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Abstract: - A high degree of reliability is a basic necessity for all critical elements of a vehicle. This is
particularly true for the systems used to control or steer the vehicle. Nunstemusby wire (x-by-wire)
concepts were developed over the years, but for a variety of reasons, none were ever implemented. Most of
them considered only standard single microcontroller system architectures with a low degree of reliability
according to international reliability and safety standards. Given its design, the concept presented in this paper
has the potential to fill this gap.
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1 Introduction 2 X-By-Wire Survey
A range of electronic steering systems can be found One of the latest patents granted by the United
in a variety of modern vehicles. Nonetheless, these States Patent and Trademark Office (USPTO) in the
systems still do not achieve the desired goals with last millennium is owned by Dilger et al.
respect to availability, reliability and functional (employees of Robert Bosch GmbH), and titled
safety. This is due to the increased effort and the 'Steer-By-Wire Steering System for Motorized
resulting complexity of these control systems, as Vehicles' and issued on 29. December 1999 with
well as the redundant network technology that patent number US 6,219,604 Bl [1]. It describes
would usually be necessary for such a system. how a force feedback system can use haptic/tactile
Efforts to integrate functional safety into systems perception to provide the driver with information
with complex structures can now be seen, which about the current road conditions. If the driver does
should allow these functions to be realized in not exhibit predefined reactions, e.g., reducing the
compact spaces at low weight levels. Changes havespeed, or the system detects an imminent danger, the
also been made to the standards, making thesesystem intervenes by taking appropriate measures.
systems appear to be worthy of approval. When  Many x-by-wire systems are now commonplace.
considering a complex system such as an electronic To control or drive vehicles, they all use operating
steering system with no mechanical coupling commands that are electrically forwarded to the
between the steering wheel and the controlled actuators, e.g., the servo motors. Power need no
wheels, not only the mechanical components, but longer be transmitted mechanically between the
also the control electronics, sensors and actuatorsoperating elements and corresponding actuators.
must be taken into account as an overall system. For For a system suitable for use in series production,
high-availability systems, requirements to take the functional safety aspects must be given the same
redundancy as well as systematic and common consideration as the purely functional aspects.
cause failures into account are particularly According to the European Product Liability Act,
important. Other aspects such as the real-time car manufacturers and their suppliers may only use
capability under worst case conditions also play an new systems, if they are thoroughly tested and can
essential role. The structure proposed in this paper demonstrate sufficient operational reliability. In the
not only features high-availability, but also the 125 years since Carl Benz' patent motor vehicle
redundancy levels required for such systems. number one was first taken for a test drive in and
around Mannheim [2], the automotive industry has
collected sufficient experience on the mechanical
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side. In contrast, mechatronic systems, among
which the x-by-wire systems are included, have only
been in use in the automotive industry for roughly
the last 25 years.

There are a variety of safety concepts for the
various application areas. The objective is always to

Communications and Computers

and fault tolerance through redundancy. In the EU
sponsored research project HAVEit [3], this is
implemented by having a secondary system that
adopts the function of the primary system if a
safety-critical failure occurs [6]. This secondary
system operates until the driver is able to completely

ensure that the system enters the safe state whenevecontrol the vehicle and acknowledges such to a
a detected dangerous failure occurs. The dominant safety control system, or safety controller (SC), as it
idea for track-guided transportation systems, such asis referred to in the following sections. This SC has
those used in railways, is the ‘fail-safe' concept. If to demonstrate the 'fail operational' characteristic.
the safety system is demanded or detects a At least within the scope of vehicle steering, fail
dangerous failure within its logic, the equipment operational means that the SC has to operate safely
under control (EUC) and the safety system itself are until the driver has acknowledged safe control of the
stopped in accordance with the “de-energize to trip vehicle. “Fail operational” and “fail safe” are not
principle”. The train stops. Because of the very high necessarily the same thing, since ‘fail safe’ means
safety requirements for railways, the safety systems that a safe state is adopted in the event of a failure,
must be structured redundantly and feature high e.g. usually the SC is shut down if the SC itself has
diagnostic coverage. Accordingly, this also applies a safety-critical failure. Nonetheless, to ensure that
to all railways signaling technology [4]. This safety the SC is also fail safe, either the redundancy
concept would have fatal consequences if used for principle, very high diagnostic coverage or a
air traffic! In air traffic, if a safety-critical situation  combination of the two methods can be applied to
occurs, the aircraft, usually an airplane must be able achieve a high safety integrity level in accordance
to continue its flight until the next safe landing is with IEC 61508 [7].

