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Ha cecoonsuunuii OeHb MOJICHO 6bl0eNUMb ps0 NEPCHeKMUBHBIX MHO20PA308bIX paKem-Hocumenel
«Kpovino CB» — mHo20pazosas Kpviiamas cmyneHsb pakemvl-Hocumelis 1e2ko2o kiacca, «baiikan-Aneapa»
MHO20pA308blll yCKOpUmenb nepeoli cmynenu paxkemoi-Hocumensn Amueapa, «Coio3-T» — mHocopazosas
ogyxcmynenyamas paKema-Hocumenb CpeoHe20 Kiacca, JemHo-KoHcmpykmopckue ucnvimanus « Corosa-1»
nranupyiomes Ha 2025 o. i noodepaicanusi IKCHAYAMAYUOHHBIX XAPAKMEPUCUK JIeMaAmeTbHbIX
annapamog Heobxooumo paspabomamv CuUcmemy MmMeXHUYeCKo20 OOCHYICUBAHUS, 00ecneuusarouyio
3A0aHHYI0 HAOEICHOCMb acpe2amos Jemamenvhvix annapamosg. ILlenvio Oanmoti pabomovl A61A€MCA
paspabomra mooenu 8vlAeNeHUs HeUCHPABHOCMell 8 npoyecce NPOBeOeHUsT MEXHUYECKO20 0DCTYHCUBAHUSL
azpeeamog u cucmem JemamenbHuIx annapamos. B pamkax oaunoti pabomul paspaboman aizopumm, 8
OCHOBe KOMOPO20 3AN0ACEH MemOo0 CHAMUCMUYECKUX UCHLIMAHUL, NO0360JAI0WUL NPU  HeOOIbUUX
3ampamax — MAawuHHO20 8pemeHu  Oonee  O0emanbHO NPOAHATUIUPOBAMb NPOYECC MEXHUUECKO20
00CHYIHCUBAHU C YUEMOM OJUMETbHOCMU BbINOIHEHUS. OMOEIbHbIX onepayutl u ux s¢hgexmusHocmi.
Hannvie o onumensnocmu u 3¢pghexmusHocmu OmMOenbHbIX onepayuii mozym O6vimb HOTYUEHbL 8 npoyecce
CHeYUAIbHbIX UCTBIMAHUL annapamypuvl nymem XpoHOMempaxica U aHaIu3a pe3yibmamos 00CIyHCUBAHUSL.
s moodenuposanus HeobX00uMo umems caedyloujue UCX0OHble OauHble: 3AKOH PACHpeoeneHus
NPOOOIICUMENLHOCIU  OMOENbHLIX — onepayull;, d@gekmusHocms  GvlasleHUs HeucnpagHocmeli npu
npogedeHuu omoenbHbiX onepayui. B ancopumme peanuzyemcs 08a 8uda mexHuuecKo20 0OCTYIHCUBAHUA:
noanoe u cokpawennoe. Coxpaujennoe o00OcayICU8aAHUE npedycmampusaem nposederue onepayuil,
Haubonee 3pPexmunbIX ¢ MOUKU 3PEHUs KOIUYECMBA YCMPAHACMbIX HEUCHPAGHOCMEll. pDe2ylupogok,
NOOCMPOEK, NOUCKA HeUCHpAasHvlX diemeHmos. Paspabomannas moodenv noszeonsem uccredoganms
603MOJICHOCMb COKPAWJEHUSI 8DEeMEeHU NPOCMOsi HA 00CIAydcUsanuu 0Oe3 CyuwecmeeHHo20 CHUIICeHUs
Kauecmea MexHU4ecKkoeo OOCAYHCUBAHUS, d UMEHHO: OYeHUumsb IPheKmusHocms MeXHUYECKo2o
006CHyHCUBAHUL NPU NPOBEOCHUU €20 NO NOJHOU U COKPAWEHHOU cXeme, OyeHums ¢QhgexmusHocms
MEXHUYeCK020 O00CIYICUBAHUSL NpU NPOGedeHUlU OOCIYICUBAHUSL 8 O2PAHUYeHHOe 6peMs; 0O0CHO8aMb
Haubonee yerecoobpasuvie Nymu NOGbIULEHUS KAYeCmEd 00CIYHCUBAHUS NPU YCIOBUU, YMO 8PeMsl NPOCMOsL
HA  MEeXHUYeCKOM  OOCIYICUBAHUU  OCPAHUYEHO, U  NPOSHO3UPOBAMb  GEePOSIMHOCHL — GbISGNEHUs.
HeucnpagHocmeti 8 npoyecce npogedenust MmexHuyeckozo obdcayscusanus. llpakmuueckas 3Ha4UMOCMb
umozos OanHou pabomuvl modcem OblmMb OOCMUSHYMA 6 AIPOKOCMUUECKOU OMPACiu, 8 4aCMHOCMU, HA
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amane NPoeKMUPOBAHUs (UCHBIMAHULL U IKCNIYAMAYUU) CUCHEMbl MEXHUUECKO20 OOCIYICUBAHUS ONA
MHO20PA308bIX DNEMEHNO8 PAKem-HOCUMEeNel.

