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METHOD OF CONSTRUCTING A MATHEMATICAL MODEL
OF WEAR-RESISTANCE IN POTENTIOMETER SENSORS

This article highlights the method of constructing a mathematical model of wear-resistance in
potentiometer sensors. Depreciation process of working surfaces is so complex that by this time there
are no reliable methods of its forecasting. Tribological processes taking place during potentiometer
sensor performance are complicated by electric current influence that flows through the contact sur-
face and accelerates the process of contact surfaces wear. As a result, the mathematical model is
offered, that considers the simultaneous action of tribological elastic contact, plastic deformation,
microcutting and electrical erosion with constant number of performance cycles. Wear-resistance is
represented as the magnitude of change in volume of the worn material depending on the shape and
material of contact surfaces, contact pressure and magnitude of electric current. The model is repre-
sented in the form of dependence, interpreted by the direct equation, greatly simplifies the forecasting
of wear-resistance on the basis of experimental data. Mathematical model, obtained by adding bulk
models of mechanical and current wear can be used to predict durability in the design and operation
of potentiometer sensors, wire potentiometers and other devices that have a similar structure and
work under the current.

Keywords: sliding contact, wire potentiometer, tribological processes, capacious erosion, relia-
bility of work.

Introduction. Potentiometer sensors are tude X, there occurs a change in sensor resistance.

designed to convert a mechanical movement into
an electrical signal by changing the active re-
sistance of electrical circuit. Signal of the engine
position in the tension meter is being removed, as
from the voltage divider, after the power supply
to the sensor. Potentiometer sensors are used
mainly as sensors of linear and angular displace-
ments. Potentiometer sensor is designed for the
following purposes: control and measurement of
mechanism displacements, working bodies of
machinery and other objects; feedback segment
in robotics and automation systems; defining dis-
tances to objects; testing in laboratories, mecha-
nism performance control. For example, these
sensors enable to set control over the position of
latches, valves, vane on the weather station, an-
tennas, cutting tools and much more [1, 2, 3].
They can also be used to transmit the indicators
of non-electrical metering devices, such as ma-
nometers, liquid level meters, to transmit the no-
tification of aeroplane chassis, etc [1, 3].
Potentiometer sensor is a potentiometer of
the changeable resistance itself, which can be
switched on by following the scheme of circuit
voltage divider (Figure 1) [1]. When moving a
contact under the influence of controlled magni-
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Power supply voltage is activated within the entire
winding of the potentiometer through the fixed
contact of this winding. Output voltage, removed
from the fixed contact and rolling engine, is pro-
portional to the displacement of the engine. In
electric engineering such a scheme of inclusion is
called potentiometric or circuit voltage divider.
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Uinput — input voltage; Uy — OUtput voltage; L —
length of potentiometric sensor of potentiometer
sensor winding; X — movement of the engine (brush)
of potentiometric sensor; R — total resistance
of potentiometric sensor; R oy — OUtpUL resistance
of potentiometric sensor

Figure 1 — Activation scheme of potentiometric
sensor
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In automatic systems, the engine can be
mechanically connected to any device (valve,
steering wheel, receiver, cutting tool, etc.), loca-
tion of the latter should be measured and passed in
the form of an electric signal [3]. The effort, under
the action of which the engine moves, is quite big
in this case. Therefore, to ensure a reliable contact
between engine and winding, you should have a
pretty-strong force pressing the engine. The pres-
ence of a sliding contact reduces the reliability of
potentiometer sensor and remains its basic disad-
vantage.

Structurally potentiometer sensor (Figure 2)
consists of a frame 1, which is wrapped by one
layer of the wiring 2 from the thin wire [2]. The
engine (brush) slips 3 on the twisted coil, mechan-
ically linked to the object and the displacement of
which should be measured. The coil is made of
isolated wire, and the path, on which the engine
slips, is eliminated from isolation beforehand.

1 3 2

1 — frame; 2 — wiring; 3 — engine (brush)
Figure 2 — Line diagram of potentiometric sensor
for measuring linear movement

Resolution defines the maximum possible
accuracy of potentiometric sensor performance. It
can be improved by increasing the number of turns
n. It becomes possible via lengthening the wound
part of the potentiometer L (at a given diameter of
the wire), or reducing the cross section of the wire.
Diameter reduction of the wire leads to technolog-
ical difficulties in the manufacturing of windings,
but, what is more important, reduces the reliability
of the potentiometer, as mechanical strength of the
winding is deteriorating and it is erased more
quickly.

To ensure the reliability of the performance
of sliding contacts in potentiometer sensors the
requirements for their physical, mechanical and
tribotechnical properties are set. Particular diffi-
culty in solving tribotechnical problems in sliding
contacts is an action of an electric current, which
leads to a strengthening of friction and wear [4-7].

