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Abstract: The authors of this study propose a methodological approach to modelling the reliability
evaluation of aircraft operation in combat conditions. When developing recommendations on
operational and strategic requirements for promising aircraft, a very important aspect is the elicitation
of the requirements for their reliability, namely no-failure operation. Reliability as a parameter of any
equipment should be set in the technical specifications for development together with other operational
requirements in the form of reasonable quantitative indicators — reliability standards. The
establishment of specific reliability standards stimulates its growth and creates the basis for rational
design, taking into account the requirements of reliable operation. The analysis showed that different
models can be used to simulate aircraft reliability. In this case, for example, the final values of mean
time to failure (MTTF) would be different. The test results show that the methods and mathematical
models used to substantiate the values of time and probability of trouble-free operation of aircraft do
not fully correspond to the actual processes of changing their state during the use in the military. This
is confirmed by a significant discrepancy in the values of reliability indicators implemented in practice.
This was due to the fact that the acquainted mathematical models of aircraft reliability do not take into
account the combat conditions in which they are supposed to operate. In addition, the reliability
indicators used do not take into account possible changes (decrease) in these indicators during the
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period of aircraft operation. In general, the shortcomings inherent in the methods and mathematical
models currently used to describe the aircraft reliability reduce the accuracy of the results obtained,
and also do not quite adequately reflect the features of the corresponding process. When using different
models, the cost of time to failure differs significantly. The more factors are taken into account, the
greater the operating time to failure will be. This means that when designing aircrafi, it is necessary to
set the value of this indicator greater than indicated in the form. Taking into account additional factors
complicates the model, but at the same time makes it more accurate.
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1. INTRODUCTION

In modern conditions of technology development, reliability is no longer a desirable quality,
but a mandatory requirement. Reliability as a parameter of the aircraft, and any equipment in
general, should be set in the technical conditions for development together with other
operational requirements in the form of reasonable quantitative indicators — reliability
standards [1]. The establishment of specific reliability standards stimulates its growth and
creates the basis for rational design, taking into account the requirements of reliable operation
(2], [3], [4].

The task of substantiating quantitative requirements for the reliability of an aircraft is
usually reduced to answering the question of what optimal reliability of this equipment is
needed to perform the practical task with the required quality and at minimal cost, that is,
which mathematical model to use in specific case.

The aircraft's performance is defined by its operating efficiency, which depends on a
number of indicators, including reliability parameters.

Quantitatively, efficiency is usually expressed by the probability that the aircraft performs
specified functions under certain conditions. The higher the required efficiency, the higher the
reliability requirements should be under other equal conditions [5]. In addition, when
modelling reliability, the type and purpose of aircraft should be taken into account, namely the
conditions of combat operations for military equipment.

Approaches to modelling aircraft reliability are proposed by various authors. Reliability
is associated in various ways with the quality of aircraft performance of specified functions
under certain operating conditions, that is, with a specified efficiency.

The authors in [6] propose a method for evaluating the transport efficiency of a long-haul
passenger aircraft based on mathematical modelling of all typical flight stages for precise
determination of fuel consumption.

In [7], the principles of constructing mathematical models are described, the theoretical
foundations of analytical and simulation modelling of the operation of technical systems and
the problems of studying their reliability are considered. The author of [8] considers the choice
of uniform indicators and criteria for efficiency of the air defence system of important state
property in peace-time in relation to preventing terrorist attacks and using aircraft and
helicopters in war-time.

Mathematical modelling of the problems of estimating and predicting weapon reliability
indicators was carried out in [9]. But in the above-mentioned works, the authors hardly touch
upon the issue of modelling the aircraft reliability with a specified efficiency in combat
conditions. This determines the relevance of this study.

The purpose of the study is to form new methodological approaches to the development
of mathematical models for evaluating the reliability of aircraft operation in combat
conditions.
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2. MATERIALS AND METHODS

When setting reliability parameters for a combat aircraft, preference should be given to those
parameters that fully characterise the reliability of this type of equipment. These parameters
should be subject to engineering calculations at the design stage and easily measured during
testing and during the operation of equipment. As for the aircraft, such an indicator of
reliability is the time to failure T, which is recommended to be selected as a reliability
parameter and which is set in the terms of reference for aircraft development.

