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Abstract. The present paper describes the creation of ikfjathata trends, used as a basis for the furtletelopment
of some advanced reliability models and techniqiiée. developed methods, models and techniquesareapplied
for an enhanced reliability analysis and deternmabf equipments operational reliability in fulfunctional XPS-
manufacturing complexes, i.e., under real operatioanditions.
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1. Introduction Life Cycle Cost (DLCC) mod#4, 7, 8, 9, 10].

For many years, the assessment ofréfiability All these types of models and methods provide
growth rate as well as thecurrent MTBF in opportunities forenhanced analysis of extensive
reparable industrial equipment remains the main failure data which arerelated to the operational
target of engineers and scientists, who develogeliability of reparable industrial equipmerb, 9,
methods and systems for reliability analysis andll, 12]. Thus, the emphasis of the reliability
Fault Diagnosis — [1, 4, 5, 6, 9]. Such types ofstrategies (always during the equipments
reliability studies are focused mainly on the operational phaseghifts from meeting the projects
operational phase of the equipmeng., once the targets into maintaining theid, 4, 9]
development phase (the training period) of the In fact, this means, that, the maintenance
equipment is accomplished [4, 8, 9]. philosophy should be changed frdirest-Analyze-

One of the most important challenges for theRepair(TAR)- strategy, developed mainly during
reliability engineers and scientists, is to diseove the training phase, ttMaintenance-by-Exchange-
whether the failure data’s, (characterizing the and/or Repair (MEXR$trategy, developed during
systems faults and failures), which are obtainedhe operational phase [1]. But, in order to proceed
during the development phas®f the industrial with such a change, some really important analysis
equipmenthave different nature compared to those, must be performed ovehe natureof all failure
obtained during theoperational phaseof the data’s, obtained, during the equipments
equipment [1, 4]. development phase, but also, once the equipment

In general, during the development phase of thgjoes operational [10, 12].
equipment, faults and failures in the technologid a The core of such an analysis should be to
the logistic processedo occur Since the major reveal, whether the nature of the failure data is
achievement of the reliability engineers has alwaydlifferent during the development phase and the
been to provide a fault-fremperational phasef the  operational phase, i.e., that, the change flé\Rto
system, (of course, up to a certain point), then -MEXR strategy should be adequate and successful
some enhanced methods must be developed anhdl, 9]. Such an enhanced reliability analysis, Ishal
used for reducing the intensity(and even for be based of course on the studies, performed over
providing almost complete lack) of the the data’s, collected during the reliability teatsd
systems/processes faults and failures during theespectively during the FD procedures, developed
equipments operational phase. over the equipment.

The most applied models for systems reliability =~ The present paper describes the development of
assessment (mainly in the operational, but al¢hen  reliability data trends that are used as a basithf®
development phase), respectively atlee Weibull further creation of some advanced reliability msdel
model (the Duane model as an alternativéje  and techniques. The so-developed methods, models
Design for Reliability (DFR) approagitheDesignto  and techniques are then applied for an enhanced

reliability analysis and determination of an
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operational reliability in fully functional XPS- model was accepted onfs an initial variant,its
manufacturing complexes, i.e., under realpractical application should be verified via some
operational conditions. specific criteria, i.e., via a development of a

“Goodness-Of-Fit (GOFT)” test. Of course, many
2. Elaboration of reliability models and data  different tests could be used for the purpose.

trends — methods and models for analysis One of the most enhanced statistics tests for
and assessment of operational reliability significance (especially for this purpose) is B8
in an XPS industrial equipment test [10], [11], which is presented by the expm@ssi

