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METHOD AND SYSTEM FOR VEHICLE
DIRECTIONAL CONTROL BY
COMMANDING LATERAL ACCELERATION

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional
Application Ser. No. 60/086,039, filed May 19, 1998.

TECHNICAL FIELD OF THE INVENTION

The present invention relates to steering control systems,
and in particular to a method and system for vehicle direc-
tional control by commanding lateral acceleration.

BACKGROUND OF THE INVENTION

A number of efforts have been made to develop servo
steering mechanisms associated with a joystick servo steer-
ing concept. A steering system was developed in the late
nineteen-sixties that could make a vehicle automatically
follow an antenna cable buried in the road. This system used
an electronic proportional and derivative controller which
regulated a hydraulic steering valve to turn the front wheels.
Ajoystick steering system for a van was later developed that
used a computer to automatically decrease the steering gain
in proportion to the square of the vehicle speed in order to
make the van safe to drive at higher speeds. The system was
reported to be acceptable for use with test drivers. Recently,
hydraulically powered joystick systems have been designed
specifically for handicapped drivers. One joystick steering
system (now marketed as the EMC Digidrive) uses an
electric stepper motor to turn the steering wheel instead of
regulating a power steering hydraulic valve. This system has
a joystick input that decreases gain sensitivity with speed
and steering wheel angle. All of these systems faced the
common problem of having to compensate for steering gain
when a vehicle travels at high speeds. These systems also
involve a driver directly commanding the front wheel turn
angle using a joystick.

SUMMARY OF THE INVENTION

Accordingly, a need has arisen in the art for a method and
system for vehicle directional control by commanding lat-
eral acceleration. The present invention provides a method
and system for vehicle directional control by commanding
lateral acceleration that substantially reduces problems asso-
ciated with prior systems and methods.

In one embodiment of the described invention, a direc-
tional control system for a vehicle is disclosed that includes
a driver input device being operable to receive a driver input
corresponding to a desired lateral acceleration of the vehicle.
The system also includes a controller in communication with
the driver input device, the controller being operable to
generate a control signal in response to comparing the
received desired lateral acceleration and an actual lateral
acceleration of the vehicle. The system further includes an
actuator in communication with the controller, the actuator
being operable to effect a change in the direction of travel of
the vehicle in response to the control signal.

In another embodiment of the present invention, a system
includes a driver input device that is operable to generate a
first signal indicative of a desired lateral acceleration of an
automobile and an accelerometer that is operable to generate
a second signal indicative of an actual lateral acceleration of
the automobile. The system further includes a tachometer
being operable to generate a third signal indicative of a rate
of change in the actual lateral acceleration of the automobile.
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The system also includes a controller in communication with
the driver input device, the accelerometer, and the
tachometer, the controller being operable to generate a drive
current in response to comparing the first signal and the
second signal and further in response to the third signal. The
system also includes an actuator in communication with the
controller and the tachometer, the actuator being operable to
adjust the orientation of at least one wheel of the automobile
in response to the drive current.

Embodiments of the described invention offer one or
more of the following advantages. A technical advantage is
to provide a steering control that can be used by handicapped
drivers. A further advantage is to provide control of both
acceleration or braking and steering using a single control
input. Another advantage is to allow a driver who has limited
hand or arm function to operate the primary control
(steering, acceleration, and braking) of a vehicle with one
hand, for example, leaving the other hand free for secondary
controls. As yet a further advantage, at least one embodi-
ment of the present invention enables the elimination of a
hard steering column directly in front of the driver’s chest.
Utilizing lateral acceleration may also alleviate difficulties in
compensating for high vehicle speed while controlling a
vehicle’s direction. Additionally, embodiments of the
present invention avoid the gain compensation problems of
present systems when a vehicle is traveling at high speeds.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion and the advantages thereof, reference is now made to
the following description taken in conjunction with the
accompanying drawings, in which:

FIG. 1 is a block diagram of a directional control system
in accordance with the present invention;

FIG. 2 is an illustration of one embodiment of an actuator
used in the directional control system of FIG. 1;

FIG. 3A is a portion of a flowchart of a steering control
method according to the present invention;

FIG. 3B is a further portion of a flowchart of a steering
control method according to the present invention;

FIG. 4 is a schematic diagram illustrating the geometric
wheel relationship in accordance with the present invention;

FIG. § is a block diagram incorporating an actuator of
lateral acceleration, an associated plant, and vehicle lateral
dynamics in accordance with the present invention;

FIG. 6 is a block diagram of a feedback controller of
lateral acceleration incorporating the model of FIG. in
accordance with the present invention; and

FIG. 7 is a more detailed block diagram of FIG. §
incorporating a damping function in accordance with the
present invention.

DETAILED DESCRIPTION OF THE
INVENTION

Embodiments of the present invention are illustrated in
FIGS. 1-7, like numerals being used to refer to like and
corresponding parts of the various drawings.

FIG. 1 illustrates a directional control system 10 that is
implemented according to the present invention. Directional
control system 10 controls steering of a vehicle 40, such as,
for example, an automobile. Directional control system 10
uses lateral acceleration feedback to steer vehicle 40, by
adjusting the vehicle’s actual lateral acceleration to track an
indicated desired lateral acceleration. Thus, directional con-
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trol system 10 allows a driver to specify only lateral accel-
eration and avoid having to manually adjust the vehicle’s
steering angle and compensate for the effects of changes in
speed.

Directional control system 10 includes a driver input
device 20 to allow a driver to specify a desired lateral
acceleration for vehicle 40. Directional control system 10
also includes an actuator 50, an angle sensor 60, a tachom-
eter 70, a speedometer 80 and an accelerometer 90. In the
described embodiment, controller 30 receives inputs from
driver input device 20, speedometer 80, accelerometer 90,
angle sensor 60, and tachometer 70 and uses such inputs to
control actuator 50. Actuator 50 receives an input from
controller 30 and controls the wheel angle, and therefore
steering, of vehicle 40.

