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(57) ABSTRACT 

The present invention provides an improved torque actuator 
control system using data inputs from an operator controlled 
input transducer relating to the desired torque output of a 
controlled member and inputs concerning the directly mea 
sured speed and torque of the controlled member. The 
improved torque actuator control circuit uses the inputs to 
generate an output command to the controlled member that 
results in the direct application of the desired torque output 
from the controlled member. 
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VEHICULAR BRAKE-BY-WIRE SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. patent 
application Ser. No. 09/332,299 ?led Jun. 11, 1999 and 
claims priority thereto. 

TECHNICAL FIELD OF THE INVENTION 

[0002] The present invention relates generally to methods 
and systems for providing variable pressure responsive to 
sensed conditions using pieZoelectric materials and more 
speci?cally to an vehicular electronic braking system that 
includes a pieZoelectric effect braking device for each indi 
vidually controlled Wheel. 

BACKGROUND OF THE INVENTION 

[0003] Hydraulic vehicular braking systems are Well 
knoWn to engineers of ordinary skill in the art and are 
incorporated in virtually all of the vehicles currently in 
service. The tWo most common types of brake systems noW 
in use in cars are hydraulic drum brakes and hydraulic disc 
brakes. A hydraulic brake system operates by using pres 
suriZed ?uid from a master cylinder to force a friction 
member against a rotating rotor or drum. The rotor or drum 
rotates With a Wheel, While the friction member is non 
rotating. A disc brake system incorporates a non-rotating 
brake pad capable of being hydraulically forced against the 
rotating rotor or rotating drum to apply brake torque to the 
Wheel. Both drum and disc brake systems use a master 
hydraulic cylinder to translate a signal from the operator into 
a braking signal to the Wheel hydraulic brake cylinders that 
push the friction members against the rotors to brake the 
Wheels. The Wheel hydraulic cylinders and corresponding 
friction members are positioned at each of the Wheels to be 
braked. 

[0004] When the operator desires to sloW or stop a car With 
a hydraulic brake system, he engages a control actuator. The 
control actuator is commonly a foot pedal in ?uid commu 
nication With the master cylinder. Depression of the foot 
pedal pressuriZes the master cylinder. PressuriZation of the 
master cylinder results in pressuriZed ?uid being sent to the 
individual brake cylinders connected to each Wheel. Pres 
suriZation of an individual brake cylinder forces a brake 
operating member (such as piston coupled to a brake pad) 
against a portion of the Wheel assembly. Intermediary pumps 
help to maintain and amplify the hydraulic pressure to brake 
cylinders, so that suf?cient force is applied to the brake discs 
or brake drums to sloW or stop the car. 

[0005] The frictional force provided by the brake to sloW 
the Wheel is affected by the frictional forces acting betWeen 
the Wheel and the road. When the friction betWeen a given 
Wheel and the road is relatively small, for example When the 
road is slick, the brake friction Will have a relatively great 
effect on that Wheel. In that event, the applied braking force 
may excessively sloW or even stop its rotation relative to the 
other Wheels (in contact With a relatively normal road 
surface). This can result in a skid event and a corresponding 
loss of vehicle control. Anti-lock brake systems have been 
developed that automatically incrementally reduce brake 
cylinder pressure. These systems indirectly measure the 
resultant torque on the Wheel from the forWard momentum 
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of the vehicle and the applied braking friction and, if too 
great, reduce braking pressure until the braking torque drops 
beloW a predetermined threshold point corresponding to the 
resumption of regular Wheel rotation. Pressure is then 
alloWed to rebuild. If the torque again reaches the critical 
point, pressure is again relieved. 

[0006] Recently an electrically controlled brake system 
has been proposed Wherein the required operating force or 
stroke of the brake-operating member is electrically deter 
mined. The amount of brake force applied to the Wheel 
Would be controlled so as to provide a braking effect that 
corresponds to the required amount of brake force deter 
mined by the operating member. Examples of such an 
electrically controlled brake system are disclosed in US. 
Pat. No. 5,333,944 to Shirai. That reference discloses a 
system Wherein the hydraulic pressure in the Wheel brake 
cylinder is electrically controlled to provide a suitable 
deceleration value of the vehicle. 

[0007] In the Shirai system, the deceleration value is 
governed by the electrically detected operating force deter 
mined by the brake-operating member. The hydraulic pres 
sure in an accumulator is controlled by a solenoid-operated 
pressure control valve, and the controlled hydraulic pressure 
is applied to the Wheel brake cylinder, to force a brake pad 
against the rotor or drum so that the Wheel rotating With the 
rotor or drum is braked. The solenoid coil current is deter 
mined by the controller so that the hydraulic pressure 
applied to the Wheel cylinder is such that the detected actual 
deceleration value of the vehicle matches the target or 
desired deceleration value determined based on the electri 
cally detected operating force determined by the brake 
operating member. The amount of pressure applied to the 
friction member is controlled such that the detected amount 
of output force coincides With the target reaction force 
determined by the brake-operating member. 

[0008] Prior systems, such as the Shirai system, have 
relied on pressuriZed hydraulic ?uid ?oWing from a central 
source, such as a master cylinder or accumulator, through 
valves into an individual Wheel cylinder to exert pressure on 
a friction member such as a brake pad against the rotor or 
Wheel drum to brake the vehicle. Such systems suffer from 
a number of disadvantages. One disadvantage is the require 
ment of the vehicle’s motor to be running in order to 
maintain a suf?cient available hydraulic pressure. Another 
disadvantage is that the braking of all Wheels relies on the 
central ?uid source. Damage to the central ?uid source 
causing depressuriZation or obstructing the ?oW of the 
hydraulic ?uid can disable braking of all four Wheels. Still 
another disadvantage is the extra Weight and volume 
requirements of the master cylinder. Yet another disadvan 
tage is the expense of the hydraulic components and ?xing 
or replacing them. Prior systems have also required the 
controlled opening and closing of a hydraulic valve to apply 
and remove the braking torque from the Wheels. Moreover, 
there is a ?nite lag in the response time betWeen the 
operator’s actuation of the brake controls and the application 
of the full braking torque to the Wheels arising from the ?nite 
time required for the solenoid to open the valves and the 
?uid to achieve full pressure against the friction member. 

[0009] Consequently, there is a need for a faster, less 
expensive, lighter, and more ef?cient vehicular braking 
system that among other things does not require the motor 
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to be running in order to actuate the braking system and 
Wherein braking is not contingent upon the integrity of a 
single ?uid source. The present invention meets this need. 

