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& (57) Abstract: An apparatus (10) for turning steerable wheels (28, 124) of a vehicle (12) in response to input to a driver control
interface (14) includes a sensor (18) for monitoring steering input to the driver control interface (14) and for providing a steering input
signal indicative of the monitored steering input. Front and rear steering systems (24, 110 and 120, 126) are actuatable for turning
front and rear sets of steerable wheels (28, 124), respectively. A controller (22), upon a malfunction of the front steering-system (24,
110), actuates only the rear steering system (120, 126) in response to the steering input signal.
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STEERING,APPARAEUS FOR A VEHICLE HAVING
FRONT AND REAR STEERABLE WHEELS

. Technical Field

The present invention relates to a steéring
apparatus for turning the steerable wheels of a
vehicle. More particularly, the present invention
relates to a steering apparatus including a front
steering gear for turning front steerable wheels of a
vehicle and a rear steering gear for turning rear

steerable wheels of the vehicle.

Background of the Invention

Power steering gears are common in modern

~vehicles. Typicaily, one or more rigid shafts connect

a vehicle steering wheel to an input shaft of the power
steering gear. The rigid shafts must be routed from
the vehicle steering wheel to the input shaft of the

power steering gear. Routing the rigid shafts between

~the steéring wheel and the steering gear is often
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difficult, as other vehicle components must not

interfere with the shafts.

Some known vehicle stes#ing systems have
eliminated‘the rigid shafts. Such systems are commonly
referred to as “steér—by—wire” systems. 1In some éteer—

by-wire systems, there is no mechanical connection

‘between the steering wheel and the sﬁeering gear. An

. electronic system is provided that is responsive to

operator-applied inputs to the steering wheel for
controlling actuation of the steering gear. With no
mechanical connection between the steering wheel and

the steering gear, steering control of the vehicle is

‘lost if the steer-by-wire systém fails.

Other known vehicle steering systems enable multi-
axle steering. A multi-axle steering system generally
includes a front steering gear for turning front

steerable wheels and a rear steering gear for turning

" rear steerable wheels. The rear steering gear is

responsive to vehicle speed and to the steering angle
of the front steerable wheels. When the vehicle speed
is below a predetermined level and the steering angle
of the front steerable wheels is greater than a
predetermined amount, the rear steering gear is

actuated for turning the rear steerable wheels. As a
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result, the rear steering geér turns the rear steerable
wheels to supplement the steering provided by the front
steering gear.

Caster causes a road wheel to align itself with

the direction of vehicle travel. Caster provides

-returnability in conventional steering systems.

Auxiliary axles of multi-axle vehicles commonly use
caster to steer the wheels. Such "self steered" axles

cannot generateia side force to help turn the vehicle.

Summary of the Invention

The present invention relates to an apparatus for
turning steerable wheels of a vehicle in response to
input to a driver control interface. The appératus
comprises a sensor for monitoring steering the input to
the driver control interfaée and for providing a
steering input signal indiéative thereof. A front
steering system is actuatable for turning a front set
of steerable wheels of the vehicle. AA rear steering
system 1s actuatable for turning a rear set of
steerable wheels of the vehicle. BA controller is
responsive to the steéring input signal for controlling
actuation of the front and rear steering systems. The

controller, upon a malfunction of the front steering
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system, actuates the rear steering system in response
to the steering inpﬁt signal.
In ‘accordance withﬂanother aspect} the present

inﬁentioﬁ'relates to -an apparatus comprising a driver
.control interface fo? turning steerab;e wheels of a
vehicle. The apparatuslalsp comprises at least three
spaced apart axles including front and rear steering
axles -and an intérmediate axle. A‘sensOr monitors
_steering input to the driver control interface and
provides a steering input signal indicative théreof. A
front steering'system is operatively connected to the
froﬁt steering axle and is actuatable for turning a
front set of steerable wheels. A rear steering system
is operatively connected to a rear steering axle and is
actuatable for turning a rear set of steerable wheels.
A controller is responsive to the steering input signal
for actuating the frpnt and rear steering systems. The
controller, upon a malfunction of one steering system,
actuates therther steering system in response to the

steering input signal.

Brief Description of the Drawings

The foregoing and other features of the present
5 invention will become apparent to those skilled in the

art to which the present invention relates upon reading
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the following description with reference to the
accompanying drawings, in which:

Fig. 1 is a schematic illustration of an apparatus
constructed in accordance with the present invention;

Fig. 2 is a schematic elevation view, partially in
section}lthrough an exemplary steering gear of the
apparatus'of Fig. 1;

Fig. 3 is a cross-sectional view taken
approximately along line 3~3 of Fig. 2;

Fig. 4 is a cross—seétionél view taken
approximatély along line 4-4 of Fig. 2;

Figs. 5A and 5B illustrate a fléw diagram of an
exemplary control process:performed by a controller of
the apparatus 6f Fig. 1; |

Figs.16a—c schématically illustrate vehicle
steering with the apparatﬁs of Fié. 1l in wvarious
operating conditions;

Fig. 7 is a schematic illustration of an apparatus
constructed in accordance with a second embodiment of
the presenf invention; and

Fig. B8a-c schematically dillustrate vehicle
steering with the apparatus of Fig. 7 in various

conditions.
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Detailed Description of the Invention

Fig. 1 schematically illustrates a steering
apparatus 10 constructed in accordance with the present
invention. The steering apperatus 10 is moﬁnted in. a
vehicle, illustrated scheﬁatically at 12. The steering
apparatus 10 includes a steering wheel 14 or other
driver control interfaee, such as a joystick. The
steering wheel 14 is of a known construction and is
manually rotatable by a vehicle operator. A shaft 16
is fixed to.the center or hub of the'steering wheel 14.
Angulsr rotation of the steering wheel 14 results in an
equivalent angular rotation of the shaft 16.

A torque/position sensor 18 is operable to sense
operator applied torgue snd angular rotation of the
steering wheel 14 and to provide steering input signals
indicative of the applied torgue and angular rotation
of the steering wheel 14. .The torque/position sensor
18 may be an& known sensor or group of sensors for
sensing applied torgue and angular rotation of the
steering wheel 14‘and for providing steering input
signals indicative of the sensed paramesers.’

