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Haoescnocmv pabomwl Ko1bYyesblX MOKOCLEMHBIX YCMPOUCME 8 meyeHue 3a0aHH020 CPOKA CLyiHcObl
uepaem onpeoenowyIo poib 8 pabome CUCmeM INeKMPONUMAHUA PASTUYHOU MEXHUKU U 60 MHO2OM 306U~
cum om nPOYHOCMU U HAOEHCHOCMU 8CeX €20 KOMNOHEHMO8, 8 HACMHOCMU, KOHMAaKkmHuix Koaey. OOHOU u3
BAINCHELIUUUX XAPAKMEPUCTUK KOJLYEBbIX MOKOCHEMHBIX YCMPOUCE AIAeMCs CONPOMUBIEHUEe KOHMAK-
ma, yMeHvbUuieHue KOmopo2o OCYWeCmenaiom nymem npuMeHeHus YeemHulx U OpacoyeHHbIX Mamepuaios,
001a0aIOWUX HUZKUM CONPOMUBTEHUEM, C OOHOBPEMEHHBIM VEeIUteHUeM NPUNCUMHOU CUTbL MENCOY KOb-
yamu moxocvemHukd. Takoi nooxo0 npusooum K pe3Komy pOocmy HANPIANCEHUN 6 KOHMAKMHOM Koabye,
KOmopble Mo2ym 00Cmu2ams U 0axce npesuluiamy npedei meKyyecmu Mamepuand, YUKIUYecKu U3MeHsIACh
10 KObYY 8 Npoyecce 8pAeHUst KOAbYd ¢ ROCAeOYIOWUM YCIMATOCHHbIM PA3PYULEHUEM.

Oonaxo pabomocnocooHOCmb KOHMAKMHBIX KOAEY 8 MAKUX MAICETbIX YCI0BUAX BNOJIHE MOJICHO 0bec-
neyums 8 cyiae Maublx CKOpocmell 08UNCeHUs U HeOOIbULO20 YUCTA YUKIIO8 HASPYHCEHUA 3d CHem UCNOTIb-
308aHUsL 0OACMU MATIOYUKIOBOU YCMAIocmu Ha Kpugol Bennepa. /s smozo 6 0anuot pabome npeoo-
JHCEHbl MemOoObl AHATUMUYECKO20 PACYema HANPANCEHHO-0e)OPMUPOBAHHO20 COCMOSHUA KOIbYA MOKO-
CHEMHO20 YCMPOUICEd, KOMOpble NO380IAI0M ONPedeums YPo8eHb 0eUCmEYIOuWUX HANPAXCeHUll 8 Mame-
puane u no Kpusoii Bennepa onpedenums donyckaemoe YuCio YuUKio8 Hazpysicenus u Koagouyuenm 3ana-
ca no ycmanocmu. Takoce npednoxicen Memoo pacuema HA0E’CHOCMU KOAbYd, KOMOPbLL N036015em oye-
HUBAMb BEPOAMHOCIb DE30MKAHOU padOmbl U pa3PYUIEHUSL.

Ilo npednodicennbim MemoOUKam 8bINOIHEHbL PACHembl KOely MOKOCbeMHO20 YCMPOUCmEa, npumeHtse-
MO20 8 KOCMUYECKUX annapamax muna « Jkenpeccy, Komopule noKazan pabomocnocooHoCms MEMoOux u
no3eonunu obecneuums mpebyemvlli CPOK CAyHCObl KOHMAKMHBIX KOLeY U UX HaodexcHocmy. Ilpednosicen-
HAsL QHATUMUYECKAsL POPMYTUPOBKA MEMOOUK NO3BOIAEH PEUampb KaK NpoepouHble, MaK U NPOeKmupo-
BOUHbBLE pacuemvl KOJey 8 3a8UCUMOCIU OM NOCMABLEHHOU 3a0ayl.

Knmioueswvie cnosa: KoJiblyyesoe noKoCvbeMHoe ycmpoﬁcmeo, KOHMAaxKknitHoe Koavyo, npo4HOoCnby, niacmuy-
HOCMb, MAJI0OYUKIIOBAs YCMAl0Cnb, Haa&’)fCHOCWlb, 6EPOAMHOCNb be30mKaszHotl pa6ombl.
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The reliability of ring current-collecting devices during a given service life plays a decisive role in the opera-
tion of power supply systems of various equipment and largely depends on the strength and reliability of all its
components, in particular, contact rings. One of the most important characteristics of ring current collectors is
the contact resistance, which is reduced by using non-ferrous and precious materials with low resistance, while
increasing the downforce between the rings of the current collector. With an increase in the compression force F
of the contact ring, the resistance of the contacts decreases to a certain minimum value and practically does not
decrease with further growth of the force. The dependence of the contact resistance on the compression force
has the form of a power function, the coefficients of which are determined experimentally.

