x axis and the second acceleration
signal of the z axis. The controller determines whether the x axis signal leads or lags
the zaxis signal. This lag/lead mmformation will indicate either clockwise or
counterclockwise rotation for the wheel or tire associated with the tire monitor.
Based on the clockwise or counterclockwise rotation i nformation, and information
that the vehicle 1s traveling forward rather than backing up, the controller can
determine whether the tire monitor 1s on the right-hand side or the left-hand side of

the vehicle. For directional rotation, the disclosed method and apparatus look at the
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alternating +1g / -1g component. Accordingly, FIGS. 7 and 8 do not illustrate all

acceleration components seen at the output of the z axis shock sensor but are
representative of the alternating component. O peration of the tire monitor will be
described in greater detail below in conjunction with FIGS. 10 - 12.

[0071]  Substituting the shock sensors for accelerometers in a tire monitor
substantially simplifies the design of the tire monitor. Since the accelerometer output
1s proportional to the absolute force applied to it, then the accelerometer operating in
the radial plane of the wheel is subject to the presence of increasing centrifugal force
as the speed of the wheel increases. This 1s an undesired effect in the prior art since

the torce that 1s required to be detected is the variance of the +1g gravitational force

as the wheel rotates. This means that the changing effect of the centrifugal force has
to be negated, which makes the design using accelerometers more complex. Since
the shock sensor only outputs a voltage proportional to a change in force applied,
then the steady or very slowly changing offset created by centrifugal force is not
sensed by the shock sensor at all. D etection of this voltage in the tire monitor is
relatively simple.

[0072]  FIG. 9 shows the output signal from a shock sensor. FIG. 9(a) shows the
shock sensor output signal when a vehicle equipped with the shock sensor mounted
on a wheel 1s moving so that the wheel 1s rotating. The output signal is a sinusoid
with a period equal to one revolution of the wheel. The magnitude of the o utput
signal is a voltage proportional to the acceleration experienced by the shock sensor as
1t rotates, one g or one times the acceleration due to gravity. Thus, the voltage peaks

correspond to t1g. As noted above, a typical shock sensor has an output voltage

proportional to acceleration of approximately 1mV/g. The signal shown in FIG. 9(a)
1s a sinusoldal output signal proportional to gravitational acceleration. This signal
can be amplified and filtered for detection by the tire monitor.

[0073]  FIG. 9(b) and FIG. 9(c) show the natural resonant frequency output signal
from the shock sensor. FIG. 9(b) shows the signal when the v<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>