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Abstract:

During the long-term operation, anti-aircraft missile weapons are characterized by the
technical condition and level of reliability change influeincing the efficiency on the
intended use. The article presents a model of surface-to-air missile system (SAMS)
reliability during long-term operation, which contains a set of models, namely: a model
of operation of ground combat assets (GCA) of SAMS according to the typical
cyclogram of intended use (TCIU); a reliability dynamics model of SAMS GCA in the
established system of maintenance and repair (SMR) and a reliability dynamics model of
surface-to-air missiles (SAM) during extended usage. It is expedient to use the developed
model at substantiation of requirements to the indicators of SAMS and SAM reliability
for their development or modernization; when developing SAMS repair plans in terms of
determining the time of SAMS GCA and (or) SAM repairing time and when developing
methods for assessing the effectiveness of SAMS taking into account the duration of
SAMS GCA and SAMS usage.
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1 Introduction

Modern SAMSs are designed for long-term operation. According to the SAMSs
analysis used in many countries, it is established that the duration of their life cycle is
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more than 30 years. Such SAMSs are characterized by a gradual depletion of
resources, deterioration of technical condition and their reliability decrease affecting
significantly their efficiency.

Solving the tasks of technical equipment of the armed forces by the SAMS
involves solving the tasks of their purchase, development, maintenance in combat
readiness, etc. At the same time, it is necessary to solve a set of tasks related to the
assessment of the impact of SAMS GCA and SAM components on the efficiency of
SAMS operation, namely substantiation of requirements to its GCA reliability
indicators and reliability indicators and assigned SAM indicators. In this regard, it is
important to develop a model of reliability of SAMS during long-term operation to
assess the effectiveness of SAMS.

2 Definition of Research Problem

The SAMS is a complex technical system (CTS). Existing and being developed CTSs
are mainly designed for long-term operation. In order to ensure the appropriate level of
their failure-free operation it is necessary to control technical condition, performance
restoration, maintenance, etc., which falls under the responsibility of the maintenance
and repair system. Depending on the element that is designed by the manufacturer to
ensure the CTS appropriate failure-free operation, there are CTSs, which are checked
or non-checked, restored or non-restored, serviceable or non-serviceable, etc. In ac-
cordance with this classification, there are CTS reliability models. The following
systems of reliability models are based on these features of CTSs maintenance:

e CTSs which are not checked, non-restorable, and non-serviceable,

¢ CTSs which are checked, restorable, and non-serviceable,

¢ CTSs which are checked, restorable and serviceable, etc.

Generally, the publications include CTSs reliability models, which arenot
checked, non-restorable and non-serviceable and CTSs, which are checked, restored,
and non-serviceable.

Thus, the article [1] considers:

* the failure-free operation model, which is presented by exponential-type
distribution of operating time to failure, Weibull distribution, and normal
distribution,

» the serviceability model, which is represented by exponential-type distri-
bution of performance restoration duration,

* the reliability model of tractor as a vehicle, which is checked, restored,
and non-serviceable, in the form of steady-state availability.

The [2] considers the CTS reliability model (by an example of the pipeline sys-
tem) that is not checked, non-recoverable, and non-serviceable. The process of this
CTS failure development is divided in two phases: the defect phase and defect growth
phase. Meanwhile, the second phase follows the first one and it is characterized by
some duration.

The [3] develops the imitation reliability model of gas transmission network. In
this model, the subject of research is non-serviceable and non-restorable. Moreover,
the influence of some sub-systems failure and simultaneous failure of two or more
sub-systems on failure-free operation and network functioning reliability is researched.

The [4] provides the reliability model of wireless sensor network (WSN) to ana-
lyze the influence of failures of field-located in-built facilities. In this case, the
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network functioning process is modelled considering failures of its elements and to-
pology. The modelling subject is restorable and non-serviceable.

