w0 20207101406 A1 |0 0000 KO Y000 0 O 00

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

World Intellectual Propert 3
O orgmtation > ‘O 00 0 R 0
International Bureau (10) International Publication Number
(43) International Publication Date WO 2020/101406 A1
22 May 2020 (22.05.2020) WIRPOIPCT
(51) International Patent Classification: (74) Agent: SELIM INTELLECTUAL PROPERTY LAW
B62D 5/04 (2006.01) F16H 19/04 (2006.01) FIRM, 10F and 11F, Taewoo Bldg., 285, Gangnam-daero,
HO2P 6/16 (2006.01) F16H 25/22 (2006.01) Seocho-gu, Seoul 06729 (KR).

(21) International Application Number: (81) Designated States (unless otherwise indicated, for every
PCT/KR2019/015581 kind of national protection available). AE, AG, AL, AM,

. . AO. AT, AU, AZ. BA, BB, BG, BIL, BN, BR, BW, BY, BZ.
(22) International Filing Date: CA. CH. CL. CN. CO. CR. CU. CZ. DE, DJ, DK, DM. DO,

14 November 2019 (14.11.2019) DZ. EC, EE. EG. ES, FI, GB, GD, GE, GH. GM, GT, HN,
(25) Filing Language: English HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR.KW.KZ. LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,

(26) Publication Language: English MG, MK, MN, MW, MX, MY, MZ. NA, NG, NI NO, NZ.
(30) Priority Data: OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
62/768,035 15 November 2018 (15.11.2018) US SC, 8D, SE, 8G, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,

) TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(71) Applicant: MANDO CORPORATION [KR/KR]; 32,

Hamanho-gil, Poseung-eup, Pyeongtack-si, Gyeonggi-do (84) Designated States (unless otherwise indicated, for every
17962 (KR). kind of regional protection available). ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ. TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL, SK, SM,

(72) Inventor: DODAK, Tony; 3933 Monitor Rd, Bay City,
Michigan 48706 (US).

(54) Title: APPARATUS AND METHOD FOR CALCULATING ABSOLUTE ANGULAR POSITION FOR CONTROLLING VE-
HICLE STEERING SYSTEM

o
AR

’ 180

CONTROLLER

o]

172

(57) Abstract: A vehicle steering system comprises: a motor assembly operably coupled to a steering rack, the motor assembly com-
prising a motor having a rotor and a motor position sensor configured to sense a rotor angle of the motor in a single-turn range; and
a rotary-to-linear conversion mechanism operably coupled between the motor assembly and the steering rack, the rotary-to-linear con-
version mechanism comprising a rotor operably coupled to the rotor of the motor. A processor calculates an absolute angular position
of the pinion in a full-turn range of rotation of the pinion based on the sensed rotor angle of the motor and a pinion angle sensed by
a pinion angle sensor in a single-turn range, or based on the sensed rotor angle of the motor and an angle of the rotor of the rotary-to-
linear conversion mechanism sensed by an angular position sensor in the single-turn range.

[Continued on next page]



WO 2020/101406 A1 {1110} 00P 00 00T 0 O

TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

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

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



[1]

[2]

[3]

[4]

WO 2020/101406 PCT/KR2019/015581

Description
Title of Invention: APPARATUS AND METHOD FOR CAL-
CULATING ABSOLUTE ANGULAR POSITION FOR CON-

TROLLING VEHICLE STEERING SYSTEM
Technical Field

Various embodiments of the present disclosure generally relate to sensing or cal-
culating absolute angular positions related to steering operation and control of a

vehicle.

Background Art

In many applications, including motor vehicles, it can be important to know the
absolute angular position of a rotating body. As but one example, when starting a
motor vehicle, it may sometimes be necessary to know which steering revolution the
steering wheel is in instantly at power up. Not only does this allow the driver to know
which way the front wheels are directed before placing the vehicle into gear, but some
computerized vehicle control systems might require to know the steering position as
well. For example, in an automated steering system, such as a steer-by-wire system,
the control system must know the position of the steering wheel at all times in order to
control the direction of the vehicle. Not only must these systems know the position of
the steering wheel, they must know in which revolution the steering wheel is in at the
time of measurement.

One such device includes a relatively large input gear installed on the steering shaft.
The input gear is meshed with two relatively small output gears. A first magnetic field
sensor and a second magnetic field sensor are placed near the first and second output
gears, respectively. The output gears are constructed so that as they rotate the angular
position of the output gears is sensed by the sensors. The ratio of the first output gear
to the second output gear is chosen so that the output gears are out of phase as they
rotate through multiple revolutions. The signals from the sensors are used to determine
the absolute position of the steering shaft. The second sensor provides a relatively
accurate, high resolution signal representing the angular position of the second output
gear. This signal, used in conjunction with the out-of-phase angular position signal
from the first sensor is used to determine which revolution the steering shaft is in when
the signal is received from the second sensor. Thus, the absolute position of the
steering shaft is known.

It is with respect to these and other general considerations that the following em-
bodiments have been described. Also, although relatively specific problems have been

discussed, it should be understood that the embodiments should not be limited to
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solving the specific problems identified in the background.

Disclosure of Invention

Technical Problem
Various embodiments of the present disclosure provide a vehicle steering system
capable of sensing or calculating absolute angular positions related to steering

operation and control of a vehicle.

Solution to Problem

The features and advantages of the present disclosure will be more readily un-
derstood and apparent from the following detailed description, which should be read in
conjunction with the accompanying drawings, and from the claims which are appended
to the end of the detailed description.

