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(57) ABSTRACT 
A control-by-Wire control system comprising a plurality of 
control device(s), each control device is responsive to, and 
con?gured to receive a control signal. Also included in the 
control-by-Wire control system is a plurality of sensors 
Wherein certain sensors are coupled to particular control 
devices. The sensors, each sense a parameter of the system 
and generate various sensor signals in response. Aplurality 
of control modules is also included in control-by-Wire 
control system. Each control module is interfaced to at least 
one of the control devices and is adapted to receive at least 
one or more sensor signals. The control modules also 
generate control signals for communication to the control 

(21) Appl, No,: 09/775,143 devices. A communication interface of at least tWo commu 
nication networks provides communications among various 

(22) Filed: Feb. 1, 2001 control modules. 
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MULTI-MODULE CONTROL-BY-WIRE 
ARCHITECTURE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of United States 
provisional application No. 60/178,924, ?led Feb. 01, 2000 
the contents of Which are incorporated by reference herein in 
their entirety. 

BACKGROUND OF THE INVENTION 

[0002] Steering and braking equipment assist a driver of a 
vehicle to direct and brake the vehicle in a controlled, 
predictable manner. In conventional steering assemblies, the 
operator controls the direction of the vehicle With the aid of 
a steering Wheel. This Wheel is mechanically connected, 
usually through a gear assembly to the roadWheels. In 
conventional braking systems, the operator controls the 
deceleration of the vehicle by applying a force to a pedal, 
displacing hydraulic ?uid to transmit the force to a piston, 
Which in turn applies force to a braking surface to sloW the 
vehicle. To aid the operator, many steering and braking 
systems utiliZe an auxiliary system to generate additional 
force that is transmitted to a steering gear or braking 
assembly. The additional force reduces the effort required by 
the operator providing an “assist” or boost. Typically, this 
auxiliary force is generated by either a hydraulic drive or an 
electric motor. 

[0003] In the case of steering systems, the steering Wheel 
is mechanically connected directly to the roadWheels, the 
resulting mechanical assembly that provides the connection 
can be quite complicated and expensive to produce. Like 
Wise, for braking systems, the con?guration of hydraulic 
systems for braking may be complex, can leak, and are 
subject to contamination. 

[0004] One advantage in having a direct connection is that 
the operator receives tactile feedback through the mechani 
cal connections to the actuated component. For example, if 
the vehicle changes directions While it is moving, the 
operator Will feel resistance in the steering Wheel. HoWever, 
such systems inherently include fabrication and implemen 
tation limitations and lack the capability to dynamically 
tailor system response characteristics to accommodate a 
variety of environmental conditions 

[0005] Steer-By-Wire, Brake-By-Wire, or Drive-By-Wire 
systems overcome some of these limitations by alloWing for 
electronic control of braking and steering of a vehicle. Such 
systems can control the steering and braking functions of a 
vehicle using a control device, such as a steering Wheel and 
brake pedal or joystick. Typically, these systems have more 
than one communication channel for communicating signals 
from the control device to the steering and braking motors 
such that, When that communication channel experiences an 
error, the entire system is not inoperable. HoWever, these 
systems may not provide the best utiliZation of sensors, 
components, actuators, or controllers. 

[0006] Control systems With redundant communications 
netWorks are typically accomplished using tWo different 
families of device controllers, Wherein each family (e.g., 
braking and steering) of device controllers operates inde 
pendently on tWo separate netWorks. These redundant sys 
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tems require a signi?cant amount of hardWare, Which is 
dif?cult and expensive to package in a vehicle With a 
control-by-Wire system. 

[0007] Control-by-Wire generally refers to control of 
vehicular systems Where the operator input and associated 
actuating device, such as for example a brake caliper or 
steering actuator, are connected by Wire or Wireless connec 
tion rather than a physical apparatus. Rather than such 
physical apparatus communicating a force, motion, or other 
actuating means directly to the actuating device, this con 
nection, communicates a command signal to the actuating 
device, corresponding to the desired response of the actu 
ating device. Integrated control-by-Wire system and system 
architecture is also referred to as “X-by-Wire” to identify 
that more than one system or type of system is controlled 
“by Wire”. 

[0008] Therefore, is it considered advantageous to identify 
an X-by-Wire control system and architecture that provides 
customiZable system functional characteristics and opti 
miZes controller and component utiliZation. 

BRIEF SUMMARY OF THE INVENTION 

[0009] A control-by-Wire control system comprising a 
plurality of control device(s), each control device responsive 
to, and con?gured to receive a control signal. Also included 
in the control-by-Wire control system is a plurality of sensors 
Wherein certain sensors are coupled to particular control 
devices. The sensors, each sense a parameter of the system 
and generate various sensor signals in response. Aplurality 
of control modules is also included in control-by-Wire 
control system. Each control module is interfaced to at least 
one of the control devices and is adapted to receive at least 
one or more sensor signals. The control modules also 
generate control signals for communication to the control 
devices. A communication interface of at least tWo commu 
nication netWorks provides communications among various 
control modules. The control-by-Wire control system is 
architected to ensure that inoperability of any one of the 
control devices, control modules, sensor signals, or commu 
nication netWorks, Will not result in loss of functional 
capability of the control-by-Wire system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] Referring noW to the accompanying draWings, 
Which are meant to be exemplary, not limiting, and Wherein 
like elements are numbered alike in the several ?gures. 

[0011] FIG. 1 is a block diagram depicting a six-control 
module interconnection architecture; 

[0012] FIG. 2 is a block diagram of the architecture of 
FIG. 1 depicting steering and braking function interconnec 
tivity; and 

[0013] FIG. 3 is a block diagram depicting a poWer 
distribution topology based upon the architecture identi?ed 
in FIG. 1. 

DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

[0014] The disclosed X-by-Wire system architecture inte 
grates brake-by-Wire and steer-by-Wire subsystems to afford 
synergistic control opportunities for braking, steering, and 
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other aspects of vehicle dynamic control not available With 
such subsystems separately, in addition to the traditional 
steering and braking functions. For example, the architecture 
may be adapted to address and control additional vehicle 
characteristics and dynamics such as vehicle dynamic sta 
bility, or vehicle roll control via active suspension compo 
nents. It Will be appreciated that various functions in addi 
tion to steering and braking may also be mapped to the 
architecture. Functional requirements for system perfor 
mance and capabilities dictate the manner in Which func 
tions are mapped and the con?guration of system elements. 
For example, the braking and steering control functions are 
allocated to various component elements to ensure that loss 
of a single component or system capability does not result in 
the loss of a particular system functionality. HoWever, the 
system architecture may be expanded to address additional 
levels of system operability. Moreover, replicated versions 
of allocated functions may be further allocated to control 
elements to address a multiplicity of component degrada 
tion(s). The degree of expansion of the architecture may be 
dictated by the level of fault tolerance prescribed by the 
particular vehicular system requirements. Finally, an archi 
tecture is disclosed Which provides for adaptation and real 
location of functional capabilities from non-operative to 
operative system elements and components to ensure 
increased levels of operability and reliability. 

[0015] The disclosed embodiments may be utiliZed in 
various types of vehicles employing electronic vehicle con 
trol. For example, vehicles and systems employing: elec 
tronic steering, steer-by-Wire, electronic braking, brake-by 
Wire, drive-by-Wire, or control-by-Wire implementations. An 
exemplary embodiment, by Way of illustration is described 
herein as it may be applied to an automobile employing a 
X-by-Wire system. While an exemplary embodiment is 
shoWn and described by illustration and reference to an 
integrated automobile steering and braking system, it Will be 
appreciated by those skilled in the art that the invention is 
not limited to automobiles alone and may be applied to a 
variety of vehicles employing electronic steering or braking 
systems, or steer-by-Wire, or- brake-by-Wire systems. In the 
control-by-Wire systems, the signal inputs are typically 
generated by an operator-interfaced source, e.g., steering 
Wheel, brake pedal and/or a joystick as Well as sensors 
detecting and measuring vehicle and component parameters. 
The control modules receive the signal inputs, generate 
control signals and communicate these control signals to the 
control devices associated With the particular control module 
and function. 

[0016] Referring to FIG. 1, an exemplary embodiment of 
a six-module controller interconnection architecture of an 
X-by-Wire system 10 is disclosed including dual-redundant 
communication bus interfaces. Such communication inter 
faces hereafter denoted netWorks, may include, but not be 
limited to, communications netWorks, bus systems or con 
?gurations, asynchronous and synchronous communications 
systems and protocols, and the like, as Well as combinations 
thereof. In addition, communications netWorks and signal 
interfaces may take any form capable of transferring a signal 
or data, including electrical, optical, or radio and may 
include and employ various technologies in implementation, 
such as Wired, Wireless, ?ber optic, and the like, including 
combinations thereof. 
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[0017] For example, the communications netWorks may 
be a redundant communications system and protocol such as 
de?ned by Time Triggered Protocol (TTPTM) or MIL-STD 
1553 and the like. In an embodiment, communication net 
Works employing TTPTM are utiliZed. TTPTM is a time 
deterministic protocol, redundantly con?gured With tWo 
channels providing redundant communication capabilities 
for various control and data signals betWeen control modules 
12a-12g. The second communication channel, provides 
additional signal capacity for communications betWeen con 
trol modules 12a-12g speci?cally to facilitate continued 
operation should the ?rst become inoperative available. The 
communication interface alloWs coordinated action among 
control modules performing control functions as Well as the 
exchange of sensor signals among the control modules. 

[0018] FIG. 2 is a block diagram of the system architec 
ture of FIG. 1 depicting integrated steering and braking 
function interconnectivity in an exemplary embodiment of a 
multifunction control or X-by-Wire (XBW) system 10. 
Throughout this document control-by-Wire, X-by-Wire, and 
Drive-by-Wire Will be utiliZed and treated synonymously as 
X-by-Wire or XBW for short. In the Figures, a plurality of 
control module(s) 12a-12g are depicted in a con?guration 
distributing the functional control requirements of the X-by 
Wire system 10. The control modules 12a-12g are each 
adapted to include the necessary sensor interfaces to receive 
a variety of sensor signals as Well as generate control signals 
to command a corresponding control device(s) 16a-16a'. 
Additionally, each control module is con?gured to include 
self-diagnostic capabilities. Thereby, ensuring that every 
control module 12a-12g may internally evaluate its capa 
bilities to perform the processes prescribed by its functional 
allocations. In order to perform the prescribed functions and 
allocated processing, as Well as the computations therefore 
(e.g., the execution of control algorithm(s), and the like), the 
control modules 12a-12g may include, but not be limited to, 
a processor(s), computer(s), memory, storage, register(s), 
timing, interrupt(s), communication interfaces, and input/ 
output signal interfaces, as Well as combinations comprising 
at least one of the foregoing. For example, control modules 
12a-12g may include input signal ?ltering to enable accurate 
sampling and conversion or acquisitions of such signals 
from communications interfaces. Additional features of the 
control modules 12a-12g and certain allocated processes 
therein are thoroughly discussed at a later point herein. 