SUMMARY OF THE INVENTION 

[0010] One form of the present invention contemplates a 
control system Wherein a controller is adapted to receive 
operator commands, speed or motion data and output torque 
or force feedback data from the controlled system and to use 
these inputs to calculate hoW much torque to apply to the 
controlled system to best meet the operator commands. The 
controller is adapted to control a plurality of different 
individual subsystems comprising the overall controlled 
system. 

[0011] One object of the present invention is to provide an 
improved vehicular braking system. Related objects and 
advantages Will become apparent from the folloWing 
description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is a schematic vieW of a ?rst embodiment 
of the present invention. 

[0013] FIG. 2 is a ?rst schematic vieW of the torque 
actuator of FIG. 1. 

[0014] FIG. 3 is a schematic vieW of the torque feedback 
transducer of FIG. 1. 

[0015] FIG. 4 is a schematic vieW of a brake system for 
use With the embodiment of the invention illustrated in FIG. 
1. 

[0016] FIG. 5A is a diagrammatic vieW of an embodiment 
of the controller of the embodiment of the invention illus 
trated in FIG. 1. 

[0017] FIG. 5B is a diagrammatic vieW of an embodiment 
of a microprocessor for use With the embodiment of the 
controller illustrated in FIG. 5A. 

[0018] FIG. 6 is an illustrative graph of a typical O-slip 
curve. 

[0019] FIG. 7 is an illustrative schematic diagram of the 
forces acting on a vehicle Wheel. 

[0020] FIG. 8 is a schematic vieW of a second embodi 
ment of the present invention. 

[0021] FIG. 9 is a How chart illustrating one embodiment 
of a logical process useful in the controller in the embodi 
ment of the present invention illustrated in FIG. 1. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0022] For the purposes of promoting an understanding of 
the principles of the invention, reference Will noW be made 
to the embodiment illustrated in the draWings and speci?c 
language Will be used to describe the same. It Will never 
theless be understood that no limitation of the scope of the 
invention is thereby intended, such alterations and further 
modi?cations in the illustrated device, and such further 
applications of the principles of the invention as illustrated 
therein, being contemplated as Would normally occur to one 
skilled in the art to Which the invention relates. 
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[0023] The present invention relates to methods and sys 
tems for providing variable pressure and/or torque outputs 
responsive to operator inputs and independently sensed 
conditions. One form of the present invention includes a 
controller for governing the output of an actuator member, 
such as a torque generator, a vibration inducer, or the like. 
The controller includes a microprocessor adapted to receive 
multiple input signals, such as sensor data signals and/or 
control signals. The microprocessor is further adapted to 
send at least one output signal. The output signal is gener 
ated in response to the input signals. The microprocessor is 
adapted to use the input signal data to calculate the appro 
priate output signal to send to a knoWn actuator member to 
induce the actuator member to perform a desired function. 
The control signals sent to the microprocessor may be 
simple on/off signals, or may relate to more precisely 
controlled output of the actuator member. Applications of 
the present invention include vehicular brake systems, 
vehicular poWer steering systems, vibrational damping sys 
tems, other pressure-oriented systems, and the like. 

[0024] FIGS. 1-5 generally illustrate a preferred embodi 
ment of the present invention, a vehicular brake system 20 
having an operator command input transducer (OCIT) 22, a 
torque actuator 24, a Wheel speed sensor 26, a torque 
feedback transducer 28, and a controller 30, for use With 
vehicles such as automobiles, busses, aircraft, and the like. 
As shoWn in FIG. 1, the controller 30 is connected to the 
sensors and/or transducers 26, 28 and/or actuators 24 by 
conduits 32, such as electric Wire and/or ?ber-optic cable, 
and controls the independent braking of all of rotating 
vehicle members 33 for Which braking is desired, such as the 
Wheels of an automobile, Without the requirement of a 
master cylinder or other central ?uid receptacle. 

[0025] FIG. 2 illustrates torque actuator assembly 24. 
Torque actuator assembly 24 applies a braking torque on a 
rotatable brake member 34, for eXample, a vehicle Wheel 
rotor (FIG. 4) or other part connected to or a portion of 
Wheel 36, by forcing brake pads 38 into frictional contact 
With rotatable brake member 34. The input command to 
torque actuator assembly 24 is an electrical or ?ber optic 
signal from microprocessor 42 of controller 30. The output 
is a torque applied to rotatable brake member 34, and 
consequently to a Wheel 36, by developing a load onto a 
brake pad 38, Which engages rotatable brake member 34. 

[0026] In one form, the torque actuator assembly 24 
includes a pieZoelectric element 44 situated inside a primary 
?uid chamber 46, such as a hydraulic cylinder. The remain 
ing volume de?ned by chamber 46 is ?lled With hydraulic 
?uid 48. PieZoelectric element 44 is operationally coupled to 
controller 30 via conduit 32. Primary ?uid chamber 46 is in 
?uid communication With a unidirectional valve 50 adapted 
to alloW ?uid into chamber 46 from a reservoir 52. Primary 
?uid chamber 46 also includes a piston 54 mounted therein. 
Piston 54 is situated partially Within and partially Without 
the chamber. When an activating voltage is applied to 
pieZoelectric element 44, it controllably eXpands, increasing 
pressure on ?uid 48 and forcing piston 54 to eXtend from 
chamber 46. Piston 54 transmits this force through a set of 
brake elements 56 onto rotating brake member 34 and thus 
to Wheel 36. 

[0027] The applied braking load is developed entirely by 
pieZoelectric element 44. Preferably, pieZoelectric element 
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44 is a ?exible laminate of pre-stressed polymeric materials 
and piezoelectric ceramics. For example, and not by limi 
tation, the thin layer composite unimorph pieZoelectric 
driver and sensor (THUNDER) device developed by NASA 
and disclosed in US. Pat. No. 5,632,841, the disclosure of 
Which is incorporated herein by reference, is one embodi 
ment of pieZoelectric element 44. The THUNDER pieZo 
electric composite shoWs a displacement about 50 times 
greater than device thickness and several orders of magni 
tude increase over knoWn pieZoelectric devices, With a Wide 
operating frequency range and having displacement loads 
exceeding 10 Kg. Alternatively, in other forms Where such 
extreme pieZoelectric properties are not required, any con 
venient monolithic, stacked or composite ceramic or poly 
meric or combination pieZoelectric material may be used as 
pieZoelectric element 44. 