In the illustrated embodiment, driver input device 20 is a
joystick; however, driver input device 20 may be any
mechanism capable of producing an electrical signal in
response to a driver’s command, movement, signal, or other
indication designating a desired lateral acceleration. Other
examples of driver input device 20 include a track ball,
variable switch or dial, slider, graphical user interface, one
or more pedals, and any other suitable device. Joystick 20
may be mounted on a console located on either side of, or
in front of, the driver; however, any location, position, or
orientation of driver input device 20 can be utilized that
allows a driver access to its control.

Driver input device 20 can be equipped with safety or
emergency switches. For example, a button may be included
on top of the joystick, or at another location, such that when
the button is depressed, controller 30 produces a control
signal to actuator 50 and terminates a steering control
program. Additionally, a power switch, or on/off switch,
may be utilized to disable driver input device 20 such that
any inputs from driver input device 20 are ignored by
controller 30. The switches described as being on driver
input device 20 may also be located separately from driver
input device 20, on a nearby console, panel, or at any other
suitable location.

In one embodiment, driver input device 20 is a joystick
having a range of lateral motion of about forty degrees from
each side to center. Such a range of lateral motion may
represent an indication of desired lateral acceleration from
zero to 0.6 in either lateral direction, or a desired angle of
orientation of the wheels of vehicle 40 of thirty degrees from
center in either direction. The joystick may have a self-
centering spring that causes the joystick, and therefore
lateral acceleration controlled by the joystick, to return to
center orientation if it is released. The self-centering spring
may also provide a tactile force resulting in lateral resistance
to motion that gives the driver an indication of the joystick’s
position. In such an embodiment, lateral movement of the
joystick may indicate desired lateral acceleration whereas
forward and backward movement may indicate forward
acceleration and braking, respectively.

In the described embodiment, controller 30 is a micro-
processor that is preprogrammed with the necessary algo-
rithms and instructions necessary to process vehicle indica-
tors and driver inputs in order to control the lateral
acceleration, and therefore steering, of vehicle 40; however,
controller 30 may be any other computing or electronic
device, whether consisting of a single integrated device or
several interworking components, that is operable to calcu-
late a control signal output to actuator 50 in response to the
indicators and inputs. For example, controller 30 may be
implemented using a laptop computer and a parallel port
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interface operable to convert signals between digital and
analog formats. It can easily be seen that the algorithms and
control logic necessary to perform the functions of controller
30 can easily be accomplished using a combination of
hardware and/or software components.

In the illustrated embodiment, controller 30 includes
memory 32 and processor 34. In such an embodiment,
processor 34 executes the necessary arithmetic and logical
operations required to control the lateral acceleration of
vehicle 40 by using instructions encoded in memory 32 to
process data received from driver input device 20, speed-
ometer 80, accelerometer 90, angle sensor 60, and tachom-
eter 70, all of which may be stored in memory 32. Memory
32 may store one or more files, data structures, lists, or other
arrangements of information stored in one or more compo-
nents of random access memory, read only memory, mag-
netic computer disks, CD-ROMs, other magnetic or optical
storage media, or any other volatile or non-volatile memory
components. Instructions may be coded in C**, JAVA, or
any other suitable development language.

In the illustrated embodiment, actuator 50 is a brush type
DC servomotor in combination with a sprocket and belt
assembly coupling the servomotor to the steering column of
a vehicle; however, actuator 50 may instead include or
incorporate pulleys, belts, electric stepping motors, hydrau-
lic valves, gears, or any other means of manipulating the
direction of vehicle 40 or the angle of orientation of the
wheels of vehicle 40 in response to a control signal from
controller 30.

In one embodiment, actuator 50 may include an integrated
circuit microcontroller 52 to facilitate control of motor
functions. Microcontroller 52 may also be equipped with an
internal tachometer. Such a built in tachometer may elimi-
nate the need for a separate component to be used as
tachometer 70. Actuator 50 may also include an amplifier 54
used to drive actuator 50. For example, a pulse-width
modulation (PAM) type power amplifier may be utilized to
maintain a smooth, continuous current to drive actuator 50.
Sensor and signaling wires used to connect or allow com-
munication between the components of directional control
system 10 should be protected with properly grounded
shielding for optimal performance.

Power for actuator 50 can be provided by a single battery
of the vehicle 40, together with means to step up the voltage
from, for example, 12 volts DC to a 120 volts AC. A power
inverter can be utilized to achieve the desired effect.

Tachometer 70 is a tachometer or a measurement device
that is capable of providing feedback in response to the
angular speed at which the steering angle of the vehicle is
changing. Tachometer 70 may be either separate or integral
to actuator 50. In one embodiment, tachometer 70 may be
coupled to the shaft of a servomotor functioning as actuator
50. In such an embodiment, tachometer 70 measures the
rotational speed of the servomotor. As the servomotor
directly commands the steering changing angle through a
gear assembly or other mechanism, a measurement of the
angular speed of the servomotor corresponds, and can be
integrated to obtain, a value proportional to the steering
wheel angle. The steering wheel angle also corresponds to
the angle of the wheels of vehicle 40. In such an
embodiment, feedback provided by tachometer 70 is useful
for providing accurate feedback to controller 30 in order to
closely control a lateral acceleration rate of vehicle 40.
Additionally, such an embodiment provides a virtually
noise-free signal.

Speedometer 80 is a sensor capable of presenting an
electrical signal that is representative of the speed of vehicle
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40. In one embodiment, a pulse generator may be geared to
the drive axle. In such an embodiment, an integrated circuit
or other component can be used to convert the frequency of
a pulse signal to a voltage. Thus, a DC voltage can be
generated in response to pulses and calibrated to the speed
of vehicle 40. It should be noted that at slow speeds the
amplitude of a signal such as that generated by a pulse
generator may be difficult to discern from the amplitude of
electrical noise. Thus, proper grounding of shielding cover-
ing a wire from speedometer 80 to controller 30 may
improve the accuracy of speed sensing.

