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Virtual Sensors for
Diagnosis and Prognosis Purposes
In the Context of Elastic Mechanical Structures

Frank Heidtmann, Dirk Soffker

Abstract—This contribution deals with a model-based ap- [24], [20], [3], experimental results of the PIO for praetic
proach for diagnosis and prognosis tasks in the context of applications are given by [21], analytical consideratitaiéng
elastic mechanical structures in conjunction with the Safety — jea5yrement noise and model uncertainties into account are
and Reliability Control Engineering (SRCE) concept. In elastic . - . . L
mechanical structures faults are given by structural changs in givenin [22]_' Th_'s paper dea_ls with _the appl'ca_t'on of th®PI
mass and/or stiffness, caused by cracks, lost of material dor ~ for the localization of faults in elastic mechanical system
example by the internal delamination processes of carbon fir The diagnosis of elastic mechanical systems comprises faul
laminate materials. The latter affects modern light weightd detection, isolation/localization, and analysis/estiora But
structures which are more and more used for example in he remaining question is about the actual reliability and

aircraft constructions. Especially for such safety-critical systems, lifeti f th ¢ in th f faults. B q
online and in-situ fault diagnosis are desired. StructuraiHealth- '"etMme O the System In the presence of Taults. beyond,

Monitoring (SHM) concepts deal with different tools to realize it is about exerting influence on a system to affect system
safe systems, applying fault monitoring and repair mecharsim reliability and to extend system usability/functionaliypder

in combination with approaches for monitoring the hazard rate  given physical restrictions.

of complete complex systems. The common strategy to design a fault tolerant, robust, and

The contribution provides new results for the application d the liabl t ists of tructural reliabilit avof
Proportional-Integral-Observer (P1O) for the fault local ization in reliable system consists of a structural reliabiiity asesyo

elastic mechanical systems. At this the PIO works as a virtda @& planned system’s function design. If faults still occuithw
sensor. Moreover the PIO can be applied for fault detection ad  which the cause can not be eliminated by a redesign, a Fault
estimation. Therewith it can provide inputs for the SRCE cortept.  Detection and Isolation (FDI) module may be added to the
That one gives a framework and strategy to calculate the ac@l  gyqtam [2]. If an occurring fault affects the safety of theteyn
reliability of a system under operation what may be used for he , . . .
purpose of predictive/condition-based maintenance in theontext ©F the users health, Limp Home Mode (LHM) functionality
of SHM concepts. may be added to the system. lts function is to supply a
minimal functionality of the system in the case of faults and
subsystem failures. In [5] a new design strategy is proposed
|. INTRODUCTION which combines methods and procedures of structural relia-
ASICALLY, the observer ability to monitor large sys-bility analysis, FDI (including observer-based technigjuand
tems/structures with a comparatively small number &HM techniques to achieve a system with optimal functional
measurements delivers an interesting approach for pahctignd spatial integrated components. One core element is the
usage and applications. Safety and Reliability Control Engineeringpncept (SRCE)

In the case of elastic mechanical structures faults arengivid]. The concept enables a used, stressed technical system t
by structural changes in mass and/or stiffness propertiggn up to a specific lifetime in compliance with a defined
caused by cracks, lost of material or for example by tHeilure probability by controlling the increase of the tai
internal delamination processes of modern carbon fiber laprobability.
inate materials. These effects of structural changes can bdhe paper is organized as follows. The (modal) PIO and
understood as virtual forces or torques acting on a fasltle§e corresponding basic equations are presented in sdttion
structure. Regarding the virtual forces/torques as unknowhe (modal) PIO is extended by an numerical optimization
inputs of a known system, these inputs can be detected &mproach which enables the usage of the observer for fault
estimated by a Proportional-Integral-Observer (P10). Ph@ localization purposes, the Pl-Observer fault diagnosieept
is a time-domain-based approach providing online momitpri and the details of the localization approach are discussed i
opportunities during nominal system operating conditioles section lll. This is followed by section IV which introduces
usually no specific system excitation and no measureménsimple test rig and its modeling. The presented PIO-based
data preprocessing (e.g. FFT) is needed. Observers basedogalization approach is applied on that test rig, taking tw
model-less unknown input observations are used and enthandiéferent kinds of faults into account. The corresponding
in the last years. Advanced simulation results are given @xperimental results are presented in section V. Finaley th

Safety and Reliability Control EngineeringgRCE) concept

Both authors are with the Chair of Dynamics and Control, Begfing presented in section VI forms the link between the "tool”
Egg#ghéﬂxiﬁgd(g Duisburg-Essen, Germany, e-méftank.heidimann, P10 and SHM/CM concepts. The contribution ends with the

Manuscript received xxxx xx, 2008; revised xxxxxx xx, 2009. conclusions and an outlook in the last section.
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Il. M ODAL PROPORTIONAL-INTEGRAL-OBSERVER of its estimation errorse(t) = #(t) — z(t) and fe(t) =
(MP10O) f(t) = f(t) . For an observable syste(M ¢, Coxt), Suitably