Kniouesvie  cnosa: modenv — eviaenenus — HeUCnpasHocmetl,  MEXHUYECKOe  OOCIYIICUBAHUE,
80CCMAHOGNEHUE, MEXHUYECKas OUACHOCMUKA, NPOCHOSUPOBAHUE HEUCHPABHOCHEl, KOHMPOIUpPYeMblil
napamemp.
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Today, we can distinguish a number of promising reusable launch vehicles “SV Wing” — a reusable
cruise stage of a light-class launch vehicle;, “Baikal-Angara” reusable booster of the first stage of the An-
gara launch vehicle; “Soyuz-7” is a reusable two-stage medium-class launch vehicle; flight design tests of
“Soyuz-7" are planned for 2025. To maintain the operational characteristics of aircraft, it is necessary to
develop a maintenance system that ensures the specified reliability of flying vehicle assemblies. The pur-
pose of this work is to develop a model for detecting malfunctions in the process of maintenance of units
and systems of aircraft. Within the framework of this work, an algorithm has been developed, which is
based on the method of statistical testing, which allows, at low computer time, to analyze the maintenance
process in more detail, taking into account the duration of separate operations and their effectiveness. Da-
ta on the duration and efficiency of separate operations can be obtained in the process of special tests of
equipment by timing and analysis of service results. For modeling it is necessary to have the following ini-
tial data: the law of distribution of the duration of separate operations; the effectiveness of troubleshooting
during separate operations. The algorithm implements two types of maintenance: full and reduced. Re-
duced maintenance provides for operations that are most effective in terms of the number of faults to be
eliminated: adjustments, regulations, search for faulty elements. The developed model makes it possible to
investigate the possibility of reducing the downtime for maintenance without a significant decrease in the
quality of maintenance, namely: to assess the effectiveness of maintenance when it is carried out according
to the full and reduced scheme; evaluate the effectiveness of maintenance when performing maintenance in
a limited time; justify the most appropriate ways to improve the quality of service, provided that the down-
time for maintenance is limited and predict the likelihood of detecting malfunctions during the maintenance
process. The practical significance of the results of this work can be achieved in the aerospace industry, in
particular, at the design stage (testing and operation) of a maintenance system for reusable elements of
launch vehicles.

Keywords: fault detection model, maintenance, recovery, technical diagnostics, fault prediction, con-
trolled parameter.