[0019] In an embodiment, six control modules 12a-12f are 
employed in a vehicle With functions allocated to the various 
system elements as folloWs. Road Wheel steering is allocated 
to control modules 12a and 12b. Similarly, front braking is 
allocated to control modules 12c and 12d. Finally, rear 
braking and hand Wheel steering functions are allocated to 
control modules 126 and 12f. A?rst communication netWork 
14a and a second communication netWork 14b are utiliZed 
to facilitate the communications betWeen each of the control 
modules 12a-12f. The ?rst and second communication net 
Works 14a and 14b are con?gured to maximiZe the com 
munication bandWidth by appropriate partitioning of the 
functional requirements allocated to both the ?rst and sec 
ond communication netWorks 14a and 14b as Well as the 
control modules 12a-12f. For example, steering may be 
primarily allocated to the ?rst communication netWork 14a 
While braking primarily allocated to the second communi 
cation netWork 14b. Architecture isolation of the control 
modules 12c and 12d performing front braking from the 
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control modules 12a and 12b allocated to road Wheel 
steering provides enhanced tolerance of XBW system 10 
functionality to loss of control capability. For example, loss 
of control modules 12a and 12b could be compensated for 
by the adaptation of control modules 12c and 12d to perform 
both braking functions as Well as steering in the event of the 
loss of all steering system functionality. 

[0020] Returning to the ?rst and second communication 
netWorks 14a and 14b, cross control module communication 
is facilitated betWeen control modules performing similar 
functions. For example, cross control module communica 
tion is provided betWeen control module(s) 12a and 12b 
performing steering, betWeen the control modules 12c and 
12d performing braking, and ?nally betWeen control mod 
ules 12c and 12f performing rear braking and hand Wheel 
steer functions. 

[0021] FIGS. 1 and 2 further illustrate an embodiment 
including the interconnection of another control module 
functioning as a supervisory controller (commonly denoted 
a master) 12g. The supervisory controller 12g is con?gured 
to provide the primary gateWay for facilitating communica 
tion and data transfer betWeen the ?rst and second commu 
nication netWorks 14a and 14b. Thereby, providing for 
eXample, communication and yet isolation betWeen the ?rst 
and second communication netWorks 14a and 14b or more 
speci?cally betWeen control modules allocated to one func 
tionality such as braking and those control modules allo 
cated to steering functions. Similarly, control modules 126 
and 12f are also con?gured to provide a second and third 
capability for data transfer betWeen the ?rst and second 
communication netWorks 14a and 14b. It may be noted that 
the functional allocation to a supervisory controller 12g need 
not be allocated to a particular control module 12. Such 
allocation may be distributed among the control modules of 
the XBW system 10. 

[0022] The supervisory controller 12g is also con?gured to 
provide for coordination of various allocated functions 
among the control modules to facilitate additional vehicle 
capabilities and functions. For eXample, the supervisory 
controller 12g may provide coordination betWeen the steer 
ing and braking functions to facilitate enhanced vehicle 
dynamics. 

[0023] Continuing With FIGS. 1 and 2, the sensor inter 
faces to the control modules 12a-12g are illustrated. The 
control modules perform the sensor conditioning and trans 
fer of data to the ?rst and second communication netWorks 
14a and 14b. In some instances the direct connection of the 
sensor interfaces to controllers may also be desirable. For 
eXample, the steering Wheel absolute positions are interfaced 
to the supervisory controller 12g. This direct interface 
permits continued driver input functionality even in the 
event of tWo successive losses or degradations of hand 
Wheel steering functionality. In the disclosed embodiment, 
the architecture allocates steering command information to 
only tWo modules, therefore, to ensure a third means of 
acquiring and distributing steering command information, 
the absolute position sensors are independently interfaced to 
the supervisory controller 12g. Similarly, a ?rst and second 
brake sWitches along With a parking brake sWitch are also 
interfaced directly to the supervisory controller 12g to 
ensure additional means of acquiring these signals to support 
certain braking functions. 
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[0024] A plurality of sensors (not shoWn) are distributed 
throughout the XBW system 10 and disposed Within the 
vehicle as necessary to measure various vehicle or system 
parameters. A parameter of the X-by-Wire system 10 
includes, but is not limited to characteristics, measurements, 
status, dynamic conditions, and states of any element of the 
X-by-Wire system 10 or vehicle. For eXample, positions, 
forces, velocities, accelerations, operating states and the 
like. 

[0025] The allocation of functions to sensors and selection 
of sensors once again is dictated by system functional 
requirements. For eXample, the sensors are selected based 
upon the parameters that must be detected and measured to 
ensure proper control system command, operation, and 
functionality. Moreover, the sensors detect operator com 
manded control inputs for control system response. Sensors 
may be redundant in cases Where the architecture dictates 
that additional information is necessary or there is a require 
ment for increased reliability for the measured information. 
For eXample, multiple sensors are allocated to the road 
Wheel steering functionality as part of the feedback control 
for vehicle steering. The sensors are coupled to each of the 
respective control modules 12a-12g as functionally allo 
cated and distributed. The sensors are further coupled to 
corresponding control devices 16a-16d as functionally allo 
cated by the architecture for sensing vehicle parameters and 
parameters associated With each control device 16a-16d and 
responsively generating sensor signals. 