[0028] Piezoelectric element 44 may be enclosed in an 
expandable and contractible layer 58 (such as an elastic 
coating or an accordion bag) and may be positioned Within 
primary ?uid chamber 46 Whereby element 44 may indi 
rectly transmit the braking load by changing volume Within 
primary ?uid ?lled chamber 46, thereby extending piston 54 
and brake pad 38 into contact With Wheel rotor 34. Alter 
nately, pieZoelectric element 44 may transmit the braking 
load directly by pushing directly against brake pad 38. 
[0029] Primary ?uid chamber 46 has a ?xed volume 
Within Which is partially situated a moveable piston 54. 
Piston 54 passes through chamber Wall 60. A ?rst end 62 of 
moveable piston 54 is immersed in hydraulic ?uid 48 
contained in the primary ?uid chamber 46. Asecond end 64 
of piston 54 contacts a non-rotatable brake element 66 (such 
as a shoe) having a friction pad 38 (see FIG. 4). Piston shaft 
54 passes through Wall 60 of primary ?uid chamber 46 
having a shaft seal 68 around moveable piston 54 adapted to 
seal ?uid 48 Within primary ?uid chamber 46. 

[0030] As the volume of pieZoelectric element 44 
increases, moveable piston 54 is displaced relative to the 
chamber Wall. Moveable piston 54 Will apply a developed 
braking torque by increasing the friction force betWeen 
brake pad 38 and a rotatable brake element 34, such as a 
Wheel rotor, disc, or drum (see FIG. 4). 

[0031] Preferably, torque actuator assembly 24 also incor 
porates a ?uid replenishing system. The ?uid replenishing 
system includes a reservoir 52 and a unidirectional valve 50, 
such as a check valve, adapted to pass hydraulic ?uid 48 
from reservoir 52 to primary ?uid chamber 46. This system 
operates to add hydraulic ?uid 48 to primary ?uid chamber 
46 as brake pads 38 Wear during normal operation. When the 
braking command is decreased and the hydraulic pressure in 
primary ?uid chamber 46 decreases beloW a predetermined 
minimum pressure level, replenishing reservoir 52 delivers 
?uid to the primary ?uid chamber as required. Replenishing 
reservoir 52 is pressuriZed to a level just beloW minimum 
brake pressure level. Unidirectional valve 50 is biased such 
that When pressure in chamber 46 is beloW the pressure in 
replenishing reservoir 52, valve 50 opens to alloW ?uid to 
?oW from reservoir 52 into chamber 46. Thus, When the 
level of ?uid 48 is loW, the ?uid pressure is correspondingly 
loW and pressure in reservoir 52 forces ?uid 48 through 
valve 50 into chamber 46. The volume of hydraulic ?uid 48 
delivered to primary ?uid chamber 46 from replenishing 
reservoir 52 is substantially equal to the volume of brake pad 
38 Worn off. 
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[0032] Torque actuator assembly 24 also incorporates 
braking torque feedback from each controlled Wheel 36 to 
controller 30 (see FIG. 1). Brake system 20 (see FIG. 1) 
detects the developed brake torque on the controlled Wheel 
36. The developed brake torque is de?ned here as the effect 
of the commanded brake torque via pieZoelectric element 44 
on the given Wheel under the frictional parameters betWeen 
the Wheel tire and the driving surface. For a given braking 
command the developed braking torque is greater When the 
effective friction coef?cient at the interface betWeen the tire 
and the road is high and is less When the effective friction 
coef?cient at the road interface is loW. 

[0033] FIG. 3 illustrates torque feedback transducer 
assembly 28. Torque feedback transducer assembly 28 pro 
vides a signal representing the braking torque developed on 
a given Wheel 36 to controller unit 30. In one form, torque 
feedback transducer 28 includes a pair of rotatable overlap 
ping torsion arms 70a, 70b fastened to a vehicle frame 72 on 
opposite sides of torque actuator assembly 24. Each torsion 
arm 70a, 70b is operationally coupled to both vehicle frame 
72 and torque feedback transducer 28. Torsion arm 70a is 
rotatable about pivot points 76a and 76b and torsion arm 70b 
is rotatable about pivot points 76c and 76d. In one speci?c 
embodiment, torsion arms 70a, 70b pivot or rotate in a plane 
substantially perpendicular to the axis of rotation of Wheel 
36. Torsion arms 70a, 70b each include respective overlap 
ping portions 78a and 78b. Torsion arms 70a, 70b are 
positioned such that their overlapping elongated portions 
91a, 91b are substantially centered in the vertical plane 80 
Which includes the major axis of rotation (not shown) of 
Wheel 36. Wheel 36 generally rotates betWeen frame parts 
72. Transducer element 74 is positioned betWeen overlap 
ping portions 78a, 78b, and is operationally connected to 
controller 30 via conduit 32. Transducer element 74 may 
comprise any conveniently sensitive and reliable pieZoelec 
tric material, and is positioned such that the braking torque 
acts on the pieZoelectric element 74 as a mechanical squeeZ 
ing force, as described beloW in further detail, to produce an 
electrical or ?ber optic output signal to be sent to controller 
30. Further, torque feedback transducer assembly 28 has a 
suf?ciently fast response time to alloW the controller 30 to 
maximiZe the braking control ef?ciency of brake system 20. 

[0034] Referring to FIGS. 1 and 4, torque feedback 
transducer assembly 28 is situated inboard of Wheel 36, 
Which in forWard motion turns clockWise from the vieWpoint 
of FIGS. 1 and 3. When a braking torque (i.e. a torque in 
a counterclockWise is applied to rotatable braking member 
34 attached to Wheel 36 tending to turn Wheel 36 counter 
clockWise, a reaction acts on system 20 (speci?cally torque 
actuator 24), and With the effects of inertia tends to pull 
torque actuator 24 forWard. Accordingly, torsion arms 70a 
and 70b rotate clockWise about pivot points 76a and 76d, 
respectively, moving overlapping portions 78a and 78b 
toWard each other. Such movement of overlapping portions 
78a and 78b decreases the volume of transducer element 74, 
thereby generating a voltage proportional to the decrease in 
volume of transducer element 74. Positioning torsion arms 
70a, 70b so that they are generally perpendicular to the 
rotation axis of Wheel 36 increases the ef?ciency and range 
of sensation of torque feedback transducer 28. The generated 
voltage drives a signal representing the braking torque 
applied to Wheel 36. The signal is passed through conduit 32 
to controller 30 for processing. A positive acceleration 
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Would affect torsion arms 70a, 70b oppositely, thereby 
allowing the volume of transducer element 74 to increase. 