The PIO observer theory is at an advanced stage. THeosen observer feedback matfixand a constant disturbance
theoretical background is given in [17], [18], [19], [20] ikh f(t) = f = const., the observer state vecto(t) reconstructs
PIO developments over the last years are summarized in [2{Jg system states(t) and the integral feedbagkt) represents
The PIO is a special disturbance observer which is able # unknown/virtual system inputs(t). For a time-varying
estimate system states and unknown inputs based on a gt f(¢) the precision of the approximations strongly de-
system description. With this in mind, the PIO can be regard@ends on the rate of change ¢ft) as can be seen in (6).
as virtual sensor: If no physical sensor is available foeatir Additionally, model imprecision and measurement noisé wil
measurements, the PIO can provide information on statesligdt the achievable observer precision.
well as on inputs. The main task of the MPIO or rather PIO design process is

Coming from a systems MDK-representation includinghe synthesis of the observer feedback makriXhe main goal
known and unknown/virtual inputs, the PIO is derived iof the observer is the estimation of the system states ariteof t
modal form. The modal decoupling gives direct access to thaknown inputs. Therefore the observer matfix.; — LCeys
models eigenvectors (mode shapes), its modal mass, damping6) has to be asymptotically stable and the effectf¢f)
and stiffness parameters as provided by the used expeameaoh the error dynamics has to be minimized. Up to now only
modal analysis system. So also the PIO [17], [19], [20] igualitative solutions for choosing are available, pointing out,

derived in modal form. that
By introducing the state space vector
z(t) = [ 2(t) () ]T (1) [ Lall > [| L4l (7)
the model can be represented in state space form S
0 7 leads to useful estimation results [22], [21].
z(t) = { M Ko M=l D ] x(t) For this contribution the standard LQ approach is applied
diag™* diag diag ™~ ding to design the MPIO feedback matrix — what might lead to
A unrequested mathematical restrictions for However, this
0 approach guarantees the asymptotic stability of the observ
+ { M,;;g\pTWl } u(t) matrix. But apart from that, the design problem of thenatrix
s is shifted to the synthesis problem of the two LQ weighting
0 matrices@ and R.
+ { ML U, } f(@). (2)  In [23] the loop transfer recovery (LTR) method is used
diag to synthesize the. matrix. The LTR method also uses the
N LQ approach to solve the matrix Riccati equation. The result
The C matrix in the corresponding output equation point out that forR = I and a diagonal weighting matrig,
) Tw 0 the (-elements related to the unknown inputs in the extended
y(t)=C [ i) } =C [ 0 W } (t) () state vector| z(tH)T f()T ]T have a significant influence
on the estimation results. They are to be chosen very large
c in relation to the othe-elements in order to achieve good
depends on the system measurements in physical coordingi&@fmation results.

y(¢). Then Also the LTR method finally leads to (7). However, ques-
zt) | 1A N[0 B . tions remain:
jo |~ {0 on(t)}“L[o]“()

o Is there an alternativ&)-matrix-design without strong

At weight on thef (¢)-related@-elements?
L R o Which influence on the estimations is provided by the
+ [ Ly }(y(t) —9(0) (4) different elements of)?
—— « Obviously the estimation errorgt) and f,(t) are cou-
L R pled, cf. (6). Are good state estimations in the presence
gt) = [ C 0 ] [ xA(t) } (5) of bad estimation(s) of the unknown input(s) possible and
f@®) vice versa? How good can the estimations of the unknown
Cext inputs be tuned by means of state measurements? Are the
gives the corresponding MPIO with the error dynamics states sensitive enough?
ét) B A—IL,C N e(t) o In the presence of model imprecision and measurement
[ fc(t) } - [ —LsC 0 } [ fo(®) } noise: Can the estimations be improved by weighting
R specific elements of th@ matrix?

These questions are discussed in detail in [1].

| O] ©)
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I1l. PIO-BASED DIAGNOSIS OF ELASTIC MECHANICAL input is reconstructed. This reconstruction can gain titai
STRUCTURES information about the fault by means of a final analysis step

To ensure the proper and safe operation of a System’cq.)[ncerning fault type and fault cause, if n_eeded in conjanct
is necessary to detect and locate occurring system fauldth the system measurements and estimated system states.
Provided that the fault size, its location and its effect ba t FOr example, in [24] the PIO is used for the crack detection
system characteristics are known, it is possible to reafimt- at @ rotating shaft and its usage allows the visualizatiothef
saving predictive/condition-based maintenance. Coaredjng Crack breathing in detail. Especially the estimation oftech
concepts became generally known as Structural Health MdRICeS can be realized easily by the PIO because no (complex)
itoring (SHM) or Condition Monitoring (CM) concepts. Tofault mo.dehng by virtual forces, supposable in the case of
ensure system integrity they deal with different tools almecracks, is necessary. For example the detection and contact
at fault (online) monitoring, repair mechanisms, limb homforce estimation of blade rubbing in turbines could be sblve

