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Abstract

This work presents a practical and effective method to evaluate the reliability status of an object basing on the
observation of changes in its functioning (automatics) and its technical condition (diagnostics). It has been observed
that changes of the functioning condition potential could serve to determine the symptoms of transient (momentary)
damages and the changes in the potential of the technical condition to determine the symptoms of parametric damages
(non-total).

Such an information, as it turns out, is sufficient to calculate reliability characteristics before dangerous
catastrophic damages occur and to calculate reliability characteristics for every single object without having to deal
with a numerous set of objects.

The presented computer-aided method can be of a substantial practical importance in coordination of
adjusting/control functions, diagnostics and reliability actions and thanks to that it can improve the level of
organisation of a system operation.
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1. Introduction

In organised operation systems of complex technical objects one observes their continuous and
inevitable degradation. The useful operation achieved with these objects under continuous power
and material supply to them decreases. The object failure rate grows, what under limit conditions
leads to the object destruction and substantial material losses. Such an undesirable situation causes
a continuous natural and growing indeterminacy (disorganisation) of a system (functional
randomness of objects) or in other words to a status, where the system redundancy is small (for
a fully chaotic system the redundancy equals zero) [1, 8, 20].

Therefore one strives to find and first of all to perfect proper methods to cope with and
counteract these harmful phenomena. It turns out that a good way to solve that problem is to
continuously supply an operating system with the negentropy (causes the redundancy to grow) in
form of a scientific-technical information [8].

It is known that as we enter into a system information on the object regulation status, which is
determined according to the principles of automatics, and further information on the technical
condition of an object determined to the rules of diagnosing as well as an information on the object
reliability status, determined according to the reliability theory, we can increase the system
redundancy and thus raise its usefulness, decrease its failure rate and also increase the safety.

2. Cybernetic organised system of operating technical objects

A simplified scheme of a cybernetic organised system of an operating set of technical objects
(airplanes, engines) is shown in Fig. 1.

An operated object (Fig. 1) is supplied with material (operating, safety and protective etc.
elements/equipment) and with power (fuel, electric power, hydraulic energy, pneumatic energy
etc.). As a result one obtains useful work and an unwanted destruction (putting out of adjustment,
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part wear, damages). The operating system checks if a system was put out of adjustment
(adjustment subsystem), checks on the technical condition of a system (diagnosing subsystem),
and identifies and locates damages (damage identification and locating subsystem).
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Fig. 1. Flow diagram of a cybernetic organised operating system; ZE - power/energy supply, ZM - material supply,
PU - useful work, R - adjusting/control, D - diagnosing, I[iLU - damage identification and localisation,
PA - automatics principles, ZD - diagnostics principles, TN - theory or reliability, 1, 2, 3, 4 - information
paths

The operating system is also supplied with the theoretical knowledge of automatics principles,
diagnostic rules and the theory of reliability. Due to that only optimal operation steps are carried
out in order to adjust the system, to secure it against excessive wear of components and to protect
its parts against damages (especially failures which might lead to a catastrophe).

The system of operating the object is systematically fed with information on current changes
and forecasts of the adjusting, technical and reliability potential of an operated object, on real
limitations of the optimal use whilst not exceeding an allowable risk, and as well with reliability
characteristics information [4, 10-11].

The information to optimise the system operating actions and its conditions of use results in
limiting the object wear and tear prevents occurrence of critical damages and reduces operating
costs and the risk of losing an object.

3. Principles of reliability calculation

Broad study of reasons for occurrence of different accidental damages plays an important role
in the reliability study [2, 3, 16, 18]. By PN, IEC, and GOST standards a damage is a measurable
random event, which changes a feature of the object technical condition, i.e. an object change from
the state of worthiness into the one of inability, where also by PN, IEC, GOST the state of
worthiness is understood as the ability of an object to properly perform a determined work within a
determined time.

An occurrence of damage, i.e. a transition from a state of worthiness into a state of inability,
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causes the object state of reliability to change, where that change is described quantitatively by
reliability factors. In the process of determination of the technical object reliability one takes into
account different kinds of damage: a catastrophic (a total damage or destruction), a parametric one
(ageing, non-total) and transient (momentary) one — Fig. 1 [17, 18].
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Fig. 2. The process of changes in measurable limits of characteristic features of a technical object U during the
time t of its operation: a) parametrical (non-total), b) momentary (transient), c) catastrophic; U, U, — lower
and upper limit of a characteristic feature of the technical condition

These damages can be of a different form and the mechanism of their occurrence can be also
different, therefore for reliability studies on an operated object the identification of the said
damages is of a fundamental significance. The goal of a performed identification is to qualify all
the random events, which change an essential feature of the technical condition, into one of the
above mentioned damage category (catastrophic, parametrical, or momentary). Therefore there is
a need to precisely define individual cases of damages/ failures.