[0026] Continuing once again With FIGS. 1 and 2, the 
sensor interfaces as allocated to the numerous control mod 

ules 12a-12g are also depicted. More speci?cally, the sensor 
signals as distributed Within the architecture are shoWn. In 
an embodiment, the sensor interfaces functionally allocated 
to the road Wheel steering, or more particularly to the control 
modules allocated to road Wheel steer functions 12a and 12b 
include, but are not limited to: absolute position signals; 
digital position signal, left road Wheel forces, and right road 
Wheel forces. Each sensor includes multiple independent 
interfaces to each of the control modules 12a and 12b. 
Similarly, the sensor interfaces for the control modules 12c 
and 12d allocated to front braking include, but are not 
limited to: brake pedal forces, brake pedal positions, brake 
sWitch state (alternatively or in combination With a park 
brake sWitch acting as an emergency brake apply signal) 
respective brake caliper forces and respective Wheel speeds. 

[0027] Finally, the sensor interfaces for the control mod 
ules 12c and 12f allocated to hand Wheel steering and rear 
braking include, but are not limited to: absolute position 
signals; digital position signals; hand Wheel torque signals, 
brake pedal forces, brake pedal positions, brake sWitch state; 
park brake sWitch; respective brake caliper forces and 
respective Wheel speeds. In addition to the driver command 
signals, each control module 12c, 12d, 12c, and 12f allocated 
to braking functions conditions the corresponding Wheel 
speed sensor signal as Well as transferring it to the system 
communications bus. 

[0028] Also depicted in FIGS. 1 and 2 is the architecture 
of interconnection from the respective control modules 
12a-12g to a variety of control devices 16. The control 
devices 16 may include, but not be limited to single or dual 
Winding electric motors con?gured as desired to apply a 
controlling input to direct or control the vehicle (e.g., torque, 
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force, or displacement). The control devices 16 are also 
allocated to address the system functionality and are dis 
tributed accordingly. Each control device 16 is adapted to 
receive control signals from its corresponding control mod 
ule 12a-12f. 

[0029] In an embodiment, control device(s) 16 allocated to 
the road Wheel steering and hand Wheel steering functions 
comprise dual Winding electric motors 16a, 16b, and 16c 
respectively; each of Which share a common housing and 
rotor. The control device(s) 16 allocated to braking comprise 
single Winding electric motors 16d. For example, the road 
Wheel steering function includes tWo dual Winding electric 
motors 16a and 16b connected to a gear assist mechanism to 
steer the directable Wheels of a vehicle (e. g., the front Wheels 
of an automobile). Each control module 12a and 12b allo 
cated to road Wheel steering Would be responsible to control 
tWo motor circuits in this circumstance. Likewise, the brak 
ing functions include four electric motors 16d connected to 
a reduction mechanism and to each Wheel of a vehicle to 
facilitate braking. Each control module allocated to braking 
12c, 12d, as Well as 126 and 12f is con?gured to control a 
respective control device 16d. 

[0030] Included Within each control device 16c are appro 
priate feedback sensors allocated to detect positions and 
forces. As described above, each of the sensors interfaced to 
the respective control modules 12e, 12f, and 12g. Unique to 
the hand Wheel steering functionality are additional position 
feedback sensors. Employing redundant feedback satis?es 
an architecture constraint that the XBW system 10, include 
the capability to tolerate the presence of a ?rst component 
error Within the hand Wheel feedback force function. This 
constraint ensures that the operator continues to be provided 
tactile feedback folloWing such an error. Such tactile feed 
back aids the operator in maintaining vehicle stability and 
control. Especially under dynamic steering conditions Where 
the operator may exhibit a tendency to make excessive 
command inputs. 

[0031] The control device 16c may further include passive 
elements (e.g., springs, dampers friction plates and the like) 
to provide feedback force and are not currently shoWn in the 
system architecture. Included Within each control device 16d 
are appropriate feedback sensors allocated to detect posi 
tions and forces. As described above, each of the sensors is 
interfaced to the respective control modules 12a-12g. In 
addition, the control device(s) 16d include a caliper force 
measurement sensor to provide force feed back to the 
respective control modules 12c, 12d, 12c, and 12f facilitat 
ing braking functionality. Moreover, the control modules 
may also monitor the current delivered on each controllable 
device 16 to estimate the force being applied for additional 
feed back information. 

[0032] Moving noW to FIG. 3 a poWer distribution archi 
tecture for the control-by-Wire system 10 is depicted. In an 
embodiment, three independent sources of poWer for the 
X-by-Wire system 10 are depicted. TWo battery supplies 
Battery X 20 and Battery Z 22, supply the control modules 
12a and 12b allocated to the steer functions, Whereas the 
Alternator Y 24 supplies the control modules 12c, and 12d 
allocated to front braking. It is noteWorthy to appreciate that 
a three level hierarchy of capability is provided for both 
steering and braking functions (given that Battery X 20 and 
Battery Z 22 supplies are inoperative) by control modules 
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12c and 12d utiliZing the Alternator Y 24 poWer supply to 
perform a steer by braking functionality. Therefore, triple 
redundancy of the steering functions may be accomplished 
through the utiliZation of three independent poWer supplies 
as depicted. 

[0033] Each control module directs and sources the nec 
essary poWer for each of the corresponding control 
device(s). Each of the control modules 12 also functions as 
poWer loads only. Any regenerated energy Will be dissipated 
Within the corresponding control module(s) 12 and control 
device(s) 16. Therefore each control module 12 Will also 
include a means of depleting this energy as Well as a means 

of ensuring that this energy is not directed back to the 
independent poWer sources 20, 22, 24. For example, this 
may be accomplished by a diode, recti?cation and load, or 
active device protection. 