[0035] Referring to FIG. 4, Wheel speed sensor 26 detects 
the rotational speed of Wheel 33. Wheel speed sensor 26 
converts the detected Wheel rotational speed to an electrical 
or ?ber optic output signal. Wheel speed sensor 26 may be 
a magnetic pickup positioned adjacent rotatable brake ele 
ment 34, having periodic ferromagnetic protrusions, a Hall 
effect sensor, or any convenient speed sensor knoWn in the 
art. Wheel speed sensor 26 has sufficient resolution to alloW 
controller 30 to use data transmitted therefrom to maXimiZe 
the braking control ef?ciency of brake system 20. 

[0036] Referring the embodiment depicted in FIGS. 5a 
and 5b, controller 30 of the present invention includes a 
microprocessor 84, built-in test circuits 86, poWer supply 88, 
and input/output control 90. Microprocessor 84 may be a 
digital controller 42 or other appropriate controller. In one 
form, digital controller 42 is a real time embedded processor 
With A to D circuitry 92 incorporated, although in other 
embodiments any convenient microprocessor having suf? 
cient speed and memory may be selected. The control logic 
and built in test logic are embedded in PROM. The control 
logic is tuned for each application. The controller circuitry 
incorporates a series of “Watch-dog” timer circuits 94 to 
provide fail-safe operation in the case of an emergency loss 
of the electronic controller. Watch dog timer circuits 94 are 
Well knoWn in the art, and are used to activate fail-safe 
protocols in the event of controller failure. Here, Watchdog 
circuits 94 comprise count doWn timers that are reinitialiZed 
every time controller 30 cycles. The preset count doWn is 
longer than any of the cyclic functions of controller 30. 
Therefore, it is presumed that if Watchdog circuit has com 
pleted its countdoWn, controller 30 has malfunctioned or 
otherWise failed. In this event, Watch dog circuit 94 auto 
matically activates a fail-safe protocol, for example, but not 
limited to, establishing a direct circuit connection betWeen 
OCIT 22 and torque actuator 24, thus enabling OCIT 22 to 
operate as if it Were a direct mechanical linkage to the 
brakes. Alternatively, other convenient fail-safe protocols 
may be opted either as alternatives to, or in combination 
With, the protocol detailed above. 

[0037] Referring noW to FIG. 9, control logic is embedded 
in hardWare and/or softWare Within controller 30 to imple 
ment control laWs Which providing brake torque via elec 
tronic signals to individual Wheel torque actuators 24 in 
proportion to an operator input request for a given level of 
deceleration. FIG. 9 illustrates logic shoWing that the opera 
tor request for braking is input at the brake pedal (step 100) 
via OCIT 22, Which changes physical motion (i.e. pedal 
de?ection) to an electrical signal proportional to the de?ec 
tion of the pedal. Step 105 illustrates use of a set of 
deterministic linear equations to relate de?ection of pedal to 
level of requested deceleration rate. The deceleration rate 
requested is directly related to the required torque to be 
applied by the brake actuator. One problem that must be 
accounted for in addition to Whether a given Wheel has 
started skidding because the Wheel speed has gone to Zero is 
to determine if the vehicle is “stopped” and the operator 
request must be accepted Without assuming a skid. To 
account for this, the logic needs the vehicle velocity, Which 
is calculated as the average instantaneous speed of the 
Wheels throWing out the value for the highest and loWest 
speeds (step 110). Alternately, controller 30 can also receive 
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a periodic input of vehicle velocity from a knoWn speed 
ometer device (not shoWn). In the case of eXtreme loss of 
road-Wheel friction, for eXample happening upon ice so that 
all Wheels instantaneously lose velocity, the assumed vehicle 
velocity is a function of a number “n” of past measurements 
With forWard integration to project the eXpected speed at the 
current instant of time. The past history deceleration curve 
(step 115) is used to determine the rate of change for the 
projection calculation. The difference betWeen eXpected or 
calculated velocity and the Wheel speed input (measured 
velocity) is calculated (step 120) and is used to determine if 
it is necessary to check for anti-skid condition. 

[0038] A minimum value of that difference is then read 
from memory (step 125). If that difference is less than the 
minimum value (step 130), then a skid is near on the 
measured Wheel. In that case, a skid value is read from 
memory (step 135). The skid value is a tunable parameter, 
and is typically small. If the measured velocity is less than 
the skid value (step 140), then a torque output requirement 
is determined for the anti-lock braking condition (step 145). 
The torque output requirement is determined for that Wheel 
to provide the operator requested deceleration Within the 
limits of the available friction betWeen the tire and the road 
surface. The torque output is then set to the torque output 
requirement (step 150). If steps 130 or 140 provide a 
negative result (i.e. the difference betWeen calculated or 
eXpected velocity and measured velocity is greater than its 
minimum value, or the measured velocity is greater than the 
skid value), indicating that a skid condition is not present or 
the vehicle velocity is beloW the limit of concern for a skid 
condition, then step 150 determines a torque output require 
ment Without regard for anti-lock conditions. Controller 30 
sends an output signal to the torque actuator assembly 24 
(step 155) corresponding to the torque output requirement. 

[0039] Accordingly, controller 30 continuously receives 
inputs from sensors 26 and torque feedback transducer 28 in 
order to monitor the applied torque and the rate of decel 
eration of each individual Wheel 36 to detect potential skids. 
The system is adapted to treat an unrealistically rapid drop 
in Wheel 36 speed (difference betWeen calculated velocity 
and measured velocity exceeds a predetermined threshold 
value) as a potentially uncontrolled skid. When a skid event 
is detected, controller 30 invokes the anti-lock mode. In the 
anti-lock mode (as described in detail beloW), controller 30 
calculates the maXimum braking torque that can be applied 
thereto Without stopping the forWard rotation of Wheel 36. 
Controller 30 sends a signal to torque actuator 24 to maintain 
the calculated optimum anti-lock torque level applied to 
each individual Wheel 36 to obtain maXimum uniform 
deceleration Within the limits of the current measured and 
calculated parameters relating to road conditions. 