According to certain embodiments of the present disclosure, a vehicle steering
system, may comprise: a motor assembly comprising a motor having a first rotor and a
motor position sensor configured to sense a first rotor angle of the motor in a single-
turn range; a rotary-to-linear conversion mechanism operably coupled between the
motor assembly and a steering rack to convert a rotational force of the motor into a
linear force for moving the steering rack, the rotary-to-linear conversion mechanism
comprising a second rotor operably coupled to the first rotor of the motor and an
angular position sensor configured to sense a second rotor angle of the second rotor of
the rotary-to-linear conversion mechanism in a single-turn range, wherein the steering
rack is operably coupled to a pinion; and a processor configured to calculate an
absolute angular position associated with a position of steering rack in a full-turn range
of movement of the steering rack based on the sensed first rotor angle of the motor and
the sensed second rotor angle of the second rotor of the rotary-to-linear conversion
mechanism. The absolute angular position associated with the position of the steering
rack in the full-turn range associated with the movement of the steering rack may be or
correspond to an absolute angular position of the pinion in the full-turn range of
rotation of the pinion. The single-turn range may be a three hundred sixty (360) degree
range, and the full-turn range may correspond to a movable range of the steering rack,
such as a rotatable range of a pinion or steering wheel. The rotary-to-linear conversion
mechanism may comprise a ball-nut assembly.

The processor may be configured to calculate the absolute angular position as-
sociated with the position of the steering rack based on the sensed first rotor angle of
the motor and the sensed second rotor angle of the second rotor of the rotary-to-linear
conversion mechanism using ratio between rates at which the first rotor of the motor
and the second rotor of the rotary-to-linear conversion mechanism rotate.

The processor may be configured to calculate the absolute angular position as-
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sociated with the position of the steering rack based on the sensed first rotor angle of
the motor and the sensed second angle of the second rotor of the rotary-to-linear
conversion mechanism using a Vernier algorithm.

The rotary-to-linear conversion mechanism comprises a first gear configured to be
rotated by the first rotor of the motor and the second rotor of the rotary-to-linear
conversion mechanism may be a second gear rotatably connected to the first gear, the
angular position sensor is configured to sense the angle of the second gear of the
rotary-to-linear conversion mechanism in a single-turn range, and the processor may be
configured to calculate the absolute angular position associated with the position of the
steering rack in the full-turn range of movement of the steering rack based on the
sensed rotor angle of the motor and the sensed angle of the second gear of the rotary-
to-linear conversion mechanism.

According to some embodiments of the present disclosure, a vehicle steering system
may comprise: a pinion angle sensor configured to sense a pinion angle in a single-turn
range, wherein the pinion angle is associated with a pinion operably coupled to a
steering rack; a motor assembly operably coupled to the steering rack, the motor
assembly comprising a motor having a rotor and a motor position sensor configured to
sense a rotor angle of the motor in a single-turn range; and a processor configured to
calculate an absolute angular position associated with the position of the steering rack
in a full-turn range of movement of the steering rack based on the sensed pinion angle
and the sensed rotor angle of the motor. The absolute angular position associated with
the position of the steering rack in the full-turn range associated with the movement of
the steering rack may be or correspond to an absolute angular position of the pinion in
the full-turn range of rotation of the pinion. The single-turn range may be a three
hundred sixty (360) degree range, and the full-turn range may correspond to a movable
range of the steering rack, such as a rotatable range of a pinion or steering wheel.

The processor may be configured to calculate the absolute angular position as-
sociated with the position of the steering rack based on the sensed pinion angle and the
sensed rotor angle of the motor using ratio between rates at which the pinion and the
rotor of the motor rotate.

The processor may be configured to calculate the absolute angular position as-
sociated with the position of the steering rack based on the sensed pinion angle and the
sensed rotor angle of the motor using a Vernier algorithm.

The vehicle steering system may further comprising a rotary-to-linear conversion
mechanism operably coupled between the motor assembly and the steering rack. The
rotary-to-linear conversion mechanism may comprise a ball-nut assembly.

This Summary is provided to introduce a selection of concepts in a simplified form

that are further described below in the Detailed Description. This summary is not
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intended to identify key features or essential features of the claimed subject matter, nor
is it intended to be used to limit the scope of the claimed subject matter.
Advantageous Effects of Invention

The vehicle steering system according to the various embodiments of the present
disclosure may sense or calculate absolute angular positions related to steering
operation and control of a vehicle effectively.

Brief Description of Drawings

Various embodiments in accordance with the present disclosure will be described
with reference to the drawings, in which:

FIG. 1 is a conceptual view of a vehicle steering system according to an exemplary
embodiment of the present disclosure;

FIG. 2 shows a partial cross-sectional view of a motor assembly and a rotary-
to-linear conversion mechanism according to an exemplary embodiment of the present
disclosure;

FIG. 3 shows a partial cross-sectional view of a pinion gear housing according to an
exemplary embodiment of the present disclosure;

FIG. 4 is a flow diagram of a method for calculating an absolute angular position as-
sociated with a position of a steering rack according an exemplary embodiment of the
present disclosure;

FIG. 5 is a flow diagram of a method for calculating an absolute angular position as-
sociated with a position of a steering rack according another exemplary embodiment of
the present disclosure; and

FIG. 6 shows a block diagram of a controller of a vehicle steering system according
to an embodiment of the present disclosure.

