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Summary

The tribological problems, which have to be takatoiconsideration in micromachines,
micromechanisms, Micro Electro Mechanical SysteMENIS) devices and components such as
silicon micromotors, toothed gears, gas turbined, @hers are discussed. In such systems entirely
different problems appear as compared with tribicligproblems in macroscale machines. The
research proved that the values of friction paransah the devices where the contact area is some
millimeters square cannot be applied to the situatvhen the realistic contact area is only some
micro- or nanometers square as well when the ge@akdimensions are changed.

1. Introduction

In this paper we are going to discuss problemsrypfriction and the effect
of scale on the results obtained in the measuredfdrittion. It means that we
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are going to analyse the friction without any thindterial (body) intentionally

introduced between those two rubbing solids. In tdwhnical literature, the

friction coefficient is treated as the measure otion resistance and its value
for a number of tribological combinations of matésiis given in handbooks.

Many frequently published values of friction coeféints are proposed without a

precise description of the research backgroundifamaperational conditions of

rubbing elements The use in the design processesktvalues is dissatisfying
both when applied to design tribosystems embodiedaige machines or
miniature mechanisms. One of the authors has résedythis problem when the

author tried to select the coefficient of adhedietween a wheel and a rail [1].

After tests, it appeared that the adhesion coefiisi given in handbooks are

much higher than those observed during the inyatitins carried out in the

laboratory with the use of real steel elements.

Very difficult problems connected with high frictioare encountered in
MEMS devices and magnetic recording systems. MEMSradevices are
fabricated using silicon planar technology, LIGA,ather special techniques of
manufacturing [2-5]. The frictional interactionstWween contacting surfaces in
such systems result from very strong adhesive bdinals are caused by the
activity of surface molecular forces. If the voluwfea component decreases, the
ratio of the surface to volume increases, so tihat surface interactions
dominate the frictional process. A large lateratéorequired to initiate relative
motion between two smooth surfaces is referredttstiction,” which has been
studied extensively in the tribology of magneticorage systems [6].
Friction/stiction (static friction), wear, and sack contamination affect device
performance and, in some cases, can prevent aediegio working.

The differences in geometry and size of the prattidbosystems needs
intensive studies to find optimum models in expental studies of the friction
and wear behaviour of tribosystems. In every tobalal test it is essential to
assume the tribological model that should formatiequate representation of a
real system. The scale of the model used in exgatisnand test conditions
seriously influences the applicability of the résulbtained for the prediction of
the tribological behaviour of a real system.

Research has been carried out in Europe with thectie of finding
methods of the determination of the friction codént [7]. The aim was to
compare the test results from different laboratonmder rather limited test
conditions accepted by the group of laboratoridsy@ious institutions and in
this number the Institute of Terotechnology in Ragd®oland) participating in
that international project called VAMAS (Versaillderoject on Advanced
Materials and Standards). The test conditions wer®llows:

— One type of tribological apparatus were usedestst and the materials
delivered to all laboratories were of the same bhasing the same structure
and hardness, and the friction between steel amalthminium oxide AIO;
samples was tested.
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— The surfaces of samples had the same roughnessgtars, and the ambient
temperature of every test was similar (speciatainditioned rooms).
— The loads applied on samples (pressures) andghgeed were the same.

It was very surprising to note that the values lnd tmeasured friction
coefficient were different. These results suggeat the friction is not a simple
phenomenon and the prediction of friction is a wvéifficult task. Tribological
engineering is a difficult field of engineeringdascience. In particular, it also
concerns the scaling problems of friction. The sudé friction are not the same
in the press shown in Fig. 1 and the silicon miaton depicted in Fig. 2.
Scaling in friction is a very characteristic betwawiof frictional contacts [9-12].

This statement will be supported by the resultsioltd performing a very
simple tribological experiment. The size of the bimg/contacting surfaces
(together with the magnitude of the applied loadjvéh been decreased
considerably from one test to another, and thectffef these changes on the
friction coefficient was observed.

Fig. 1. Press of 650 MN manufactured in former
Soviet Union and mounted in France in 1978
Rys. 1. Prasa o nacisku 650 MN wyprodukowana
w dawnym ZSRR, zmontowana we Francji w 1978 roku
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Fig. 2. Silicon micromotor manufactured in
Institute of Electron Technology in Warsaw (Poland)
Rys. 2. Silnik krzemowy wyprodukowany
w Instytucie Technologii Elektronowej w Warszawie

2. Experimental

The test rig used to carry out the friction expemts [8]is presented in Fig. 3.

Fig. 3. Testrig used in friction experiments: base, 2 — inclined plane, 3 — sample,
4,5, 6 — two disks and string respectively, 7 etaictor, indicator of the angle [8]
Rys. 3. Stanowisko badawczeyte w eksperymentach tarciowych. 1 — podstawanachylona
p yta, 3 — probka, 4, 5, 6 — odpowiednio dwiezarcstruna, 7 — podzia ka do odczytuek

The simple inclined plane to measure the statatifm coefficient was very
useful, since the friction coefficient was estinthtey the measurement of the
angle of inclination of the plane to the horizontédne. The gravity force was
used to load the rubbing element.

The aluminium samples (15n thick foil, folded due to its large area) of the
selected weight and having rather low surface roagh have been placed on
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the inclined polished steel plate (Fig. 3). Priorthe test, both the sample
surface and the inclined plane have been careftlbgned using cleaning
solvents and finally by the use of petroleum spirithe experiments have been
started with a gravity force 20 mN and additiona&ights up the total load 1.28
N. The area of contact of the foil was 4.76 X mfhf. After each test (a few
slides were conducted with one weight of the sajnpihe load was decreased
by half by taking out the weights and finally paftthe foil was cut off the
folded foil. The experiments finished within thesarof the foil of 6 mmand at
the load of 2.4 N; therefore, the lowest load was 500,000 timesllemthan
the highest load. The lowest load is similar to libeeds applied in tribological
tests performed with the use of an Atomic ForcerbbBcope (AFM).

The friction coefficient f was calculated as fant (where is the angle of
inclination of the plane during starting of movemehthe sample 3).

We also studied the effect of the size of the attitig element and the size
of contact on the frictional behaviour. In this €asve used an atomic force
microscope (AFM) equipped with MikroMasch cantileW¢SC35 type C with a
force constant 4.2 N/m. The sliding speed was %amd the same normal load in
the nN range was applied. The samples were polgmesist ultrathin films with
thicknesses of 75,100,150, 250, and 300 nm spitedam silicon substrate.

3. Results and discussion

The values of the inclination angle needed to start the sliding of the
sample down along the steel plate as a functidheofoad are shown in Fig. 4.
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Fig. 4. Inclination angle vs. applied load. 1 G=1.28 N
Rys. 4. Kt nachylenia w funkcji obci enia. 1 G =1,28 N

The friction coefficient f calculated as f = taras a function of the applied
load is presented in Fig. 5.
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Fig. 5. Friction coefficient f = tan vs applied load
Rys. 5. Wsp06 czynnik tarcia f = tgw funkcji obci enia

It is evident from this characteristic curve thatieast two quite separate
contributions to the friction force between these tused smooth surfaces
undergoing wearless sliding: one associated wehiritrinsic adhesion between
two surfaces (at low loads) and the other with élkeernally applied load (at
high loads). The “adhesion controlled” contributimnthe total friction force F
is proportional to the real (molecular) contactaafe and the “load controlled”
friction is proportional to the load P [9]. Thesepgndencies can be expressed
as F = A+ f{P, or after dividing by the area, Aas S AE/ + fp; where, is
the critical shear stress, f the coefficient ottion, P — local load, and p the
local contact pressure. The coefficient of frictibis given by the slope of the
friction force vs. load cure, dF/dP, rather thag #bsolute value of F/P; the
latter is the more traditional definition of f asfohed by Amonton's law.

The friction coefficient as a function of appliedesaged pressure defined
as the total load divided by the contour area oftact (are of the used folil) is
depicted in Fig. 6.

Friction coefficient f, f =tan p

a 10 20 30

Contact pressure [Pa]

Fig. 6. Friction coefficient f = tan vs. averaged contact pressure (total load diviecontour
area of contact (area of aluminium foil))
Rys. 6. Wsp6 czynnik tarcia f = tgw funkcji nacisku (ca kowite obcienie podzielone
przez pole styku (powierzchnia folii aluminiowej))
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Since the size of the rubbing element (aluminiuril) favas decreased
10,000 times in the experiments, the surface-towwel ratio was increased
significantly, so the surface activity was strongad stronger as the size (area)
of the foil was decreasing. This is a characteristiuation in contacting the
microcomponents in MEMS devices. The surface-tonv@ ratio k was
calculated from the formula k=;A/ = (2& + 4ah)/dh = (2/h) + (4/a). A square
size of the foil is assumed; a — is the squarels,di — thickness of the foil.

The curve surface-to—volume ratio k vs. the sidéhefsquare a is shown in
Fig. 7.
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Fig. 7. Surface-to-volume ratio k vs. side of sguaof aluminium foil
Rys. 7.Stosunek powierzchni do ol ci k w funkcji wymiaru boku kwadratu
z folii aluminiowej

The friction coefficient versus the surface-to-wokiratio k is presented in
Fig. 8.
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Fig. 8. Friction coefficient f = tan vs. surface-to-volume ratio k
Rys. 8. Wsp6 czynnik tarcia f = tgw funkcji stosunku powierzchni do ol ci k



14 Z. Rymuza,S. Pytko

The surface activity has an important effect on tfserved inclination
angle and friction coefficient.

In our tribosystem constructed of a flat, poliststelel plate and aluminium
foil, the formation of adhesive bonds can be cHuclde tendency for two
surfaces to adhere is determined by surface aedfacial energies, which are
influenced by the mated materials, surface contatitin, oxide layers, surface
roughness, etc. [14-30]. In a broad sense, adhesionbe considered to be
either physical or chemical in nature. A chemicdéraction involves covalent
bonds, ionic or electrostatic bonds, metallic boratsd hydrogen bonds; and
physical interaction involves the van der Waalsdsorvan der Waals forces are
much weaker than in the molecules that undergo warimteraction. These
forces are always present when two asperitiesrackose proximity. Adhesion
is a function of material pair and interface coiudis such as crystal structure,
crystallographic orientation, solubility of one mdal into another, chemical
activity and separation of charges, surface cleasl, normal load,
temperature, duration of contact, and separatiten ra

Let us consider a single atom strongly interactivith a rough surface
displaced in a tangential direction [21] Such atonesy need to be displaced
permanently during contact sliding, and such disgtaent of atoms can result
from breakage of individual cohesive bonds or teregation of defects such as
dislocations and vacancies. In the simple analyhisn we neglect the effects of
surface oxides and contaminants, a rough approximéor friction force can
be obtained by dividing the energy required to braacohesive bond by the
distance slid, or the lattice spacing. The bond@néor the weaker material
aluminium is 327 kJ/mol [22], which corresponds5td x 10" J/atom and a
lattice spacing of 4.1 x 18 m, so the friction force per atom is about 1.3X 1.

The friction force is affected by the normal loathce this force dictates the
number of the atomic interactions. The predictidnthe total friction force
comes from the uncertainty of the number of atonwlived in the frictional
interaction. We may attempt to predict the totation force from the real area
A of contact, which is typically expressed as P1d][(P-applied load, H — flow
pressure or hardness of the softer material). fohighest applied load equal to
1.28 N and the hardness equal to about 0.3 GPattimess of aluminium foil
was measured on the depth aboutmi by the nanoindentation technique by
using a TriboScopeinstrument of Hysitron Inc.), and the real arezaftact is
4.3 x 10° m? which corresponds to a projected area of abotft &@ms (the
radius of Al is 143 pm). At the load 20 mN (thel faize of foil without
additional weights), the real area of contact vaisnated to be about 7 x Yo,
The lowest load 2.4N could have resulted in 8 x 1bn? approximated value
of the real area of contact. The estimated numbextams corresponding to
these values of the area of contact are 1.55 % ah@l 1.8 x 10 atoms,
respectively.
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Using the friction force per atom 1.3 x 10! obtained previously, the total
friction force comes to about 13 N for*?@toms (applied load 1.28 N). At the
applied load 20 mN and 2.4, the estimated values of friction force are 200
mN and 234 N, respectively. These values of the total frictforces cause the
values of the friction coefficient to be higher thhie experimental values (0.21,
0.23, and about 100, respectively). The predictidhsuch a high friction
coefficient may have resulted from overestimatiige thumber of atoms
involved and/or the critical shear stress. The remdf atoms in contact may
also have little to do with the frictional forcesmyved during sliding. It is likely
that atoms with the weakest cohesive energies vélldisplaced during the
sliding process. The crystal imperfections may eahat such energies may be
orders of magnitude smaller than the ideal valllesa similar context, the
number of atoms involved in the breakage of coledionds should be
estimated not from the contact area but from thesite of such imperfections
within the volume of the interacting asperities][19

Very high friction coefficients obtained in the ggnof very low loads (and
small area of aluminium foil) could be the effeftquite high liquid-mediated
adhesive forces occurring because of the condensatiwater from vapour on
both contacting and near-contacting asperities. fililewas observed to be
firmly stuck to the steel surface and no slidinguweced at the inclination angle
90 degrees.

In the case of the studies of ultrathin polymeeisist films, we observed the
effect of the film thickness that was connectechvifite different size contact at
the same load effected by the different deformaiiothe area of contact. The
results of these studies are presented in Fig. 9.
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Fig. 9.Static friction vs. film thickness
Rys. 9. Wsp6 czynnik tarcia statycznego w funkgjitmr ci warstwy
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In this case, probably the most important aspect e effect of the
deformation (mechanical) component of the frictforce on observed friction.
The optimum thickness of the film can be found tmimise friction in the
studied contacts.

4. Conclusions

The results of the described simple experimentoperd by using an
aluminium foil sliding on the flat steel surfacenéiom the general basic
equation for wearless friction describing thatat loads the friction force F is
adhesion controlled (FA) ( - critical shear stress, A — real (molecular)
contact area) but it is load controlled (F=f P¥ri¢tion coefficient, P-applied
load) at high loads. The friction force is propontal to a purely load-dependent
term and a purely adhesion-dependent term; ther latting proportional to the
number of bonds being sheared at the junction nwriamber of bonds broken,
w — energy per bond) which may be associated witlA ( is the
thermodynamic (equilibrium) surface energy or wofladhesion ).

At low loads, strong adhesion or bonding acrossirtkerface between the
aluminium foil and the flat steel surface occurthdt required a finite normal
force, called adhesive force, to pull the two selidpart. This effect was
demonstrated by very high values of the inclinatogle needed to start to slide
the aluminium foil. Such an effect was observed mtike values of the
measured inclination angle were over 20 , whichr&gonds to the situation of
the applied loads being below 26N.

When the size of the rubbing elements decreases fream to 1 mm, the
area decreases by a factor of a million and thermeldecreases by a factor of a
billion. As a result, surface forces such as foictiadhesion, meniscus forces,
viscous drag and surface tension that are propatico area, become a
thousand times larger than the forces proportitméhe volume, such as inertial
or electromagnetic forces [28, 29]. The increasaesistive forces, such as
friction and adhesion, because of the increasenefsurface-to-volume ratio,
was observed in our experiments. This is a pagitylimportant effect in
MEMS devices that are designed for small toleransesthe physical contact
becomes more likely. The high adhesion betweerncadjacomponents leads to
the appearance of a large lateral force requirednitiate relative motion
between two smooth surfaces referred to as “stictivhich has been studied
extensively in the tribology of magnetic storagsteyns [6].

The effect of the thickness of the polymeric redilshs in the range of
thicknesses 75-300 nm was observed during the stifftiction with the use of
an AFM equipped with a silicon cantilever.
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Problemy skali w badaniach tarcia

Streszczenie

Problemy tribologiczne spotykane w mikroudzeniach, takich jak np. MEMS i w mikro-

silnikach krzemowych, a tak w przek adniach batych, turbinach gazowych, prasach itpni6é
si znacznie midzy sob. RO nice te wynikaj z r6 nych skali wymiarowych. Stwierdzonog
zidentyfikowane tarciowe opory ruchu, gdy powiemziehkontaktu jest w skali milimetrowej, nie
mog by wykorzystywane do prognozowania takich oporéw tyalpdy powierzchnia kontaktu
jest w skali mikro- lub nanometrowej, a tekwtedy, gdy wymiary elementéw tiych znacznie si
ré ni .
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Summary

Silicone oils are used as lubricants or additiveslifging lubricating properties of oil bases.
However, those compounds are not water solublerefére, the following silicone derivatives
were selected as additives improving the lubricipf water: quaternary diamide
polydimethylsiloxane (Quaternium-80) which is aigaic surfactant and an ethoxylated silicone
which is a nonionic surfactant (Bis-PEG/PPG-20/2n&hicone). Surface activity of the two
compounds was high and it was confirmed by surfansion measurements. In this study, motion
resistance and wear of steel were determined inptheence of aqueous solutions of selected
silicone derivatives as model lubricating substanckhe tests were carried out using a T-11
testing apparatus produced by the Institute fortsduable Technologies in Radom. It has been
found that the cationic surfactant considerablyrel@®es motion resistance in comparison with its
nonionic equivalent in the low concentration ranfi¢he order of a few percent.

" Technical University of Radom, Department of Cherpjsil. Chrobrego 27, 26-600 Radom.
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1. Introduction

Lubricants based on silicone oils have been usédbiication practice for a
number of years [1-3]. They exhibit high thermaiseance, low susceptibility
to oxidation and are resistant to the action ofr@ggjve chemical agents. They
can be used in a wide temperature range of frorzeud temperatures of the
order of about fiftydegrees to above-zero temperatures of the ordsewadral
hundred degrees Celsius. Silicones are physiolthgiaad biologically neutral.
This brief characterisation indicates that the @nes of a silicone chain in a
molecule makes it possible to formulate siliconedsh materials having
properties that cannot be obtained using hydrocesripb-3].

The object of this investigation are lubricatingostances based on water
whose poor lubricating properties are modified hyface active compounds
used as additives [4-6]. Quaternary diamide polwtiylsiloxane (INCI:
Quaternium-80, trade name: Abil Quat 3474, manufact Evonik Chemicals)
with positive charges at two quaternary nitrogeorrest was selected for this
investigation. The results of physicochemical aitibtogical tests obtained for
aqueous solutions of Quaternium-80 (cationic stafat} were referred to in an
analogous study carried out for a linear siliconl/@ther (INCI: Bis-PEG/PPG-
20/20 Dimethicone trade name: Abil 8832, manufaatuEvonik Chemicals).
The hydrophilic part of this nonionic surfactantsvan ethylene oxide chain
while a silicone backbone formed the hydrophobit.pa

2. Properties of silicones and silicone polyethers

Silicone oils (Formula 1) are clear, tasteless,uoiéss liquids. They exhibit
high resistance to low temperatures (up to’€j0and high temperatures (up to
250 C). Their viscosity (from several to as much asvarillion mPa-s) depends on
their molecular mass and varies slightly with terapgre. Silicones are resistant
to oxidation and to the action of agueous solutiohsicids, bases, and salts.
They do not hydrolyse readily [1, 7, 8].

S
CHz-Si—0——=Si~0——$i~CH, (1)
CH, [ CH, |,CH,

Structural formula of polydimethylsiloxane
Wz6r strukturalny polidimetylosiloksanu

Silicone oils exhibit good wettability of variougpes of materials. They
have considerable hydrophobing properties and sed as antifoaming agents.
The compounds are physiologically neutral and &afthe environment [1, 7, 8].
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Lubricant films can break and be squeezed out efftiction zone by
external loads under friction conditions. This isrm likely in the case of a
metal/metal contact, but less likely in the casenetal/plastic or plastic/plastic
contacts [2].

