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ABSTRACT OF THE DISCLOSURE

A steer-by-wire control system adapted for use with a material handling
vehicle such as a forklift includes a controller programmed to receive input
indicative of a desired direction of travel of the material handling vehicle and to
control an actuator coupled with the steered wheels of the material handling
vehicle to change the direction of travel of the vehicle and synchronize the
direction of travel with a position of a steering wheel of the material handling

vehicle.

Date Recue/Date Received 2023-08-18



SYNCHRONIZED STEERING CONTROL SYSTEMS FOR FORKLIFTS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to and the benefit of U.S. Provisional
Patent Application Number 63/411,072, filed 28 September 2022, the disclosure

of which is now expressly incorporated herein by reference.

FIELD OF THE DISCLOSURE
[0002] The present disclosure relates generally to steering systems, and
more specifically to steering systems having a steer-by-wire controller for

directing the steered wheels of a vehicle.

BACKGROUND

[0003] Hydraulic motors and actuators are used in on and off-highway
vehicles such as in the material handling, agriculture, and automotive industries.
Hydraulic motors, valves, and actuators may control a variety of vehicle features
such as steering, lifting, tilting, rotating, etc. The vehicles may be used to move
heavy loads that are supported on a bed or lift mechanism of the vehicle.

[0004] Using hydraulics is a relatively reliable and durable way to support
and move loads. However, there are some drawbacks associated with
hydraulics. As one example, a hydraulic system may experience power loses
throughout the components of the system causing the hydraulic system to lose
efficiency. While most hydraulic functions are used with an intermediate
frequency, for example in a forklift, steering systems may maintain on demand
power at all times during operation. This may cause hydraulic steering systems
to be especially inefficient. Other considerations for hydraulic systems may
include low resolution, multiple components using space, time consuming
installation, & frequent maintenance.

[0005] Using electric actuators and steer-by-wire controllers in vehicle

steering systems may overcome some of the disadvantages of the hydraulic
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systems. Such electric actuators may be controlled using steer-by-wire
controllers connected with the electric actuator. There is a desire to develop
sophisticated steer-by-wire systems for use with the electric actuators to provide

accurate steering for the vehicles.

SUMMARY

[0006] The present disclosure may comprise one or more of the following
features and combinations thereof.

[0007] According to an aspect of the disclosure, a steer-by-wire control
system for use with a material handling vehicle includes a steering assembly and
a controller. The steering assembly including steered wheels, a steering wheel,
and a linear actuator. The steered wheels are supported on ground underlying
the steered wheels. The steered wheels are adapted to turn relative to the
ground to set a direction of travel of the material handling vehicle. The steering
wheel is configured to rotate about a steering wheel axis. The linear actuator is
coupled with the steered wheels and configured to turn the steered wheels
relative to the ground.

[0008] In some embodiments, the linear actuator includes a ball screw nut,
an actuator rod, and a rotation position sensor. The ball screw nut is configured
to rotate about an actuator axis to cause the actuator rod to translate axially
relative to the actuator axis. The actuator rod is configured to turn the steered
wheels in response to the actuator rod translating axially. The rotation position
sensor is configured to generate data indicative of an angular position of the ball
screw nut relative to the actuator axis.

[0009] The controller is connected with the steering wheel and the linear
actuator and configured to cause the actuator rod to translate in response to
rotation of the steering wheel according to a lock-to-lock ratio between the linear
actuator and the steering wheel to vary an angle of the steered wheels. The

controller may be programmed to receive data indicative of the angular position
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of the ball screw nut from the rotation position sensor, determine a linear position
of the actuator rod relative to the actuator axis based on the data indicative of the
angular position of the ball screw nut, determine a target steering wheel position
of the steering wheel relative to the steering wheel axis based on the linear
position of the actuator rod, receive data indicative of a measured steering wheel
position of the steering wheel relative to the steering wheel axis, compare the
measured steering wheel position and the target steering wheel position, and
vary the lock-to-lock ratio based on the comparison between the measured
steering wheel position and the target steering wheel position to cause a
difference between the measured steering wheel position and the target steering
wheel position to be reduced in response to the steering wheel being rotated
about the steering wheel axis.

[0010] In some embodiments, the steer-by-wire control system includes a
steered wheel angle sensor configured to measure an angle of the steered
wheels. The controller may be programmed to determine the linear position of
the actuator rod relative to the actuator axis based on the data indicative of the
position of the ball screw nut and the angle of the steered wheels as measured
upon startup of the controller. In some embodiments, the lock-to-lock ratio is
defined by an amount of rotation of the steering wheel to an amount of axial
translation of the actuator rod.

[0011] In some embodiments, the controller is programmed to vary the
lock-to-lock ratio in response to the difference between the measured steering
wheel position and the target steering wheel position being greater than a preset
value. In some embodiments, the preset value is zero.

[0012] In some embodiments, the controller is programmed to vary the
lock-to-lock ratio between a set minimum ratio and a set maximum ratio. The set
minimum ratio and the set maximum ratio may be based on percentages of a

default lock-to-lock ratio.
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[0013] In some embodiments, the controller is programmed to decrease
the lock-to-lock ratio in response to the steering wheel being rotated about the
steering wheel axis away from the target steering wheel position. In some
embodiments, the controller is programmed to increase the lock-to-lock ratio in
response to the steering wheel being rotated about the steering wheel axis
toward the target steering wheel position. In some embodiments, the controller is
programmed to continuously vary the lock-to-lock ratio based on comparisons
between measured steering wheel positions and target steering wheel positions
for all speeds of the steered wheels and for all turn positions of the steered
wheels.

[0014] According to another aspect of the disclosure, a steer-by-wire
control system includes a steering assembly and a controller. The steering
assembly includes a steered wheel, a steering wheel configured to rotate about a
steering wheel axis, and an actuator coupled with the steered wheel. The
actuator is configured to change a direction of the steered wheel in response to
rotation of the steering wheel about the steering wheel axis. The controller is
connected with the actuator and configured to cause the actuator to move
between a plurality of positions in response to rotation of the steering wheel
according to a lock-to-lock ratio between the actuator and the steering wheel.
[0015] The controller is programmed to determine a target steering wheel
position of the steering wheel relative to the steering wheel axis based on a
measured position of the actuator, receive data indicative of a measured steering
wheel position of the steering wheel relative to the steering wheel axis, and vary
the lock-to-lock ratio based on a difference between the target steering wheel
position and the measured steering wheel position.