Catastrophic failures (complete) are sudden events leading to a catastrophe i.e. a full disability
of a technical object. An object, where a catastrophic failure occurred, will be destroyed and in less
critical cases it must be put out of use or be repaired, i.e. broken part must be replaced with new
one. In the process of use of different technical objects only a few catastrophic failures occur:
a break of turbine blade, breaking twist of a shaft connecting a turbine with a compressor, turbine
blade partial melting, break of combustion chamber injector, a bearing destruction, break of
a strength element, destruction of a fire-resistant coating, tyre rupture etc. These damages are clear
and obvious therefore easy to identify. For calculation of reliability factors they absolutely have to
be taken into account [2, 18].

A parametric defect (non-complete, due to ageing, or degradation) is an event resulting in
a gradual incapability of an object. A lot of terms serving to describe these kinds of damages
clearly define their character. Therefore it is a damage which at a given moment of operation does
not cause an object to be disabled. This is only a premise for a state of disability in the future. One
uses to say that an object is in a threatened state, which can be remedied by servicing/repairing it.
In the process of use a substantial set of parametric damages occur: small breaks, indentions,
a vane break, pitting, erosion losses (which can be removed via e.g. grinding or polishing), and an
increased friction in bearings (which e.g. can be remedied by changing oil), and a loss of pressure
in a hydraulic or a fuel supply system (which can be remedied by changing the system settings).
Identification of parametric damages is difficult. Standard and special measuring systems for
inspection (evaluation of the system functioning) and for diagnosing checks (estimation of the
system technical condition) are required [2, 18]. For calculations of reliability factors damages of
this kind must be taken into account.

A transient (momentary) damage is an event occurring randomly and after some time going
back without leaving any clear signs of its occurrence before. It is damage, which at a given time,
does not cause an object to lose its worthiness. During the process of operation transient damages
often occur: a momentary excess of the temperature behind an engine turbine, a momentary
excessive oil temperature in the lubrication and cooling system, unstable fuel pressure, a fuel
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supply interruption, unstable run of an engine compressor, a momentary misgoverning of the max
rotating speed, a structural overload, a momentary vibration excessive level, etc. (which do not
require any service steps or call only for some minor changes of “system” settings). Transient
damages are very difficult to identify; checks and diagnostic steps are required. Also such damages
(if possible) shall be used to calculate the object reliability factors.

For calculation of reliability factors of a machine, device, or a system its capability probability
factor R(t) must be determined. These calculations must differentiate between three basic kinds of
failures: a catastrophic failure, a parametric one and a transient defect. For the analysis of the
reliability one makes an assumption that different damages occurring are independent events
[2, 18] and in that case:

R(t) = [ (R, (0),R,(1),R.(1)), 6]

where:
R (t) - probability of correct functioning of a system affected by a catastrophic failure,
R, (?) - probability of correct functioning of a system affected by a parametric damage,
R (¢) - probability of correct functioning of a system affected by a transient damage.

According to the dependence (1) in order to determine the analytic form of reliability curves
R(t)lack of damages estimators must be determined; i.e. estimators of: catastrophic failures
R:: (¢,), parametric damages R; (t,), and transient damages R:(ti) , and next the estimator R*(li) ,

which takes into account all kinds of discussed damages, failures (#, time of a damage

occurrence).
R'(t)=f(R(1), Ry (1), R(1)). )
The lack of occurrence of catastrophic failures estimator R’ (¢,) is given by a formula:
R (1) == 3)
na
where:

m,(t,) - the number of catastrophic failures within the [0, #,] period,

n - the number of all the catastrophic failures within the expected lifetime of objects from the

a

set under discussion.

The lack of parametric damage occurrence estimator R, (¢,)is given by the following formula:

R; (t)= nb_—mb(t) ’ (4)
n,
where:

m,(t;) - the number of parametric damages within a[O, ti] time period,
n, - the number of all the parametric damages (which can be removed) within an expected
lifetime of an object.

The R:(tl.) - i.e. lack of transient damage occurrence estimator is given by the following
formula:

R =222, 5)

c

where:
m,(t) - the number of transient damages within a [0, ¢, | time period,
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n, -the number of all the momentary (transient) damages within an expected lifetime of an

object.