Classical wear theory considers the speed of
material removal as a function of sliding speed,
hardness of the material, applied load and the like-
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lihood that the material will create a part of wear
in a given contact situation [8-12].

The wear mode, typical for the end seals of
the boundary friction, is most fully described by
I. V. Kragelsky who worked out molecular-
mechanical (adhesion-deformation) theory of fric-
tion and fatigue wear [11, 12]. According to this
theory friction is caused, on the one hand, by the
deformation of the material, which leads to a vio-
lation of the whole (elastic or plastic imprint), on
the other hand, by overcoming the molecular (ad-
hesion) connections in the contact area.

The process of working surface wear is so
complex, that by this time there are no reliable
methods of its forecasting [6, 9, 13, 14]. Even for
the same materials, the intensity of wear may vary
in several orders while the operating mode is
changed: when changing the pressure of the seal-
ing fluid, angular velocity, temperature, axial and
angular vibrations. So far, the estimation of wear
indicators is based on the operation experience and
high degree of authenticity can’t be demanded
from them. The most reasonable and acceptable
for engineering calculations formulae for wear
intensity are given in the fundamental guide [1],
but special physical and mechanical characteristics
of these formulae (curve frictional fatigue setting;
correction coefficient to the number of cycles cor-
responding to the separation of wear parts; coeffi-
cient characterizing the tense condition on the spot
of contact, etc.) are partially systematized only for
some of the most widespread constructional mate-
rials in dry friction conditions and do not take into
account the influence of electric current.

In a number of works [7, 13] dependencies
of wear rate from the contact pressure and the slip
rate are experimentally defined. The Archard for-
mula [8, 9, 15] contains parameters such as sur-
face hardness, defined by the indentation method,
the wear coefficient, which must be determined
experimentally for each combination of material in
the contacting pair and the seal liquid, and also for
the certain operation conditions, including the fric-
tion mode, temperature, presence of vibrations,
abrasive particles, etc.

It was Holm who proposed to take into
account the impact of current on the value of
mechanical wear in coal brushes of electric cars
[6,7,9].

There are four dominant methodologies in
this field — energy balance, mass balance, strain
analysis, and contact mechanics approach [8, 9].
There is currently no direct connection or agree-
ment between various models that can be found in
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the literature, and formal standardization as such
in this area does not exist, which creates difficul-
ties for both researchers and engineers who are
trying to fight the effects of wear in its various
forms [14, 15].

The aim of the study is to obtain wear
mathematical model of contact pair of slip under
current load by combining and improving the
known mathematical approaches, taking into ac-
count the design features of wire potentiometers
and potentiometer sensors.

Presentation of the main material in the
research. Structurally potentiometer sensors are
similar to wire potentiometers. Material of current-
collection element of the slider, as well as the ma-
terial of the resistive element, should be resistant
against electrical erosion and corrosion, easily
handled, possess properties that prevent the weld-
ing of contacts, have high heat and electrical con-
ductivity, high durability together with the select-
ed resistive wire, small and stable in time joint
resistance.

The proposed estimation methodology of
the contact pair of slipping under the current with
constant development cycles N is to represent the
total volume of wear as a sum of two components
[16]:

V, =V, +V,, (1)

where V. is a mechanical wear under current,
equal to zero; V, is an additional wear, caused by
the passage of current through the contact, i.e. cur-
rent wear.

Taking into account that the wire, wound on
a potentiometer frame, represents a cylinder with
the radius R, and a sliding contact can be present-
ed as a sphere of radius R, the result of the interac-
tion is presented in Figure 3 as a wear scar in the
pair of a cylinder-sphere with the unchanged
spherical radius R.

Mechanical processes that occur as a result
of contact movement affect the dependence of the
transition resistance on the value of contact pres-
sures and stresses — the predominant type of de-
formation processes in the contact material. The
values of shock and vibration loads associated
with movement, the speed of movement of the
current collector, the coefficient of friction, and
other mechanical factors can be represented as an
energy model.

Mechanical energy of a single junction ex-
pended during friction and wear depends on the
value of the maximum tangential stresses z or
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contact pressure Py and the length of the junction
pathl,ie. W =f (z, I),or W="f,(P, ).

Depending on the magnitude of tangential
stresses and the state of the surfaces of the mating
bodies, all three types of deformation processes
can occur at the point of contact: elastic displace-
ment, removal and micro-cutting due to wear
particles.

In elastic contact, wear occurs due to long-
term friction fatigue, and in plastic deformation
due to crumpling forces, so the amount of wear in
both cases will be proportional to the friction en-
ergy W;, but with different values of the propor-
tionality coefficients [16].