[0040] In the anti-lock mode, controller 30 uses the 
received and/or stored data from Wheel speed sensor(s) 26 
and torque feedback transducer(s) 28 to construct a curve of 
the calculated effective coef?cient of friction at the road 
interface versus the slip betWeen the decelerating Wheel(s) 
36 and the road surface. It is Well knoWn that the optimum 
braking force betWeen a Wheel 36 and a road surface 
(braking in the shortest time) is achieved When the slip is 
maintained at about 10% to 20%. Controller 30 uses the 
measured Wheel speed and torque values to calculate the 
effective friction at the interface betWeen the Wheel 36 and 
the road and to calculate the effective slip of Wheel 36. 
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Controller 30 constructs a continuously updated friction/slip 
curve for each controlled Wheel 36, With the curve being 
developed through a set of control laWs applicable to the 
given application, i.e. braking. An example of one possible 
set of control laWs is given beloW. 

[0041] As noted above, controller 30 is operationally 
connected (electrically, ?ber-optically or by other conduit) 
to OCIT 22, and to a Wheel speed sensor 26 and a torque 
feedback transducer 28 for each controlled Wheel 26, and 
receives inputs therefrom. The input commands from OCIT 
22 relate to a desired level of output of torque actuator 24. 
As shoWn in FIG. 1, OCIT 22 has the form of a foot pedal, 
although other convenient forms such as a hand lever may 
be chosen. Controller 30 is adapted to provide OCIT 22 With 
feedback appropriate to emulate the feedback of a standard 
hydraulic foot pedal. In one form, a feedback circuit (not 
shoWn) is adapted to provide feedback to an electronic 
transducer (not shoWn) adapted to supply a resistive 
mechanical force to OCIT 22 foot pedal simulating road 
feedback felt in a hydraulic foot pedal. Alternately, feedback 
may be supplied to OCIT 22 independently of controller 30 
by a spring (not shoWn) adapted to provide resistance to 
depression thereof. In other forms, any convenient feedback 
mechanism knoWn in the art may be chosen. The remaining 
tWo inputs to controller 30 are independently received from 
torque feedback transducer 28 and Wheel speed sensor/ 
transducer 26 associated With the given Wheel 36. 

[0042] Controller 30 may be programmed With any con 
venient set of control laWs and/or algorithms to effectuate 
the control of the braking actuator 24 based on knoWn 
physical constants, predetermined system parameters, and 
inputs from OCIT 22, torque feedback transducer 28, and 
Wheel speed sensor 26. The underlying mathematics for one 
such set of control laWs is described beloW. In this approach, 
controller 30 constructs and continually updates a curve of 
the calculated effective coefficient of friction at the road 
interface, p, versus the slip (in terms of slip velocity, S, 
further de?ned beloW) betWeen the decelerating Wheel 36 
and the road surface, or “pt-slip curve.” A typical .-slip 
curve is illustrated in US. Pat. No. 5,067,778, Which patent 
is incorporated by reference herein, and FIG. 1 of Which 
patent is reprinted herein as FIG. 6. Stable braking occurs 
When the variables y and S describe a point on the up-slope 
of the curve, e.g. points A and A‘ of FIG. 6. Optimal braking 
conditions occur at or near the top of the curve, e.g. point C 
of FIG. 6. Points along the doWn-slope of the curve, e.g. 
point B in FIG. 6, identify a slip condition such as a skid, 
as When a Wheel is locked and slides along a road surface. 

[0043] Controlled braking is accomplished through con 
troller 30 monitoring its inputs, determining the optimum 
level of braking, and sending signals to torque actuator(s) 24 
for each controlled Wheel 36 representing that level of 
braking. The braking function Will be described in terms of 
a single Wheel 36, although the function is applicable to all 
Wheels on a given vehicle having the braking system of the 
present invention. Controller 30 continuously receives a 
signal representing the Wheel’s angular velocity (C) from 
Wheel speed sensor 26 and a signal representing the torque 
(TB) produced by a given braking event from torque feed 
back transducer 28. The vehicle’s speed (Vref), as noted 
above, is obtained by averaging speeds obtained from Wheel 
speed sensors on multiple Wheels, along With appropriate 
error discrimination logic, or by an independent speedom 
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eter input to controller 30. The folloWing quantities are 
tunable constants or system parameters (see FIG. 7): 

[0044] Fv=Wheel vertical load 

[0045] RF=Unloaded Tire Radius, i.e. Free Tire 
Radius 

[0046] RD=De?ected Tire Radius 

[0047] I=Wheel and Tire moment of inertia With 
respect to the Wheel aXle 

[0048] K=Tire spring constant 

[0049] These quantities can be preprogrammed into con 
troller 30, or can be input and/or updated by appropriate 
measuring devices or sensors (not shoWn), or can be calcu 
lated by controller 30 from other preprogrammed or inputted 
quantities. The slip velocity is de?ned as S=VIef—.RF, and 
thus an S data point is calculable for every input of C. The 
magnitude of p is given by FD/FV, Where FD represents the 
drag force or force of friction on the Wheel, and is divided 
by the vehicle load or normal force on the Wheel. Thus, to 
determine p in the present embodiment, FD is calculated. 

[0050] First, the torque on the Wheel is given by 

TB=(FD*RD)+(FV*d)_(I*—H (1) 
[0051] Where .‘ is the angular acceleration of the Wheel 
(d./dt) and d is a quantity called the “tire footprint center 
of pressure shift,” and is given by d=FD/K. Substituting for 
d in (1) and solving for FD gives 

FD=(TB+1(dO/dz)/(RD+Fv/K) (2) 
[0052] If pR is the rolling resistance friction coefficient and 
MD is the drag or sliding force friction coefficient, then 
generally pD>pR, and since RF and RD are related by the tire 
spring constant K according to RF=RD+FV/K, then to take 
into account rolling friction an approximation for (2) Would 
be: 

FD'[TB+I*'v]/[(1_MR/MD) *RF] (3) 
[0053] A typical value of pR/pD near the skid point C (see 
FIG. 7) might be 0.05, so for a braking effort near point C, 

[0055] As noted above, p=FD/FV, and substituting (5) in 
that equation gives 

Incorporating (4) into (3) gives 

[0057] Substituting (7) into (6) then gives 
M=[1/0 .95 *RF *Fv]*[TB+(1/RF)*(dKef/dFdS/dt? 