possible. In this case, the ‘fail silent’ safety concept
and all of its fall back levels apply. While a dual
modular redundancy is usually sufficient to achieve
a safe state in the railway industry, i.e., the EUC and
the safety system stop as soon as the safety system
detects a discrepancy between the redundant
channels; at least a triple modular redundancy is
required in the avionics industry. A triple modular
redundancy is the minimum requirement since the
airplane must continue to fly. With dual modular
redundancy, if a failure occurs, the safety system is
not able to decide which of the two channels is still
operating properly. With triple modular redundancy,

if a dangerous failure occurs - but not a common-
cause failure, which is a topic of its own - one can
assume that this single failure only occurs in one
channel. Using a majority voting device (voter), the
two channels still operating properly can be
identified and the faulty channel can be switched off
(fail silent), thus allowing the airplane to continue
its flight until the next landing site.

As studies by DaimlerChrysler show [5], if a failure
occurs, a 'fail silent' principle used in an automotive
steer-by-wire system, with a mechanical fall back
level, can endanger the safety of the driver,
passengers and other people involved in the traffic.
When a failure occurs, the steer-by-wire system is
shut down and the driver uses the mechanical Fig. 1 High availability controller system diagram
control of the vehicle. The driver must therefore
have a certain amount of time to be completely in
control of the vehicle. The solution to this problem
is the combination of the two principles, 'fail silent'
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This paper describes a safety controller concept
that can be integrated into the generic platform used
in the HAVEit project [6].
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This paper proposes a modified platform including 7.6.2.9, Note. 5. The method of the qualitative risk
the separation of the SC into two parts, the control graph is explained in the informative Section E of
unit and the actuating unit. Additionally, a Parts 5. The risk analysis allows one to determine
redundantly structured fiber-optic connection placed the safety integrity level that the system must
between the two SC units serves for comply with to minimize the risk resulting from the
communications and is operated with two different high-risk system. Defining the safety integrity level
spectra (Fig. 1). Thanks to their degradation levels, (SIL) for a safety system also means that upper and
the individual SCs themselves have identical a 1004 lower failure thresholds are set. IEC 61508 provides
(one-out-of-four) RISC core architecture and four different SILs. A safety system can be operated
comply with both the 'fail operational' and the ‘fail in two differing modes: in low demand mode, if the
safe' principles in a highly effective manner. safety function of the safety system is seldom
demanded (less than once per year) or in high
demand mode, if it is often demanded (more than

3 Safety Integrity in Accordance with once per year), see [7] Part 4, Section 3.5.16. The
IEC 61508 and | SO 26262 IEC 61508 equates the high demand mode with the

. . " . continuous mode. In this mode of operation, the
;-2]% t}I/E(E)f61e5|ggtrii:?daer|:c':rsonei(r:]/tltli)orloglr:;nq(r:r?:glzl safety function is integrated in the system's normal
electronic safety-related systems". The first edition operation and maintains the process to be monitored

in a safe state, should a failure occur, see [7] Part 4,
[8] has been accepted as EuroEean standdarotlll ZOOlfb%ection 3.5.16. In the low demand mode tr[1e] failure
CENELEC. Since May 2010, the second edition o . PN " : C
the IEC 61508 is updated and valid [7]. In rate is defined as the "the average safety function's

: . probability of failure to perform its design function
gccor‘t()jance \/}gth tge lECf GuL()JIe .104 [g]d IEdCA61':E)OS. on demand", see [7] Part 4, Section 3.5.17. In case
IS tod edcqn5| ered a sa géyl'asz(c: standard. Sd aZ'Cof high demand or continuous mode of operation,
sr:an ard, Ilt' ds?rves as gfl.“ elnlc_a or sector séan i.r Sthe failure threshold is defined as "the average
that are valid for a speciiic application area. Specific probability of a dangerous failure" per unit [1/h], see
appllcathn requirements can thus be taken into [7] Part 4, Section 3.5.17. The continuous demand
2(r:Ic|oEu(r:1t éqgggcgfs' l'IE'rg:e é'{é&i?%%;itﬂ;?rngggs?d mode is to be used for safety functions used within

Safety instrumented systems for the process industrythe scope of steer-by-wire. For SIL 3 applications,
sector [10], IEC 62061, Safety of machinery - the maximum mean frequency of a safety function's

Functional safety of electrical, electronic and dangerous failure is less than 10/, see [7] Part 1,

programmable electronic control systems [11], and Section 7.6.2.9, Table 3.