[0016] In some embodiments, the actuator includes a ball screw nut, an
actuator rod, and a rotation position sensor. The ball screw nut is configured to
rotate about an actuator axis to cause the actuator rod to translate axially relative

to the actuator axis. The actuator rod is configured to turn the steered wheel in
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response to the actuator rod translating axially. The rotation position sensor is
configured to generate data indicative of an angular position of the ball screw nut
relative to the actuator axis. In some embodiments, the measured position of the
actuator is based on the data indicative of the angular position of the ball screw
nut.

[0017] In some embodiments, the steer-by-wire control system includes a
steered wheel angle sensor configured to generate data indicative of a measured
angle of the steered wheel. The measured position of the actuator may be based
on the data indicative of the measured angle of the steered wheels and the data
indicative of the angular position of the ball screw nut from the rotational position
Sensor.

[0018] In some embodiments, varying the lock-to-lock ratio is performed in
response to a difference between the measured steering wheel position and the
target steering wheel position being greater than a preset value. In some
embodiments, the preset value is zero. In some embodiments, the target steering
wheel position of the steering wheel relative to the steering wheel axis and the
measured position of the actuator have a linear relationship.

[0019] According to another aspect of the present disclosure, a method of
operating a steer-by-wire control system includes a number of steps. The method
includes moving an actuator between a plurality of positions in response to
rotation of a steering wheel about a steering wheel axis according to a lock-to-
lock ratio to cause the actuator to turn a steered wheel, determining a position of
the actuator, determining a target steering wheel position of the steering wheel
relative to the steering wheel axis based on the position of the actuator,
measuring a measured position of the steering wheel, and varying the lock-to-
lock ratio based on the target steering wheel position and the measured position
of the steering wheel.

[0020] In some embodiments, the actuator includes a ball screw nut, an

actuator rod, and a rotation position sensor. The ball screw nut is configured to
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rotate about an actuator axis to cause the actuator rod to translate axially relative
to the actuator axis. The actuator rod is configured to turn the steered wheel in
response to the actuator rod translating axially. The rotation position sensor is
configured to generate data indicative of an angular position of the ball screw nut
relative to the actuator axis.

[0021] In some embodiments, determining the position of the actuator is
based on the data indicative of the angular position of the ball screw nut relative
to the actuator axis. In some embodiments, the step of determining the position
of the actuator may be based on the data indicative of the angular position of the
ball screw nut relative to the actuator axis and on data indicative of a measured
angle of the steered wheel.

[0022] These and other features of the present disclosure will become

more apparent from the following description of the illustrative embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Fig. 1 is elevation side view of a material handling vehicle having a
steer-by-wire control system according to the present disclosure;

[0024] Fig. 2 is a diagrammatic view of the steer-by-wire control system
showing that the system includes a steering assembly having steered wheels for
moving the vehicle, an actuator mounted to a vehicle body and configured to turn
the steered wheels, and a steering wheel for selecting a direction of the steered
wheels, and a controller for adjusting a default lock-to-lock ratio between the
steering wheel and the actuator to synchronize the actual steering wheel position
with a target steering wheel position expected by the system;

[0025] Fig. 3 is a section view of the actuator of Fig. 2 showing that the
actuator includes a ball screw nut coupled with an electric motor, an actuator rod,
and a rotational position sensor configured to determine an angular position of
the ball screw nut which is used by the system’s controller to determine a

position of the steered wheels and a target position of the steering wheel;
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[0026] Fig. 4 is a perspective view of components of the actuator of Fig. 3
showing the actuator rod, the ball screw nut arranged around the actuator rod,
magnets of the electric motor coupled with the ball screw nut, and the rotational
position sensor arranged around the ball screw nut;

[0027] Fig. 5 is a top view of the steering assembly of Fig. 2 showing the
steered wheels in a center position and the actuator rod in a zero-stroke position
such that the steered wheels direct the vehicle in a straight path;

[0028] Fig. 6 is a perspective view of the steering wheel of Fig. 2 showing
that the steering wheel is configured to be centered when the steered wheels are
centered as shown in Fig. 5 and suggesting that the actual measured position of
the steering wheel is synced with the target position of the steering wheel,

[0029] Fig. 7 is a top view of the steering assembly of Fig. 2 showing the
steered wheels in a maximum turn angle position and the actuator rod in a fully
stroked position in which the actuator rod is stopped from further movement by
the controller, the maximum turn angle position corresponding with the steered
wheels directing the vehicle in a minimum turn curved path;

[0030] Fig. 8 is a perspective view of the steering wheel of Fig. 2 showing
that the steering wheel has been rotated to cause the steered wheels to be in the
maximum turn angle shown in Fig. 7 and suggesting that the actual measured

position of the steering wheel is out of sync with the target steering wheel

position;

[0031] Fig. 9 is a top view of the steering assembly of Fig. 2 showing the
steered wheels in a turn angle position that is less than the maximum turn angle
position;

[0032] Fig. 10 is a perspective view of the steering wheel of Fig. 2 showing

that the steering wheel has been rotated to cause the steered wheels to be in the
turn angle position shown in Fig. 9 and suggesting that the actual measured
position of the steering wheel is out of sync with the target steering wheel

position;
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[0033] Fig. 11 is a graph showing the correlation between the position of
the actuator and the target steering wheel position; and

[0034] Fig. 12 shows method steps for synchronizing the actual measured
position of the steering wheel with the target position of the steering wheel in

accordance with the present disclosure.

DETAILED DESCRIPTION OF THE DRAWINGS

[0035] For the purposes of promoting an understanding of the principles of
the disclosure, reference will now be made to a number of illustrative
embodiments illustrated in the drawings and specific language will be used to
describe the same.

[0036] A steer-by-wire control system 10 in accordance with the present
disclosure is integrated into a material handling vehicle 110 such as a forklift as
shown in Fig. 1. The steer-by-wire control system 10 is configured to control a
turning angle of steered wheels 20 of the vehicle 110 based on input from a
steering wheel 26 to maintain a desired relationship between the angle of the
steered wheels 20 and the position of the steering wheel 26.

[0037] The steer-by-wire control system 10 includes a steering assembly
12 and a controller 14 as shown in Fig. 2. The steering assembly 12 includes a
steering wheel assembly 16, an actuator 18, and the steered wheels 20. The
steering wheel assembly 16 is connected with the controller 14 and includes the
steering wheel 26. The actuator 18 is coupled with the steered wheels 20 and
connected with the controller 14 to change a direction of the steered wheels 20 in
response to rotation of the steering wheel 26 about a steering wheel axis 27
according to a variable lock-to-lock ratio between the steering wheel 26 and the
actuator 18. The lock-to-lock ratio is an amount of rotation of the steering wheel
26 to an amount of axial translation of an actuator rod 40 included in the actuator
18.

