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1. MOTIVATION AND AIM OF THE RESEARCH

The traffic volume even it is already dense wiltrigase further in the next years. As a result
also the number of accidents will increase, anfficrafficiency and traffic flow will suffer.
Trucks are involved over proportionally to the aetit numbers.

Stand alone safety systems — ABS (Anti-lock BrakBygstem), airbag, ESP (Electronic
Stability Program) — are distributed functions dtesa vehicle, which communicate with each
other, but not strongly integrated at the momenttiHermore functions like steering and
braking are not yet fully electronically controllethere is still conventional mechanical ac-
tuator control in use, resulting in a lack of spfedtential.

It is important to substantially improve overaliffic safety and traffic efficiency for heavy
goods vehicles by the integration of intelligenthbeologies into an intelligent, a fully elec-
tronically controlled power train. As part of thevger train a brake-by-wire architecture has
been being developed with predetermined redundizvey.

The development of these safety critical systenmmamly driven by that social demand,
that the societies wants to see safer, more reladthicles on the roads, which can also han-
dle more complex situations than the human driger c

The by-wire technologies (Figure 1) offer functibaa well as design benefits, but their
application in safety-critical systems, such ashttake and steering requires special care dur-
ing the design and release process.

The evolution of the heavy goods vehicle brakingtays tends towards that the pneumatic
and mechanic back-up systems are fading away atfdtlhe customer and the related safety
requirements are fulfilled by electronic and eleatrechanic systems not just because of
lower component and installation cost but increaseadlability.

Conducting the analysis of failure mode and effectables identifying of all potential and
known modes of failure occurrences in system askesfarts, their causes, evaluation of
consequences. Individual system elements can leweras failure modes, since each stipu-
lated function can have several failure modes.uraimodes are allocated, according to the
required function, into three groups: complete fiorcloss, partial function loss and wrong
function, and this is important for conducting #ralysis. For each failure mode, the possible
effect (consequence) is analyzed at a higher leeelt the whole system level.

It is stated that the mentioned method is apprtgmaainly for non-redundant systems;
however, analyses of partly redundant systemshailshown using this technique. This con-
tradiction must be resolved by proper consideratiomhich are going to be presented. It
should be noted that this systematic approach lis @me possible solution and handles only
one failure at a time. Multiple failures can be tlad by quantitative reliability analysis,
which creates a fault model and contains the aizabfgshe model deductively.

Fault trees provide a convenient symbolic repredemt of the combination of the events
resulting in the occurrence of the top event amyide statement on the total failure risk. Re-
sults show that even handling only one failure #@itree is legally prescribed, hidden failures



or failure combinations can cause unintended effectsystems operation despite of redun-
dancy. That is why qualitative reliability analysisd its structural appearance can be system-
atic input for further needed quantitative relidpianalysis
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Figure 1.By-wire vehicle systems
Table 2 shows most of the possible layouts for FE@ut no back-up on the rear axle or in
the trailer control module-TCM) with two-circuit pamatic foot brake valve, and also the

1E+1P layouts, where the Foot Brake Module (FBM) tialy single circuit.

Table 2.Possible layouts for brake systems in terms of theek-up

Rear axlewith back-up Rear axlewithout back-up
TCM with 2P TCM with 1P TCM with 2P TCM with 1P

FBM
with
2P+1E

FBM
with
1P+1E

The electrical brake system architecture of theesih996 in heavy commercial vehicle
classes typical (in Europe) brake system architecitthas become wide-spread in passenger
cars recently. The system from the control pointiefv is really brake-by-wire, the decelera-
tion demand is measured by a redundant sensormgentire signals at a time, then based on
other parameters the Electrical Control Unit (EQ@d)culates the brake moment that should
be realized and close to the wheel the electro4madia, hydraulic or in the future the electro-



mechanic actuator execute it. In this case them® idirect connection (mechanic, pneumatic)
between the brake pedal and the wheel brake.

Based on experience these systems operate withrdligbility. The reason, why the back-
up systems are prescribed is the customer demash@ @ertain-level distrust. The back-up
system plays role if the electronic system failgyomable 2 shows a system with one elec-
tronic and two pneumatic circuits (LE+2P). It slibbke noted that the relevant requirements
are also fulfilled by 1E+1P systems. The mentioneake system, because the brake moment
can be executed without the driver's interventioniegrates several additional brake func-
tions, which cannot be provided with pneumatic bralgstem only. Such advanced functions
are for instance, Coupling Force Control (CFC) &&P. ABS is not a newly developed func-
tion, but is one of the most important brake fumas. Without electronic intervention there is
no chance for the driver to influence a specifaffic situation, while the functionality of
ABS in the same circumstances results in stablelehehaviour.



2.APPLIED METHOD AND TOOL

Failure Mode and Effects Analysis (FMEA) is an atiahl method of the preventive quality
assurance. It serves to find the potential faibfra product/process, to recognize and evaluate
its importance and to identify appropriate actiomprevent the potential failure or to discover
it in time.