The volume V,, of mechanically worn mate-
rial at an elastic contact will be proportional to the
friction power W;, and at the microcutting of the
material is proportional to the energy of the shear
force Ws. To determine the wear patterns of con-
tact pairs cylinder-sphere at W = const (for "dry"
contact pairs"), the volume of worn material will
be determined by the generalized pattern of wear
to height H or to chord 7.

T}, | Q.

R — radius sphere; r — radius cylinder; H — height
wear; T, — chord of wear along the length
of the cylinder; T, — chord wear; Q, — wear area
along the length of the cylinder; Q, — the area
of the cylinder wear
Figure 3 — Wear scar in the pair of a cylinder-
sphere with unchanged spherical radius R

According to the notations taken in Fig-
ure 3, at constant geometric dimensions of contact
(4-Hy —o0), the volume of worn material of
cylindrical wire in the transverse movement of
spherical contact will be:
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1

Let’s indicate the magnitude of volume V
through the controlled wear parameter T,

— Tb3

R 16-r’

and here we get:

T.=T, 'F- ®3)
r

After the value substitution Q, and T, into

(2) we get:
T R
V=—>=t_.|—=C, -T* 4
48-r\Fr “ T ®
and
T2 IR
dvV =—2—. [—=dT. =4-C, -T3dT,, 5
12.rf b G -1,dT, (5)

where C, =%F
rNTr

The power of friction forces W; and cut W,
at a single transition in the dT, path will be equal
to [16]:

dW, =K -RdT,, (6)
dW, = 7dQdT,. (7)

where 7 is a yield limit per slice; K; is a coeffi-
cient of friction; Q is a cross-section of the track at
a single junction.

After integration within the wear bounda-
ries Ty of one transition and considering the per-
formance within N transitions, we get:

Wiy =K BTy -N, 8)
-R-T* N |R

W= b = | 9

= a.r . 9)

1
Having considered T'~7~P? and W~V ~T*,

we obtain
4

W ~7*-N~P3-N,
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5

W,~7°-N~P¢-N

S

or
111
T,~7-N*~P?-N*, (10)
415 1
T,~75-N*~PZ.N*, (12)

For the equally possible effect of the fric-
tion forces and shear we have:

9

V=K, 72-N, (12)
hence the wear pattern will be
g 1 95 1
T,~78 - N*~P8-N*, (13)

that corresponds to the accepted at present empiri-
cal engineering wear model [10, 18].

When moving the engine (brush) along the
coils of potentiometric sensor winding, there is a
sharp to contacts are opened under current. When
the contacts are opened under current, there is a
sharp increase in transient resistance and voltage
drop on them, which leads to an increase in the
temperature of contacted protrusions, up to melt-
ing point of contact material. At the first moment
of contact opening is formed between them a
bridge of molten coating metal contacts and metal
contacts themselves, which in the further diver-
gence of the contacts will not thin in the middle,
but closer to positive electrode, where, at last, will
be interrupted. This phenomenon is similar to
electrolysis. This process causes the transfer of
metal from one contact to another. This phenome-
non is called bridging the erosion of the contacts.
As a result of erosion, the microgeometry of the
contact surfaces changes, which leads to increased
mechanical wear of the contact surfaces. If the
voltages and currents in the open circuit are lower
than certain values for specific contact materials
(for example, for silver U<12V, 1<0,4A),
bridge erosion will be the main type of electrical
wear of the contacts. This is highly undesirable,
since this mode of operation dramatically reduces
the resource of normal operation of contacts [19].

Switching by contacts of low-power circuits
with active load is accompanied by erosion phe-
nomena caused by the formation of molten bridges
in the contact zone at certain moments of contact
movement. When switching current with breaking
contacts, there are time intervals when such a
small area contacts that the current density in it
reaches values sufficient for melting and subse-
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guent evaporation of the contact material. The lig-
uid metal switches the inter-contact gap, forming a
molten conductive bridge.

Bridges can occur both when closing and
opening contacts. It is generally accepted that
bridges on closed contacts arise due to the pulling
of softened contact material heated by electrostatic
radiation currents with sufficiently small Inter-
contact gaps by electrostatic field forces [7].

The maximum length of the bridge at the
time of its explosion by current is from the ratio

[7]
S, =v

ex av

T

ex?

where v,, is an average speed of opening the con-

tacts of polarized relays, determined for each relay
at the specified supply and control voltages, and
7, is a time interval from the beginning of dis-

ex

connection of the contacts to the moment of ex-
plosion of the bridge, determined by the voltage
waveforms on the bridge.