66288-692647
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[0038] The controller 14 is configured to synchronize the measured
position 50 of the steering wheel 26 (the actual physical position) with a
calculated target position 52 of the steering wheel 26 by changing the variable
lock-to-lock ratio between the steering wheel 26 and the actuator 18 relative to a
default lock-to-lock ratio. As a result, the difference between the measured
position 50 of the steering wheel 26 and the target position 52 of the steering
wheel 26 is minimized. Maintaining synchronization of the measured position 50
of the steering wheel 26 with the steered wheels 20 may improve control of the
material handling vehicle 110 by its operator. The operator may rely on the
position of the steering wheel 26 and allow it to inform them of the direction of the
steered wheels 20. For example, the operator may assume the steered wheels
20 are centered when the steering wheel 26 is centered.

[0039] In the illustrative embodiment, the controller 14 is configured to
determine a target steering wheel position of the steering wheel 26 relative to the
steering wheel axis 27 based on a position of the actuator 18. The controller 14
varies the lock-to-lock ratio relative to the default lock-to-lock ratio based on a
difference between the target steering wheel position and a measured actual
steering wheel position. The lock-to-lock ratio is varied temporarily to synchronize
the steering wheel 26; however, the lock-to-lock ratio may be varied temporarily
relative to the default lock-to-lock ratio on a continuous assessment cycle. In
other words, the lock-to-lock ratio may be changed periodically or constantly, but
each change is for a temporary amount of time and is implemented relative to the
default lock-to-lock ratio.

[0040] Varying the lock-to-lock ratio relative to the default lock-to-lock ratio
changes the amount of movement of the actuator 18 for a given rotation of the
steering wheel 26. As a result, the steered wheels 20 turn more or less than a
default amount in response to the given steering wheel 26 rotation which causes
one of the actual steering wheel position and the target steering wheel position to

move toward the other as the operator continues to rotate the steering wheel 26
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and maintain synchronization of the measured position 50 with the target position
52 of the steering wheel 26.

[0041] As shown in Fig. 2, the steering assembly 12 includes the steering
wheel assembly 16, the actuator 18, the steered wheels 20, and a tire angle
sensor 22 that cooperate to vary a direction of travel of the vehicle 110. The
steering wheel assembly 16 is connected with the controller 14 to control the
actuator 18. The steered wheels 20 are supported on ground underlying the
material handling vehicle 110 and are adapted to turn relative to the ground to
set a direction of travel of the material handling vehicle 110. The actuator 18 is
connected with the controller 14 and coupled with the steered wheels 20 to turn
the steered wheels 20 relative to the ground in response to steering wheel inputs
received from the controller 14. The tire angle sensor 22 is configured to
generate signals indicative of a measured angle of at least one steered wheel 20.
The signals generated by the tire angle sensor 22 are illustratively used to
establish an initial position of the actuator 18 upon startup of the controller 14.
[0042] The steering wheel assembly 16 includes the steering wheel 26, a
steering position sensor 28, and a tactile feedback device 30 as shown in Fig. 2.
The steering wheel 26 is configured to direct the travel path of the vehicle 110 by
means of the steered wheels 20. The steering wheel position sensor 28 is
connected with the controller 14 and is configured to detect a position of the
steering wheel 26 relative to the steering wheel axis 27. The steering wheel
position sensor 28 generates a signal indicative of the position of the steering
wheel 26 usable by the controller 14 to adjust the actuator 18 and, thus, adjust
an angle of the steered wheels 20. The tactile feedback device 30 may be
optional in some embodiments and is configured to apply a resistance force to
the steering wheel 26 to resist movement of the steering wheel 26 and provide
feedback to the operator.

[0043] lllustratively, the steering wheel position sensor 28 is an encoder

configured to detect a rotational position of the steering wheel 26. In the
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illustrative embodiment, the steering wheel position sensor 28 is integrated with
the tactile feedback device 30. In other embodiments, the steering wheel position
sensor 28 is integrated with the steering wheel 26.

[0044] The actuator 18 is an electric actuator as shown in Figs. 2-4.
Reference is hereby made to U.S. application serial number 17/703,395, filed 24
March, 2022 and titted ELECTRIC ACTUATOR STEERING SYSTEM FOR
FORKLIFTS which issued as U.S. Patent No. 11,685,427 on 27 June 2023 for
disclosure relating to the actuator 18 in accordance with the present disclosure,
such application is hereby incorporated by reference in its entirety herein.

[0045] The actuator 18 includes a linear actuation unit 32, an electric
motor 34, and a housing assembly 36 as shown in Figs. 3 and 4. The linear
actuation unit 32 is coupled with the steered wheels 20 and is configured to
translate relative to an actuator axis 43 and the housing assembly 36 to cause a
change in the angle of the steered wheels 20 in response to an input from the
controller 14 based on rotation of the steering wheel 26. The electric motor 34 is
coupled to the linear actuation unit 32 and the controller 14 and configured to
rotate selectively to cause the linear actuation unit 32 to translate in response to
power being supplied to the electric motor 34. The housing assembly 36 is
arranged around the electric motor 34 and includes a casing, seals, bearings,
etc. to assist in the movement of the linear actuation unit 32.

[0046] The steer-by-wire control system 10 further includes an actuator
mount assembly 24 that couples the actuator 18 to the vehicle 110 and the
steered wheels 20 as shown in Fig. 2. The actuator mount assembly 24 includes
tire rod assemblies 45, 46 and a mount 48. The electric actuator 18 is connected
to the steered wheels 20 via tie rod assemblies 45, 46 that are coupled to the
mount 48. The mount 48 is coupled to the body of the vehicle 110 for movement
with the vehicle 110.

[0047] The tie rod assembly 45 includes a tie rod 51, a steering knuckle

53, and a kingpin 55 and the tie rod assembly 46 includes a tie rod 61, a steering
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knuckle 63, and a kingpin 65 as shown in Figs. 2 and 5. The tie rods 51, 61 are
coupled with the actuator rod 40 and the respective steering knuckle 53, 63. The
steering knuckles 53, 63 are coupled with the steered wheels 20 and the kingpins
55, 65. The steering knuckles 53, 63 are supported by the mount 48.