Practically the reliability curve R(#) is calculated basing only on a small number of
R (t,) estimators (for this kind of damages one assumes that R, (t,)=1, R (t,)=1):

R (t)=R,(t). (6)
More and more often apart from the R (t) estimator also R, (Z)estimators are taken into

account. Therefore for that case we determine the R, (z,) from experiments with a set of objects,

R, (t) - analytically, assuming that R (¢,)=1 [18, 19].

R (t)= R: () RZ (t,). (7
A new method to determine reliability curves is to determine the R(¢) only with estimators of
less dangerous damages R, (¢,) and R.(z,) [10-12].

Symptoms of these damages are obtained from a universal description of an object, which
bases on the two intercorrelated equations of state [5,11]:

du

Eza&u +b, D, (®)
6i]—lt)ZaRbD+bRbu, ©))

where:

u - vector of control signals resulting from the operation of a technical object,
D -the vector of diagnostic signals related to the technical condition of an object,
a, - the parameter of the state of control (operation),

by - the parameter of the impact of a technical state on the possibility of control,
a, - the parameter of the technical condition (diagnosis),
by, - the parameter of the impact of the quality of control on the changes of the technical condition.

Changes of parameters ar. and agp, resulting from the sequence of U and D signals for known
observed operation periods of these signals are calculated with (8) and (9) formulas.

Changes of a, and/or a, parameters in excess of the o standard deviation are regarded as
signs of parametric damages m, and/or transient damages, m_ . Reliability estimators R*,(¢;) and

R*c(t;) are calculated with relationships (4) and (5), and next with the formula (7) the R*(tl.)is
determined [10-12].

4. Identification of the reliability characteristics

For the identification of the R(z) reliability characteristics (as an analytical function) on the
basis of R,(¢,) and R, (¢)estimators the best approximating function is determined. According to

PN, IEC and GOST standards it can be a normal exponential or Weibull distribution function.
To solve this problem one applies the method of the smallest sum square of approximation
errors. In this method the S functional represented by the (10) equation should be equal to the

minimum value S_. [13-15].
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S =Y IR (1)~ R (10)

where:
n- the number of calculated estimators.

The R(¢) function is assumed arbitrary (e.g. a Weibull distribution) and its parameters (e.g. a, b)
are determined by equalling functional (10) partial derivatives to zero in relation to searched
parameters:

) =0 ; ) =0. (11)
Oa ob

From all the recommended forms of the reliability function R(¢) for a practical attendance of

machines the Weibull function is a very important one:

1)
R(t)=e ‘", (12)
where:
a - the parameter of damage intensity rate (the number of damages per 1000 hours of operation),
b - the form parameter (where itcanbe b<1,b=1,b>1,b=2,b>2).

The Weibull distribution [6, 17-18] was derived basing on experimental experience. Its
properties are universal.
- with b=1I a(t) = const, and the Weibull distribution takes on the form of a exponential
distribution,
- with 5>1 a(¢) increases according to a root function,

- with =2 the Weibull distribution takes the form of a Rayleigh distribution and a(¢) grows,
- with <1 a(t) decreases non-linearly,

For all cases with »>1 and a(¢) growing, the form of the Weibull distribution approaches the
normal distribution.

Where b<1 and with a(¢) falling — the Weibull distribution form approaches the gamma
distribution.

Therefore a conclusion ensues that the combination of the Weibull distribution function can
be used to describe a typical and very often occurring practically damage rate intensity function in
the form of U-function, called a “tub” function - (machine running-in: a(z) decreases, normal
wear - a(t) is constant and with an intensified wear a(¢) is growing) [6, 16, 18].

In addition the Weibull distribution is widely used for estimation of the reliability of
mechanical parts and electro-mechanical parts and as well of electronic components.

The estimation or identification (by a direct use of the formula (12)) of parameters a and b by
the method of smallest squares — formulas (10) and (11) - is not simple, therefore seldom used in
the process of operating an object. For this reason there is a need to work out a method of a quick
and effective procedure to identify parameters @ and b of an assumed Weibull distribution.

5. New method of identification of reliability characteristics parameters in the form of the
Weibull function

The suggested method is based on the Weibull function described by the (12) formula. Having
found the logarithm of [13, 14] we obtain:

InR(¢) =1In e_(éj : (13)
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and next:

(1) = —@ , (14)

where r(t) =In R(¢).