The systematic analysis and removal of weak pde#ds to the minimization of risks, to
the reduction of failure costs and to improvedatality. FMEA is a good means to analyze
risks caused by individual failures. The individugks are weight against each other to rec-
ognize priorities. FMEA does not provide a statenmmthe total failure risk. For the analysis
of failure combinations, the fault-tree analysisngre appropriate.

Reliability design in the concept design phaserisarily oriented towards defining of re-
liability specification and selecting of the mostaptable solution from the point of view of
reliability meeting requirements, which means ttedibility of systems and their elements is
analyzed. The process of system designing is dtdryetranslating the users’ requirements
and needs into the specification for designing,int the design assignment within creating
of the pre-design. The concept design phase aloedethe design goals from the point of
view of meeting of the standards and regulations.

Before starting the FMEA it is worth deploying thedated requirements to design specifi-
cation level. For that purpose, several tools aeslable; one of them is the Matrix Analysis
(MX FMEA) from Plato AG (Figure 2), which seems e very powerful in safety-critical
applications.

The advantages of using matrix analysis over remtesy the system in a structure tree lie
is the fact that the function, failure and systérmcures are set up almost simultaneously and
that functional relationships are indicated witthe matrix.

The system-level structure of each matrix is basethe answers to three questions:

— What is the system or product to be analyzed?

— What customer needs/expectations, regulatory reopgnts, standards, etc. are associated
with such a system or product (functions and/ouegnents)?

— What subsystems make up the system or productvhinth functions correspond to these
subsystems (directly or indirectly)?

A qualitative reliability analysis was demonstratesing (Matrix) FMEA approach apply-
ing to a partly redundant semi-trailer electronrake system paying attention to all the ex-
perience known during the analysis.
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Figure 2.Matrix structure

The scope focuses on the steps of a correct proeedhandling redundant systems with

classical reliability approach starting from thetgyn definition through function deployment
finishing with assessment.

The requirements that the relevant components mest in order to fulfil a function are
mapped at interfaces (Figure 3). An interface ik means of separating system from de-
sign and a means of linking the two. Interfaces enidlpossible for the teams to work inde-
pendently at different locations.

Design and System FMEAs can run parallel to ealbhraip to a certain stage of the devel-
opment process and then the conception FMEA (hewtiole complex system is influenced
by each component) can be executed.

There are many benefits of performing FMEA, bedfdealready mentioned ones, includ-
ing a systematic approach to classify hardwareifad, reduces development time and cost,
reduces engineering changes, easy to understandssses a tool for more efficient test plan-
ning, highlights safety concerns to be focusedmpyoves customer satisfaction.
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Figure 3.Representation of involved levels in System andigdeFMEAs with defined interface

In additional, it is an effective tool to analyzaall, large, and complex systems, useful in
the development of cost-effective preventive maiatee systems, provides safeguard against
repeating the same mistakes in the future, usefabmpare designs, a visibility tool for man-
ager, a useful approach that starts from the eetddvel and works upward improving com-
munication among design interface personnel.



3.NEW SCIENTIFIC RESULTS

The proposed theses concerning this research werkusanmarized below including publi-
cations related to each thesis or the dissertatitime next chapter.

THESIS 1. Based on comparative analyses and critical evatuetithe efficiency and defi-
ciency of legislation were presented concerning gleetronic stability control function of
heavy commercial vehicles (Chapter 6[b)[13, FT18]

The international legislation systems (neither th¢-ECE nor the FMVSS frame) have not
had any explicit chapter which describes the opmraif the electronic stability control sys-
tems until quite recently. The availability of susiistems and the strong pressure from the
society to reduce the severity, primarily the tiaéfccident fatalities forced the law makers to
address this issue both in Europe and North-Amefiba difficulties of regulating a system
which efficiently intervenes to the vehicle dynammtoes not requiring a direct action from
the driver is high, many issues have to be adddesgaere the regulation is to be placed (ex-
isting regulation or new one), what to regulates{esn or function), how to regulate (clear
performance or pure design criteria should belfet)? In my work | analyzed some these
aspects of the highly safety-critical electronigbslity control system and elaborated propos-
als to some of the technical aspect.

a) The regulation should specify a function anditsétheir technical realization.

The SIL (safety integrity level) can be clearly eletined for the electronic stability control
function and its sub-functions (in-plane, or yawrol and out-of plane or roll-control), and
depending on the actual application, the approprsatb function can be mandated for the
given vehicle type. In case of commercial vehiddeth sub-functions are applicable either in
combination (for motor vehicle, which is controfiirihe towed vehicle’s roll behaviour as
well) or as independent functions (only roll-staiitontrol for trailer application). The regu-
lation should not hinder the application of oneaaother of these sub-functions, this should
be regulated on political and technical level.

b) Accepting that the definition of pure performareiteria is the long term optimal solu-
tion, actually some design requirement type of elet® should be embedded into the
regulation in order to promote its short termedeaptance and introduction.