[0048] The linear actuation unit 32 of the actuator 18 includes an actuator
rod 40, a rotor 41 configured to rotate about the actuator axis 43 to cause the
actuator rod 40 to move, and a rotation position sensor 44 as suggested in Figs.
3 and 4. lllustratively, the rotor 41 includes a ball screw nut 42 and a plurality of
balls 47. The actuator rod 40 extends along the axis 43 between a first end and a
second end of the actuator rod 40. The first end and the second end of the
actuator rod 40 are coupled with the tie rod assemblies 45, 46 and configured to
move the tie rod assemblies 45, 46 to change the angle of the steered wheels 20
in response to translation of the actuator rod 40. The ball screw nut 42 is
arranged circumferentially around the actuator rod 40 and configured to convert
rotation of the ball screw nut 42 into linear translation of the actuator rod 40. The
plurality of balls 47 are located radially between the actuator rod 40 and the ball
screw nut 42 and transmit forces from the ball screw nut 42 to the actuator rod 40
to move the actuator rod 40.

[0049] The rotation position sensor 44 is coupled with the ball screw nut
42 and the housing assembly 36 as shown in Figs. 3 and 4. The rotation position
sensor 44 is configured to determine a rotational position of the ball screw nut 42
relative to the axis 43 to allow the controller 14 to calculate an axial location of
the actuator rod 40 relative to the housing assembly 36 or electric motor 34. The
rotation position sensor 44 is configured to generate data indicative of an angular
position of the ball screw nut 42 relative to the actuator axis 43. The controller 14
may further use data from the tire angle sensor 22, such as an actual position of
one of the steered wheels 20 at the time of controller 14 startup, in the

calculation of or initial calculation of the axial location of the actuator rod 40.
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[0050] The rotation position sensor 44 includes a position target board 54
and an arcuate sensor board 56 as shown in Fig. 4. The position target board 54
extends fully around the axis 43 in the illustrative embodiment and is coupled
with the ball screw nut 42 for rotation with the ball screw nut 42. The arcuate
sensor board 56 is located axially near or adjacent the position target board 54
and is fixed with the housing assembly 36. The arcuate sensor board 56
illustratively extends only partway around the axis 43 in the illustrative
embodiment.

[0051] The position target board 54 includes a plurality of conductive
targets on its body as shown in Fig. 4. The targets are spaced apart from one
another circumferentially. The arcuate sensor board 56 is located axially adjacent
the position target board 54 and is configured to detect the conductive targets on
the position target board 54 as they move circumferentially during rotation of the
ball screw nut 42. The arcuate sensor board 56 is connected with the controller
14 and configured to transmit data indicative of the rotational position of the ball
screw nut 42 to the controller 14 based on the location and/or movement of the
conductive targets.

[0052] In illustrative embodiments, the rotation position sensor 44 is
configured to generate an angular position signal that is indicative of the angular
position of the ball screw nut 42 relative to the axis 43. As a result, the signal
from the rotation position sensor 44 is used to provide relative movement
information of the actuator rod 40 in the illustrative embodiment as compared to
absolute movement information.

[0053] As an example, the ball screw nut 42 can be in the same angular
position for a number of different axial positions of the actuator rod 40 and, thus,
for a number of different steered wheel 20 angles. For example, if the ball screw
nut 42 starts at a zero (0) degree position, the actuator rod 40 will be at a first
linear position. Rotating the ball screw nut 42 by 360 degrees will cause the

actuator rod 40 to translate into a second linear position; however, the ball screw
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nut 42 will again be at the zero (0) degree position as read by the rotation
position sensor 44. The amount of rotation (360 degrees) detected by the rotation
position sensor 44 can be used to determine an amount of relative linear
movement of the actuator rod 40. Even still, the rotation position sensor 44
provides information of the relative movement of the ball screw nut 42 and the
actuator rod 40, but not the absolute position of the actuator rod 40 in the
illustrative embodiment.

[0054] The tire angle sensor 22 is used with the rotation position sensor 44
to determine and track the absolute position of the actuator rod 40. The tire angle
sensor 22 is configured to measure the angle of the steered wheels 20 and
generate a tire angle signal indicative of the measured angle of the steered
wheels 20. On startup, the controller 14 captures the actual angle of at least one
steered wheel 20 from the tire angle sensor 22. The controller 14 uses the data
from the tire angle sensor 22 and, optionally the data from the rotation position
sensor 44, to determine and assign an initial position of the actuator rod 40 at
startup. After startup, the controller 14 determines the position of the actuator rod
40 using the data from the rotation position sensor 44 to determine the relative
change in position from that initial position at startup. In other words, after
startup, the controller 14 counts the rotations and/or angles of rotation of the ball
screw nut 42 based on the rotation position sensor 44 and determines an amount
of relative movement of the actuator rod 40 and, thus, a relative angle change of
the steered wheels 20 relative to the startup angle of the steered wheels 20.
[0055] The tire angle sensor 22 is coupled with the steering knuckle 63
included in the tie rod assembly 46 in the illustrative embodiment as shown in
Fig. 2. The tire angle sensor includes a potentiometer configured to measure an
angle of the king pin 65 included in the tie rod assembly 46 and, thus, measure
an angle of the steered wheels 20. In other embodiments, other suitable
measurements may be used to determine the angle of the steered wheels 20. In

other embodiments, other sensors and sensor locations are used to measure the
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angle of the steered wheels 20. The tire angle sensor 22 is connected with the
controller 14 to transmit the tire angle signal to the controller 14. lllustratively, the
tire angle sensor 22 is configured to transmit the tire angle signal to the vehicle
controller 62 and the vehicle controller 62 transmits the data to the steering
controller 60.

[0056] lllustratively, the tire angle sensor 22 includes a spring loaded
potentiometer. The tire angle sensor 22 is powered by a regulated voltage supply
and will output a voltage signal in which each degree of change results in a
corresponding voltage change. The voltage change is a linear relationship to
angle change in the illustrative embodiment.

[0057] The steered wheels 20 are coupled to the actuator 18 and are each
configured to rotate about a first axis 21 (measured by angle change) to change
a direction of travel of the vehicle 110 as suggested in Fig. 5. The steered wheels
20 are further configured to rotate (measured by revolutions per minute, RPM)
about a second axis 23 to cause the vehicle 110 to be propelled relative to
ground underlying the vehicle 110.