[0034] In an embodiment, tWo control modules 12a and 
12b are adapted to deliver control signals to control 
device(s) 16a and 16b, Which may be more particularly, tWo 
dual Wound motors disposed at each steerable front Wheel of 
a vehicle. Each control module (for example 12a) commu 
nicates With the other control module(s) (in this case 12b 
speci?cally) via the communication netWork 14a. Each 
control module 12a and 12b operates independently, such 
that if one control module (e.g., 12a) With associated control 
device(s) 16a is no longer operative, the second control 
module (e. g., 12b) can provide some limited level of control. 
If a control module 12a or 12b detects an error, that control 
module 12a or 12b discontinues commanding the respective 
control device 16a or 16b, While still providing communi 
cations to the other control modules 12c-12g. 

[0035] In another embodiment, the X-by-Wire system 10 
further includes tWo control modules 126 and 12f, adapted to 
deliver control signals to control device(s) 16c, Which may 
be more particularly, a dual Wound motor disposed at the 
hand Wheel of a vehicle for receiving operator input and 
providing tactile feedback to the operator. In addition, 
control modules 126 and 12f are each coupled to control 
device(s) 16d disposed at each rear Wheel. Once again, 
Which may be more speci?cally, to tWo brake motors. Each 
control module (for example 126) communicates With the 
other control module(s) (in this case 12]‘) via the communi 
cation netWork 14b. Each control module 126 and 12f 
operates independently, such that if one control module for 
example 126 With associated control device(s) 16c and 16d 
is no longer operative, the second control module, for 
example 12f can provide some limited level of control. If a 
control module 126 or 12f detects an error, the control 
module 12 discontinues commanding the corresponding 
control device 16c or 16d, While still providing communi 
cations to the other control modules 12a, 12b, 12c, 12d, and 
12g. 

[0036] In yet another embodiment, the X-by-Wire system 
10 further includes tWo additional control device(s) 16d, for 
example, brake motors, Which may be disposed one at each 
front Wheel of a vehicle, and to Which control signals are 
communicated by tWo additional associated control modules 
in this instance, 12c and 12d. Once again, control module 
12c communicates control signals to control device 16d 
disposed in this instance at the left Wheel, for braking and 
communicates With all other control modules 12a-12g. 
Similarly, control module 12d communicates control signals 
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to control device 16d, disposed in this instance at the right 
Wheel, for braking and communicates With all other control 
modules 12a-12g. If a control module 12c or 12d detects an 
error, it discontinues controlling the respective control 
device 16d. 

[0037] The disclosed method may be embodied in the 
form of computer-implemented processes and apparatuses 
for practicing those processes. The method can also be 
embodied in the form of computer program code containing 
instructions embodied in tangible media, such as ?oppy 
diskettes, CD-ROMs, hard drives, or any other computer 
readable storage medium, Wherein, When the computer 
program code is loaded into and executed by a computer, the 
computer becomes an apparatus capable of executing the 
method. The present method can also be embodied in the 
form of computer program code, for example, Whether 
stored in a storage medium, loaded into and/or executed by 
a computer, or as data signal transmitted Whether a modu 
lated carrier Wave or not, over some transmission medium, 
such as over electrical Wiring or cabling, through ?ber 
optics, or via electromagnetic radiation, Wherein, When the 
computer program code is loaded into and executed by a 
computer, the computer becomes an apparatus capable of 
executing the method. When implemented on a general 
purpose microprocessor, the computer program code seg 
ments con?gure the microprocessor to create speci?c logic 
circuits. 

[0038] Therefore, the foregoing disclosure provides meth 
odologies and systems for allocating the functionality of a 
control-by-system to a plurality of elements, While ensuring 
that the loss of operational capability of any one element 
does not result in a loss of a prescribed functionality. In 
addition it Will be appreciated that the disclosed embodi 
ments provides for mapping and/or re-mapping of functions 
to other control modules as may be prescribed by system 
requirements. 
[0039] While preferred embodiments have been shoWn 
and described, various modi?cations and substitutions may 
be made thereto Without departing from the spirit and scope 
of the invention. Accordingly, it is to be understood that the 
present invention has been described by Way of illustration 
only, and such illustrations and embodiments as have been 
disclosed herein are not to be construed as limiting to the 
claims. 

What is claimed is: 
1. A control-by-Wire control system for implementing a 

plurality of control functions comprising: 

a plurality of control device(s), disposed in a vehicle, 
Wherein each control device of said plurality of control 
devices is responsive to and con?gured to receive a 
control signal; 

a plurality of sensors, Wherein at least tWo sensors of said 
plurality of sensors are coupled to at least tWo control 
devices of said plurality of control devices for sensing 
a parameter of said system and generating a plurality of 
sensor signals responsive thereto; 

a plurality of control modules, Wherein each control 
module of said plurality of control modules is inter 
faced to at least one of said plurality of control devices 
and is adapted to receive at least one sensor signal of 
said plurality of sensor signals, and generates said 
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control signal for communication to said at least one 
control device of said plurality of control devices; 

a communication interface having a ?rst communication 
netWork and a second communication netWork for 
communicating among said plurality of control mod 
ule(s); 

a plurality of independent poWer sources interfaced to 
said plurality of control modules; 

Wherein said plurality of control functions is distributed 
among and allocated to said plurality of control mod 
ules; and 

Wherein loss of operational capability of any one of said 
plurality of control devices, any one of said plurality of 
control modules, any one of said plurality of sensor 
signals, any one of said plurality of independent poWer 
sources, said ?rst communication netWork, said second 
communication netWork does not result in loss of 
functional capability of said control-by-Wire control 
system. 