An attempt has been made in this study to applgosie derivatives that,
apart from the hydrophobic part, would have a hgtliic part [9]. These
derivatives retain the properties of silicones lagldlitionally, show affinity for
water and hydrophilic surfaces [7—8]. The compouhdsging such properties
are silicone glycols, also called silicone polyetheolyether polysiloxanes or
PEG/PPG Dimethicone (Formulas 2 and 3).

e 5% | 1= | T
H,C—Si—O-Si—O1—Si—O1—Si—CH
o | | 3 )
CH, LCH, Jm n CH,

(c|tH2 s

0~(C,H,0); (C;H.0); H

Structural formula of comb-like silicone glycol
Wzér strukturalny glikolu silikonowego o budowiezgbieniowej

CH, C|:H3 Cl:H3
H—(CSHGO)y—(C2H4O)—s|i—O+S|i—O4n—s|i—o—(oc2H4)_(OC3H6)_H (3)
X X y
CH, CH;  CH,

Structural formula of block silicone glycol
Wzér strukturalny glikolu silikonowego o budowitokowej

Silicone polyethers are a group of nonionic sugats. They are capable of
forming micelles in solutions but, in contradistioo to hydrogen-based
surfactants, their surface activity is higher [7-8]

Surface activity, solubility, and miscibility withsolvents and other
constituents can be modified at the stage of timhggis of the compounds. In
order to obtain the desired properties, the com@gesuare assigned an
appropriate structure, an organosilicone chain tlen@nd the lengths of
ethylene oxide (PEG) and propylene oxide (PPG)nzhaln increase in the
number of PEG groups leads to an increase in vgatability, and an increased
number of PPG groups increase solubility in nonpoladia [1].

The application of silicone glycols as additives difiging lubricating
properties of water is interesting [9]. Aqueoususiohs of silicone glycols (c =
1 - 80%) and "pure" compounds (c = 100%) were sstggeas model lubricants.
The effectiveness of lubricating substances waedesased on the estimation
of motion resistance and antiwear properties.
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Based on the tests carried out at constant lod@sufdl 50 N) and using a
ball-on-disc tribosystem (T-11 testing apparatiisyas shown that there was no
decrease in motion resistance and wear at low corateons of polyethers (1, 4,
10%) [9]. It can even be stated that the quantiteasl to increase slightly
relative to water. Friction conditions change drtioadly in the case of the
concentrations of the order of forty percent, whteevalue of p drops as much
as nearly fourfold. The character of p(c) chanddsogh 10 N and 50 N loads is
similar. The lowest u values (as low as 0.07) vadrgerved for pure compounds
at both 10 N and 50 N. Such low motion resistamzicate fluid friction in
which friction couple surfaces are fully separated a lubricant film. The
results of the tests conducted at 10 and 50 N sthdiet the wear of friction
couples decreased with concentration of the conggunhe lowest wear was
observed in the case of pure compounds (wear saareters were even more
than threefold smaller than those for water) [9].

3. Structure and surface activity of selected silane derivatives

As mentioned above, silicone polyethers (nonionidastants) efficiently
modify lubricity of water at the concentrationsfofty percent. However, at the
concentrations of several percent, the effect efatiditive is modest and it is
even possible to observe an increase in motiosteggie and wear [9].

In view of the beneficial properties of siliconexaheir derivatives, as well
as the concentration range in which the additivesuged (of the order of 1%),
an attempt was made to search for other silicorrevateves that would be
effective at low concentrations.

The analysis of literature data and our own reseandicates that the
formation of the surface phase is connected natwith the hydrophobic effect
but also with the interactions of molecules witk #olid surface [4, 10]. In the
case of nonionic surfactants, these are hydrogadsand also weak dispersive
interactions. They may not be strong enough toywedhe surface phase that,
under friction, transforms into a lubricant film Jmag high resistance to
mechanical and thermal loads. Therefore, an ionidastant (a cationic
organosilicone compound) was selected for the studs an additive to water.
Its structure is presented below (see Formula 4).

o
o

(@]
o o, oy
| 3
R)L'}‘/\/\’FM OM[\SE—O%:S/\/\ oﬁ/\lﬁf\/\l?l)LR (4)
H CH3 OH CH CH3 OH H

3 3

Structural formula of Quaternium-80
Wz6r strukturalny Quaternium-80
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There are two positively charged quaternary ngrogtoms at the ends of
the silicone chain. The results obtained for thetgms of this compound will
be referred to as solutions of silicone glycol (IN®is-PEG/PPG-20/20
Dimethicone) that, just like Quaternium-80, is Anend having ethylene oxide
and propylene oxide chains at the end of the sikathain (Formula 5).

GHy My o,
H—(chGO)y—<czH40)—Ti—o—[—sim4—sn I 0—(0C,H)~OCH) 1 (5)
X X y
CH3 CH3 CH3

Structural formula of Bis-PEG/PPG-20/20 Dimethicone
Wz6r strukturalny Bis-PEG/PPG-20/20 Dimethicone

Surface activity of the solutions of both compouffisrmulas 4 and 5) was
compared. Its measure was surface tensipmaétermined by means of the ring
detachment method (Lauda Tensiometer TD1) (FigTi¢. measurements were
made for aqueous solutions of the compounds walctncentrations of 0.001-
5% - Quaternium-80 and 0.01-10% - Bis-PEG/PPG-20/idethicone.

60
. 50
=
Z ez 40 T
5 E s _
5% 30 ——,
€= 20
“ 1o

0 —— Quaternium-80 —=— Bis-PEG/PPG-2(/20 Dimethicone

0,001 0,01 0.1 1 10

Concentration [%o]

Fig. 1. Dependence of surface tension on concémtraf aqueous solutions of Quaternium-80
and Bis-PEG/PPG-20/20 Dimethicone. The value ofserfension for water is about 72 mN/m
Rys. 1 Zaleno napi cia powierzchniowego od stenia wodnych roztworéw Quaternium-80
oraz Bis-PEG/PPG-20/20 Dimethicone. Wartnapi cia powierzchniowego wody ok. 72 mN/m

The differences found can be interpreted as atre$gitronger interactions
of the ionic surfactants with the surface.

Viscosity is one of the more important quantitieattmay affect tribological
properties of a lubricating substance. Thereforg;osity of the solutions as a
function of additive concentration was compared josfore the tribological
tests. The studies were carried out using aquediusians of silicones of the
same concentrations as those used in surface rem&asurements. The results
are given in Fig. 2.
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—&— Quaternium-80 —=—Bis-PEG/PPG-20/20 Dimethicone

8]

[mm2/s]

:

Kinematic viscosity

Concentration [%o]

Fig. 2. Dependence of kinematic viscosity on cotregion of aqueous solutions of
Quaternium-80 and Bis-PEG/PPG-20/20 Dimethicone
Rys. 2. Zaleno lepko ci kinematycznej od stenia wodnych roztworéw Quaternium-80
oraz Bis-PEG/PPG-20/20 Dimethicone

The values of viscosity coefficients are so lowthe concentration ranges
used that they will not affect tribological propest of the lubricants tested.

4. Tribological properties

The evaluation of tribological properties was cadrout for 1-5% aqueous
solutions of Quaternium-80 and 1-10% aqueous swisitiof Bis-PEG/PPG-
20/20 Dimethicone. The measurements were made lfmd3 (10, 30, and 50 N)
to determine the coefficient of friction (1) and avescar diameter (d). The
methods presented in the literature [11] were aplpliFor tribological
measurements steel samples ( H15) were used. Balth® diameter equal to
0.5" was used as a sample. The disc of the diameefesl to 25 mm, surface
roughness Ra = 0.16 um was used as a counter-sample

The solutions of cationic surfactants have lowestifsn coefficients than
water, which is the base of the model lubricantdyesed (Fig. 3).

0.5
= [ ——10N —=5-30N —-—50N |
= 04
==
L=
S 03 B
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2T 0 IN
ha N;’C = = &
5 ol
= 00 : ‘ : . ;
0 1 2 3 4 5 6

Concentration [%o]
Fig. 3. Dependence of mean friction coefficientcomcentration of aqueous solutions of
Quaternium-80. Tribological test, T-11 testing apas, steel ball-steel disc couple, test duration
900 s, sliding velocity 0.1 m/s, radius 10 mm, a6, 30 and 50 N
Rys. 3. Zaleno  redniego wsp6 czynnika tarcia od stnia wodnych roztworéw Quaternium-80.
Badanie tribologiczne, aparat T-11, skojarzenie &$llalowa—tarcza stalowa, czas testu 900 s,
pr dko po lizgu 0,1 m/s, promie 10 mm, obci enia 10, 30 oraz 50 N
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After using Quaternium-80 in the lowest concemrafc = 1%) u values
were even 2 times lower in comparison to watera &mse. Further growth of
cationic silicone concentration generally didn'usa changes in the pu values.
The reason of changes could be related with QuaterB0 surface activity
(Fig. 1) and the possibility of micells appearaircevater solutions.

As it has already been mentioned in Chapter 2, amotesistance for a
nonionic surfactant (Bis-PEG/PPG-20/20 Dimethicore® relatively high,
comparable and even higher than those observee iprésence of water (Fig. 4).
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Fig. 4. Dependence of mean friction coefficientcomcentration of aqueous solutions of
Bis-PEG/PPG-20/20 Dimethicone. Tribological tesfl Ttesting apparatus, steel ball-steel disc
couple, test duration 900 s, sliding velocity 0./5,madius 10 mm, loads 10, 30 and 50 N
Rys. 4. Zaleno redniego wspo czynnika tarcia od stnia wodnych roztworéw Bis-PEG/PPG-
20/20 Dimethicone. Badanie tribologiczne, aparatlTskojarzenie kulka stalowa—tarcza stalowa,

czas testu 900 s, mtko  po lizgu 0,1 m/s, promie 10 mm, obci enia 10, 30 oraz 50 N

In the case of all the concentrations and loadsptivalues are higher than
threefold for Bis-PEG/PPG-20/20 Dimethicone solasighan for Quaternium-
80 (Figs 3 and 4). The largest changes in thealue as a function of
Quaternium-80 concentration can be observed up %. RAbove this
concentration, the coefficient of friction stabéswithin the measurement error
limits (0.01). Another tendency observed is a dmopthe value with an
increase in load. The drop is quite considerabta tie load change from 10 to
30N but less so with the 30 to 50N change (FigTBe maximum decrease in
the value for individual loads (10, 30, 50N) relatiteewater is 1.6, 2.3, and
2.4, respectively. Thus, at moderately high loadds50N) the lowest decrease
was observed for 10N, while the decreases for 8058MN are comparable and
higher than those for 10N.

The analysis of Fig. 5 indicates that the actidicieihcy of Quaternium-80
as an antiwear additive is low.

Wear scar diameters (d) obtained after applyingt€uoaim-80 range from
0.58 to 0.70 mm (see Fig. 5), and thus they agefaior the model lubricants
proposed than for water (d = 0.50 - 0.57). The Itesmay indicate chemical
wear resulting from the reaction of ionic surfat¢sawith the steel surface.
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Fig. 5. Dependence of wear scar diameter on coratemt of aqueous solutions of Quaternium-80.
Tribological test, T-11 testing apparatus, stedidtael disc couple, test duration 900 s, sliding
velocity 0.1 m/s, radius 10 mm, loads 10, 30 andN50
Rys. 5. Zaleno  rednicy skazy kulki od stenia wodnych roztworéw Quaternium-80. Badanie
tribologiczne, aparat T-11, skojarzenie kulka steetarcza stalowa, czas testu 900 sdio
po lizgu 0,1 m/s, promie 10 mm, obci enia 10, 30 oraz 50 N
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Fig. 6. Dependence of wear scar diameter on coratént of aqueous solutions of Bis-PEG/PPG-
20/20 Dimethicone. Tribological test, T-11 testaqgparatus, steel ball - steel disc couple, test
duration 900 s, sliding velocity 0.1 m/s, radiusmi@, loads 10, 30 and 50 N
Rys. 6. Zaleno rednicy skazy kulki od stenia wodnych roztworéw Bis-PEG/PPG-20/20
Dimethicone. Badanie tribologiczne, aparat T-11jakenie kulka stalowa—tarcza stalowa, czas
testu 900 s, pdko po lizgu 0,1 m/s, promie 10 mm, obci enia 10, 30 oraz 5 ON

Nonionic surfactants exhibit slightly better antaweproperties (Fig. 6).
Wear of the balls decreases slightly as a funaifoncreasing concentration of
an additive relative to wear observed when wateussed as a base. The
maximum drop in the d value of the solutions refato water is several percent
(4% solutions).
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5. Summary

Organosilicone compounds possess a number of gtitege
physicochemical properties that form the basistfmir application as active
constituents of lubricating substances. Silicorres lrowever, insoluble in water
and that considerably limits their application ran@herefore, the subjects of
this study are water-soluble silicone polymers [$§ed as additives, they show
high efficiency only in the case of high conceritnas of the order of forty
percent. As additives modifying tribological profies of bases, they are used
primarily at the concentrations of the order ofesaV percent, and an attempt
was made to find silicone derivatives which woulthprove tribological
properties in this concentration range.

The silicone selected for the investigation wasoaic one (Quaternium-80)
and the investigation results were referred to watea base and to aqueous
solutions of a nonionic silicone (Bis-PEG/PPG-20/BOmethicone). The
analysis of the results obtained indicates thattHe ball-disc tribosystem (T-11
testing apparatus) and loads of abd@&N, the ionic surfactant considerably
affects a reduction in the coefficient of frictidooth relative to water (about
twofold) and relative to the nonionic silicone dauns (about threefold). Wear,
however, is comparable or even higher than thfaneater.

The beneficial effect of the ionic silicone addéivon the reduction in
motion resistance can be explained by stronger,paoed to the nonionic
surfactant, interactions with the steel surfaceemshs, high wear can be
attributed to the chemisorption of additives.

The application of silicone water solutions as icdunts is predicted in
friction pairs were leakage or human skin contaay mppear, and in machines
used in cosmetic industry, pharmaceutic and houdgdroducts manufacturing.
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Rola pochodnych silikonéw jako dodatkéw modyfikuj cych w a ciwo c¢i smarne wody
Streszczenie

Oleje silikonowe s stosowane jako substancje smarowe wige dodatki modyfikujce
waciwo ci smarowe baz olejowych. Zwiki te wykazuj jednak brak rozpuszczalrm
w wodzie. Dlatego jako dodatki poprawie¢ smarno wody wytypowano rozpuszczalne
w wodzie pochodne silikonowe. Snimi: czwartorzdowy diamidopolidimetylosiloksan
(Quaternium-80), zaliczany do surfaktantéw katiogolvoraz oksyetylenowany silikon, naley
do grupy niejonowych zwikéw powierzchniowo czynnych (Bis-PEG/PPG-20/20 Dhiwone).
Aktywno powierzchniowa obydwu zwikéw w wodzie jest wysoka i zosta a potwierdzona
przez pomiar napcia powierzchniowego. W prezentowanej pracy wyzoaezzostay opory
ruchu i zuycie stali w obecn@i wodnych roztworéw wybranych pochodnych silikoryat, jako
modelowych substancji smarowych. Testy prowadzona pomoc aparatu T-11,
wyprodukowanego przez Instytut Technologii Ekspdoat w Radomiu. Stwierdzono, e
w zakresie niskich ste , rz du kilku procent, kationowy surfaktant zdecydowarianiejsza
opory ruchu w stosunku do jego niejonowego odpomilead
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Summary

Mechanical objects are operated in the real worliere the degradation of material
components and the variability of processes managedan are the main factors influencing its
efficiency. Machine degradation is a long-lastingbgess concerning its material structure,
components, and connections. The loss of machiaeatipn is due to failures caused by wear and
tear, fatigue, corrosion, overloading, materialiageand many other destructive processes. A
close relation between failure modes and religbitibdels is observed so that knowledge about
failures may help analysts create reliability mgdahd determine the best operational decisions.
This paper discusses the relation between phygib@hnomenon and theoretical models as
a common platform of decision processes.

1. Machine and device- specifics of mechanical olgjs

Machines and mechanical devices are defined asitadhobjects usually
consisting of movable elements using energy andrimdtion to process or
transform energy in order to perform work on meadtanprinciples [1, 2].
Machines are systems of solid, usually metallidkdi(bars) connected to two or

" Wroclaw University of Technology, Polamharek.mlynczak@pwr.wroc.pl.
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more other links by pin joints (hinges), slidindnits, or ball-and-socket joints,
to form a closed chain or a series of closed chdihsThe main advantage of
most machines is that it multiplies human efficignéor instance, a driver
moving tons of goods with high speed, or an aeraplar ship transporting
people or goods. Machines fulfil different taskghwhigh efficiency, precision
or at lower risk, assuring comfort and safety.

1.1. Operational system of mechanical object

Machine operation requires that the operationatesysand process are
defined [2]. The technical object performs its fiime with the support of
mankind (crew, staff, operators, mechanics, and agers), in a properly
prepared environment: territories, operational p&ssk or supply system. All
elements that support operation create a systepesfation (1):

SO=< Sy SM R (1)

Where:SU- usage subsystem (operatio8}) =< UE, R>,
UE ={UE} — elements of usage subsystem,
SM- maintenance subsyste®M =<ME, R>,
ME ={ME} — elements of maintenance subsystem,
R - relations among system elements.

An object circulates between the operation and teaance systems so that
it requires all necessary resources consistingnob@eration and maintenance
crew, infrastructure, and environment.

1.2. Operational process of mechanical object

Operation is defined as "the combination of alht@cal and administrative
actions intended to enable an item to perform aired function, recognising
necessary adaptation to changes in external condit{3].

An object function that is designed to satisfy astomer’'s needs is

performed by changes of object statSsz{sl,sz,...,sn} in time sequence
t={t,t,,....t;,..} . The function describing the distribution of tirirestates is

called the operational proceSgt) .

The operational process is a subsequent changeeastate of the object
and, according to the main function of the objéads recognised as in arp or
downstate. The process jumps between up and dowrs stetendom moments.
Failures and repairs (Fid) determine the instant of jump.



Failure models of mechanical objects 31

FAILURE | | FAILURE | | FAILURE |
usage usage usage
v // mileage inkm R
. = _ time of repair "
repair repair repair in hours

Fig. 1 Operational process of repaired object
Rys. 1. Proces eksploatacji obiektu naprawialnego

In an operational process, one may distinguishrotbat and uncontrolled
processes. Controlled processes are planned bymaaagement, depend on
required tasks and management methods, and ardlyusuare or less
predictable. Timetables, schedules, plans of usageheduled maintenance are
controlled processes. All unpredictable events thsturb the above processes
sometimes make these processes uncontrolled. Wesaadly forced to weather
catastrophes (storms, hurricane winds, heavy sritwd, etc.), technical
catastrophes (crashes, collisions, building, bsdge machines collapses,
explosions or fires) or human errors while opegatin object.

Another classification criterion due to processirdgbn is availability. An
object being in the state in which it cannot parfa desired function is in fault
state [3].

The operational process starts by introducing afeabbin operation
(purchase and installation) and finishes by witlhgafrom operation.

In a practical approach, there are two kinds ofisilee events for the
moment of decommissioning of the object from openat

Random events of catastrophic/disaster characteirggthe destruction of

the object, and

Purposeful operational decisions concerning a wétivdl from the use or

thorough reconstruction of the object.

A catastrophe is an event during which the destmcbf the supporting
structure and of the majority of sets and assemlblégng essential for fulfilling
the functions of the object takes place. Generdlig, result of a disaster is a
withdrawal of the object from operation.

A decision concerning a thorough reconstruction demnisation) or
withdrawal from use is the consequence of diagoadstiestigations and of an
economical analysis.

These analyses determine further worthwhile anétgafispects of the
object being operated.