; ISO 26262 "Road vehicle - Functional Safety"
IEC 61513, Nuclear power plants - Instrumentation [15] is a sector standard based on IEC 61508, which
and control for systems important to safety - '

. takes the specific requirements of the automotive
General requirements for systems [12]. An P 9

additional objective of the IEC 61508 standard is to sector into account. The current standard state for

Parts 1-9 is currently classified as "international
present to users, whether developers or operators, &tandard under publication”, which means that the

gggerbael ?gﬁézaﬁgtgnagggvume t;}’?g:?uﬁoﬁ?f?é azrr:tei}gsstandard has been adopted with respect to its content
9 and is expected to be legally published as

safety lifecycle of a safety system. The main international standard within this year. The

c;)nc(;arnd of the tstudy g(rjoupthrespon_smle for this informative part 10 (Guideline on ISO 26262) is
zoins';;nt Wf(lasstatc))le prcr)(\)/(l:ee(:j ree Igéncf)slissogszrstegt available as draft version. The current scope of ISO
' ’ P ure. ’ 26262 concerns safety-relevanteE/E-systems

basis that is valid EU-wide and recognized . ; .
. e . (Electrical/Electronic systems) used in passenger
worldwide, can thus be used by notified bodies to cars up to a total weight of 3.5 t for ensuring

test, validate and certify the safety system developed functional safety. This scope could be extended in

or operated by the user. the future to utility vehicles [16]. Similarly to IEC

tTZe dap;proglch Iprgsentedd |r; ﬂ:e. IEC 61?28 61508, the ISO 26262 also describes the various
standard for developing and structuring a satety requirements to the overall product lifecycle, from

system is based on a risk analysis performed on Aihe development Of the safety system up to its
h'bgh'”Skh systen;]. (IjE? 615f08 mal;es no stﬁtem_erllts decommissioning. 1SO 26262 provides this
about the methodology for performing the ris description taking a car's lifecycle into account.
analysis. |EC 61.508 suggests the qualitative “S.k While IEC 61508 informatively explains the risk

graph as a possible method, see [7] Part 1, Sect'ongraph as method for determining the required SIL,
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ISO 26262 is more precise. Part 3 of the standards "combination of a hazard and an operational
presents a normative description of the procedure situation" (Part 1, Section 1.59) in which a "safety
for analyzing risk using the risk graph. The term operation" (Part 1, Section 1.114) must be
"risk" is used in different ways depending on the performed. This situation appears to correspond to
discipline. In engineering sciences as well as in the the high demand or continuous mode of operation in
IEC 61508 and ISO 26262 standards, risk refers to a accordance with IEC 61508. The safety integrity of
combination of the probability that the harm occurs a safety integrity function is defined as SIL (Safety
and the severity resulting from it [17]. For Integrity Level) in IEC 61508, and as ASIL
calculating the risk, IEC 61508 uses the following (Automotive Safety Integrity Level) in ISO 26262.
parametersk = frequency of, and exposure time in, The common element in the two parameters is that
the hazardous zond® = possibility of failing to both lower failure thresholds as well as the hardware
avoid the hazardous eveW = probability of the architecture metric are taken into account. Both
unwanted occurrence, and C = consequences of thestandards specify four different integrity levels for a
hazardous event. In accordance with ISO 26262, safety function. ISO 26262 introduce an additional
risk can be calculated from the combination of the level, which is stated as QM (Quality Management).
severity resulting from the harm S, the probability This level means that the function is not a safety
of exposure regarding operational situatiésnd function. The requirements for this function are met
the controllability C. Depending on the valence of through the sole implementation of quality
the various parameters, the risk can be substantially management requirements, e.g., in accordance with
the same in the most various combinations. In 1SO 9000 [19] or ISO/TS 16949 [20]. The range of
process industry as well as in avionics, an event values specified in the two standards (see IEC
causing damage has usually a higher severity level 61508, Part 1, Table 3 and ISO 26262, Part 5,
than a severe car accident. On the contrary, a carAppendix G, Table G.I) is not identical for all four
accident is more frequent than an aircraft accident or integrity levels, as shown below in Table 1. In IEC
damage in process industry [18]. The objective is in 61508, the hardware architecture metric is
all these cases, the risk reduction achieved through determined by the safety parametsafe failure
appropriate safety systems. fraction (SFF) andhardware fault toleranceaking