An electric motor 20 is connepted to’ the shaft 16.
Preferably, a gear assembly (not shown) connects an

output shaft of the electric motor 20 to the shaft 16.
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The electric motor 20 is actuatable to provide
resistance to rotation of'the steering wheel 14 and
thus, is commonly referred to as a “éteering feel:
motoi."

| The steering apparatus 10 also includes a
controller 22. Preferably, the controller 22 is a
microcomputer. The controller 22 is operatively
connected to the torque/position sensor‘18 and receives
the steering input signals from the torque/position
sensor 18. The controller 22 is also operatively
connected to the electric motor 20. The controller 22
is respoﬁsive to the*steering input signals from the
torque/position sensor 18 for controlling actuation of
the eléctric motor 20 for providing steering feel to
the steering wheel 14. lAlthough a steering wheel is
the conventional structure for the driver to guide the
vehicle, other driver control interfaces, such as a
joystick, are possible.

The steering apparatus 10 also includes a front
steering‘gear 24. The front steering geér 24 is
operatively connected to a front steering axle 26
having a front set of steerable wheels Zé. The front
steering gear 24 is actuatable for moving the front

steering axle 26 so as to turn the front set of
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steerable wheels 28. A centering and locking mechanism
30 is operatively connected to the front steering axle
26. The centeriﬁg and locking mechanism 30 returns the

front set of steerable wheels 28 to the straight head"

position and mechanically locks the front éeﬁ‘éﬁxu
steerable wheelé 28 in the straight—ahead‘positigﬁTWheh
the front steering gear 24 is not acting on the front
steering axle 26. The centering and locking mechanism
30 may include any type of axle‘centering device and
locking device. An exemplary centering deviceAis
described in United States Patent No. 4,770,264 and an
exemplary locking device is shown in United States
Patent No. 4,856,606.

The front steering geai 24 may be an integral,
hydraulic power steering gear. Alternatively, the
front sﬁeering gear 24 may be any known hydraulic or
electric powered steering gear. Fig. 2 illustrates an
exemplary integral} hydraulic power steering gear that
may be used as the front steering gear 24.

As shown in Fig. 2, the front steering gear 24
includes a housing 42 and a drive mechanism 44. The
drive mechanism 44 is moved in response to rotation of
an input shaft 40 of the front steering gear 24.

Motion of the drive mechanism 44 results in a turning
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of the front set of steerable wheels 28 of the vehicle
12.

The drive mechanism 44 includes a sector gear 46
having a plurality of teeth 48. The sector gear 46 is
fixed on an output shaft 50 that extends outwardly
through an opening in the housing 42 of the front

steering gear 24. The output shaft 50 is typically

connected to a pitman arm (not shown) that is connected

with'the front steering axle 26 of the vehicle 12.
Thus, as the.sector gear 46 rotates, the output shaft
50 i1s rotated and the front set of steerable wheels 28
of the vehicle 12 is turned.

The front steering gear 24 further includes a
hydraulic motor 52 for moving the drive mechanism 44.
The hydraulic motor 52 is located within the housing 42
of the front steering gear 24. The housing 42 of the
front steering gear 24 has an inner cylindrical surface
54 defining a chamber 56. A piston 58 is located
within the chamber 56 and divides the chamber 56 into
opposite chamber portions 60 and 62. One chamber
portion 60 is located on a first side of the piston 58
and the other chamber portion 62 is located on a
second, opposité side of the piston 58. The piston 58

creates a seal between the respective chamber portions
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60 and 62 and is capable of axial movement within the
chamber 56.

A series of rack teeth 64 is formed on the bottom
of the piston 58. The rack £eeth 64 act as an output
fbr the hydraulic motor 52 and mesh with the teeth 48
formed on the sector gear 46 of the drive mechanism 44.
When the piston 58 moves axially, the rack teeth 64 of
the piston 58 interact with the teeth 48 of the sector
gear 46 to rotate the sector gear.

A pump (not shown) supplies hydraulic fluid from a
reservoir (not shown) to the hydraulic motor 52.
Typically, the engine (not shown) of the wvehicle drives
the pump. However, the pump could be driven otherwise,
such as by a dedicated electric motor. The pump]forces
hydraulic fluid into an inlet (not shown) of the
housing 42. The inlet directs the flow of the fluid to
a directional control valve 66.

The directional control valve 66 directs the fluid
to an appropriate chamber portion 60 or 62 of the
hydraulic motor 52. The flow of hydraulic fluid towa?d
one of ‘the chamber portions 60 or 62 increaseé the
pressure within that chamber portion 60 or 62. When
the pressure of one chamber portion 60 or 62 increases

relative to the pressure of the other chamber portion
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60 or.62, the piston 58 moves axially until the
pressure within each chamber portion 60 or 62 again

equalizeé. As the piston 58 moves axially, the volume

. of one chamber portion 60 or 62 increases and the

volume of the other chamber portion 60 or 62 deéreases.
The decreasing chamber portion 60 or 62 is vented to
allow a portion of the fluid contained in the
decreasing chamber portion 60 or 62 to escape. The
escaping fluid exits the housing 42 via a return (not
shown) and is directed into fhe-reservoir.

An exemplary embodiment of the directional control
valve 66 is shown in Fig. 3. The directional control
valve 66 contains a valve core part 68 and a valve
sleeve part 70. A portion of the valve core part 68 is
contained within and is rotatable relative to the valve
sleeve part 70. .

The valve sleeve part 70 includes three radially
directed passages 72 that extend from an outer
circumference of the valve sleeve part 70 to an inner
circumference of the wvalve sleeve part. Each of the
radial passages 72 is supplied with hydraulic fluid
that enters the housing 42 through the inlet. Two
axially extending grooves 74 and 76 are associated wi£h

each radial passage 72. The axially extending grooves
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74 and 76 are located on the inner circumference of the
valve sleeve part 70. As shown in Fig. 3, one groove
76 is located clockwise from each radial passage f2 and
one groove 74 is located counter—qlockwise from each.
radial'passage. The grooves 74 and 76 are equidistant
from a respective radialApassage 72.  Each groove 74
leads to a passage 78 extending radially outwardly
through the valve sleeve part 70. Each groove 76 leads
to a passage 80 extending radially outwardly through
the valve‘sleeve part 70. Each groove 74 and 76 and
associaﬁed’passage 78 and 80 is associated with a
particular chamber portion 60 and 62 of the hydraulic
motor 52. For example, with reference to Fig. 3, each
groove 76 and associated passage 80 located immediately
clockwise of a radial passage 72 will supply hydraulic
fluid to chamber portion 62; whereas, each groove 74
and associated passage 78 located immediately counter-
clockwise from a radial passage 72 will supply
hydraulic fluid to chamber portion 60.