= , N
Q) A. PIO for detection and estimation purposes
" !
7 Fault system As stated before the PIO usage requires the modeling of
2 the faults which are to be diagnosed. That means the effects
3 Faults / Unknown of the faults on the observed structure have to be modeled b
L inputs ) u veda structure hav y
K inout > M . virtual forces/torques. How this looks like for the exampfea
nown puts Nominal system casuyrements cantilever beam and two different types of faults is illagtd
in Fig. 2.
et EEREE Unknown/ virtual
! input K
1 nown
» Pl-Observer :
= Add-on mass / system input
§ Est. nominal Fault A
g system states E 0\,‘/\/ i i
© | v :
2 Analysis : —T— ’—‘ : === |
o Estimated Modeling | RO
g unknown inputs | } ! i
o Known! 0 [ Q [ |.I.| i
I systemt_ 4
Fault detection, y l l
Optional estimation, and localization System outputs
(a) The add-on mass simulates a change in the mass properéaslastic
Fig. 1. PI-Observer-based fault diagnosis concept mechanical system, with it the mass serves as an example aflta The
fault is understood as realized by a virtual force which canebtimated
. . . by the PIO.
Figure 1 shows how to apply the PI1O for diagnosis purposes?/ .
In the case of elastic mechanical structures faults arendiye Crack Z]\,_/\/ Unknown/ virtual
structural changes in mass and/or stiffness propertiesech S ﬁ?it
by cracks, lost of material or for example by the internal/—wro——r1— —— S
delamination processes of modern carbon fiber laminate ma? h Modeling =3

terials. These effects of structural changes can be urdelst (b) A beam crack is considered. The qualitativ effect of thack on the
as virtual forces or torques acting on a faultless structur&eam is modeled by a virtual torque. The torque is the unknsystem
. . . input which can be estimated by the PIO.

Regarding the virtual forces/torques as unknown inputs of
a known (nominal) system, these inputs can be detect®d 2. Faults are understood as virtual forces/torquesy Tapresent the
and estimated (onine) by a Proportiona-inegral-Observeis 2 v sssunes © Lon e urdaaged Srcuine o o
(P10O) during nominal system operating conditions. For ,thake pio.
the nominal system has to be modeled by a (linear) state
space model and the unknown inputs have to be presentable the first case an add-on mass at the beam serves as an
by an additive term, cf. (2). If the necessary observabilitgxample of a fault given by mass accretion/mass lost without
conditions of the faulty system are fulfilled (i.e4.xt, Cext) changing the stiffness properties of the affected strectur
fully observable, see (6)), the PI-Observer is able to glevi significantly. The pictogram on the left-hand side of Figa)2(
an estimation of the unknown inputs as well as of the stat#lsistrates the situation - in contrast the real beam infice
of the nominal system. During the faultlessly operation déter in section IV moves horizontally. The right-hand safe
an observed system no unknown inputs will act and thég. 2(a) shows the modeling of the fault "add-on mass”: A
corresponding PIO estimations are just zero. single virtual force acts perpendicular to the beam suréanck

That means an occurring fault can be detected and, forms the unknown input of a known (nominal/faultless) sys-

addition, the time behavior of the corresponding unknowtem. The system is excited by a modal hammer that measures
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the contact force - the known input of the system. Furtheanothat the effect of the add-on mass on the beam dynamics can
the beam displacements at one to two positions are usedbasinterpreted as virtual force with unknown time behavior
(known) system outputs - these are the measurements. located at the add-on mass position. In the given dase

In the second case a beam crack is considered, Fig. 2(b).a vector and its elements correspond to the five beam
Such a crack mainly affects the beam stiffness without changeasurement positions. The largest element of the optimize
ing its mass properties significantly. In the given case ¢ty vector should mark the add-on mass location at the beam.
beam bending is of interest and its crack-caused changingAisionlinear least squares algorithm is used to minimize the
modeled by a virtual torque that forms the unknown input (fum of squared errors between the PlIO-estimations and the

the faultless beam system. reference measurements.
Up to this level it is assumed that the locations of possible
faults are known so that the matri¥, in (8) and NV in (2, IV. TESTRIG

4) respectively |s_known. If so, the unkno_wn_mputs can b_e The following sections present measurements, simulation
detected and estimated. If also the localization of faudts

desired additional effort has to be taken int ¢ and optimization results with reference to the beam test rig
esired additional efiort has to be taken into account. shown in Fig. 4. Its elastic steel beam®f5 x 30 x 5 mm is

clamped onesided. After its short excursion it gets in ctnta
B. PIO for localization purposes with a heavy steel plate. Thereby the hardness of the contact

In [22] a set of parallel PIO (observer bank) is used fdan be varied by different materials (steel, rubber etcthef
the localization of the contact point of a beam excitatiofontact tip at the end of the beam. The arising contact force
force. Thereby each observer is related to one possible be@@f be measured by quartz force sensors, which are mounted
contact point. By the calculation und comparison of thBetween the contact plate and ground. Alternatively, trebe
different observer residua the indicating observer anckthigh  €an be excited by a modal hammer — the used method for

the contact point itself are determined. The results arg vdp€ presented results — which measures the corresponding
sensitive to the time duration of the residua calculation. ~ €Xcitation force. The beam displacements can be determined

at two points simultaneously by means of a laser measurement

{Wa Yinitial . Lo system. Also strain measurements are possible.
Numerical Optimization

