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The invention relates to a method for determining an operating
stress of a component during operation of the component and a

rail vehicle for executing the method.

For many components, in particular for components of a vehicle,
it is not possible to directly record an operating stress. An
indirect estimate of the operating stress is additionally
rendered difficult due to complex, frequently nonlinear
influencing factors. For such components the operating stresses

are recorded during scheduled inspections.

Thus, for example, the recording of operating stresses of brake
discs and brake pads or linings of a rail wvehicle takes place
during maintenance work in a prescribed, regular maintenance
interval. Further recordings can be made after a particular
event such as, for example, an emergency braking from a high
speed since a visual inspection to <check for <cracks or
deformations of the brake could have become necessary. On the
other hand, in the case of a little-stressed brake, a regqular
inspection of the Dbrake could be dispensed with or the

maintenance interval could be adapted accordingly.

Document US 2003/0056995 Al discloses a method for determining
an operating stress of a component during operation of the

component as per the preamble of independent Patent Claim 1.

It is the object of the invention to provide a method to record
operating stresses of a component during operation of the

component.

The object is solved by the subject matter of the independent
claims. Further developments and embodiments of the invention
are found in the features of the dependent patent claims. A
method according to the invention for determining an operating

stress of a component, in particular a component of a wvehicle,
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during operation of the component comprises the following

process steps:

a. Recording measured values for predefined measurement
variables during operation of the component for at least n
different predefined operating modes, wherein n 2 2,
wherein the predefined measurement variables are not equal
to the operating stress of the component to be determined;

b. Determining m effect operands Wi to W, in predefined
dependence on the measured values for each of the n
operating modes, wherein it holds that: 2 < m < n;

c. Recording in each case a measured value of the operating
stress after operation of the component for each of the n
predefined operating modes, wherein it holds that: n 2 2;

d. Setting up and solving a system of equations with n
equations, in such a manner that m weighting factors a; to
an are obtained, with which the n effect operands W: to W,
are weighted, wherein a sum of the weighted effect
operands for each of the n operating modes is equal to the
measured value of the operating stress recorded for the
corresponding operating mode, wherein it holds that: n 2 m
> 2

e. Providing a calculation rule for determining the operating
stress during operation of the component using the

weighting factors obtained; m and n are natural numbers.

Process step a 1is executed in particular during an adjustment
phase whereas on the other hand, the calculation rule according
to process step e for determining the operating stress of the
component during operation of the component is provided during
an operating phase. This means that the measured values for the
predefined measurement variables during operation of the
component are recorded during an adjustment phase for the at
least n different operating modes. The calculation rule 1is
provided in order to determine the operating stress during a
subsequent operating phase without recording it directly and

immediately, in particular by measurement.
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The component is in particular a component of a vehicle, in
particular a vrail wvehicle. Vehicles are used to transport
persons and/or goods. In addition to land vehicles, watercraft,
aircraft and spacecraft, as well as mixed forms thereof are

also covered.

The operating stress of the component comprises wear of the
component. If wear is determined as operating stress, the
component could also be designated as a wear part. A
progressing loss of mass of a body, 1in particular at its
surfaces, which is usually brought about by mechanical causes,
is designated as wear. Wear 1is occasionally also <called
abrasion. Wear is one of the main reasons for component damage
and the associated failure of machines and equipment. Wear
parts are replaceable components which are subjected to a

certain wear when used as intended.

The operating stress of a component can 1in principle be
measured. Frequently however not during operation of the
component. The operating stress is therefore to be specified by

a measurement variable.

In process step a, measured values for measurement variables
are recorded which have a direct or indirect influence on the
operating stresses. The measurement variables are used to map
influencing or wear factors. These influencing factors directly
or indirectly influence the operating stress but are not equal
to the operating stress. In order to determine, in particular
in order to indirectly estimate the operating stress by means
of the measured values for the influencing variables which are
specified by the measurement variables however, various

mathematical operations are optionally required.