However, the operability of the contact rings in such severe conditions can be ensured in the case of
low speeds and a small number of loading cycles by using the low-cycle fatigue area on the Weller curve.
Having determined the coefficients of the equation of the inclined section on the Weller curve in the area of
low-cycle fatigue, it is possible to determine the number of permissible loading cycles at a given stress level
or solve the inverse problem of determining the permissible stress level if the number of loading cycles is
known. To substantiate the correctness of the selected compressive force and the corresponding stresses,
methods for calculating the fatigue margin coefficient, as well as a method for calculating the reliability of
the ring material, are proposed. Reliability is estimated by the Gauss curve and is numerically expressed in
the form of the probability of failure-free operation and the probability of failure, for which the corre-
sponding theoretical dependencies are obtained.

According to the proposed methods, calculations of the rings of the current-collection device used in
EXPRESS-type spacecraft were performed, which showed the operability of the methods and allowed to ensure
the required service life of the contact rings and their reliability. A very simple analytical formulation of the
methods allows us to solve both verification and design calculations of rings, depending on the task at hand.

Keywords: ring current collector, contact ring, strength, plasticity, low cycle fatigue, reliability, prob-
ability of trouble-free operation.

Introduction

Ring current collectors are used to transfer electrical energy from rotating parts to a stationary base
in various technologies, for example, in rotating solar panels, rotating platforms of towers, etc. [1-5].
Ensuring the required reliability of operation of a ring current-collector device during a given service
life largely depends on the operating conditions of its elements, in particular, slip rings. The main
characteristics of a ring current collector are the electrical parameters of the contact, primarily its resis-
tance. The most effective measures to improve conductivity is to use non-ferrous and precious materi-
als (copper, silver, gold, etc.) as contact ring materials that have good electrical characteristics, as well
as increasing the clamping force until a minimum contact resistance is obtained [4—18 ]. However,
such materials are very malleable and have low yield strengths, so this approach leads to a rapid in-
crease in stress in the slip ring, which may exceed the yield strength of its material even with relatively
low downforce. The situation is aggravated for critical structures, such as communications spacecraft,
which must operate autonomously for a long time in orbit (10—12 years or more).

At the same time, if the required number of loading cycles of slip rings is relatively small, then
plastic loading of their material is quite possible due to the use of the low-cycle fatigue region on the
Weller curve. For this purpose, this work proposes methods for analytical calculation of the stress-
strain state of the ring of a current collector, which make it possible to determine the level of effective

191



Siberian Aerospace Journal. Vol. 25, No. 2

stresses and provide the required service life of the rings with a given probability of failure-free opera-
tion. The correctness of the proposed approach is ensured by the use of well-known provisions of the
theory of fatigue and the theory of reliability when calculating mechanical systems.

1. Research objective

The operation of the design of the ring current collector (Fig. 1) is to transfer electrical energy by
compressed slip rings 3 located between the outer 1 and inner 2 rings. Since we are considering a very
strong compression of the collector ring, in Fig. 1 they are shown in a deformed state. Insulators
4 serve as separators and ensure uniform arrangement of the collector ring around the circumference.

To ensure electrical contact between the inner and outer current—collection rings in a ring current
collector during installation, the slip ring is subjected to compression by a given amount of deforma-
tional loading A, which in the calculation scheme will be replaced by an equivalent force load in the
form of force F (Fig. 2, a).

Puc. 1. KOHCprKHI/ISI KOJIbLIEBOT'O TOKOCHEMHOT'O YCTpofICTBaZ
1- HapY>XXHOC TOKOCHhEMHOC KOJIBLIO; 2-— BHYTPCHHEE TOKOCHEMHOC KOJIbLO;
3- POJIHUK-U30JIATOP; 4 — KOHTAKTHOE KOJIbIIO

Fig. 1. Design of the ring current collector:
1 — external current—collection ring; 2 — internal current-collection ring;
3 — insulator roller; 4 — contact ring