Corresponding numerals and symbols in the different figures generally refer to corre-
sponding parts unless otherwise indicated. The figures are drawn to clearly illustrate

the relevant aspects of the embodiments and are not necessarily drawn to scale.

Best Mode for Carrying out the Invention

In the following detailed description, reference is made to the accompanying
drawings which form a part of the present disclosure, and in which are shown by way
of illustration specific embodiments in which the invention may be practiced. These
embodiments are described in sufficient detail to enable those skilled in the art to
practice the invention, and it is to be understood that other embodiments may be
utilized and that structural, logical and electrical changes may be made without
departing from the spirit and scope of the invention. The following detailed description
is therefore not to be taken in a limiting sense, and the scope of the invention is defined

only by the appended claims and equivalents thereof. Like numbers in the figures refer
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to like components, which should be apparent from the context of use.

Referring now to FIG. 1, a steering system 100 for use in a vehicle is illustrated. The
steering system 100 allows a driver or operator of the vehicle to control the direction of
the vehicle through the manipulation of the steering system 100. The steering system
100 may comprise a steering column 110, a pinion 120 including a pinion shaft 121
and a pinion gear 125, a rock assembly 130, a motor assembly 160 and a controller
180.

The steering column 110 provides mechanical manipulation of the vehicle's wheels
in order to control the direction of the vehicle. The steering column 110 includes a
steering wheel 105. The steering wheel 105 is positioned so that the driver can apply a
rotational force to the steering column 110. An upper steering column shaft 113 is
secured to the steering wheel 105 at one end and a column universal joint 115 at the
other. The column universal joint 115 couples the upper steering column shaft 113 to
the pinion shaft (or a lower steering column shaft) 121. The pinion shaft 121 may be
secured to the column universal joint 115 at one end and the gear housing 122 at the
other. The gear housing 122 accommodates the pinion gear 125. The pinion gear 125
of the gear housing 122 is positioned to make contact with a rack gear (such as a
matching toothed portion) 132 of the rack assembly 130. The pinion gear 125 has, for
example, but not limited to, helical teeth that are meshingly engaged with straight-cut
teeth of the rack gear 132. The pinion gear 125, in combination with the rack gear 132,
form a rack and pinion gear set 135. A rack 155 is coupled to the vehicle's steerable
road wheels 150 with steering linkage. Tie rods 140 are secured to the rack assembly
130 at one end and knuckles 145 at the other.

As arotational force is applied to the steering column 110, through the manipulation
of steering wheel 105 or other applied force, the pinion gear 125 of the gear housing
122 is accordingly rotated. The movement of the pinion gear 125 causes the movement
of the rack assembly 130 in the direction of arrows 137, which in turn manipulates the
tie rods 140 and the knuckles 45 in order to reposition the road wheels 150. Ac-
cordingly, when the steering wheel 105 is turned, the rack and pinion gear set 135
converts the rotary motion of the steering wheel 105 into the linear motion of the rack
155.

In order to assist the driver's or operator's applied force to the steering system 100, an
electric motor 165 is energized to provide power assist to the movement of the rack
155, aiding in the steering of the vehicle by the vehicle operator. The electric motor
165 may comprise a rotor 164 including a motor shaft 168 and a motor pulley 166. The
electric motor 165 provides a torque force to the motor pulley 166 via the motor shaft
168. The rotation force of the motor pulley 166 is transferred to a belt 167. Alter-
natively, the motor pulley 166 can be directly coupled to the rack 155, or the belt 167
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is replaced by a chain or gear system or any rotary that provides a rotational force to a
rotary-to-linear conversion mechanism 170 (e.g. a ball-screw assembly). As a torque
force is applied to the belt 167, the rotational force is converted into a linear force via
the rotary-to-linear conversion mechanism 170, and the rack 155 is moved in one of
the directions of arrows 137. Of course, the direction of movement of rack assembly
130 corresponds to the rotational direction of the motor pulley 166. The configuration
belt 167 and the position of the electric motor 165 allow an inner engagement surface
of the belt 167 to wrap around and engage both the motor pulley 166 and a ball-screw
pulley 172, that is fixed to a rotary portion (or a rotor) of the ball-screw assembly 170.

The electric motor 165 is actuated by a controller 180 that receives inputs from a
torque and/or rotational position sensor(s) 117. The rotational position sensor 117
provides a steer angle signal to the controller 180.

FIG. 1 illustrate a power assist steering system that includes a mechanical connection
between the hand wheel 105 and the rack assembly 130. Alternatively, and in ap-
plications in which a "steer-by-wire system" is employed, there is no direct mechanical
connection between the hand wheel 105 and the rack assembly 130. In this application,
the driver's rotational movement of the hand wheel 105 (and/or signal from an
equivalent driver control device such as a joystick, pedal(s) and other mechanism for
manipulation by the driver) is input into the controller 180 while the electric motor 165
provides the necessary force to manipulate the rack assembly 130.

FIG. 2 shows a partial cross-sectional view of a motor assembly and a rotary-
to-linear conversion mechanism according to an exemplary embodiment of the present
disclosure.

A motor position sensor 210 is supported on a circuit board 230, and is electrically
connected with the circuit board 230. For example, the motor position sensor 210 is
directly mounted on a side of the circuit board 230 facing the distal end of the rotor
164 of the motor 165.

The motor position sensor 210 may be disposed in sensing relationship with the rotor
164 of the motor 165. For example, the motor position sensor 210 may be positioned
adjacent to the distal end of the motor pulley 166 or the motor rotation shaft 168.