In IEC 61508, a safety integrity function (SIF) the used component type into account (see IEC
serves for reducing the risk reduction associated 61508, Part2, Table 2 and 3).The SFF express the
with equipment under control (EUC). The safety relation between detected - safe as well as
integrity function is usually integrated in a safety dangerous failures - and all potential failures
controller, and the safety controller and the EUC are (detected as well as undetected). The hardware fault
two independent units. ISO 26262 does not use the tolerance is determined by the redundancy of the
term EUC but item. According to the authors, these architecture in use. For the used components, the
differentiation should make it clear that a separation difference is made between proven components, for
between safety system and equipment under control which the failure modes are known and non-proven
is not always possible in the automotive industry, components.
e.g., if the safety system itself is a part of the
system. This can be illustrated using the example of Table 1. SIL and ASIL according to IEC 61508 and

steer-by-wire: On the one hand, the system is used ISO 26262

to during normal operation, and, on the other hand IEC 61508 ISO 26262

it serves as safety system if the safety function is o Q‘gﬁgjof E;;gsv‘;?;
demanded due to a system failure. The functl'ona SIL dangerous failure of  failure ASIL
safety of such systems is referred to as functiona the safety function target

intrinsic safety. PFH [1/hr] values

This example also shows another distinctive feature 4 102 <PFH <1078 <1078 D
between IEC 61508 and ISO 26262: The steer-by- <10°® C
wire system must intervene often (in terms of IEC 3 108 <PFH <107’ —10° 5
61508, this means more than once per year) and ip =

possible future cars [21], [22] even continuously to 2 107 <PFH<10"° <10°® A
drive the vehicle in the required direction. While 1 10°<PFH <107

IEC 61508 distinguishes betweésw demandand No Safety oM
high demandr continuous mode of operatiol§O function

26262 uses the ternoperational situation. A
hazardous evenis described in ISO 26262 as a
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ISO 26262 does not use the terms SFF and For the LF metric (LF_M):
hardware fault tolerance. The term@gle point

faults metric and latent faults metricare used z p
instead Single point fault (SPF) generally referstoa LF _M =1- (-1 - ) (5)
dangerous failure that is not detected by the safety Z SPF /'RF

function. If a redundant safety architecture is used,
the SPF can be split in a fraction including a
dangerous failure which cannot be detected even by
the redundant safety function and once again
referred to asSPF, and a fraction of a detectable
dangerous failure, the so-callegsidual fault(RF).

The relation between number of safe failures and
dangerous failures will probably turn out to be in
favor of safe failures. In terms of metrics, however,
this means that every removed failure worsens the
metric value see also [23]. This is probably not

This RF remains undetected in a non-redundant t&rgeted by the automotive industry since the metric

structure and is only detected if redundant safety Values specified abov&le should make a statement
architecture is used (see [15], Part 5 Annex Band @Pout a safety system’s quality, i.e., how safe the
C). In addition of the failure rates SPF and RF, there SYStems.

is also themulti point faults(MPF). They include

dangerous failures, that can be controlled and are,

independently of the architecture, detected by the 4 Safety Controller Concept

safety function, so-called MPF, or by the vehicle A trend in the automotive industry is the
driver within a given time period, so-called MPF requirement for increasingly high quality of the
perceived, or as third MPF type, the MPF latent electronic functions. Safety critical functions,
which are controllable but not detectable faults (see previously based on pneumatic, hydraulic or purely
[15] Part 1). The common failure rateof a HW mechanic concepts, are noticeably implemented
element is composed of all previously described today using programmable safety controllers. And
failure type and can be expressed mathematically asthe trend continues to develop in the direction of

follows: controller miniaturization. In fact, due to the
continuing development of semiconductor structures
A=Agpr + Ane + Aype op FAwpe L+ As (1) whole safety controller can be integrated to a single

chip. In this context, several research approaches
. . has been published dealing with the implementation
The failure rateAypr_pp inCludes both theviPF auf safety-related architectures with on-chip

detectedand theMPF perceived.A,x | describes redundancy. These are usually based on Field

the failure rate of MPF latent. The safe failures are Programmable Gate Arrays

included in the failure rat&. According to IEC

61508, the SFF is defined with the following

. 4.1 Proposed Architecture
equation:

Since the proposed controller is planned to be used
for steer-by-wire in automotive applications, several