Six grooves 82 are located around the. outer
circumference of the valve core part 68. The valve
core part 68 also includes six protrusions 84 or lands.
A protrusion 84 separates adjacent grooves 82 on the

outer circumference of the valve core part 68. Side
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wails of the protrusion 84‘form side walls of the
grooves 82.

When the valve core part 68 is located relative to
the valve sleeve part 70 such that each protrusion 84
of the valve core part 68 is centered relative to a
respective groove 74 or 76 of the valve slee%e part 70,

the directional control valve 66 is in a neutral

- position. - Fig. 3 illustrates the directional control

valve 66 in the neutral position. In the neutral

position, the pressure within each chamber portion 60

and’ 62 Qf the hydraulic motor 52 is the same so that

the piston 58 of the hydraulic motor is stétiénary.J
When the valve core part 68 is rotatéd relative to the
valve sleeve part 70, access to one of the two grooves
74 or 76 associated with a respective radial passage .72
of the valve sleeve part 70 is restricted by a
protrusion 84 of the valve core part 68, while access
to. the other of the two grooves 74 or 76 is increased
or opened. This allows a gfeater amount of the
hydraulic fluid to flow toward the open groove 74 or
76, ;esulting in an increase in pressure of the chamber
poftion 60 or 62 associated with that groove 74 or 76.

As a result of the increased pressure within the

chamber portion 60 or 62 associated with the open
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groove 74 or 76, the piston 58'of the hydraulic motor
52 is moved. For example, if the valve core part 68 is
rotated clockwisé as viewed in Fig. 3, fluid flow to
the groove 74 of the valve sleeve par£ 70 located on
the counter-clockwise side of the radial passage 72 is
restricted aﬁd fluid flow to the groove 76 located on
the clockwise side of the radial passage 72.is opened

or increased. Pressure in the chamber portion 62 of

the hydraulic motor 52 associated with groove 76 is

increased relative to the pressure in chamber portion
60. As a ;ésult, the piston 58 moves to the leff, as
viewed in Fig. 2, to rotate the sector gear 46 and turn
the front set of steerable wheels 28 of the vehicle 12
in the appropriate direction.

The piston 58 of the hydraulic motor 52 includes a
bore 86 that is open toward the directional control
valve 66. The valve sleeve part 70 and a follow-up
member 88 form an integral one-piece unit that is
supported for rotation relative to the piston 58 by a
plurality of balls 90. The outer periphery of the
follow-up member 88 is threaded. The plurality of
balls 90 interconnects the threaded outer periphery of
the follow-up member 88 with an internal thread 92

formed in the bore 86 of the piston 58. As a result of
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the interconnecting plurality of balls 90, axial
movement of the piston 58 causes the follow-up member
88 and the valve sleeve part 70 to rotate. The
rotation of the follow-up member 88 and the valve
sleeve part 70 returns the directional'control valve 66
to the neutral4position.

The valve core part 68 of the directional control
valve 66 is fixedly connected to the input shaft 40
(Fig. 2). A first end 96 of a torsion bar 94 is fixed

relative to the input shaft 40 and the:valve core part

“68. A second end 98 of the torsion bar 94 is fixed

relative to the valve sleeve parf 70 and the follow-up
member 88. At least a portion of the torsion bar 94
extends through an axially éxtending bore 100 in the
valve core part 68, as shown in Figs. 2—4.

When resistance to!turning of the front set of
steerable wheels 28 of the vehicle 12 is below a
predétermined level, rotation of the input shaft 40 of
the front steering gear 24 1s transferred through the
torsion bar 94 and causes rotation of the follow-up
member 88. As a result, the directional control valve
66 remains in the neutral position. ﬁétation of the

follow-up member 88 causes movement of the piston 58
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and results in turning of the front set of steerable
wheels 28.
When resistance to turning the front set of

steerable wheels 28 of the vehicieiléfis at or above

the predefermined level, rotation of the follow-up

~member 88 is resisted. As a result, rotation of the

input shaft 40 of the front steering gear 24 rotates
the first end 96 of the torsion 'bar 94 relative to the
second end 98 of the torsion bar. . The rotation of the
first end 96 of the torsion bar 94,rela£ive‘to the
second end ‘98 of the tafsion bar applies toréion.across

the torsion bar: 94 and causes the~vaive core part 68 to

rotate relative to the valve sleeve part 70.

As discussed aboye, when the valve core part 68
rotates relative to the valve sleeve part 70, hy&rauiic
fluid is directed toward one of the chamber portions 60
and 62. As a result, the piston 58 moves within the
chamber 56. Movement of the piston 58 results in
turning of the front set of steerable wheels 12 of the
vehicle 12, as‘well as, rotation of the follow-up
member 88. As discussed above, rotation of the follow-
up member 88 rotates the valve sleeve part 70 until the
directional control valve 66 is again in the neutral

position. When the directional control valve 66 is in
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the neutral position, the torsion across the torsion
bar 94 is removed and the first end 96 of the torsion
bar 94 is no longer rotated relative to the second end
98 of the torsion bar.

As shown in Fig. 4, the valve sleeve part 70 also
includes first and second lugs 102 that are disposea in

diametrically opposed cut-outs 104 in the valve core

part 68. Upon'rotat;on of the valve core part 68 of

between 2° and 8° relative to:the valve sleeve part 70,
the lugs 102 of the valve sleeve part 70 engage
sidewalls formed‘by the cut-outs 104 in the valve core
part 68 to cause the valve sleeve part 70 to be rotated
along with the valve core part 68. Such rotation of
the valve sleeve part 70 causes the piston 58 to move
within the chamber 56 and, hence, allows.for the front
set of steerable wheels 28 of the vehicle 12 to be
turned by the turniné of the input shaft 40 of the
front steering-gear 24. Thus, even i1f a loss in
hydraulic fluid pressure has occurred, turning the
input shaft 40 of the front steering gear 24 enables
the turning of the front set of steerabie wheels 28 of
the vehicle 12. |

The steering apparatus 10 also includes ah

electric motor 110 that is operatively connected to the
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front steering gear 24. Preferably, an oﬁtput shaft of
the electric motor 110 is connected to the input shaft
40 of the front steering gear 24 through a gear
assembly. Iﬁ the front steering.gear 24 is an electric'
power steering gear, fhe eléctric—motor 110 may bé
eliminated, as the elec%ric'power steering gear will
include a dedicated electric motor.