Introduction

Flying vehicles (FV) are subject to strict requirements for safety, reliability, economy and envi-
ronmental impact. Therefore, when developing FV, they try to take into consideration all possible fac-
tors which will affect the FV, and the impact of the FV itself on the environment. It is also important
to take into account the desire to increase the period of active existence due to the application of new
materials and production technologies, what, in turn, increases the cost of the direct production of the
aircraft and its maintenance during operation.
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The development of launch vehicles (LV) with a reusable first stage is one of the urgent tasks,
since competition in the market for delivering payloads to target orbits is increasing, the cost of
launching of one kilogram of payload is decreasing, and some LVs, unable to withstand competition,
become not actual. Restoration of the launch vehicle stage after the flight, maintenance, repair and re-
placement of faulty elements is the main task of the maintenance system. Design, testing and operation
of the maintenance system is an integral part of the LV operation process as a whole.

Maintenance of aircraft units and systems of FV

Maintenance of FVV components and systems is the main method of preventing malfunctions. Dur-
ing maintenance, troubleshooting and their elimination is carried out. For most types of aircraft
equipment, the following characteristic stages of maintenance can be distinguished, each of which in-
cludes certain types of work [1-2].

1. Carrying out an external examination and checking the equipment "without current™:

— preparation of control and measuring equipment;

— disassembly of the equipment, inspection of the condition (for example, fastenings, soldering or
installation);

— checking the quality of cable installation insulation;

— autonomous checking of the accuracy of operation of individual devices using the simplest con-
trol and measuring equipment.

2. Checking and testing of nodes and blocks of equipment under current:

— regulation and adjustment of some elements and devices;

— checking the operability of the elements and devices of the equipment in normal and special
modes;

— search for faulty elements and troubleshooting with or without replacement of elements.

3. Routine work:

— checking the status of (for example, relay contacts, mechanical components);

— cleaning of separate units and equipment as a whole;

4. Carrying out control of the functioning of the equipment as a whole:

—assembly and equipment configuration;

— control of equipment parameters in normal and special modes;

— complex debugging and tuning of equipment.

In the process of performing maintenance, at each stage, operations are carried out to identify
faulty elements, replace or restore them.

At the first stage of maintenance (external inspection of the equipment “without current”), such
operations are the identification and replacement of faulty elements: burnt resistances, worn out con-
nectors, the condition of the relay contacts is checked, etc.

At the second stage tests of the equipment “under current” are carried out. At the same time, the
search and restoration of faulty elements is carried out only in the case when it is not possible to estab-
lish the initial modes of operation or the limits of operation of separate devices of the equipment, with
the help of adjustment organs.

At the third stage (routine maintenance), measures are carried out (cleaning, replacement of lubri-
cants, etc.) aimed at eliminating conditions leading to malfunctions.

At the fourth stage (checking the functioning of the equipment in the whole, debugging and setting
it up in accordance with the specified technical conditions), searching and eliminating of troubleshoot-
ing can also be carried out. At the same time, part of the work carried out earlier is repeated, for exam-
ple, setting up separate nodes, checking installation, adjusting contacts, etc. An approximate distribu-
tion of detected faults by types of operations related to troubleshooting and maintenance stages is giv-
en in Table 1 [2-3]. From table it can be seen that at certain stages of maintenance, some operations
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are carried out (the “+” sign), are not carried out (the “-” sign), or are not always carried out (the “+”
sign).

All maintenance operations are divided into three types:

— operations related to the identification of malfunctions (search for faulty elements);

— operations related to troubleshooting (regulation, adjustment, replacement)

— auxiliary operations (preparation of control and measuring equipment, disassembly, assembly,
rejection of spare parts).

Based on the analysis of statistical data on the explotation of radio-electronic equipment of FV, it is
possible to roughly distribute the total maintenance time by types of operations (Table 2) [2-3].

As follows from Table 1 and 2, at almost all stages of maintenance, work is carried out related to
the search, identification and elimination of faults, the execution time of which is random and consti-
tutes the bulk of the maintenance time.