SEE= z/]s +ZADD ) dependability requirements have to be considered.
z/] On one hand, high availability architecture is

required in automotive control systems. On the other

. . _ hand, such architecture needs to be combined with

Where Aq is the failure rate for the safety failure, high safety measures as described in section 2. In

App is the failure rate for the dangerous detected this context, the standard IEC 61508 presents a set
failures andA the total failure rate for all failures. of system architectures to fulfill dependability

According to ISO 26262, the following equations requirements based mainly on redundancy and

apply for metrics: For the SPF metric (SPF_M): diagnosis. Considering high safety the 1002-, 2003-,
and loo3-architecture can be respectively targeted
according to the standard. Furthermore, enhanced

SPF_M =1~ Z(/]SPF *Aer) = Z(AMPF *As) (3) system architectures can be adopted as the 2004- or

> DA the loo4d-architecture. Based on its quadruple
with redundancy the proposed architecture offers a higher
safety. Possible disadvantages of the proposed

Aupe = Aupe op + Aupe L (4) architecture as the increasing power consumption

and systems costs carry less weight while targeting a
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one chip solution. In order to insert a higher
availability to the propose architecture a concept of with R(t) is the reliability function for each single
degradability is introduced. Once a system failure is 4jemeni.

detected the failed system component will be

excluded and the controller will be degraded to a

loo3-architecture and so on to a loo2-architecture

as shown in Fig. 2. Meanwhile, the failed

components can be repaired or replaced based o
the used technology. This new concept of
degradability provides the safety controller with a
very high availability. In the following the loo4-

422 MTTF-Value

The simplified form of the MTTF-value (Mean
“rime to Failure) can be deduced from the reliability
function as shown below. A detailed calculation of
the MTTF-value using Markov models is described

architecture as well as its on-chip implementation in [26].
are briefly introduced. .
e MTTFip0q = | R(t) it
( \" loo3
‘/’/V Architecture 0 (7)
( RISC RISC 1 | By e MTTE :EJDJI
Core >  Core T loo4 12
)/ Where A is the failure rate for a single element.
E { E 4.2.3 PFD-Value
RISC _| RISC An essential value for the calculation of safety-
Core Core . i
3 4 related controller is the average value of probability
— of failure on demandRFD,,,). In the following the
- - simplified form of this value is given. This brief

calculation is based on fault-tree analysis and do not
Fig. 2 Degradable safety controller conclude common cause failures. Further
calculations are based on the mentioned standards
and can be found in [26].
4.2 1004 Architecture Calculation
In order to calculate safety and reliability 1.4
parameters of the proposed degradable controller a PFDyyg = =2
sophisticated calculation is needed to be introduced.
The calculation of these parameters is mainly based . : .
on the parameter of the basic architectures. While Wherg Ao 'S_ thg failure rate for dangerous failure
the 1002- and loo3-architectures are described in@ndT is the life time.
[7], the calculation of the 1oo04-architecture is
briefly described in the following. Extended . .
calculations are given in [25] and [26]. 4.3 On-Chip Implementation
As already mentioned in the introduction the aim of
the proposed concept is to integrate a safety
4.2.1 Reliability controller into a single chip. Therefore four 32-Bit

The calculation of the redundant system reliability RISC processors in form of Intellectual Properties
can be carried out under the condition that the (IPS) and several needed components as local

failures free operational times of the elements are Memories, hardware comparators, communication
independent random values. The reliability function Interfaces are to be implemented on a single chip. In

of the 1oo4-architecture is calculated as follows: this context, a first approach for on-chip safety-
related systems based on a loo2-architecture has

been presented in [24]. For a start, a high capacity

(8)

4
R1004(t):2(-4jm(t) [ﬂl—R(t))‘H FPGA is going to be targeted as a flexible rapid-
iz \ (6) prototyping platform. As a future prospect the
R.. ()= 4DF@— 6DR2(t)+4D?3(t)— R“(t) design of an ASIC is planned. While implementing
04 -

safety systems with on-chip redundancy, several
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requirements and measures are to be taken into = number of code words of weight

account according to the IEC Standard [7]. These | = summation index, representing the
requirements vary from modeling according to the number of corrupted bits

V-Model given in [7], using special coding rules p = single bit error probability (bit error ratio,
and guidelines, as well as using special rules for BER

placement and routing of the system. The chip n = block length

integration and analysis of the proposed controller d = minimum distance

will be published in a separated work.
the weight of a code word being defined as the
number of non-zero bits.