However, this indicator alone does not fully characterise the aircraft reliability. In some
cases, for example, when the operation factor is significant, an important indicator is the
aircraft's adaptability to quickly find and eliminate failures.

The parameter that characterises the reliability side is the average recovery time Tg. Both
parameters together clearly determine the most important criteria for aircraft reliability: the
probability of trouble-free operation (1):

t

P(t)=e To (1
and readiness factor (2):
Kg = _To_ )
To + Tr

where: Tj, — time to failure if the system is renewable, or operating time between failures if the
system is non-renewable; Tp — average recovery time; ¢ — continuous operation time.

Therefore, the main indicators of aircraft reliability, in particular reliability according to
[10] is the probability of survival P(z) and the time to failure 7.

But without specifying the continuous operation time ¢ the plane during which these
indicators are valid, they become uncertain. Next, the question arises, which of them is
primary.

In other studies [11], the primary indicator of trouble-free operation is considered to be
the operating time to failure of weapons and military equipment, and then the probability of
trouble-free operation for a certain time is calculated [12].

In any case, using the uptime distribution function P(T > t) = f(T,t) an equation
occurs. The equation has two unknowns if it is written explicitly, or three unknowns if this
equation is written implicitly (P, T,t) = 0. Itis considered appropriate, in relation to aircraft,
to set first the probability of trouble-free operation. Let the required probability of trouble-free
operation be Pgrrpo = 0.9 + 0.95.

The next indicator of trouble-free operation is continuous operation time. Based on the
experience of the troops, it is assumed that the aircraft can work continuously for no more than
2 hours. Knowing two unknowns of the three indicators, it is possible to find the operating
time to failure.

Since any equipment ages, it is advisable to model the aircraft reliability not by
exponential distribution of a random variable of time T operating time between failures P(t) =
e~%t as is often accepted, but with a more general, more flexible distribution, such as two-
parameter (6, @) Weibull distribution (3):

P(t) = e 0t" (3)

where: 68 — scale parameter; a — form parameter that takes into account ageing of equipment.
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3. RESULTS AND DISCUSSIONS

Next, the study considers general requirements for aircraft reliability under conditions of a
specified efficiency or probability of trouble-free operation. Efficiency is a broad concept and
is characterised by a number of properties: reliability, performance, survivability, noise
immunity, ease of operation.

If the system is an airplane, then its specified function is to destroy the target. The success
of this function depends on a large number of factors that have the nature of random events
and are expressed by the corresponding probabilities. Among the factors that affect the
successful target destruction, it is appropriate to single out only the main ones, which are
determined by pre-flight and flight reliability. In this case, a complex random event — the
destruction of the target — can occur due to the joint implementation of the following three
independent partial events: serviceability of the aircraft equipment at the time of take-off,
trouble-free operation of the equipment during flight (during continuous operation) to the
target area, and a direct hit of the target.

The probability of destroying the target will be determined in this case by the summary
of the probabilities of the corresponding events [13] (4):

Ep =Py - P(t) - Eg 4)

where: P, — probability of serviceable condition of the equipment at the time of start of use
(pre-flight reliability); P(t) — probability of trouble-free operation of the aircraft during
continuous flight, t; Ey — probability of direct hit on the target.

Therefore, the probability of trouble-free operation of the aircraft during continuous
operation t under normal operating conditions, it is calculated, as noted in (1), according to
the exponential law of the distribution of the time of trouble-free operation. Taking into
account the ageing and wear, the Weibull law of uptime distribution is used (3).

The product of probabilities P, - P(t) = Py there is a probability of normal operation,
which is one of the most complete characteristics of system reliability. By physical nature of
Pyo there is a chance that the system will be working properly at the time of application and
will not fail during continuous operation. Given the above, the following is obtained (5):

Ep = Pyo - Ey Q)

probability Ep, which is numerically equal to the probability of performing specified
operations, can be considered the operating aircraft efficiency as a complex system.
Probability E,, which quantifies the property of the system, provided that it is absolutely
reliable, can be called ideal efficiency. In general, it is determined by a number of factors and
is the probability of a complex event. In the case of absolute reliability (Pyo = 1) the operating
efficiency coincides with the ideal one (Ep = Ej).
It follows from equation (6) that normal operation can be determined in terms of the ratio
of the operating efficiency of the system to its ideal efficiency (6):
E
Puo =g (6)