Analytical method for assessing the probability of detecting faults
From the data given in Table 1, it follows that maintenance measures can prevent a significant part
of the failures. At the same time, the statistical evaluation of the probability of preventing P, failures
in the general case can be estimated by the ratio:
Pop =22 Ny = Npp + Npg 1)
where P,p— statistical assessment of the probability of preventing failures during maintenance;
Ny = Npp + Npp— the total number of avoidable failures, which is determined by the malfunctions ac-
cumulated by the time of the maintenance; npp npz— is the amount of failuers, identified and not
identified in the process of maintenance, accordingly (it is assumed that all identified malfunctions
could lead to the failure of flying vehicle units and systems).
So P.p— is one of the main indicators for quantitative assessment of the effectiveness of mainte-
nance.

Table 1
Operations carried out at various stages of maintenance

- Maintenance steps
XX
c 5 . o
Troubleshooting Operations fa = 5 e 9 g2
D oy D C = © LT "=
° D o c o c o
= S E g E 3 £ 2
= = 5 S S g E S 3
E g ° £® = £
5 O = o
Tr_oubleshootlng by replacing elements or 20-40 . + + +
without replacement
Cleaning, lubrication 10-20 - - + -
Regulation and adjustment 40-70 - + - +
Table 2
Distribution of service time by types of operations
Maintenance operation Time, spent for maintenance, % | The law of distribution of the opera-
tion duration
Searching of faults 60-80 Exponential
Eliminating of faults 10-20 Rayleigh, normal
Auxiliary operations 10-20 Normal
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In the element failure prediction model, fault detection is an ordered process and P, mainly de-
pends on the forecasting method and time, assigned to this process.

Assume that the probability of missing a faulty element due to inaccurate measurement of the pa-
rameter [ and the probability of missing a faulty element due to lack of time Q(Ts) are independent.

Then the probability of preventing failures during maintenance can be represented as a product:

Pop(Ts) = (1— B)[1 - Q(T)], (2)
Where Q(Ts) = {1 - Lgf’TS ;f ;jf Tso

) . . . . c .
Here L = — and Ty, is the average time required for service; B = % — relative error, where
so o

- is the root-mean-square error; o(t) — is the parameter value o in the moment of time t.
Taking into consideration the accepted designations (2) is converted to the form

PPP[:TS') = (l_B)LTs (3)

The ratio (3) can be used for an approximate assessment of the probability of detecting malfunc-
tions during maintenance and forecasting.

Assessment of the probability of detecting a malfunction during maintenance

The model for detecting malfunction in the process of maintenance of aircraft units and systems is
based on an algorithm that implements the method of statistical tests [4-6].

The analytical evaluation Py, discussed above does not take into account the effectiveness of sepa-
rate maintenance operations.

The method of statistical modeling allows, at a low cost of machine time, to analyze the mainte-
nance process in more detail, taking into account the duration of separate operations and their efficien-
cy (Tables 1 and 2). Data on the duration and effectiveness of separate operations can be obtained in
the process of special testing of equipment by timing and analysis of the results of maintenance.

For modeling, it is necessary to have the following initial data:

— the law of distribution of the duration of separate operations;

— the efficiency of fault detection during separate operations (the proportion of identified faults out
of the total number accumulated by the beginning of maintenance).

The algorithm implements two types of maintenance: full and reduced, the block diagram of the al-
gorithm is shown in Fig. 1 Reduced maintenance involves carrying out operations which are most ef-
fective in terms of the number of faults to be eliminated: adjustments, substrings, and search for faulty
elements (Table 1).

The process of maintenance is evaluated by: P., = f(Ts, Ts,) Where Ts— is the time, spent for the
maintenance; Tsq = M[7s] — the average time of the maintenance conduction.

For evaluation P, N-fold modeling of the maintenance process is foreseen.

The number of realisations of the algorithm is determined by the relative error results =5 for a giv-
en confidence probability o and the dispersion of the estimated values [7-9].

One realisation of the algorithm consists in modeling, using random numbers, the durations of se-
parate maintenance operations (Table 2) and evaluating their effectiveness. It is considered that if the
total maintenance time 7 in the i-th realisation does not exceed the allotted Ts , then all the malfunc-
tions accumulated by the beginning of maintenance are detected in this implementation.