I\

Puc. 2. HarpyxeHue KOHTaKTHOTO KOJIbLIA!
a — 1eopMalIOHHOE U 3KBUBAJICHTHOE CUJIOBOE HAarpy>XeHUe (CoxaTue cuioi F);
6 — 3aBUCHMOCTH COTIPOTUBIICHHSI KOHTAKTOB R OT CHIIBI CKaTus F

Fig. 2. Loading of the contact ring:
a — deformation and equivalent force loading (compression by force F);
b — the dependence of the contact resistance R on the compression force F

With an increase in the compression force F of the slip ring, the contact resistance decreases to a
certain minimum possible value R, (Fig. 2, b) and practically does not decrease with a further
increase in force. The dependence of contact resistance on compression force has a nonlinear form,
determined by the empirical formula [8—10]:
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R =k-F™,

where m and k — reference constants obtained empirically.

When using pure metals such as copper, silver, gold, etc., the yield strength of the slip ring material
can be achieved at a compressive force value Ry at which the contact resistance RT is significantly
greater than the minimum achievable value R;,. A further increase in the compression force of the slip
ring can lead to a violation of the conditions of its strength, therefore it is necessary to develop meth-
ods for assessing its performance under plasticity conditions.

We will assume that the rotation speed of the slip rings is so low that we can neglect inertial effects
and use the static formulation of the problem for calculations [1]. This is true, for example, for the ring
current collector of solar batteries of spacecraft, the rotation speed of which is about 10—4 rpm. The
cross-sectional geometry of the slip rings has a rectangular shape (width b and thickness f), the dimen-
sions of which are significantly smaller than the length of their circumference, which allows the theory
of rods to be used for calculations [19]. Due to the symmetry of the structure (Fig. 1), the loading con-
ditions of all slip rings are the same, and it is sufficient to consider the stressed state of one ring.

To describe the behavior of the material of a ring made of non-ferrous and precious materials under
load, we will accept the model of an ideal elastic-plastic material. In this case, the estimate the state of
the material is reduced to checking whether the value of the maximum normal stresses has reached the
value of its yield strength.

2. Fatigue task

When the slip ring is compressed, a complex of force factors and corresponding stresses arises in it.
Preliminary studies [1] have shown that slip rings operate under conditions of transverse bending due
to force F and the determining factor in their stress state is bending normal stresses.

2.1. Maximum bending stresses of slip rings
Normal stress o, from bending of slip rings as a result of their compression by force F* (Fig. 2,

a) are determined according to the dependence [19; 20], as

== ()

I 1. . . L
where M = Fr (——Esm (pj — bending moment as a function of the slip ring angle; F — the compres-
T

sive force equivalent to deformation by an amount A is defined as

N 2EJS ; o
rSS(%+%—%)+rJ(%+%)

J =bt* /12 — moment of inertia of the cross section of the ring; W, = bt* /6 — moment of resistance

F=

of the cross section of the ring; A — ring deformation; £ — Young's modulus; » — average ring radius;
S — cross-sectional area of the ring.
The condition for the transition of the slip ring material to the plastic state, according to the adopted
calculation scheme, is the condition
Oy 207 3)
The obtained dependencies (2)—(3) make it possible to determine the compressive strain value of
the contact ring at which its material will transition to a state of plasticity. Condition (3) is not a
strength condition, since the slip ring is assumed to operate in a plastic state. In this case, it is neces-
sary to ensure fatigue strength, which is discussed below.
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2.2. Fatigue strength of slip rings
During the operation of the current collector, each contact ring continuously rolls over the surfaces of
the outer and inner rings (Fig. 1), therefore, each point of the ring is exposed to belt stresses (1) that

change cyclically in time from zero to the yield strength of the material with the corresponding sign
(Fig. 3).

L0

VARV AVEN

Puc. 3. CuMMeTpuyHBIN UK HATPY>KEHUST KOHTAKTHOTO KOJIBIIA

Fig. 3. Symmetrical loading cycle of the contact ring

Under cyclic loading, the strength of the material is assessed by the safety factor for fatigue
strength based on the Weller fatigue curve [21; 22], which determines the dependence of the material’s
endurance limit on the number of loading cycles (Fig. 4).
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Puc. 4. IIpumep kpuBoii Bemepa B norapudmuueckoil mkane