The elaboration of the specific reliability data . 5 _ 2
trends (containing the failure patterns for the ~o__ 1 +nz T] _2-1 @)
industrial equipment under investigation) must : 12(n—1) T, 2(n—1)
provide a complete and precise analysis of all _ _ L
failure eventsbut of course with a preservation of Where, 1" is any kind of incident (fault and/or
the genuine failure patterns (i.e., failure natdog) ~ failure), occurring in any studied data set;- the
all data. Thus, all incidents (i.e., faults andufas) number of incidents, occurring in any studied data
should be included in the analysis, whether oranot S€t Ti and T, — the cumulative time to the
failure was diagnosed, or spare parts weréccurrence of tha-th incident andn-th incident
consumed. So, all failures appeared during théeSpectively.
detection and the development phases of the The critical values of theC?- test (statistics)
equipment should be processed and/or modeled angte determined via Monte Carlo simulation, and
respectively considered aslevant failures”, i.e.,  respectively are rounded to the nearest integeg. Th

any types of failures and faults, that is likelyattse (. \ce of the statisti®®2is as follows:
during the exploitation (i.e., under the “field : '

service”) of the equipment. Since all operational® If the value C;, calculated from each studied
data’s are derived from the field service (i.edem data set is greater than the critical value at the
real exploitation), then considering all failures a designed level of significance, then the conclusion

i=1

“relevant” is justified. that the data set follows non-homogeneous Poisson

process with Weibull failure rats rejected;
2.1aEIIaboration of the reliability reparable « If the value C? is less than the critical value,
models

then the conclusion is accepted.

W 't?”I]ICG theblgeneg:gzatlortl prolpernﬁs Ofd thte The GOFT test was performed over 120 data
€lbull reparable mocare extremely enhanced, t gog - gimylated on an  experimental laboratory

should be applied in the present study as an "n'ti%latform - please see [2]. The results from the
reliability ”.‘Ode.'- It 'S of corryl,mon knowledge, that, GOFT test indicated, that oi‘ 120 tested data §&ts,
when appllgd na I_og-log graph, the obsc_erved% were accepted at 5% level of significance and 74
cumulative incidents (i.e., faults and failures)ie at 1% level of significance. The so-obtained result
studied _system, Versus the_z cum_ulati\(e operatingvere used as a base for th-e generation of crit@ria
hours (time) are presented wa_stralght line (1@, acceptance, and only those data sets that accepted
11]. It _also known, tha.‘t’ i, the rate Of. all the Weibull reparable model at 1% of significance
c_umulgtl\_/e faults and failuresversus the studied were selected for further analysis.
;gﬂﬁ;elss "Hemzrsoncolﬁg_loge gra:gzéntg%n, )\//s{;emnson- Almost identical results were obtained via an

. P . .~ application of Genetic type Algorithm (GA). The
ho_mogeneous Paisson _Iaw, but with a We'bu”data sets were grouped in pools and submitted to
failure rate[l,_9, 10,11}, i.e. significance test via the Genetic operators

M(t)=a T’ 1) “Reproduction” and “Recombination”.

where, M(t) is the expected number of incidents

(faults and failures) in the studied systems aetim 2-2- Development and comparison of the
“t T is the cumulative time to the occurrence of €dression methods for estimation of modeling

an incident (fault and/or failure); - the scale Parameters _ _
coefficient in a Weibull reparable modgl:- is the Once the data, accepting the Weibull reparable

power coefficient in the Weibull reparable model. Model are selected, there remains only to develop

Since the application of the Weibull reparablethe e;timatioq of the modeling parameters via the
following relation:
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I\W(t) =E, [T Es (3) a “representative” data sets (i.e., setg, contgithe _
necessary amount of data, reflecting the typical

where, E, and E; are the best estimates of the. " . :
Weibull modeling parametersand. incidents) were submitted for processing to both

The estimation of the modelin arametersLST and MLM algorithms, in order to regress the
gp best estimates of the model parameteasidf. The

shall be performed via the Least Squares techniquer% resentative data bases came from the simulated
(LST) and the Maximum Likelihood Method b

(MLM). The LST uses dependent variables, that aréGI""t'onShlp of the type.