This ratio shows the decrease in efficiency due to the unreliability of the system. A
specified probability of completing a specified task can be called a specified efficiency. In
order for the system to successfully perform the specified tasks, its operating efficiency must
not be less than the specified one, that is, meeting the condition (7):
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Es < Ep = Pyo - Ey (7)
Admittedly, for recoverable systems, the probability of a serviceable state at any given
time is approximately equal to the readiness coefficient [14], [15], [16], i.e. (8):
To
To + Tgr

Py(t) = Py = Kg = (3

Substituting the values K and P(t) in equation (8) and considering that equality must be
fulfilled Es = Ep, obtain (9):

-0, )
To+Tr

Es

For a graphical solution of this equation, it is convenient to represent it in the following
form (10):

- Es Tr
eTo:—-<1+—) (10)
Eg To

t
Next, plotting function graphs fi.(Ty) =e To and f5.(Ty) = ? (1 + i—R), the
0 0

intersection point that corresponds to the value Ty is found, for whom equality (11) turns into
an identical equation. This is the required value of the required parameter [17], [18]. [19].

Taking into account the ageing and wear of equipment components and (5), then (11):

Ty,
= .e o -E 11
To+Tg (h

Es

where: a — parameter that takes into account the ageing and wear of equipment components.

Therefore, the specified system efficiency is expressed in terms of reliability parameters
T, and Tg. Thus, in order to determine the desired parameter value Ty in general it is necessary
to obtain:

— the specified probability of completing the task Es (specified efficiency);

— ideal system efficiency;

— continuous operation time.

Value Ty should be based on the experience of aircraft repair, taking into account the
measures to improve recoverability that are being developed, or according to the condition of
the permissible break time in work. The continuous operation time for the aircraft will be, for
example, t < 2 hours [20], [21].

Equation (12) with respect to the parameter Ty, which is transcendent. For a graphical
solution, it is convenient to present it in the form (12):

_t T
eroz_S.(1+_R) (12)

toz
Next, plotting function graphs fi.(To) =e To and f5.(Tp) = ? (1 + i—R), the
0 0
intersection point that corresponds to this value T is found, for whom equality (12) turns into
an identical equation. Thus, the required value of the required parameter is found again [22],
[23], [24].
But military equipment is designed to work in combat conditions. Therefore, it could fail
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not only due to limited technical reliability, but also due to enemy fire. Taking into account

the conditions of the combat situation (¢ # 0 — combat losses) and limited technical reliability

1

of the aircraft (9 =1= F) — failure rate, average time T to failure should be calculated based

on such a generalised mathematical model, which is used to determine the probability P°(t)
of trouble-free operation of the aircraft over time t (h) of its continuous operation [25], [26],
[27], [28] (13):

(13)

where: € — hourly combat losses; Pgrrro — required probability of trouble-free operation, or
ideal efficiency.

Equation (13) is more complex than (12). In view of all the above, the following equation
is obtained (14):

a— (L a1 .
PO(t) = e (@t = ¢ (peetre) 2 Pgrro,

Ty

1 a-1
e — et et g 14
S =T+ Tp 0 (14)

Equation (14) with respect to the required parameter Ty, is also transcendent and for its
graphical solution presented it in the form (15):

(Lia1,..)s E T
o (Tt +£)‘=_S.(1+_R) (15)
Eo To
i.ta—l

When plotting function graphs f;(Ty) = e_(TO re)t and f5(Ty) = E—j : (1 + 1_):)’ the

intersection point that corresponds to this value T is found, for which equations (10), (12) and
(15) turn into an identical equation.

This is also the required value of the required parameter. Next, equations (10), (12) and
(15) are solved graphically and the value of the operating time to failure changes when using
different models.

The required reliability of the aircraft is determined, which solves the problem of
destroying the target, for example, with a specified probability Eg = 0.95, if it is known that
the ideal efficiency Ey = 0.99, continuous operation time t = 2 hours, average recovery time
Tr = 2 hours.

For the exponential distribution law value of operating time to failure for ¢ = 2 hours is
shown in Table 1 and Figure 1.

Table 1 — Value of functions f;,(Ty) and f,. (T,) for the exponential distribution law

Ty, hours 50 100 150 200 250 400 600
f1(Ty) 0.960789 | 0.980199 | 0.986755 | 0.99005 | 0.992032 | 0.995012 | 0.996672
f2(Ty) 0.99798 | 0.978788 | 0.972391 | 0.969192 | 0.967273 | 0.964394 | 0.962795

For the Weibull distribution value of operating time to failure for t = 2 hours is shown in
Table 2 and Figure 2.