In the illustrated embodiment, accelerometer 90 is a
capacitive sensor such as the device ADXLOS that is made
by Analog Devices; however, any sensor capable of detect-
ing lateral acceleration of vehicle 40 can be utilized. Many
devices capable of being utilized as accelerometer 90 are
currently mass produced for automobile airbags. Acceler-
ometer 90 may be mounted in vehicle 40 at the vehicle’s
center of gravity. For better operation, accelerometer 90 may
be mounted in such a manner as to minimize high frequency
vibrations from the engine and the road using a filter. For
example, a 20 Hz signal pole low pass filter may be utilized
to reduce some of the road noise and disturbances.
Additionally, mounting the accelerometer 90 with a simple
mechanical filter such as Velcro can significantly reduce
undesirable vibrations.

Angle sensor 60 is a detection device capable of detecting
changes in the steering of vehicle 40. Angle sensor 60
detects, for example, changes in the angle of the wheels of
vehicle 40 relative to a reference point on vehicle 40. In one
embodiment, angle sensor 60 includes a ten turn potentiom-
eter geared to a steering wheel shaft that is used to indicate
the steering wheel angle. A gear on the steering wheel shaft
mat turn the potentiometer a predetermined interval for each
turn of the steering wheel. In one embodiment, angle sensor
60 is used by directional control system 10 at low speeds
when the direction of vehicle 40 is being controlled using
driver input device 20, or other driver input device, to
directly indicate a desired angle of orientation of the wheels
of vehicle 40 for steering vehicle 40.

Thus, the components of directional control system 10
control vehicle steering using lateral acceleration feedback.
Controller 30 receives signals indicative of vehicle condi-
tions and driver inputs in order to derive a control signal that
is operable to effect a desired lateral acceleration of vehicle
40. An embodiment of actuator 50 of vehicle control system
10 is described in reference to FIG. 2. One embodiment of
a method used by directional control system 10 for deriving
the control signal to actuator 50 is described in FIG. 3.

FIG. 2 illustrates actuator 700 as one embodiment of
actuator 50 implemented according to the teachings of the
present invention. The actuator includes a motor 710
coupled to a pulley assembly 720. Pulley assembly 720 is
further coupled to a steering column 730. Pulley assembly
720 includes a first pulley 740 coupled to motor 710, a
second pulley 750 coupled to steering column 730, and a
belt 760 that is engageable to rotate second pulley 750 in
response to the rotation of first pulley 740. The embodiment
described in FIG. 2 is but one example of an actuator that
may be utilized to implement steering control as taught by
the present invention. For example, an actuator may not
involve a motor such as motor 710 or a steering column such
as steering column 730, but may instead involve hydraulic
valves directly coupled to or otherwise operable to change
the direction of the wheels of a vehicle.

In yet another embodiment of the present invention that is
not illustrated, a pulley assembly may be provided on the
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steering shaft of a vehicle that allows the steering wheel to
remain in its conventional position so that the vehicle can be
used with or without a joystick or servo steering controller.
In one embodiment of the present invention, the steering
shaft may been extended to accommodate the pulley which
is just behind the steering wheel. The torsion may be
transmitted from the extension to the steering shaft by
hardened steel pins that are parallel to the shaft. Torque may
be transmitted from the pulley to the extension by a straight
key.

FIGS. 3A-B illustrate a method for controlling the direc-
tion of the vehicle according to the present invention. In step
310, indicators of vehicle speed, steering wheel angle, lateral
acceleration of the vehicle, a driver input, and angle speed
of actuator 50 are received. In step 315, such received
indicators are converted to actual unit counterparts using
calibration equations. Thus, for example, a digital signal
representing vehicle speed may be converted into an actual
speed unit that can be utilized to derive a control signal to
control the lateral acceleration of vehicle 40. In step 320, the
desired lateral acceleration of vehicle 40 is calculated from
the driver input. In step 325, a desired steering angle or angle
of orientation is calculated from the driver input.

Next, one or more control signals are derived depending
upon the speed of vehicle 40. In step 330, vehicle speed is
compared to a low changeover speed. The low changeover
speed is a threshold speed wherein, at speeds below such
low changeover speed, vehicle steering can be accomplished
with less error—and more driver comfort—using calcula-
tions to derive an angle of orientation control signal for
steering the vehicle based on the desired steering wheel
angle. This speed may vary from vehicle to vehicle or even
from driver to driver. For example, in one embodiment
twelve miles per hour was selected as the low changeover
speed. If the speed is greater than the low changeover speed,
a desired angle is calculated in step 335 based on the desired
acceleration indicated by the driver input.

In step 340, the acceleration error is calculated without
preamplification. More specifically, the acceleration error
equals the desired lateral acceleration minus the vehicle’s
current lateral acceleration. In step 345, the acceleration
error with preamplification is calculated. To calculate the
acceleration error with preamplification, the product of the
preamplification, the absolute value of the acceleration error,
and the desired acceleration is added to the desired accel-
eration itself. The resultant sum is then subtracted from the
actual lateral acceleration of the vehicle. In practice, the
desired lateral acceleration may be preamplified by a con-
stant multiple to ensure a quick response by directional
control system 10 to a driver input. The preamplification
also reduces the significance of any noise associated with
measurement of actual lateral acceleration in calculating
steering control signals. Preamplification introduces little to
no error into control calculations as a driver input other than
zero desired acceleration is normally of short duration. For
example, a driver moving a joystick to the right will have a
desired lateral acceleration signal generated that is pream-
plified resulting in increased responsiveness. Once the
desired lateral acceleration and direction is achieved the
joystick will be returned to a central lateral position.

In step 350, the acceleration error without preamplifica-
tion is reduced if the lateral acceleration of the vehicle is
already so high that the vehicle is likely to skid. This
skidding threshold occurs as the lateral acceleration of the
vehicle passes above the threshold of 6.5 meters per second
per second.