2. The system of claim 1, Wherein at least one control 
device of said plurality of control devices is adapted to 
control road Wheel steering of said vehicle. 

3. The system of claim 2, Wherein said at least one control 
device comprises a dual Winding electric motor con?gured 
to control a steerable Wheel of said vehicle. 

4. The system of claim 1, Wherein at least one of said 
control devices is adapted to control braking of said vehicle. 

5. The system of claim 4, Wherein said at least one control 
devices comprises an electric motor disposed at a Wheel of 
said vehicle. 

6. The system of claim 1, Wherein at least one of said 
control devices is adapted to control hand Wheel steering of 
said vehicle. 

7. The system of claim 6, Wherein said at least one control 
device comprises a dual Winding electric motor. 

8. The system of claim 1, Wherein each control module of 
said plurality of control modules comprises a self-diagnostic 
controller con?gured to test and evaluate processes per 
formed therein and communicates data and status via said 
communication interface. 

9. The system of claim 8, Wherein at least tWo of said 
control modules are adapted to control road Wheel steering 
of said vehicle. 

10. The system of claim 8, Wherein at least tWo of said 
control modules are adapted to control braking of said 
vehicle. 

11. The system of claim 8, Wherein at least tWo of said 
control modules are adapted to control hand Wheel steering 
of said vehicle. 

12. The system of claim 1, Wherein said communication 
interface comprises at least tWo communication netWorks, 
Wherein each netWork comprises at least tWo channels. 

13. The system of claim 1, Wherein said ?rst communi 
cation netWork is coupled to at least tWo control modules of 
said plurality of control modules allocated to road Wheel 
steering functionality. 

14. The system of claim 1, Wherein said ?rst communi 
cation netWork is coupled to at least tWo control modules of 
said plurality of control modules allocated to hand Wheel 
steering functionality. 
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15. The system of claim 1, wherein said ?rst communi 
cation network is coupled to a control module of said 
plurality of control modules allocated to supervisory func 
tionality. 

16. The system of claim 1, Wherein said second commu 
nication netWork is coupled to at least tWo control modules 
of said plurality of control modules allocated to front Wheel 
braking functionality. 

17. The system of claim 1, Wherein said second commu 
nication netWork is coupled to at least tWo control modules 
of said plurality of control modules allocated to rear Wheel 
braking functionality. 

18. The system of claim 1, Wherein said second commu 
nication netWork is coupled to a control module of said 
plurality of control modules allocated to supervisory func 
tionality. 

19. The system of claim 1, Wherein said ?rst communi 
cation netWork and said second communication netWork are 
coupled to a control module of said plurality of control 
modules allocated to supervisory functionality. 

20. The system of claim 1, Wherein said ?rst communi 
cation netWork and said second communication netWork are 
coupled to at least tWo control modules of said plurality of 
control modules allocated to hand Wheel steering and rear 
braking functionality. 

21. The system of claim 1, Wherein a parameter of said 
system comprises characteristics, dynamics conditions, and 
states of any element of said system. 

22. The system of claim 1, Wherein each control module 
of said plurality of control modules is interfaced to at least 
one independent poWer source of said plurality of indepen 
dent poWer sources. 

23. The system of claim 22, Wherein each control module 
of said plurality of control modules allocated to braking is 
interfaced to at least tWo independent poWer sources of said 
plurality of independent poWer sources. 

24. The system of claim 22, Wherein each control module 
of said plurality of control modules allocated to supervisory 
functions is interfaced to each independent poWer sources of 
said plurality of independent poWer sources. 

25. The system of claim 1, Wherein said plurality of 
control functions includes redundant functional capabilities 
such that a control function of said plurality of control 
functions are replicated and distributed among and allocated 
to said plurality of control modules 

26. The system of claim 25, Wherein each control module 
of said plurality of control modules allocated to a particular 
control function. 

27. The system of claim 25, Wherein said plurality of 
control functions is allocated to siX control modules. 

28. The system of claim 27 Wherein said plurality of 
control functions includes braking, road Wheel steering, 
hand Wheel steer functions, and coordinated steering and 
braking functions. 

29. The system of claim 25, Wherein at least one of said 
control devices is adapted to control braking of said vehicle. 

30. The system of claim 29, Wherein said at least one 
control devices comprises an electric motor disposed at a 
Wheel of said vehicle. 

31. The system of claim 29, Wherein at least one of said 
control devices is adapted to control hand Wheel steering of 
said vehicle. 

32. The system of claim 31, Wherein said at least one 
control device comprises a dual Winding electric motor. 
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33. The system of claim 31, Wherein each control module 
of said plurality of control modules comprises a self-diag 
nostic controller con?gured to test and evaluate processes 
performed therein and communicates data and status via said 
communication interface. 

34. The system of claim 33, Wherein at least tWo of said 
control modules are adapted to control road Wheel steering 
of said vehicle. 

35. The system of claim 33, Wherein at least tWo of said 
control modules are adapted to control braking of said 
vehicle. 

36. The system of claim 33, Wherein at least tWo of said 
control modules are adapted to control hand Wheel steering 
of said vehicle. 

37. The system of claim 33, Wherein said communication 
interface comprises at least tWo communication netWorks, 
Wherein each netWork comprises at least tWo channels. 

38. The system of claim 37, Wherein said ?rst communi 
cation netWork is coupled to at least tWo control modules of 
said plurality of control modules allocated to road Wheel 
steering functionality. 

39. The system of claim 38, Wherein said ?rst communi 
cation netWork is coupled to at least tWo control modules of 
said plurality of control modules allocated to hand Wheel 
steering functionality. 

