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Abstract

Objectives. Since the launch of satellite communication systems in practical use, approaches towards enhancing
their operational quality and durability have been developing in the direction of increased reliability of airborne
transponders. This is mainly achieved by increasing redundancy and using components with a lower failure rate.
In this regard, the creation of new technologies and new materials is a particularly promising direction. However,
since durability testing of complex systems can take several years, the problem of ensuring an effective combination
of redundancy methods and elements having a reduced failure rate remains challenging. The purpose of the work
is to analyze the effectiveness of methods for ensuring the reliability of a communication satellite transponder based
on a proposed methodology for determining the durability index using a mathematical model of the probability
of failure-free operation.

Methods. In order to describe the complex structure of a satellite communication system transponder, a logical-
probabilistic method is used, in which the dependence of the system reliability indicators on the reliability indicators
of the transponder elements is formulated as a logical function of operability. Mathematical models of system
reliability are created on this basis including for redundant systems. Graphs and analytical methods are used
to compare different systems.

Results. The influence of various methods for ensuring the redundancy of transponder devices and the use of more
reliable components on the reliability and durability indicators is considered. A gamma-percentage resource-based
technique for determining the durability indicator based on the constructed mathematical models of the probability
of failure-free operation is presented along with a comparative analysis of measures to increase the gamma-
percentage resource of the transponder.

Conclusions. The presented method for determining the durability index using a mathematical model of the
probability of no-failure operation can be used to determine the time interval within which redundancy increases
the probability of no-failure operation as compared with a decrease in the failure rate of elements. On this basis, the
most effective combination of redundancy methods and approaches for reducing the failure rate of elements can
be identified.
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Pe3siome

Llenu. MNoBbilWeHne ka4yecTBa 1 AOJITOBEYHOCTU pabOoTbl CIYTHUKOBBIX CUCTEM CBA3M C MOMEHTa Havana ux npak-
TUYECKOro MCMosb30BaHUs Pa3BMBAETCH B HamnpaBfiEHUN YBEMYEHUS HaOeXHOCTUM OOPTOBbIX PETPaHC/STOPOB.
9710 gocTuraeTcs npuMeHeHneM MeTo40B Pe3epPBMPOBAHUS N UCMOJIb30BAHNEM 3NIEMEHTHOI 6a3bl C MeHbLUer NH-
TEHCUBHOCTbIO 0TKa30B. Hapsiay ¢ pe3epBupoBaHnemM 60sblune nepcnekTnBbl B 3TOM MyiaHe OTKPbIBAET CcO3aaHue
HOBbIX TEXHOJIOIMIA 1 MaTepuanoB. Becbma akTyanbHOW aBnseTcs npobnema addekTMBHOro coyeTaHust MeToaooB
pe3epBMpoBaHNS U CNOCOOOB YMEHbLLUEHUS MHTEHCUBHOCTN OTKA30B 3/1eMEHTOB. McnbiTaHUs Ha A40JIrOBEYHOCTb
CNOXHbIX CUCTEM MOTYT NMPOO0KaTbCA HECKONbKO neT. Llenb paboThbl — aHann3 addekTMBHOCTN MeToa0B obecne-
YeHUS HAAEXHOCTU PETPaHCNATOpPa CMYTHUKOBOW CBA3M HA OCHOBAHWM NPEOJSIOXKEHHON METOAMKU ONpeaeneHmns
nokasaTensl A0JITOBEYHOCTM N0 MaTeMaTUYeCcKor Moaenn BeposaTHOCTN 6e30TKka3HOo paboThl.