[0058] The steered wheels 20 have a center position in which the steered
wheels direct the vehicle 110 in a straight path as shown in Fig. 5. The steering
wheel 26 is in a centered position when the steered wheels 20 are centered as
suggested in Fig. 6. The centered position of the steering wheel 26 can be
determined by features on the steering wheel 26 such as, for example, buttons,
support struts, wheel handle orientation, and/or a steering knob on the wheel.
The steered wheels 20 are configured to turn in either direction away from the
center position up to a maximum turn position to turn the vehicle 110. The
actuator 18 has a zero-stroke position in which the actuator rod 40 is generally
centered in its range of movement as suggested in Figs. 3 and 5. The actuator
18, tie rods 45, 46, and steered wheels 20 are configured such that the steered
wheels 20 are in the center position in response to the actuator 18 being in the

zero-stroke position.
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[0059] The steered wheels 20 further have a maximum turn angle in which
the controller 14 stops further turning angle of the steered wheels 20 as shown in
Fig. 7. The steered wheels 20 are configured to turn to any number of angles
between the centered position and the left and right maximum turn angles as
suggested in Fig. 9. The actuator rod 40 is at its maximum stroke length in one
direction when the steered wheels 20 are in the corresponding maximum turn
angle. The steering wheel 26 is free to be further rotated about the steering
wheel axis 27 when the steered wheels 20 are in the maximum turn angle.
Though, the steering wheel 26 is further rotated, the controller 14 stops the
steered wheels 20 from turning beyond the preset maximum turn angle.

[0060] The controller 14 will turn the steered wheels 20 away from the
maximum turn angle and back toward the centered position in response to the
steering wheel 26 being rotated in the opposite direction. As discussed below,
the steered wheels 20 will immediately begin to turn back to center in response
to the steering wheel 26 being turned, but the lock-to-lock ratio will be varied
relative to the default ratio to sync the position of the steering wheel 26 with the
target steering wheel position since they were offset due to the steering wheel 26
being rotated beyond the position corresponding with the steered wheels
maximum turn angle.

[0061] The controller 14 is configured to receive the data from the steering
wheel position sensor 28, rotational position sensor 46, and, at startup, the tire
angle sensor 22 to vary the position of the actuator 18 and change an angle of
the steered wheels 20 while maintaining synchronization between the steering
wheel 26 and its target position 52. The controller 14 illustratively includes the
steering controller 60, a vehicle controller 62, a battery 64, and a user interface
66 as shown in Fig. 2. The steering controller 60 is configured to control the
steered wheels 20 based on input received from the steering wheel assembly 16
and the vehicle controller 62. The vehicle controller 62 controls other aspects of

the vehicle 110 and receives data from the tire angle sensor 22. Among other
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uses of the tire position sensor data, the vehicle controller 62 transmits the tire
position sensor data to the steering controller 60. The battery 64 is electrically
connected to the steering controller 60 and the vehicle controller 62.

[0062] The steering controller 60 is configured to regulate the flow of
electric energy from the battery 64 to the electric motor 34 of the actuator 18 for
powering movement of the electric actuator 18. Electrical connections are
depicted as broken lines in Fig. 2. Each of the steering controller 60 and the
vehicle controller 62 include a memory and a processor configured to execute
instructions stored on the memory. In other embodiments, the controller 14 may
include a single processor and memory instead of the two controllers 60, 62. The
user interface 66 is adapted to receive input from the vehicle operator or
manufacturer to activate, deactivate, and vary features of the system 10, among
other things.

[0063] At start up, the controller 14 is configured to determine a calculated
linear position of the actuator rod 40 relative to the ball screw nut 42 based on
the tire angle signal received from the tire angle sensor 22. As an example, the
tire angle sensor 22 may generate a signal indicating the steered wheels 20 are
turned to 20 degrees and the controller 14 calculates the linear position of the
actuator rod 40 based on the angle of the steered wheels. In some embodiments,
calculating the linear position of the actuator rod 40 is performed by using a
mathematical function or interpolating the position based on the tire angle signal
by using a look up table of actuator rod positions and tire angle signal data stored
on the memory.

[0064] The calculated linear position of the actuator rod 40 can then be
used with the signal from the rotational position sensor 44 to relate the actuator
rod 40 linear position with the angular rotational position of the ball screw nut 42
at the time of startup. The controller 14 is therefore able to determine a starting
or baseline position of the actuator rod 40, rotational position sensor 44, and

steered wheels 20 using the signal from the tire angle sensor 22 at start up. It
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then changes the position of the actuator rod 40 and the angle of the steered
wheels 20 in response to input from the steering wheel 26 by rotating the ball
screw nut 42. The controller 14 tracks the changing position of the actuator rod
40 and the angle of the steered wheels 20 using the signal from the rotational
position sensor 44 and measuring the rotation of the ball screw nut 42. The
controller 14 stops the motor 34 from rotating the ball screw nut 42 beyond the
maximum angular limit so that the actuator rod 40 is not over stroked and the
steered wheels 20 are stopped from exceeding the maximum turn angle.

[0065] In some embodiments, the controller 14 is programmed to
periodically or on demand reset the starting or baseline calculated linear position
of the actuator rod 40 using the signal from the tire angle sensor 22 during use of
the vehicle 110. This may remove any hysteresis or inaccuracies in the system
caused by vehicle use, external forces, etc.

[0066] During operation, the controller 14 is programmed to receive data
indicative of the angular position of the ball screw nut 42 from the rotation
position sensor 44. As the ball screw nut 42 is rotated to vary the position of the
actuator rod 40, and thus the angle of the steered wheels 20, the relative change
in position of the ball screw nut 42 is transmitted by the rotation position sensor
44 to the controller 14. The controller 14 determines a linear position of the
actuator rod 40 relative to the actuator axis 43 based on the data indicative of the
angular position of the ball screw nut 42.

[0067] Based on a gear ratio between the ball screw nut 42 and the
actuator rod 40, the controller 14 is programmed to determine the distance the
actuator rod 40 translates as the ball screw nut 42 rotates. In the illustrative
embodiment, the controller 14 uses the data from the tire angle sensor 22 at
startup to provide an initial relationship between the actuator rod 40 and the
steered wheels 20. However, after startup, the controller 14 uses only the data
from the rotation position sensor 44 to determine the position of the actuator rod

40. In other embodiments, the initial position of the actuator rod 40 could be
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determined using sensors other than the tire angle sensor 22 and the rotation
position sensor 44 could still be used alone after the initial position is determined.
[0068] The controller 14 determine a target steering wheel position of the
steering wheel 26 relative to the steering wheel axis 27 based on a measured
position of the actuator 18. In particular, the controller 14 determines a target
steering wheel position of the steering wheel 26 relative to the steering wheel
axis 27 based on the linear position of the actuator rod 40. In Fig. 6, the actual
measured position 50 of the steering wheel 26 (indicated by line 50) is synced
with, and overlaps with, the target steering wheel position (indicated by line 52).
In contrast, Figs. 8 and 10 show examples where the actual measured position
50 of the steering wheel 26 (indicated by line 50) is out of sync with, and offset
from, the target steering wheel position (indicated by line 52).