Safety is one of the most essential criteria, beea@vents resulting in losses
of human life constitute inadmissible object bebaviduring operation and are
classified by the European Organisation of Qualltgntrol among critical
object features.
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In this connection, object degradation influendes tbject history in an
uncovered or a hidden manner. An open degradati@yeé is observable by
means of all kinds of diagnostic examinations, fr@mple organoleptic
inspection to advanced measurement, metallograpkicay, gammascopy
techniques, etc. The state of the object (its aldmfion degree), determined on
the basis of evaluation measures according to g#sums, e.g. the total

degradation degrqu [4], permits one to define the decrease of itsraien

potential and residual life. In this case, a daakbcontaining information about
the object becomes the basis for making operatigistbns concerning the
future of the object [5, 6].

A hidden degradation of the object can take placesituations of
insufficient supervision and of uncontrolled, wdistexploitation of the object.
Then, there exist no procedures forcing continuowsperiodical object
diagnosing, and the continuing deteriorating techinstate of the object can
lead to a disaster, in a hidden way and withowiptes symptoms. In that case,
the lack of information about the state of the objdoes not permit one to
determine the time of operation interruption optoceed to the withdrawal of
the object from use. Thus, a lack of informatioma&rning object degradation
leads in an inevitable way to a catastrophe [4].

2. Concept of failure and fault in a mechanical olgct

2.1. Failure as undesired event

The technical state of an object is described lyo$eselected technical
parameters like dimensions, displacement, forcememb, stress, power,
velocity, pressure, temperature, etc.

These parameters are designed according to thectobjections,
requirements and environment. They are kept duhiagperation (usage) in the
assumed range of acceptance [7]. Crossing thetlimgshold is equivalent to an
event called a failure (Fi@).

4 cb) upper
threshold

_. required
value

lower

v threshold

FALURE ~ 1me

Fig. 2. Variability of technical state parameted dailure moment
Rys. 2. Zmienno parametru stanu technicznego i chwila uszkodzenia
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The failure state is defined as the “terminatiorthad ability of an item to
perform a required function” [3]. The failure is ament, and after failure the
item is in a state called fault.

There are two general approaches to the concefatilofe in engineering
sciences. The case when parametgr) varies randomly according to
operational demands or changes monotonically (&s&® or decreases) (F&ga
and b).

More precise analysis of the failure phenomena shibnat the failure as an
event occurs when active load exceeds the stremign object. The safety
index represents the ratio of load over strength assures that, at the design
stage, with some level of confidence, the undesieght (failure) should not
happen in the real world.

() i 1c0) b)

t t

>

FAILURE FAILURE

Fig. 3. Behaviour of technical parameter in opergtio
a) random variation of parametgt), b) monotonic increase of paramaté) value
Rys. 3. Zachowanie parametru technicznego w ekspat
a) przypadkowa zmienno parametru c(t), b) monotoniczny wzrost wacigparametru c(t)

In fact, in real operation, both load and strengty be regarded as random
processes and static reliability is defined [8]tlzs probability that the current
load does not exceed the strength of the elemgnt (2

¥
R=P(L<S)= F(9)fs(3ds )
0
Where:R — probability of safe relation between |lda@nd strengtls (L<S),
F_ — distribution function of load,
fs — density function of strength.

If load and strength are both normally distributmispectively,N(E,SL)

and N(§,ss)as shown in Fig. 4, than the safety mar§M is calculated as



34 M. My czak

SM=S- L. Applying s, =+/s2+s?, the reliability of an item is then
S-L
\JSZ+s?

Variability of technical state parameters may tgkace regarding the
internal strength of the object as well as the mmeeload applied during
operation. These processes are usually classgiéd@main types, presented in
Fig. 4. It gives four pictures of failure as a conation of the variability of

strength and load. The case shown in Fig. 5d qooreds to level crossing with
random bound [8].

defined asP >0 [8, 9].

0,09

density
0,08 A
0,07
—=— LOAD N(50,10) [\
0,06 —»— STRENGTH N(80,10) 4 A
0,05 / \\
I

0,04 - A
0,03 T /’\\ / \\\
0,02 4 A
/ \
0,01 -
o2 -~ "stress"
20 40 60 100 1
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80

0 20

Fig. 4. Example of the relation between load anehgth normally distributed
Rys. 4. Przyk ad relacji milzy obci eniem i wytrzyma oci  opisanymi rozk adem normalnym.

The degradation of a technical object (deteriogatof strength) is a
phenomenon consisting in the loss of its usabgdtential and is described as a
stochastic process with respect to the real timepefational use. Degradation
depends upon the lapse of time and operationaleangdonmental conditions
[10,4]. The object’'s technical statg can be described as a vectyt) of
selected criterion parametex§):

q(t):<ci(t)>7 i =11; ¢ ()T ¢(t) (3)

which determines the instantaneous abilities ofdbject to perform assumed
functions [11], [12]. Thus, object availability & state in which each of the
criterion parameters is included within interval§ @dmissible variability

C(t) :<cimi” (t),cimax(t)> (Fig. 2). That means, in the traditional damageleho
that an excess of admissible values of at least ain¢he distinguished
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parameters is equivalent to the damage of the phjed to its passage to the
fault state (Fig. 5). With reference to real opersl use, the model of
unavailability can be generalised through an exjpansf the area of technical
criterion parameters by economical, safety, envitent protection, and other
criteria.

strength variability
constant strength deteriorated strength
! 1+ TN wear-out
o !
< !
2
S| [
2
g !
S a b
1| 4 catastrophic failure 7N
"o 1
< ! <
o : d \..\
- . ‘." g :E
g , o L F |~ e & 54
S| e £
g |
= C d

Fig. 5. Combinations of load and strength in operati
Rys. 5. Kombinacje obcienia i wytrzyma oci w eksploatacji

2.2. Typical fault modes

Fault mode is “one of the possible states of atyatém” [3] and it is how
we observe a consequence of a failure. It is thg afademonstrating the
inability of performing a function like rapture, ta, fracture, seizing, wear, and
many others. Physical processes that lead to éadlassify fault models in two
groups: “wear out” and “overstress” models (Fig[13)].

The most typical wear out failures in mechanicamponents are weatr,
fatigue, creep and corrosion, but there are alssemed failures that are a
combination of the mechanisms mentioned above liggess and
electrochemical corrosion or degradation in striertie to stress variability or
high temperature. It is also necessary to mentiimffuence of man as a failure
cause. It is believed that about 80% of failures iatroduced by operators or
maintenance crews [13]. The wear out observed iiifeatime creates an
increasing/decreasing monotonic process so thahtasci(t) reach a threshold
limit value at some time.
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Fig. 6 shows the simplest examples of wear-out sudten failure. The
complete loss of friction in a brake shoe block piobably due to poor
maintenance. A connecting rod is torn by tensilpdot during piston seizing
(to the right).

An example of fatigue failure with a characteristazge fatigue zone,
corroded before final fracture, and a glossy, imstacous fracture zone are
shown in Fig. 7.

The most complex failure is represented in FigTiBe bearing cap of an
engine water pump is broken because of ball besrimetpased from seized
bearing.

Analysis of the fault modes of the entire objecually concerns the
inability of the main object to function. Fig. 9 cari0 show a design error
resulting in an early crack of the deck transora daf/er barge BP-500 [14].

Instantaneous zo

— (rapid crack)

\ Fatigue zone

(slow crack growtH)

Fig. 6. Example of wear-out failure Fig. 7. Fatigue crack: bolt24mm.
(brake shoe- to the left) and sudden disruption  Rys. 7. Pkni cie zm czeniowe ruby
(connecting-rod — to the right) f 24mm

Rys. 6. Przyk ad uszkodzenia gaiowego
(ok adzina hamulcowa — po lewej) i nag ego z amania
(korbowdd — po prawej)

Fig. 8. Total, secondary destruction of water p{ogy engine)
due to primary bearing failure
Rys. 8. Ca kowite, wtérne uszkodzenie pompy wody
(silnika samochodowego) z powodu pierwotnego uszé&oi oyska



Failure models of mechanical objects 37

Fig. 9. Crack of deck transom of river barge Fig. 10. Example of macro notch of deck

BP-500 (stress concentration, notch due to transom of river barge BP-500
design error) Rys. 10. Przyk ad karbu w skali makro paw
Rys. 9. Pkni cie paw y barki BP-500 barki BP-500

(koncentracja napre w karbie
spowodowanym bdem konstrukcyjnym)

Pictures above show the variety of fault modes #mal necessity of
searching for the cause of the failure to prevemtre unexpected stops of
mechanical objects. Knowledge concerning qualigaimd quantitative failure
assessment is important in the process of objgutoivement and modernisation
(design) and in setting good operational and maaree practice.

3. Reliability characteristics of mechanical object

Reliability in present standards is a part of thidew concept known as
dependability It is the collective term used to describe theailability
performance and influencing factors: reliabilityrfsemance, maintainability
performance, and maintenance support performanegemability is used only
for general descriptions in non-quantitative tef8js

Avalilability (performance) describes the ability of an itenbéoin a state to
perform a required function under given conditiams given instant of time or
over a given time interval, assuming that the nemliexternal resources are
provided.

Thereliability of a product is the probability that the produdll werform
an expected (designed) functiaithout failure for a given time, at a desired
confidence level under specified operating andrenvnental conditions.

Analysis and assessment of random disturbancespefation process
requires working up a reliability model of the oftjeoperated in given
circumstances. The main factors influencing thaalmlity of failure time are
deterioration, ageing, human abilities, and infiacture conditions [13, 5, 2].
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Technical objects, due to failure and repair cfasgion, are described in

reliability theory by the following:

- Maintainability, the reparability of an object (meaf no repaired or
repaired object: repaired with negligible repaindi 0, with any repair
time >0),

Complexity (design, functionality, reliability siwture);

The quantitative assessment of failure (indexesfamctions);

Failure description (cause, mode, consequence piviapair); and

Degradation processes analysis setting, for instahe threshold state of

the parameter (ageing, wearing out, fatigue, casmdracturing, etc.).

Randomness of uncontrolled operational processas tasts, observations
and analysis on variables mainly describes the timer between failures

(TTF/TBF) and time to repair (TTR) time for wholédjects, its subsystems,

assemblies and elements. Statistical process af @aicerning TTF and TTR

leads to probability distributions and, in consates the reliability function

R(t), failure distribution F(t), density functioft), and hazard rate functior(t).
The classical model of the reliability functiongiven by Wiener's Formula

(4) [10, 11, 12]:

t

- e

R(t)=e° 4)

It combines reliability with hazard rate functioit), which has a close
relation to fault mode (Fig. 11).

hazard rate function,
failure rate - (t)

wear out period
(ageing, wear out failures) 1

infant mortality
(early failures)

2 -
______ = | time to failure

burn-in usfulness ageing
Infant mortality

Fig. 11. Hazard rate function and components di‘atbe curve
Rys. 11. Funkcja intensywna uszkodze i jej sk adowe

The relation is bi-directional, i.e., knowing thengponent fault mode, one
may predict the shape of hazard rate function,oarthe other hand, having
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calculated theoretical model of the failure, on@& show the corresponding
failure mode.

An important technical characteristic is B10 (1@gestile), which
represents the time to failure (durability), cop@sding to 90% certainty that
all objects should reach at least timgglor, in other words, that only 10% of
the object may fail before timegk. Probability distributions taken usually as
mathematical models of failure characteristics Weibull's model, Gauss
(normal), log-normal, exponential, beta, and gandimstibutions [10,11,5,12].

The examination of failure cause and its modefispecial importance in
failure analysis. A high convergence between diasismodel of time to failure
and failure cause is observed (Fig. 11). Failumssed by natural phenomenon
like ageing, wearing or fatigue are described v@thuss distribution (time to
failure has normal distribution) with high credibil Sudden or catastrophic
failures caused by reasons external to the objectrendelled by exponential
distribution [5,12].

4. Application of failure mode knowledge in operathn and management

4.1. Automotive spare part stock management

Knowledge of the cause of failure lets us rougldgess the variability of
entry to the service stream (service demand). Tbolel@m appears in warehouse
management, when there are two antagonistic dem#tndsnecessary to keep
in stock large amounts of spare parts to continyonwintain the service
process and, on the other hand, cause high resgpanses for a warehouse. A
component of natural or ageing failures (TTF is cdéged by normal

S
distribution) are usually characterised by smatlaility /7 = =% < 01, where
F

Tr is the mean time between failures asid is the standard deviation of this
variable. Components of sudden failures are uswidicribed by exponential

S
distribution and are characterised by large valitghi? = == =1, which means

F
that demands on particular components may be exgheetry rarely as well as
very often.
Figs. 12 and 13 show a comparison of distributioncfions having the

same mean valuel F =100000 However, diversification in the standard
deviation of normal and exponential distributionakes a great difference in
B1o index, so that efficient stock for parts with erpatial distribution should
be much larger. One may observe that, for expoaledtstribution, 10% of
objects will survive a time below 20000 and format distribution about 80000
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(B10 takes value 80 000 units of time for ageiripfas and below 20 000 units
for sudden failures). The conclusion is the prédictthat spare stock for
elements of sudden failures is less anticipated @nohaintain continuity of the
maintenance process, should be kept at a highek. lev

Fig. 12. Density and distribution function as nokrma

distribution with Te =10000Cand s . =10000
Rys. 12. Funkcja gto ci i dystrybuanta rozk adu

normalnegdT ¢ =100000i s =10000

Fig. 13. Density and distribution function as expnfial
distribution with T =100000
Rys. 13. Funkcja gto ci i dystrybuanta rozk adu

wyk adniczegol r =100000i s =10000

The above issue deals only with uniform objectatrd individually. In the
case of complex objects like vehicle, assembliedassemblies of various
vehicles, a stock does not undergo the above statierbecause it may be
mixture of different variables. In that case soragnaptotic models are applied.
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4.2 Analysis of tank ageing data

Knowledge about reliability characteristics of weagsystems is extremely
important in peacetime and during the war [15]tHe period of peacetime, all
weapon system are stored or used as training sbjBoth in real war service
and during peacetime, there is an expected higitahidy, since they have to
provide soldiers safety and fulfil military requinents. Tanks, as main land
weapon, should therefore achieve its standard ahiifly as soon as possible
while used as training objects.

Reliability tests have been performed on a sampik4d tanks in a period
of over 3 years. The tanks were new, introducetrdming system with the
manufacturer warranty.

Collected data on 11 functional subassemblies @tdhk TWARDY made
the evaluation of 11 reliability functions possiblea 6 cases out of 11, a
Weibull failure distribution function was obtainedith shape parameter
scientifically less then 1. It testifies that theripd of observation was the burn-
in period with the failures the manufacturer's @sgbility. Fig. 14 shows the
decreasing hazard rate function of the fire cordysitem. In the case of power
transmission subassembly, the hazard rate wasyneamstant (Fig. 15). It is
suspected that failures observed due to that stdmmybkave the nature of
incidents of overloading or human errors while @ped by a trainee.

=0,5841, h=119,5224, 10,9707

Fig. 14. Function of failure rate (decreasing)iod tontrol system in tank TWARDY
Rys. 14. Rosrca funkcja intensywnei uszkodze systemu uzbrojenia czo gu TWARDY
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0 3 40

b=10504,h=60,4538,=0.9748

Fig. 15. Function of failure rate (nearly constasftpower transmission system in tank TWARDY
Rys. 15. Bliska sta ego przebiegu funkcja intensywnaeszkodze systemu napglowego
czo gu TWARDY

Conclusions

The real operation of mechanical objects providesyelay many examples
of failures due to design, manufacture, and opamatiSome failures are
embedded in the object (hopefully not intentionalgnd they appear usually in
the beginning of operation process (burn-in faguneth decreasing hazard rate
function). Long lasting correctly managed operaioprocesses may bring
failures of a sudden, catastrophic character r@lteexponential distribution of
time between failures. They are hardly predictabld, the intensities of such
events are very low. The last part of an objedfés hssuming that it survives to
that time, is related to ageing and wear failuree ¢ the degradation of
materials of the object. Depredating processes rbeconore rapid with
operational time and finally lead to failure. Therresponding failure rate is
modelled by a monotonically increasing function. &ppropriate mathematical
model is Weibull's distribution with a shape paraenelarger than 1.0,
practically, about 3.3.
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Modele uszkodze obiektéw mechanicznych
Streszczenie

Obiekty mechaniczne seksploatowane w rzeczywistych warunkach, gdziewgyni
czynnikami wp ywajcymi na ich efektywno s zjawiska degradacji materiau elementéw
obiektu oraz zmienno procesu eksploatacji sterowanego przez operatOemradacja jest
d ugotrwa ym procesem dotyazym materia u struktury konstrukcyjnej oraz mze elementéw.
Utrata zdatncci u ytkowej maszyny wynika z uszkodzespowodowanych tarciem i zyciem,
zm czeniem, korozj, przeci eniem, starzeniem materia u i innymi procesami rd&syjnymi.
Mo na zauway bliski zwi zek midzy postaciami uszkodzea modelami niezawodnai.
Wiedza o uszkodzeniach wspomaga analitykéw w twowemodeli niezawodnaiowych
i wskazuje optymalne decyzje eksploatacyjne. W ypraméwiono zwizki mi dzy zjawiskami
fizycznymi i teoretycznymi modelami tworze wspdin platform dla procesu decyzyjnego.
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1. Introduction

The interest in the development and investigatibmaintenance problems
has been extensively discussed in literature stheeearly 1960s. The basic
review in the area of maintenance modelling is areg by Pierskalla &
Voelker [1], where the authors investigated disr@ine vs. continuous time
maintenance models, later updated by Valdez-Fl&r&gldman [2]. For other
surveys see e.g. [3—11].

However, most of the maintenance models investigatahe literature on
reliability theory assume that all the necessagyskic support resources, which
include maintenance resources, support persomugstic information and data,
spare and repair parts, and facilities, are imnteljigorovided when desired. In
practice, the repair capacity is not infinite, dogistic information may be
unreliable. Moreover, the influence of a spare f@ioning policy on the
maintenance policy also cannot be ignored, sinegesparts are ordered and
carried in a limited quantity and the procuremesdd-tiime is not negligible
[11].

Throughout the years, the importance of the lagistipport functions and
logistic support management has grown. The pletloératudies, which have
addressed the problem of logistic support systerdetting, can be divided
into four main groups being presented in Fig. 1.biBliography of the work
done can be found in [11].

Fig. 1. Classification scheme of logistic supposdteyn models [11]
Rys. 1. Klasyfikacja modeli wsparcia logistycznegokcjonowania systemu technicznego [11]

The problem of providing an adequate and efficimtply of spare parts, in
support of maintenance and repair of operationsiesys, has been researched
for many decades.
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A sufficient inventory level of spare parts hashmaintained to keep the
system in operating condition. When the spare eisnare under stocked, it
may lead to extended system downtime and, as aguesace, have a negative
impact on the system availability level. On the estthand, maintenance of
excessive spare parts can lead to large inventoldirty costs. Moreover, the
requirements for planning the logistics of sparenents necessary in
maintenance actions of operational systems diffamfthose of other materials
in several ways: the service requirements are highe effects of stock-outs
may be financially remarkable, the demand for pansy be sporadic and
difficult to forecast, and the prices of individysdrts may be very high.

Consequently, one of the most important decisi@ted by maintenance
managers is the determination of optimal stockawgls, which involves finding
the answer to the following questions, such that tiftal expected inventory
costs be minimised:

When to (re)order?

How many items to (re)order?

There are many models in the literature on relighiheory regarding spare
parts supply process optimisation. A significanttijpm of them are bases on a
classic inventory theory, where the procurement@se parameters are usually
optimised taking into account the cost constraiseg e.g. [12]).

Many inventory papers that treat stock replenisitmproblems for
stochastically failing equipment/systems are suedeiy [1] and updated by [3,
13, 14].

Following the introduction, this paper is focusen gpare part inventory
optimisation problems. The paper is organised Hsws: In the Section 2, we
present an overview of the most often applied nsdale focus on one group
of defined models. For more detailed investigatidrother groups of models
see [6, 11]. Later, we provided an example of aetidependent system of
systems, where the system total task must be esgatring the constrained
time resource and briefly summarise.