Table 2 — Value of functions fiy, (Ty) and f,y, (Ty) for the Weibull distribution law

Ty, hours 50 100 150 200 250 300
f1(Ty) 0.948588 0.973955 0.98256 0.986892 0.989499 0.991242
£>(Ty) 0.99798 0.978788 0.972391 0.969192 0.967273 0.965993
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For a model that takes into account combat conditions value of operating time to failure
for t = 2 hours is shown in Table 3 and Figure 3.

Table 3. Value of functions f;,(Ty) and f;, (T,) for a model that takes into account combat conditions

Ty, hours 50 100 150 200 250 300
f1(Ty) 0.948588 0.973955 0.98256 0.986892 0.989499 0.991242
1£>(Ty) 0.99798 0.978788 0.972391 0.969192 0.967273 0.965993

firy 1
0.09 .\ . S —
f
098 +

0.95

-—H_____‘ 7
096
30

100 150 200 250 Hours

t
Fig. 1 — Graphical solution of the equation e To = ? . (1 + 1—R) for t = 2 hours (exponential distribution law)
0 0

fry 17

The intersection point of the curves corresponds to the value of the desired parameter
\ e g

approximately 7y = 90 hours.
098 1 \ |

[—— —E—f‘I(T}
. |=—e—f2(T)
096 /

0.94

50 100 150 200 250 300  Hours

Fig. 2 — Graphical solution of the equation & g [1+ TB) for t = 2 hours (Weibull distribution law)
el = Iy
EU

Ty
TO

The intersection point of the curves corresponds to the value of the required parameter
approximately T0 = 110 hours.
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nT0.99

0.98 + i

><'——' ===i1(T)
0.97 / —— —o—f2(T)

0.96 +

100 200 300 Hours

. . . . ~(7otat4e) e _ Eg Tr .
Fig. 3 — Graphical solution of the equation e ‘To =5 (1 + T—) for t = 2 hours (a model that takes into
0 0

account the combat conditions)

The intersection point of the curves corresponds to the value of the required parameter
approximately T0 = 170 hours.

Thus, using different models, uptime with constant continuous operation time, the value
of the operating time to failure changes. The more complex the model, the greater the time to
failure required to ensure the necessary reliability and efficiency of the aircraft. The operating
time to failure, depending on the continuous operation time for using different models, is
shown in Table 4.

Table 4. Changing the operating time to failure depending on the continuous operation time when using different

models
ontinuous operation time, hours 1 2 3 4 5
Model
Exponential 80 90 130 | 160 175
Weibull 60 110 | 160 | 220 310
Mathema.tlca! model of equipment ?e.hablhty, 80 170 | 290 | 550 | 1190
taking into account the hostilities

Table 4 shows that using any model of non-failure operation, the value of time to failure
also increases with increasing uptime.

4. CONCLUSIONS

Therefore, this study considers a methodological approach to modelling the aircraft reliability
in combat conditions. The analysis showed that different models can be used to simulate the
aircraft reliability. Mathematical models used to substantiate and confirm the values of time
and probability of trouble-free operation of combat aircraft do not fully correspond to the
actual processes of changing their state during the use in the military. This is confirmed by a
significant discrepancy in the values of reliability indicators implemented in practice. In the
conventional mathematical models of aircraft reliability, there is no consideration of the ageing
and wear conditions, including the combat situations in which they are supposed to operate.
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When using different models, the time to failure differs significantly. When using the
exponential law of uptime distribution, the time to failure for 2 hours of continuous operation
amounts to 90 hours. Taking into account other factors, such as ageing and wear of equipment
components, i.e., using the Weibull model, then the value of the operating time to failure (for
2 hours of continuous operation) amounts to 110 hours. Taking into account the ageing and
wear of components and the enemy's fire impact, that is, using the developed model, then the
operating time to failure would amount to 170 hours. The more factors are taken into account,
the greater the operating time to failure will be. Therefore, when designing aircraft, it is
necessary to set the value of this indicator greater than indicated in the form. Taking into
account additional factors complicates the model, but at the same time makes it more accurate.
The further research will take into account other factors that affect aircraft reliability.
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