The motor position sensor 210 is responsive to the rotation of the motor pulley 166
or the motor rotation shaft 168. For example, the motor position sensor 210 and the
motor rotation shaft 168 (or the motor pulley 166) are configured such that the motor
position sensor 210 can detect or sense an angular position of the motor rotor 164
(such as the motor pulley 166 or the motor rotation shaft 168) in a single-turn range
which is a range of zero to three hundred sixty degrees (0-360°). The motor position
sensor 210 may generate an output signal indicative of the sensed angular position of

the motor rotor 164.
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The motor position sensor 210 can be any suitable device(s) for generating signal re-
sponsive to the rotation of the motor rotor 164. For example, the motor position sensor
210 can be a non-contact limit switch. The motor position sensor 210 may be a Hall
effect sensor, a magnetoresisitve (MR) sensor, or any other sensor known in the art
with similar capabilities. Correspondingly, the motor rotor 164, such as the motor
pulley 166 or the motor rotation shaft 168, may include a magnetic gradient formed on
a surface of the motor rotor 164 defined by a plurality of alternating north and south
magnetically charged elements circumferentially spaced about the circumference of the
motor pulley 166 or the motor rotation shaft 168. The magnetically charged elements
of the motor rotor 164 can be any suitable component or material capable of retaining a
magnetic charge. The magnetically charged elements of the motor rotor 164 can be
formed and/or mounted on the surface of the motor pulley 166 or the motor rotation
shaft 168 or can be disposed internally in the motor pulley 166 or the motor rotation
shaft 168. For example, the magnet for sensing the motor position may be pressed on
the end of the motor pulley 166 or the motor rotation shaft 168.

The rotary-to-linear conversion mechanism 170 may comprises a rotor such as a
main-gear 221, a sub-gear 222 and the pulley 172. The main-gear 221 of the rotary-
to-linear conversion mechanism 170 is operably coupled to the ball-screw pulley 172
so that the main gear 221 can be rotated together with the ball-screw pulley 172. The
main-gear 221 of the rotary-to-linear conversion mechanism 170 is directly or in-
directly coupled to the ball-screw pulley 172. For example, the main-gear 221 of the
rotary-to-linear conversion mechanism 170 is indirectly connected through a ball nut
174. The main-gear 221 rotatably engages with the sub-gear 222. According to some
embodiments of the present disclosure, the rotary-to-linear conversion mechanism 170
may have only one single sub-gear.

As the sub-gear 222 of the rotary-to-linear conversion mechanism 170 rotates, an
angular position sensor 225 of the rotary-to-linear conversion mechanism 170 may
detect or sense an angular position of the sub-gear 222 in a single-turn which is a range
of zero to three hundred sixty degrees (0-360°).

The angular position sensor 225 of the rotary-to-linear conversion mechanism 170 is
supported on the circuit board 230, and is electrically connected with the circuit board
230. For example, the angular position sensor 225 is directly mounted on a side of the
circuit board 230 facing the sub-gear 222 of the rotary-to-linear conversion mechanism
170. Alternatively, the angular position sensor 225 may be supported on another circuit
board which is a separate circuit from the circuit board 230.

The angular position sensor 225 of the rotary-to-linear conversion mechanism 170
may be disposed in sensing relationship with the sub-gear 222 of the rotary-to-linear

conversion mechanism 170. For example, the angular position sensor 225 may be po-
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sitioned adjacent to the sub-gear 222.

The angular position sensor 225 of the rotary-to-linear conversion mechanism 170 is
responsive to the rotation of the sub-gear 222 of the rotary-to-linear conversion
mechanism 170. For example, the angular position sensor 225 and the sub-gear 222 are
configured such that the angular position sensor 225 can detect or sense an angular
position of the sub-gear 222 in a single-turn range which is a range of zero to three
hundred sixty degrees (0-360°). The angular position sensor 225 may generate an
output signal indicative of the sensed angular position of the sub-gear 222 of the
rotary-to-linear conversion mechanism 170.

The angular position sensor 225 of the rotary-to-linear conversion mechanism 170
can be any suitable device(s) for generating signal responsive to the rotation of the sub-
gear 222 of the rotary-to-linear conversion mechanism 170. For example, the angular
position sensor 225 can be a non-contact limit switch. The angular position sensor 225
may be a Hall effect sensor, a MR sensor, or any other sensor known in the art with
similar capabilities. Correspondingly, the sub-gear 222 of the rotary-to-linear
conversion mechanism 170 may include a magnetic gradient formed on a surface of
the sub-gear 222 defined by a plurality of alternating north and south magnetically
charged elements circumferentially spaced about the circumference of the sub-gear
222. The magnetically charged elements of the sub-gear 222 can be any suitable
component or material capable of retaining a magnetic charge. The magnetically
charged elements of the sub-gear 222 can be formed and/or mounted on the surface of
the sub-gear 222 or can be disposed internally in the sub-gear 222. For example, the
magnet for sensing the position of the sub-gear 222 may be pressed on one surface of
the sub-gear 222.

Alternatively, the angular position sensor 225 of the rotary-to-linear conversion
mechanism 170 is configured to sense or detect an angular position of another rotor of
the rotary-to-linear conversion mechanism, for example, but not limited to, the ball-
screw pulley 172 or the main-gear 221, instead of the sub-gear 222.

FIG. 3 shows a partial cross-sectional view of a pinion gear housing according to an
exemplary embodiment of the present disclosure.