The [5] considers the reliability model of electric, electronic and programmable
electronic systems designed for prevention and mitigation of consequences of danger-
ous events at different high-risk facilities in nuclear, refining, oil and gas, chemical,
automotive industries. The reliability model is based on Markoff processes concerning
subjects which are non-recoverable and non-serviceable.

The design of the above-considered [1-5] CTSs reliability models does not con-
sider the features of typical cyclograms of their maintenance that does not permit to
consider all main factors influencing their reliability.

The issue of design of such CTSs reliability models as SAMS taking into account
TCIU, is considered in [6, 7]. In this case, the reliability characteristics are usually
considered concerning fixed calendar operation duration at normal operation which is
characterized by constant failure rate [8-10]. However, in case of long-term operation
when SAMS exceeds a life cycle, it is necessary to solve the issue of their repair or
replacement by new ones. It is necessary to consider dependence of reliability indica-
tors on calendar operation duration and other factors [10]. In [11, 12] the influence of
the reliability of SAMS mobility on the assessment of the operational and tactical
indicator (OTI) the coefficient of effectiveness sustainment of SAMS K is
considered. The [10] considers the SAMS effectiveness model where the TCIU pa-
rameters are considered. Meanwhile, it is permitted that the reliability model
describing SAMS failures and restorations processes at the standby phase of combat
operation is known. The influence of periodic SAMS maintenance and functioning
control (FC) on reliability is not considered.

Thus, the publications review reveals that problems of reliability models design
for CTSs, which are checked, restorable, and serviceable, are duly considered. Particu-
larly, this is the case of SAMS reliability models design considering its TCIU and
dynamics of influence on controls reliability. Periodic maintenance, and repair indica-
tors.

Our article develops the SAMS reliability model at long-term operation
considering:

* possible operating conditions when SAMS can be put on ready-to-combat-
operation mode considering operation modes and other factors. Modelling
results permit to evaluate possibilities of SAMS operating or non-
operating conditions in any time at the considered phase, including at
combat readiness,

» failure-free dynamics of SAMS GCA considering influence of periodic
SAMS maintenance and FC and SAMS failure-free dynamics during cal-
endar operation duration.

This model is designed in order to evaluate and forecast the influence of change
of SAMS technical condition and reliability level on effectiveness of its functioning at
long-term operation with use of OTI such as Kesr [13]. In accordance with [14, 15] the
SAMS OTI K [13] represents the ratio of mathematical expectation (ME) of the
number of targets destroyed by SAMS, taking into account its technical condition and
reliability, to the nominal value of ME, provided that SAMS is operational at the be-
ginning of combat operations and does not fail in the process of functioning during
a long-term operation.
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3 Method Description and Basic Mathematical Equations

In case of long-term operation, the SAMS reliability model contains a set of models:
* model of operation of SAMS GCA according to TCIU,
e dynamics reliability model of SAMS GCA at the established system of
maintenance and repair,
* dynamics reliability model of SAM at a long operation.

Model of operation of SAMS GCA according to TCIU describes possible operat-
ing modes in the operating interval considered in relation to the moment . — calendar
time in service. At the same time, three stages of SAMS operation are considered.

At the first stage, the operation of SAMS is as follows: SAMS is in working con-
dition and ready for a combat use. Duration performance controls #,. are carried out
with a regular period Ty [16, 17]. When switching on SAMS, conducting PC, switch-
ing off, being off, failures can occur, which are detected in functioning control. In this
case, SAMS goes into the state of recovery, which ends with PC and subsequent
switching off SAMS under the condition of its operational state. Duration maintenance
tm is carried out with a regular period T}, Failures may occur during maintenance pro-
cedures. At the same time, maintenance is suspended for the period of recovery.
Otherwise, maintenance is completed by carrying out of PC, as a result of which
SAMS is switched off at its working condition or it goes into a state of recovery in the
opposite case.

At the second stage, SAMS is in a standby mode and switched on state from the
moment of the entry of the signal for a combat readiness use until the moment of re-
ceiving guideline to destroy the target. In case of inoperability, SAMS is in the mode
of recovery.