M {Wz'l} i
’ 1 2 3 45 PIO ,/V\"(f)"/‘,(t) e{a;:go i
() bya(t) T i
10004 | |
| {WQJ}final
—— Optional Mass localization

Fig. 3. Numerical Optimization of\, ; by minimization of the residuuny

In this contribution the introduced localization approdah Fig. 4. Beam test rig comprising of a one side clamped eldsam with
changes in the mass properties bases on the optimizatitie of ) contact tip and (2) bonded strain gages, (3) piezo foevsas and (4)
. . . . laser displacement sensors (SRS, UDUE)
Ws matrix and of theN matrix respectively which routes the

unknown inputs to the system. Thereby it is assumed that theI'he test rig serves as an example for an elastic mechanical

F;'O phrov_|de”s best estllmat|9n res;ﬂtrs] if tﬁ% matrix denotes g stem and is used for research and validation tasks related
the physically correct locations of the unknown inputshal 1, o estimation capabilities of the PIO. It provides the

}‘orcesa Unéier t.h's agsumptlon the unknown inputs can B‘Bssibility to realize short mechanical contacts up to 0.01
ocar':e an est|mrz:1te : b ited b seconds like they occur during blade rubbing in rotating
The system has to be excite y one or MOiqachines for example. Other damages in the form of cracks

known/measured inputs and at least two system outputs Myst o5 changes can be represented by beam cuts and add-on
be available. The system inputs together with one of theaaystbeam masses

outputs are used to estimate the remaining one (the referenc

measurement). The resulting error between the estimatidn a )

the measurement drives a numerical optimization routiae tHf\- Modeling

tunes theWs, matrix. The finally tuned matrix denotes the Former used theoretically derived finite-element-models

searched locations. have led to increased estimation errors. Thereby it coutd no
For the beam example the measured contact force of the clearly distinguished between the limiting effects ofdslo

modal hammer gives the system input and the measuremantsertainties on the one hand and measurement noise on the

of the two laser sensors the necessary system outputs. dheer. This is based on the fact that measurement noise and

unknown input is given by an add-on mass. It is assumeatbdel uncertainties cause estimation errors which gedgeral
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cannot be quantified. This effect has also been discussée inar rather the modal model (10) can be set up witheplaced
previously published papers [25], [26]. So here experimlenby the scaled matrixp.
modeling is applied. The needed undamped natural frequencies and damping
For the localization approach introduced in section llIHB t ratios of the different modes as well as the scaling vettor
model states have to be in a known relation to at least thes be experimentally determined. In the case of an output-
different systems DOF in which unknown/virtual inputs ntighonly modal analysis system a sensitivity-based normadimat
act. One possible approach could be a model updating teepproach is necessary to get the elementof the scaling
nigue for a theoretically derived finite element model, &fl]] vector [15], [14], [13]:
[12]. This model would provide the necessary mathematicallLet the indices 0 and 1 denote the system before and after a
relations and could give feasible model accuracy. Howewer,mass change respectively, and4et/ denote the mass change
meet the requirements and to take only a minimum numbgrch thatM + AM forms the mass matrix after the mass
of DOF into account, a scaled form of the modal decomposetange. Furthermore assuming no damping or proportional
system description given in (10) is used. The correspondidgmping and at most small changes in #i& mode shape
modal parameters are experimentally determined by meanugh that
of a modal analysis system. Furthermore, the scaled modal Vo X Y1 & Py (14)
matrix for the transformations between modal and physi

cal . . .
coordinates is determined by a sensitivity-based norzi@tia ﬁOIdS true, then the corresponding scaling factor is

approach, cf. [13], [14], [15]. The resulting model giveg th w2 —w?

source (initial design) for a final parameter refinement step (I m . (15)

by parameter estimation in the time-domain to rise model k1 7k k

precision. The derived model of course possess exactly the measured

1) Experimental modeling of elastic mechanical structuresatural frequencies, damping ratios and mode shapes. Apart
A general linear, time-invariant mechanical system witmsy from the scaling vector estimation, this kind of modeling is
metric mass and stiffness matrices and proportional dagnpifast and exact within the scope of measurement precision.
in MDK-representation Another advantage is that no initial model is needed like

. . for the finite element model updating techniques, cf. [12].
M(t) + D(t) + Kq(t) = Wau(t) + Wa f(t) - (8)  However, if there is a significant mass influence of the modal
with known inputsu(t) and unknown or virtual inputg(¢) is analysis acceleration sensors on the system dynamics, the
assumed. The two matricég; and W, describe the points of derived model has to be refined to meet the pure system
action of the inputs. For linearly independent eigenvectbe dynamics. Details are given in [1].