If the current vehicle speed is less than the lower
changeover speed, steps 335-350 are not conducted. In
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either case, in step 355, two alternative actuator control
signals are calculated using the equation for desired angle
and the following equations for desired lateral acceleration.
Thus, a lateral acceleration control signal is generated using
the following equation (L):

looHT=Ky (a-a,)-Kjd(a,)/dt

where
ips H=servomotor current,

a,=desired angle of orientation of the wheels of the
vehicle,

a,=actual angle of orientation of the wheels of the vehicle,

K, =proportional gain, and

K ,=damping gain.

Similarly, an angle of orientation control signal is gener-
ated using the following equation (A):

i L=Kp-(an ~an)-Kd-d(a,)/dt

where

g L=servomotor current,

an =desired lateral acceleration,

an =actual lateral acceleration,

Kp=proportional gain, and

Kd=damping gain.

Next, in step 360, a determination is made as to whether
the current vehicle speed is greater than a high changeover
speed. As with the low changeover speed, this speed may
vary from vehicle to vehicle. For example, in one
embodiment, twenty miles per hour was selected. This high
changeover speed designates a threshold such that when
vehicle speed is higher than the high changeover speed a
lateral acceleration control signal is calculated based on
desired lateral acceleration and is used to drive actuator 50.
Thus, if vehicle speed is greater than the high changeover
speed, the control signal is set as the lateral acceleration
control signal that was calculated in step 355.

If the current vehicle speed is not greater than the high
changeover speed, it is determined whether the current
vehicle speed is lower than the low changeover speed in step
370. If the current vehicle speed is less than the low
changeover speed, the control signal for actuator 50 is set
equal to the angle of orientation control signal also calcu-
lated in step 355.

If the current vehicle speed is not less than the low
changeover speed, it is determined whether or not the
current vehicle speed is between the low changeover speed
and the high changeover speed in step 380. If the current
vehicle speed is between the low changeover speed and the
high changeover speed, the control signal for actuator 50 is
set equal to the weighted average of the angle of orientation
and lateral acceleration control signals calculated in step
355. Such a weighted average may be determined by using
the following equation (M):

i =L HX X,

where
i.=control signal sent to the actuator,
i.H=control signal calculated by equation L,
i L=control signal calculated by equation A,
XH=(mph-mphL)/(mphH-mphL),
XL=(mph H-mph)/(mphH-mphL),
mph=vehicle speed,
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8
mphH=speed above high changeover speed, and

mphL=speed below low changeover speed.

In step 384, the control signal determined in steps 365,
375, or 382 is supplied to actuator 50. In step 386, controller
30 determines whether or not the driver has pressed a stop
button indicating a desire to terminate the control program.
If the driver has not indicated a desire to stop the control
program, the process again reads in sensor values as
described in steps 310 and repeats the procedures described
in steps 315-384. If it is determined in step 386 that the stop
button was pushed by the driver, the actuator is disabled,
thereby preventing any further directional control by con-
troller 30.

As described, in one embodiment of the present invention,
at very low speeds, driver input device 20 indicates steering
wheel angle to allow full maneuverability for parking lot
type situations. In this embodiment, at greater speeds a
controller that commands lateral acceleration is used. A
sliding gain prefilter may also be provided to overcome
noise on the accelerometer signal and improve the lateral
acceleration tracking. Transition between steering wheel
angle control and lateral acceleration control occurs
smoothly between software selectable upper and lower
changeover speed boundaries.

FIGS. 1-3 describe various embodiments of the compo-
nents and methods utilized in order to allow directional
control system 10 to steer a vehicle, such as an automobile,
using lateral acceleration feedback. The following FIGS.
4-7 illustrate the derivation and assumptions utilized to
implement and generate such components and methods.

Derivation of Equations

FIG. 4 illustrates relevant angles used to define equations
modeling a vehicle according to an embodiment of the
present invention wherein a servomotor is used as a actuator
50 and a joystick is used as driver input device 20. As
described above, in one embodiment of the present
invention, a joystick steering controller is used to steer a
vehicle. The joystick steering controller may be otherwise
suitably substituted without departing from the scope of the
present invention. It is not possible to use the same steering
control scheme with a joystick as with a steering wheel
where the turn angle of the front tires is directly proportional
to the input motion from the driver. To explain why the
above statement is true, consider that the range of motion for
a joystick is typically plus or minus 40°, and a typical range
of the front tire angle is plus or minus 30°. For a linear
system where full lock at the front tires corresponds to full
travel of the joystick the two angles will be related by
Equation (4-1).

=K, ;5,0; 4-1)
where
d=tire angle
K, ;=linear proportionality constant
d;,=joystick angle
The gain, K,, ., is prescribed as K, ;,=3,,,,./0;s ;nar=30/40°=

%. This is an acceptable system gain for low speed opera-
tion.

However, this gain is too high for fast vehicle speeds. If
the angle of the front tires is always maintained directly
proportional to the joystick angle, then a four degree move-
ment of the joystick will turn the tires three degrees. As a
first approximation the lateral acceleration due to the tire
angle is proportional to the square of the forward speed. The
lateral acceleration caused by a given tire angle at sixty-five
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miles per hour is over one hundred and fifty times higher
than the lateral acceleration caused by the same tire angle at
five miles per hour. For the constant gain system described
above, at sixty-five miles per hour a sideways movement of
the joystick of less than four degrees would cause the vehicle
to turn so hard it would start to skid. Movements of less than
two degrees would be required for normal driving at high-
way speeds. Such precise movements of a joystick would be
difficult for an ordinary driver, and over control would lead
to loss of control.

A simplified analysis based on an appropriate model is
presented to provide insight into what physical phenomena
dominate the system. This in turn, helps promote under-
standing of the joystick steering system. Specifically, the
controller structure and the actuators and sensors needed to
implement the joystick steering system become evident from
this procedure.

The steady state model presented here employs several
simplifying assumptions. One is that the turn radius is much
greater than the vehicle wheel base. In such a turn the front
tires turn only through a small angle, and this is used to
simplify several of the geometric relationships. Linear con-
stitutive properties for the tires are assumed in the analysis.