Fig. 4. Example of the Weller curve on a logarithmic scale

According to the Weller curve, it is possible to ensure the ability of the slip ring material to operate
under fluid conditions with a number of loading cycles significantly less than the usual fatigue limit
(N =107). This condition is met by low-speed current collectors used, for example, as part of Express-
type spacecraft, for which slip rings are subjected to ~10* — 10° load cycles throughout their entire life
cycle. These values on the Weller curve correspond to the region of low-cycle fatigue, at which the

permissible stresses will be significantly greater than the endurance limit, reaching the yield strength
of the material.
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The equation for the slope of low-cycle fatigue on a logarithmic scale has the form [23; 24]
o,+K-lgN=0c_(N)+K-IgN,, 4)

where o_; — endurance limit of a material for a given number of loading cycles ¥; o, — amplitude of
alternating stress and the corresponding number of loading cycles N (at N = 1 we get 6, = o); O —
tensile strength of slip ring material; K — coefficient that determines the angle of inclination of the
straight line of fatigue in logarithmic coordinates depending on the physical and mechanical character-
istics of the material of the parts being calculated and their dimensions:

G,—0_,

zlgNO—lgN'

Then you can determine the endurance limit for a given number of loading cycles N using the in-
verse relationship to (4):

o (N)=oc,+K-(IgN-K-IgN,). (5)

The obtained value (5) can be considered the endurance limit for low-cycle fatigue, for which
o_1(N) = o, i.e., the slip ring material will operate under plastic loading conditions.

2.3. Calculation of the fatigue strength of the slip ring

The calculations for the fatigue strength of the slip ring are based on the values of bending stresses
at its most dangerous point, at which the bending stresses change according to a cyclic dependence.
The minimum and maximum values of bending moments are determined from the dependencies

1 1 Fr
Mmin((p)z_Fr(E_;j’ Mmax((p):?a (6)
to which the stresses correspond
F-r (1 1 F-r
Omin =~ W (E_;J9 Gmax:n.W . (7)

G, = Gmw&—Jrcmin‘ (8)
2
Amplitude of stress:
Smax ~ Smin
o, =—"% O, 9
a 2 ©)

Using the results of calculations using formulas (6)—(9), we obtain a safety factor for fatigue
strength for the slip ring equal to:

n= 1 , (10)

Ga ° +W0'6m
KdBG

where 6_; —endurance limit; K — effective stress concentration factor,

KG _ Gmax.a(b(b =1+qG(OLG _1)’
On

where g, — material sensitivity coefficient to stress concentrations; o.; — stress concentration factor:
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K, — coefficient of influence of absolute cross-sectional dimensions:

K, = (Gfl)d ’
G

where (o_;), — endurance limit of smooth samples with diameter d; c_; — endurance limit for stan-

d
dard samples;
B, — part surface condition coefficient:

B = (oo )Il ’

(o_ik )d

where (0_1 K) — endurance limit of a full-scale part;

pat
y, — cycle asymmetry sensitivity factor.

The actual service life of the slip ring, based on the known values sf the amplitudes of alternating
stresses and the theoretical value of the safety factor for fatigue strength, can theoretically be deter-
mined from the dependence

o-1(N) +lg Ng—o,N

Npuer =10 K , (11)

where 6_(N) — endurance limit for low-cycle fatigue, determined by the formula (5).

2.4. Reliability of slip rings

The reliability of slip rings in a plastic state is determined by the probability of its failure-free op-
eration [25-28]. The condition for destruction is that the maximum stress in the slip ring exceeds the
endurance limit of the material of this ring:

c >6_(N).

max — cSMmax
Let us introduce the non-destruction function in the form of the difference
Ao = o (N) — Opax -

We are considering o,,,, # o_;(N) as random variables and we assume that their values have

X
a normal distribution, for which the statistical parameters are known:
1) average values

Omax and ©-1;

She =+ /Si_1 + ngax .

Then the probability of destruction corresponds to the probability of fulfilling the condition
Pry=P(Ac) =P (at Ac <0) = F(0),

2) standard deviation

and the probability of failure-free operation is equal to
Pfrcc: 1 _Pfail~ (12)

Here the function P (Ac) is distribution function of a random variable Ac:

P(Ac) =%+ @[—AGS_ AGJ,
Ao
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where d)(x) — Laplace function:

Let's denote

2 2

S Ac V S‘Ll + Scmax

Vpg ==— =~ = - .
Ac O -1 — Omax

Using an approximate representation of the Laplace function [25], the expression for the
probability of destruction will take the form of a power series:

1

P :M.e[_z"ic].(1_Uic+3o4m—026+...). (13)
\27W

After substituting the values into expression (12) and limiting ourselves to the terms of the series
up to the 6th degree inclusive, we obtain the values of the probability of destruction (13) and failure-
free operation (12) of the slip ring.