Firstly, individual effect operands are predefined to

characterize the operating stress. Effect operands need not be
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directly the subject of a measurement - they are not
necessarily measurement variables. They can also be determined
by means of ©physically known or gspecified mathematical
relationships from measurement variables to which direct
measurements apply. An effect operand is determined according
to the predefined calculation rule from at least one
influencing factor. The effect operands are therefore dependent
on the said measured values and are determined by means of a

predefined calculation rule or mathematical formula.

The effect operands are therefore determined by means of
predefined functions and according to a further development of
the invention by means of predefined mathematical operations,
wherein the measured values recorded in process step a for the
predefined measurement variables are used as operands of the
mathematical operations. Additional operands can optionally
assume constant values which are predefined, 1in particular
depending on the corresponding operating mode. In a further
development, exclusively constants and the measured values
recorded in process step a are used as operands to determine

the effect operands.

If the component for example comprises a brake disk, a brake
pad or a brake lining of a brake, in particular a hydraulic or
compressed-air operated brake, of a rail wvehicle, for example,
the braking time and/or the braking distance and/or the brake
pressure in a brake cylinder of the brake of the rail wvehicle
and/or the instantaneous speed of the rail vehicle are measured
continuously or discretely with a predefined measurement
frequency and therefore measured values for these measurement
variables are recorded by means of suitable sensing elements. A
first effect operand can then, for example, be determined by
forming an integral over the braking distance of the square of
the measured values of the brake pressure. For a second effect
operand, a product of the brake pressure and the instantaneous

speed of the rail vehicle can be integrated over the braking
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distance. A third effect operand could be obtained from the
integration of the brake pressure over the braking distance. In
the case of m = 3 effect operands, at least n = 3 different
operating modes must be predefined for which the measured
values for the predefined measurement variables are recorded
and for which the operating stresses are recorded. A first
operating mode then comprises, for example, normal
decelerations from predefined speeds on approaching a stop. A
second operating mode can on the other hand comprise emergency
or rapid decelerations from high speeds. A third operating mode
then comprises for example emergency or rapid decelerations
from low speeds, such as can occur, for example when persons go

onto the tracks at stops shortly before the rail vehicle stops.

However, operating modes can also only Dbe marginally
distinguished. Thus, measured values of a first operating mode
could be determined over a predefined time interval or a
predefined distance, for example from a location B to another
location C, during operation of the component as intended with
a plurality of moderate decelerations and a few rapid
decelerations. The reverse route from location C to location B
during operation of the component as intended could serve as
second operating mode, even with very similar operating
conditions. It is important that the component is operated in
separate and different operating modes and the measured values
are recorded and then evaluated. The operating modes can also
merely differ from one another by different environmental
conditions as long as the environmental conditions are also
recorded in the measured values and used to determine the
effect operands. Thus, for example, the influence of climatic
conditions could be taken into account. Then for example
temperature or air humidity are recorded as measured values.
The determination of the effect operands is made as above in
predefined, 1in particular fixed dependence on the measured
values recorded over the predefined time, for example, over the

elapsed time duration of the operation of the component as
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intended in the corresponding operating mode. According to one
exemplary embodiment, the determination of the effect operands
is made exclusively by means of the recorded measured values

and constants and mathematical operations.

For setting up the system of equations from process step d, the
effect operands are then weighted with weighting factors
wherein each effect operand is multiplied with a weighting
factor. Thus, the number of weighting factors is equal to the
number of effect operands. This takes place separately for each
operating mode. The sum of the weighted effect operands is then
equated for each operating mode to the measured value for the
operating stress recorded for the corresponding operating mode.
In the <case of n operating modes, n equations are thus

obtained.

If the operating stress recorded directly for each operating
mode is designated by =z, the system of equations can be

represented as follows:

al*W11+a2*W12+ PO +an*W1m = Z1
al*W21+a2*W22+ PO +an*W2m = Zy
al*Wn1+a2*Wn2+ PO +an*an = Zn

The system of equations 1is then solved and the values for the
weighting factors a; to ap are obtained. When solving the
system of equations, it can certainly occur that one weighting
factor becomes zero. Usually the weighting factors a:; to ap
assume values from the set of real numbers, for example,

positive rational numbers.

The system of equations from process step d is solved in a
further development by means of equivalence transformations.