MeTopabl. [1na onvucaHns CTPYKTYPbl CIOXHOW CUCTEMbI, B JAHHOM cilydae GOPTOBOr0 peTpaHCnsaTopa CUCTEMbI
CMYTHNUKOBOW CBSA3U, NCMOJSIb3YETCSH JIOFMKO-BEPOSATHOCTHLIM METOA, B KOTOPOM 3aBUCMMOCTb NokasaTenen Hagex-
HOCTW CUCTEMbl OT NokasaTefieil HaaeXHOCTU 3/IeMeHTOB GOoOpPMyYNIMPyeTCs B BUAE NOrnyeckor dyHkumn paboTo-
CnocobHoCTU. 3Ta PYHKUMS OaeT BO3MOXHOCTb CO3[4aBaTb PasfiMyHble MaTemMaTudyeckme MOAENV HaOeXHOCTU
CUCTEM U MOCTPOUTb NX JIOFMYECKNE CXEMbI HAOEXHOCTU, B T.4. OIS PE3EPBUPOBAHHbBIX CUCTEM. [19 CpaBHEHUS
pPasnnyHbIX CUCTEM NPUMEHSIOTCA rpadoaHannTUYeckme MeToapl.

PeaynbTaTtbl. PACCMOTPEHO BANSIHME Pa3NYHbIX METOO0B PE3EPBUPOBAHNS YCTPOWCTB PETPAHCAATOopa 1 npu-
MeHeHUs 6oniee HamexXxHolr aneMeHTHOM 6a3bl Ha nokasarteny 6e30TKa3HOCTU UM AonroBevyHocTu. MNpeacTtasneHa
MeToamKa onpeneneHns nokasarens 40JrOBEYHOCTM — raMMa-NpPOoOLEHTHOMRO Pecypca — No NOCTPOEHHbIM MaTeMa-
TUYECKNUM MOAENSAM BEPOATHOCTM 6e30TKka3Hoi paboThl. [poBeaeH cpaBHUTESbHbBIN aHaNN3 MeponpuUATUL No yBe-
JINYEHNIO raMMa-MNPOLLEHTHOrO pecypca peTpaHcnaTopa.

BbiBOAbI. PaccMoTpeHHas MeToauka onpeaeneHns nokasartens 40JIF0OBEYHOCTM N0 MaTeEMaTUYECKON MOAENN BE-
POATHOCTM 6e30TKa3HO PaboThl MO3BOMNSET ONPEeAesMTb MHTepBas BPEMEHM, B Npeaesiax KOTOpPOoro pesepsunpoBa-
HVe OaeT BbIUrpbILL N0 BEPOATHOCTM 6€30TKa3HOoM paboTbl MO CPABHEHMIO C YMEHbLLIEHWEM MHTEHCUBHOCTMN OTKa30B
anemMmeHToB. Takum 06pa3oM BO3MOXHO obecneunTb aphekTUBHOE coHeTaHe MeTOA0B Pe3epBUPOBaHNS 1 CMOCO-
60B YMEHbLLUEHNS UHTEHCUBHOCTM OTKA30B 3/1eMEHTOB.

KnioueBble cnoBa: HageXHOCTb, CnyTHMKOBaaA CBA3b, 60pTOBOI7I peTpaHCcnaTop, pe3epBupoBaHne, raMmma-

NMPOLEHTHbIN pecypc
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npOSpa'-IHOCTb cbvmaucoaoﬁ AeaTesibHOCTU: ABTOpr He NMetoT CI)I/IHHHCOBOVI 3anHTEepPeCOBaHHOCTW B nNpeacTaBieH-

HbIX MaTepunanax nam MmetTogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHMMKTA MHTEPECOB.