3. Slip ring calculation example

Using the obtained dependencies, we will perform calculations of the durability and probability of
failure-free operation for the slip rings of the current-collector device of the Express-type spacecraft.
To do this, we accept the following initial data: R; = 30 mm, R, = 25 mm, » = 9.9 mm,
$=0.36 mm?, A = 0.4 mm. Material: bronze alloy BrB2, 6 ;=591 MPa.

Calculation of force factors using dependencies (2)—(4) gives the values W = 6.25-10" m’,
J=156-10"m*, F=5H, M,,, = 0.008 N - m. sing these values, we obtain the results of calculating
the slip ring for fatigue strength, presented in Table 1.

Table 1
Calculation results for the fatigue strength of the slip ring
Ring tension O min » G hax > G, G, C_y,
£ " ! KG Kd BG Vo n
A, mm MPa MPa MPa MPa | MPa
0.4 -303 532 114.4 418 591 1.22 1 1.1 0.1 1.24

The results of calculating the probability of destruction and failure-free operation of the slip ring
are given in Table 2.

Table 2
Results of calculating the probability of failure-free operation of the slip ring
Ring Eq. — —
. -1 max * A > -
tension | Force o1 e M? Omax O-1, Sho Vs Poasp Pree
A, mm F.H MPa MPa a MPa MPa
0.4 5 591 418 62 418 591 48 0.229 6.77-10°° 0.999 99

The obtained values of the safety factor for fatigue strength » = 1.24 and probability of failure-free
operation Ppe. = 0.999 99 meet the requirements for the design of current collectors for Express-type
spacecraft.
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4. Discussion of the results

The methods proposed in the work for calculating slip rings for fatigue and the probability of fail-
ure-free operation are based on the assumptions of the classical theory of rods, which introduces some
error into the calculations. For example, in calculations the radius of the ring » remains constant, al-
though upon compression the ring transforms into an ellipse, in which one focal radius will be slightly
less than the original radius value. This will lead to a slight increase in the actual values of bending
stresses. Additionally, the growth of stresses would be facilitated by taking into account stresses from
transverse and longitudinal forces, for a comprehensive assessment of which it would be necessary to
use one of the strength theories. However, the calculations showed that taking these factors into ac-
count will lead to a change in the results by only 2—3 %, which allows us to remain within the frame-
work of the classical theory and simple analytical dependencies.

The experiments showed that a more significant increase in the fatigue limit of the material occurs
with a decrease in the size of the slip ring, its surface roughness and rounding of the edges to reduce
the possible stress concentration near geometric inhomogeneities. An analytical description of these
dependencies and methods for taking them into account in engineering calculations have not yet been
fully obtained. Their influence can be assessed only indirectly, for example, by the ratio of the sizes of
standard samples and the parts under study (rings). Standard fatigue samples have a circular cross-
section with a diameter of about 7-10 mm. The thickness of the slip rings is only 0.25 mm, which is
an order of magnitude smaller than the standard value and implies a significant increase in the actual
service life of the slip ring (11) compared to the theoretically calculated value.

Temperature also affects the endurance of the slip ring [28]. Analyzing the results of studies on the
effect of temperature on the endurance limit of bronze alloys, it was found that when the temperature
decreases, the values of the endurance limit increase slightly, and when it increases, it first gradually
and then decreases more and more rapidly. Moreover, up to a temperature of +100° these changes can
be neglected in practical calculations due to the insignificance of their effect.

The possibility of thermal fatigue of the slip ring material was not considered, since under low-
cycle loading it begins to manifest itself at temperatures from 30°C in the presence of zones of large
temperature gradients and sharp changes in stress. In the case of thin-walled slip rings, according to
the initial data received from JSC RESHETNYOV, temperature differences of less than 20° occur,
which will not affect either the structure of the ring material or its mechanical properties. The rate of
change in the temperature of the rings from —30° to +80° per day is very small, which leads to an
almost uniform temperature field of the current collector.

The coefficients of thermal expansion of the materials of the contact outer and inner rings, accord-
ing to available reference data, are identical over a wide temperature range. This leads to the same
relative deformation of all rings that make up the current collection unit. The conditions for fastening
and operating the slip rings are such that heating begins from the outer ring and the temperature values
drop near the inner ring. Consequently, the resulting gradients will lead to a greater expansion of the
outer ring compared to the inner one, which will lead to a decrease in interference and, thus, a decrease
in the amplitude values of alternating stresses. The absolute values of the thermal deformation of the
rings depend on the value of the thermal expansion coefficients of their material and are approximately
1000 times smaller than the interference values, therefore the effect of temperature stresses on the
strength and fatigue of slip rings can be neglected.