These are considered to be widely known.
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Both the calculation rule for determining the operating stress
and also the calculation rule for the effect operands and the
determined values for the weighting factors are stored in a
memory in order to provide these for a subsequent evaluation

during the operating phase.

According to another further development of the invention,
process step e is followed by the following process steps:

f. Recording measured values for the predefined
measurement variables during operation of the
component, which measurement variables are not equal
to the operating stress of the component to be
determined;

g. Determining the effect operands  Wq to W, in
predefined dependence on the measured values;

h. Determining the operating stress of the component
during operation of the component by means of the
provided calculation rule with the weighting factors
obtained.

Process step f is executed during the operating phase which
follows the adjustment phase. The predefined measurement

variables from process steps a and f are identical.

The adjustment phase can be executed with one or more identical
components whereas 1in the operating phase further components
identical to the components of the adjustment phase are used.
The determined calculation rule including weighting factors
therefore applies not only for an individual component but for
all components of a group of identical components. Thus, before
process step f, the component can be exchanged with a component
from a common group of identical components. In the above-
mentioned example, in the adjustment phase process steps a to e
are carried out, for example, with a first brake lining. The
first brake lining is then replaced by a second brake lining,

which is different from the first brake lining but taken from a
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common group of identically formed brake linings, with which

process steps f to h are executed.

According to a further development, the operating stress of the
component determined in process step h during operation of the
component can be output. For example, it can be displayed to a
vehicle driver or it is transmitted to a central control center
and displayed there for further processing and evaluation. The
determined operating stress can also be output depending on the
determined operating stress. If it exceeds a predetermined
threshold wvalue, it 1is displayed and/or an alarm signal 1is
optionally output. Below the threshold wvalue no output of the
determined operating stress and/or optionally of an alarm
signal takes place. The operating stress can be determined
during operation of the component during the operating phase
continuously or discretely in predefined time intervals. A
determination can also be made depending on predefined events,

for example, after emergency brakings from high speeds.

According to one embodiment of the invention, in process step a
measured values for k predefined measurement variables can be
recorded during operation of the component, where k i1is a
natural number greater than or equal to m and it therefore
holds that: k 2 m. Alternatively a larger number of effect
operands could also be formed from a smaller number of

measurement variables. Then it would hold that k £ m.

A rail wvehicle according to the invention for executing the
method according to the invention comprises at least one
sensing element for recording the measured wvalues for the
predefined measurement variables, at least one memory for
receiving and outputting the weighting factors and at least one
evaluation unit, in particular a microcontroller for
determining the operating stress of the component during
operation of the component by means of the provided calculation

rule. The at least one sensing element 1s suitable for
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recording measured values for the predefined measurement

variables and is configured accordingly.

Furthermore, the invention provides a computer program product
for executing the method according to the invention. The
computer program product comprises a software code which is
suitably configured to execute the method according to the
invention when it 1is executed on a suitable data processing
system which in particular i1is covered by the rail wvehicle
according to the invention. Furthermore, the object forming the
basis of the invention is solved by a computer-readable data
carrier on which the computer program product according to the
invention is stored. The computer-readable data carrier can
also be covered by the rail vehicle in this case, in particular
it is covered by the memory for receiving and outputting the

weighting factors of the vehicle.

The invention allows numerous embodiments. It will be explained
in more detail with reference to the following example but

should not be considered to be restricted to this.

A manufacturer of rail vehicles manufactures a first one of a
fleet of identically constructed rail vehicles. It comprises a
compressed-air-operated braking system. After completion, it is

subjected to various test runs on a test section.

In this case, it is operated in various operating modes. In an
adjustment phase in order to determine an operating stress of a
brake 1lining, measured values for predefined measurement
variables are initially recorded for each operating mode. The
measurement variables are in this case not equal to the
operating stress of the brake 1lining to be determined. The
reduction in the thickness of the brake 1lining after each
operation of the rail vehicle in the predefined operating modes
is recorded here as the operating stress of the brake lining.

Further examples for operating stresses can be: the abrasion or
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the groove depth of a brake disk, but also the instantaneous
operating temperature of the brake disk. On the other hand, for
example, the instantaneous vehicle speed, the braking distance
or the time as well as the instantaneous pressure in a brake
cylinder are ©predefined as measurement variables during

operation.