In the discussed case the functional of the optimisation of the smallest sum square method will
take the following form:
where:

. P 2, PACERN.
= * L - *2 B L
=8l o(]) =gl ()4 ) 09
1 =InR(t)

The a and b parameters are determined from:

aS, & e (N ¢
DL _ AL o Int=0, 16
b Z{r (aj {aj }na o

oS . « b 2b
- 2 {24 t] (—FJJFI;M(—FH:O' (17
Therefore:
S t.
(r't'a" +£")InL =0, (18)
i=1 a
S(r1a" 1) =0. (19)

i=1
If we assume the b parameter value is known, then with the relationship (19) we can calculate
the a parameter value:

n

S

a=¢e where z= lln;=1—- (20)
2t
i=1
The essence of the suggested algorithm of determination of analytical reliability characteristics
parameters in the form of the Weibull function is to search the null point of the F function
resulting from the (18) relationship

N (a4 2 ik 21
F ,-Zl:(rltla +1, )na (21)

at an equality limiting condition (19) brought to a form of (20).

To calculate a and b parameters we assume first that b = 1. Further we proceed as follows:

Step 1: For a given value of the b parameter determine the a parameter value from (20).

Step 2: Determine the value of the F' function from (21).

Step 3: If the absolute value of the F function exceeds a permissible error ¢ take a new value of the
b parameter and return to Step 1. New values of the parameter b are assumed so as to with
next iterations the absolute value of the function ¥ went down.

Step 4: Write down the determined parameters of the Weibull distribution.

The selection of h=1 results from experience gained from reliability tests with technical
objects - the time of operation, when the damaging intensity rate a is constant, a = const is the

longest, so it is most sure and most easy to identify.
According to an up-to date experience of operating systems one assumes that with b=1 an
object is at a stage of normal use, with b < 1 it is being run-in and with b > 1 its wear is increased,
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b =2 its wear is intensified (the intensity rises in a linear way) and finally with b > 2 an object is
subject to a failure wear (the intensity grows in a non-linear way).

Further information on the state of reliability results from changes in the @ value. Low a value
and low Aa increments evidence a correct reliability status of an object.

6. Verification if the method is practically effective

Tab. 1. below lists data on damages of different objects gained from experience

Number of
Object Damage/failure Number and time of a damage occurrence possible
damages
Allison 250 engine [4] transient 1/400 1/1000 160
parametric 1/200 1/800 1/1100 160
catastrophic
Pump group [11] transient 1/8350 1/8760 | 1/8830 300
parametric 1/8720 1/8950 300
catastrophic
Anthropotechnical system | transient 1/1250 | 1/1315 | 1/1645 105
helicopter - pilot [12] parametric 1/1150 1/1650 | 1/1670 105
catastrophic
Example: transient
Evaluation of Weibull parametric
distribution parameters [17] | catastrophic 13/35 | 107/40 | 80/45 50/50 | 50/70 | 310/120 1100

The table lists time points when damage occurred (catastrophic failure, parametric damage and
transient damage) for selected technical objects. Basing on the (3), (4) and (5) formulas, we

determine R (z,), R, (t,), R, (¢,) for given time, and next R* and InR".

We have to keep in mind that n, from the formula (3) is the number of all the objects and n,
and n, are the numbers of all possible occurrences of parametric and transient damage events
within the expected lifetime of an object, as determined from the following relationship:

_ Tres res
nb = —T 5 nc = —T 5

obs obs

r,m, T,k m, (22)

where:
T, - expected lifetime (service life),

res

T,,. - observation time in service life units,

O

m, - the number of possible parametric damages within an observation time 7,

obs >

m, - the number of possible transient damages within an observation time 7, .

On the basis of the [14] programme, which realises the above-presented algorithm the Weibull
distribution parameters were determined for:
- Allison 250 engine - a =1,045, b=1,579,
- pump group - a =5,063, b=2,518...,
- anthropotechnical system helicopter-pilot — a = 2,425, b=3,361,
- exemplary object from the PN-82/-04030 standard - a =1,034, 5=1,698.

The correct functioning of the programme was verified by comparing results obtained from the
programme, which executes the suggested algorithm, to results obtained from an evaluation of the
Weibull distribution parameters of a standard Excel programme (the concordance is sufficient and
the precision and the result accuracy according to the new method is significantly greater).

To sum it up, one can state that in the process of an object operation changes in a and b shall
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be recorded and next basing on them it is possible to evaluate the changes in the reliability status
of every examined technical object.

7. Conclusions

The knowledge of the object functioning, on its technical and its reliability status are of
a fundamental importance to ensure proper operation of such an object. It has been found that the
observation of changes in the operational status and in the technical condition can serve as a basis
to determine signs of parametric and transient damages and, consequently on that basis, to
calculate the parameters of the Weibull reliability characteristics for each particular object.

The above-described way of calculating the reliability is characteristic of its possible execution
before any catastrophic failures occur and moreover without having to analyse a set of objects.
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