The angle that the front tires turn is called the (tire) steer
angle and denoted by 9. The steer angle is typically about
one fifteenth of the steering wheel angle, gy for vehicles
with power steering. The relationship is 0=0y/G, where G
is the steering ratio. The steering ratio, G, is also the gain of
the vehicle’s steering system. From the geometrical rela-
tionships shown in FIG. 4, it follows that the steer angle is
given by Equation (4-2) for a steady state turn. Because of
the tire slip angle, which will be explained shortly, the path
that the

L
6:—+af—a, (4-2)
R

vehicle follows is not precisely the same as the path indi-
cated by the steer angle. The Ackerman angle, I/R indicates
the steer angle required to follow a path of radius R if there
were no slip.

where

d=(tire) steer angle,

o,=front tire slip angle,

o, =rear tire slip angle,

L=wheel base,

R=turn radius, and

L/r=Ackerman angle.

The road exerts a lateral force on each tire to make the
vehicle turn. This force is the result of the slip angle which
is the angle between the tire’s direction of motion and the
tire center plane. The most common tire model states that
side force is proportional to the slip angle as shown by
Equation (4-3). The ratio between the side force and the slip
angle is the tire cornering stiffness, C,,.

F,=C,ar (4-3a)

Fy=Copa, (4-3b)

where
C,=tire cornering stiffness,
a=slip angle,
F=lateral force, and
subscripts f and r refer to front and rear.
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The total lateral force on the vehicle and resulting lateral
acceleration is given by Equation (4-4).

2F=2F 0F  =mra,, (4-4)

where

F/=force exerted by one front tire,

F,=force exerted by one rear tire,

m=vehicle mass, and

a,=lateral acceleration.
The lateral forces on the front tires are generally different
from the lateral forces on the rear tires. For a steady state
turn, where the vehicle angular acceleration is zero, the front
and rear tire forces are related by the moment equation,
Equation (4-5).

=M,

em=2F ,a=2F , b=0 @-5)

where

M_,,,=the moment about the vehicle center of mass applied
by the lateral forces,
a=distance from the center of mass to the front axle (see
FIG. 4), and
b=distance from the center of mass to the rear axle (see
FIG. 4).
The five equations (4-2), (4-3A), (4-3B), (4-4), and (4-5) can
be algebraically manipulated to eliminate cp @, F , and F, .
The result is an expression (4-6) for the steer angle, 9, that
is utilized to achieve a desired lateral acceleration a. along
with a path of radius R.

O=L/R+[(m 18/2C, f)—(mrg/ ZCE,)](ay/ 9} (4-6)

d=L/R+K(a,/g)

where
L=(a+b), the wheelbase,
m=(b/L)m, the mass fraction accelerated by the front
tires,
m,=(a/L)m, the mass fraction accelerated by the rear
tires,
L/R=Ackerman steer angle for a path of radius R, and
K=(mg/2C,)—-(m,g/2C,,), the understeer gradient.
The lateral acceleration a, is the centripetal acceleration and
is given by Equation (4-7).

U2
@y = —

R

@7)

where

U=forward speed, and

R=radius of vehicle path.
Finally, Equations (4-6) and (4-7) can be combined to obtain
an expression for the ratio of the lateral acceleration, a, to
steering angle, 8. This ratio is called the lateral acceleration
gain and is given by Equation (4-8).

ay/g _ U?/Lg
g L+ [(mpg /2Cs) — (m,g [2C))(U? [ Lg)

G

The only operational variable involved in the lateral accel-
eration gain is the vehicle speed, U; the lateral acceleration
gain is independent of the radius of path, R.

This analysis of the vehicle in a steady state turn shows
that the lateral acceleration is proportional to the tire turn
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angle and to the square of the forward speed. The lateral
acceleration gain as a function of forward speed can be
approximated using approximate values for tire stiffness. As
speed increases the steering angle needed to achieve a given
lateral acceleration decreases rapidly; i.e., the vehicle
becomes very sensitive to steering inputs at high speed. A
steering controller that allows a driver to directly command
lateral acceleration relieves the driver from having to adjust
for the effect of changes in speed. In particular, it may be
desirable to make the lateral acceleration gain a constant;
i.e., to remove the quadratic increase in gain with increasing
speed.

Although in theory Equation (4-8) could be used to
convert a desired (driver commanded) lateral acceleration
into a steer angle, in practice this is not a good idea. There
are several reasons. The assumptions made to linearize and
simplify the steady state model reduce its accuracy. The
actual lateral acceleration response to a change in steering
wheel angle is governed by nonlinear differential equations
of motion with uncertain parameters and structure. For these
reasons, according to the teachings of the present invention,
for an actual steering control system, acceleration feedback
is needed to make the vehicle’s actual lateral acceleration
track the commanded lateral acceleration.

FIG. 5 illustrates a transfer model that can be utilized by
a computer or microcontroller to determine the necessary
actuator control signal to command a particular lateral
acceleration in accordance with the present invention. A
dynamic vehicle model is presented that is capable of
showing the transient response of the vehicle lateral accel-
eration caused by changing the tire angle. Equation (5-1) is
the model transfer function. The parameters in this equation
are only known with some uncertainty. The mass properties
(m, a, b, 1) change with vehicle loading and the tire
cornering stiffness changes with loading, tire pressure, road
conditions, operating conditions, etc. The coefficients of the
transfer function are also dependent on the forward speed.

a, (NI-s*+N2-5+N3)

6 ~ DI-s2+D2-s+D3

G-D

where
NI =2ICys

262 Cyp + 207 Cyp
N2 =2aCymU +2Cpy — |-

2aCq —2bC,,
Zacaf(mU + 7]

U
N3 = 2aC, (2C0s +2C,) = 2Co(2aCo — 26C,)
Di=I-m-U

D2 = 1(2Cy +2C,) + m(2a*Cop +202Cy)

207 Cof + 207 C,y
p3=|— =

2C, 2C,) —
U ]( o +2Cq)

2aCq —2bCoy
(mU + 7](ZaCaf -2bC,,)

a, = lateral acceleration

I = Yaw Inertia of car (about its vertical axis)

Equation (5-2) models the response of the steering linkage
to the torque applied by the servomotor.

d=(T-T, )Ly S )=TN Uyt oty +l 577) 57 (5-2)
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where
T=torque of servomotor,
T, =self aligning torque,
I, q=equlvalent nertia,
I,,=inertia of motor armature,

L, =inertia of motor pulley,

Ip5=inertia of steering wheel and pulley, and
srm—speed reduction ratio between servomotor and
steering wheel.
The value of the equivalent inertia, leq, is the inertia of the
motor armature, the pulley on the motor shaft, and the
components on the steering wheel shaft, all referred to the
motor shaft. The inertia of the tires is not considered when
a vehicle has power steering. For the steering wheel and
steering wheel pulley inertia a conservative value of 0.0625
kg-m?2 is used in the numerical simulations. This is equiva-
lent to the inertia of a 2 kg steering wheel and a pulley with
an evenly distributed mass and a 0.5 m diameter.