Conclusion

The paper proposes methods for analytical calculation of the stress-strain state of slip rings during
the operation of ring current-collecting devices of spacecraft. The methods are based on the well-
known principles of fatigue theory and reliability theory, which make it possible to ensure the required
fatigue strength and reliability of slip rings operating under plasticity conditions for a given service
life or number of loading cycles.
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The technique can be used to justify the adoption of design and technological decisions when de-
signing new or testing existing ring current collectors. The simple formulation of the methods makes it
possible to solve both verification and design calculations of rings depending on the task at hand and
analytically determine almost any design parameter.

bubauorpadguyeckue CChIIKA

1. I'pumma A. A., Kyapssues 1. B. Obecnieuenre mpoYHOCTH KOHTAKTHBIX KOJICI] TOKOCHEMHBIX
YCTPOHCTB KocMUYecKkux anmaparoB // KocmonaBTuka u pakeroctpoenue. 2018. Ne 3(102). C. 81-91.

2. PazpaboTka u BHeOpEHHUE B MIPOMBIIIJICHHOE MPOU3BOACTBO YHH(PHLIUPOBAHHOW BBICOKORHEpPTE-
THUYECKOW KocMuyeckoi miatdopmel «dkcnpecc-2000» u co3naHue Ha ee 6a3e COBPEMEHHBIX, KOHKY-
PEHTOCTIOCOOHBIX KOCMHUYECKUX amnmnaparoB cBs3u u TeiekommyHukanuii / B. E. Kocenko, A. H. Axu-
MoB, FO. I'. Beironckuii u np. ; AO «1CCy». 2015. 100 c.

3. I'pummn A. A., CmupHoB H. A., XaputoHoB A. 1. AHanu3 KOHCTPYKIIMH KOJIBLIEBBIX TOKO-
cbeMHBIX ycTpoiicTB // BectHuk CuOI'AY. 2014. Ne 5 (57). C. 146-153.

4. T'pumna A. A. IloTepu Ha TOKOCHEMHBIX YCTPOICTBax MpH Mepeaaye dIEKTPUUECKON dHEepPruu
OT COJIHEUHBIX OaTapeil Ha kocmuyeckuii anmapat // Tpyast MAU. 2017. Ne 97. C. 6.

5. Holmberg K. Tribological contact analysis of a rigid ball sliding on a hard coated surface. Part I:
Modelling stresses and strains // Surf. Coat. Tech. 2006. Vol. 200. P. 3793-3809.

6. lparynos lO. b., 3youenko A. C., Kammpckuii 10. B. Mapounuk craneii u criaBoB. M. : Ma-
HIMHOCTpoeHue, 2014. 1216 c.

7. OCHOBBI TEOpUU IEKTpHUECKUX armaparoB / moxa ooml. pex. W. C. Taea. M. : Beiciias mikoina,
1987. 352 c.

8. Dnexrpuyeckuii cpaBo4YHUK B 3-X T. T. 2. DIEKTPOTEXHUYECKUE YCTPOMCTBA / MO/ OOII. pes.
npod. MOU B. I'. I'epacumosa. M. : Dueprousnat, 1981. 640 c.

9. Hemkun H. b. KauecTBo mOBEpXHOCTM M KOHTaKT AeTaneil mamuH. M. : MammHOCTpoeHue,
1981. 244 c.

10. Komapos A. A. Dnektpuueckue koHTakThl. Camapa : CamNT, 2001. 51 c.

11. Kanman M. M. Dnekrpudeckue mamunbl. M. : Akagemus, 2017. 496 c.

12. boituenko B. V. KoHTakTHbIE coenMHEHUs TOKOBeAyuX muH. JI. : Dueprus, 1978. 144 c.

13. Mepn B. Dnekrpuueckue kontaktbl. M. — JI. : I'ocaneprousznar, 1962. 80 c.

14. bpenuxun A. H. DnekTpudeckue KOHTakTHbIE coequHenus. M. : Dneprus, 1980. 168 c.

15. omkxun H. b. KonTakTupoBanue mepoxoBarbix noBepxHocreil. M. : Hayka, 1970. 227 c.

16. neikos 1O. I1. KonTakTHOE M TepMuUUecKkoe conpoTuBieHue. M. : DHeprus, 1977. 328 c.