40. The system of claim 39, Wherein said ?rst communi 
cation netWork is coupled to a control module of said 
plurality of control modules allocated to supervisory func 
tionality. 

41. The system of claim 40, Wherein said second com 
munication netWork is coupled to at least tWo control 
modules of said plurality of control modules allocated to 
front Wheel braking functionality. 

42. The system of claim 41, Wherein said second com 
munication netWork is coupled to at least tWo control 
modules of said plurality of control modules allocated to 
rear Wheel braking functionality. 

43. The system of claim 42, Wherein said second com 
munication netWork is coupled to a control module of said 
plurality of control modules allocated to supervisory func 
tionality. 

44. The system of claim 43, Wherein said ?rst communi 
cation netWork and said second communication netWork are 
coupled to a control module of said plurality of control 
modules allocated to supervisory functionality. 

45. The system of claim 44, Wherein said ?rst communi 
cation netWork and said second communication netWork are 
coupled to at least tWo control modules of said plurality of 
control modules allocated to hand Wheel steering and rear 
braking functionality. 

46. The system of claim 45, Wherein a parameter of said 
system comprises characteristics, dynamics conditions, and 
states of any element of said system. 

47. The system of claim 46, Wherein each control module 
of said plurality of control modules is interfaced to at least 
one independent poWer source of said plurality of indepen 
dent poWer sources. 

48. The system of claim 47, Wherein each control module 
of said plurality of control modules allocated to braking is 
interfaced to at least tWo independent poWer sources of said 
plurality of independent poWer sources. 

49. The system of claim 48, Wherein each control module 
of said plurality of control modules allocated to supervisory 
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functions is interfaced to each independent power sources of 
said plurality of independent poWer sources. 

50. The system of claim 49, Wherein each control module 
of said plurality of control modules allocated to a particular 
control function of said vehicle is interfaced to an indepen 
dent poWer source of said plurality of independent poWer 
sources. 

51. A vehicle including a drive by Wire control system 
comprising: 

a plurality of control device(s), disposed in said vehicle, 
Wherein each control device of said plurality of control 
devices is responsive to and con?gured to receive a 
control signal; 

a plurality of sensors, Wherein at least tWo sensors of said 
plurality of sensors are coupled to at least tWo control 
devices of said plurality of control devices for sensing 
a parameter of said system and generating a plurality of 
sensor signals responsive thereto; 

a plurality of control modules, Wherein each control 
module of said plurality of control modules is inter 
faced to at least one of said plurality of control devices 
and is adapted to receive at least one sensor signal of 
said plurality of sensor signals, and generates said 
control signal for communication to said at least one 
control device of said plurality of control devices; 

a communication interface having a ?rst communication 
netWork and a second communication netWork for 
communicating among said plurality of control mod 
ule(s); 

a plurality of independent poWer sources interfaced to 
said plurality of control modules; 

Wherein said plurality of control functions is distributed 
among and allocated to said plurality of control mod 
ules; and 

Wherein loss of operational capability of any one of said 
plurality of control devices, any one of said plurality of 
control modules, any one of said plurality of sensor 
signals, any one of said plurality of independent poWer 
sources, said ?rst communication netWork, said second 
communication netWork does not result in loss of 
functional capability of said control-by-Wire control 
system. 

52. The vehicle of claim 51, Wherein at least one control 
device of said plurality of control devices is adapted to 
control road Wheel steering of said vehicle. 

53. The vehicle of claim 52, Wherein said at least one 
control device comprises a dual Winding electric motor 
con?gured to control a steerable Wheel of said vehicle. 

54. The vehicle of claim 51, Wherein at least one of said 
control devices is adapted to control braking of said vehicle. 

55. The vehicle of claim 54, Wherein said at least one 
control devices comprises an electric motor disposed at a 
Wheel of said vehicle. 

56. The vehicle of claim 51, Wherein at least one of said 
control devices is adapted to control hand Wheel steering of 
said vehicle. 

57. The vehicle of claim 56, Wherein said at least one 
control device comprises a dual Winding electric motor. 

58. The vehicle of claim 51, Wherein each control module 
of said plurality of control modules comprises a self-diag 
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nostic controller con?gured to test and evaluate processes 
performed therein and communicates data and status via said 
communication interface. 

59. The vehicle of claim 58, Wherein at least tWo of said 
control modules are adapted to control road Wheel steering 
of said vehicle. 

60. The vehicle of claim 58, Wherein at least tWo of said 
control modules are adapted to control braking of said 
vehicle. 

61. The vehicle of claim 58, Wherein at least tWo of said 
control modules are adapted to control hand Wheel steering 
of said vehicle. 

62. The vehicle of claim 51, Wherein said communication 
interface comprises at least tWo communication netWorks, 
Wherein each netWork comprises at least tWo channels. 

63. The vehicle of claim 51, Wherein said ?rst commu 
nication netWork is coupled to at least tWo control modules 
of said plurality of control modules allocated to road Wheel 
steering functionality. 

64. The vehicle of claim 51, Wherein said ?rst commu 
nication netWork is coupled to at least tWo control modules 
of said plurality of control modules allocated to hand Wheel 
steering functionality. 

65. The vehicle of claim 51, Wherein said ?rst commu 
nication netWork is coupled to a control module of said 
plurality of control modules allocated to supervisory func 
tionality. 

66. The vehicle of claim 51, Wherein said second com 
munication netWork is coupled to at least tWo control 
modules of said plurality of control modules allocated to 
front Wheel braking functionality. 