The following designations are used in the block diagram of the algorithm:

N, —amount of realization of the algorithm;
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& —random number, uniformly distributed in the interval (0,1);

Pra — statistical assessment of the probability that in the process of adjustments and regulations it is
possible to establish the initial values of the controlled parameters and no troubleshooting is required;

Pe — statistical assessment of the probability of detecting a malfunction during an external exa-
mination;

T;— total duration of maintenance in i-realisation;

nf;, ”:Evi]_ the number of faults identified during full and reduced maintenance, respectively;

Z’CP — counter of the number realisation in which the total time of maintenance 7; does not ex-
ceed the allocated Ts;

2 Ts— counter of the total downtime of equipment for maintenance in N, realisations [10-12].

The results of solving the problem are the following quantities:

1. Statistical assessment of the probability of detecting faults:

N
2
® j=1 Pl TMpp
Ppp - N nr 1 (4)
e

wherer; in i- realization takes the value 0 and 1.

2. Mathematical expectation and standard deviation of the duration of maintenance:

Np

5! .
Too = M"[15] =%}:SE ) (5)

, (6)

()

where pi* — is the frequency, corresponding to the i-th discharge of the histogram; k — number of dis-
Np
charges of the histogram; Z rj — counter of the number of discharges of a random variable 75 in the i-
i=1
th discharge.
To implement the considered algorithm, it is necessary to set the numerical values of the following
source data:
— mathematical expectation and standard deviation of the duration of the execution of separate
operations (auxiliary 7a, g,; regulations and adjustments 7ra, 0g,; troubleshooting 7,, o, ; external

inspection, cleaning, lubrication Tg, og;;);

— average troubleshooting time Tpz = ﬂi;
PF

— Ts (maintenance time);
— Prau Pgj;
— the average number of eliminated malfunctions during the reduced and complete maintenance

(”;? and nfi,]);
— the required error of the results £ and the value t, .

The value can be estimated by the ratio:
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Np
2
2%
=i 1 N

i p : (8)

\ @—XT N, | N,-1

— the required number of algorithm realization (Npg) [13-15].

e=2t,

An example of assessing the probability of detecting malfunctions during maintenance

During the pilot operation, the parameters of the maintenance are determined:

1) according to the results of timing of separate maintenance operations:

— mathematical expectations and standard deviations of the execution time of auxiliary operations
Ta=0.2 h,,a,=0.07 h; regulation and adjustment Tra= 0.15 h, g5 ,= 0.05 h; troubleshooting Ty = 0.1
h o, =0.04 h; external examination Tei= 1.0 h; gg;, =0.3 h;

— average troubleshooting time Ter= 0.5 h;

2) according to the results of processing statistical data on the evaluation of the effectiveness of
separate maintenance operations:

— the effectiveness of the regulations and adjustments provided in the equipment. Is evaluated by

(+)
the ratio: P, = —:24—, where nf;l]—is the number of faults eliminated by regulations and adjust-
ra tTRa
é;]— number of malfunctions that could not be eliminated by adjustments , Pra =0.3;

(+)
— service efficiency during external inspection. It is estimated by the ratio Py, = % where

(=)
+)

ments n

Mgy g
o M ng] — the number of faults identified and missed during the inspection, respectively Pg =0.2. .
Controlled exploitation was carried out for two types of maintenance: full and reduced. The aver-
age number of faults identified during the full and reduced maintenance, respectively, are