17. Kum E. U., Omensuenko B. I'., Xapun C. H. MaremaTudeckue MOJEIH IPOIIECCOB B AJIEKTPHU-
YeCcKUX KOHTakTax. Anma-Ata : Hayka, 1977. 236 c.

18. VYcos B. B. Meramioenenue anekTpuueckux KoHTakToB. M.-JI. : T'ocaneprousnar, 1963. 208 c.

19. ®eonocheB B. N. Conporusiienue marepuanoB. 10-e uza. M. : MI'TY, 1999. 592 ¢

20. buprep 1. A., Wopp b. ®., Uocunesuu I'. b. Pacuer Ha npoyHOCTh AeTaniel mamuH. M. :
Mamunoctpoenue, 1993. 640 c.

21. XetiByn P. b. IIpoekTupoBanue ¢ yueTom ycranoctd. M. : Mamunoctpoenue, 1982, 490 c.

22. Tpomenko B. T. IIpouHOoCTh, MeTalIOB MpH NepeMeHHbIX Harpys3kax. Kues : Hayk. nymka,
1978. 176 c.

23. T'omosun C. A., Ilymkap A., Jleun /[. M. Ynpyrue u aemndupyomue cBOHCTBa KOHCTPYK-
IIUOHHBIX METaJUIMYeCKUX MaTtepuaiioB. M. : Meramnyprus, 1987. 190 c.

24. Tepentnes B. @., Kopadnesa C. A. Ycrangocts MetamwioB. M. : Hayka. 2015. 479 c.

25. 3apyoun B. C., Kpumenko A. I1. Teopus BepositHoctei. M. : MI'TY mm. H. 3. baymana,
2004. 456 c.

26. Bentuens E. C. Teopus BepositHocTel. M. : Beicias mkomna, 2001. 575 c.

27. Nynsues P. A. Tepmuueckas yctanocTs MaTepuanoB. M. : MamuHoctpoenue, 1980, 200 c.

28. 3anecckuit A. M. TernoBsle pacué€Tsl 3JIeKTpUUeCKuX KoHTakToB. JI. : OHeprus, 1967. 380 c.

199



Siberian Aerospace Journal. Vol. 25, No. 2

References

1. Grishin A. A., Kudrjavcev 1. V. [Ensuring the strength of the contact rings of current-removing
devices of spacecraft]. Kosmonavtika i raketostroenie. 2018, Vol. 102, No. 3, P. 81-91 (In Russ.).

2. Kosenko V. E. Akimov A. N., Vygotsky Yu. G. Razrabotka i vnedrenie v promyshlennoe proiz-
vodstvo unifitsirovannoy vysokoenergeticheskoy kosmicheskoy platformy “Ekspress-2000” i sozdanie
na ee baze sovremennykh, konkurentosposobnykh kosmicheskikh apparatov svyazi i telekommunikatsiy
[Development and introduction into industrial production of the unified high-energy space platform
Express-2000 and the creation of modern, competitive communication and telecommunications space-
craft on its basis]. Zheleznogorsk, JSC ISS., 2015, 100 p.

3. Grishin A. A., Smirnov N. A., Kharitonov A. I. [Analysis of the design of ring current-removing
devices]. Vestnik SibGAU. 2014, Vol. 57, No. 5, P. 146—153 (In Russ.).

4. Grishin A. A. [Losses on current-carrying devices during the transmission of electric energy
from solar panels to a spacecraft]. Trudy MAL 2017. No. 97 (In Russ.). Available at:
https://mai.ru/upload/iblock/240/Grishin_Strugavets rus.pdf (accessed: 01.06.2024).

5. Holmberg K. Tribological contact analysis of a rigid ball sliding on a hard coated surface. Part I:
Modelling stresses and strains. Surf. Coat. Tech., 2006, Vol. 200, P. 3793-3809.

6. Dragunov Yu. B., Zubchenko A. S., Kashirsky Yu. V. Marochnik staley i splavov [Marochnik of
steels and alloys]. Moscow, Mashinostroenie Publ., 2014, 1216 p.

7. Taev 1. S. Osnovy teorii elektricheskikh apparatov [Fundamentals of the theory of electrical de-
vices]. Moscow, Higher School Publ., 1987, 352 p.

8. Gerasimov V. G. Elektricheskiy spravochnik v 3-kh t. T. 2. Elektrotekhnicheskie ustroystva [Elec-
trical reference book in 3 volumes. Vol. 2. Electrical devices]. Moscow, Energoizdat Publ., 1981, 640 p.