The speed reduction ratio is a design parameter which
needs to be chosen to meet the performance specifications.
Increasing the speed reduction ratio reduces the equivalent
inertia seen by the motor and causes it to turn more quickly.
However, increasing this ratio slows down the steering
wheel speed relative to the motor speed. Therefore, there is
an optimum speed reduction ratio where the lateral accel-
eration response time to a step input is a minimum.

The torque applied by the motor is directly proportional to
the electric current driven through the armature by the motor
control amplifier. Due to the motor back emf, the voltage
required to drive the current though the armature increases
linearly with the speed of the motor. Equations (5-3) and
(5-4) model these relations with the assumption that the
motor inductance is negligible. By using computer
simulations, it can be determined that fifteen hundred watts
are needed in order to achieve the torque necessary to turn
a typical steering wheel 1.5 turns in 0.5 seconds. This
turning rate is faster than a driver can turn the steering wheel
and allows a safety margin for uncertainty in the calculation
parameters.

T=Ki (5-3)

V=iR, +K 00 (5-4)

where

K,=motor torque constant

K_=motor speed constant

i=motor current

R, =winding resistance

m=motor speed

V=back emf

The vehicle dynamic model given by Equation (5-1), the
steering system model given by Equation (5-2), and the
servomotor model given by Equations (5-3) and (5-4) are
combined to build the transfer model shown in FIG. 5. The
transfer model input is the servomotor current. The motor
current and, hence, the servomotor torque are limited by the
demagnetization current for the motor. The final output of
the transfer model is the vehicle lateral acceleration. An
intermediate output is the tire angle acceleration which
changes due to motor torque. The tire angle can be related
to the steering wheel angle and the servomotor shaft angle
by the steering ratio and the motor pulley drive reduction
ratio. The first derivative of the motor shaft angle is the
motor speed and the motor speed multiplied by the motor
torque is the power output by the motor. A computer or



US 6,301,534 B1

13

controller such as controller 30 can calculate the required
instantaneous motor power to achieve a desired response
using this relation. The self aligning torque shown in the
FIG. § causes the steering wheel to naturally return to center
when the vehicle is in a turn.

To observe how the steering system plant could respond
to lateral acceleration commands, a closed loop feedback
system should be incorporated into the model. No compen-
sations for noise are incorporated at this point because the
level of road and vehicle induced noise was still unknown.
Therefore, this simulation showed lateral acceleration
response under ideal conditions. The block diagram of the
PD type feedback controller and plant is shown in FIG. 6.
The single block labeled “actuator and plant dynamics™ in
FIG. 6 is the complete block diagram shown in FIG. §. The
controller gains may be initially determined analytically
using the root locus method. They may then be tuned based
on simulation results to account for the nonlinear demag-
netization current limit. Decreased sensitivity to changes in
the plant is one of the advantages of using feedback control.

At low speeds the driver commands steering wheel angle
and at high speeds the driver commands lateral acceleration.
To make the transition between the low and the high speed
control modes smoothly, the change over takes places gradu-
ally between two speeds. At intermediate speeds the motor
torque control signal is calculated by Equation (6-1). This
equation is a weighted average of the torque control signals
calculated by the high speed lateral acceleration controller
and low speed tire angle controller.

ss=ssHX +ssL-X; (6-1)
where

ss=steer signal sent to servomotor amplifier to control
torque,

ssH=steer signal calculated by high speed lateral accel-
eration tracking controller,

ssL=steer signal calculated by low speed tire angle track-
ing controller,

XH=(mph-mphL)/(mphH-mphL),

XL=(mph H-mph)/(mphH-mphL),

mph=vehicle speed,

mphH=speed above high changeover speed, and

mphL=speed below low changeover speed.

Since in the intermediate range, the signal sent to the
servomotor is a weighted average of the high and low speed
controller signals, the strongest current (servomotor torque)
control signal will effectively control the path of the vehicle.
The servomotor control signal calculated by the lateral
acceleration controller is different from the control signal
calculated by the steering wheel angle position controller for
a given amount of error between the driver’s desired and
actual vehicle path because the lateral acceleration controller
must use a lower proportional gain. For the weighted aver-
age method to work smoothly, the angle position error and
the lateral acceleration error must become zero
simultaneously, To accomplish this, the joystick angle is
translated first into the driver’s desired lateral acceleration
and from there into an equivalent steering wheel angle using
Equation (6-2).

a,=K-&U? (6-2)

where

d=tire steer angle
This equation is an approximation of Equation (4-8) for low
speed operation, where the value of the constant, K, is
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determined from measurements. Calculating the desired tire
angle from the desired lateral acceleration causes both angle
and acceleration errors to reach zero at the same time during
a turn. Because both the lateral acceleration controller and
steering wheel angle controller use a desired lateral accel-
eration as the input beginning at the low speed of the
intermediate range, the driver experiences a smooth change
to lateral acceleration control beginning at the low speed.

Two changes may be incorporated to the steering con-
troller to address any noise coming from the accelerometer.
First the damping feedback signal may be taken from the
servomotor tach/generator, and second a sliding gain prefil-
ter may be provided. FIG. 7 shows the new block diagram
of the controller, and Equation (7-1) is the corresponding
controller equation.