[0058] Where k=1/[0.95*RF2*FV]. The slope of the p-slip 
curve dp/dS=(dp/dt)(dS/dt), and therefore 

[0059] Of course, for small increments of time Where 
.t<<1, 



US 2001/0038241 A1 

[0060] By de?nition, . cannot be less than Zero, and 
therefore slip velocity is less than the vehicle velocity, i.e. 
0<S/Vref<1. Using control laWs based on the equations 
presented above, controller 30 calculates S, p, and dp/dS (the 
slope of the p-slip curve). 

[0061] When controller 30 receives input from OCIT 22, 
indicating a level of braking desired by the vehicle operator, 
it determines and sends a signal to torque actuator 24. The 
current signal CV1 sent by controller 30 to activate actuator 
24 is determined as folloWs. If a given value of slip velocity 
at time i is equal to the vehicle speed at that instant 
(Vre?), then the vehicle is skidding, i.e. .=0. In that case, 
Cvi=0, so that actuator 24 is not caused to operate, and if it 
is operating, actuator 24 releases the pressure on the brake. 
If S1=0, then there is no slippage of the Wheel at all, and 
CVi=1, i.e. the entire braking signal is sent to the actuator to 
induce braking. If 0.Sl/Vre?<l, then there is some amount 
of slippage, and Cvi=j*[(,u1—pi_1)/(S1—Si_1)]_1, Where j is a 
tunable value preferably representing the relative amount of 
braking force requested by the vehicle operator via OCIT 22. 
Further, if Si=Si_1, and therefore pi=pi_1, then CVi=CVi_1, 
indicating that no change in braking force is necessary. 

[0062] In operation, Wheel speed sensor(s) 26 input values 
of . into controller 30. As noted above, Vref can be obtained 
from average Wheel speed of several Wheels 36, or can be 
input into controller 30 from a separate speedometer appa 
ratus. Controller 30 makes calculations, including those 
identi?ed above, and in that embodiment updates the values 
of S and p and dS/du, Which identify the p-slip curve that 
describes the frictional conditions. When braking is desired, 
at a time t=0, OCIT 22 is actuated (eg by depressing a foot 
pedal). The extent of actuation of OCIT 22, such as the 
distance or speed of depression, creates a signal indicating 
the relative amount of braking force desired, Which signal is 
sent to controller 30. Based on the then-current values of S, 
Vref, p, dS/dp and/or TB, controller 30 calculates the factor 
CV that determines the magnitude of the current signal to be 
sent to the torque actuator 24 brake of a given Wheel 36. That 
signal is sent to actuator 24 along electrical, ?ber-optic or 
other conduit 32, and actuator 24 operates as described 
above to exert braking torque on the given Wheel 36. A 
reactive torque is exerted on torsion arms 70a and 70b of 
torque feedback transducer 28 as described above, Which 
then exert pressure on transducer element 74 of torque 
feedback transducer 28. Transducer element 74 sends a 
signal, as described above, to controller 30. That signal 
represents the reactive torque, Which is equal to the braking 
torque (TB) experienced by the Wheel. The received value of 
TB is used by controller 30 along With inputs from the other 
sensors to update the calculation of S, p and dS/dp. 

[0063] If the values of S, Vref, p and dS/dp calculated by 
controller 30 indicate optimum braking, i.e. dS/dp 
approaches 0, then controller 30 need only make adjust 
ments to the amount of braking in response to changes in the 
values reported by the sensors. If, hoWever, those values do 
not indicate optimum braking, then controller 30 can further 
alter the current signal sent to torque actuators 24. If 
dS/dp<0, indicating a skid condition (see point B of FIG. 7), 
then the anti-lock capability described above is invoked. If 
dS/dp>0, indicating less than optimum braking (see points A 
and A‘ of FIG. 7), then controller 30 increases the braking 
signal until dS/dp approaches 0 to Within an acceptable 
approximation. 
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[0064] Controller 30, in a preferred embodiment, receives 
and reads data from sensor(s) 26, torque feedback transducer 
28, OCIT 22 and any other inputs, makes the appropriate 
calculations, and adjusts the braking signal sent to Wheel(s) 
36 (if necessary) approximately 20-50 times per second. 
Using different forms of hardWare and/or softWare as con 
troller 30, or in applications other than vehicle braking, an 
increase or decrease in the frequency of reading, calculating 
and adjusting may be obtained. Controller 30 maintains a set 
of received and calculated data such as C, S, p, TB and dS/du 
for each controlled Wheel 36 in memory. 

[0065] Controller 30 thus continuously maintains the 
braking torque on the Wheel at the maximum desired level 
Within the limits alloWed by the coef?cient of friction at the 
tire/surface interface. The controller 30 may thus control the 
braking of a single vehicle Wheel 36, or the braking of a 
plurality of vehicle Wheels 36. Deceleration requests that 
exceed the limits of steady braking determined by the 
instantaneously calculated friction conditions at the tire/ 
roadWay interface Will initiate the anti-lock algorithm of the 
electronic control system Within the electronics, thereby 
alloWing brake torque to be applied in a manner to retard or 
stop the vehicle’s Wheel rotation Without loss of vehicular 
control. 

[0066] During braking, controller 30 adjusts the torque 
output commands to the torque actuator 28 for each con 
trolled Wheel 36 to maintain maximum braking at the 
optimal level. Additionally, controller 30 coordinates the 
braking torque commands to all of the controlled Wheels 36 
to maintain uniform braking of the vehicle and optimiZe 
operator control. Controller 30 therefore both individually 
optimiZes the braking torque applied to each Wheel 36 and 
also optimiZes the braking torque applied to all of the Wheels 
36 of the vehicle as a system. 

[0067] Controller 30 incorporates built-in testing to con 
tinuously analyZe the system for system failures that require 
implementing fail-safe brake operation. When a fault in 
brake system 20 is detected, e.g. continual ineffective brak 
ing torque as gauged by torque feedback transducer 28 or a 
loss of connection to one or more sensors, a record of the 
fault and accompanying data is maintained in the memory of 
digital controller 42 for later doWnloading and/or analysis. 
Selected performance and fault data Will be available for 
display to the maintenance operator. 

[0068] All components including digital controller 42 and 
controller 30 may be duplicated to provide required levels of 
redundancy for speci?c applications and/or reliability con 
straints. 