We used a “system of systems” concept to modelrttezactions between
the operational system and its logistic supporttesys According to the
definition [15], the system of systems context arises when a neadset of
needs are met with a mix of multiple systems, ediclvhich are capable of
independent operation but must interact with eattteoin order to provide a
given capabilityMore information can be found in [16, 17, 18].

2. Spare part inventory models

The reparable-item inventory problem has receivegthmattention in the
logistics literature. The general classificatiomesme for spare part inventory
models is presented in Fig. 2.
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The models presented below regard single-echelstersg. However, for
advanced technical systems, such as engines, aplaees, high system
availability is enhanced thanks to the multi-echeloventory system, in which
usually two or more echelons are equipped with iregnad stocking facilities.
For more information see e.g. [11, 19, 20]

Fig. 2. Spare part inventory models classificafibt]
Rys. 2. Klasyfikacja modeli sterowania zapasamikihi¢echnicznego podlegagego
procesowi obs ugiwania [11]

2.1. Models of optimal spare part inventory policyfor a system under preventive
maintenance

The main classification scheme of the investigatestiels is presented in
Fig. 3.

There are two fundamental types of maintenancepreventive
maintenance (PM) and corrective maintenance (Chdi).FM demand for spare
parts is predictable. For such maintenance, it beayossible to order parts to
arrive just in time for use, and it may not be reseey to stockpile repair parts
at all. In case of unplanned repair, the consegsemnd stock-outs regard to
system unavailability has significant costs, arat ie why some kinds of stock
policies are necessary. It is natural in techrsgatems that only spare units that
can be delivered by order are available for maemer/replacement. In this
case, we cannot neglect a lead-time for delivettiegspare unit.
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Fig. 3. Models of optimal spare part inventory pplior system under PM [11]
Rys. 3. Modele doboru optymalnych parametréw stiaségrowania zapasami, gdy strategia
obs ugi profilaktycznej obiektu jest zdefiniowarid]

The first models investigated the possibilityspfre part shortage due to
delivery process performance regarded single-ysiess (see e.g. [21, 22]). In
[21], the authors consider a one-unit system, wieaeh failure is scrapped
without repair and each spare part is only provigier a lead-time by an order.
In the presented model, the following policy is pi#ml: An order for a spare is
made at a pre-specified time instantluring an operating period of an original
unit that is called a regular order. The lead-tiemails L, time units. After
delivery, the original unit is replaced whetheisitbperable or not. However, if
the failure of the unit takes place before the timsantt, an emergency order
is made at a failure time immediately. After an egeacy delivery, which
entailsL, time units, a failed unit is replaced, and thecpss repeats itself.

Taking into account the following assumptions:

Infinite planning horizon;

Negligible replacement time of operating unit; and,

The system is continuously kept under constant rebten until a pre-

specified time instartt, or till the instant of failure, whichever occuisst.

The expected cost per unit time in the steady stageven by the following
formula:

Cin R(t)dt + CplF (to) + szR(to) *Cow (Ll - Lz)F(to) +  F(Hdt

0 t

CS(tO) =

to

(Ll' Lz)F(to)+L2+ R(t)dt (1)

0
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Where:Cpy — cost of spare element expedited order whighdde at time
instantt,
Co2 — costs of spare element regular order madmaty,
Caw — cost of system downtime per unit time,
Li(L,) — random lead time for emergency (requbader,
Cm — cost of system observation proportional to theeeked

duration of observation,
system reliability function,
cumulative distribution function of unit.

R(H)
F()

The presented model development can be found@2h, where the
additional assumption is made that the operatiandl replacement is made in
one of two situations, whichever occurs first: whamt fails or when time of
PM occurs at time instamt. The expected cost per unit time in a steady state
and is given by the following:

to+l t

cplF(tO) + csz(to) +c4, F(Ddt+c, R(t)dt
C,tt,) = 1 fo fotl (2

w to+L

R(dt+  F(t)dt

0 to

Where:c, — cost of holding a spare unit in a stock pet ofittime,
L - random lead time.

Another work, made by Dohi et al. [23], presentgemneralised order-
replacement model arising in spare part inventoapagement, which is based
on the assumptions taken in [21] and [22]. A rephaent problem is considered
for one-unit systems where each failed unit is [goead and each spare part is
provide, after a lead-time, by an order. If thegoval unit does not fail up to a
pre-specified time instarg the regular order is made, and after a lead-time
the spare unit is delivered. The delivered spaeeneht is put into inventory
until the moment of the original unit failure or tiinthe moment of PM,
whichever occurs first. On the other hand, if tmegioal unit fails before the
time instantt,, the expedited order is made immediately at tilar&atime, and
the spare part takes over its operation just dftisrdelivered after a lead time
L;. In this situation, the regular order is not matee function of the expected
total cost per time unit is given by the following:
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¥t ¥ to+l,
C,ltoty) = Cp  LARAE(L)+  (tp+L, - JdR(DAEL(L,) +cpuF(ty) +
00 0ty
¥ IO+L2+tW
+CuR(t) +C,  (t- to- Ly)dR(DAE,(L,) +
0 to+l,
¥ ¥ ¥ty ¥ to+l,

v, LAR(DAE(L) T (t+ L)dROAE(L)+  (to + L)dR(DAE,(L,) + 3)
0 to+Ly+t,, 00 0t

¥ totlyH, ¥ ¥ !

+ WROAE(L)+ (o + Ly + t,)dR(DAE,(L,)

0 to+l, 0to+ly+t,,

Where:cs, — shortage cost per unit of time,
E(t) — cumulative distribution function &f (i = 1, 2).

The problem of optimal spare part ordering pe$cfor two-unit cold
standby redundant system with two dissimilar urstsonsidered in [24]. The
replacement problem is defined as follows: Unitebibs working and unit 2 is
in standby at time 0, and the planning horizomfgitive. If unit 1 does not fail
up to a pre-specified tintg, the regular order for spare parts of both unigmd
2 is made at timg,. After a lead-time_, the spare parts are delivered, and at the
time t,+L,, all original units are replaced correctively/pretreely by spares,
irrespective of the states of original ones, sitimetwo units are not identical.
The order for two spare parts is always neededth®mther hand, if the unit 1
fails before the timé,, the operation is switched to the unit 2, andetgedited
order for spare parts of both units is immediatelde at the failure time. All
original units are replaced by spares just aftdivelsy, which lasts a lead-time
L,. The switchover is assumed to be perfect and ntest@ous. The state in
which both units fail before delivery of spare grinplies the system down.

To obtain the optimal ordering policy parametiie expected cost per
unit time in the steady state and the stationaayiavility are developed.

The expected inventory cost function for one cydegiven by the
following:

to Ly to+L, tgk Ly-t

C,(ty)=Cyp  (Ly- SR (9dR,() + [(to + Lo)- (t+ AR, (90 (D) +

o, (s LMF,(9dR @)+ 4)
oL

totl, ¥ ¥ ¥ ¥

+ [(t+9)- (to + LR (9dR M + [t~ (o +LJdR M+  wFR(9dRE) +

ty tgtlo-t totly to+l, O
ty to+l, ¥
te, WREO+ WRM+ (o +L)dRE) + CpiFi(to) +CpoR (to)

0 t to+l,
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Where:c,, — cost per unit time incurred for the residudtime of the original
unit, which is still operable.

The expected time for one cycle is defined as:

E[T,, (t,)] = D(t + L )dR 1)+ (to + Ly )dF(t) ®)

0 to

Applying the renewal theorem, the expected costupértime in the steady
state is given by the following:

_ Cs'(to) 6
)= gm0 ©

Moreover, the stationary availabilii(t,), defined as the probability that a
system is operative in the steady state, is giyethé following:

- E[Toj(to)] (7)
BT, (t)]
Where:Ty(t,) — effective time of a system for j-th cycle, giv by the
following formula.

Alto)

HT, (t.)] = ’ 1(t+ s)dF, (9dF,(t) . (t+ L )dF,(9dF (1) o (f[+ S)dF, (9dF(t) +t, + ®)

totl, ¥ ¥

+ (t + L)IR,(9dR M)+  (t, + LR (1)

ty tghLp-t totl,

Another very interesting problem regarding spargspaventory planning
in order to keep a production system in operatioigd@tion is considered. An
example of such a system, consisting of n identiaatl stochastically
independent production machines in k-out-of-n kéliy structure, is given in
[25]. The operational process of the presentedcesys#ticludes planned machine
shutdown, during which all of the failed elememtdhat maintenance cycle are
replaced in order to increase system reliability.

The problem considered in the presented paperdedghe a priori planning
of spare part inventories required for maintenashaeng a phased mission. In
the system, it is possible to replace failed eldmemnly during overhauls
performed between two phases. The replacementeofaited elements at the
end of phasek may be done by spare parts remaining unused fioen t
proceeding overhauls and Byitems planned to become available at time point
t.. the failed elements, after replacement, are regaand put into stock
(inventory with returns system). The shortage caoup when the demand
exceeds the number of spare elements availabledtook, and then spare parts
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are obtained by an emergency order or by borrovdnggnalty cost is paid, and
the mission continues. The problem of spare parphg is to finds, for which
stock out of probabilitiegpsp at time pointt, are smaller than the specified
numbers g

K

minC, =
= &S ©)
pspk(sl ----- Sl<)£aspk
Where:C, - function of expected total purchase and holdios},

(o8 — total purchase and holding cost per unit pérafrtime,

t — moments of planned overhauls, k=1, 2, ..K,

S  — planned number of spare element, at

Pspd Sy, &) — probability of stock out df,

sok — Mmaximal level of stock out probability in oneaimenance

cycle.

The model is solved with the use of a Markovcpss whose states are
determined by the number of available spare parid e following
assumptions:

Perfect maintenance conditions, and

Elements of the system are identical and identich#itributed.

Many works that address the problem of determirniregoptimal ordering
policy parameters for technical systems operatindeu a block replacement
policy are based on using simulation processes ¢sgee[26, 27, 28]). Those
models give the solutions to define optimal ordgrpolicy parameters (e.g.
order placement moments) and define optimal PM rpatars (moments of
maintenance performance).

Another group of models where the problem of sparentory optimisation
is investigated regards the age replacement polidye problem of age
replacement policy with inventory restrictions dafound in, e.g. [29], where
authors investigated two inventory policies (s,S).

According to the (1,1) inventory policy, operatialgment will be replaced
in one of two situations: at ageor whenever the minimal repair cdst, is
greater than some predetermined vadife*, whichever occurs first. When the

unit must be replaced, it will be ordered and dmidd after a lead-time.
During the time of waiting for spare part delivettye system is in downstate.

Optimisation of the following parameters: lead timand the ag& when a
system must be replaced base on the minimisatiototaf maintenance and
inventory cost, is defined by the following formula
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¢, (L)+ Cy- Gy +C"'mxd':cn(x)(1' Fcn(CrTn?X))'l [1 (R)) p°""‘]+cwz

0

Cs(LrT): T
L+ (Rw)) " du (10)
Where:F.(X) — cost of repair distribution function,
Pom  — probability that defined minimal repair costgeeater than
Cmax
(L) — function of costs associated with delivegrfprmance (e.qg.

ordering cost, cost of lost production).

This kind of model might correspond to some verjiaal but expensive
piece of equipment where one backup is providefl [29

The second investigated inventory policy calle®)2s a modification of
described (1,1) inventory models. In this moded, slystem will always contain
one unit in operation and one additional unit itmeinventory or on order.
According to the model assumptions, when an opeyaihit fails, one of two
possible situations can happen:

An additional unit being in inventory is immediatelavailable for

replacement,
An additional unit is on delivery — then the failexit is repaired at all cost.

No system downtime is ever allowed.
The total cost function is defined as follows:

C(LT) ={o () - RIS+ [ R P (RO ] xRy 00 FoCI) 40 - Cup +0up
° (11)

T -1

L (RW) P (RE)) Pmdt

Where: Cr';m— expected repair cost function during a lead time.

For more complicated problem investigation (see €3]) simulation
processes, dynamic programming, integer programmiagd nonlinear
programming are the main tools suggested.

Lots of models for the joint optimisation of an iopal age-dependent
inventory policy and PM policy regarding productiegstems subjected to
random machine breakdowns (see e.g. [31, 32]) @en investigated. An
interesting inventory problem is investigated i3]j3where authors developed
the optimal number of inventori&=§, S, ..., $Swhen

The system performs under age replacement polndy, a

The system failure rate increase with its age.
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The optimisation problem is stated as follows:

)
maxQ p,(S,)
g=1

n,

(12)

q H,s, £C™
q=1
Where: nq — number of types of spare elements in prodaatiachine,
p,(S,) — probability that there will be no stock outspfare elements
type g during the overhaul,
S — initial inventory level,
cr - maximal allowed level of inventory costs.

The solution of the stated optimisation problemeiseived with the use of

dynamic programming.
However, in real life systems, the failed eletnean be replaced or

repaired, which needs to give an answer to theviallg questions:

When should the unit be repaired instead of replace

How many spare parts should be ordered in ordendet demand while

keeping the ordering and inventory costs minimal?

One of the models that tries to answer these aqrests presented in [34].
In this paper, a joint stocking and replacement ehadith minimal repair at
failure is considered. The authors assumed@hanits are purchased per order,
operation unit is replaced after using for timesimtl T, if inventory level is ¢
1), and minimal repair is performed for any interivigy failures. The problem is
to select optimal order quantitQ and replacement intervalf,;, so as to
minimise the total maintenance and inventory c@stymit time, given by the

following formula:
G +szQ+Cnm ) H(Tci)+ch ) (I - 1)Tci (13)
CS(Q1Tci) = ile =
T

ci
i=1

Where:c, - cost of an order placing,
Cwz — replacement cost per unit,
i —inventory level.

The investigated problem of optimal ordering andintesnance policy
parameter definition is continued in many recemigra (see e.g. [35]). In this
paper, the authors defined optimal ordering ptjrstnd the optimal number of
minimal repair N,, before PM performance for a single-unit system.
Assumptions made in this model are the same asmexsin [21].
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An order for a spare element is placed before ritie failure of the
operational unit occurrence (momety), and lasts a lead timé. If the
operational unit fails beforg moment occurrence, the system is in a downstate
until the moment,+L. However, if the unit fails after spare elemenlivaey
(kth failure), the system is immediately replacedhedtfailures are minimally
repaired in time (0).

Optimisation of parameters is performed withtigimisation of the total
expected cost function given by the following:

¥ x+L ¥ x+L
ColtmNom) = (Npm - Dcpm ¥+ o (xW)dydx "~ ey (% L y)f , (x y)dydx +
0 x 0 x
¥ ¥ ¥ ¥
+ fo (eydydx e, (y- x- Lf (6 y)dydx

0 x+L 0 x+L
¥ x+L

o odyax | @at RANRO)
ox 0 i1 j!

dx+L + (14)

¥ ¥

¥ k-1 =
+ f, o (% y)dydx - 7@@- F<><))(R(X))Idx

; i
0 x+L 0 j=l

Where:f,  (xy) — probability density function of, andt.

Another interesting solution of the problem ‘r&q# or repair’ is given in
[36], where a simple repair-time limit replacemgarbblem with imperfect
repair is considered. The authors investigatednglesiunit system in which,
when the unit fails, one estimates the repair tifinthe repair can be completed
up to a pre-specified time limitr the repair is started immediately,

rmax ’

otherwise, the spare unit is ordered with a leadti. The expected total cost
per unit time in the steady state is given by tilwing formula:

(k, +c,) 1do +(k L+ ¢ Jom,)

Cs(Tr) T
, 1 1 1~
dGt)+-+ L+—-— G(T,)
o / /2 (15)
Where:k — penalty cost per unit time when system is iwmktate,
T,  —random repair time,

G(t) — p.d.f. for repair timeG(t) =1- G(t),
S — failure rate of new unit,
— failure rate of repaired unit.

n

The solution of the presented model is obtained e use of the graphical
method based on the Lorenz transform.
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The main classification of the models regarding thptimisation of
inventory and maintenance policy parameters isgmtes in [11].

3. An example

Consider a repairable system of systems underraanis monitoring, in
which there are integrated two independent systeopgrational and its
supporting system. Both systems have only two statpstate, when they are
operable and can perform its specified functions, downstate, otherwise.

The system of systems total task is defined asdhéinuous performing of
exploitation process. Moreover, in the presentediehothe logistic support
functions are narrowed down only to providing tleeessary spare parts to the
operational system. As a result, the logistic suppgstem is inoperable when
there is no capability of supplying the operatiopabcesses with necessary
spare parts.

The operational system is composedvbidentical elements working in a
reliability structure, which determines the momemntsen the system goes to a
downstate. Let us also assume that element failaresandom in time, and
each failure entails a random duration of repafotgethe element/system is put
back into service. Let us also assume that anyrimdton about failures in this
system is reliable and comes immediately to thestimgsystem.

In the investigated model, when logistic suppodtesn is in upstate, the
ability of the system of systems depends only erfafiowing:

The time, when the operational system is operainid,

The time of technical system repair.

In this situation, when the supporting system @p#rable due to the lack of
spare parts, the system of systems availabilitp alepends on the logistic
delayed time, which is necessary to solve logjstablems.

Moreover, if there is a restriction on the systefnsgstems’ total task
completion time, defined as the time of operati@yatem recovery process, the
system of systems remains in upstate if this ddfiti@e will be shorter than
time resource. Otherwise, the system of systems$ fail and remain in
downstate until the end of the delivery process.

Consequently, the following additional model asstioms are taken into
account to define the system of systems performpraess:

The randomness and independence of all the perfbpmoeesses,

Critical inventory level (CIL) used as a stock pgliand

the individual time redundancy used to model thetey of systems

performance [11].

To the best of the authors’ knowledge, an effectiray for achieving the
reliable operational systems logistic support geeglly based on meeting two
targets: reliability/availability and cost constres [11]:
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C =8
> E[T|] (16)
AL A
Where:Cy — the expected total system of systems cosggtim procurement
cycle,
T, — therandom time of thth cycle,
A — the system of systems’ availability ratio,

Anin — the limiting availability ratio of system ofstems performance.

More information can be found in [11].

3.2. Simulation model and obtained results

The analytical model of the performance of the @nésd system of systems
with time dependency is investigated in, e.g. [iI{,18].

The analytical results of the modelled problem banobtained only for a
small amount of cases, when the operational sy@earsingle-unit system and
the performed processes are modelled accordirfietexponential distributions,
etc (see. [11]). Thus, there can be written the foifg conclusion, that this
analytical model is an oversimplified version ot treal system behaviour, so
the obtained results are not traceable to praditahtions.

To overcome this problem, there is proposed a sitiwd model of time
dependent system of systems performance, whictbéas developed with the
use ofGNU Octaveprogram. The simulation algorithm of the modeléydtem
of systems is given in Fidg.

The systems of systems level of availability ratiee probability of system
of systems downtime occurrence, or economic resittngly depend on the
operational system reliability structure. That isiywthe model of the time
dependent system of systems performance was créatdatie three various
system reliability structures — series, parallatj & out ofn.”

The simulation results of the modelled system stays have been carried
out for the input parameters, presented in Table 1.
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Table 1. Input parameters of modelled system
of systems [11]
Tabela 1. Parametry wejowe modelu
nadsystemu [11]

Fig. 4. Simulation algorithm of time dependent
system of systems performance [11]
Rys. 4. Algorytm realizacji komputerowej symulaciji
procesu funkcjonowania nadsystemu [11]

The main reliability and economic results are pnése in Fig. 5-10.