T=Kp-(Kspfa=a,)—kdrpm 7-1)

where

a,=desired lateral acceleration,

a,=actual lateral acceleration,

Kspf=sliding prefilter gain,

Kp=proportional gain,

Kd=damping gain,

rpm=motor speed, and

T=servomotor torque output.

In the classical Proportional Derivative (PD) controller
used in the original vehicle steering model, the acceleration
error (P) and its derivative (D) are multiplied by gains and
added to construct the controller command. However, for
this embodiment the derivative of lateral acceleration is not
a sensed (measured) variable and the noise present in the
accelerometer signal precludes using numerical methods to
approximate the derivative.

Equation (5-1) indicates that ay is proportional to § (for
steady state) which suggests that the derivative of d be used
for damping feedback. As Equation (7-1) shows, the deriva-
tive damping is based on the signal from the servomotor’s
built in tachometer. There is very little noise on the servo-
motor tachometer signal so the damping gain can be high
enough to make the system over damped without causing
any feedback vibration. The advantage of an over damped
steering system is that it does not oscillate under the drivers
steering commands.

In one embodiment of the present invention, a prefilter is
provided because the accelerometer noise makes it is impos-
sible to turn up the proportional gain high enough to get the
required tracking performance between the actual lateral
acceleration and the desired lateral acceleration. The noisy
feedback may cause the steering wheel to shake when the
gain is turned up. In contrast, the prefilter amplifies only the
desired acceleration signal which is nearly noiseless because
it comes from a potentiometer on the joystick. Multiplying
the desired acceleration by the prefilter gain increases the
magnitude of the error signal and improves the tracking
response between the actual and desired lateral acceleration.

A sliding gain prefilter retains most of the tracking
improvement benefit of a constant gain prefilter, while
allowing full angular range of the joystick. The prefilter gain
is calculated using Equation (7-2). The value of the sliding
prefilter gain, Kspf, is still affected by the noise on the
accelerometer signal due to the difference in the desired and
actual acceleration, The effect of the noise is minor, since the
value of Kpf is 0.4 and the noise amplitude is only about
0.05 M/S2. Therefore, at steady state the value of Kspf is
about one, even at the noise peak amplitude.
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Because of the natural tendency of the steering wheel to
return to center, a controller can hold the sliding prefilter
gain to one when coming out of a turn, and the proportional
gain of one will be high enough to cause the vehicle to
quickly track the driver’s desired lateral acceleration. The
controller determines the vehicle is entering a turn if the
absolute value of the desired acceleration is greater than the
absolute value of the actual acceleration and both the desired
and actual lateral accelerations have the same sign. This
removes any effect of the accelerometer noise on the value
of Kspf when the steering is released slowly out of a turn.
It also cuts the affect of the noise in half when the vehicle
is traveling straight. Equation (7-2B) shows this mathemati-
cally.

Kspf=1+Kpf|a~a,| for entry into turn (7-2a)

Kspf=1 for release turn (7-2b)

where

a =desired lateral acceleration,

a,=actual lateral acceleration, pl Kpf=prefilter gain, and

Kspf=sliding prefilter gain.

What is claimed is:

1. A directional control system for an automobile, the
system comprising:

a driver input device operable to receive a driver input
corresponding to a desired lateral acceleration of the
automobile;

a controller in communication with the driver input device
and the automobile, the controller operable to generate
a control signal in response to comparing the received
desired lateral acceleration and an indication of actual
lateral acceleration of the automobile; and

an actuator in communication with the controller, the
actuator operable to effect a change in the direction of
travel of the automobile in response to the control
signal.

2. The directional control system of claim 1, and further
comprising an accelerometer in communication with the
controller, the accelerometer operable to detect the actual
lateral acceleration of the automobile.

3. The directional control system of claim 1, and further
comprising a speedometer in communication with the
controller, the speedometer operable to detect the current
speed of the automobile, and wherein the controller is
further operable to generate the control signal in response to
the current speed of the automobile.

4. The directional control system of claim 1, and further
comprising a tachometer in communication with the con-
troller and the actuator, and wherein the tachometer is
operable to detect a speed of the actuator, the speed of the
actuator being indicative of the rate of change in the actual
lateral acceleration of the automobile.

5. The directional control system of claim 1, and further
comprising an angle sensor in communication with the
controller, the angle sensor operable to detect an angle of
orientation of at least one wheel of the automobile, and
wherein the controller is operable to generate the control
signal further in response to the detected angle of orienta-
tion.

6. The directional control system of claim 1, wherein the
actuator includes a motor, the motor operable to effect the
change in the direction of travel of the automobile by
engaging a sprocket and belt assembly to actuate an adjust-
ment of the angle of orientation of at least one wheel of the
automobile in response to the control signal, the control
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signal initiating a drive current to the motor in response to
calculating the difference between the desired lateral accel-
eration and the actual lateral acceleration.

7. The directional control system of claim 1, wherein the
controller includes a processor and a memory associated
with the processor, the processor operable to generate the
control signal in response to comparing the desired lateral
acceleration and the actual acceleration and further in
response to instructions stored in the memory.

8. The directional control system of claim 7, wherein the
instructions include a computer program stored in the
memory, the computer program operable to:

calculate the desired lateral acceleration in response to the

driver input; and

determine the control signal in response to the calculated

desired lateral acceleration and the actual lateral accel-
eration.

9. An automated method for controlling the direction of
travel of a vehicle, the method comprising:

receiving a driver input corresponding to a desired lateral

acceleration of the vehicle;
comparing, by a controller, the desired lateral acceleration
to an actual lateral acceleration of the vehicle; and

effecting a change in the direction of travel of the vehicle
in response to comparing the desired lateral accelera-
tion to the actual lateral acceleration.

10. The method of claim 9, and further comprising
receiving an indicator of a rate of change in the actual lateral
acceleration of the vehicle, and wherein effecting a change
in the direction of travel further includes effecting a change
in the direction of travel of the vehicle in response to the
received rate of change.