9. Demkin N. B. Kachestvo poverkhnosti i kontakt detaley mashin [Surface quality and contact of
machine parts]. Moscow, Mashinostroenie Publ., 1981, 244 p.

10. Komarov A. A. Elektricheskie kontakty |Electrical contacts]. Samara, SamlIT Publ., 2001, 51 p.

11. Katsman M. M. Elektricheskie mashiny |Electric machines]. Moscow, Akademiya Publ., 2017,
496 p.

12. Boychenko V. 1. Kontaktnye soedineniya tokovedushchikh shin [Contact connections of cur-
rent-carrying bus]. Leningrad, Energiya Publ., 1978, 144 p.

13. Merl V. Elektricheskie kontakty [Electrical contacts]. Moscow, Gosenergoizdat Publ., 1962, 80 p.

14. Bredikhin A. N. Elektricheskie kontaktnye soedineniya [Electrical contact connections]. Mos-
cow, Energiya Publ., 1980, 168 p.

15. Demkin N. B. Kontaktirovanie sherokhovatykh poverkhnostey [Contacting rough surfaces].
Moscow, Nauka Publ., 1970, 227 p.

16. Shlykov Yu. P. Kontaktnoe i termicheskoe soprotivlenie [Contact and thermal resistance].
Moscow, Energiya Publ., 1977, 328 p.

17. Kim E. L., Omelchenko V. G., Kharin S. N. Matematicheskie modeli protsessov v elek-
tricheskikh kontaktakh [Mathematical models of processes in electrical contacts]. Alma-Ata, Nauka
Publ, 1977, 236 p.

18. Usov V. V. Metallovedenie elektricheskikh kontaktov [Metallology of electrical contacts].
Moscow, Gosenergoizdat Publ., 1963, 208 p.

19. Feodosiev V. 1. Soprotivienie materialov [Resistance of materials]. Moscow, MSTU Publ.,
1999, 592 p.

20. Birger I. A., Shorr B. F., losilevich G. B. Raschet na prochnost' detaley mashin [Calculation of
the strength of machine parts]. Moscow, Mashinostroenie Publ., 1993, 640 p.

21. Heywood R. B. Proektirovanie s uchetom ustalosti [Fatigue-based design]. Moscow, Mashi-
nostroenie Publ., 1982, 490 p.

22. Troshchenko V. T. Prochnost' metallov pri peremennykh nagruzkakh [Strength of metals under
variable loads]. Kiev, Nauk. Dumka Publ., 1978, 176 p.

200



Part 2. Aviation and spacecraft engineering

23. Golovin S. A., Pushkar A., Levin D. M. Uprugie i dempfiruyushchie svoystva konstruktsion-
nykh metallicheskikh materialov [Elastic and damping properties of structural metal materials]. Mos-
cow, Metallurgy Publ., 1987, 190 p.

24. Terentyev V. F., Korableva S. A. Ustalost' metallov [Fatigue of metals]. Moscow, Nauka
Publ., 2015, 479 p.

25. Zarubin B. C., Krishchenko A. P. Teoriya veroyatnostey [Probability theory]. Moscow,
Bauman Moscow State Technical University Publ., 2004, 456 p.

26. Wentzel E. S. Teoriya veroyatnostey [Probability theory]. Moscow, Vysshaya shkola Publ.,
2001, 575 p.

27. Dulnev R. A. Termicheskaya ustalost' materialov [Thermal fatigue of materials]. Moscow,
Mashinostroenie Publ., 1980, 200 p.

28. Zalessky A. M. Teplovye raschety elektricheskikh kontaktov [Thermal calculations of electrical
contacts]. Leningrad, Energiya Publ., 1967. 380 p.

© Grishin A. A., 2024

I'puiinH AHTOH AJIeKCAaHAPOBHMY — 3aMECTUTENb TIJIABHOTO TEXHOJIOra IO MPHUOOPHOMY IPOHU3BOJCTBY;
AO «MHpopMalMOHHBIE CITyTHUKOBBIC CHUCTEMbI» MMeHH akanemuka M. @. PemierHeBa». E-mail: grishinaa@iss-
reshetnev.ru.

Grishin Anton Alexandrovich — Deputy Chief Technologist for Instrument Manufacturing; JSC “Academician
Reshetnev “Information Satellite Systems”. E-mail: grishinaa@iss-reshetnev.ru.