Fig. 5. System of systems availability ratio for ~ Fig. 6. The system of systems downtime
various levels of order quantity of spare  probability for various levels of order quantity

elements of spare elements
Rys. 5. Zmienno poziomu wskanika Rys. 6. Zmienno poziomu
gotowo ci w funkcji zmiany parametru prawdopodobiestwa niezdatnai nadsystemu
wielko ci partii zaméwienia w funkcji zmiany parametru wielkoi partii

zamoéwienia
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Fig. 7. Expected cost per unit time function forFig. 8. Expected cost per unit time function for
various levels of order quantity of spare various critical inventory levels
elements Rys. 8. Zmienno oczekiwanych kosztow
Rys. 7. Zmienno oczekiwanych kosztéw  funkcjonowania nadsystemu w funkcji zmiany
funkcjonowania nadsystemu w funkcji zmiany ~ parametru poziomu zapasu alarmowego
parametru poziomu wielkoi zaméwienia

Fig. 9. System of systems availability ratio for Fig. 10. Expected cost per unit time function

various lead-time lengths for various lead-time lengths
Rys. 9. Zmienno poziomu wskanika Rys. 10. Zmienno oczekiwanych kosztéw
gotowo ci w funkcji zmiany parametru funkcjonowania nadsystemu w funkcji zmiany
oczekiwanego czasu realizacji dostaw parametru oczekiwanego czasu realizacji
dostaw

The ordered and delivered spare parts quantityretes the length of a
single procurement cycle (time that elapses betwid®n two consecutive
moments when the inventories on-hand drop to &alilevel). As a result, the
bigger the ordered quantity, the higher mean skeall in the system and rarer
deliveries are performed.

The expected costs incurred by the system of sgsteith a different-
structured operational system are mainly determimedhe inventory holding
costs and the system of systems downtime costs {rigiWwhen the level of
ordered quantity rises, the expected costs fundtamnthe local minimum in the
case of series and k out of M systems. It is altresfurarer deliveries and
downtimes occurrence that arise from inventory laok the other hand, the
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more spare elements are purchased, the highertaoryeholding costs are
incurred.

The worst solutions for the system of systems waittoperational system in
parallel occur when the ordered quant@ys a multiple ofM. If all M elements
are replaced and there is no spare parts remaimiadogistic system, there is a
higher downtime probability and economical conseges, than if there are
some elements in a stock. These downtime costshegevith the inventory
holding costs have the greatest influence on tlstesy of systems economic
results.

The same effect can be seen when availability ®ktstem of systems with
the operational system in parallel is analysed. §ystem of systems reaches the
lowest availability ratio level whe® is a multiple ofM. For the system of
systems with other reliability structures of operaal systems, the rarer and
bigger deliveries, the higher availability raticeishieved.

The level of ordered quantity also has an influemice¢he probability of the
system of systems downtime occurrence, which isaafly evident for a series
structure case (Fig. 6). A lower level of orderedamgity forces frequent
deliveries, and as a result, there is higher pritibathat the possible delays of
the delivery cause the system of systems downtime.

The next parameter of the procurement process hvdfiects the system of
systems performance, is the critical inventory l€fg. 8). The higher critical
inventory level, the higher the mean inventory leivea system what incurs
higher inventory holding costs. However, the higlselevel also gives the
possibility to reduce the delivery delay conseqgesnovhich has a positive
impact on the system of systems reliability results

Moreover, there can also be seen the influencead-time length on the
system of systems behaviour. The longer lead-tirmgedally affects the
reliability characteristic of the system of systeffigy. 9). On the other hand, the
longer the lead-time, the lower inventory holdirggts and the higher downtime
costs incurred, which is connected with the higbrebability of the system of
systems downtime occurrence. This relation carebe & the Figl0 as a local
minimum of theC; value.

In order to model the time dependencies betweenpbkeational system and
its logistic support system, basic relations havéé¢ identified, which result
from the system of systems structure, componentanpeters, or process
execution times.

In other words, the presented model can especwligport decision
processes in the area of supply task performangeiremments. It especially
gives a convenient tool to decide which suppliar peovide the desirable time
of supply delivery in order to achieve a definedteyn of systems operational
capability.
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On the other side, the developed model can be ulelpf assess the
reliability requirements of operational system ebems in order to provide the
continuous system of systems total task performance

Conclusions

To sum up, all the presented models from the afeaupply process
parameters optimisation, when a system is mairda&eeording to defined PM,
can be divided into two groups:

Searching for effective optimisation methods faeatly known models (see

e.g. [37, 38]), and

Searching for system models in which new assumgtaye made (e.g. new

reliability structure, dependent elements in aaydt(see e.qg. [23, 24]).

Moreover, literature on modelling relations betwémgistic and operational
systems is scarce. Up to now, the interactions detwthe operational system
and its supporting systems have not been cleavlysiigated. The research has
focused on the evaluation of reliability and ecor@hcharacteristics for both
systems in a separate way.

Moreover, the logistic systems have been evaluaimd) designing mostly
in terms of inventory modelling, supply processesgaaisation, and
transportation processes modelling.

However, the simultaneous setting of all structuprameters (e.g.
redundancy, repair shop capacity) and control béeg@ (e.g. spare part
inventory levels, maintenance policy parameterpairejob priorities, time
resource) is mathematically a hard problem, andchatabe done without many
simplified assumptions taken.
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Modele utrzymania systemu technicznego — rola wspeia logistycznego, przegid

Streszczenie

W artykule przedstawiono przegdlliteratury z zakresu modelowania logistycznegpavsia
funkcjonowania systemu technicznego ze szczegOloymagl dnieniem modeli zaopatrzenia
systemOw technicznych w czi wymienne. Autorzy przedstawili klasyfikacdanych modeli,
wyré niaj ¢ cztery podstawowe grupy: modele doboru optymdinymrametréw strategii
sterowania zapasami przy ustalonej strategii obspugfilaktycznej obiektu, modele doboru
optymalnych strategii sterowania zapasami zapewyieh maksymaln niezawodno obiektu,
modele niezawodngi magazynowanych elementéw wymiennych oraz modeb®ru optymalnej
strategii sterowania zapasami obiektu techniczreegéelopoziomowym systemem obs ugiwania.
W artykule skupiono si na oméwieniu pierwszej z wymienionych grup mod&liast pnie
w artykule przedstawiono model nadsystemu z rezewszasow. Wykorzystano analiz
komputerowej symulacji w celu oceny wp ywu parametprocesu zaopatrzenia (wielko partii
zamowienia, poziomu zamawiania, czasu dostawyjpoha@vanie nadsystemu.



RELIABILITY

SCIENTIFIC PROBLEMS
OF MACHINES OPERATION
AND MAINTENANCE

3 (163) 2010

JAN SZYBKA

Methodology for reliability estimation of systems vith
sliding reserve

Key words

Reliability, sliding reserve, events, reliabilitywstture of type k out of n.

S owa kluczowe

Niezawodno , przesuwajca si rezerwa, zdarzenie, struktura niezawodanmva typu k z n.

Summary

The main goal for using slipping reserve in rendeabachine systems is to ensure high
functional reliability with a simultaneous decrea&s¢he minimum number of reserve elements.

The development of a theoretical basis for thenggion of the exploitation reliability of
systems with sliding reserve was confined, in gaindor the case of one reserve object that
ensures the reliable function of a selected grdugasic devices.

1. Introduction

Finding a solution to the problem of reserving fenewable technical
devices with optional probability distributions fproper work is difficult from
the theoretical point of view. The case under atersition refers to a class of
processes broader than homogeneous processes. Wgaleroindependent
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increments as streams of failures and renewaldraanss without reciprocal
interactions. Moreover, we assume that the param&iethe stream of failures,
the stream of renewals, and the parameters fofathee of objects (which are
in reserve) do not have to be constant. If thosarpaters are constant, then the
behaviour of the system in defined by time intesyand the probability of
proper work can be determined on the basis of teyef differential equations
[1, 2].

The assumption, which is often made, that the tforerenewals has a
constant value or is a random variable with an erptial probability
distribution is not significant in this model. Vergften, in practice, an
assumption that streams of failures and renewasstanight streamd ((t) =
const.) is not correct. This may happen when (itespgf random factors which
disturb proper work of the system) failures cauggdthe natural wear of
elements of machines and devices start to dominate.assumption that
probability distributions for failures and renewdlave optional shapes makes
analytical solutions complicated. Although thesebems can be solved by
inserted Markow chains or methods based on diffexkimtegral equations or
Spicer identity, the results obtained in the forfne@mplicated dependencies are
often not practically useful [2].

2. Methodological assumptions

The methodological approach to the problem of résgrdiffers from
traditional approaches in which problems with res®y are solved by
adjustment of the number of reserve devices tontimaber of working basic
devices. If the optimum number of basic devicekriswn and the reliable
function of these devices is ensured by a singlerve object by multiplication
of the calculated system, it is possible to inceeth® number of reserve objects
for more numerous groups of technical devices. dfoee, it is necessary to
search for solutions to such problems by meansnuilation experiments that
can be carried out in continuous or discrete tif8gs

The methodological approach, which is proposedstsuibially facilitates
(in comparison with methods used so far) makinguttion models with high
practical importance [2].

The object under study is a machine system, whixtsists of n elements.
The reliability structure of the system is a thiadrstructure of type k out of n
[4, 5], provided that k=n-1. All elements are read¥e. Elements which are
marked by code numbers from 1 to k are called belsments; whereas, the
element marked by subscript n is a renewable ressement [6, 7, 8].

A reserve element plays a role of the “sliding resé Termelementcan
refer to either a technical object or a part of achine. The meaning of this
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word depends on the degree of generalisation made dmes not play a
significant role in this analysis.

The presented machine system has an excessive aduadent reliability
structure described by an efficiency function, whién turn, is a logical
function of the following form:

F(X) = 1 for X: f(X) Kk,
F(X) =0 for X: f(X) < k.

The system is in an “able-to-work state” (aptituddjen F(X)=1, or in an
“unable-to-work state” (non-aptitude) when F(X) = Q is preliminarily
assumed that the introduction of the reserve deimte work starts with
reliability equal to 1. This assumption can be d®th(weaken) if we assume
that reliability is different from 1; however, thidoes not have a crucial
significance in methodological analysis of the peotn

By the analysis of work of studied system, the deihg hypothetical
reliability and exploitation states for system apte can be distinguished.

S — hypothetical reliability-exploitation states of technical system;
| =1,...... m, for basic elements that residesiates of work, reserve, and
renewal [2].

A given object has an universal character andhanlasis, it is possible to
examine other cases of reserving for systems thebrepass, e.g., multiple
slipping reserve when reliability of switches iskda into account or the
application of this type of redundancies in complparallel-serial reliability
structures. This model can also be used for fotewpsthe number of
exchangeable parts, which can be considered asidadaies that belong to
cold reserve [3, 9].

The concept of simulation models that are presebétow is based on the
transition module[3]. Analysis of transitions in the network of ene leads to
the assessment of the reliability of function fbe twhole system. In order to
characterise of the simulation model, it is necgsga present terms and
concepts formulated in the work [9].

The most important terms and concepts are thevioily
Reliability-exploitation states,
Elementary events,
Events,
Relations between elements within the set of eyamid
Trajectories of events.

g — (code numbers for system elements) residence timreliability-
exploitation states for system elements.

They are briefly characterised below [2].
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Ada) It can be assumed that the physical state of gacbl8] is
characterised by measurable or non-measurablerésatwhich are specified
according to the needs of the analysis. Taking @xtcount the ability of
performing operational tasks by the object, itasgible to talk about its ability-
to-work or inability-to-work. However, it is equglimportant to determine its
degree of readiness for performing these tasks winerobject being repaired
and when it can start working or when it immediatgharts to work in the able-
to-work state. As a result, it was assumed thefohg:

Reliability state — refers to able-to-work state or unable-to-wdektes

Exploitation state — refers to state of work, state of waiting forrlw¢state
of reserve) or state of renewal (which takes irtooant the waiting time for
renewal).

Reliability and exploitation states are jointly exaed, and they are
described aseliability-exploitation states. This means that an element at any
moment is in one of reliability states (aptitude apbn-aptitude) and
simultaneously in one of the exploitation statesrfyreserve, or renewal).

Ad b) elementary event (g, — this term is exclusively associated with
the exploitation of elements of the system and riless the shift of every
element to the next moment of exploitation t (ekpkion time is examined in a
discrete way; the ternexploitationtime t is defined in work [8]. A set of
elementary events that can occur is marked asafsilo

W={e::i=1,2,...k,n;j=1,2,3;t=1,2,3, ...}

I — number elements,
j — state of work (1), reserve (2) or renewal (3),
t — moment of exploitation.

The ability to work for the whole system depends alilities of its
elements. One non-aptitude element does not cailaesfof the whole system;
however, failure of two elements makes the wholstesy unable to fulfil
operational tasks.

Adc) Event (Ey) referring to changes which occur during exploitatio
of the whole system describes any shift of theesgsto the next moment in
exploitation t. Occurrence of an event is identifigith a change in operation
properties of the system in subsequent momentxmbigation [6, 8], which
depends on the reliability-exploitation states lefreents.

The ability of the system to function can be ddsadi by using the above
mentioned elementary events and events.

In order to do that, the set of elementary evtg should be transformed
into a set of events {E} which characterises the behaviour of the wholgteay
within the time of exploitation:
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H{ent {Ewd

t— index which refers to exploitation time whenre tlystem was in the
specified reliability-exploitation state

w — index which describes the reliability-exploitat state of the analysed
technical system.

This set of events {E} represents hypothetical reliability-exploitation
states of system’s ability-to-work, that is, whettiee operating system has able-
to-work (aptitude) reserve or whether it operaté w&n additional unable-to-
work (non-aptitude) element which is being repaimdwhether the whole
system failed because at least two elements wenagizd.

The probability for proper work of the system wighreserve aptitude
element is higher than that with an additional eetrthat is being repaired.
Therefore, distinguishing between these two rdiigbéxploitation states has
substantial significance for reliability analysis.

Ad d) Systematisation of a set of events,{Eis done on the base of the
following binary relations [9]: simultaneity andgmeding relations for events of
concurrent events.

The above mentioned terms, elementary evep), (event (E; and
reliability-exploitation state (B successfully describe the actual situation in a
quite detailed way. This approach makes the bugldintheoretical models very
complicated; therefore, this approach to the pmbleas simplified. In order to
do this, specified relations of preceding, simwian similarity, and affinity are
used.

In this model, a significant role is played by seissof events that are
connected to each other bglations of simultaneity (J), preceding (C) and
affinity of events (K). Some of them are briefly characterised below.

At any moment of exploitation (t), the technicals®m is in one of
specified reliability-exploitation states, i.e.,eonf the events specified by the
simultaneity relation occurs. In trajectories oferis under evaluation, only
events that belong to different classes distingedshy means of simultaneity
relation (J) can precede each other.

The trajectory encompasses events that belongferetit classes {4 [9].
These transitions have a certain probability, fistance, the transition from the
class of concurrent events # the class of concurrent events A

Affinity relation of events (K) plays a significamble in developing the
simulation model.

Subsets of the set of affinity events cover evélma$ occur one by one in
subsequent moments of exploitation. Subsets dfiffevents consist of events
that occur one by one in subsequent moments obgapbn and belong to the
same trajectories. Set, & a one-component set. Specified events precacie e
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other. Subsets of affinity events &nd E are defined as reliability-exploitation
states, 9§ S, ...... , S in which the system exists in subsequent momehts
exploitation.

It is said that the event belongs to the set ofhevé& when any of the
elements of the technical system, but only onegtguks renewal. It is said that
the event belongs to the set of eveniswBen any of the elements of the
technical system, but only one, is in reserve. Ather event, which does not
belong to set [E E, means that this element belongs to setE

Events that belong to classes Er and EO occur gnenb in subsequent
events. Each of these classes can be consideradradtiplet in an aspect of
potential opportunities for the realisation of a@nal tasks (function) by the
examined technical system. These events const#ufhase space through
which proceeds the trajectory of a random process.

The number of affinity events that subsequentlyuodo the trajectory is
associated with time needed for change in thehiitigzexploitation state.

Subsequent time intervals of waiting for changesthe state of the
trajectory of affinity events are non-negative ramdvariables, which can have
identical or different probability distributions dog the exploitation of the
system. Residence time in which the system residespecified reliability-
exploitation states and the probability of tramsis to subsequent states (the
occurrence of new events) are interesting fromeatfral point of view.

Therefore, the function that describes the prolighif proper work is as
follows:

R(t) = P(T > t).

In this work, reliability is concerned with the ability of keeping
specified characteristics or parameters that cketiaed the proper work of the
technical system in certain exploitation conditiosusd in a specified time
interval.

Application of statistical studies and the theofypeobability in order to
assess the behaviour of the object during exploitaime is justifiable when
there are problems with identification of the iatetion of external factors
(either the identification of what sort of factardluence correct function of
objects and the strength of their interactions)js Tlase often occurs in practice.
The basic concept of reliability theory is termldag. Failure is treated as a
partial or full loss of these properties of the aattj(technical system), which
constitute the condition for proper function, aciog to a specified goal.
According to probability theory, every complex iigalcan be described in
categories of the occurrence or non-occurrencead@inn events. By examining
this reality within a specified time interval, warcassess, in statistical way, of
the probability of the occurrence of certain eventsubsequent moments of the
exploitation of the event system [2].
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Ade) Behaviour of the technical system during explatatcan be
described by means of trajectories,{F defined in set {E . The number of
possible occurring trajectories of events is dodibieany subsequent moment
of exploitation.

With reference to the goal of the study, it is impat to distinguish such
trajectories that characterise the system behaviow certain time interval.
Because the trajectory consists of subsequent £uet actual problem is how
to specify criteria for the selection and choice preferred events in the
analysed moment of exploitation.

If event B, occurs at moment t, it means that in subsequemenbt+1,
event B, or E; or B, can occur. Which event occurs depends on what
principle for event selection is used. The set\w#ngs {E,} with trajectories
{T .w ¢ that were specified, according to accepted s&lagtrinciple, constitutes
the event system of exploitation. The selectiongiple can be identified with a
relation specified on sets of events. The goaltlier operation of a specified
event system exists and is included within thigesys because the set of events
{Ew4 is specified according to this target. In additiarajectories of events are
considered according to this goal. It was assumébé model described in this
publication that the analysis of the processes ailufes and renewals is
performed in discrete time because, in this waig jtossible to use modelling
based on the theory of events.

Occurrence of subsequent events can happen indamaor deterministic
way. Time intervals between events can differ anlthses of length or they can
be the same. They may have a random or deterngimtistiracter. The concept
which is adopted in this publication is based oents of which occurrence
specifically depends on “exploitation moments.” iiation of time, i.e. the
analysis of the occurrence of subsequent eventsubsequent moments of
exploitation has a stationary character (time irdkr are constant) and depends
on actual exploitation conditions as well as on ¢haracter of the simulation
experiment carried out. Residence time for the nimeth system in the same
reliability—exploitation state is a random variaf8g

Subsequent events occur according to the randogots®i of transition in
the “transition modules.” It is assumed that eaglability and exploitation
state described by a set of relevant events, irchwttie system occurs, have
transition characters. Possible transition to otbates is determined by a
relevant transition function. Residence time of Hystem in these states and
trajectories of transitions in the space of evatdtermine the dynamics of
changes which happen in the system. The concepamgition modules makes
it possible to determine probability values for thsidence of the system in an
able-to-work state at any moment of exploitatioheystem is in an able-to-
work state if basic elements perform productiorksaand reserve element n is
in repair (e.g. state;por has just been repaired (e.g. stadeaBd is waiting to
be introduced into work.
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The idea of building of transition modules is ilizged on the base of the
analysis of the ability-to-work state of the systampresented. It is possible to
distinguish the following cases according to theuhes of the assessment of the
able-to-work state of the system at moments froomtil t+1:

At moment t, all elements of the system from 1 foekform operation tasks
and reserve element n is being repaireg}) (BVithin a short time interval,
which follows moment t through moment t+1, the &iiton does not change

(Eo); OF,

In moments from t to t+1, all elements of the sysfeom 1 to k work and

reserve element n which was in repair at momerag wepaired within the

time interval from t to t+1 and is waiting to beroduced into work (E); or,

At moment t+1, a failure of the system, (Ehappens. This can happen when
element n within time interval t to t+1 was nota@pd and, in the meantime,
another working element was damaged.