A pinion angle sensor 310 is supported on the gear housing 122, and is electrically
connected with the controller 180 of FIG. 1. For example, the pinion angle sensor 210
is directly mounted on an inner surface of the gear housing 122 facing the distal end of
the pinion 120 such as the pinion gear 125.

The pinion angle sensor 310 may be disposed in sensing relationship with the pinion
120. For example, the pinion angle sensor 310 may be positioned adjacent to the distal
end of the pinion gear 125.

The pinion angle sensor 310 is responsive to the rotation of the pinion 120. For
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example, the pinion angle sensor 310 and the pinion gear 125 are configured such that
the pinion angle sensor 310 can detect or sense an angular position of the pinion 120
(e.g. the pinion gear 125) in a single-turn range which is a range of zero to three
hundred sixty degrees (0-360°). The pinion angle sensor 310 may generate an output
signal indicative of the sensed angular position of the pinion 120.

The pinion angle sensor 310 can be any suitable device(s) for generating signal re-
sponsive to the rotation of the pinion 120. For example, the pinion angle sensor 310
can be a non-contact limit switch. The pinion angle sensor 310 may be a Hall effect
sensor, a MR sensor, or any other sensor known in the art with similar capabilities.
Correspondingly, the pinion 120 may include a magnetic gradient formed on the distal
end 320 of the pinion 120 defined by a plurality of alternating north and south mag-
netically charged elements circumferentially spaced about the circumference of the
pinion gear 125. The magnetically charged elements of the pinion 120 can be any
suitable component or material capable of retaining a magnetic charge. The mag-
netically charged elements of the pinion 120 can be formed and/or mounted on the
surface of the pinion 120 or can be disposed internally in the pinion 120. For example,
the magnet for sensing the pinion position may be pressed on the end 320 of the pinion
gear 125.

FIG. 4 is a flow diagram of a method for calculating an absolute angular position as-
sociated with a position of a steering rack according an exemplary embodiment of the
present disclosure.

At step 410, the pinion angle sensor 310 detects or senses an angular position of the
pinion 120 (e.g. the pinion gear 125) in a single-turn range which is a range of zero to
three hundred sixty degrees (0-360°). The motor pinion angle sensor 310 generates and
transmits an output signal indicative of the sensed angular position of the pinion 120 to
the controller 180.

At step 420, the motor position sensor 210 detects or senses an angular position of
the motor rotor 164 (such as the motor pulley 166 or the motor rotation shaft 168) in a
single-turn range which is a range of zero to three hundred sixty degrees (0-360°). The
motor position sensor 210 generates and transmits an output signal indicative of the
sensed angular position of the motor rotor 164 to the controller 180.

At step 430, the controller 180 calculates an absolute angular position associated
with a position of the steering rack 155 in a full-turn range of movement of the steering
rack 155 based on the angular position of the pinion 120 detected by the pinion angle
sensor 310 and the angular position of the motor 165 sensed by the motor position
sensor 210. The full-turn range of the movement of the steering rack 155 may be or
correspond to, for example, but not limited to, the full-turn range of rotation of the

pinion 120, the full-turn range of rotation of the hand wheel 105 or the full-turn range
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of any steering movement related to a position of the steering rack 155. In an
exemplary embodiment, the controller 180 calculates an absolute angular position of
the pinion 120 in a full-turn range of rotation of the pinion 120 based on the angular
position of the pinion 120 detected by the pinion angle sensor 310 and the angular
position of the motor 165 sensed by the motor position sensor 210. For instance, the
full-turn range of rotation of the pinion 120 is three (3) complete turns, a range of zero
to one thousand eighty degrees (0° - 1080°) or a range of minus five hundred forty to
plus five hundred forty degrees (-540° - +540°). In order to express the full-turn range
of the pinion 120, the controller 180 utilizes an algorithm or look-up-table. The
algorithm or look-up-table may be embodied in a programmed digital computer or a
custom digital processor included in the controller 180 (See FIG. 6).

For example, the absolute angular position associated with the position of the
steering rack 155, such as the absolute angular position of the pinion 120, can be
calculated using ratio between rotation rates at which the pinion 120 and the rotor 164
of the motor 165 rotate. The gear ratio between the pinion gear 125 and the pulley 166
of the motor 165 can be used. By providing different rotation rate or speed of the
pinion gear 125 and the pulley 166 of the motor 165, a difference between the angular
position of the pinion gear 125 detected by the pinion angle sensor 310 and the angular
position of the motor shaft 168 or the motor pulley 166 sensed by the motor position
sensor 210 is generated which will assume a unique value throughout the full range of
rotation of the pinion 120. This difference provides a value which may be conveniently
used to determine the absolute angular position associated with the position of the
steering rack 155, such as the absolute angular position of the pinion 120, even though
neither the pinion angle sensor 310 nor the motor position sensor 210 is suitable for in-
dependently indicating the absolute angular position associated with the position of the
steering rack 155, such as the absolute angular position of the pinion 120, throughout
the full range of motion.

The Vernier algorithm can be used to calculate the absolute angular position as-
sociated with the position of the steering rack 155, such as the absolute angular
position of the pinion 120, based on the angular position of the pinion 120 and the
angular position of the motor 165. The Vernier algorithm may figure out the absolute
angular position associated with the position of the steering rack 155, such as an
absolute angle of the pinion 120, by using phase difference of the angular position of
the pinion 120 and the angular position of the motor 165 with different cycles.