The controller 22 is also operatively connected to
electric motor 110.- and controls actuation of electric
motor 110. Since the electric motor 110 is operatively
coﬁﬁected to-the front steering gear 24, actuation of
the elgctric motor 110 results in actuation of the
front steeriﬁg gear 24. Thus, the controller 22
controls actuation of the front steering gear 24 for
moving the front steering axle 26 so as to turn the
front set of steerable wheels 28. Since the front
Steering'gear‘24 and the electric motor 110 are not
méchanically cénnected to the steering wheel 14 and are
actuated by the controller 22, the front steering gear
24 and the electric motor 110 collectively form a
steer-by-wire steering system.

A steering angle sensor 114 is operable for
sensing a steering angle of the froht set of steerable

wheels 28. In sensing the steering angle of the front
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set of steerable wheels 28, the steering angle sensor
114 may sense the linear movement of the front steering
axle 26 or the rotation of the output ‘shaft 50 of the
front steering gear 24. Other methods of‘Sensing the
steering ang;e of the front set of steerable wheels 28
are also contempiated by this invention. 1In an

exemplary embodiment of the invention, the steering

- angle sensor 114 is a non-contacting position sensor

for sensing tﬁe rotation of the out?ut shaft 50 of the
front steering gear 24. The steeriné angle sensor 114
provides a signal indicaﬁive of the steering angle of
the frént set of steerable wheels 28 to the controller
22.

The steering apparatus 10 also includes a rear
Steering gear 120. The rear steering gear 120 is
operatively connected to a rear steering axle 122
having a rear set of steerable wheels 124. Although
the rear set of steerable wheels 124 is shown in Fig. 1
as including two wheels, the rear set of steerable
wheels 124 may, . alternatively, include a number of
steerable wheels other than two, for example, four
steerable wheels. A centering and locking mechanism
125 is operatively connected to the rear steering axle

122. The centering and locking mechanism 125 returns
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the rear set of steerable wheels 124 to the straight-

ahead position and mechanically locks the rear set of

steerable’wheels 124 in the straight—ahead pb;ition

when the rear steering gear 120 is not acting on the

rear steering axle 122.

The rear steeriné gear 120 may be an integral,
hydraulic power sfeering gear similar to the front
steering gear 24 illustrated in Fig. 2. Actuation of
the rear steering gear 120 results in linear movement
of the rear steering axle 122 and turning of the rear
set of steerable wheels 124. As an alterﬁative to an
integral, hydraulic power steering gear, the rear
steering gear 120 may be'any known hydraulic or
electric powered steering gear.

The steering apparatus 10 also includes an
electric motor 126 that is operatively connected to the
rear steering gear 120. Preferably, an output shaft of
the electric motor 126 is connected to amn input shaft,
similar to input shaft 40 in Fig. 2, of the rear
steering gear 120 through a gear assembly. If the rear
steering gear 120 1s an electric powered steering gear,
the electric motor 126 may be eliminated, as the
electric power steering gear will include a dedicated

electric motor.
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The controller 22 is also operativeiy connected to
electric motor ‘126 and controls actuation of electric
motor 126. Sincé fhe electric motor 126 is operatively
connecte& to therfea; sfeering‘éear 120, actuation of
the elsctric motor 126 results in actuation of the rear
steering gear 120. - Thus, the controller 22 controls
actuation of the rear steering gear 120 for moving the
rear steering axle 122 so as to turn the rear set of
steerable wheels 124. Since the rear steering gear 120
and the electric motor 126 are not mechanically
connected to the steering wheel i4 and are actuated by
the controller 22, the rear steering gear 120 and the
electric motor 126 collectively form a steér—by—wire
steering system.

A steering angle sensor 128 is operable for
sensing a steering angle of the rear set of steerable
whéels 124. 1In sensing the steering angle of the rear
set of steerable wheels 124{ the steering angle sensor
128 may sense the linear movement of the rear steering
axle 122 or the rotation -of an output shaft, similar to
output shaft 50 in Fig. 2, of the rear steefing gear
120. Other methods of sensing the steering angle of
the rear set of steerable wheels 124 are also

contemplated by this invention. In an exemplary
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embodiment of‘the invention, the steering angle sensor
128 is a non-contacting position seﬁsor for sensing the
rotation of the output shaft of the rear steering gear
120. The steering angle‘sensor 128 provides a signal

indicative of the steering angle of the rear set of

steerable wheels 124 to the controller 22.

;A'véhicle speed sensor 130 is-also operatively
connected to the.controller 22. The vehicle speed
sensor 130 monitors the vehicle speed and provides the
controller'with speed signals indicative of the vehiclg
speed.

The controller 22 is also operatively connected to
an indicator 132. The indicator 132 is responsive to
alert signals ‘from the controller 22 to provide an
indication to the vehicle operator. The indication
provided by the indicator 132 may include any one or
any combination of audio, visual, and tactile signals.

Figs. 5A and 5B is a flow diagram of an exemplary
control process 200 performed by the controller 22 of
the steering apparatus 10 of the present invention.

The control process 200 starts at step 202 in which the
controller 22 is reset into its initial condition. In
an exemplary embodiment of the invention, step 202 .

occurs in response to closure of an ignition switch
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(not shown) of the vehicle 12. If the ignition switch
of the vehicle 12 is opened during operation of the
control process 200, the control process 200 restarts
at step 202 when the ignition switch is again closed.
At step 204,.the conﬁrolier 22 monitors the
torque/posifion seﬁsor 18 toldetefmine:thé operator

applied'steering input into the steering wheel 14. Atf'

step 206, the controller 22 monitors the vehicleﬂspéédf{f‘n

sensor 130 to determine the speed of the vehicle 12.

--At steps 208 and 210, the controller monitors steering

angle sensors 114 and 128, respectively, to determine
the steering angles of the front and rear sets of
steerable wheels 28 and 124, respectively.
| At step 212, the controller 22 performs a known
algorithm to deﬁermine a desired véhicle steer. 1In
performing the known algorithm, the controller 22 is
responsive to the steering input from step 204, the
vehicle speed from step 206, and the current steering
angles of the front and rear sets of steerable wheels
28 and 124 from steps 208 and 210.

At step 214, the controller 22 actuates electric
motor 20 for providing a steering feel to the steering
wheel 14. At—step 216, the controller 22 actuates the

front steering gear 24 for turning the front set of
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steerable wheels 28. To actuate the front steering
gear 24, the controller 22 actuates electric motor 110,
which in turn, actuates the front'steering gear 24.
The.froﬁt steering gear 24 pfovides the primary
steering operation fér tﬁe'vehicle 12. ‘The control
process 200 proceeds from étep 216 to step .218. At
step 218, the controller 22 detgrmines if‘rear steering
is desired. If rear steering is desired,'the~control
process 200 proceeds to stgp'ZQOr

At step 220, the‘reaf steering gear 120 is
actuated for turning the rear set of steerable wheels
124. In this exemplary embodiment of the invention,
the‘rear steering gear 120 provides supplementary
steering opération for the vehicle 12. To actuate the
rear steering gear 120, the controller 22 actuates

electric motor‘126, which in turn, actuates the rear

" steering gear 120.