Firstly, the vehicle is operated during the adjustment phase
therefore in a predefined first operating mode, during
operation the measured values for the predefined influencing
factors are recorded and after operation the operating stress
is measured. During the adjustment phase the wvehicle is then
operated in another predefined second operating mode different
from the first operating mode, during operation the measured
values for the predefined influencing factors are recorded and

after operation the operating stress is measured.

After operating the vehicle in three different operating modes,
three measured values are now provided for the reduction in the
thickness of the brake 1lining as well as a plurality of
measured values for the instantaneous vehicle speed v and for
the instantaneous brake cylinder pressure p for each operating
mode. The instantaneous vehicle speed v and the instantaneous
brake cylinder pressure p are in this case functions of the
braking distance s (p = p(s) and p = p (s)) or the time t (p =
p(t) and p = p (t)).

Also in this case at most three effect operands are determined
in predefined dependence on the measured values for the
instantaneous vehicle speed v and for the instantaneous brake
cylinder pressure p for each of the three operating modes. Here

the effect operands are obtained as:

N N N

lefpzds; Wszf(v.p)ds; Wngpds.
0

0 0
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Now an equation to calculate the operating stress for each
operating mode can be set up. To this end the respective effect
operands W1 to Ws are weighted with weighting factors a: to as
for each of the three operating modes in such a manner that the
decrease in the thickness of the brake lining recorded directly
for each operating mode 1is equal to a sum of the weighted
effect operands. The decrease in the thickness of the brake
lining is hereinafter designated by z. In general therefore for
each operating mode it should hold that:

z = ai1*W{ + ax*W, + ax*W,.

As already explained above, for n operating modes accordingly a

system of equations is generally obtained:

al*W11+a2*W12+ PO +an*W1m = Z1
al*W21+a2*W22+ PO +an*W2m = Zy
al*Wn1+a2*Wn2+ PO +an*an = Zn

and in the present case:
Sq Sq Sq

Zl = al.f p% dSl + az.f(vl .pl)dsl + a3.f pl dSl
0

o
o

S2 S2

S2
p%dszﬁ—a2:f(v2.p2)dsz4—a3:f P, ds,
0 0

Zz = al.

O\

S3 S3

p2dss + az.f (v3 .p3)dss + ag.f ps dss .
0 0

23 = al.

Here the three different operating modes were also taken into
account 1in the subscripts. The first operating mode here
provided a Dbraking with a predefined small Jjolt and a
predefined mean braking acceleration from a mean predefined
speed to a standstill. The Dbraking required the braking

distance s7. This resulted in a decrease in the thickness of
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the brake disk z;. The second operating mode here provided a
braking with a predefined large jolt and a predefined large
braking acceleration from a high predefined speed to a
standstill. The braking required the braking distance s, and
resulted in a decrease in the thickness of the brake disk of
Zy;. The third operating mode here on the other hand provided a
braking with a predefined large jolt and a predefined large
braking acceleration from a low predefined speed to a
standstill which required a braking distance s3; and resulted in
a decrease 1in the thickness of the brake disk of =z;. The
instantaneous speed for the braking of the first operating mode
was designated by vi. The instantaneous pressure in the brake
cylinder for the braking of the first operating mode was
designated by p:. Similarly the instantaneous speeds and the
instantaneous brake pressures for the braking of the second and
third operating mode are designated by v, or vs and p; or p;3

respectively.

However, an operating mode can also comprise a plurality of
identical decelerations. The vehicle 1s then accelerated
multiple times to the predefined speed and decelerated in a
predefined manner. The operating stress, here therefore the
decrease in the thickness of the brake lining, is only measured
thereafter. A higher significance is advantageous. If x were
the number of successively executed decelerations per operating
mode, where x 1is a natural number greater than one, without
further adaptation of the subscripts the equations of the

system of egquations would appear as follows:

x Sn x Sn x Sn
Zy = an.Zf pZ ds, + an.Zf(vn.pn)dsn + an.Zf Pnds, .

i=19 i=1o =19

In order to determine the weighting factors, the system of
equations set up above is now solved so that wvalues for the

weighting factors a; to as are obtained.
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The wvalues for the weighting factors as well as the said
calculation rules are then stored in a computer-readable data
carrier of each rail wvehicle of the fleet of structurally
identical rail wvehicles of the manufacturer. After delivery of
the rail wvehicles to the customer, these are put into
operation. The operating phase of a rail vehicle comprises the
now-following runs in regular operation of the customer

including the operation of the brakes as intended.