FIG. 5 is a flow diagram of a method for calculating an absolute angular position as-
sociated with a position of a steering rack according another exemplary embodiment of
the present disclosure.

At step 510, the angular position sensor 225 of the rotary-to-linear conversion
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mechanism 170 may detect or sense an angular position of a rotor of the rotary-
to-linear conversion mechanism 170, for example, but not limited to, the pulley 172,
the main-gear 221 and the sub-gear 222, in a single-turn range which is a range of zero
to three hundred sixty degrees (0-360°). The angular position sensor 225 of the rotary-
to-linear conversion mechanism 170 generates and transmits an output signal in-
dicative of the sensed angular position of the rotor 172, 221 or 222 of the rotary-
to-linear conversion mechanism 170 to the controller 180.

At step 520, the motor position sensor 210 detects or senses an angular position of
the motor rotor 164 (such as the motor pulley 166 or the motor rotation shaft 168) in a
single-turn range which is a range of zero to three hundred sixty degrees (0-360°). The
motor position sensor 210 generates and transmits an output signal indicative of the
sensed angular position of the motor rotor 164 to the controller 180.

At step 530, the controller 180 calculates an absolute angular position associated
with a position of the steering rack 155 in a full-turn range of movement of the steering
rack 155 based on the angular position of the rotor 172, 221 or 222 of the rotary-
to-linear conversion mechanism 170 detected by the angular position sensor 225 and
the angular position of the motor 165 sensed by the motor position sensor 210. The
full-turn range of the movement of the steering rack 155 may be or correspond to, for
example, but not limited to, the full-turn range of rotation of the pinion 120, the full-
turn range of rotation of the hand wheel 105 or the full-turn range of any steering
movement related to a position of the steering rack 155. In an exemplary embodiment,
the controller 180 calculates an absolute angular position of the pinion 120 in a full-
turn range of rotation of the pinion 120 based on the angular position of the rotor 172,
221 or 222 of the rotary-to-linear conversion mechanism 170 detected by the angular
position sensor 225 and the angular position of the motor 165 sensed by the motor
position sensor 210. For instance, the full-turn range of rotation of the pinion 120 is
three (3) complete turns, a range of zero to one thousand eighty degrees (0° - 1080°) or
a range of minus five hundred forty to plus five hundred forty degrees (-540° - +540°).
In order to express the full-turn range of the pinion 120, the controller 180 utilizes an
algorithm or look-up-table. The algorithm or look-up-table may be embodied in a
programmed digital computer or a custom digital processor included in the controller
180 (See FIG. 6).

For example, the absolute angular position associated with the position of the
steering rack 155, such as the absolute angular position of the pinion 120, can be
calculated using ratio between rotation rates at which the sub-gear 222 of the rotary-
to-linear conversion mechanism 170 and the rotor 164 of the motor 165 rotate. The
gear ratio between the sub-gear 222 of the rotary-to-linear conversion mechanism 170

and the rotor 164 of the motor 165 can be used. By providing different rotation rate or
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speed of the sub-gear 222 of the rotary-to-linear conversion mechanism 170 and the
pulley 166 of the motor 165, a difference between the angular position of the sub-gear
222 of the rotary-to-linear conversion mechanism 170 detected by the angular position
sensor 225 and the angular position of the motor shaft 168 or the motor pulley 166
sensed by the motor position sensor 210 is generated which will assume a unique value
throughout the full range of rotation of the pinion 120. This difference provides a value
which may be conveniently used to determine the absolute angular position associated
with the position of the steering rack 155, such as the absolute angular position of the
pinion 120, even though neither the angular position sensor 225 nor the motor position
sensor 210 is suitable for independently indicating the absolute angular position as-
sociated with the position of the steering rack 155, such as the absolute angular
position of the pinion 120, throughout the full range of motion.

The Vernier algorithm can be used to calculate the absolute angular position as-
sociated with the position of the steering rack 155, such as the absolute angular
position of the pinion 120, based on the angular position of the rotor 172, 221 or 222 of
the rotary-to-linear conversion mechanism 170 and the angular position of the rotor
164 of the motor 165. The Vernier algorithm may figure out the absolute angular
position associated with the position of the steering rack 155, such as the absolute
angle of the pinion 120, by using phase difference of the angular position of the rotor
172, 221 or 222 of the rotary-to-linear conversion mechanism 170 and the angular
position of the rotor 164 of the motor 165 with different cycles.

Without mounting an absolute angular sensor assembly having at least more than two
sub-gears and corresponding sensors to the steering system, some embodiments of the
present disclosure can calculate an absolute angular position associated with the
position of a steering rack, such as the absolute angular position of a hand wheel or
pinion, using the angular position sensor 225 of the rotary-to-linear conversion
mechanism 170 and the motor position sensor 210 or using the pinion angle sensor 310
and the motor position sensor 210.

FIG. 6 shows a block diagram illustrating components of an example computing
device, such as the controller 180 shown in FIG. 1. FIG. 6 illustrates only one
particular example of the controller 180, and many other examples of the controller
180 may be used in other instances.

As shown in the specific example of FIG. 6, an computing device 1000, such as the
controller 180 shown in FIG. 1, may include one or more processors 1002, memory
1004, network interface 1006, one or more storage devices 1008, user interface 1010,
short-range wireless communication module 1012, wireless communication module
1014, and power source 1016. Computing device 1000 may also include operating

system 1018, which may include modules and/or applications that are executable by
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one or more processors 1002 and computing device 1000. Each of the components
1002, 1004, 1006, 1008, 1010, 1012, 1014, 1016, and 1018 may be interconnected
(physically, communicatively, and/or operatively) for inter-component commu-
nications.