Fig. 6a schematically illustrates the vehicle 12
being turned in response to actuation of the front énd
rear steering gears 24 and 120, respectively. The
dashed arc T in Fié. 6a illustrates the trajectory of
the vehicle 12.  As Fig. 6a illustrates, the front set

of steerable wheels 28 turn in an opposite direction as
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the rear set of steerable wheels 124 for moving the
vehicle along the trajectory T.

After the rear steering gear 120 is actuated, the

' contrbller 22, at step 222, monitors the steeﬁing aane

sensor 128 to determine the steering angle of the rear
set of steerable wheels 124. At step 224, the
controller 22‘compares the ‘steering angle of the rear .
set of steerable wheels 124 from step 222 to the
desired réar steering angle determined at step 212 to
determine if the rear steering gear 120, ‘upon being
actuated, operated propeily. A malfunction of either
of the electric motér 126 or the rear steering gear 120
may result in the steering angle of the rear set of
steerable wheels 124 not moving to the desired steering
angle in response to actuation of the rear steering
gear 120 at step 220. If the controller-22 determines
at step'224 that the reag steering gear is opefating<
properly, the control process 200 proceeds to step 244.
If the controller 22 determines at step 224 that the
rear steering gear is malfunctioning, the control
process 200 proceeds to step 226.

In response to determining that the rear steering
gear 120 is malfunctioning, at step 226, the controller

shuts down or ceases actuation of the rear steering
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'gear 120. When the rear steering gear 120 is shutdown,

the centering and locking mechanism 125 causes the rear

set of steerable wheels 124 to return to the straight-

ahead position and become -locked in the straight-ahead

position. At step 228, the controller 22 outputs an
alert signal to the indicator 132. 1In response to the
alert signal, the indicator 132 provides an indication

to the vehicle operator that service to the steering

apparatus 10 is necessary.

The contgoiler 22, at steﬁ 230, again moniforslthe

torgque/position sensor 18 to determiné the operator
applied steering input into the steering wheel 14. At
step 232, the controller 22 monitors the vehicle speed
sensor 130 to determine the speed of the vehicle 12.
At step 234, the coﬁtroller 22 performs a known
algorithm to determine a desired vehicle steer. The
known algorithm at step 234 is an algorithm for
determining the désifed vehicle steering using only the
front steering gear 24. At step 236, the controller 22
actuates the front steering gear 24 to carry out the
desired steer determined at step 234 and there is no
steering with the rear set of steerable wheels 124.

Fig. 6b schematically illustrates the vehicle 12

being turned in response to actuation of only the front
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steering gear 24. The dashed arc T in Fig. 6b
illustrates the trajectory of the vehicle 12. A
comparison of Fig. 6a and Fig. 6b illustrates that the
front set of steerable wheels 28 must turn at;a greater
angle to follow the trajectory T when the front set of
steerable‘wheels»ZB are being turned and the rear set
of steerable wheels 124 are locked in the straight-
ahead position.'

After the front steéring gear 24 is actuated, the
controller 22, at step 238, monitofs the steering angle
sensor 114 to determine the steering angle Qf thé front
set of steerable wheels 28. At step 240, the
controllef 22 compares the steering angle of the front
set of steerable wheels 28:from step 238 to the desired
steering angle determined.at step 234 to determine if
the front steering gear, upon actuation, operated
properly. A malfunction of either of the electric
motor 110 or the front steering gear 24 may result in
the steering angle of the front set of steerable wheels
28 not moving to the desired steering angle in response
to actuation of the front steering gear 24 at step 236.
If the controller 22 determines at step 240.that the
front steering gear 24 is operating prbperly, the

control process 200 returns to step 230 and steering of
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the vehicle 12 using only the front sfeering gear 24
continues. If tﬂe controller 22.determines at step 240
that the‘front steering geér 24 is malfﬁnctioning, the
control process 200 proceeds to step 242 and shﬁts down
the front sfeering géar 24. From step 242, the control
process proceé&ds to.step 266 and ends.

If at step 218, the controller 22 determines that
rear steering is not desired; the control process 200
proceeds to6 step 244. At step 244, the controller 22
monitors the steering angle sensor 114 to determine the
steering angle of the front set of steerable wheels 28.
At step 246, the controller 22 compares the steering
angle of the front sét of steerablelwheels 28 from step
244 to the desired steering angle determined at step
212 to determine if thé front stgering gear 24, upon
actuation, operated properly. If the controller 22
deteimines at step 246 that the front steering gear 24
is operating properly, the control process 200 returns

to step 204 and steering of the vehicle 12 using both

.the front and rear steering gears 24 and 120 continues.

If the controller 22 determines at step 246 that the
front steering gear 24 is malfunctioning, the control
process 200 proceeds to step 248 and shuts down the

front steering gear 24. When the front steering gear
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24 is shutdown, the centering‘and locking mechanism 30

causes the front set of steerable wheels 28 to return

to the straight-ahead position and become locked in the

_ straight-ahead position. At step 250, the controller

22 outputs an alert signal to the indicator 132. 1In

response to the alert signal, the indicator 132

provides an indication to the vehicle operator that

service to the steering apparatus 10 is necessary.

The controller 22,

at step 252,

again monitors the

torque/position sensor 18 to determine the operator

applied steering input into
step 254, the controller 22
sensor 130 to degermine the
At step 256, the controller
determine a desired vehicle
at step‘256 is an algorithm
vehicle steering using only

At step 258, the controller

the steering wheel 14. At

monitors the vehicle speed

speed of the vehicle 12.

22 performs an algorithm to
steer. The algorithm used

for determining the desired

the rear steering gear 120.

22 actuafes the. rear

steering gear 120 to carry out the desired steer

determined at step 256 and there is no steering with

the front set of steerable wheels 28.