The rail wvehicles are each fitted with different Dbut
structurally identical brakes. Nevertheless, the operating
stress can be determined with the stored data and with the
measured values for the predefined measurement variables
recorded during operation in the operating phase. A replacement
of the brake linings with structurally identical brake linings

1s also irrelevant.

In the operating phase of one of the wvehicles following the
adjustment phase, measured values for the predefined
measurement variables are firstly recorded during operation of
the component, which measurement variables are not equal to the
operating stress of the component to be determined. The effect
operands W, to W, are then determined in predefined dependence
on the measured wvalues and the operating stress of the
component during operation of the component is determined by
means of the provided calculation rule using the weighting
factors obtained. To this end the calculation rules and the
weighting factors are read out from the memory or the computer-
readable data carrier for further processing and processed in

the evaluation unit.

Advantages of the invention are in particular that the
operating stress of the component during operation of the
component in an operating phase can be estimated indirectly by
the method according to the invention without directly

recording this, specifically when a measurement of the
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operating stress during operation 1is not ©possible, the
operating stress therefore cannot be recorded directly.
Measurements of the abrasion or influencing factors as
predefined measurement variables during operation of the
component are sufficient for this. A model of the operating
stress forms the basis thereof. During operation of the
component in the operating phase, the method according to the
invention is therefore free from a direct recording of the
operating stress. The model maps the influence of individual
effect operands on the operating stress in wvarious operating
modes. In order to determine the parameters, it 1is merely
necessary to run through at least two different operating modes
in an adjustment phase and distinguish the measured values for
the predefined measurement variables and evaluate according to
the model. The model 1is described mathematically by the
predefined calculation rule. This 1is made possible by the
separation of the adjustment phase from the operating phase. In
the adjustment phase the model is created and stored, in the

operating phase this model is then used.

A signal, for example, an alarm can be output when a predefined
limiting wvalue for the operating stress is exceeded and the
vehicle driver can thus be warned in good time of any failure
of the component. Instead of the output of a signal, the
determined operating stress can also be further processed, for
example, for planning inspections or even for adaptation of the
inspection intervals. Furthermore, it is possible to estimate
the lifetime of the component still to be expected and to
implement a quasi-continuous stress monitoring over the

lifetime of the component.

The influence of environmental conditions, for example, climate
can also be taken into account by means of the empirical
determination of the weighting factors of the calculation rule.
Since the component can be operated as intended under different

environmental conditions, measured values for external
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conditions such as, for example, for air temperature or air
humidity of the surroundings of the component can also be
recorded and the effect operands can be determined accordingly
also in dependence on the recorded measured values for the

environmental conditions.

The determined calculation rule is valid for components from a
group of structurally identical components in structurally
identical wvehicles and can be expanded to generic wvehicles.
Thus, only an adjustment phase is required. This is primarily
advantageous for operating stresses which can only be recorded
very expensively. The operation of the component in different
operating modes during the adjustment phase itself also need
not be carried out with the same component but merely with a
component from a group of structurally identical components
from which the component from the operating phase then

originates.

Optimal operating modes for the component can also Dbe
determined with the method according to the invention. To this
end the method comprises a corresponding process step following

process step e.

The different operating stress of components of different

manufacturers can thus also be easily determined.