[0069] As shown in Fig. 11, the controller 14 is programmed with a
correlation between the position of the actuator rod 40 and the position of the
steering wheel 26. This correlation may be a calculated function or stored in a
look up table and used with interpolation. As shown in Fig. 11, the correlation
between the position of the actuator rod 40 and the position of the steering wheel
26 is a linear correlation. Such linear correlation may make programming of the
controller 14 and control of the steering of the vehicle 110 easier as compared to
using the angle of the steered wheels 20 directly because the relationship
between the angle of the steered wheels 20 and the position of the steering
wheel 26 is typically not a linear correlation.

[0070] As suggested in Figs. 5, 6, and 11, the steering wheel 26 being
centered corresponds with the actuator rod 40 being centered. The actuator rod
40 is configured to move in either direction away from the centered position to its
maximum stroke length. In the illustrative embodiment, the steering wheel 26 is
configured to rotate through two complete rotations (720 degrees) from the
actuator rod 40 being centered (and steered wheels 20) to the maximum stroke

length and maximum allowed turn angle of the steered wheels 20. As a result,
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the illustrative default lock-to-lock ratio between the linear actuator 18 and the
steering wheel 26 is 4:1. In other words, four complete rotations of the steering
wheel 26 in a first direction about the steering wheel axis 27 cause the actuator
rod 40 to move from one maximum stroke length position to the other maximum
stroke length position (i.e. max left turn to max right turn). A default lock-to-lock
ratio of 4:1 is for illustrative purposes and in other embodiments the default lock-
to-lock ratio may be any other suitable ratio.

[0071] The controller 14 receives the data indicative of the measured
steering wheel position of the steering wheel 26 relative to the steering wheel
axis 27 from the steering wheel position sensor 28. As a result, the controller 14
has the actual angular position of the steering wheel 26. The controller 14 then
compares the measured steering wheel position with the target steering wheel
position which was determined based on the position of the actuator rod 40.
[0072] The actual measured position 50 of the steering wheel 26 may not
match the target steering wheel position due to a number of factors. As one
example, the controller 14 is programmed to not allow further rotation of the ball
screw nut 42 to stop further turning of the steered wheels 20 in response to a
preset max turn angle being reached by the steered wheels 20 as suggested in
Fig. 7. Following our example from above, using a default lock-to-lock ratio of 4:1
would result in two complete rotations of the steering wheel 26 being associated
with the maximum turn angle. As such, the target position 52 of the steering
wheel 26 is at zero (0) degrees such that the steering wheel 26 should be
centered in Fig. 8 as it is in Fig. 6. However, the steering wheel 26 is free to be
rotated by the operator even though it will not cause further turning of the steered
wheels 20 beyond the maximum turn angle. As a result, the target steering wheel
position 52 remains the same (zero degrees) because the actuator rod 40 is not
moving, but the actual measured position 50 of the steering wheel 26 continues

to move away from the target steering wheel position 52 as shown in Fig. 8.
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[0073] To maintain synchronization of the actual measured position 50 of
the steering wheel 26 with the target steering wheel position 52 of the steering
wheel 26, the controller 14 is programmed to vary the lock-to-lock ratio relative to
the default lock-to-lock ratio. The controller 14 is programmed to vary the lock-to-
lock ratio based on the comparison between the measured steering wheel
position and the target steering wheel position to cause a difference between the
measured steering wheel position and the target steering wheel position to be
reduced in response to the steering wheel 26 being rotated about the steering
wheel axis 27.

[0074] By temporarily varying the lock-to-lock ratio relative to the default
lock-to-lock ratio, any difference between the measured steering wheel position
and the target steering wheel position is reduced in response to the steering
wheel 26 being rotated about the steering wheel axis 27. Referring again to Figs.
7 and 8, when the steering wheel 26 is rotated clockwise to turn the steered
wheels 20 back toward center, the controller 14 temporarily varies the lock-to-
lock ratio away from the default lock-to-lock ratio because of the difference
between the measured position 50 and the target position 52. The controller 14
temporarily increases the lock-to-lock ratio relative to the default lock-to-lock ratio
such that the measured position 50 of the steering wheel 50 changes more than
a change in the target position 52 as suggested by the size of the rotation arrows
in Fig. 8. In other words, the steered wheels 20 are turned less than a default
amount for a given rotation of the steering wheel 26 so that the target position 52
changes “slower” than the “faster” moving actual steering wheel position 50.
[0075] In another example, the steered wheels 20 are turned to an angle
less than the maximum turning angle in response to rotation of the steering
wheel 26 as suggested in Figs. 9 and 10. Due to resistance on the ground or any
other suitable reason, the measured position 50 of the steering wheel 26 is out of
sync with the target position 52 as suggested in Fig. 10. In response to this

difference, the controller 14 is configured to decrease the lock-to-lock ratio
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relative to the default lock-to-lock ratio in response to the steering wheel 26 being
rotated clockwise toward the centered position of the steered wheels.

[0076] As the steering wheel 26 is rotated clockwise, the target position 52
moves a greater amount or “faster” than the measured position 50 of the steering
wheel 26 for a given amount of rotation of the steering wheel 26 as suggested by
the size of the rotation arrows in Fig. 10. In other words, the steered wheels 20
are turned more than a default amount for a given rotation of the steering wheel
26 so that the target position 52 changes “faster” than actual steering wheel
position 50. If the steering wheel 26 was rotated counter-clockwise, the controller
14 would increase the lock-to-lock ratio similar to the example of Figs. 7 and 8 so
that the measured position 50 would catch up with the target position 52 as the
steering wheel 26 is rotated.

[0077] In the illustrative embodiment, the lock-to-lock ratio is decreased
relative to the default lock-to-lock ratio in response to the steering wheel 26 being
rotated about the steering wheel axis 27 in a direction away from the target
steering wheel position and increased in response to the steering wheel 26 being
rotated about the steering wheel axis 27 in a direction toward the target steering
wheel position. For example, if the steering wheel 26 is rotated away from the
target steering wheel position, the lock-to-lock ratio is decreased, for example to
3.8:1, such that 1.9 complete rotations of the steering wheel 26 moves the
actuator rod 40 from its center to one of the maximum stroke length positions.
[0078] In the illustrative embodiment, the terms toward and away are
relative to 180 degrees. As an example, if the measured steering wheel position
is 170 degrees away from the target steering wheel position, rotation of the
steering wheel 26 towards 180 degrees away from the target steering wheel
position would be rotating away from the target steering wheel position. If the
steering wheel 26 is rotated to or beyond 180 degrees from the target steering
wheel position, the value restarts at zero degrees and would be considered to be

moving toward the target steering wheel position.
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[0079] In illustrative embodiments, the controller 14 is programmed to vary
the lock-to-lock ratio relative to the default ratio in response to the difference
between the measured steering wheel position and the target steering wheel
position being greater than a preset value. The preset value is zero in some
embodiments. As such, the lock-to-lock ratio is varied if there is any difference
between the measured steering wheel position and the target steering wheel
position. In other embodiments, the preset value may be a non-zero value to
allow for some difference between the measured and target positions 50, 52
before the lock-to-lock ratio is varied. In some embodiments, no preset value is
used and, instead, the difference between the measured and target position 50,
52 is used or used as a Boolean to determine if and how much to adjust the lock-
to-lock ratio.