For the control design the yaw rate (for yaw cojtaod vertical wheel load (for roll con-
trol) information, which should not be directly nseaed, but these variables should be
observable. The authorities should check the gosxiné these two signal used as state
variables, thus it becomes a performance-like riaitd-or the sake of the efficient inter-



vention into the vehicle dynamics the electroniottle control and the individual wheel
brake control as actuators should be used. Anytiaddi actuator can be used in the fu-
ture (electronic steering, suspension, etc.), burder to ensure the controllability of the
vehicle, the engine and brake control is neces3dng. criterion can be envisaged as de-
sign-like requirement.

The two components above have been integratedfieta1"” amendment of the UN-ECE 13
regulation, Annex 21 dealing with electronic stapitontrol systems, and this amendment
has been accepted by WP29 in November, 2007. Iti@adusing this amendment as terms
of reference, the WP29 accepted the proposal dEtinepean Union to mandate the ESC sys-
tem for vehicles above 3.5 tonnes from 2012 (agogrtb a defined roadmap).

THESIS2. According to reliability design and analysis the-snd homomorphic system rela-
tions were demonstrated between the future comaterehicle and today’s aircraft elec-
tronic control and brake systems (Chapter 7[EY.11]

a) Relations between aircraft and commercial velgontrol systems

The equivalence relations were deduced betweendhiol systems mentioned above based
on principles and guidelines developed in R&D petgesupported by 5th EU Frame Pro-
grams. The experienced usage of by-wire (fly-byeyvgystems becomes more and more inte-
grated into heavy commercial vehicles regardingxty-wire systems providing additional
stability and safety functions. In control the coamd layer collects all the information about
the vehicle direction and the surrounding and casepdhe so called targeted motion vector,
the execution layer commands the individual actgatmd realizes the motion vector. One
can note the composition of the motion vector isy\@milar to way as the 2 pilots control
their airplane. In order to make the autonomouscleltontrol safely possible, the informa-
tion from the command layer must be transmittethtoexecution layer in a redundant way,
and also the execution layer must have redundanbumication and energy supply architec-
ture.

The demonstrated relative isomorphic systems betwiee aircraft and commercial vehicle
control processes provide efficient reliability dgsand analysis for the improvement of road
vehicle brake systems. (It is widely known thatriarily because of the prescribed reliabil-
ity and availability requirements — the aircrafntol systems represent more advanced level
of technology.)

b) Relations between aircraft and heavy commevehicle brake system.

The brake system of an aircraft is considered thigbly critical while the plane is taking-
off (in case of rejected take-off it has to decaferthe fully loaded plane) and at landing



(when its not proper might lead to uncontrollaiiliblown-up tire or deceleration disability).
This explains the layout of a typical airplane malystem. Both the control and the energy
supply are redundant, at least all deterministimgonents are double, in some of the cases
there is a third hydraulic circuit used in caséhaf failure of the primary systems.

THESIS3. The iso- and homomorphic relation of electronickieraystems (2E) were ana-
lysed and the connections with the relative systefisgislation were demonstrated, in so far
as these architectures meet the legislative reapeinés without providing pneumatic back-up
mode (Chapter 7.2). [FT9]

According to the relevant legislation today’s comam vehicle brake systems should be de-
signed with two-circuit pneumatic (back-up) syste(@®). Despite the fact that the two-
circuit electronic brake system (2E) provides setdttronic functions that are available in
case of electronic (back-up) system only, theseamidhges cannot be taken with the pre-
scribed pneumatic back-up systems. Although thenfets the legislation requirements,
1E+2P integration is accepted, not the 1E+1P stractven permitted yet.

THESIS4. It was shown that the presented qualitative rdiigbanalysis technique is not ap-
plicable in itself for redundant systems, in ortierdraw the proper design consequences It
was proposed that suitable calculations make tladitgtive reliability analysis method adapt-
able to redundant systems (Chapter 8.2, 8.3). [FT2, FT16]

The presented qualitative reliability method, thdure modes and effects analysis, is an ac-
cepted and widely used technique in concept dgsgise of system architectures. It can be
derived, from its feature handling one failure ain@e, that in case of redundant (sub) systems
this method is not the most suitable techniquahénfinal phase of the analysis, at optimiza-
tion, excluding severity the RPN depends on the newurrence and detection values. The
aim of FMEA is the intervention at failure caudeattis why severity, which refers to failure
effect, must remain the same. In this case if amdent system is the preventive or detection
action no adequate information can be derived feystem architecture, since fault-tree
analysis can give useful values counting with falwates of failure combinations. The
evaluation phase of failure mode and effects armlygsed on appropriate ranking catalogues
concerning the analysed system and the type oFEhEA. There are given guidelines to the
ranks of each factor (severity, occurrence, detagtifor instance, experience in usage, degree
of known component features. RPN1 includes fadv@fere optimization which if is above
100 recommendations for corrective actions mustidee that is why in the optimization
phase with proper considerations must be used dluate the whole design. In order to re-
solve the optimization problem of the redundantesysthe following operations were intro-
duced during the analysis expressing the weighésolf factor. For occurrence (O):
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O _ _ preventive_action _ redundant_ preventive_action (1)
, =
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For detection (D):

D, = min|D D

1_corrective_action? =1_redundant_ corrective_action] (2)

Results show the success of optimization, therisritical risk priority number after these
operations.
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