At the third stage, SAMS is in a combat mode provided that it is operational at
the time of receiving of the guideline. The intended use of SAMS will be successful in
case of failure-free operation.

SAMS GCA has a specific feature which enables it to be in a standby mode of
combat operations with periodic PC for a long time. In this case, SAMS GCA can
often be turned on, be on state for a short or long time, turned off and be off state, as
well as be in a combat mode. Each of these states is characterized by a corresponding
failure rate at the current moment f., which, taking into account the modes of operation
[13], is determined as follows:

/] (te) = (1_kie)/]0ff (te)+kie/]0n (te)+/]y (te)fy (1)

where ki. — the coefficient of exploitation intensity (a ratio of the duration of SAMS on
state to the duration of operation); Aofi(t), Aon(fe) — the failure rates off and on state,
respectively; Ay(t) — the intensity of failures at turning on (the number of failures
when one is switching on); f; — the switching frequency.

Dependences Aof(fe), Aon(fe) from the duration of operation for the GCA can be
constructed from the results of point estimates of the failure rate parameter aft.) for
different z. under the assumption of a nonstationary Poisson flow a{t.) = A(t.). These
dependences are constructed in the form of a paired regression dependence [10, 17]:

An @) =ay +agt, +...+ al-té (2)

where ao, ai,..., a; — polynomial coefficients.
It should be noted that taking into account the operating conditions, Ao(fe) is
found by the ratio:
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/]off (te) = a/]on (te) (3)

where @ — the service factor [18].
The dependence Ay(t.) can be calculated as follows:

Ay (te) =[P, (z.)] )

where Py(t.) — the dependence of the probability of failure-free switching GCA from f.,
which can also be constructed based on the results of point estimates during long-term
operation in the form of a paired regression dependence [17]:

P, (1) =by +byt, +...+b;t] (5)
where bo, by,..., bj — polynomial coefficients.

In accordance with the described stages, there are considered in the model the
following SAMS GCA possible operational states during the operation interval equal
to the maintenance cycle:

* E; - off, combat standby,

* E, - on, performance monitoring,
* E;3 - on, performance restoration,
* E4 - on, training, combat work,

¢ Es — on, maintenance.

In this case the maintenance cycle is understood as the smallest repeated time
interval, during which all the established types of maintenance are performed in the
sequence established by the regulatory documents.

Concerning the above-mentioned TCIU phases, the probabilities of any SAMS
GCA E; state can be estimated as the ratio of the total time spent by ground combat
assets of the anti-aircraft missile system in the E; state for the maintenance cycle relative
to the moment ¢. - tsi(f., Tc) and the duration of the maintenance cycle — T, that is:

tC’TC)

Iy,
PEi(thc): > (T

C

,i=12,...,5 (6)

In this case, the integrated time of SAMS GCA in each of the states at 7. relative
to the t. moment is calculated as follows:
in the E; state:

t23 (tC’TC) :|:/] [te _%j-'-/](te +120j:|TaIT (tC) (7)

where Tan(te) — the average recovery time of the SAMS,
in the E4 state:

T.
T34 (te’Tc):T_Ctlr+tcw (te’Tc) (8)

tr
where Ty, t — the frequency and duration of training respectively; z..(t., Tc) — duration

of combat work at Tt.

The reliability model of the SAMS GCA with the integrated maintenance and re-
pair system describes the processes of changing the technical state of the SAMS GCA
taking into account the level of reliability, periodic FC, and maintenance and restora-
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tions of the operational state (current repairs) at the intervals between FC and mainte-
nance during the long-term operation.

This model is represented by the instantaneous availability factor IAF, which is
the probability that at any 7. moment of operation SAMS GCA are operable. This fac-
tor is calculated as follows:

Kine (1) = B (2) P (7e) 25 (7)) 9)

where P(f.) — the probability of SAMS GCA operating state at any . time according
to the components which are not checked during maintenance and FC; P»(f.) — the
probability of SAMS GCA operating state between maintenances according to the
components which are not controlled during maintenance and FC; Ps(t.) — the proba-
bility of SAMS GCA operating state between FC according to of the components
which are not checked during FC, but are controlled during maintenance.