[0069] In addition to traditional OCIT-actuated brake 
commands, in an alternate embodiment controller 30 is 
adapted to receive signals from the vehicle engine or from 
a sensor (not shoWn) operatively connected to the engine, 
Which signals indicate the operating status of the engine (eg 
on or off). When controller 30 receives a signal indicating 
that the engine is not operating, controller 30 can send a 
command to torque actuator 24 to apply a predetermined 
level of braking force. Conversely, When controller 30 
receives a signal indicating that the engine is operating, 
controller 30 can discontinue the command to torque actua 
tor 24 to apply a predetermined level of braking force, 
thereby releasing the Wheels for operation. Similarly, a 
sWitch or sensor (not shoWn) can send a signal to controller 
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30 When the vehicle gearshift is placed in park, on reception 
of Which controller 30 can send a command to torque 
actuator 24 to apply a predetermined level of braking force. 
In yet another embodiment, controller 30 is adapted to 
receive a braking command from any other convenient 
electrical or ?ber optic signal sent by a remote sensor 
positioned Within the vehicle. In this Way, for example, 
emergency braking can be activated by various conditions 
sensed inside or outside of the vehicle. 

[0070] Referring to FIG. 6, braking system 20 may also be 
adapted to send a maximum braking command to the torque 
actuator 24 When a predetermined condition is met, such as 
in the event of engine failure/deactivation or failure of 
digital controller 42. An engine status sensor 100 may be 
adapted to send a ?rst signal to controller 30 When the 
engine is running, and controller 30 may be programmed to 
send a braking command to torque actuator 24 in the absence 
of a the ?rst signal from the engine status sensor 100. The 
system 20 may be further adapted to function With an 
independent input unit 102, such as a parking brake control 
or hand brake control. The operator may use parking brake 
102 to send a ?rst signal to controller 30. For the duration 
of the signal (While parking brake 102 is on) controller 30 
applies a predetermined level of braking torque to the 
controlled Wheel or Wheels 36. Controller 30 reduces the 
applied braking torque to a nominal level When parking 
brake 102 is let off. Also, the system may be adapted to send 
a feedback signal to OCIT 22 to simulate the feel of a 
standard hydraulic brake control. 

[0071] The present invention has been described in the 
form of a brake system embodiment. Other forms of the 
present invention are contemplated, including but not lim 
ited to a poWer steering system, a vibrational damping 
system, and other systems Wherein constant monitoring and 
adjustment of pressure and/or torque is desired. 

[0072] While the invention has been illustrated and 
described in detail in the draWings and foregoing descrip 
tion, the same is to be considered as illustrative and not 
restrictive in character, it being understood that only one 
preferred embodiment has been shoWn and described and 
that all changes and modi?cations that come Within the spirit 
of the invention are desired to be protected. 

What is claimed is: 

1. A brake system for a vehicle, comprising: 

an operator input transducer providing a ?rst signal cor 
responding to a braking demand; 

a rotatable vehicle member capable of having a rotation 
speed and an applied torque; 

a torque feedback transducer assembly coupled to said 
rotatable vehicle member for measuring the torque and 
providing a second signal corresponding thereto; 

a Wheel speed sensor for providing a third signal corre 
sponding to the rotation speed; 

a controller for receiving signals including said ?rst 
signal, said second signal, and said third signal and 
providing signals including a fourth signal, said fourth 
signal corresponding to an applied braking torque; and 
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a torque actuator assembly adapted to provide an applied 
braking torque to said rotatable vehicle member in 
response to receiving said fourth signal from said 
controller. 

2. The system of claim 1, further including: 

a second rotatable vehicle member; 

a second torque feedback transducer assembly, said sec 
ond torque feedback transducer assembly being asso 
ciated With said second rotatable vehicle member and 
adapted to send a ?fth signal to the controller; 

a second Wheel speed sensor, said second Wheel speed 
sensor being associated With said second rotatable 
vehicle members and adapted to send a sixth signal to 
the controller; and 

a second torque actuator assembly, said second torque 
actuator assembly being associated With said second 
rotatable vehicle members and adapted to supply a 
braking force to said associated rotatable vehicle mem 
ber in response to receiving from said controller a 
seventh signal. 

3. The system of claim 1 Wherein the torque actuator 
comprises: 

a hydraulic Wheel cylinder having a unidirectional valve 
in ?uid communication With said Wheel cylinder; 

a piston mounted at least partially Within said Wheel 
cylinder; 

a pieZoelectric element positioned Within the hydraulic 
Wheel cylinder and operationally coupled to said con 
troller; 

a rotatable brake element associated With said rotatable 
vehicle member; and, 

a non-rotatable brake element operationally connected to 
the piston and positioned betWeen said rotatable brake 
element and said hydraulic Wheel cylinder piston. 

4. The system of claim 3 Wherein the rotating vehicle 
member is a Wheel, the non-rotatable brake element is a 
brake pad, and the rotatable brake element is a Wheel rotor. 

5. The system of claim 3 Wherein the torque actuator 
further comprises a ?uid reservoir in ?uid communication 
With the unidirectional valve. 

6. The system of claim 3 Wherein the pieZoelectric ele 
ment comprises a ?exible laminate of pre-stressed polymeric 
materials and pieZoelectric ceramic. 

7. The system of claim 1 Wherein the torque feedback 
transducer comprises: 

a pair of overlapping torsion arms pivotably coupled to 
opposite sides of the torque actuator assembly and 
extending toWard each other; and 

a transducer element positioned betWeen said torsion arms 
and operationally coupled to said controller; 

Wherein the plane of pivoting of said torsion arms is 
substantially perpendicular to the axis of rotation of the 
rotatable vehicle member. 

8. The system of claim 7 Wherein the transducer element 
is a ?exible laminate of pre-stressed polymeric materials and 
pieZoelectric ceramic. 
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9. The system of claim 8 wherein the operator command 
input transducer includes a foot pedal actuator adapted to 
provide proportional force feedback. 

10. The system of claim 8 Wherein the operator command 
input transducer includes a hand lever. 

11. The system of claim 1 Wherein the controller com 
prises: 

a digital controller; 

at least one test circuit; 

a poWer supply; and 

an input/output interface. 
12. The system of claim 11, Wherein the digital controller 

is a real time embedded processor including an analog to 
digital converter, and control logic and test logic embedded 
in PROM. 

13. The system of claim 12 Wherein the digital controller 
further comprises at least one Watchdog timer circuit 
adapted to coordinate fail-safe operation in the case of loss 
of operation of the controller. 