Fig. 6c schematically illustrates the vehicle 12

being turned in response to

steering gear 120.

actuation of only the rear

The dashed arc T in Fig. 6C
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illustfates the'trajectéry of .the wvehicle 12. A
comparison  of Fig. 6a and Fig. 6c illustrates that the
rear set of steerable wheels 124 must turn at a greater
angle to follow the trajéctory T when the'reaf set of
sfeerable wheels’124 are being turned and the front set
of steerabie wheels 28 are locked in the straight-ahead
position. A comparison of Fig. 6b and Fig. 6c
illustrates that the rear set of steerable wheels 124
in Fig. 6c must be turned in a direction opposite to
the front set of'steerabie wheels 28 in Fig. 6b to
follow the trajector? T.

After the rear steering gear 120 is actuated, the
controller 22, attstep 260, monitors the steering angle
sensor 128 to determine the steering angle of the rear
set of steerable wheels i24. At step 262, the
controller 22 compares the stegring angle of the rear
set of steerable wheels 124 from step 260 to the
desired steering angle determined at step 256 to
determine if the rear steering gear 120; upon
actuation, operated properly. If the controller 22
determines at step 262 thét the rear steering gear 120
is operating properly, the control process 200 returns
to step 252 and steering of the vehicle 12 using only

the rear steering gear 120 continues. If the
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controller 22 determines at step 262 that the rear
steering gear 120 is malfunctioning, the control
process 200 proceeds to sﬁep 264 and shuts down the
rear steering gear iZO. From step 264, thé contrél
process 200 proceeds to step 266 and ends.

Alternative control processes are also
contemplated by tﬁis invention. For example, the rear
steering gear 120 may remain idlé and may be used only
as a backup or fail-safe steering gear for usé in
response to a malfunction of the front steering gear
24.

The steering apparatus 10 of Fig. 1 also.includes
a differential acceleration and .braking control 140.
The differential accelerétion and braking control 140
is operatively connected to the controller 22 and to
the front and rear sets of steerable wheels 28 and 124.
The differential acceleration and braking control 140,
when actuated, enables the acceleration or braking of

wheels located on the right side of the vehicle 12 to

"-be controlled separately and independently from the

acceleration and braking of the wheels located on the
left side of the vehicle 12. '~ Thus, in the event of a
malfunction of both the front and rear steering gears

24 and 120, respectively, the differential acceleration
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and braking control 140 may be actuated to enable the
vehicle 12 to be safety steered to a stop.

Fig. 7 is a schematic illustration of a -steering
apparatus 310~ constructed in accordance with a second
embodiment of the present invention. . The stegring
apparatus 310 is mounted in a vehicle, illustrated
schematically at 312, ﬁaving three axles. The vehicle
312 may optionally include more than three axles. The
three axles of the véhicle 312 illustrated in Fig. 7
include a front éteering éxle 314, a rear steering axle
316, and a céntral drive‘axle 318.

A front set of steerable wheels 320 is attached to
the front steering axle 314. Linear movement of the
front steering axle 314 results in turning of the front
set of steerablé wheels 320. The front set of
steerable wheels 320 is mounted on the vehicle 312 with
a positive caster. As a result of the positive caster,
the front set of steerable wheels 320 fends to track

the trajectory of the vehicle 312 when not being

‘steered. Thus, when the vehicle 312 is traveling in a

straight path, the front set of steerable wheels 320
returns to a straight-ahead position. When the vehicle

312 is turning, the front set of steerable wheels 320
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move from the straight-ahead position to a position
perpendicular to the turning radius of the vehicle.

A rear set of steerable wheels 322 is attached to
the.rear steering axle 316. Lineaf movement of the
rear steering axle 316 results in turning of the rear
éet of steerable wheels 322.“'Thé :ear éet;of'steerable
wheels 322 is mounted on the vehicie 312 with a
positive caster. As a result of the positive caster,

the rear set of steerable wheels 28 tends to track the

" trajectory of the vehicle 312 when not being steered.

A set of drive wheels 324 is attached to the drive
axle 3i8. Forces are transferred from the drive axle
318 to the drive wheels 324 to cause the vehicle 312 to
move in either a forwafd or rearward direction. In the
exemplary embodiment illustrated in Fig..7, the drive
axle 318 is located equidistance from the front and
rear steering axles 314 and 31e6. Equidistgnt spacing
of the axles 314, 316, and 318 enhances the load
carrying capability of the vehicle 312 and decreases
road damaged caused by the wvehicle. Alternatively, the
drive axle 318 and the rear steering axle 316 may be
placed close together in tandem.

The steering apparatus 310 of Fig. 7 includes a

vehicle steering wheel 326 or other driver control
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interface. The steering wheel 326 is of a known
construction and is manually rotatable by a vehicle
operator. A‘shaft 328 is fixed to the ceéter or hub of
the steering wheel 326. . Angular rotation of the
steering wheel 326 results in an equivalent‘angular
rotation of the shaft 328. A torque/position sensor
330 is operable to seﬁse.éperator applied torque and
angular rotation of the steering wheel 326 and to
provide steering input signals indicative of the
applied torque and angular rotation of fhe steering
wheel.

An electric motor 332 is connected to the shaft
328. Preferably, a gear assembly (not showﬁ)'connects
an output shaft of the electric motor 332 to the shaft
328. The electric motor 332 is actuatable to provide
resistance to rotation of the steering wheel 326 and
thus, is commonly referred to as a “steering feel
motor.”

The‘steering‘apparatus 310 also includes a
controller.334. Preferably, the controller 334 is a
microcomputer. The controller 334 1is operatiﬁely
couplea to the torque/position sensor 330 and receives
the steéring input signals from the torque/position

sensor 330. The controller 334 is also operatively
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connected to the electric motor 332. The controller
334 is responsive to the steering input signals from
the torque/position sensor 330 for controlling

actuation of electric motor 332 for providing -steering

feel to the steering wheel 326..

The steering apparatus 310 also includes a front
steering gear 336. The front steéring gear 336 is
operatively connected to the front steering axle 314.
The front steering gear 336 is actuatable for moving
the front steering axle 314 so as to turn the front set
of steerable wheels 320. The front steering gear 336
may bé an integral, hydraulic power steering gear,
similar to the front steering gear 24 illustrated in
Fig. 2. Alternatively, the front steering gear 336 may
be any known hydraulic or electric powered steering
gear.

"The steering apparatus 310 also‘includes an
electric motor 338 that is operatively connected to the
front steering gear 336.‘ Preferably, an output shaft
of the electric motor 338 is connectéd to an input
shaft, similér to input shaft 40 in Fig. 2, of the
front steering gear 336 through a gear assembly. If
the front steering gear.336 is an electric powered

steering gear, the electric motor 338 may be
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eliminated, as the electric power éteering gear will
include a dedicated electric motor.