system can be modally decomposed by the transformation 2) Experimental modeling resultsFor the experimental
modeling the beam is subdivided in five uniform parts as

q(t) = V(1) (9) illustrated in Fig. 5. At the positions 1 to 5 accelerationsss
are mounted for the experimental modal analysis. Due to
he modeling approach, basically the resulting (initiatdual
ossess exactly the measured modal parameters. In contrast
the underlying assumptions for the identification of thdiaga
MaiagZ(t)+ Daiag 2 (t) + Kaiagz (t) = UTWiu(t)+ "W, f(t)  vector cannot be fulfilled exactly, it is always afflicted kit
(10) inaccuracies due to changes in the mode shapes caused by
with diagonal modal mass matrid/q;.s, modal damping the necessary mass change. However, the removing of the
matrix Daqing @nd modal stiffness matri¥ 4., in the modal acceleration sensors breeds the bigger effect. So théaljnit
coordinates: (). model is refined by a subsequent parameter estimation Eroces
The modal matrix¥ can be scaled by a scaling vectfr due to significant changes in the eigenfrequencies and emall
such that the modal masses becomand the modal mass changes in the mode shapes caused by the (removed) masses
matrix of the modal analysis sensors. By this numerical optimizati
T T the natural frequencies, damping ratios, and the scalintpwe
Maing = (TY)" M(TY) =2 MO =1 (1) are tuned on the basis of measured excitation force and non-

equals the identity matrix. If so, the modal damping angPntacting response measurements. Details are given Jn [16

using the corresponding modal matri¥ and by pre-
multiplying (8) by its transpose. The coupled differential
equations are decoupled in that new basis and (8) becom

stiffness matrices are derived to The refined initial model, the final model, is validated
with the help of measurements of the non-contacting laser
Daiag = [2wkdi] and  Kaiag = [w]] (12) sensors: Analogous! imati
: gously to the parameter estimation protess,

beam is excited by a modal hammer and the resulting beam

d; of the k" mode. Hence, for known modal parameters arf splacements are measured and compared to corresponding

suitably scaled modal matri® the system matrices can beS|mulations. The results for two different excitation pgsiand
calculated after measurements in positions 1 to 4 are shown in Fig. 6 to 9.

Figure 6 shows an significant rate of measurement noise
M=3"Td"! D=3 "T2uwpd,]® !, andK = & T[w?]® ! due to the small beam displacements close to the clamping
(13) position. In Fig. 8 and 9 measurement and simulation results

with the undamped natural frequengy and the damping ratio
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Quartz force sensors

Position1 2 3 4
1 f----- oo T }—X"\ Steel plate
_______ - "“~—~__:: =-.5
Strain gages ii H H
7\%7
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Fig. 5.
measurement positions 1 to 5

Laser sensors

Test rig sketch illustrating beam subdivision andresponding
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Fig. 9. Model validation for measurement in position 4 andtaot in 5

sensors the model cannot be adapted in a reliable way to these
modes: The laser measurements do not provide the necessary
resolution, the higher modes — naturally coming along with
decreasing displacements — are coved by measurement noise.
To overcome this difficulty acceleration measurementd sleal
used, if additional masses can be accepted in case of cimigtact
Sensors.

V. EXPERIMENTAL RESULTS

The following subsections summarize experimental results
for the P1O-based fault localization. At first, results fbetlo-
calization of beam mass changes are given. As explainecabov
these changes are realized by add-on masses placed upon the
cantilever beam. Different masses, measurement and gsoita
positions are tested. This is followed by experimental ltssu
for the localization of a beam crack.

A. Localization of beam mass changes

Figures 10 and 11 show the optimization results of the
W5 vector for different add-on mass locations, excitation and
measurement positions. The positions of the different add-
on mass locations are marked by circles in the figures. For
different tested combinations of measurement and exmitati
points it is possible to locate masses of about 20 % beam mass
with only one displacement measurement as PIO input, see
Fig. 10. The localization of masses of about 15 % beam mass

Beam position i

are very similar. However, the measured beam di5p|acemelﬁ$ 10. Optimization results df’> for add-on mass of 20 % beam mass in

are dominated by the first three beam modes. Also moo@J

ition 4 and(1) excitation in position 2, reference measurement in pasitio
easurement for PIO in position 3. F&) exc. in pos. 2, ref. meas. in

4 and 5 have been included in the initial model, but durings. 3, meas. for PIO in pos. 5, and &) exc. in pos. 3, ref. meas. in pos.
the refinement process on the basis of the laser displacenfemteas. for PIO in pos. 2.
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e : ‘ : : of the saw cut — the torques related to the beam segments
2Op- iy @ 2, 4 and 5 are about 0, but the torque which corresponds to
200} | =4 poed segment 3 is strongly weighted with about 16000.
< 150} — il S N Of course the localization results depend on measurement
= ool Vo N\ ’7 - positions and excitation points — controllability and atvséil-
\ / ity aspects have to be taken into account. But just to have a
B Vel fully observable system from a mathematical point of view
0 : e o R is not sufficient. It is important that the modes which are
1 2 3 4 5 strongly affected by a crack can be measured and stimulated
Beam position | significantly at the chosen positions. Figure 14 illustsate

Fig. 11. Optimization results df’; for add-on mass of4) 15 % beam mass an _e,Xample for a failed localization. The measurements in
in position 3 and excitation in position 3, measurementsdsitipns 2 and 5 POSitions 4 and 5 are used for the P1O as well as for reference.