Failure of the whole technical system always ocounen an event that
belongs to the class of events Ep happens. Réfjabiialysis of the function of
the technical system should start with output &vemn, event E;.

Linearly ordered moments determine exploitationetif8] and the above
mentioned events occur in stroke mode. Residemnestifor the system in
relevant reliability-exploitation states, which aceunted by means of the
number of transitions (elements) of the systemublosubsequent exploitation
moments t without changes in reliability-exploitati states are representative
attributes of the quality of the whole system asceiements (physical technical
objects). Indices for shares of the able-to-wogtestwork and renewal states,
with reference to the global time of exploitati@re particularly important in
system reliability assessment.

On the base of assumptions made in work [8], whiadre partially
characterised above, principles for the analysistrahsition modules and
making of the simulation model are given in furtparts of this work.

3. Conclusions

The concept of modelling the reliability of systewish sliding reserve type
k out of n is described in detail in [2, 8]. Theeddwe have presented in this
paper has been applied in simulation the modebingeliability. This article is
the first in a series of the forthcoming papersualtbis topic. The forthcoming
articles will concern simulation methods of relidpiestimation. The approach
we have presented is unique, and it has not bempoped in literature before
(except the articles of the author of this publmat It may be successfully
applied to the reliability problems together witaredard analytical methods.
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Metodyka szacowania niezawodnei uk adéw z przesuwajc Si rezerw
Streszczenie

W artykule przedstawiono metodyczne podstawy pmm&adzania oceny nhiezawodod
uk adoéw o strukturze typu k z n. Tego typu uk adycs sto stosowane w praktyce, poniewa
stanowi efektywny spos6b zwkszenia niezawodnoi uk adéw z rezerw Najskuteczniejszym
sposobem tego typu rezerwowania jest uk ad podwagda koszt jego stosowania jest najeay.
St d te ocena, ile uradze pracujcych powinno przypadana jeden obiekt obiekt rezerwowy
b d cy rezerw przesuwajc si jest interesujcym problemen z praktycznego i teoretycznego
punktu widzenia.

W celu zbudowania modeli oceny niezawodrigorzeprowadzono analiZunkcjonowania
uk adow z rezerw przesuwajc si w uj ciu zdarzeniowym. Wyréiono i zdefiniowano
podstawowe pofia i opracowano sposob oszacowania niezawain8formu owane za @nia
metodyczne umdiwi y zbudowanie modeli symulacyjnych szacowaniazawodnoci uk adéw
z rezerwa przesuwa si , znajdujcych zastosowanie do szybkiej oceny niezawodn@ nych
form rezerwowania.

Artyku jest wprowadzeniem do serii opracowaa temat niezawodno uk adow typu
k z n, z rezerwprzesuwajc si .
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Summary

An important part of the air base logistic systesnthe supply sub-system. In military
operations the main delivery can be focused on tiunsi and aviation fuel. Effective management
of the supply stream and the reliability of vehscia the air base logistic system affect the qualit
of operations, which can be measured by on timgigioms, economic factors and the reliability
of tankers. At present the number of tankers inaihbase logistic system is based on experiences.
This paper presents a mathematical model that esalrle to estimate the minimum number of
tankers in dependence from the type of the aigrétfie number of aircrafts, the length of flights
and structure of the flights.

1. Introduction

The main aim of the air base logistics system isgting the needs of
military technology. The following areas create #tructured elements of that
system:

" Military University of Technology, 00-908 Warsa®aliskiego 2 St., phone. +48 22 6837109,
e-mail: jziolkowski@wat.edu.pl
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Supply,
Transportation,
Infrastructure,
Furnishing of services,
Fire protection,
Repair and serviceability, and,
Airborne engineering supply.
The important elements of supplying aircrafts véthation fuel are tankers.

The extract number of them influences the pundiualf the flights and the
quality of air force training and operational raeis. Nowadays this number is
empirical. This article presents a mathematical ehod estimating the required
number of tankers.

2.

Mathematical model of estimating the required nmber of tankers

The assumptions taken to formulate the mathematncalel of supplying

aircraft in flight with aviation fuel are as foll®swy

The tanker can, be in one of specified operatietaks at any time.
The number of aircrafts participating in flightssisandom variable.
The fuel consumption index of the main tank isradan variable and takes
values K, {0.33; 0.5; 0.66; 0.85}.
The storage tanks can be damaged at random chpéergtion.
The time needed to exchange a used storage tardnfoperational one is
specified.
The duration of flights is fixed.
The following variables were taken to formulate thedel:
The number of aircraftsNgg
The capacity of main tank of the aircrafié,ss;
The fuel consumption index of the aircraly;
The number of storage tankBlcp;
The capacity of storage tankd/cp;
The flights structure (according to the plannecksicite).
The fuel balance Equation for a single squadronflights in
accordance with the set time duration can be estuinas follows:
Ngp
k Kzu »/

k

= Veltl (1)

zbsp

Where k= 1,2, ..., means the aircraft number.

The used fuel balance Equation for the maximum barmof flights of a

tactical aviation squadron can be set as follows:
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Ngp kN
(Ik K zu) szsp = Veltmax (2)
k |
Where:Neit — thel flight of thek squadron aircraft;
kKzu — the fuel consumption index foflight of the k aircraft;
Ned {1,...,8} — the number of flights.

Equation (2) is based on the assumption thairaliadts where in flights.

If not, zero must be taken for theflight of the k aircraft. The refuelling
state of the aircrafts was considered for 2 situnesti
1) for zero waiting timet{.~=0);

aEt Ky ter (3)

Where:t, — the time of refuelling;
tn — the handling time (connected with the time gbrapching a new
storage tank and connecting the injection sprayer)
Ka— fuel consumption index;
te« — the time of refuelling an empty tank of theceaft.

2) tocd (40min. - £) — for the maximum flight frequency (e.g. evefymin).

For K,=0,85 andT,=8h, we obtain for the squadrd¥g=5 and the
maximum amount of the used fuel is:
16 5
Veltmax = Kzu szsp (4)
k=1 =1
The balance Equations of the capacity and work fion storage tanks are

described with Equations (5) and (6) as follows:
a) The capacity balance:

\%
Neov o 2 Vaimax Hence:Ngp,, 3 —eftmax (5)
VCD

Where:Ncpy — the number of storage tanks required for theual used by
the squadron;
Vep — the capacity of the storage tank;
Vermax— the maximum fuel consumption for the squadronilevh
performing the task.

N3 69889 dla Vg, 45
V41933 dla Vgp s

b) The balance of the times: It was assumed Heatiine of the refuelling cycle
for storage tanks must fulfil the following condition:
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£ thcoyt T o +t3 (6)

Where:t,.cpy — the time of filling up the storage tank of atfarar capacity
dependent on its refuelling state;

tm — the handling time, connected with approachingdieot;
t — the required dwell time;
ta — the time of fuel quality inspection in a stagagnk.

It was assumed, that the storage tanKTjncould perform at mosNs
refuelling cycles. The Equation at the work timdabae for one storage tank,
which is needed for examining the feasibility oé throcess, can be defined as
follows:

te XN, +t, xN, £T, (7)
N, £ 10 N, £ 10 ®)
t5 t4
the time of refuelling cycle by a storagektan
the number of refuelling cycles;
the time of refuelling of aircraft;
the number of the aircraft refuelling;
To — the flight duration.

2
@
@
ZE 28
S a1
Lo

If Vep » Vs then for one storage tamg = Ns must be taken and the time
margin appears. As a ruie? ts but in practice, <<ts.

The number of storage tarcpv needed by volume that provide the
squadron which the all fuel must be converted ® rtibmber actually needed
storage tankslcp according to the following Equation:

N
N. 3 _-Cbv 9
" T\, ) (
Where:Ncp — the number of actually needed storage tankthéoflights;
Ncpov — the number of storage tanks needed by voluonéhe correct
amount of fuel required in one flight;
Ns — the number of possible refuelling cycles fot@age tank.

Based on these assumptions, we have the folloBgugtions:

Nsp kNt
(Ik K zu) szsp = Veltmax (10)
k 1
V,
Nepy 3 _eltmax (11)

VCD
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N
N 3 CDV 12
e " T, (12)
t, XN, +t, xN, £T, (13)
NS >e\/CD 3 N4 >2\/zbsp xK zu (14)

We can then determine the range of feasible saolstion limited
assumptions.

3. Numerical example

Basic assumption (variables):

the number of aircrafts-8;

the duration of the flight$,= 480 h.;

the flights performed on Su-22 aircrafts;

the fuel consumption index is dependent on fligivation (according to the
graph 1)K,= {0.33; 0.5; 0.66);

the flight structure according to the planned scihedGraph. 1).

To A

Fig. 1. The planned schedule of the aircraft$hfigT, —the duration of the fligh’[s,Z
Z —the number of aircrafts

Rys. 1. Planowa tabela lotéw — wariafig= czas wykonywania lotow,
Z —liczba statkow powietrznych

The minimum number of storage tanks (capacityn?)sthat will guarantee
flight continuity must be specified.
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The solution from: Equation (10) of the amounfws#l used by the aircraft
in flights can be calculated as follows:

Nsp kN e

Ver = (kK L) M.

elt
k

=3899125 [dm’]

zbsp

Since the duration of the aircrafts is describethva discrete random
variable for which the fuel consumption index takedues from K= {0.33;
0.5; 0.66), the required number of storage tankstrbe calculated for three
cases and then the partial results summed.

Case |

The amount of the used fuel fidg,= 0.66
Vo'@,r_ 0,66(2*V lzbsp+2*v3zbsp+2*v4zbsp+1*v51b3[): 21277.5 [drﬁ

The particular number of storage tanks which havdixed capacity
according to the Equation (11) must be bigger erséame as the needed amount
of fuel:

|\ICDV >%‘/CD 3 V

elt
N V., 3 2127753 283=3
Vo 7500
The time of the refuelling cycle consist of thewp of different times: The
time needed for reaching the store, the handlingetithe exact time of
refuelling, the time of coming back to the surfatehe airfield, the dwell time
and quality control of the fuel. It is:

ts= 2.54 +54 = 56.54 [min]

The refuelling time of the aircraft is preciselygtdrmined, because it
depends on the fuel consumption ind&x,), the efficiency of the tanker and
the time needed to reach the aircraft by the tanker

t,= 0.66*4625/300+5 =15.17 [min]

The number of refuelling cycles both by storagektéids) and the aircraft
(Ng) can be calculated, according to Equations (13 B)d by solving the
following system of inequalities:

{ to XN, +t, XN, £T,
N A, 3 N, W, xK

zbsp zu
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N, gTo LMo o 480  1617N
t, t. 5654 5654

3 Kzu )Vzbsp) N4 3 066x4625xN
Vo 75 7500

848- 0268N, = 0407N,
0.675N=8.48 N,=12.56
N 3 0407N, 3 511=6
From Equation (11) the number of storage tankslegefor one flight can
be calculated as follows:

1 £ 848- 0268N,

N, “3 0407N,

N, s Ves 212775, o0 o
Ve, 7500

After substitutingNcpyandNs (12) we get:

N 3
NCD0,66 3 IGI:V 3 g =05

Case ll

The amount of the used fuel figy= 0.5
V0.5: 0-5(2*\/ 22bSp+V3ZbSp+V52bSp+VGZbSp+ V7zbsp+ Vszbsaz 16187.5 [d[ﬁ

The particular number of storage tanks of fixedacity must be bigger or
the same as the maximum amount of fuel. It caodbeulated by the following
Equation:

I\ICDV >e\/CD 3 Veltmax
s V. 161875

elt 3

N 3 2158=3
Vv, 7500

The time § of refuelling cycle by a storage tank is as folkow

ts= 1.927 +54 = 55.927 [min]

The refuelling time of the aircraft is preciselygtdrmined, because it
depends on the capacity of the aircrafts tank.fileé consumption index, the
efficiency of the tanker and the time need to rethehaircraft by the storage
tank:

t;= 0.5%4625/300+5 =12.71 [min]
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The number of refuelling cycles by the storagektélds), as well as the
number of refuelling aircraftN,), can be calculated from the following system
of inequalities:

{ t. XN, +t, xN, £T,
N5 >&‘/CD 3 N4 N szu
To LN, o 480 127N, oo 0227,
t. t, 585927 55927
s K Vo’ Ny | 0534625<N

zbsp

N, 43 0308N,
Ve, e 7500
858- 0227N, = 0308N,
0.535N=8.58 N,=16.03

N, 3 0308N, ® 493=5

From Equation (11) we calculdtgpy :

Ny,  vers 161805, 5153
Voo 7500

After substitutingNcpvandNs we get:

Neov 3 §
N, 5

3

Ncoos =06
Case Il
The amount of the used fuel idy= 0.33

Vo.35= 0.33(Vazns)= 1526.25 [drf]

The particular number of storage tanks of fixedacity must be bigger or
equal as the needed amount of fuel. It can belleated as follows:

|\ICDV >«/CD 3 V

eltmax
\

Negy 3 2% 3 %3 02=1

Vo, 7500

The timets of refuelling cycle by a storage tank is as follows
ts= 1.27 +54 = 55.27 [min]

The timet, of refuelling is precisely estimated and is asdwi:
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t,= 0.33*4625/300+5 =10.08 [min]

The number of refuelling cycles by the storagektélds), as well as the
number of refuelling aircraftN,), can be calculated from the following system
of inequalities:

te XN, +t, xN, £T,
{ N5 >e\/CD 3 N4 >«/zbsp szu
After substituting data we get the following:

N g To toNa o 480 1008XN

tt t, 5527 5527

o Ko Vansp?Ny | 033:4625N
Ve 2 7500

868- 018N, = 0293,

0.3835N=8.68  N,=22.63
N, 3 02033, 3 4605=5

“ £ 868- 018N,

N, 43 0203,

From Equation (11) we calculaipy as follows :

V
N, s Ve 5 152625, )
Vo, 7500

After substitutingNcpvandNs we get the following:

3

Nepy 3 LL
N, 5

=02

NCD033

The precisely required number of storage tankpacidy 7.5 m) was
achieved as a sum of the three partial -results the particular fuel-
consumption indexe¥,,) according to the following equation:

Ncb-7.5> Nepo.ss +Nepo.s ¥Nepo.es
Because 0.5 +0.6 + 0.2=1.3 HencecpN>1.3 2
Based on (13) and (14), the relation between thage tank capacitycp

and the number of its refuelling cycldlg can be estimated. The results are
illustrated by Graph 2.
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35

) /.///-.

20 ——Kzu=0,33
/ —8—Kz=05
15 Kzu=0,66
Kzu=0,85
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Fig. 2. The relation between the cisterns capagitythe number of refuelling cycles
Rys. 2. Wp yw pojemnei cysterny na liczbtankowa

The curves on Graph 2 show the relation betweemtimeber of refuelling
cycles and the storage tank capacity. Equation dégcribes the mutual
dependence:

N, =a+b* (logcV,, +d) (15)

For a= 13.2647, b=4.705904, c=22.31486, d=-26.1808 correlation
coefficient is R =98.89%, which means that the empirical curieviiédl.

Summary

The article presents a method for the estimatian rdquired number of
tankers supplying aircrafts with aviation fuel, eiidepends on the type and
number of the aircraft and the flight structureisTimethod is an attempt to use a
mathematical model enabling the combination of themd practice. This study
is the results of two conditions. Firstly, theseno mathematical model, despite
the fact that the problem is known and obvious.08dly, the number of storage
tanks is estimated by only human experience. A Isdedkct of the proposed
model might be the fact that that the calculatiomsst be done in stages,
grouped according to the flight duration (the sdme consumption indexes)-
(See the numerical example above). As a resuhisfrhethod we obtained the
minimum number of storage tanks of a particularac#y that are able to
deliver the required amount of fuel to a certaiacpl This method could be
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modified by introducing the excess factor (the nambf storage tank will be
bigger then). It will enhance the reliability ofettiuel delivery system, but the
costs will increase.
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Metoda obliczania niezbdnej liczby cystern do zaopatrywania statkéw powigznych
w paliwo lotnicze

Streszczenie

W czasie wykonywania lotow przez statki powietrzasadniczymi kwestiami ggotowo
bojowa oraz magy na ni wpyw system zaopatrywania. Zasadniczymi przedant
zaopatrzenia w czasie prowadzenia dziaa rodki bojowe, energia i paliwa lotnicze. Skuteczne
zarz dzanie przep ywem wymaganych produktéw a ¢éakiezawodno pojazdéw i dysprozy-
cyjno  zaogi w systemie logistycznym bazy lotniczej wpayna jako prowadzonych dzia a
Jako ta w odniesieniu do cystern dystrybutoréw mdily mierzona m.in. niezawodnd
dostaw i czynnikami ekonomicznymi (kosztami ich mkatacji). Liczba cystern zaopatroa
statki powietrzne w paliwa lotnicze w czasie wykwaayia lotéw okrelana jest empirycznie.
W artykule przedstawiono metodwyznaczania niezlinej (minimalnej) liczby cystern-
dystrybutoréw w zaleno ci od rodzaju statkbw powietrznych, ich liczby, gouci lotu oraz
organizacji lotow.
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1. Introduction

Technical objects used in the process of operatiap be found in specific
states (operation or servicing) [1, 2, 10, 11, TA}ring operation, a technical
object is exposed to various reactions, there gming changes, and the
functional elements of the object wear. The chargfabte physical properties
of the object in relation to their nominal valuesult in the lowering value of
the quality of functioning, thus the lowering vala€é the object’'s operational
function during its operation. Then, the technichject passes to a shutdown
state in the operation process (Fig. 1), whichei®mined by the states of non-
operation or incomplete operation states.

In the shutdown state, the objects do not realie@ foreseen operational
functions. In order to counteract random changeshef object’s quality of
operation and to maximise it, the object's techhisarvicing is organised
through planned and unplanned servicing.

Operation of technical (and other) objects is caotee: with the costs of
operation. The user of a given technical object esa&fforts to optimise the
costs of operation and these issues are complexder to do so, one needs to
establish the indices that characterise the omeratiocess of a technical object,
establish the performance of a given object (howoperate this object
effectively, in which conditions it is to be operdf when servicing is to be
organised and how to optimise this process, &g, also conduct tests of the
operation process in the perspective of its effectess [1, 2, 3, 7, 8, 10, 11, 12].

influance/interaction

:F _____ £ - operaton } :_r}aiﬁtErTa_nc_:e___"i
I
| | |
2} . 1,0 - i ! . |
{ }: » The object] {10} | Non-operationa ! > Repairing |
| state N |
[ | |
| |
R N S T Fo ___ 1
[X(e; )] § XuyE)l
ANN
Module

where: X(g)) — diagnostic signal in"j element oftf set; Xw)(&) — model signal for X(g) signal;
Fc — function of the use of the object, 8&;) = {2, 1, 0}) — diagnostic information-value okt
assessment logics for element ,j” within ,i” modwdéthe object.

Fig. 1. Diagram of operation process for technatgéct utilising artificial neural network
Rys. 1. Schemat procesu eksploatacji wykorzysago sztucznsie neuronow
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2. Indices which characterize the operation processf a technical object

From the set presented in the literature [11, 1f2those indices which
characterise the operation process of a technlijact the quantity which best
reflects the operation process is availability dad, and availability function
Kg(t). The calculation process of availability furmetiKy(t) is usually simplified
when it is calculated for the boundary value @ ¥. This quantity has a close
relation with the stationary characteristics of thecess of damages and
servicing. For this reason, availability factog i< the most suitable measure to
express the effectiveness of the operation proegsish combines at the same
time the object’s performance and economic properti

Availability factor Ky of an objecis the probability of an event that consists
in the fact that the object is in working ordereafa sufficiently long period of
operation (t® ¥). Availability factor K; determines the average share of the
operation periods of a technical object in theltpaiod of its operation, which
is presented with the following dependence:

Kg :!CLFQ Kg (t):!é)n;l Kgsr(t) (1)

Where: K (t) — the average value of availability factay. K

The determination of availability factor jKrequires that the operation
process of a given object be known exactly. Whitvihg the determined
guantity that expresses the effectiveness of tleeadipn process of an object of
any class, one can determine the quality functiothe operation process of the
object.