The controller 334 is also operatively.connected
to electric motor 338 and controls actuation of
electric motor 338. Since the electric motor 338 is'
operatively connected to the froﬂt steering gear 336,
actuation of the electric motor 338 results in
actuation of the front éteering gear 336. Thus, the
controller 334 controls actuation of the front steering
gear 336 for moving the front steering axle 314 so as
to turn the front set of steerable Qheels 320. Since
the front steering gear 336 and the electric motor 338
are not mechanically connected to the steering wheel
326 and are actuated.by the controller 334, the front
steering gear 336 and the electric ﬁotor 338
collectively form a steer-by-wire steering system.

A steering angle sensor 340 is operable for '
sensing a steering angle of the front set‘of steerablé
wheels 320. 1In sensing the steering angle of the front

set of steerable wheels 320, the steering angle sensor

‘340 may sense the linear movement of the front steering

axle 314 or the rotation of an output shaft, similar to

output shaft 50 in Fig. 2, of the front steering gear

336. Other methods of sensing the steering angle of
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the front sef of steerable wheels 320 are also
contemplated by this invention.

'The steering apparatus 310 also inqludés a rear
steering gear 342. The rear steering éear 342 is
operatively connected to the rear steering axle 316.
The rear steering gear 342 is actuatable for moving fhe
rear steering axle 316 so as to turn the rear set of
steerable wheels 322. The rear steéring gear 342 may
be an integral, hydraulic power steering gear similar
to the front steering gear 336. Altefnatively, the
rear steering gear 342 may be any knoﬁn hydraulic or
electric powered steering gear.

An electric motor 344 is operatively connected to
the rear steering gear 342. Preferably, an output
shaft of the electric motor 344 is connected to an
input shaft of the rear steering gear 342 through a
gear assembly. If the rear steering gear 342 is an
electric powered steering gear, the electric motor 344
may be eliminated, as the electric power steering gear
will include a dedicated electric motor.

The controller 334 is also operatively connected
to electric motor 344 and controls actuation of
electric motor 344. Since the electric motor 344 is

operatively connected to the rear steering gear 342,
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actuation of the electric motor 344 results in
actuation of the rear steerin§ gear 342. Thus, the
controller 334 controls actuation of the rear steeiing
gear 342 for moving the rear steering'a#le 316 so as to

turn the rear set of steerable wheels 322. Since the

.rear steering gear 342 and the electric motor 344 are

not mechanically connected to the steering wheél 326
and are actuated by the controller 334, the rear
steeﬁing gear 342 and the eléctric motor 344
collectively form a steer-by-wire steering system.

A steering angle sensor 346 is operable. for
sensing a steering angle of the rear set of steerable
wheels 322. In sensing the steering éngle of the rear
set of steerable wheels 322, the steering angle sensor
346 may sense the linear movement of the rear steering
axle 316 or the rotation of an output shaft of the rear
steering gear 342. Other methods of sensing the
steering angle of the rear set of steerable wheels 322
are also contemplated by this invention.

A vehicle speed sensor 348 1is also operatively
connected to the controller 334. The vehicle speed
sensor 348 monitors the vehicle speed and provides the
controller 334 with speed signals indicative of the

vehicle speed.
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The controller 334 is also operatively connected
to an indicator 350. The indicator 350 is responsive
to alert signals from the controller 334 to provide an
indication to the vehicle Opérator.‘ The ;ndicafion
provided by the indicator 350 méy any éhe or any
combination of audio,iviéual,‘and ta;tile signals.

The steering apparatus 310 operates in a manner
similar to steering apparatus 10 of Fig. 1.
Preferably, the controller 334 performs a control
process similar to the control process 200. During
normal operation of the steering apparatus 310, the
front steering gear 336 acts as a primary steering gear.
and the rear steering gear 342 provides supplemental
steering for the vehicle 312. If the controller 334

determines that the rear steering gear 342 is not

,opeiatinglproperly, the rear steering gear 342 is

shutdown, the indicator 350 is actuated, and the front
steering gear 336 is operated to provide all of the
steering operation for the vehicle 312. If the
controller 334 determines that the front steering gear
336 is not operating properly, the front steering gear
336 is shutdown, the indicator 350 is actuated, and the
rear steering gear 342 is operated to provide all of

the steering operation for the vehicle 312.
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The steering apparétus 310 of Fig. 1 also includes
a differential acceleration and braking control 360.
The differential acceleration and braking control 360
is operatively connected to the controller 334 and to
the front and rear sets of steerable wheels 320 and 32é‘
and the set of drive wheels 324. The differential
acceleration and braking control §6Q, when actuated,
enables the acceleration or braking,of wheels located
on the right side of the vehicle 312 to be controlled

separately from the acceleration and braking of the

‘vehicle wheels located on the left side_of the vehicle

312. Thus, in the event of a malfunction of both the

_ front and rear steering gears 336 and 342,

respectively, the,differential acceleration and braking
control 360 may be actuated to enable the vehicle 312
to be safety steered to a stop.

Fig. 8a schematically illustrates the vehicle 312
being turned in response to actﬁation of the front and
rear steering gears 336 and 342, respectively. . The
dashed arc T in Fig. 8a illustrates the trajectory of
the vehicle 312 and the vertical line C illustrates the
turning center of the vehicle 312. During a turn, the
vehicle 312 pivots about a point that is located on the

turning center C of the vehicle 312. As Fig. 8a
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illusfrates, the front set of steerable wheels 320 turn

in a direction opposite to the rear set of steerable

wheels 322 when the vehicle follows trajectory T.- 
Eig. 8b schematically illustrates the vehicle 312

being turned in response to actuation of only the front

' steering gear 336. The dashed arc T in Fig. 8b

illustrates the trajectory of the vehiclé 312 and is
identical to the trajectory T shown in Fig. 8a. A
comparison éf Fig. 8a and Fig. 8b illustrates that‘the
tﬁrning center C of the vehicle 312 moves forward,
i.e., closer to the front set of steerable wheels 320,
when actuating only the front steering gear 33§ to turn
the.front set of steerable wheels 320 to follow the
trajectory T. Fig. 8b also illustrates that the caster
of the rear set of steerable wheels 322 causes the rear
set of steerable wheels to turn to follow the
trajectory T of the vehicle 312.