INTRODUCTION

The reliability of satellite communication systems
is determined by their characteristics: efficiency,
durability, readiness, and risk [1]. To ensure high
reliability indicators, it is necessary that the satellite
system meets the requirements for a variety of criteria,
such as the probability of failure-free operation, mean
time to failure, gamma-percentage resource, and
operational availability factor [2]. Enhancement in the
reliability of satellite communication systems since the
beginning of their practical use has been evolving in
the direction of increasing the probability of failure-
free operation of airborne transponders [3—7]. The
lifetime of modern satellite transponders reaches
15 years [4, 8], which is ensured by the use of
redundancy methods and the use of components with
a lower failure rate. To achieve the required values of
reliability indicators, different redundancy methods
are used [1, 9-11]. For example, it was shown in [1]
that with separate redundancy by replacement with
an unloaded reserve, a greater gain in mean time to
failure and gamma-percentage resource is provided,
and with constant redundancy, a greater gain in the
probability of failure-free operation is attained. In
addition, the implementation of permanent redundancy
is less expensive. The use of redundancy leads to
the complication of transponders and, consequently,
to an increase in energy consumption, weight, size,
and cost indicators of systems. Therefore, it is often
necessary to look for the optimal solution that allows
one to obtain a given reliability indicator at minimal
cost, or maximum reliability for given quality
indicators [8, 12—-14]. For example, in [15], the
effectiveness of optimal redundancy by replacement
was evaluated and it was shown that an unloaded
redundancy, compared to a loaded one, provides a
greater gain in the probability of failure-free operation
for any operating time and in average time to failure.
In addition, the cost of a transponder with a loaded
redundancy is higher, because of increased weight,
size, and energy indicators.

Methods for reducing the failure rate of elements are
based on new technologies and design principles [3, 8],
as well as load redundancy associated with facilitating

electrical, thermal, mechanical, and other operating
modes of elements [1, 9]. Increased reliability of
the elements is characterized by patterns that have
pronounced “saturation” areas, determined by the fact
that, following an initial period of a sufficiently effective
impact on reliability, no further actions or material
investments in the development and manufacturing of
elements have a significant impact on the increase in
reliability. This is due to the achievement of the physical
limitations inherent in each class of the components.
However, with new generations of component
technologies, it is possible to sharply increase reliability
levels.

Obviously, the choice of methods for ensuring the
reliability of satellite transponders significantly affects
their weight, size, energy, and cost indicators.

The aim of the present work is to analyze the
effectiveness of combining the methods of redundancy
and reducing the failure rate of components based on
the determination of the durability indicator in terms
of gamma-percentage resource, using a mathematical
model of the probability of failure-free operation.

MATHEMATICAL MODELS OF THE PROBABILITY
OF NO-FAULT OPERATION

Let the reliability logic diagram of the transponder
have the form shown in Fig. 1. The transponder consists
of three sections.

Fig. 1. Logic diagram of the reliability of the transponder

The probability of failure-free operation of the
entire transponder Py, is equal to the product of the
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probabilities of failure-free operation of each section of
the device:

Py, = PPyl (1)

Section I (highlighted in Fig. 1 by a dashed line),
comprising the main receiver, consists of three elements
connected in series, the first having a failure rate A, is
redundant by substitution (unloaded reserve), while the
second element with a failure rate A, is not redundant and the
third element with a failure rate A, has permanent redundancy.

The probability of failure-free operation of the main
receiver is equal to the product of the probabilities of
failure-free operation of each of these three elements,
taking into account their redundancy.

Prec:PIPZP?a (2)
For the first element redundant by the substitution,
B=eM (1+2). 3)
The second element is not redundant,
Py =e2 @)

For the third element with permanent redundancy,

P, =1—(1—e_7“3t)2. (5)

Substituting (3)—(5) into (2), we obtain:

rec

P =e M (1 + Klt)e_k? (1 - (1 —e M )Zj

When the receiver is duplicated, the probability
of failure-free operation of the first section of the
transponder in Fig. 1 is defined by the expression:

Pi=1-(1-P,). (6)
Section II consists of one transmitter with a failure
rate A4, redundant by substitution (unloaded reserve).

The probability of failure-free operation of this section
is determined by the expression:

—A
By =e 4 (14 241). )
Section III consists of one non-redundant element—

the antenna-feeder device of the transponder. The
probability of failure-free operation of this section:

-\
Py =es, (8)

where ?\5 is the failure rate of the antenna-feeder device.