) _ (R} _
Npp = 12, Npp = 5

n
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1+Np—Np } . .
Yes .. .
I P{E < Pp4} — Definition Duration
Yes ( A \ T J of external
—’. P{Np = Np R} examination,Tg;
) ' Determining the
not .
o v duration of v N t
Yes valuation troubleshooting . 7pp - }i
. inaccuracies . P{gi < Pgr } )
P{e = &5} _ : Yes
+ _not Determining the Determination of the
Output duration of duration of
reslllts troubleshooting, Ty troubleshooting, 7y
, . .
Definition duration | . | .
iy Key “ Exit2 o
auxifiary ~ l it 1 J Determination of the
—>|  operations,T4 v total duration of e
Determination of the prophylaxis, Ts
! total duration of

N ] prophylaxis,tg
Definition duration
adjustments and
adjustments,Tpy

Puc. 1. bnok-cxema anropurma Jyisi OLEHKH ITPOIIecca BbISBICHUS HEHCIIPABHOCTEH
IPY TEXHUYECKOM OOCITy)KMBAaHUU

Fig. 1. Block diagram of the algorithm for evaluating the process
of troubleshooting during maintenance

To analyze the possibility of reducing the downtime for maintenance without a significant decrease
in the efficiency of maintenance means:

— evaluate the effectiveness of maintenance depending on the type;

— evaluate the effectiveness of maintenance when it is carried out in a limited time (Ts < 1 h).

To solve these issues, it is necessary to evaluate the value of Ppp When the time allotted for mainte-
nance is changed, for cases of full and reduced maintenance.

The problem was solved using the developed algorithm with the following initial data:

N pe=200, e = 0.1,£, = 1.96,

Let's consider the obtained results.

On fig. 2 and 3 there are graphs of dependence of P, from the time Ts, spent for maintenance, and
average search time.

Analysis of the graphs in fig. 2 and 3 allows to draw the following conclusions:

1. Max value Pz is achieved when carrying out a complete maintenance, under condition, that not
less than Ts= 2 h (Bs» = 0.98)is allocated for carrying out maintenance.

2. Carrying out maintenance on a reduced schedule is impractical Ps, < 0.46. However, in case of
limited maintenance time 75 = 1 i it is better to conduct reduced maintenance, as in this case
P;p = 0.3 and at full maintenance itis . Psp = 0.1

The considered algorithm is an integral element of the program and methodological complex (PMC)
with a user interface realised in the Matlab environment [16]. PMC allows prognosing maintenance pa-
rameters for flying vehicles units and elements with various maintenance systems and optimizing these
parameters in order to increase the FV readiness coefficient. In the practical application of PMC for fly-
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ing vehicles units and assemblies with an integrated maintenance model, by optimizing the parameters of
the maintenance system, it was possible to increase the value of the availability coefficient by 2.41%
[17].

0.8
=== Complete maintenance
===Reduced maintenance
0.6 -
o
04
0.2
0 | | | |
0 0.5 1 15 2 25 3

T, hour
Puc. 2. I'paduiku 3aBUCMOCTH BEPOSTHOCTH BBISBIICHUS! HEUCIIPABHOCTEH OT BpeMeHH, oTBoauMoro Ha TO

Fig. 2. Graphs of the dependence of the probability of detecting faults on the time allocated for maintenance

0.45 T T T T T T I T
—T =1hour

0.4

0.35

0.3

0.25

0.2

0.15 | | | L | | I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

T =1/v .hour

Puc. 3. I'paduik 3aBUCUMOCTH BEPOSTHOCTH BBISIBIICHHUS HEMCIIPABHOCTEH OT CPEHEr0 BPEMEHHU MX MOMCKA

Fig. 3. Graph of the dependence of the probability of detecting faults on the average time of their search

Conclusion

When carrying out maintenance during a limited time, it is necessary to provide special methods
for reducing the time for troubleshooting (search systems for faulty elements, advanced training for
maintenance personnel). At the same time, reducing the time from Tpr = 0.5 h to Ter = 0.1 h increases
the likelihood of fault detection by 1.5 times and reduces downtime for maintenance on average of 2
times.
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Thus, it is obvious from the results of the calculation that for the considered maintenance system, it
is impossible to reduce the downtime without significant reducing the quality of recovery.
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