submitted to fluctuation and independent variables M (t) = 001[T *° (4)
that are not subjected to fluctuation. Thus, the During the regression procedures, an
obtained LST best estimat&s andE; should then interesting fact became obvious - that, all

be those that converged to the minimum sum of th@roportions of data sets, which contained fewen tha
squares for all differences, generated between thaventy incidents, generated some difficulties ia th
observed values of the independent variables, andeveloped LST and MLM models, and more
respectively the corresponding “Best Fit” values ofspecifically in their capability to provide “perfigc
the dependent variables. The data sets that ace uskest estimates of the model parameters.

in the LST must be reconfigured into sequential
zones (clusters) of equal width (for the indepehden 40
variables) versus the numbers of simulated
incidents, contained in the zones (i.e., the depeind
variables).

A specialized LST computer algorithm is
therefore applied, for determination of the best
estimatess, andE; for the model parametessand
B (regressed for each one of the simulated data sets 2 2¢
The best estimatds, andE; obtained via MLM are
those, that correspond to the maximal probability Z
for the occurrence of all events, which really took E
place (i.e., the occurrence of the incidents inheac = 10
data set, reflecting the studied equipment) at the E

er of Incidents
[¥%]
[}

um!

observed times. 5]

A specialized MLM computer algorithm is VN | | | |
therefore applled and the best est|m£§9nd E/} 200 400 600 800 1000 1200 1400
for the model parameters and # are determined Cumulative Time, T[h]
(also for the simulated data sets). Some Agenda:
representative results, obtained by the regressing
the Weibull reparable model parametersand g~ === Simulated Results
(for a typical data set), are presented at Figure 1 LST; M(t)=0.065 T8

The analysis, performed over the generatec
representative results shows, that, there exists ~ — ===-. MLM; M(t)=0.077 T
tendency in LST regression model to follow the Figure1. Representative results for the model paters,
recent (i.e., the latest) incidents much closeignt obtained via LST and MLM algorithms

the earlier incidents.

This is due mainly to the phenomena that the  The results, obtained via specialized LST and
results of the LST model depend on the duration oMLM computer algorithms, on a “log-log” scale,
the sub-intervals, into which the entire studiedfor 20 and for 40 incidents respectively are shown
period was divided. at Figure 2.

But in fact, this phenomena is of little The analysis, performed over the results
significance since there should always be &presented at Figure 2) reveals, that, if the numbe
reasonable (an adequate) amount of data availablef incidents (fault and failures) in the procesdath
since the observed incident patterns (faults and/oset is greater (up to 20 and more), then the applie
failures) in the various intervals reflect the aler regression method is able to provide much better
expected pattern. estimates of the model parametersndg.

For illustration and analysis of this phenomena
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the supplementary equipment, as well as all
technologic and logistics processes are develaped i
details in [3]. The XPS industrial complex was
extrusion system (i.e., under real operational created under the financing of the US Export Import
conditions) Bank (Ex-Im bank) programme in 2005, and is
The specific industrial equipment, that waslocated near the town of Varna.
studied and respectively submitted to analysis In total, three (similar) XPS extrusion systems
aiming the assessment of the operational religibilit were submitted to this specific reliability studyn
represented a rather complex extrusion systenextract of some typical sets of results from thslgt
(composed by three pairs of tandem extruders)are presented in Table 1. The pairs of extruders ar
designated to manufacture extruded polystyrenenarked as: Ex A; Ex B; Ex C; Ex D; Ex E and Ex
foam sheets (XPS foam sheets), from rawF. The tested groups of specific equipment are
polystyrene granules. marked as EQ “G” and EQ "T", and represent
The so-manufactured XPS foam sheets are therespectively the Iso-Butane Gas dosing device and
used for manufacturing of many types and kinds othe Temperature Controller — these are one of the
multi-layer XPS foam boards for construction most sensible parts, which possess a great impact
thermal insulation, as well as for producing many(effect) over the capabilities of the final product
types of food containers (as an alternative to thdi.e., the XPS foam sheets), manufactured by the
insulation boards). extrusion systems.
In fact, this means, that, providing an adequate