In this case it is supposed that control completeness factors at maintenance — kn>
and at FC — k1 are known, when kn> > k,1. Control completeness factors mean failure
intensity ratio of a SAMS GCA part that is controlled to failure intensity of the whole
SAMS GCA.

Pi(t.) and P»(t.) probabilities are calculated as follows:

B (1) = ()l (10)
P2 (l‘ ) — e_(knz_knl)A(’e)['e_TmNm('e)] (11)
where Np(f.) — the quantity of maintenances at . is calculated as follows:
t,
N_(t,)=ent| = 12
m () {Tm } (12)

where ent[x] — the integer part of number.
Ps(t.) the probability is calculated as follows:

P, (t ) _ e—k,M(te)[te—TmNm(te)—NfC(fe)TfC] (13)

where Tt — the FC frequency; Nr.(tc) — the quantity of FC since last maintenance until
current f. calculated as follows:

Ny (7.) =ent [M} (14)
ch

According to the model, in case of GCA failure during FC and maintenance, their
operation is restored and all revealed defects are eliminated.

The considered models of operation of SAMS GCA according to the typical cy-
clogram of the intended use and a model of the dynamics of the reliability of SAMS
GCA with the integrated maintenance and repair system are used to calculate the IAF.
This factor indicates the probability that SAMS GCA at the time of assignment of the
target are operational, provided that at the time of the announcement of readiness, they
were in a known initial operational state. The formula for calculating the IAF is as
follows:
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Kiarr (te’tsby) = Kiar (te){PEl (r.) P, (1) +|:PE2 (1) + Pey (1) + Pes (te)}}

Kiar (te’tsby) "'{[1 ~Kiar (te)}[l ~ Py (1. )} + Py (1. )} Kixe (te’tsby)
(15)

where sy — the combat standby time; K (te,tsby) [16] and K,,; (te,tsby) — IAF of
SAMS GCA at initial non-operational and operational states respectively, which con-
sider possible failures and operation restorations at combat standby mode #y [19].

IAF of operational readiness (IAFOR) of SAMS GCA that additionally to IAFOR
considers the probability of SAMS GCA non-failure operation during air combat is
calculated as follows:

KIAFOR (te ’tsby slew ) = KIAFR (te’ tsby ) PGCA (tcw ) (16)

where Pgca(few) — probability of SAMS GCA non-failure work during combat — fcy.
The model of dynamics of reliability indicators of guided surface-to-air missiles
at long-term operation characterizes a reliability of guided SAMs which represent
a part of SAMS.
The model is represented by two indicators:
» the probability that the »~-SAM, which are put on pre-launch training, at least n
will be recognized as ready for use in combat operations, as determined as fol-
lows:

B (1) = X by (1) 1= Bp ()] (17)

where Pp(te) — the probability that one SAM, which is put on pre-launch preparation,
will be considered as ready for use in combat operations; Cf — binomial coefficient,

» the probability of failure-free operation of the SAM during the #; flight time —

Pf(l‘e, tf).

Dependences Ppp(te) and Pi(t., tr) on t. could be based on the results of point esti-
mate of these indicators, which are obtained based on the results of SAM operational
observations and tests during works on assigned indicators extension. Pairwise
regressional dependences are constructed based on point estimates [19]:

Ppp(te):co +clte+czt§+...+cktf (18)
Py (testy ) (te:1¢ ) = dy +dt, + i +...+ d, 1" (19)

where co, ci,..., ck; do, di,..., dx — polynomial coefficients.
Then the mathematical model for the calculation of the SAMS OTI K. is as fol-
lows [13]:

1=[1=P; (t.1;) P, |
1-[1-P]"