14. The system of claim 12, further comprising: 

a plurality of rotatable vehicle members; 

a plurality of Wheel speed sensors each individually 
associated With a separate rotatable vehicle member 
and operationally connected to the controller; and 

a plurality of torque actuator assemblies each individually 
associated With a separate rotatable vehicle member 
and operationally connected to the controller, Wherein 
the controller is adapted to individually control the 
plurality of torque actuator assemblies to provide brake 
torque to the plurality of rotatable vehicle members. 

15. The system of claim 14, Wherein the operator com 
mand input transducer, the Wheel speed sensors, and the 
torque feedback transducers are adapted to provide input 
signals to the controller and Wherein the controller is 
adapted to processing the input signals, to calculate a brake 
torque for each rotatable vehicle member, and to send 
commands to the torque actuator assemblies to individually 
brake the respective rotatable vehicle members. 

16. The system of claim 11 further comprising an engine 
operation sensor operationally coupled to the vehicle and 
adapted to send a ?rst signal to the controller When the 
vehicle is operating and a second signal to the controller 
When the vehicle is not operating. 

17. The system of claim 16, Wherein said controller 
applies a predetermined level of braking torque to the 
rotatable vehicle member When the ?rst signal of the engine 
operation sensor is received, and removes the predetermined 
level of braking torque from the rotatable vehicle member 
When the second signal from the engine operation sensor is 
received. 

18. A torque actuator control circuit comprising: 

a digital controller having a timer circuit adapted to 
provide fail-safe operation in case of an emergency loss 
of the electronic controller; 

a test circuit operationally coupled to the digital control 
ler; 

a poWer supply operationally coupled to the digital con 
troller; and 
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an input/output interface adapted to receive a ?rst input 
signal from a speed sensor, a second input signal from 
a torque sensor, and a third input signal from an input 
transducer and relay them to the digital controller and 
adapted to send a control output signal from the digital 
controller to a torque actuator; 

Wherein the digital controller is adapted to process signals 
from the input/output interface, determine the maXi 
mum level of torque required, and send a command 
signal through the input/output interface to the torque 
actuator. 

19. A torque feedback transducer system comprising: 

a frame; 

a ?rst torsion arm pivotably coupled at a ?rst point of said 
?rst torsion arm to a ?rst portion of the frame; 

a second torsion arm pivotably coupled at a ?rst point of 
said second torsion arm to a second portion of the 

frame; 

said torsion arms including overlapping portions; 

a pieZoelectric transducer element positioned betWeen 
said overlapping portions of said torsion arms and 
adapted to be operationally connected to a controller; 

Wherein said torsion arms pivot around their respective 
?rst points When a force is eXerted on said frame, 
thereby compressing or decompressing said transducer 
element. 

20. The system of claim 19, further comprising a linking 
member pivotably connected to said ?rst torsion arm at a 
second point of said ?rst torsion arm and pivotably con 
nected to said second torsion arm at a second point of said 
second torsion arm. 

21. The system of claim 20, Wherein said linking member 
comprises a vehicle braking torque actuator. 

22. The system of claim 19 Wherein the transducer 
element is a ?exible laminate of pre-stressed polymeric 
materials and pieZoelectric ceramic. 

23. A method for the independently controlled braking of 
each rotatable member of a vehicle, comprising: 

a) providing a preprogrammed controller having prede 
termined vehicle and braking parameters; 

b) providing a pieZoelectrically induced torque actuator 
for each rotatable member, the torque actuators being 
adapted to apply a braking torque to their respective 
rotatable members; 

c) providing a torque feedback transducer for each rotat 
able member, the torque feedback transducers being 
adapted to detect the developed brake torque on their 
respective individual rotatable members and to send a 
signal representing the brake torque to the controller; 

d) providing a speed sensor for each rotatable member, the 
speed sensors being adapted to detect the rotational 
speed of their respective rotatable members and to send 
a signal representing the speed to the controller; 

e) providing an operator input transducer adapted to send 
a signal representing a request for a level of braking 
torque to the controller; 
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f) determining a braking torque for each rotatable member 
in accordance With the request for a level of braking 
and Within the predetermined braking parameters; 

g) sending a signal to the torque actuator associated With 
each rotatable member representing the braking torque 
to be applied to the respective rotatable member; and 

h) applying the determined braking torque to each respec 
tive rotatable member. 

24. The method of claim 23, Wherein the predetermined 
braking parameters include a skid value, and further com 
prising the step of initiating an anti-lock protocol for a 
rotatable member When the speed sensor associated With that 
rotatable member detects a skid condition including a rota 
tional speed less than the skid value. 

25. The method of claim 24, Wherein the step of initiating 
an anti-lock protocol includes the steps of: 

calculating a .-slip curve from the inputs to the control 
ler; 

determining a level of torque for each rotatable member 
to correct the skid condition Within the predetermined 
parameters; 

applying the determined level of torque to each respective 
rotatable member to achieve a level of braking in 
accordance With the desired level of braking and Within 
the predetermined braking parameters; and 

maintaining the braking torque on the rotatable member at 
the level of torque Within the predetermined braking 
parameters. 

26. The method of claim 25, Wherein (a) further comprises 
providing a torque actuator including a ?exible laminate of 
pre-stressed polymeric materials and pieZoelectric ceramic 
positioned Within an expandable and contractible bag posi 
tioned Within a ?uid-?lled rotatable vehicle member cylin 
der. 
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27. The method of claim 23, Wherein (b) further com 
prises providing a pair of rotatable overlapping torsion arms 
fastened on opposite sides of the torque actuator and extend 
ing toWards each other. 

28. The method of claim 27, further comprising providing 
a ?exible laminate of pre-stressed polymeric materials and 
pieZoelectric ceramic positioned betWeen the overlapping 
torsion arms. 

29. The method of claim 23 further comprising: 

providing an engine status sensor adapted to send a ?rst 
engine status signal to the controller When the vehicle 
becomes inoperative and to send a second engine status 
signal to the controller When the vehicle becomes 
operative; 

applying a predetermined level of braking torque to at 
least one Wheel When the controller receives the ?rst 
engine status signal; and 

removing the predetermined level of braking torque from 
the Wheels When the controller receives the second 
engine status signal. 

30. The method of claim 23 further comprising: 

providing an independent operator-controlled signal 
actuator operable to send a emergency brake signal 
having a duration; 

applying a predetermined level of emergency braking 
torque to at least one Wheel during the duration of the 
emergency brake signal; and 

removing the predetermined level of emergency braking 
torque from the Wheels after the duration of the emer 
gency brake signal. 