[0080] The controller 14 is programmed to vary the lock-to-lock ratio
relative to the default lock-to-lock ratio between a set minimum ratio and a set
maximum ratio. In the illustrative embodiment, the set minimum ratio and the set
maximum ratio are based on percentages of a default lock-to-lock ratio. For
example, the default lock-to-lock ratio is 4:1 and each of the minimum ratio and
the maximum ratio may be a set percent of 4:1. If the minimum ratio is set at 4
percent, the minimum lock-to-lock ratio would be 3.84:1. If the maximum ratio is
set at 5 percent, the maximum lock-to-lock ratio would be 4.4:1. The controller 14
is programmed to vary the lock-to-lock ratio relative to the default ratio between
the minimum and maximum ratios based on a proportional-integral (P.1.) loop
such that the lock-to-lock ratio may be any value between and including the
minimum and maximum ratio. In other embodiments, the controller 14 uses a
finite number for lock-to-lock ratios such as only switching between the minimum
ratio, the default lock-to-lock ratio, and the maximum ratio.

[0081] Varying the lock-to-lock ratio results in a gradual synchronization of
the measured position 50 and the target position 52 as opposed to an instant

correction. In some embodiments, the maximum and minimum ratios are set
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such that the maximum difference between the measured position 50 and the
target position 52 (error of approximately 179.99 degrees) is removed and the
measured position 50 and the target position 52 would be synced within one
complete rotation (360 degrees) or less of the steering wheel 26 so long as no
further forces or event affect the synchronization of the positions 50, 52. In some
embodiments, the maximum and minimum ratios are set such that the maximum
difference between the measured position 50 and the target position 52 (error of
approximately 179.99 degrees) is removed and the measured position 50 and
the target position 52 would be synced within two complete rotations (360
degrees) or less of the steering wheel 26 so long as no further forces or event
affect the synchronization of the positions 50, 52.

[0082] The controller 14 is programmed to continuously monitor the
difference between the measured and target steering wheel position and
continuously vary the lock-to-lock ratio for a temporary amount of time if there is
a difference between the values. In some embodiments, the lock-to-lock ratio is
varied each occurrence for a set amount of time. In some embodiments, the
controller 14 loops the evaluation cycle and varies the lock-to-lock ratio relative to
the default ratio by small amounts each loop to continuously correct and sync the
steering wheel position. In some steer-by-wire systems, the systems may make
decisions or initiate processes in response to tire angle, vehicle speed etc. The
controller 14 of the present disclosure compares the measured and target
steering wheel positions continuously for all operating conditions including all
vehicle speeds and all tire angles of the steered wheels.

[0083] According to one embodiment, the memory in the controller 14
includes instructions that, when executed by the processor, cause the controller
14 to perform a number of steps as shown in method 200 of Fig. 12. The method
200 may begin at vehicle key on such as when the vehicle is started. The method
may begin in response to a manual input to perform the method 200 or any
portion of the method 200. The method 200 or any portion of the method 200
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may be programmed to be performed automatically by the controller 14
periodically.

[0084] At step 202, the method 200 includes moving the actuator 18
between a plurality of positions in response to rotation of the steering wheel 26
about the steering wheel axis 27 according to the default lock-to-lock ratio to
cause the actuator 18 to turn the steered wheel 20. In step 204, the position of
the actuator 18 is determined. lllustratively, the position of the actuator rod 40 is
determined based on the data indicative of the angular position of the ball screw
nut 42 relative to the actuator axis 43. In some embodiments, the position of the
actuator 18 is based on the data indicative of the angular position of the ball
screw nut 42 relative to the actuator axis 43 and on the data indicative of the
measured angle of the steered wheel 20, for example, using the angle of the
steered wheel 20 as it was measured on startup.

[0085] At a step 206, the target steering wheel position of the steering
wheel 26 relative to the steering wheel axis 27 is determined based on the
position of the actuator 18. The target steering wheel position being determined
in the illustrative embodiment using a mathematical formula, function, or look up
table providing a correlation between the position of the actuator 18 and the
target steering wheel position as suggested in Fig. 12.

[0086] At a step 208, the measured position 50 of the steering wheel 26 is
measured, for example, using steering position sensor 28. At a step 210, the
lock-to-lock ratio is varied relative to the default ratio based on the target steering
wheel position and the measured position 50 of the steering wheel.

While the disclosure has been illustrated and described in detail in the foregoing
drawings and description, the same is to be considered as exemplary and not
restrictive in character, it being understood that only illustrative embodiments
thereof have been shown and described and that all changes and modifications

that come within the spirit of the disclosure are desired to be protected.
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What is claimed is:
1. A steer-by-wire control system for use with a material
handling vehicle, the steer-by-wire control system comprising:
a steering assembly including:
steered wheels supported on ground underlying the steered
wheels, the steered wheels adapted to turn relative to the ground to set a
direction of travel of the material handling vehicle,
a steering wheel configured to rotate about a steering wheel
axis, and
a linear actuator coupled with the steered wheels and
configured to turn the steered wheels relative to the ground, the linear
actuator including a ball screw nut, an actuator rod, and a rotation position
sensor, the ball screw nut configured to rotate about an actuator axis to
cause the actuator rod to translate axially relative to the actuator axis, the
actuator rod configured to turn the steered wheels in response to the
actuator rod translating axially, and the rotation position sensor configured
to generate data indicative of an angular position of the ball screw nut
relative to the actuator axis, and
a controller connected with the steering wheel and the linear
actuator and configured to cause the actuator rod to translate in response to
rotation of the steering wheel according to a lock-to-lock ratio between the linear
actuator and the steering wheel to vary an angle of the steered wheels, the
controller programmed to:
receive data indicative of the angular position of the ball screw nut
from the rotation position sensor,
determine a linear position of the actuator rod relative to the
actuator axis based on the data indicative of the angular position of the ball

screw nut,

66288-692647

Date Recue/Date Received 2023-08-18



27-

determine a target steering wheel position of the steering wheel
relative to the steering wheel axis based on the linear position of the actuator rod,

receive data indicative of a measured steering wheel position of the
steering wheel relative to the steering wheel axis,

compare the measured steering wheel position and the target
steering wheel position, and

vary the lock-to-lock ratio based on the comparison between the
measured steering wheel position and the target steering wheel position to cause
a difference between the measured steering wheel position and the target
steering wheel position to be reduced in response to the steering wheel being
rotated about the steering wheel axis.