(P10 and reference), and f¢5) add-on mass of 10 % beam mass in positiorQbviously the crack is not located — the torques for the

fe%r;gnié():natlon in position 2, measurements in positionsd & (P10 and segments 3, 4, and 5 are Weighted similar.

5
10

was only possible if two displacement measurements are used

as PIO inputs, one corresponding optimization result isvsho 10

in Fig. 11. Below 15 % beam mass change no localization was o

possible.

Figure 11 shows an example for an add-on mass of about 0

10 % beam mass in position 5. The beam was excited in posi-

tion 2 and both displacement measurements in the positions 1 05

and 3 were used as PIO inputs as well as for the optimization.

But the largest element &> denotes position 1 as the add-on

mass location, the value for position 5 is lower. In this casgy 13. optimization results di; for crack of about 1/3 beam-thickness in

the localization fails. the middle between beam positions 2 and 3, in segment 3g@)liThe beam
is excited in position 1. (1) Displacement measurementsitipns 2 and 3
are used for PIO as well as for reference. (2) Only measuremegposition

B. Localization of a beam crack 2 is used for PIO and for reference. (3) Only measurement gitipn 3 is
used for PIO and for reference.

Beam segment i

Fig. 12. Beam crack simulated by a saw cut of about 1/3 bedrkrbss in
the third beam segment.

Beam position i

A crack is simulated by a saw cut of about 1/3 beam- 14 Optimizati L .

. . . - . . 14. Optimization results dfi’; for crack of about 1/3 beam-thickness in
thickness in the middle of the third beam segment, see Fig. middle between beam positions 2 and 3, in segment 3g@llifExcitation
A successful localization of the saw cut is illustrated ig.Hi3. in position 2, measurements in positions 4 and 5 (PIO andeete).
Its three curves represent different optimization resoftthe
W, ;-components of which each represents a torque acting on
the corresponding beam segment. In the given case the torqueV!- | NTEGRATING DIAGNOSIS AND CONTROL INTO
at the third segment is weighted the most, correctly indigat RELIABILITY -BASED CONCEPTS REALIZING SAFE
the saw cut in the third beam segment. For the localization STRUCTURES
(2) only a single measurement at position 2 is used. That oneéThe Safety and Reliability Control Engineerin(GRCE)
drives the PIO, which estimates the displacement at positiooncept provides a framework and strategy to calculate the
2 itself. Estimation and measurement are compared, the eraatual reliability of a system under operation including thad
is used to tune théV, ;-components as illustrated in Fig. 3.history. The online-calculated reliability depends on dlotual
Analogously only the measurement in position 3 is used ftwad and the load history of the system. The determination
the successful localization (3). For (1) both measuremargs of the individual actual reliability of a system may be used
combined, both are used to feed the PIO and for reference. Taethe purpose of condition-based maintenance or comditio
larger amount of information leads to a very clear local@at monitoring. By the knowledge of the correlation between the
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load and the reliability characteristics it may be possiiole Operating Real Useful life
change the load with objective to achieve a given maximum parameters system
amount of utilization before a critical probability of faile |—; g
appears. Relevant SRCE

The integration of diagnosis and prognosis into a religbili sonal® Damage
based approach like the SRCE-concept consists of two paths Transfotmation '[ accum”'atiml
combined to realize a new quality of systems safety by into RC  ®[™ Empirical
supervision and control. Based on real or virtual sensors data
information are taken from the system and used for cal@nati 1 Maintenance
of online reliability characteristics (SRCE-approachdr€ of meas‘:res residunl
the SRCE-approach is the use of related damage laws and ! [ Assumption utiization
damage calculation relations. This closes the loop frortuair il of future usage
sensors to reliability and damage and allows specific system el M lmaximum useful lfe
states online evaluation. e — 0 st

The utilization of the maximum life cycle of a technical

system or component is getting more and more importapiy. 15. Principle structure of the SRCE-concept.

Because of economical or safety reasons, operators have to

use technical components up to the maximum possible life.

This demand can only be achieved, if knowledge about the or by virtual sensors-based on model-based approaches.
actual state of the components concerning failure and thes A valid damage process and damage accumulation law
knowledge about how to change the operating mode to expand for the considered component, including material, design,
life time is given. There are several reasons to expand the and environment has to be known.

life of a technical system or component which will probably « Another important point is the availability of an empir-
fail if the actual operation mode continues. One reason may ical database that describes the correlation between the
be the achievement of a special time at which maintenance applied stress and the expected maximum utilization. The
measures are feasible, e. g. if the access to the system is latter can be given in mileage, flying hours, cycles or the
given only at this time or if maintenance costs are lower, if like, depending on the system.

they are realized at this time (nighttime, mission to be lfeti With this information the signals can be transformed in a
holiday season etc.). Another reason may be that systerhs wéress depending reliability characterisB¢’ that can be used.

no failsafe state like aircrafts in flight have to reach a safene knowledge of the connection between the operation mode,
state which implies an expansion of the maximum utilizatiothe stress, and the failure behavior can be used inversely to
if the expected maximum utilization is below the desiredontrol the maximum utilization [7]. The empirical databas
utilization. Also for unmanned space vehicles like autonam can be represented with S-U-R diagrams and adding an
submarines the completion of a defined mission even in casggditional abscissa for the damage like shown in Fig. 16. All
of excessive loads may be very important. assumptions for the validity of such a diagram and a way how

This aspects are important if failures or structural changg append the damage axis are given in [8].
inside a structure or system occur. In this case the related
effects form the changes has to be taken into account: the log S
definition of related utilizable life time, hazard rates.e@n be S
used to control the mission by effecting the related religbi
characteristics .