Substituting (6)—(8) into (1), we obtain the
expression for the probability of failure-free operation
of the transponder of the communication satellite for the
case of the duplicated receiver and the redundant-by-
replacing transmitter, as well as when the first element
is redundant by replacing, and when the third element of
the receiver has permanent redundancy:

Py =101 B |7 (1)

Without duplication of the receiver, as well as
without redundancy of the first and third elements of the
receiver, the probability of failure-free operation of the
transponder is described by the formula:

P = oMl el g hst gt (1 + k4t)e_7‘5’.

For the case of redundancy by replacing the first
element and permanent redundancy of the third element
of'the receiver, but without duplication of the receiver, the
probability of failure-free operation of the transponder is
described by the formula:

Ptrp:

=M (14 A1) e (1 ~(1-e )2 jer (14 0yt)e7s".

EFFECT OF REDUNDANCY ON PROBABILITY
OF FAILURE-FREE OPERATION

Let us consider the effect of redundancy methods
on the probability of failure-free operation and the
durability of a transponder when there is a change in
the failure rate of the receiver, transmitter, and antenna-
feeder device. As an indicator of durability, we use
the gamma-percentage resource, which is determined
from the graphs of the dependence of the probability
of failure-free operation of the transponder on time at
Py, =09.

Graphs of the dependence of the probability of
failure-free operation of the transponder on time for
three redundancy methods are shown in Fig. 2—4 for
different failure rates of elements (cascades).

Method 1. Duplication of the receiver and
redundancy by replacing the transmitter, as well as
redundancy by replacing the first element and permanent
redundancy of the third element of the receiver. Graphs
of the dependence of the probability of failure-free
operation on time are presented in Fig. 2. The parameters
of the graphs and the results of calculating the gamma-
percentage resource are shown in Table 1.

As expected, the gamma-percentage resource
increases with a decrease in the element failure rate. So,
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Fig. 2. Dependencies of the probability of failure-free
operation on time for the first redundancy method

Table 1. Graphs parameters and calculation results
(Fig. 2)
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Fig. 3. Dependencies of the transponder failure-free
operation probability on time for the second redundancy
method

Table 2. Graphs parameters and calculation results

Failure rate of elements (Fig. 3)
Curve of the transponder, 10-8/h Gamma percentage )
No. resource, h- 104 Failure rate of elements
o A, Ay Ay As Curve of the transponder, 10~8/h Gamma percentage
No. resource, h-10%
1 20 | 50 |50 | 100 | 1 38.8 7SR IV I VO B W B
2 20 50 | 50 | 200 1 24.0 1 20 50 | 50 | 100 1 8.4
3 20 50 | 50 | 300 1 16.9 2 20 50 | 50 | 300 1 7.1
4 20 50 | 50 | 500 1 9.8 3 20 50 | 50 | 500 1 5.7
5 100 | 200 | 200 | 500 1 8.2 4 100 | 20 | 20 | 500 1 2.1

for example, with a decrease in the transmitter failure
rate by 2, 3, and 5 times, the gamma-percentage resource
increases by 1.6, 2.3, and 4 times, respectively.

Method 2. Redundancy by replacing the transmitter,
without redundancy of the receiver and its elements.
Graphs of dependence of the probability of failure-free
operation on time are presented in Fig. 3. Table 2 shows
the parameters of the graphs and the results of calculating
the gamma-percentage resource.

Analysis of the graphs in Figs. 2 and 3 along with the
data of Tables 1 and 2 shows that, without redundancy
of the receiver and with the same failure rates of the
elements, the gamma-percentage resource decreases
by more than 4 times. However, with more reliable
components without redundancy of the receiver, a less
significant decrease in the gamma-percentage resource
is observed, which does not exceed 1.7 times in the cases
under consideration.

Method 3. There is no general duplication of the
receiver; redundancy of the transmitter, as well as the
first and third elements of the receiver is implemented.