11. The method of claim 10, wherein comparing the
desired lateral acceleration to the actual lateral acceleration
further includes calculating a lateral acceleration error by
subtracting the actual lateral acceleration from the desired
lateral acceleration.

12. The method of claim 11, wherein effecting a change
in the direction of travel includes:

calculating a first product by multiplying a proportional

gain constant associated with the vehicle and the lateral
acceleration error;

calculating a second product by multiplying a damping

gain constant and the rate of change in the actual lateral
acceleration; and

calculating a product difference by subtracting the second

product from the first product; and

generating a lateral acceleration control signal in response

to the calculated product difference.

13. The method of claim 9, and further comprising:

receiving a rate of change in the actual lateral acceleration

of the vehicle;

receiving an actual angle of orientation of at least one

wheel of the vehicle;

receiving a rate of change in the actual angle of orienta-

tion of the at least one wheel;

receiving a speed of the vehicle; and

wherein the driver input additionally corresponds to a

desired angle of orientation of at least one wheel of the
vehicle.

14. The method of claim 13, wherein effecting a change
in the direction of travel of the vehicle at speeds greater than
a high threshold speed includes:

calculating a lateral acceleration error by subtracting the

actual lateral acceleration from the desired lateral
acceleration;
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calculating a first product by the multiplying a propor-
tional gain constant associated with the vehicle and the
lateral acceleration error;

calculating a second product by multiplying a damping
gain constant and the rate of change in the actual lateral
acceleration;

calculating a first product difference by subtracting the
second product from the first product; and

generating a lateral acceleration control signal operable to
effect a change in the direction of travel of the vehicle
in response to the calculated first product difference.
15. The method of claim 14, wherein effecting a change
in the direction of travel of the vehicle at speeds less than a
low threshold speed includes:

calculating a angle of orientation error by subtracting the
actual angle of orientation from the desired angle of
orientation;

calculating a third product by the multiplying a propor-
tional gain constant associated with the vehicle and the
angle of orientation error;

calculating a fourth product by multiplying a damping
gain constant associated with the vehicle and the rate of
change in the actual angle of orientation;

calculating a second product difference by subtracting the
fourth product from the third product; and

generating an angle of orientation control signal operable
to effect a change in the direction of travel of the
vehicle in response to the calculated second product
difference.

16. The method of claim 15, wherein effecting a change
in the direction of travel of the vehicle at speeds between the
low threshold speed and the high threshold speed is per-
formed in response to a weighted average of the calculated
first and second product differences and the speed of the
vehicle.

17. Amethod for controlling the steering of an vehicle, the
method comprising:

receiving a first signal indicative of a desired lateral

acceleration of the vehicle and a second signal indica-
tive of an actual lateral acceleration of the vehicle;

receiving a third signal indicative of the rate of change in
the actual lateral acceleration of the vehicle;

comparing the first and second signals; and

changing the orientation of at least one wheel of the
vehicle in response to the comparison of the first and
second signals and further in response to the third
signal.
18. The method of claim 17, wherein changing the ori-
entation of the at least one wheel includes generating a
control signal to an actuator.
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19. The method of claim 17, wherein changing the ori-
entation of the at least one wheel of the vehicle further
includes changing the orientation in response to an actuator.

20. The method of claim 17, and further comprising
receiving a fourth signal indicative of the speed of the
vehicle, wherein changing the orientation of the at least one
wheel of the vehicle is further in response to the fourth
signal.

21. A system, the system comprising:

a driver input device operable to generate a first signal
indicative of a desired lateral acceleration of an auto-
mobile;

an accelerometer operable to generate a second signal
indicative of an actual lateral acceleration of the auto-
mobile;

a tachometer operable to generate a third signal indicative
of a rate of change in the actual lateral acceleration of
the automobile;

a controller in communication with the driver input
device, the accelerometer, and the tachometer, the
controller operable to generate a control signal in
response to comparing the first signal and the second
signal and further in response to the third signal; and

an actuator in communication with the controller and the
tachometer, the actuator operable to adjust the orien-
tation of at least one wheel of the automobile in
response to the control signal.

22. The system of claim 21, wherein the driver input
device is a joystick and the first signal is generated in
response to lateral movement of the joystick.

23. The system of claim 21, wherein the driver input
device is at least one pedal and the first signal is generated
in response to force detected on the at least one pedal.

24. The system of claim 21, and further comprising a
speedometer in communication with the controller, the
speedometer operable to detect the speed of the automobile,
and the controller further operable to generate the control
signal further in response to the detected speed of the
automobile.

25. The system of claim 21, and further comprising an
angle sensor in communication with the controller, the angle
sensor operable to generate a fourth signal indicative of the
orientation of the at least one wheel, and wherein the first
signal is further indicative of a desired orientation of the at
least one wheel, the controller further operable to generate
the control signal in response to comparing the first signal to
the fourth signal.

26. The system of claim 21, and further comprising the
automobile.
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Line 32, that portion of the formula that reads “-( mrg/2C,,)” should read --

'(mrg/zcar) e

Column 11
Line 67, that portion of the formula that reads “-(Iym+ Ipm + Lpm + Im,N/srmz)” should
read - (Lo + Lpm + Lpps/sTI).

Column 12,
Line 42, delete “T = K ;i” and insert -- T = K i --.

Column 13,
Line 58, after “simultaneously”, delete “,”, and insert -- . --.

Column 14,
Line 47, after “it”, delete “is”.
Line 64, after “acceleration”, delete “.”, and insert -- . —-.




UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. :6,301,534 Bl Page 2 of 2
DATED : October 9, 2001
INVENTOR(S) : Make McDermott, Jr., et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is
hereby corrected as shown below:

Column 15,

Line 21, after “acceleration”, delete “pl”.

Line 21, after “p1” delete “K pf=prefilter gain, and”, and insert -- Kpf=prefilter gain,
and --. (Note: On the next line.)

Signed and Sealed this

Nineteenth Day of March, 2002

Attest:

JAMES E. ROGAN
Artesting Officer Director of the United States Patent and Trademark Office




