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Abstract

The paper considers reliability and availability of
technical systems and highlights the fact that main-
tenance strategy based on “constant durability” is
more favorable than maintenance strategy based on
“constant date”. Time analysis was carried out and
basic expressions for operative and total availabil-
ity are given. Reliability diagrams, failure intensity,
and maintenance costs are presented.
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1. Introduction

The results of the research on availability of
complex technical systems are not sufficiently
known yet. Bearing that in mind, and taking into
account that availability can be presented in the
percentage of the time of correct functioning of
the system, or as a probability that at a point of
time the system is operative, a study of a number
of technical systems in iron and steel industry was
carried out. [1] As a motive of research it can be
mentioned that availability also depends on strat-
egy of preventive maintenance. The results of the
research are obtained in conditions of real exploi-
tation of technical systems (results for Agio-ma-
chine are presented here), whose reliability have
impact on the production which is worth around
107,000 EUR a day.

2. Explanation of terms malfunction and
probability of occurrence of malfunction

The aim of maintenance is to provide function-
ality of technical systems. We should try to keep
the systems and their functionality and not only

operational aspect used by operators. Redundancy
improves functional reliability but also increases
the costs of life cycle in the sense of preparations
and keeping the level of work of technical systems.

Types of malfunctions are specific malfunctions
of equipment which result in functional malfunc-
tion of a system and/or a subsystem. Dominant
types of system malfunction are those which are
responsible for importance of proportion of all mal-
functions within them. Not all the types or causes
of malfunctions justify preventive maintenance or
maintenance according to the condition due to low
probability rate in their appearance and their incon-
sistent effect. For addressing technical content, ana-
lysts and planners have to establish if the existing
maintenance activities cover all identified potential
types of malfunctions and result in desired/expect-
ed levels of reliability. Type of malfunction must
be envisaged or the existing maintenance activities
will not be effective in identifying type of malfunc-
tion. Later, it can result in incorrect identification in
distribution of fundamental probability in malfunc-
tion of function. A lot of information can be proved
or upgraded through reliability checks.

Reliability can be presented as probability of
a unit to function successfully in a defined opera-
tional period under specific operational conditions,
without malfunctions, which is usually expressed as
a life cycle, period until malfunction, or period be-
tween two malfunctions. Conditional probability in
appearance of malfunction measures probability of
a unit with defined operational period of work with-
out occurrence of “state of malfunction” which will
eventually lead to malfunction within the interval. If
the conditional probability of occurrence of malfunc-
tion increases with time elapsed, technical system
will show characteristics of wearing out. Level or
frequency of malfunction is relatively insignificant
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for maintenance program, being too simple to be
measured. Frequency of malfunctions is useful for
the process of decision making regarding expenses,
as well as for establishing maintenance intervals, but
gives us no information on what maintenance activi-
ties are suitable or which, on the other hand, will be
a consequence, i.e. result of malfunction. Solutions
regarding malfunctions should be estimated within
sphere of safety and economic consequences which
we want to prevent. Maintenance activities must be
applicable, with the aim of their efficiency.

In the table 1 a possible method of quantifying
probability of malfunction is presented. In case his-
torical data is available, “powerful” tool for estab-
lishing rank can be provided. In case historical data
is not available, ranking can be estimated based on
experience with similar systems within a company.

Contemporary maintenance methods are fo-
cused on a whole technical system. They are meant
more for maintenance of functionality of whole sys-
tem than functionality of its components. Reliabil-
ity is the base for making decision. Characteristics
of malfunction of technical systems must be under-
stood in order to establish efficiency of preventive
maintenance. For successful realization it is neces-
sary to constantly search for knowledge of condi-
tional probability in occurrence of malfunction in
specific time period (possibility that malfunction
will occur in every supposed operational period).

We should always consider safety first, and
then economic reasons. Safety must always be pre-
served. When safety is out of question, preventive
maintenance must be based on economic reasons.

3. Dependence of operative and total
availability on time

Availability of technical system in a general
case can be presented by time relationship:

where:
T , - average time at work,
T, - average time in failure.

It can be said that availability is in direct cor-
relation with the exploitation capacity of a techni-
cal system, excluding the causes of failure (break-
down). In a general case, availability includes:

— proper availability A ,

— operative availability A and

— total availability A .