The Safety and Reliability Control Engineeringoncept S
(SRCE-concept) was explained in detail in [4], [7], [9]. I,
[10] the idea is extended by introducing a model-predictive
control approach, calculating the reliability charactgcs on-

Stress

line for assumed upcoming load trajectories. This allows an M, _SL”W{JSL“' M, Utilization
online optimization of the operating parameters and tloeecf _ ' ' log U
realizes a reliability-oriented loop between online-"regi@d’ o {nDTSDT Damage D
system state, operating parameters and also maintainance '

approaches.

A general sketch of the SRCE-concept is shown in Fig. 159- 16. S-U-R diagram with additional damage axis.
To apply the SRCE-concept to a real system that is used with ) ) - )
to be given / requirements has to be fulfilled. for the system that is defined as
« Signals that represent the stress of the system or the Pr{D} < D;}. (16)
relevant component have to be present. Stress in this case _
means the response of a component to the applied loa@4th the assumptions that
These signals can be getting by suitable sensor devices the maximum utilizationJ is lognormal distributed,
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« the critical (maximum) damagB;" is normal distributed, from the experiments of [6], working here just as an example
and S1 =455 N/mm?, 52 = 524 N/mm?, 53 = 593 N/mm?. It

« the damage accumulation law of Palmgren-Miner is suitan be seen, that the POF at the same usages increases from
able the above introduced eq. can be solved using  below 0.0000 to 99.0248 (percent) with increasing stresses

fD, = ID;

Fps« = P(———). 17 : 20
D*(Dy) ( (O_%:JFU%I)) (7) ;
This RC can be graphically described as the area of i
overlapping between the probability density function (PDF 12
of the accumulated damagde, representing the stress history 10
and the PDF of the critical damagd#’, representing the actual o
stress (Fig. 17). 120 6
* s :
8 Interference getmen D f\nd D ‘ ‘618 v 2
—f(D F = 0.0000% 200~ 0

7| —1(D) S = 455 o 05 1 15 2

(=2}

o

Fig. 18. Example 3D-representation of the progression ef dhea of
overlapping.

IN

w

f(D)/ (D)

N

In Fig. 18 as an example the progression of the PDFs for
: ] the introduced stress level is given in a 3D-plot up to a POF of
J L 0.9998. The third dimension (PDF) is given grayscaled. The

i

o

0 0.5 ! s 2 straight line indicates the point at = 120 (usage number).
Interference between D and D The effect that the POF depends on the actual applied stress,
—f(D F = 0.5197% and is also illustrated in Fig. 19.
7| — (D) S = 524 N'mf
u = 120
6f Probability of failure
5s '
54' 0.8
(&)
=3
5l ?0.6
1 - 0.4
% 0.5 1 1.5 2 0.2
Interference between D and D
: = ] 0 RS SR
— (D F = 99.0248% 0 50 100 150 200 _ 250 300

7| —1(D) S =593 N Usage u

Probability of failure

230

(2]

o

0.8

IS

f(D)/f(D*)

0.6

2
F(u)

N

0.4

[

0.2

100 200230 300 400 500
Usage u

oo

Fig. 17. Area of overlapping different stress levél$, 52, S3.
Fig. 19. Progression of POF for different changing stresslée

The overlapping of the PDFs and with it the probability
of failure (POF) is given in Fig. 17 for different stress lesve  Both diagrams show the POF for a constant stresSlofip
S1 < 52 < S3, wherebyS1 is shown in the upper figur&g2 to the usage: = 230. In the left diagram the stress increases
in the mid, andS3 in the bottom figure. The plots show theat u = 231 up to S of 662 N/mm?2. The result is a maximum
situation at 120 usages. The gray/red line indicates the PDH#lization of 262 usages (Break condition is POF = 0.9998).
of the accumulated damage while the black line represeats th the right diagram the stress is reducedte- 386 N/mm?.
PDF of the critical damage. The empirical database are takemis results in a maximum utilization of 488 usages; this is



JOURNAL OF BTEX CLASS FILES, VOL. 6, NO. 1, JANUARY 2007 10

approximate 1.9-fold of the one of the left case and 1.3-fofdr wu,,.... AS an approximation here an polynomal approach
of the one with the unchanged stress level. of 7th order between,,,, and¢ is used as