2.3. Application of the developed models and
regression procedures for analysis of operational
reliability in an industrial XPS-manufacturing

20 7, 7 operational reliability of the EQ “G” and EQ “T”
s, i devices is one of the major tasks for the religbili

= ya ya ., and co_ntrol engineers, Who con_trol and supervise
E 151 ya ,‘:: the entire XPS-r_nanuf_acturlng facility. _
EE @@fx 4 s The data, listed in Table 1, follow a Weibull
b : _’; R reparable reliability model, which means, that, the
; //’ @“ﬁvgg' R developed LST and MLM techniques and
2 - 7/ "‘:'/ &7 ) algorithms, could be applied successfully under rea
e 4 ./@x P operational conditions.
o s e ) The application of these models and techniques
25 | a / % s provides not only a real time assessment and dontro
z b w“f%@?’ of the operational rellqblllty, but also are a pdwk _
& R /! f[ool for furthe_r (_jeductlon of a me‘_[hod for progreosi

0 UL | : i.e., for predlctlon of the opergtlonal rellgl_mllty‘

100 200 300 400 500 600 700 these devices under real operational conditions.
Agenda: Cumulative Time, T{h] Table 1. Sets c_)f results, obtaingd via reliabiitydy of
. IsT- an XPS-extrusion system (3 pairs of tandem extg)der

M(D,0.035 TS T T | e & | 7|7

_ 102
MOw0022T E. E| E |Es
----- MLM :

M(t),,=0.0031 T 112 EXA |LsT | 0039 | 079 0.031] 0.8
M{t).ﬂ:(}_om'l‘l.ﬂj EXB MLM 0.0041] 0.68] 0.0036 0.9__

Figure 2. Results for 20 and for 40 incidents, letd Eig I,QISLTM 00605329 g'gg 8'&)2‘?4 %’%
via LST and MLM algorithms. EXC | LST | 0.020 | T.oo] 0.057| 0.7
EXD MLM [ 0.0045] 1.00] 0.0063] 1.0%

The extrusion system, designated for an XPS- | ExcC LST 0.033 | 1.11] 0.074] 1.0
manufacturing represents an essential part of the| EXD MLM | 0.0056| 0.99] o0.0066] 0.9
already built and operated “Technologic and | EXE | LST | 0.021] 0.91] 0.059] 0.9]
Logistical facility for Manufacturing of Extruded Ei; EASL'IM 00'0002‘:37 8'32 %%%459 f'fj
Polystyrene (XPS) products”. EXF [ mM | 0.005 | 0.74] 0.0029] 1.0

The general logistical structures, the main and
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3. Conclusions 6. Isermann, R. (1994Process Fault Detection based on

- T modeling and estimation methods — A Sun/aytomatica,
A Weibull reparable reliability model was "6 0" \arch, 1994). ISSN 0005-1098, p7 304

deyelpped and applied for assessment of Opefat_iona! Jolliffe, I.T. (1996)Principal Component AnalysiSpringer-
reliability over simulated data trends, reflecting Verlag, ISBN978-0-387-95442-4, New York, USA

incidents in industrial equipment. An LST and 8. Kretsovalis, A., Mah, R.S.H. (199Effect of redundancy on

MLM techniques were developed and applied for estimation accuracy in process data reconciliation
q P PP Chemical Engineering Science, Vol. 42, no. 9, p.5211

the purpose. _ 2121, ISSN 0009-2509

The developed models and techniques are. Ligeron, J.C., Lyonnet, P. (20013 fiabilité en exploitation
applied then for reliability analysis of operatibna (Reliability in operation: organization and data
reliability in a real industrial systems for XPS- processing) Technique et documentation Lavoisier, ISBN

. . . 2852064715, Paris, France (in French)
manufacturing, i.e., under real op(_:‘raltlonallo. Ljing, L. (1994) From data to modelA guided tour.

conditions. Proceeding of Control'94, IEEE Publishing House, p.
21-24, ISBN 0-85296-610-5, Coventry (March 1994),
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