Fig. B8c schematically illustrates the vehicle 312
being turned in response to actuation of only the rear
steering gear 342. The dashed arc T in Fig. 8c
illustrates the trajectory of the vehicle 312 and is
identical to the trajectory T shown in Figs. 8a and -8b.
A comparison of Fig. 8a and Fig. 8c illustrates that

the turning center C of the vehicle 312 moves rearward,
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i.e., closer to the rear set of steerable wheels 322,
when actuating only the rear steering gear 342 to turn
fhe rear éet of steerable wheels 322 to follow the
trajectory T.. Fig. 8c élSO'illustrates thét the caétér
of the front set of steerable wheels 320 causes tﬁe
front set of steerable Qheels to- turn to follow the
trajectory T of the vehicle 312.

From the above description of the invention, those
skilled‘in the art will perceive improvements, changes

and modifications. For example, the electric motors

may include current sensors monitoring motor current.

The controller may also monitor the current sensors for
determining if the front and rear steering gears are
operating properly. Suqh improvements, changes and
modifications within the skill of the art are intended

to be covered by the appended claims.
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Having described the invention, I claim the

following:

1. An apparatus for turning stéerable wheels of
a vehicle in response £o inpﬁt to a driver control
interface, the apparatus cpmpriéing:
| .a sensor for.monitoring the input to the
driver control interface and for providing a steering
input signal indicative thereof;
a front steering system actuatable for
turning a front set of. steerable wheéls;
a rear steering system actuatable for turning
a rear set of steerable wheels; and
a controller responsive to the steering input
signal for controlling actuation of the front and rear
steering systems, the controller, upon a malfunction of

the front steering system, actuating the rear steering

system in response to the steering input signal.

2. The apparatus of claim 1 further including a
front steering system sensor for monitoring operation
of the front steering system and for providing a front
steering feedback signal indicative thereof, the

controller, in response to the front steering feedback
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signal indicating a malfunction of the front steering

system, shutting down the front steering system.

3. The apparatus of claim 2 wherein the front
steering system 1s a steer-by-wire steering system and
the front set of steerable wheels return to a straight-
ahead p&sition relative to the vehicle when the front
steeringlsystem is sgﬁt down and the rear steering
system turns the rear set of steerable wheels so that a
desired vehicle responée is achieved while the front
set of steerable wheels are in the straight—éhead

-position.

4. The apparatus of claim 2 further including a
réar steering system sensor for monitoring operation of
the reartsteefing system and for providing a rear
steering feedback signal -indicative thereof, the
controller, in response to the rear steering feedback
signal indicating a malfunction of the rear steering
system, shutting down the rear steering system and
actuating only the front steering system in response to

the steering input signal.
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5. The apparatus of claim 4 wherein the rear
steeriﬁg system is a steer-by-wire steering system and
the reér set of steerable wheels return to a straight—
ahead position relétive to the vehicle when the rear

steering system is shut down.

6. The apparatus of claim 4 wherein the
controller shuts down both the front steering system
and the rear steering system in response to -receiving
both the front steering feedback signal indicating a

,xmalfﬁhcéioﬁ of the front‘steefing:system and‘the rear
steering feedback»signal indicéting a malfunction of

the rear steering system.

7. The apparatus of claim 4 further inéluding an
indicator ghat is actuatable to indicate to a vehicle
operator that a malfunction has been detected, the
contfollef, in response to the rear steering feedback
signal indicating a malfunction of the rear steering
system, actuating the indicator.

8. The apparatus of claim 2 further including an
indicator that is actuatable to'indicate to a vehicle

operator that a malfunction has been detected, the



WO 2005/009823 PCT/US2004/018534

~46~

controller, in response to the front steering feedback
signal indicating a malfunction of the front steering

system, actuating the indicator.

9. The apparatus of claim 2 wherein the.front
steering system sehsor is a steering angle sensor for
measuring a steering angle of fhe front set of
steerable wheels, the controller determining that the
front steering system is malfunctioning when the front
steering feedback signal from the steering angie sensor
indicates a4steering angle that differs from a desired.

steering angle.

‘ 10. An apparatus domprising:
' a driver control interface for turning

steerable wheels of a vehicle;

at least three spaced apart axles including
front and reér steering axles and an intermediate axle;

a sensor for monitoring steering input to the
driver control interface and for providing a steering
input signal indicative thereof;

a front steering system operatively connected
to the front steering axle and actuaﬁable for turning a

front set of steerable wheels;
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a rear steering system operatively connected
to the rear steeringlaxle and actuatable for turning a
rear set of steerable wheels; and

a controller responsive to the‘steering input
signal for actuating the front and rear steering
systems, the controller(_upon_a'malfunction of one
steering system, actuating the other steering system in

response to the steering input signal.

11. The apparatus of claim ld further including a
first feedback sensof for monitoring operation of the
front steering system and for providing first feedback
signals indicative thereof, a second feedback sensor
for monitoring operation of the reér“steering system
and for providing second feedback signals indicative
thereof, the controller, in response to one of the
first and second feedback signals indicating a
malfunctioning steering system, shutting down the

malfunctioning steering system.

12. The apparatus of claim 10 wherein the front
steering system is a steer-by-wire steering system and

the front set of steerable wheels return to a position
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corresponding to a direction of vehicle travel when the

front steering system is shut down.

13. Thé apparatus éf'claim 12 wherein the rear
steering sysfem is a steer-by-wire steering system and
the rear set of steerable wheelsxreturn to a, position
.corresponding to a direction of &ehicle travel when the

rear steering system is shut down.

14. The épparatus of claim 11 wherein the
controller shuts down both the front steering system
and the rear steering system in response to both the
first and second feedback signals indicating

malfunctioning steering systems.

15. The apparatus of claim 10 further including
an indicator that ig actuatable to indicate to a.
vehicle operator that a malfunction has been detected,
the controller, in response to one of the first and
second feedback signals indicating almalfunctioning

steering system, actuating the indicator.

16. The apparatus of claim 11 wherein the first

feedback sensor is a steering angle sensor for
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measuring a steering angle of the front set of
steerable wheels, the controller determining\that the
front steering system is malfunétioning when ‘the first
feedbabk signal indicates a steering éngle that differs
from a desired steering angle for the front set of

steerable wheels.

17. The apparatus of claim 16 wherein the second
feedback sensor is a stee;ing ang;e sensor for
measuring a steering angle of the rear set of steerable
wheels,\the controller deterﬁining that the rear
steering system is malfunctioning when the second
feedback signal indicates a steering angle that differs
from a desired steering angle for the rear set of

steerable wheels;

18. The apparatus of claim 10 wherein the
intermediate axle is a drive axle, the drive axle being
adapted for transferring forces to a set of drive

wheels of the wvehicle.

19. The apparatus of claim 18 wherein the drive
axle 1s located equidistance between the front and rear

steering axles.
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