Keff (te’tcw ’tf )(te’tcw ’tf ) = KIAFOR (te’tcw )Pr,n (te) (20)

where P — the probability of target destruction by one SAM.
The following are the results of the dependence modeling Kefi(fe, tew, #r) in
accordance with the relationship (20) in the following initial data:
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Tm = 0.5 year; Tt =24 hour; tn =7 days; tic = 0.25 hour; T¢ =2 year; ki. = 0.05;
knt = 0.95; kyo = 0.999; f, = 0.042 switching on per hour™; few(te, Tc) = 0.5 hour; Ty, = 7
days; f = 0.5 hour; Tan(te) = 1.5 hour, at . to 12 years; Tan(te) = 3 hours, at z. from 12
to 20 years; Tan(te) = 6 hours, at f. from 20 to 30 years; r=3; n=2; P;=0.7; the
maximum calendar time of SAMS in service is 30 years.

For these input data, the ratio to calculate Aon(fe), Py(te), Ppp(te) and Pi(te, t;) is as
follows:

Ay, (£,) =0.023+1.087 0077, —1.19007%72 21)
P,(t,)=0.995-5007"¢, (22)

P, (1) =0.961-7.3770071, ~1.4200™°¢; (23)
P(t,.1;) =0.899+3.773 0071, —4.02900%72 (24)

where 7. — the calendar time in service in hours.

The following limitations are set in modeling:

* one type of periodic maintenance, which is equal to 0.5 year, is taken into
account,

¢ periodic repairs defined for SAMS GCA were not performed,

¢ SAMs are products which are not checked, serviced and restored during
operation.

Fig. 1 shows the graph of dependence of SAMS OTI K.t in the form of a volume
surface on calendar time of SAMS GCA and SAM in service calculated based on rela-
tionship (20) at the above-mentioned initial data. The graph shows that the significant
value decreases Kef(te, tew, tr) With increase of service life f. gca and te sam. This is due
to the changes of indicators Kiaror(Ze, tsby, few), Pra(te) and Pi(te, tp).

: 30
10 20 fesam [year]
0

10 20 30

feaea [year]

Fig. 1 Dependence of the operational and tactical indicator Kt of the surface-to-air
missile system on te gca, te SAM
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The analysis of the graph of this dependence shows the following:

» the graph of dependence of SAMS OTI K.fr on GCA service time along the axis
fe gea 1s decreasing sawshaped. It is caused by the reduction of failure-free level
of SAMS GCA at the intervals between periodic FC and maintenance and
restoration of operation based on the control results, if necessary,

» the graph of the dependence of SAMS OTI K. on GCA service time along the
axis f. sam is smooth downline. It is caused by the reduction of failure-free level
of SAMS GCA with the increase of service time and absent SAM control, peri-
odic maintenance and routine repairs,

* the downline level of dependence, which envelopes the conditioned component
Pi(t.) resulted from the decrease of failure-free level caused by absent periodic
repairs and increase of defects number which are not revealed during FC and
maintenance.

Fig. 2 shows the graphs of SAMS OTI K. dependences on SAMS GCA service
time at fixed values of SAM reliability indicators — Ppy(t.) and Pi(t., ty).

A

0 6 12 18 24 30 fe oea Lyear]

Fig. 2 The graph of the dependence of Kt of the surface-to-air missile system on ser-
vice time of SAMS GCA at fixed values of SAM reliability indicators:
1 — when operating SAM of 1...2 years; 2 — when operating SAM of 28...30 years

The graphs analysis of these dependences is as follows:

* when operating a SAM of #;=1...2 years with reliability indicators
Pop(te1) =0.95 and Pi(ter, tr) = 0.89 within the SAMS, the value of the
SAMS OTI K¢ decreases from 0.9 at the 1% year of operation to 0.5 at the
30™ year of operation. It is caused by the decrease of the level of reliabil-
ity of the SAMS GCA without scheduled repairs,

* when operating a SAM of 7 =28...30 years with reliability indicators
Pyp(te2) =0.67 and Pi(ter, tr) = 0.5 within the SAMS, the value of the
SAMS OTI K. decreases from 0.6 at the 1% year of operation to 0.3 in the
30™ year of operation. It is caused by the decrease of the level of reliabil-
ity of both SAMS GCA and SAM,

e the sawshaped dependence of the SAMS OTI K. on the service time
shows that during the FC or maintenance, the level of reliability of the
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SAMS GCA increases due to restoration of their operational state accord-
ing to the control results.