5 Fiber-optic Communication o _ _
Optic-fiber [27], [28] is used in many consumer Each Asatisfies the inequality
telecommunications applications, such as the

transmission ~ of  telephone and internet p S(”J
communication, and cable television. Due to much '
lower attenuation and interference, optic-fiber
communications has large advantages over existing from which easily the so-called worst case formula
copper wire in long-distance and high-demand can be deduced:
applications. Therefore, using optic-fiber

connections in safety-related appllcatlorjs offers Pue(p,C)zg[an' @-pp
several advantages. However, making any =\
communication system safe needs to be modelled

according to standards. In this context, an approach a jinear code Qs said to be proper if and only if the

of a redundantly structured fiber-optic connection is probability of undetected erroR,{p,C) is an

proposed in this work. These are to be placed jncreasing function of in the interval [0, 1/2]. In

between the two SC units and operated with two [30] the following estimate has been proven for

different spectra as shown in Fig. 3. proper linear codes, whereis the degree of the
CRC-polynomial:

(10)

SP1 SP1

72 Jn1l 44 n-1
Rje(pyc)sﬁl\/g?an p +2(\/27p) (11)

| SsP2 SP2 | =

The probability of undetected errdR . is mainly

dependent from the probability of bit failure of the
used communication media. As shown in Table 2
fiber-optic connections provide smallest values
which enforce using them in safety-related
applications.

2xT 2xR

Fig. 3 Schematic of an optical bus system

In [29] several bus architecture models for safety
related applications are introduced. In addition,
several methods are presented, which deal with
qualitative control of faults and transmission errors

. Table 2. E I f babiliti f bit fail
according to the standard IEC 61508. In the av'e xampies o probablities of DIt Tarlres

depending of the transmission medium [27]

following, a summarized analysis of the data -
. . . . . . Probability of - .
integrity of fiber-optic busses is given. Further bit failures p Transmission medium
calculations are given in [29]. For the needed
analysis, the calculation of the probability of > 10% Transmission path
undetected erroR . plays an essential role. This is
. . . 04 .
given by the following equation: 10 Unscreened data line
n
R.(p O :Z Ap (@-p) 9) 10% Screened twisted-pair telephone circuit
1=1
Where 10°¢- 10% Digital telephone circuit (ISDN)
— arhi ; 108 Coaxial cable in local defined application
C = arbitrary linear code
A = component of the weight distribution of C 10% 10 10% | Fiber optic cable
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6 Mechanical modéel power consumption and system costs and increasing

As safety and availability are needed in all the steps SyStém availability, while maintaining the required

of the steer-by-wire process, a safety-related model Safety integrity level. The proposed controller will

is also needed at mechanical layer. The proposedP€ implemented on an FPGA platform, which serves
model is based on the sun wheel concept, also S an ideal prototyping platform for verification and
referred as center gear concept [31]. The latter Validation issues. As a long-term plan a safety
consists of five gearwheels, four outer (epicyclic controller based on ASIC is targeted. Furthermore
gear, also referred to as planetary gear) and oneseveral software issues need to be solved, such as
inner (sun gear). The center gear may also operating system, synchronization and visualization.
incorporate the use of an outer ring gear or annulus, A communication approach based on redundant
which meshes with the planet gears. A simple optic-fiber connections in steer-by-wire applications
construction of a center gear is shown in Fig. 4. has been presented and needs to be implemented.
Each of the inner gearwheels is forced by a drive Therefore, a calculation of the probability of
while having a position measuring system placed on Undetected failure was demonstrated. Finally, a
its shaft measuring the rotational driveway and concept for enhancing availability at mechanical
revolutions per minute (rpm). layer has been presented by using a sun wheel

By using four independent measuring systems it (Center gear) concept.
is possible to detect the actual position of the outer ~ Summarized, the proposed approach covers the
gearwheel. In case of failing of one, two or three SYystém sa_fety and availability at all layers of the
measuring systems the actual position of the outer Steer-by-wire concept.
gearwheel is detectable by the other ones. Another
advantage by economic respectively environmental
means is the use of less powered drives References: _ _
(downsizing) which need less energy in comparison [1] E. Dilger et al..Steer-By-Wire Steering System
to a big high powered drive. The system is for motorized VehiclesUnited States Patent,

developed for having the capability to run even on Patent No.: US 6,219,604BI, Assignee: Robert
three of the four drives with the other drive Bosch GmbH (DE), Filed: Dec. 28, 1999, Date
supporting the others. Even if one drive fails of Patent: Apr. 17, 2001. _
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