The same can be calculated by applying the
following patterns:

Table 1. Categories of probability in occurrence of malfunction

Rank | Effect Description

1. |1/10000 Small probability of occurrence of malfunction, i.e. it would be unreasonable to expect it

Low probability of occurrence of malfunction, similar to previous plans in the past which had low
2. | 1/5000 ) .

level of occurrence of malfunction for given volume / load

Low probability of occurrence of malfunction, similar to previous plans in the past which had low

3. | 1/2000 ) .
level of occurrence of malfunction for given volume / load

Accidental occurrence of malfunction, similar to previous plans in the past which had low level of

4. | 1/1000 . .
occurrence of malfunction for given volume / load

Medium probability of occurrence of malfunction, similar to previous plans in the past which had

5. 1/500 . .
low level of occurrence of malfunction for given volume / load
6 1200 Medium - high probability of occurrence of malfunction, similar to previous plans in the past
’ which had low level of occurrence of malfunction for given volume / load
High probability of occurrence of malfunction, similar to previous plans in the past which had
7. 1/100 .
high level of occurrence of problems
High probability of occurrence of malfunction, similar to previous plans in the past which had
8. 1/50 .
high level of occurrence of problems

9. 1/20 Very high probability of occurrence of malfunction, almost certain to cause a problem
10. 1/10 Very high probability of occurrence of malfunction, almost certain to cause a problem
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where:

T , - average time between the failures,

T, - average technical time of duration of re-
pair after a failure,

T, - average time between two consecutive
maintenance interventions,

T, - average technical time of duration of re-
pairs after failures, and

T, - average time of duration of repairs in-
cluding the stand-by time.

In this paper, the time when preventive main-
tenance intervention should be performed, is the
time when the total maintenance costs (EUR/hour)
are minimal. Account was also taken of reliability
magnitudes R(T) and failure intensity A(T) in the
process. The highest operative and total availabil-
ity for the minimal maintenance costs (EUR/hour)
can be calculated:

for preventive maintenance based "on constant
date" (D) (the elements are replaced at pre-set mo-
ments of time, regardless of the 'age' of elements):

Aopy = T In emaaT,y e (%)

A — T I:'-r‘::'.“.i:'.

Ap T T, thosHE T (6)
where:

T(C,, ) - the period of work when total main-
tenance costs are minimal,

T, - average technical time of duration of re-
pairs for operations of preventive maintenance,

Tpov(g) - average time of repairs, including the
stand-by time (repair after a failure),

Tpov(p) - average time of stand-by (repair in a
preventive intervention),

H_ - restoring function (average number of re-

storing).

for preventive maintenance based on "constant
durability" (T) (elements are replaced when they
reach a certain life):
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where:
T (C_ .) - average time between two consec-
op Tmin

utive maintenance interventions for the period of
work when total maintenance costs are minimal,
F(T) - distribution function,
R(T) - reliability function [R(T) = 1-F(T)].

The quoted patterns (5),(6), and (8) can be used
for calculating the availability for any time period
of work, and also for some current system avail-
abilities A'OpD,, and A'OpT average time of duration
of repair (system restoring time Tpop) can also be
calculated. If the expressions are minimized:
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then the maximum availability can be obtained,
which is, in fact, the basic aim. By applying the
relations (9), and (10), the following is obtained:

A
T.‘-’I??O_[A;;S_l]'TCD_T;DEO. ..... (11)
Top ':T":A'-i___i :_T:_:l;._; T-FT
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4. Result and data processing

The data on performance of the technical sys-
tem are obtained from the "Report on system per-
formance" and refer to the time period of system
work between two average repairs. In order to en-
able defining of appropriate conclusions on possi-
bilities of increasing the availability by organizing
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maintenance actions in real conditions of exploita-
tion on the basis of all the recorded data, the ob-
tained data are arranged in a new way, as shown in
Table 1 and Table 2.

Time period (7) of occurrence of a failure has
been chosen in the time interval of 100 hours,
considering the periodicity of maintenance teams'
work in shifts. In other words, it turned out that the
occurrence of failures in particular time intervals
also depends on the makeup of the workgroups -
maintenance teams.