One or more processors 1002, in one example, may be configured to implement
functionality and/or process instructions for execution within computing device 1000.
For example, one or more processors 1002 may be capable of processing instructions
stored in memory 304 or instructions stored on one or more storage devices 1008.
These instructions may define or otherwise control the operation of operating system
1018.

Memory 1004 may, in one example, be configured to store information within
computing device 1000 during operation. Memory 1004, in some examples, may be
described as a computer-readable storage medium. In some examples, memory 1004
may be a temporary memory, meaning that a primary purpose of memory 1004 is not
long-term storage. Memory 1004 may, in some examples, be described as a volatile
memory, meaning that memory 1004 does not maintain stored contents when
computing device 1000 is turned off. Examples of volatile memories may include
random access memories (RAM), dynamic random access memories (DRAM), static
random access memories (SRAM), and other forms of volatile memories known in the
art. In some examples, memory 1004 may be used to store program instructions for
execution by one or more processors 1002. Memory 1004 may, in one example, be
used by software or applications running on computing device 1000 to temporarily
store information during program execution.

One or more storage devices 1008 may, in some examples, also include one or more
computer-readable storage media. One or more storage devices 1008 may be
configured to store larger amounts of information than memory 1004. One or more
storage devices 1008 may further be configured for long-term storage of information.
In some examples, one or more storage devices 1008 may include non-volatile storage
elements. Examples of such non-volatile storage elements may include magnetic hard
discs, optical discs, floppy discs, flash memories, or forms of electrically pro-
grammable memories (EPROM) or electrically erasable and programmable
(EEPROM) memories.

Computing device 1000 may, in some examples, also include network interface 306.
Computing device 1000 may, in one example, use network interface 306 to com-
municate with external devices via one or more networks. Network interface 506 may
be a network interface card, such as an Ethernet card, an optical transceiver, a radio
frequency transceiver, or any other type of device that can send and receive in-

formation. Other examples of such network interfaces may include Bluetooth, 5G and
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Wi-Fi radios in mobile computing devices as well as universal serial bus (USB). In
some examples, computing device 1000 may the network interface 1006 to wirelessly
communicate with an external device such as a server, mobile phone, or other
networked computing device.

Computing device 1000 may, in one example, also include user interface 1010. User
interface 1010 may be configured to receive input from a user (e.g., tactile, audio, or
video feedback). User interface 1010 may include a touch-sensitive and/or a presence-
sensitive screen or display, mouse, a keyboard, a voice responsive system, or any other
type of device for detecting a command from a user. In some examples, user interface
1010 may include a touch-sensitive screen, mouse, keyboard, microphone, or camera.

User interface 1010 may also include, combined or separate from input devices,
output devices. In this manner, user interface 1010 may be configured to provide
output to a user using tactile, audio, or video stimuli. In one example, user interface
1010 may include a touch-sensitive screen or display, sound card, a video graphics
adapter card, or any other type of device for converting a signal into an appropriate
form understandable to humans or machines. In addition, user interface 1010 may
include a speaker, a cathode ray tube (CRT) monitor, a liquid crystal display (LCD), or
any other type of device that can generate intelligible output to a user.

Computing device 1000, in some examples, may include power source 1016, which
may be a rechargeable battery and may provide power to computing device 1000.
Power source 1016 may, in some examples, be a battery made from nickel-cadmium,
lithium-ion, or other suitable material. In other examples, power source 1016 may be a
power source capable of providing stored power or voltage from another power source.

In addition, computing device 1000 may include short-range wireless communication
module 1012. Short-range wireless communication module 1012 may be active
hardware that is configured to communicate with other short-range wireless commu-
nication modules. Examples of short-range wireless communication module 1012 may
include an NFC module, an RFID module, and the like. In general, short-range
wireless communication module 1012 may be configured to communicate wirelessly
with other devices in physical proximity to short-range wireless communication
module 1012 (e.g., less than approximately ten centimeters, or less than approximately
four centimeters). In other examples, short-range wireless communication module
1012 may be replaced with an alternative short-range communication device
configured to communicate with and receive data from other short-range commu-
nication devices. These alternative short-range communication devices may operate
according to Bluetooth, Ultra-Wideband radio, or other similar protocols. In some
examples, short-range wireless communication module 1012 may be an external

hardware module that is coupled with computing device 1000 via a bus (such as via a
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Universal Serial Bus (USB) port). short-range wireless communication module 1012,
in some examples, may also include software which may, in some examples, be in-
dependent from operating system 1018, and which may, in some other examples, be a
sub-routine of operating system 1018.

The computing device 1000, in some examples, may also include wireless commu-
nication module 1014. Wireless communication module 1014 may, in some examples,
may be a device operable to exchange data with other wireless communication
modules over short distances (e.g., less than or equal to ten meters). Examples of
wireless communication module 1014 may include a Bluetooth module, a WiFi direct
module, and the like.

Computing device 1000 may also include operating system 1018. Operating system
1018 may, in some examples, control the operation of components of computing
device 1000. For example, operating system 1018 may, in one example, facilitate the
interaction with one or more processors 1002, memory 1004, network interface 1006,
one or more storage devices 1008, user interface 1010, short-range wireless commu-
nication module 1012, wireless communication module 1014, and power source 1016.