Graphs of the dependence of the probability of failure-
free operation on time are shown in Fig. 4. The results
of the calculation of the gamma-percentage resource and
the parameters of the graphs are presented in Table 3.
As follows from the graphs in Fig. 4 and data of
Table 3, the antenna-feeder device having the highest
reliability has practically no effect on the gamma-
percentage resource: in the case under consideration,
with an increase in the failure rate A by 10 times, the
gamma-percentage resource decreases by less than 5%.
Let us consider the redundancy options of various
methods, in which the values of the gamma-percentage
resource vary slightly. We will evaluate the efficiency
of the transponder redundancy methods for the above
cases in terms of the probability of failure-free operation
by determining the efficiency factor of the redundancy
method K 4 defined as the ratio of the probabilities of
failure-free operation for the variants with the same values
of the gamma-percentage resource. Figure 5 shows the
time dependence of the redundancy efficiency factor of
the compared options. Table 4 shows the parameters of
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Fig. 4. Dependencies of the transponder failure-free
operation probability on time for the third redundancy
method

Table 3. Graph parameters and calculation results
(Fig. 4)

Failure rate of elements i
C;Z‘.’e of the transponder, 10~%/h Dercentage
. M | A | A | A resource, h*10%
1 20 50 | 50 [ 100 1 16.9
2 20 50 | 50 {200 1 13.6
3 20 50 | 50 {300 1 11.1
4 20 50 | 50 (500 1 8.0
5 20 50 | 50 [500| 10 7.6
6 100 | 200 | 200 [ 500 | 1 4.0

the graphs together with the results of determining the
effectiveness of redundancy methods.

From the graphs in Fig. 5, an important conclusion
can be drawn: there is a threshold value of time up to
which redundancy gives a gain in the probability of
failure-free operation of the transponder as compared to a
decrease in the failure rate of elements. For example, the
first redundancy method provides a gain compared to the
third method in the time interval from 0 to 1.69 - 10> h
even with a 3-fold increase in the transmitter failure rate,
as well as an advantage over the second method in the
time interval from 0 to 8.7 - 10* h; this applies even in
the case of an increase in the failure rates of the first
and fourth elements by 5 times, or the second and third
elements—by 4 times.

The third redundancy method provides a gain in
comparison with the second method in the time interval
from 0 to 7.1 + 10* h even with a 5-fold increase in the
transmitter failure rate.

Keff

1.04

1.02

1.00

0.98

0.96

0 5 10 15 20 h-10%

Fig. 5. Redundancy efficiency ratio

Table 4. Graph parameters (Fig. 5) and obtained
effectiveness of redundancy methods

Failure rate of elements Maxi-
Curve | €OmPpared | of the transponder, | Threshold| *
redundancy 10°8/h time
No. 1na | value
methods h-10
M A A | Ay | As of K g
1 20 | 50 | 50 |300] 1
1 16.9 1.018
3 20 | 50 | 50 [100] 1
1 100{200{200|500] 1
2 8.7 1.025
2 20 | 50 | 50 [100] 1
3 20 | 50 | 50 |500] 1
3 7.1 1.011
2 20 | 50 | 50 |100]| 1

When the threshold value of time is exceeded, there
is no gain from redundancy; in this case, the factor that
determines the probability of failure-free operation is the
reliability of the transponder elements.

CONCLUSIONS

The gamma-percentage transponder resource
increases with a decrease in the element failure rate.
Although this durability indicator decreases in the
absence of redundancy of the receiver and its elements,
this decrease is not so significant with more reliable
elements. By using the proposed method for calculating
the gamma-percentage resource using mathematical
models of the probability of failure-free operation, it
becomes possible to determine the time interval within
which redundancy provides a gain in the probability of
failure-free operation in comparison with an increase in
the reliability of elements. Thus, it is possible to provide
an effective combination of redundancy methods and
approaches to reducing the failure rate of elements.
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