By x-square test, the hypothesis of normal
(Gauss) distribution of probability of failure was
verified. It was also determined that average time
between failure (failure-free operation) has a nor-
mal distribution which facilitated calculating the
restoration function (H ). Maintenance cost esti-
mate was performed for one preventive interven-
tion, for both preventive maintenance based on
"Constant durability", and "constant date", taking
into account total costs for failure elimination (C g)
and for preventive intervention (C ) as follows:

Table 1 and 2 The data on performance of the technical system

TABLE 1 TABLE2
54 = Mamtenz.mce Maintenance costs with
= =t s costs with " ——
~| & . 5y " " constant durability
Ak . % = E constant date
: 212 | | & | T |g S 2 v
S| ~ | ©| S 0 — = @ L o 2 = - ) g i
gl 2 |Elsal & |1 = ~| & g & g |3 2 5 s |8
HESEEIE S fER| S8 k5|5 (285%F 28 ¢
Elz (82| £ | 2| 5|21 5 |=2¢2 2§g§ﬁs=:: s gz
d p=] ~= g 1 %]
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= z‘ = — =] ) = QO =8 & = Q o 9 .= (=1 E
E|= = > = =) o 2 £ | B 0E=Q=UV’QQ'E
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: 2 |5 (237 |3 (22238 ¢ |3
& < é 8 S < = = ® S
1| 2 3] 4 5 6 7 8 9 10 11 12 13 14 15
1] 100 | 6 [0.046]|0.046|0.954|0.048 | 0.046 | 5.580 | 2131.20 | 40.44 | 288.50 |1027.20|8930.00|34.51
21200 | 3(0.023/0.069|0.931]0.024| 0.115 | 11.110 | 32.82 | 36.82 | 377.80 1.14 |8860.00|23.48
31300 |5 (0.038|0.069]0.893|0.042 | 0.222 | 27.275 | 1207.20 | 22.41 | 466.40 | 400.80 {8330.00|18.72
41400 | 1]0.007/0.114|0.886|0.007| 0.336 | 27.395 | 27222 | 17.12 | 549.70 | 76.61 |8030.00|14.75
51500 | 7(0.053]0.167]0.883|0.063 | 0.503 | 32.015 | 231.96 | 14.62 | 630.00 | 59.77 |7570.00|12.11
6| 600 | 4 0.030|0.197]0.803 |0.037| 0.700 | 32655 | 3640.70 | 17.06 | 705.70 | 817.36 [7270.00|11.46
71700 | 6 [0.046]|0.243]0.757|0.060 | 0.943 | 35.845 | 11659.55 | 24.07 | 778.40 |2559.43 |6580.00|11.74
81800 | 4 10.030({0.273(0.7270.041 | 1.216 | 40.835 | 1741.11 | 11.74 | 844.20 | 347.64 |6120.00| 7.66
91500 |9 [0.069]|0.342]0.658 |0.104 | 1.558 | 53.705 | 1842.89 | 10.77 | 905.40 | 331.02 |5740.00| 6.71
10{1000| 6 |0.046|0.388|0.612 | 0.075 | 1.946 | 55.165 | 7223.66 | 14.35 | 962.80 |1181.90 [5360.00| 6.44
11{1100| 5 {0.038{0.426|0.574 | 0.066 | 2.372 | 56.875 | 6253.46 | 12.50 | 1016.4 | 981.74 |4670.00| 5.66
1211200 5 |0.038|0.464 |0.536 [ 0.070 | 2.836 | 61.095 | 7853.83 | 12.75 | 1061.10 | 1138.24 |4290.00| 5.11
13{1300| 9 |0.069|0.533|0.467 |0.147 | 3.369 | M.I35 | 1315.71 | 7.54 | 1106.00 | 172.39 |4060.00| 3.83
141400 5 |0.0380.571(0.429 | 0.088 | 3.940 | 67.435 | 31065.35 | 25.67 | 1146.60 | 3879.43 |3530.00| 6.46
15/1500| 3 |0.023]0.594|0.406 | 0.056 | 4.534 | 67.915 | 3151.60 | 7.74 | I8LY9 | 364.69 (3230.00| 3.04
161600 7 |0.053]0.647|0.535(0.150 | 5.181 | 77.715 | 1902.74 | 6.61 |1214.20 | 203.15 ({3000.00| 2.64
17{1700| 4 10.030|0.677|0.323 [0.092 | 5.858 | 78.605 | 31155.04 | 21.66 | 1244.00 | 3387.36 |2000.00| 4.33
18]1800| 3 |0.023]0.700]0.300.|0.076 | 6.558 | 79.085 | 8720.39 | 9.36 |1264.20 | 905.92 {1470.00| 1.88
1911900 (13]0.100|0.800| 0.200 | 0.500 | 7.358 | 84:2 05|174497.97| 13.07 | 1278.13 | 1773.61|7100.00| 1.94
20(2000| 7 |0.053|0.853|0.147|0.036 | 8.211 | 85.965 | 34313.09 | 20.14 | 1285.00 | 338.94 | 0.00 | 2.63
21(2100(10{0.076|0.929]0.071 | 1.070 | 9.140 | 89.295 | 2131.20 | 40.44 | 288.50 |1027.20 |8930.00|34.51
2212200 8 [0.061|1.000]0.000 |2.070 {10.140| 95.255 | 32.82 | 36.82 | 377.80 | 1.14 [8860.00|23.48
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Maintenance costs were calculated by applying
the relations (13) and (14), and are shown in Table
2. From Table 2 and Figure 2, it can be seen that
the minimal maintenance costs (1.88 EUR/hour)
are for the operation time of 2,000 hours, and it is
for maintenance strategy based on "constant dura-
bility". For this period of time, the highest opera-
tive and total availabilities can also be calculated
by applying the patterns (5), (6), (7), and (8):