Any applications implemented within or executed by computing device 1000 may be
implemented or contained within, operable by, executed by, and/or be operatively/
communicatively coupled to components of computing device 1000 (e.g., one or more
processors 1002, memory 1004, network interface 1006, one or more storage devices
1008, user interface 1010, short-range wireless communication module 1012, wireless
communication module 1014, and/or power source 1016).

Although the example embodiments have been described in detail, it should be un-
derstood that various changes, substitutions and alterations can be made herein without
departing from the spirit and scope of the application as defined by the appended
claims.

Moreover, the scope of the present application is not intended to be limited to the
particular embodiments of the process, machine, manufacture, and composition of
matter, means, methods and steps described in the specification. As one of ordinary
skill in the art will readily appreciate from the disclosure, processes, machines, man-
ufacture, compositions of matter, means, methods or steps, presently existing or later to
be developed, that perform substantially the same function or achieve substantially the
same result as the corresponding embodiments described herein may be utilized
according to the embodiments and alternative embodiments. Accordingly, the
appended claims are intended to include within their scope such processes, machines,

manufacture, compositions of matter, means, methods, or steps.
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Claims

A vehicle steering system, comprising:

a motor assembly comprising a motor having a first rotor and a motor
position sensor configured to sense a first rotor angle of the motor in a
single-turn range;

a rotary-to-linear conversion mechanism operably coupled between the
motor assembly and a steering rack to convert a rotational force of the
motor into a linear force for moving the steering rack, the rotary-
to-linear conversion mechanism comprising a second rotor operably
coupled to the first rotor of the motor and an angular position sensor
configured to sense a second rotor angle of the second rotor of the
rotary-to-linear conversion mechanism in a single-turn range, wherein
the steering rack is operably coupled to a pinion; and

a processor configured to calculate an absolute angular position as-
sociated with a position of the steering rack in a full-turn range as-
sociated with movement of the steering rack based on the sensed first
rotor angle of the motor and the sensed second rotor angle of the
second rotor of the rotary-to-linear conversion mechanism.

The vehicle steering system of claim 1, wherein the absolute angular
position associated with the position of the steering rack in the full-turn
range associated with the movement of the steering rack is an absolute
angular position of the pinion in the full-turn range of rotation of the
pinion.

The vehicle steering system of claim 1, wherein the processor is
configured to calculate the absolute angular position associated with the
position of the steering rack based on the sensed first rotor angle of the
motor and the sensed second rotor angle of the second rotor of the
rotary-to-linear conversion mechanism using ratio between rates at
which the first rotor of the motor and the second rotor of the rotary-
to-linear conversion mechanism rotate.

The vehicle steering system of claim 1, wherein the processor is
configured to calculate the absolute angular position associated with the
position of the steering rack based on the sensed first rotor angle of the
motor and the sensed second angle of the second rotor of the rotary-
to-linear conversion mechanism using a Vernier algorithm.

The vehicle steering system of claim 1, wherein:

the rotary-to-linear conversion mechanism comprises a first gear
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configured to be rotated by the first rotor of the motor and the second
rotor of the rotary-to-linear conversion mechanism is a second gear
rotatably connected to the first gear,

the angular position sensor is configured to sense the angle of the
second gear of the rotary-to-linear conversion mechanism in a single-
turn range, and

the processor is configured to calculate the absolute angular position
associated with the position of the steering rack in the full-turn range
associated with the movement of the steering rack based on the sensed
rotor angle of the motor and the sensed angle of the second gear of the
rotary-to-linear conversion mechanism.

The vehicle steering system of claim 1, wherein the single-turn range is
a three hundred sixty (360) degree range, and the full-turn range cor-
responds to a movable range of the steering rack.

The vehicle steering system of claim 1, wherein the rotary-to-linear
conversion mechanism comprises a ball-nut assembly.

A vehicle steering system, comprising:

a pinion angle sensor configured to sense a pinion angle in a single-turn
range, wherein the pinion angle is associated with a pinion operably
coupled to a steering rack;

a motor assembly operably coupled to the steering rack, the motor
assembly comprising a motor having a rotor and a motor position
sensor configured to sense a rotor angle of the motor in a single-turn
range; and

a processor configured to calculate an absolute angular position as-
sociated with a position of the steering rack in a full-turn range as-
sociated with movement of the steering rack based on the sensed pinion
angle and the sensed rotor angle of the motor.

The vehicle steering system of claim 8, wherein the absolute angular
position associated with the position of the steering rack in the full-turn
range associated with the movement of the steering rack is an absolute
angular position of the pinion in the full-turn range of rotation of the
pinion.

The vehicle steering system of claim 8, wherein the processor is
configured to calculate the absolute angular position associated with the
position of the steering rack based on the sensed pinion angle and the
sensed rotor angle of the motor using ratio between rates at which the

pinion and the rotor of the motor rotate.
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The vehicle steering system of claim 8, wherein the processor is
configured to calculate the absolute angular position associated with the
position of the steering rack based on the sensed pinion angle and the
sensed rotor angle of the motor using a Vernier algorithm.

The vehicle steering system of claim 8, further comprising a rotary-
to-linear conversion mechanism operably coupled between the motor
assembly and the steering rack.

The vehicle steering system of claim 8, wherein the single-turn range is
a three hundred sixty (360) degree range, and the full-turn range cor-
responds to a movable range of a steering rack.

The vehicle steering system of claim 12, wherein the rotary-to-linear

conversion mechanism comprises a ball-nut assembly.
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