The quality function of the object’s operation pees k is a dependence
that characterises the object’s operation procé$srespect to the effectiveness
of the object’s operation process in relation te tjuantity of the input used
during the total object’s operation period, whishpresented in the form of the
following dependence:

Fo=— )

The quality function of the object’s operation pees expresses the effects
obtained in the process of the object's operatiorithe form of availability
factor Ky in relation to operation input \oborne in a given time (t) of the
object’s operation.
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3. Modelling of the operation process of a repairde technical object

The operation process of a complex technical obgeatstochastic process
Z(t), whose elements {{Zbelong to the subsets of the object’'s states {Z}:
operation and servicing. While analysing any pdssdperation situations in
which the object could be found after any numbepasses, one can determine
the object’s states in the operation process, whichn a set of the object’s
states Z(t). Each of the possible object’s staigbé operation process that can
occur is determined in the diagnosing process@btbject [1, 2, 4, 5, 6, 9]. The
set of the object’s states in the object’'s operatitocess {Z}, depending of the
accepted valence of the valuation of states, igléd/into two or three subsets
{Z1, Z,, Z3}, where: Z — subset of operation states,-Zubset of non-operation
states, 4- subset of incomplete operation states. The $sulidbe states of the
operation of the operation process is a single-etgrprocess of the states of
use Z of the object in the operation process.

The state in which the object is used in the opamngirocess [1, 6] is such a

state of the operation processdiring which the object realises the required
functions in compliance with its use. If the objecho longer operated because
it is not realising its required functions, themlitould be repaired in the process
of servicing. The states distinguished in the diesimg process, when the object
is not use, belong to the subset of the objectgcag states {£}. This subset
is a multi-element set, to which the following stabelong: £ Zs, Z, where:Z,
— planned servicing; - unplanned servicing; ,Z— ineffective use (the
shutdown state). Depending of the need of resdartte literature [3, 4, 7, 11],
various methods are used to present the operatamegs of a technical object.
Most frequently, the model of the operation of thigect is represented in a
graphical form. A graph of the process is the gregdlform of the realisation of
the operation process of the object. An analytfoain is another manner to
present the realisation of the operation proceskeobbject.

3.1. The servicing technical object-the radar sysim type Straight Flush Radar
Vehicle

In order to design the servicing system for an @mat class technical
object [11], in this case it was an air-defencearadevice, it was needed to
determine the internal structure of serviced obpend the set of prophylaxis
activities for the non-operational elements. Thdarasystem-Straight Flush
Radar Vehicle presented in Fig. 2 is a part of dase—to—air—missile system
(SA-6 “GAINFUL"). The purpose of the radar systemtb fight air targets
(aircraft, helicopters, rockets, drone vehiclesy, veell as ground and water
targets in the range of the missiles. The radatesysStraight Flush Radar
Vehicle, detects (determines the azimuth, distamzk height) and controls the
air fight. The antiaircraft set is adapted to woggardless of the time of the
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year and the day in temperatures from’@@o +50C, with a relative humidity
of 90 per cent and the wind speed up to 20 m/s.

Fig. 2. The picture of an air-defence radar deeftéSA-6) system
Rys. 2. Widok zestawu stacji radiolokacyjnej wykryiai naprowadzania systemu (SA-6)

The radar system, Straight Flush Radar Vehicleharacterised by a high
resistance to climactic and natural factors. Th&-§¥ system can be operated
fully automatically as regards detection, identfion, tracking, and raking of
targets. The set is adapted to cooperation andlioguwith four sources of
external information. The radar can rake at theestime 1 target with 1 or 2
rockets fired within a span of 5 seconds from onevo launchers.

3.1. Modelling of the servicing object of a radasystem, Straight Flush Radar
Vehicle

The technical object used for tests in the prestuty is a reparable
complex technical object of an analogue class. &/pileparing a diagnostic
model of this class of an object, its internal stiwe was divided into four
levels of the maintenance structure (Fig. 3): lewmeé — object, level two —
assemblies (in object), level three — subassemphesach assembly {g, and
level four — modules-basic elements (in each s@mkly, of each assembly of
the object). The first level of the maintenanceudtire of the object is
constituted by the object itself. It is a set aidtional assemblies {E
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where: E- ij" functional assembly in the object,
& - j j'" subassembly or functional element in a given abBent , ;— input signals in the object.

Fig. 3. Functional and diagnostic model of the obje
Rys. 3. Model funkcjonalno-diagnostyczny obiektiht@cznego

Each functional subassembly of the object consistmsic elements, which
are the smallest and indivisible functional elemarthe object. It was assumed
in the paper that such an element is understo@dbasic element in the object
where there is an output (diagnostic) signal onoiifput. If object has been
divided intoi structural levels, and in each of them, therej dasic elements,
then each of the object’s structural levels contd#t a set of operating elements
{ei;}, which was presented in the form of the followidgpendence:

{O} ({Ei} {ej}):{qj} (3)

Where: {O} — object’s internal structure, - relation of result (division), &
i functional assembly of the object,-€]" subassembly if"iassembly
of the object, {g} — set of basic elements in the object (structfréhe
object).

The division of the object’s internal structure;feaccepted in this paper
defines explicitly the depth of penetration intasttstructure. The accepted
division is considered to be sufficient if we digjuish the basic module-
element in the structure of the object. One of gheposes of the functional-
diagnostic analysis is the determination of théestd the object. The object’s
state is determined on the basis of an examinatibrthe set of output
(diagnostic) signals {X(g}(Table 1) [1-11]. The set of its functional elents
{ei;} determined during a diagnostic study of the obpanstitutes the basis for
the list included in the table of a set of diagiosignals (Table 1).
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Table 1. Table of the input diagnostic signalshef object
Tablica 1. Tablica sygna éw diagnostycznych obiektu

Object Level of Vector of initial diagnostic signals {X{g}
object £ X(e; 1) X(e)) X(6.)
= X(e1,) X(e) X(en)
o E Xed | . | X | .. | Xey
3 Xed | - | X@) | - | X@)

Where: X(g) — diagnostic signal ofjelement in'f' assembly.

3.2. Model of an expert servicing system with anrtificial neural network
of a radar system

A particularly important element of the maintenansgstem is the
knowledge base (Fig. 4). It can be defined as aiali®ed set of the object’s
maintenance information, which is determined by tk#lowing: the
maintenance structure of the object {¢/)}, the set of rules for maintenance
(repairing) {R}, and the set of preventive activities {A(8.

The quality of the use of an object can be measwréddtwo quantities: the
use function of the objectcf) and k index of the use function of the object.
The values of function Jtt) are determined by the divergence between the
actual state of the object in the space of thefemstires (), and the state of the
usability in the nominal space of usability feagi(®) (Fig. 1). The nominal
space of usability features @Mis determined by elementary nominal vectors of
the object’s usability functiondte;).

It is evident from the analysis (Fig. 4) that thregess of the renovation of
an object in an analytical approach consists in tthasfer of the object’s
usability features from the level of the plane loé turrent use () to the level
of the plane of nominal usability featuresgMThe function that renovates the
object in the servicing system is presented in fiven of the following
dependence:

ME(ei,j): fM(Z(ei,j»;Al(ei,j);Rr(ei,j» @

Where: {W,(e;) — the maintenance structure of the object },(¢R} — the set
of rules for maintenance (repairing), {A0¢ — the set of preventive
activities, {Me(e;)} — the maintenance system produces a set of
maintenance information.
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Where: X(g) — diagnostic signal i} element of'f set; Xw)(&) — model signal for X(g) signal;
Fc — function of the use of the object.

Fig. 4. Diagram of a servicing system with anfiaitil neural network
Rys. 4. Schemat procesu obs ugiwania obiektu tezha@go wykorzystujcego sztucznsie
neuronow

As a result, the maintenance system produces aofsehaintenance
information {Mg(e;)}, which will be used for the organisation of tbeject’s
rational (optimised) maintenance system.

A set of the servicing information of the objectieh constitutes the basis
in the process of designing of the structure ofsbicing system, is presented
in the form of the following dependence:

Mele,)={Mle,)W(de AR} (5)

3.3. Modelling of the operation process of a techeal object

Every operation process of any object consists siilzset of the operation
state and a subset of the servicing state (Fig.-TBg description of passes
between the distinguished states of an object'satipe process tested, and
relations between them constitutes a difficult tasid requires that the real
operation process is known exactly.
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Where: s — duration of unplanned repair;d— duration of planned repai@ — periodicity of
the object’s planned repair;- intensity of damages.

Fig. 5. Graph of a model of an object’s operatioocpss with a servicing system which uses an
artificial neural network which processes diagimoistformation expressed in the values of the
three—values {2, 1, 0} of the states
Rys. 5. Graf modelu procesu eksploatacji obiektyszesnem obs ugiwania wykorzystaym
sztuczn sie neuronow wypracowujc informacj diagnostycznwyrazan w tréjwarto ciowej

ocenie stanéw

Only when it is known, a model of the operationgass of the object can
be developed while one of the ways are used ferghipose to present a given
structure of the object’'s operation process. Inheaperation process of the
object described, the most difficult tasks ared®is: the development of the
model of the structure of the object's operatios,veell as establishing and
describing a possible subset of the state of ttienieal object’s operation.

While having a constructed servicing system (Fip.aBd knowing the
relations between operation states, one can begutevelop a model of the
object’'s operation process under investigation. gtactical realisation is
presented in Fig. 5. In order to understand the idkethe operation process
model developed, one needs to analyse the mechasfigthe change of the
states (the way in which passes between the siates). A practical manner of
the organisation of a pass between the distingdigigeration states of the
object in its developed model is presented in €ig.

An analysis of the ways of the change of the statd¢ke object operated in
compliance with the model described demonstratatstitis object can be found
in of the following states:

— Z; — operation U;
— Z,— scheduled servicing (prophylactic repair);
— Zgz— unplanned repair NA (emergency).
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Z(t)lk
t
NA a
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Where:- — moments of object’s damagés; moments of object’s repairs.

Fig. 6. Example of the realisation of the objedxeration process model with a servicing system
using an artificial neural network which developagmostic information expressed in the values
of the three-values {2, 1, 0} of the states
Rys. 6. Przyk ad realizacji modelu procesu eksphjiatdiektu z systemem obs ugiwania
wykorzystuj cym sztuczn sie neuronow wypracowujc informacj diagnostycznwyra an

w trojwarto ciowej ocenie stanéw {2, 1, 0}

From among the operation indices presented abbaeeavailability factor
was considered to be the most dependant, from lthages of the operation
process quality, and which is described with tHe¥ang dependence:

Q
R(t) dt

Ko(Q)= g2 (6)
R(Ydt+ Ty xHQ)

0

Where: r — mean duration of the object’'s scheduled rep#®@) = P{ <Q} —
value of the distribution function of time until miage in moment t ©);
R(Q) = P{ ® Q} =1 - FQ) — value of survival function in moment

t=Q.

It is evident from an analysis of dependence (6} tvailability factor K
can be determined when valQeis known which determines the periodicity of
the realisation of the object’s scheduled repdirl (Q)) = Q is a function
constant in time, then dependence (6) acceptstloaving form:

T
Kg = .
1+(Ta - Tp)>Q

()
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Where: T — operation time,, - emergency repair time, T prophylaxis time,
Q' — optimal periodicity of prophylactic servicing.

Considering the need to relate future results efrésearch in a comparative
analysis of the models of operation processes,dehmust be developed of an
operation process of a real object with a tradél@ervicing system.

4. Simulation test of the effectiveness of a radaystem’s operation process

An investigation of the operation process of areohjand all the more a
simulation investigation, requires input data whicharacterises the real
operation process of a selected class of an objetits simulation models. The
results of simulation tests obtained for the aae@pluration of the investigation
T, are presented in (Figs. 7 and 8).

An investigation of the real operation process mfolject constitutes the
basis for obtaining data for a simulation invediga of the models of
processes. The following quantities constituterttpiired input data for tests:
— Duration of the use of the object T (time when digect is in the operation

state);

— Duration of the removal of the object’s non-opematstate T,

— Duration of prophylactic repair,T

— The period of forecast (optimal) prophylagis and,

— The period of planned prophylaxis

The operating quantities used for the purposesifnalation examination of
the object’'s models of operation processes wererm@ied on the basis of
observations and an examination of the technicdl goerating documentation
of the device tested of the same class [11]. Tipaitimata accepted for the
investigations are as follows:

— The average time of the removal of the non-openattate (T) is determined
from (T/T,) relation for given values included in set {B}, ette T/T,= {B};
for the examinations, values {B = 1, 2, 4, 8} wazepted; and,

— The average time of a prophylactic repaip)(® determined from (T/)
relation for simulation examinations; a constanluga(5) was accepted,
where: (T/T) = 5; the average period of the planning of a pygctic repair
was determined in the diagnostic experiment invthg of forecasting of the
time of further preventive treatment, and this tiamounts tay = 115 [h -
time units] [11].

The source of the data mentioned above may be aanaition of real
operation processes as well as a suitably prepanddconducted simulation
experiment.

The simulation investigations were carried out fmmstant inputs for
prophylaxis in the whole period of operation (adation time of the use of the
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object: T,). As an evaluation of a real operation procegsastime consuming,

three operation process models were developed Far purpose of

investigations:

1. Model A: an object’s operation process using infation in trivalent logic
(a model with an expert system, with artificial redunetwork),

2. Model B: an object’s operation process using infation in divalent logic,

3. Model C: an operation process of an object organisea classical manner,
i.e. without an investigation of the state.

In the investigations, the following were evaluatede indices which
characterise the operation process of technicalotdj availability factor Kand
the quality function of the operation of the objpobcess k The determination
of the value of availability factor £and the quality function of the object’s
operation process requires that the propertiehefdperation process of the
technical object used are known exactly: the charetics of the damage and
servicing processes (T — time of use agd Time of servicing).

There are the following conclusions from the analy§igs. 7 and 8) of
dependencies (K and (k) expressed in the function of test duration) (¥
conventional units of the test duration:

1. The results of the investigation of quantitieg)(KFig. 7) for the model (A
and B) are decreasing, and the largest value gfigifor model A, and it is
(Kga = 0.7508). For the remaining models, this quansitgs follows: (Kg =
0.4931 and (i = 0.2332).

2. The quantity investigated ()Khas also a practical aspect: it refers to the
effectiveness of the organisation of a given séamgicystem. We may find
from the definition of this quantity: dependencé @1 quantity (k) [1 -11]
that this factor determines the availability of thigiect to be used as it is
intended for use in the period of use (T). Themftne organisation system
of prophylaxis is the most effective presented odel (A), as value (K =
0.7508) is the maximum value.

3. The tested function of the operation process quéfit) in models (A, B,
and C), that is graphically represented in (FigisBalso expressed in the
accepted time of the test T It is evident from the definition of quantity
(Fo): dependence (2) that the input borne in the algjeservicing system
organisation in a given model has a large impadh@nquantity.

4. The quantity of inputs for models (A, B, and C) andonstant expressed
with a linear function were accepted for the te#itds evident from the
analysis (Fig. 8) that the best quality of opemaiwocess (§) is for model
(B), where: (kg = 0.2239), while for model (A) it is gz = 0.1979). It can
be supposed that the organisation of the servisysiem in model (A) is
more cost consuming, and this is a more technadlgiadvanced servicing
system.
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Kg
4 model A - >
0,97072
model B - X
model C - O
0,72804
0,48536
0,24268
T T T > T()[tu]
0,00 2,25 5,00 7,25 10,00

Fig. 7. Availability function K(t) of operation process models tested (for lifeactions of
expenditures) for T/Ta=2 and NJ¥1
Rys. 7. Funkcja gotowoi Ky(t) badanych modeli procesu eksploatacii (dla lvépfunkcji
nak adow dla T/Ta=2 and NyE 1

Fc
0,97072 model A - >

model B - X

model C - O

0,72804+

0,485367

0,242687

T T T —» Tolt.u]
0,00 2,25 5,00 7,25 10,00

Fig. 8. Quality function of object’s operation pess k of operation process models tested (for
linear functions of expenditures) for T/Ta=2 atd, =1
Rys. 8. Funkcja jakai procesu eksploatacji obiekty Fadanych modeli procesu eksploatacji (dla
liniowej funkcji nak adoéw dla T/Ta =2 and NfE 1
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The results of the investigations conducted semanfirm the justifiability
of the accepted concept of the organisation (desiyrof the servicing system
of repairable technical objects with the requirkdrs shutdown time.

In the organisation process of every servicingesystthe costs constitute
the factor that determines this process. The resalitained in the research
indicate that an optimisation of the costs of theppylaxis of technical objects
can be achieved in two ways. The first one of thedicates that only those
elements of an object should be renovated whichiredghat these are elements
in the state of an incomplete operation and inihre-operation state (therefore,
there is a problem of the designing of the struectof the servicing system).
According to the second manner of decreasing tlsscof regeneration, the
object’s elements need to be regenerated in atseenanner by performing
not all of the regeneration activities but only pinglactic activities as selected
by an expert (an expert knowledge base), whichsaitable for the state in
which a given element is of an object of a giveasslof the servicing element.

The issues of the modelling of operation procesdédechnical objects are
complex. They are related to many fields of sciersich as mathematics,
theory of operation, reliability theory, techniaihgnostics, theory of systems
modelling, information technology, etc. Each ofgldields is intensively being
developed at present.

5. Conclusions

This study covers a method of a simulation testhghe models of the
organisation of servicing of technical objects wille required short time of
their shutdown (aeroplanes, radiolocation systeits). The issues presented in
the study concerning the testing of the performarfa@chnical objects during
operation present a difficult task. This difficuig/the result of the length of the
time for testing in the real process of the obgdperation (this is the time of
the “life” of the object), which is practically ergssed in decades of years. The
only reasonable approach for this type of resedschsimulation testing.
However, this requires the real operation procdss given technical object to
be known, on the basis of which the following netwibe prepared: the model
of the operation process of a given technical dbjglan of testing, input data
for the test to describe the performance of a givgject, such as the object’s
use time T - the time when the object is in therapien state, T— time of the
removal of the object’s non-operation statg, ¥ time required for the
performance of a prophylactic repair, the spedifiture of the prophylaxis of
this class of objects.

The models of the servicing system organisationstate the basis of a
simulation testing of the operation process of ehmécal object. The study
presents the idea of one example model of the tpergrocess with the



Examination of the effectiveness of the operatimtpss of a radar system 101

servicing system tested, which makes use of diagmosa trivalent logic. The
model presented in the article of the organisatiba servicing system which
makes use of diagnoses in a trivalent logic is ramovative and interesting
solution.
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Badanie efektywnoci procesu eksploatacji zestawu stacji radiolokacyjej
Streszczenie

W pracy zaprezentowano metothadania efektywnai procesu eksploatacji, w ktérym
wyst puje obs ugowy system ekspertowy, ze sztucdaci neuronow. Opisano spos6b badania
symulacyjnego z wykorzystaniem techniki komputerowrzedstawiono podstawy teoretyczne
modelowania procesu eksploatacji obiektéw w pastaelu: matematycznego (analitycznego),
graficznego i opisowego. Na potrzeby bad@racowano model organizacji systemu obs ugiwania
obiektéw technicznych wymagajych krétkiego czasu ich przestojow (samoloty, esyst
radiolokacyjne itp.). Przedstawiono i opisano wyarsg do badania symulacyjnego, ktérymi s
opracowanie planu badania, przygotowania danyckuppiych w aciwo ci u ytkowe obiektu
oraz opracowanie modeli procesu eksploatacji obigdthnicznego wyraj cych badane aspekty
tego procesu. Przedstawiono wyniki badania symijriagy naprawialnego obiektu technicznego.
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Summary

Increasing requirements for the technical condittdémachines induce the development of
novel diagnostic methods for possible fault detectind identification in an early phase. Most of
these methods are based on the processing ofigibbisgnals. The classical methods often do not
give full information about the actual conditionafmachine. Therefore, it is necessary developing
the appropriate diagnostic methods. Some of theniging signal processing methods are the
group based on the Wavelet Transform (WT), whiake @i possibility for the effective diagnosing
of non-stationary vibration signals in the timeiscdomain. The generalisation of WT, the
Wavelet Packet Transform (WPT), allows the extmactf additional useful diagnostic features
from the signal. However, the effectiveness of dasdics in the case of wavelet-based methods is
determined by the selection of an appropriate vedvieinction. In the present study, the author
introduces new wavelet packets based on B-splineeles. A comparative analysis of their
effectiveness was performed on non-stationary syitttsignals. The B-spline wavelet packets
were applied for rolling bearing condition evaloati
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1. Introduction

The progress in modern machine construction imghesdevelopment of
diagnosing systems, which use increasingly comigitaalgorithms of the
measured signals processing. Increasing requiresmeatcording to the
durability of machines and their low-cost maintezgn demand much
improvement in signal processing methods with tbkoWing criteria: The
method must give the most complete information albloe technical condition
of a machine, the method must detect and ideraifjt§ possibly clearly and it
must allow faults detection and identification imsgible early stage.