In order to assess the impact of the considered factors significance, the SAMS
OTTI K. for three calendar times of SAMS service are calculated below. For this pur-
pose, the conventional stock of SAMS GCA and SAM is divided into homogeneous
groups of products depending on their calendar time in service and reliability level,

namely into three groups of SAMS GCA and three groups of SAM:
e group 1 — SAMS GCA or SAM with calendar time in service maximum

1 year,

e group 2 — SAMS GCA or SAM with calendar time in service of 15-16
years,

e group 3 — SAMS GCA or SAM with calendar time in service of 29-30
years.

Every group of SAMS GCA or SAM is characterized by the corresponding
values of reliability indicators, which are considered as a function of the calendar time
in service.

Tab. 1 below shows the results of SAMS Ke(te, tew, tf), calculation obtained in
accordance with the ratio (20) at fpy =0.25 hour and twy = 1.5 hour for different
combinations of groups of SAMS GCA or SAM.

Tab. 1 The results of SAMS OTI Kt calculation

Groups Groups of SAM
of 1 2 3
SAMS tsby [hour] tsby [hour] tsby [hour]
GCA 0.25 1.5 0.25 1.5 0.25 1.5
0.89 0.92 0.82 0.85 0.58 0.6
0.45 0.83 0.42 0.75 0.3 0.53
0.29 0.76 0.27 0.71 0.19 0.5

The results of SAMS OTI K. calculations shown in Tab. 1 prove that during
long-term operation, the change of SAMS OTI K. is significant and can vary from
0.92 at = 1 year to 0.19 at = 29-30 years in the absence of scheduled repairs of SAMS
GCA or SAM.

It should be noticed that the combat standby time #, significantly influences the
effectiveness of GCA used for 15 years or more. The SAMS OTI Ker of the 3™ group
components varies from 0.5 at tpy = 1.5 hour to 0.19 at tyy = 0.25 hour. This is
because SAMS GCA are more likely to be inoperable at the beginning of the standby
interval.

4 Conclusions

The article provides the designed model of SAMS reliability at long-term operation
that appropriately reflects TCIU features and defined maintenance and repair system.
The results of the experiment/research have been proved by the fact that the
changeable feature of SAMS OTI K.+ dependence on the duration of life cycle
corresponds to an expectable one. Another proof of the results has been provided by
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the results of the evaluation of indicators of SAMS GCA and SAM reliability during
their long-term operation.

The designed model provides for its development in terms of objects with
different periods of maintenance and repair.

The designed model is practically valuable during the design of prospective
SAMSs, the modernization of existing ones, as well as during the maintenance and
repair of existing ones. In practice, the designed model should be used by:

* senior engineering staff at the stage of research or design decision-making to
substantiate the requirements for reliability indicators of SAMS GCA and SAM
for their design or modernization, based on the requirements for SAMS OTI
K.sr, taking into account the TCIU features and maintenance and repair systems,

* senior engineering staff at the operational stage when developing the repair
plans for SAMS GCA and SAM, in particular, when determining the moment
of their withdrawal for repair according to the criterion of reduction of
functioning efficiency of SAMS below the limit value during planning of
logistical support of military units of anti-aircraft missile forces,

 command staff to develop methods for assessing the effectiveness of the
SAMS, taking into account the life cycle duration of the SAMS GCA and SAM
in combat documents (for example, in the field manual) for further use during
the planning of combat use by anti-aircraft missile forces.

Furthermore, the designed model should be used to solve the above-mentioned
tasks for CTS of other purposes, the typical cyclogram of use of which includes moni-
toring of technical condition, restoration of serviceability, maintenance and repairs.
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