To demonstrate idea and the potential of SRCE-concept the
following scenario is discussed: The real development ef th
RC differs from the expected development in that case, that  + A4y g F A3Us gy + A2US g, + Q1 Umag + a0(21)

tEe RC = Ré?uffor a glvlclan pr?myz Oiég'l'zla“ol IS gregter This approximation is valid in a certain interval, in this
than expected (for a smaller the betie€’). In other words, case foru,,,, = [10,800]. The real solution results as the

the gglcqlatedRO ShOUId normally be achl_e_ved_ at a IOOIn“naximum utilizationw,,,, that can be achieved under the
of utilization us that is beyond the actual utilizatiom,. The

cause is unexpected high loads and with it increased s&idése

7 6 5
5 = A7Upgp T Q6Upae T A5Up 0,

given constraints.

the use of the system continues with these loads, a maximum RC 4
utilization of w,,.,1 can be achieved. With the assumption, RCf-mmmmmmmmmmmooe oo RN S
that the stress is constant, the expected maximum utdizati [ ecieasin
IS umaze and can be calculated by 7 \ 3
—pe pnexpeced TN
Foi(py = S ) = 0(¢),  (18) L st T el opment
(0h- +0b,) T —
where up, can be represented b,,qq2,,, and op, by .
Umaz2,0,- Here pg and o4 denote the parameters of the ﬁg 7777777777777777777777777777777777
distribution of the damage frictiony’; and o, denote the RC exceeding
parameters of the distribution of the critical damage. The ggz’:::::::::::::::: 7777777 2
parametersF,. and ¢ denote the critical PO~ RC. and RCyf=======mmmmmn- // RE trajectory
the corresponding quantile of the standard normal digiobu RC| o 1 with tolerance
The inversion forumays is givenby | : 3 band
I LdftD U, U, U, U, U
03€% — 1g

Fig. 20. Progression of POF for different changing stregsl$e2: Illustration

2.2 2 2 2 2

sgn(Fe — 0-5)\/_520010D* + DOy + MdUD2§{19) of the example.
N

2¢2 2
038 = Hg . . .
S ~ The illustrated example should only clarify the special
The question is how to change the stress level to achieygect of the consideration of the utilization extensiatais

th_e deS|r_ed maximum utll!zatlonmaﬁ? The solution can be 4. given in the previously mentioned articles [7], [8],.[9]
given using the real solution of the polynom In this context a possible control task is to control systems
(20) functionality from a probabilistic point. If the systemsrhard

rate is detected (by calculation) as not acceptable (latgar
as approximation of the complex equation resulting from given scalar number) the systems operations mode has to
inverting the expression developed before,... = be changed (typically by reducing the stress level/by rexuc
flua, up, Fe, & up,04,0p+) given end developed ex-the load applied to the system).
plicitely in [9]. The developed solution requires the attua This is what RC' will be achieved if the stress is higher
amount of the utilizationu;, wma: @S umer2 @s well as than expected and no change of the operation mode will
parameters from the linear equations fof and o, in the be applied? Is it really necessary to change the operating
S-U-R diagram. This equations has to be solved for the strgggameters and to reduce the performance? As answer also
level S to get the solution. Due to the not available exadhe introduced strategy as solution faf,.. = tmaz1 IS
solution, the introduced approximation, which is valid Imst illustrated, cf. Fig. 20. The calculated value is thequantile
calculation example for stress leveds= [345,827] N/mm? of the standard normal distribution which describes the POF
can be used. The reduction of the stress can only be achief@dthe given assumptions as introduced. A short example is
by reducing the load and hence by changing the operatigiven to demonstrate the given explanations and illugdrate
parameters. Generally this results in an operation modeeof graphically in Fig. 20. A system shall be run with a desired
system with a loss of performance, but not necessarily withsress ofS,; = 455 N/mm?. The maximum utilization for a
general loss of functionality. To guarantee a minimum degreritical POF of F. = 0.05 can be calculated as,,,, = 190.
of performance the stress level can have a lower limit. If tHEhe real stress acting on the systensjs= 462 N/mm? that
solution results to a stress below this limit, the applmati results inw,,., = 183. If the system is going on to operate
is not feasible. The question arises, what can be the pessibhder stress,., the POF at. = 190 will be F = 0.09 which
maximum utilizationu,, ., when the minimum stress levelis nearly two timesF.. Let assume that the deviation of the
(lower stress limit) is applied? Also this solution can b&C' from the desired progression can only be detected if a
derived from the approximation introduced before, withas significant divergence oA = 0.005 is given. This is the
the minimal stress,,,;,, and the related equation to be solvedase foru= 171. To achieve the desired maximum utilization,

+

&= a636 + a5s5 + a4s4 + a353 + a252 +a1s+ap
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the stress has at least to be decreasesl.te 386 N/mm?. integration of the techniques within a structure. Other kwor
With the assumption, that the system may even operate witfil care about the integration of acceleration measurdémen
a reduced operation mode resulting in stress of B45m?  within this new structural health monitoring (SHM) concept
the calculated stresS, can be applied. for adaptronic structures.

As briefly illustrated, the potential of the concept can be
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