2. The steer-by-wire control system of claim 1, further
comprising a steered wheel angle sensor configured to measure an angle of the
steered wheels and wherein the controller is programmed to determine the linear
position of the actuator rod relative to the actuator axis based on the data
indicative of the position of the ball screw nut and the angle of the steered wheels
as measured upon startup of the controller.

3. The steer-by-wire control system of claim 1, wherein the
lock-to-lock ratio is defined by an amount of rotation of the steering wheel to an
amount of axial translation of the actuator rod.

4. The steer-by-wire control system of claim 1, wherein the
controller is programmed to vary the lock-to-lock ratio in response to the
difference between the measured steering wheel position and the target steering
wheel position being greater than a preset value.

5. The steer-by-wire control system of claim 4, wherein the

preset value is zero.
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6. The steer-by-wire control system of claim 1, wherein the
controller is programmed to vary the lock-to-lock ratio between a set minimum
ratio and a set maximum ratio and wherein the set minimum ratio and the set
maximum ratio are based on percentages of a default lock-to-lock ratio.

7. The steer-by-wire control system of claim 1, wherein the
controller is programmed to decrease the lock-to-lock ratio in response to the
steering wheel being rotated about the steering wheel axis away from the target
steering wheel position.

8. The steer-by-wire control system of claim 1, wherein the
controller is programmed to increase the lock-to-lock ratio in response to the
steering wheel being rotated about the steering wheel axis toward the target
steering wheel position.

9. The steer-by-wire control system of claim 1, wherein the
controller is programmed to continuously vary the lock-to-lock ratio based on
comparisons between measured steering wheel positions and target steering
wheel positions for all speeds of the steered wheels and for all turn positions of
the steered wheels.

10. A steer-by-wire control system comprising:

a steering assembly including a steered wheel, a steering wheel
configured to rotate about a steering wheel axis, and an actuator coupled with
the steered wheel and configured to change a direction of the steered wheel in
response to rotation of the steering wheel about the steering wheel axis, and

a controller connected with the actuator and configured to cause
the actuator to move between a plurality of positions in response to rotation of
the steering wheel according to a lock-to-lock ratio between the actuator and the
steering wheel, the controller programmed to:

determine a target steering wheel position of the steering wheel

relative to the steering wheel axis based on a measured position of the actuator,
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receive data indicative of a measured steering wheel position of the
steering wheel relative to the steering wheel axis, and

vary the lock-to-lock ratio based on a difference between the target
steering wheel position and the measured steering wheel position.

11.  The steer-by-wire control system of claim 10, wherein the
actuator includes a ball screw nut, an actuator rod, and a rotation position
sensor, the ball screw nut configured to rotate about an actuator axis to cause
the actuator rod to translate axially relative to the actuator axis, the actuator rod
configured to turn the steered wheel in response to the actuator rod translating
axially, and the rotation position sensor configured to generate data indicative of
an angular position of the ball screw nut relative to the actuator axis.

12.  The steer-by-wire control system of claim 11, wherein the
measured position of the actuator is based on the data indicative of the angular
position of the ball screw nut.

13.  The steer-by-wire control system of claim 12, further
comprising a steered wheel angle sensor configured to generate data indicative
of a measured angle of the steered wheel and wherein the measured position of
the actuator is based on the data indicative of the measured angle of the steered
wheels and the data indicative of the angular position of the ball screw nut from
the rotational position sensor.

14.  The steer-by-wire control system of claim 10, wherein
varying the lock-to-lock ratio is performed in response to a difference between
the measured steering wheel position and the target steering wheel position
being greater than a preset value.

15.  The steer-by-wire control system of claim 14, wherein the

preset value is zero.
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16.  The steer-by-wire control system of claim 10, wherein the
target steering wheel position of the steering wheel relative to the steering wheel
axis and the measured position of the actuator have a linear relationship.

17. A method of operating a steer-by-wire control system, the
method comprising:

moving an actuator between a plurality of positions in response to
rotation of a steering wheel about a steering wheel axis according to a lock-to-
lock ratio to cause the actuator to turn a steered wheel,

determining a position of the actuator,

determining a target steering wheel position of the steering wheel
relative to the steering wheel axis based on the position of the actuator,

measuring a measured position of the steering wheel, and

varying the lock-to-lock ratio based on the target steering wheel
position and the measured position of the steering wheel.

18. The method of claim 17, wherein the actuator includes a ball
screw nut, an actuator rod, and a rotation position sensor, the ball screw nut is
configured to rotate about an actuator axis to cause the actuator rod to translate
axially relative to the actuator axis, the actuator rod is configured to turn the
steered wheel in response to the actuator rod translating axially, and the rotation
position sensor is configured to generate data indicative of an angular position of
the ball screw nut relative to the actuator axis.

19.  The method of claim 18, wherein determining the position of
the actuator is based on the data indicative of the angular position of the ball
screw nut relative to the actuator axis.

20.  The method of claim 19, wherein determining the position of
the actuator is based on the data indicative of the angular position of the ball
screw nut relative to the actuator axis and on data indicative of a measured angle

of a steered wheel.
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200\

202~

MOVE THE ACTUATOR BETWEEN A PLURALITY OF
POSITIONS IN RESPONSE TO ROTATION OF THE STEERING
WHEEL ABOUT THE STEERING WHEEL AXIS ACCORDING TO

THE LOCK-TO-LOCK RATIO TO CAUSE THE ACTUATOR TO
TURN THE STEERED WHEEL

204\

DETERMINE THE POSITION OF THE ACTUATOR

206\

DETERMINE THE TARGET STEERING WHEEL POSITION OF
THE STEERING WHEEL RELATIVE TO THE STEERING WHEEL
AXIS BASED ON THE POSITION OF THE ACTUATOR

208~

MEASURE THE MEASURED POSITION OF THE STEERING
WHEEL

210\ ‘

VARY THE LOCK-TO-LOCK RATIO BASED ON THE TARGET
STEERING WHEEL POSITION AND THE MEASURED POSITION
OF THE STEERING WHEEL

FIG. 12
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