67. The vehicle of claim 51, Wherein said second com 
munication netWork is coupled to at least tWo control 
modules of said plurality of control modules allocated to 
rear Wheel braking functionality. 

68. The vehicle of claim 51, Wherein said second com 
munication netWork is coupled to a control module of said 
plurality of control modules allocated to supervisory func 
tionality. 

69. The vehicle of claim 51, Wherein said ?rst commu 
nication netWork and said second communication netWork 
are coupled to a control module of said plurality of control 
modules allocated to supervisory functionality. 

70. The vehicle of claim 51, Wherein said ?rst commu 
nication netWork and said second communication netWork 
are coupled to at least tWo control modules of said plurality 
of control modules allocated to hand Wheel steering and rear 
braking functionality. 

71. The vehicle of claim 51, Wherein a parameter of said 
system comprises characteristics, dynamics conditions, and 
states of any element of said system. 

72. The vehicle of claim 51, Wherein each control module 
of said plurality of control modules is interfaced to at least 
one independent poWer source of said plurality of indepen 
dent poWer sources. 

73. The vehicle of claim 72, Wherein each control module 
of said plurality of control modules allocated to braking is 
interfaced to at least tWo independent poWer sources of said 
plurality of independent poWer sources. 

74. The vehicle of claim 72, Wherein each control module 
of said plurality of control modules allocated to supervisory 
functions is interfaced to each independent poWer sources of 
said plurality of independent poWer sources. 
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75. The vehicle of claim 51, wherein said plurality of 
control functions includes redundant functional capabilities 
such that a control function of said plurality of control 
functions are replicated and distributed among and allocated 
to said plurality of control modules 

76. The vehicle of claim 75, Wherein each control module 
of said plurality of control modules allocated to a particular 
control function. 

77. The vehicle of claim 75, Wherein said plurality of 
control functions is allocated to siX control modules. 

78. The vehicle of claim 77 Wherein said plurality of 
control functions includes braking, road Wheel steering, 
hand Wheel steer functions, and coordinated steering and 
braking functions. 

79. The vehicle of claim 75, Wherein at least one of said 
control devices is adapted to control braking of said vehicle. 

80. The vehicle of claim 79, Wherein said at least one 
control devices comprises an electric motor disposed at a 
Wheel of said vehicle. 

81. The vehicle of claim 79, Wherein at least one of said 
control devices is adapted to control hand Wheel steering of 
said vehicle. 

82. The vehicle of claim 81, Wherein said at least one 
control device comprises a dual Winding electric motor. 

83. The vehicle of claim 81, Wherein each control module 
of said plurality of control modules comprises a self-diag 
nostic controller con?gured to test and evaluate processes 
perforrned therein and communicates data and status via said 
communication interface. 

84. The vehicle of claim 83, Wherein at least tWo of said 
control modules are adapted to control road Wheel steering 
of said vehicle. 

85. The vehicle of claim 83, Wherein at least tWo of said 
control modules are adapted to control braking of said 
vehicle. 

86. The vehicle of claim 83, Wherein at least tWo of said 
control modules are adapted to control hand Wheel steering 
of said vehicle. 

87. The vehicle of claim 83, Wherein said communication 
interface comprises at least tWo communication networks, 
Wherein each netWork comprises at least tWo channels. 

88. The vehicle of claim 87, Wherein said ?rst commu 
nication netWork is coupled to at least tWo control modules 
of said plurality of control modules allocated to road Wheel 
steering functionality. 

89. The vehicle of claim 88, Wherein said ?rst commu 
nication netWork is coupled to at least tWo control modules 
of said plurality of control modules allocated to hand Wheel 
steering functionality. 
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90. The vehicle of claim 89, Wherein said ?rst commu 
nication netWork is coupled to a control module of said 
plurality of control modules allocated to supervisory func 
tionality. 

91. The vehicle of claim 90, Wherein said second corn 
rnunication netWork is coupled to at least tWo control 
modules of said plurality of control modules allocated to 
front Wheel braking functionality. 

92. The vehicle of claim 91, Wherein said second corn 
rnunication netWork is coupled to at least tWo control 
modules of said plurality of control modules allocated to 
rear Wheel braking functionality. 

93. The vehicle of claim 92, Wherein said second corn 
rnunication netWork is coupled to a control module of said 
plurality of control modules allocated to supervisory func 
tionality. 

94. The vehicle of claim 93, Wherein said ?rst commu 
nication netWork and said second communication network 
are coupled to a control module of said plurality of control 
modules allocated to supervisory functionality. 

95. The vehicle of claim 94, Wherein said ?rst commu 
nication netWork and said second communication network 
are coupled to at least tWo control modules of said plurality 
of control modules allocated to hand Wheel steering and rear 
braking functionality. 

96. The vehicle of claim 95, Wherein a parameter of said 
system comprises characteristics, dynarnics conditions, and 
states of any element of said system. 

97. The vehicle of claim 96, Wherein each control module 
of said plurality of control modules is interfaced to at least 
one independent poWer source of said plurality of indepen 
dent poWer sources. 

98. The vehicle of claim 97, Wherein each control module 
of said plurality of control modules allocated to braking is 
interfaced to at least tWo independent poWer sources of said 
plurality of independent poWer sources. 

99. The vehicle of claim 98, Wherein each control module 
of said plurality of control modules allocated to supervisory 
functions is interfaced to each independent poWer sources of 
said plurality of independent poWer sources. 

100. The vehicle of claim 99, Wherein each control 
module of said plurality of control modules allocated to a 
particular control function of said vehicle is interfaced to an 
independent poWer source of said plurality of independent 
poWer sources. 