Since the operating modes can also only differ marginally, for
example, in distance, time duration or environmental
conditions, no particular operating conditions need Dbe
simulated during the adjustment phase, in particular no special
run programs need be executed. It is sufficient to monitor the

corresponding measured values during usual maintenance trips.
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Patentkrav

1. Fremgangsmade til bestemmelse af en driftsbelastning af en komponent
under driften af komponenten, kendetegnet ved fglgende fremgangsmade-
trin:

a. at registrere malevaerdier til forudbestemte malestarrelser under driften af
komponenten i en justeringsfase til mindst n forskellige, forudbestemte
driftsmodi, hvor mit n = 2, hvilke méalestarrelser ikke er lig med komponen-
tens driftsbelastning, der skal bestemmes;

b. at bestemme m virkningsoperander Wy til Wy, hvor m 22 og m < n, i for-
udbestemt afhaengighed af méaleveaerdierne til hver af de n driftsmodi;

c. at registrere en maleveerdi af driftsbelastningen efter drift af komponenten
til hver af de n driftsmodi;

d. at opstille og lose et ligningssystem med n ligninger p& en sddan made, at
m vaegtningsfaktorer a4 til a, opnas, med hvilke de m virkningsoperander W
til Wn, vaegtes, hvor en sum af de veegtede virkningsoperander for hver
driftsmodus er lig den for den tilsvarende driftsmodus registrerede méalevaerdi
af driftsbelastningen;

e. at tilvejebringe en beregningsforskrift til bestemmelse af driftsbelastningen
under driften af komponenten i en driftsfase med de opnaede veegtningsfak-
torer.

2. Fremgangsmade ifglge krav 1, kendetegnet ved de folgende fremgangs-
madetrin, der falger efter fremgangsmadetrin e:

f. at registrere maleveerdier til forudbestemte malestorrelser under driften i
komponentens driftsfase, hvilke malestarrelser ikke er lig med komponentens
driftsbelastning, der skal bestemmes;

g. at bestemme virkningsoperanderne W1 til Wy, i forudbestemt afhaengighed
af maleveerdierne;

h. at bestemme komponentens driftsbelastning under driften af komponenten
ved hjeelp af den tilvejebragte beregningsforskrift med de opnaede vaegt-
ningsfaktorer.

3. Fremgangsmade ifalge krav 2, kendetegnet ved, at komponenten udskif-
tes med en komponent fra en faelles gruppe af ens komponenter for frem-
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gangsmadetrin f.

4. Fremgangsmade ifalge et af kravene 1 til 3, kendetegnet ved, at lignings-
systemet fra fremgangsmadetrin d lgses ved hjaelp af eekvivalensomformnin-
ger.

5. Fremgangsmade ifglge et af kravene 2 til 4, kendetegnet ved, at kompo-
nentens driftsbelastning, der blev bestemt i fremgangsmadetrin h under drif-
ten af komponenten, udleeses.

6. Fremgangsmade ifglge et af kravene 1 til 5, kendetegnet ved, at kompo-
nenten er en bremsebelaegning af et skinnekgreto;.

7. Fremgangsmade ifglge krav 6, kendetegnet ved, at de forudbestemte
malestarrelser er tiden og/eller bremsestraekningen og trykket i en bremsecy-
linder af en trykluftbremse af skinnekgretgjet.

8. Fremgangsmade ifolge krav 7, kendetegnet ved, at der bestemmes tre
virkningsoperander, hvor en farste virkningsoperand resulterer af et integral
af trykkets kvadrat i bremsecylinderen af en trykluftoremse af skinnekgretojet
over skinnekgretojets bremsestraekning, og hvor en anden virkningsoperand
resulterer af et integral af en multiplikation af skinnekgretgjets hastighed og
trykket i bremsecylinderen af en trykluftoremse af skinnekgretgjet over skin-
nekgretgjets bremsestraekning, og hvor en tredje virkningsoperand resulterer
af et integral af trykket i bremsecylinderen af en trykluftoremse af skinnekare-
tojet over skinnekaretgjets bremsestraskning.

9. Fremgangsmade ifolge et af kravene 1 til 8, kendetegnet ved, at virk-
ningsoperanderne bestemmes ved hjeelp af matematiske handlinger udeluk-
kende med de registrerede méaleveerdier til de forudbestemte malestarrelser
og forudbestemte konstanter som operander.

10. Skinnekgretoj med mindst et computerlaesbart datamedium omfattende
et computerprogramprodukt, der ved leesning i kraft af en computer bringer
denne til at udfere fremgangsmaden ifalge et af kravene 1 til 9.
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