2000
A, = = 0,96066
P0 2000+ 1,728,211 + 68
2000
A, = =0,95856
Y 2000+ 1,768,211 + 72
12642
A, = =0,9910
1 12642+ 1,720,853 +63- 0,147
12642
= (0,9505

A, =
T 12642+176-0,853+72-0,147

It is obvious that higher availability values are
obtained for the maintenance strategy based on
"constant durability" than for the maintenance
strategy based on "constant date", which confirms
again the fact that for the observed technical sys-
tem, the most acceptable maintenance strategy is
the one based on "constant durability". The re-
sults arouse special interest, because the exclusive
maintenance strategy based on "constant date" has
been applied to the technical system (Agio-ma-
chine) until now. By applying Table 1 and Figure
1, it can be noticed that the failure intensity A(7)
begins to rise sharply-after 1,800 hours of work,
and thus the system should be covered and main-
tenance preventive action should be carried out.
However, as maintenance costs for this period of
time are higher than the costs for the period of time
0f 2,000 hours, the preventive activity is therefore
delayed until the 2,000" work hour.
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Figure 1 Diagram of Failure Intensity A and
Reliability R in the period of six months
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Figure 2. Diagram of costs of preventive
maintenance based on constant date (C,) and
constant durability (C) for six months

5. Conclusions

It is common to estimate the state of a technical
system each time when preventive maintenance is
carried out. After realization of certain number of
actions in preventive maintenance and recording
them for each technical system, sufficient quantity
of information will be available for establishing
whether a technical system should be exposed to
more or less frequent maintenance actions, and
how frequently preventive maintenance should be
carried out.

The research results provide the following con-
clusions:

1. The better preventive maintenance is, the
better availability. The difference between
operative and total availability gives the
impact of preparation time for failure
elimination.

2. However, total availability is lower than the
operative one if maintenance organization
is improved, and it is possible for total
availability to come closer to the operative
one in value. The ultimate goal should be
operative availability

3. The applied method of obtaining availability
and total maintenance costs is suitable for
maintenance planning. Detailed comments
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of all the results have not been given in the
analysis of the given example, since the
stress has been laid on defining availability,
and the objective was to indicate to a
possible way of calculating the availability
of a complex technical system.

Optimizing available technical resources of a
company with minimal expenses is a fundamental
principle of contemporary business management.
It is explained as a way of obtaining maximum
time of flawless work and achieving value of ev-
ery technical system. By applying the right form
of maintenance, and at the right time, significant
financial savings can be made, thus increasing
time of flawless work of a technical system.
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