As it is well known, the most informative vibratiogsignal in rotor
machinery could be registered during machine rumupn-out. Usually, these
signals are non-stationary and the classical methda Discrete Cosine
Transform (DCT) or Fast Fourier Transform (FFT) aret efficient. The
methods for non-stationary signal analysis are ®ieort-Time Fourier
Transform (STFT) and order tracking analysis [1pweéver, in the case of
STFT, the basic function is the sine function, @nallows for only constant-
resolution analysis. An additional and widely useethod of signal processing
is WT, which gives the possibility of multi-resdlo signal analysis and the
basic function is not limited to the one type.

Previous research indicates that the Discrete VéavElansform (DWT)
allows the extraction of more diagnostic featuresnf the vibration signal. The
comparative analysis of FFT, STFT, and DWT effamiess was performed for
the structural damage detection of polymeric cortpeg2]. The most crucial
factor that influences the effectiveness of WT lie tappropriate wavelet
selection. In the case of DWT, the selected waveledt fulfil some additional
criteria, e.g. compact support or orthogonalityisthnot every available wavelet
could be applied for the analysis. The most popwarelets used in the
technical diagnostics for signal processing usinggTDare the Daubechie’s
wavelets [3], biorthogonal wavelets, symlets, aoiflets [4,5].

Katunin's research shows the higher effectivendsB-gpline wavelets in
comparison with the above-mentioned ones firstiagph the diagnostic signal
processing problems in [6]. In [7], the comparatstedy for some orthogonal
wavelets was carried out using the degree of scaogdensity (DSD)
parameter. The analysis was carried out for thet typgcal signal components:
the harmonic, the harmonic with variable frequeranyd the pulse component.
In all cases, the B-spline wavelets show excellestlts. Furthermore, these
wavelets were applied for the detection and loatibe of single [7] and
multiple [8] cracks in composite beams.

An additional wavelet-based method used in the rtiatic signal
processing is WPT. This method, proposed by Coifataal in [9], is a kind of
generalisation of DWT, which provides full multielvdecomposition of the
signal. The graphical interpretation of DWT and WRTpresented in Fig.1.
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WPT found many applications in mechanical and ta@indiagnostics

problems. Glabisz, in his monograph [11], showesl dbplication of WPT in

signal processing problems, nonlinear systems ifiteatton, and the solution of
differential equations. In diagnostic problems, WiBToften used for damage
identification. The entropy-based method for rajlinrbearing condition

diagnostics was developed by Wysabl[3,12,13]. The rolling bearing
condition could be analysed using other methodedas WPT, e.g. weak
signature detection method [14,15]. WPT is alsadusegearbox diagnostics
[16], structural damage detection in multi-layereamposites [17], medical
applications [18] and others.

Fig. 1. The principle of multilevel decompositiosing Discrete Wavelet Transform and Wavelet
Packet Transform [10]
Rys. 1. Zasada wielopoziomowej dekompozycji z zastasiem Dyskretnej Transformaty
Falkowej i Pakietowej Transformaty Falkowej [10]

Considering the excellent results for B-spline wetg the author decided
to construct new wavelet packets based on theselgtay Furthermore, the
general order B-spline wavelet packets mathematioanulation will be
proposed. Then, their effectiveness will be analyiseapplication for synthetic
non-stationary signals based on Inverse Degreecalo§ram Density (IDSD)
parameter. Finally, the B-spline wavelet packetd Wwe applied for fault
identification in rolling bearings, and the obtainesults will be compared with
the results obtained using other wavelet packetdas

2. B-spline wavelets and wavelet packets

2.1. General order B-spline wavelets

The B-spline wavelets were introduced by Chui i®]]1The scaling
function ., of the B-spline wavelet is defined by the two-scalation:

Jm®X) = Py m(2x- k), kT Z (1)

k=0
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Where
m
p,=2"" ) ,0£k<m )
is the two-scale sequence.

The wavelet function , is also presented by the two-scale relation in the
form of

3m- 2 ~
Ym¥)= iy m(2x- k). kT Z ®)
k=0
Where
qk:(-l)k21'mm T/Zm(k-|+1),05k<m @)

1=0

The decomposition using B-spline wavelets couldcagied out with the
following relation:

Jm(@x-1)= (a2 (x- K)+b o (x- K)), 1T Z

) (5)
Where
B ( 1) k+1
a = > Q. k+2m- 241C1 2m (6)
I
(_ )k+1
b, =- 5 P.k+2m- 241C1 2m (7)
|

are the decomposition sequences. The coefficienieseec, , could not be

determined analytically fom < 5 [7]; thus, it could be calculated from the bi-
infinite system of equations [19]:

¥

. m . P
ck,m/mzﬂ-k =d,. jl Z (8)
ke -¥

The approximate solution of (8) and the methodhef determination of
decomposition coefficients,,, could be found in [19]. The explicit form of
B-spline wavelets with order of 2 — 4 could be fdum [6] and with order of 5 —

7 are presented in [7]. Note that the first ordespBne wavelet is the Haar
wavelet.
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2.2. Construction of the general order B-spline waslet packets

The Discrete Wavelet Packet Transform (DWPT) iseaegalisation of
DWT which yields time-scale decomposition by decosipg not only the
approximate coefficients (as in DWT) but also tleadls coefficients (see the
scheme in Fig. 1). It could improve the localisatiof high frequency
components. Following the dependencies presenteddiynanet al. [9] and
considering two-scale relations for scaling (1) avalvelet (3) functions, the
general order B-spline wavelet packets could besttoated by induction as a
set of functions represented by the following recug equations:

W2n,m(x)= pkWn,m(ZX' k)' ki Z
k

: )
W2n+Lm(X) = qun,m(ZX - k)1 4
k

Note thatwo, = mandw;, = . The B-spline wavelet packets have some
unique properties, and some of them are relatdgtapline wavelet properties
presented, e.g. in [20]. The main properties amstimeed below:

All of the B-spline wavelet packets are of compagpport. From (9) it
could be concluded that B-spline wavelet packets apmpactly
supported on the finite intervals. For the generder B-spline wavelet
packets considering (9), we obtain:

SUppWo ., = [0,5UpR ]

,nml Z,n=12.. (10)
SUPPW,,, = [0,SUPRY ]

B-spline wavelet packets are symmetric for eweand anyn. In the
case of oddn, they are symmetric for evamand anti-symmetric for
oddn, namely:
Wim(X) = Wy m(2m- x- 1), forevenm
Wn,m(x)=wn,m(2m- x- 1), foroddmandevenn (11)
Wi (X) = - Wy (2m- x- 1), for oddmandoddn

B-spline wavelet packets are semi-orthogonal, tiwt they are
orthogonal during scaling and not orthogonal dutmagslation:

(Won (2 %+ Ky ) w2 % Ko )y =041 K 2 K, (12)
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<Wn’m(2jx- kl),wn’m(ij- k2)>1 0,k !k, mtil

Considering (5) and (9), the multilevel decompasitrelation for discussed
wavelet packets could be presented as follows:

Wn,m(zx' l): (al-2kW2n,m(X' k)+bl-2kW2n+Lm(X' k))
k (13)
1Tz,

Where g, and b, are the decomposition sequences given by (6) @hd (
respectively.

The B-spline wavelet packets constructed from theplhe wavelets of
order 3 (quadratic) and of order 7 (sextet) aresqmeed in Fig. 2 and Fig. 3,
respectively. In both cases, the paramates in the range of O - 7. Analysing
(10), one could convince that the support of amiwavelet packet of orden
equals the support of the appropriate wavelet fanatf orderm. However, the
length of the parts with highest disturbances giflvan function is almost stable.

Fig. 2. Wavelet packets based on quadratic B-spleelet fom =0 - 7
Rys. 2. Pakiety falkowe na podstawie falki B-splayeprz du 3 dlan=0+7
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Fig. 3. Wavelet packets based on sextic B-splinesleaforn=0 - 7
Rys. 3. Pakiety falkowe na podstawie falki B-splayeprz du 7 dlan=0 + 7

3. Effectiveness of the evaluation based on syntiesignals

For the evaluation of the wavelet packet effectds=n in the signal
processing problems, the analysis based on syatkigfhals using IDSD was
performed. The DSD parameter used in [1, 6, 7]tfer evaluation of the
approximation effectiveness of wavelets is a scadwe, which is based on the
determination of the ratio between the number efvttavelet coefficients higher
than some non-zero threshold and the number afalklet coefficients in the
scalogram. The IDSD parameter gives the ratio betwihe number of the
wavelet coefficients higher than the threshold #mel number of all wavelet
coefficients. It makes possible the analysis ofulisances inputted by the given
wavelet packets.

As previously mentioned, the best application of WB the analysis of
non-stationary signals. In this study, three typesuch signals were analysed:
the linear chirp, the quadratic chirp, and the tabeic chirp. The signals were
synthetically generated with the length of 1 secand sampling rate of 1/512 s
with the frequency range of 10 - 250 Hz. Then,W¥RT algorithm was applied
with the 4" decomposition level. Obtained coefficients werenmadised into the
closed set [0,1]. An exemplary comparison betweealograms with the
Daubechies 3dp3 wavelet packet base*{tolumn) and the B-spline d$p3
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wavelet packet base "(2column) is presented in Fig.4 for the lineaf (@w),
quadratic (¥ row) and logarithmic (3 row) chirp. On the vertical axes, the
wavelet packet decomposition tree numbers were shdWwe order of priority
of the wavelet packets was set due to the frequerdsr.

Fig. 4. Scalograms after WPT using Daubechies 3Bangline 3 bases
Rys. 4. Skalogramy po pakietowej transformac;ji falkpz u yciem baz Daubechies 3
i B-splajn 3

Analysing Fig. 4 it can be noticed that the quadrBtspline wavelet packet
base gives lower disturbances in comparison wftB wavelet packet base for
all of the investigated signal types. For determgnithe measure of the
effectiveness of the wavelet packets, the IDSD easulated for Daubechie’s
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wavelets b), B-spline waveletsbsp, symlets $§yn) and coiflets ¢oif) with
order from 1 to 5. Results of the calculation arespnted in Table 1. The
effectiveness of given wavelet packets is betteerwhDSD tends to the
minimum.

Table 1. IDSD values for several wavelet packeebas
Tabela 1. Wartai odwrotnego stopnia zaggczenia skalogramu dla rych baz pakietéw

falkowych

dbl db2 db3 db4 db5
Linear chirp 0.4414 0.3695 0.3090 0.2401; 0.265p
Quadratic chirp 0.4531 0.3217 0.2743 0.2237 0.2344
Logarithmic chirp 0.4238 0.3419 0.2448 0.2237 02229

bspl bsp2 bsp3 bsp4 bsp5
Linear chirp 0.4414 0.2554 0.1528 0.1014 0.088B
Quadratic chirp 0.4531 0.2339 0.1476 0.1047 0.0938
Logarithmic chirp 0.4238 0.2125 0.1389 0.1182 0D72

syml sym2 sym3 sym4 sym5
Linear chirp 0.4414 0.3695 0.3090 0.2484 0.259¢%
Quadratic chirp 0.4531 0.3217 0.2743 0.2434 0.2266
Logarithmic chirp 0.4238 0.3419 0.2448 0.2451 0200

coifl coif2 coif3 coif4 coifs
Linear chirp 0.3438 0.2798 0.2606 0.2394 0.225b
Quadratic chirp 0.3142 0.2619 0.2593 0.2406 0.2129
Logarithmic chirp 0.3073 0.2440 0.2327 0.2193 0404

Wavelet packets with the B-spline bases show tseresults in comparison

with other orthogonal wavelet packet bases; thusind WPT, the B-spline

wavelet packets detect non-stationary componentseirsignal most clearly. As
observed in Table 1, the values of IDSD for wavbktes tend to the minimum
when their order grows, and the best IDSD valuesevebtained for B-spline
bases. The linear chirp gives higher disturbanoethé scalogram, while the
logarithmic chirp gives lower ones. Due to the gomsults obtained for
B-spline wavelet packet bases in tests on syntls@itals, they were applied to
the real vibration signals in the fault identifiicatt problem of rolling bearings.

4. Faults identification in rolling bearings usingwavelet packet
decomposition

4.1. Problem description and methodology

In the present study, the rolling bearing conditias analysed using
several wavelet packets. The tests were perforrasddon the study presented
in [14]. In this study, four ZA-2115 double row bias manufactured by
Rexnord installed on a shaft driven by an AC matod tested. The bearings
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have 16 roller elements in each row, a pitch diamB}, of 71.5 mm, roller

diameter D, of 8.4 mm, and the contact angle of 15.17°. The rotation
frequencyf, of the shaft was constant and equaled 33.33 H@0(2pm). The

measurements were carried out on the bearing hpussing PCB353B33
accelerometers. The vibration data was collected By DAQ Card 6062E with

a sampling rate of 20 kHz. The signals for the @nesnalysis were kept from
NASA Ames Prognostics Data Repository [21].

In the present study, the signal from the firstrivgpwith a faulty outer race
was analysed. The bearing worked in heavy-loaditiond over 160 hours. The
characteristic frequency for the outer race deffecbuld be calculated from the
following formula [15]:

nf D
f,=— 1- —Lco 14
¢ = D, Y (14)

Wheren is the number of roller elements. In the presasecwe obtain the
characteristic defect frequency of 293.54 Hz.

The defect detection was performed based on wapatet decomposition
(WPD) using the following algorithm. The originatjsals were decomposed on
the third level. The level of decomposition in mbstaring damage detection
problems is assumed as third or fourth [22]. Them the assumed
decomposition level, the energy vector is deterohifier all of the sets of
wavelet coefficients. The set with the maximum eadd energy is considered in
further analysis. The energy value is greater wtiennumber of harmonics
consisted in a given decomposed realisation is.higiht the selected set of
wavelet coefficients, the frequency spectrum amdntlagnitude component with
a characteristic defect frequency is extractedaaradysed.

4.2. Fault identification and comparative analysi®f wavelet packet bases

Based on the presented algorithm, WPD was exeduotethe signal from
faulty bearing using @sp5 wavelet packet base. The first set of wavelet
coefficients c3p was omitted because it contains information abltmw
frequencies, which usually represent harmonics froambalancing,
misalignment, etc. [22]. Then, the energy valuesevaetermined for the rest of
the wavelet coefficient sets. It could be noticeal the set with a higher energy
value iscz; and for this set we determine the spectrum. Tleeggrvariation for
wavelet coefficient sets on the third level of deposition and the spectrum for
Cs IS presented in Fig. 5. In the spectrum, the corapobwhich comes from the
fault is clearly identified (the highest peak). &tlpeaks represent the rotation
frequency harmonics.
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Fig. 5. Energy of wavelet coefficients set on tldmtomposition level and the spectrum of the best
wavelet coefficients set
Rys. 5. Energia zbioru wsp6 czynnikéw falkowych r@etim poziomie dekompozycji oraz
widmo dla najlepszego zbioru wspé czynnikéw falkatvy

For the comparison of different wavelet packet basee determine the
mean value of amplitudes in the spectrum and catieuhe ratidR of the fault
component amplitude to the mean value. The higlaéuevof R denotes the
better sensitivity of a given base. In this analysie compare wavelet packet
bases used in [12,13,22], some other orthogonasbasd B-spline bases. The
results of a comparison are presented in Table l&revsymbols denote the

bases obior — biorthogonal waveletbio — reverse biorthogonal waveléiney
— discrete Meyer wavelet.

Table 2. Comparison of different wavelet packet basmsitivity
Tabela 2. Poréwnanie czua ré nych baz pakietow falkowych

haar db3 db5 db7 db10 db12 db15
14.3372 14.5636 12.3543 12.8804 14.4217 145438 2806.
sym2 sym3 sym5 sym7 syml10 syml2 syml5
15.1338 14.5636 12.9303 12.5914 15.4521 14.6641  4408.
coifl coif3 coifs biorl.1 bior2.4 bior3.9 bior6.8
14.8011 15.2622 16.1934 14.3372 12.6599 14.0450 1298,
rbiol.1 rbio2.4 rbio3.9 rbio6.8 dmey bsp2 bsp3
14.3372 12.3030 14.2793 16.2204 15.1700 12.73p2 9106.
bsp4 bsp5 bsp7 bsp8 bspl10 bspl2 bspl5
16.8412 16.8598 15.1383 18.4434 18.2720 18.12B0  9483.

The comparison shows that the most sensitive tofdbo# characteristic
frequency are the B-spline bases. The WPD filtersstructed based on these
wavelets allow the extraction of the harmonics \tfith best purity.
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5. Conclusions

In this paper, the B-spline wavelet packets wemstracted and their main
properties were presented. Their effectivenesshim gignal processing in
diagnostic problems was investigated based onythiatically generated non-
stationary signals. The B-spline wavelet packeebashow the best purity of
obtained scalograms. Then, they were applied tdaihié identification problem
of the rolling element bearings using wavelet pactecomposition. The
characteristic fault frequency of the bearing wdsardy identified. In
comparison with other bases, the B-spline basew ghe best purity of the
identified fault component in the spectrum. Thesprded research confirms
that the B-spline wavelet packets could be usqutactical diagnostic problems
as well.
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B-splajnowe pakiety falkowe i ich zastosowanie
w wielorozdzielczej analizie sygna 6w niestacjonagth

Steszczenie

Wzrastajce wymagania do stanu technicznego maszyn powawajoj nowych metod
diagnostycznych dla detekcji i identyfikacji uszked w mo liwie wczesnej fazie. Wkszo
z tych metod bazuje na analizie sygna éw drganibwydasyczne metody cgto nie daj pe nej
informacji o aktualnym stanie maszyny. Dlatego hielny jest rozwdj odpowiednich metod
diagnostycznych. Niektérymi z obiecaych metod analizy sygna éw sametody oparte na
transformacji falkowej dafe moliwo  efektywej diagnostyki niestacjonarnych sygna 6w
drganiowych w dziedzinie czasowo-skalowej. Uogdiieen transformacji falkowej jest pakietowa
transformacja falkowa pozwalaja wydoby z sygnau dodatkowe korzystne cechy. Jednak
efektywno w przypadku metod diagnostycznych baeygh na przekszta ceniu falkowym jest
zdeterminowana wyborem odpowiedniej funkcji falkpwé/ niniejszej pracy autor wprowadza
nowe pakiety falkowe bazuje na falkach B-splajnowych. Analiza poréwnawczeeatektywnoci
by a przeprowadzona na niestacjonarnych sztuczisygma ach. B-splajnowe pakiety falkowe
by y zastosowane do oceny stanwsk tocznych.