We will define the value of current wear.
Contacts, which dial currents, less than minimum
current of the rod at volltages less than 300 V, are
called low powerful. In this case, the erosion of
the contacts occurs as a result of the formation of
bridges and pulse low-voltage discharges. This
transfer is called a thin transfer. For the bulk posi-
tive thin metal transfer of a single cycle we have a
dependency of the type [7]:

V,=a-1° (14)

where a is a coefficient of current impact on the
wear that depends on the contact material; ¢ is an
indicator of impact level of the current onto the
wear.

In the vast majority of cases, the direction
of the transfer is positive, that is, a crater appears
on the anode, and a peak is on the cathode.

Total wear volume formula can be ex-
pressed via the relative value of the lateral wear:

V, =V, -(1+ V—'J,
Vm

V, =V, (14K, 1),

(15)

or
(16)
where K, = Vi is a relative coefficient of the cur-

m

rent load.
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Considering the wear pattern T of the con-
tact pair of the cylinder-sphere with (12) and (13)
in the general case, the volume of wear can be rep-
resented by the equation:

V=mT%

where m is proportion coefficient.
Then

Considering tzl—z, and taking into ac-

count (16) we get:

1

t=(1+K, 174, (17)

In the equation (17), regarding the wear of

the contact pair cylinder-sphere coefficient K, and

degree indicator « must be determined according

to the research data. It is convenient to use the
equation

lg(t'-1)=IgK, +a-Igl, (18)
obtained after taking the logarithm of the equation
(17). The dependency (18) is expressed by the
equation of the line, where IgK, is the initial co-

ordinate and the indicator of degree « is equal to
the tangent of the straight line.

For  approximate  calculations,  for
K, - 1“<0,1 we can decompose equation (17)

into a Maclaurin series, limiting it to two terms:
\

tz1+ﬁ|“z1+K,-|“. (19)
4

In turn, equation (19) can be represented as

t~el!,

(20)

In equation (20), the coefficients K, and o
can be determined graphically, for which, by per-
forming double logarithm, we obtain the equation
of the line

In°t=InK, +a-Inl. (21)

This approach simplifies the determination
of coefficients and expands the scope of the model
(17), but reduces the accuracy of forecasting.

Conclusions. As a result of the research,
the mathematical model of potentiometer sensor
wear-resistance has been developed considering
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current loads. Given that the model (17) obtained
by adding classical models (6), (7) and (14) and
simplified by combining similar parameters, the
accuracy of calculations for the second use will
remain the same as for classical models, but the
number of calculations will be reduced. It also
reduces the number of experiments needed to de-
termine unknown constants. The use of a single
controlled wear parameter t is more convenient for
predicting the wear resistance of potentiometric
sensors by identification method. Presentation of
the model in the form of the dependence, which is
expressed by the equation of the line, greatly sim-
plifies the forecasting of wear-resistance on the
basis of experimental data, which is the main ad-
vantage of the obtained model. Developed math-
ematical model can be used for the prediction of
wear-resistance in the design and operation of po-
tentiometer sensors, wire potentiometers and other
devices, that have a similar structure and operate
under the current.

To predict the wear resistance of potenti-
ometric sensors, it is recommended to use an iden-
tification method that allows to get a model of
changes in the chord of the wear trace of the wire
T as the main parameter depending on the impact
of the most significant operating factors: contact
pressure Py, the number of cycles of working life
N and switching current | with other constant fac-
tors (constant value of the path and speed of
movement of the contact under normal environ-
mental conditions). The choice of these parameters
can be carried out both based on the materials of
existing studies and on the results of experiments.

References

[1] B.V.Shandrov, and A.D. Chudakov,
Technical means of automation: textbook.
Moscow, Russia: lzd. tsentr "Akademiya",
2007. [in Russian].

S. A. Shahvorostov, Technical means of
automation: tutorial. Moscow, Russia:
MADI, 2011. [in Russian].

Yu. I. Pyndus, R. R. Zaverukha, Electronic
and microprocessor equipment of cars: tuto-
rial. Ternopil, Ukraine: TNTU, 2016 [in
Ukrainian].

A. S. Ishkov, A. V. Svetlov, G. A. Solodi-
mova, and S. I. Torgashin, "Monitoring the
technical condition of resistive potentiome-
ters using scanning electron microscopy",
Izmerenie. Monitoring. Upravlenie.

(2]

(3]

[4]

© B. b. Kucensos, 2020
DOI: 10.24025/2306-4412.3.2020. 199294

10

Kontrol, no.4 (22), pp.77-83, 2017. [in

Russian].

A. M. Mrachkovskyi, "Investigation of

electric erosion of surfaces of various con-

tact pairs of low-flying switching devices",

Naukovyi visnyk Natsionalnoho universyte-

tu bioresursiv i pryrodo-korystuvannia

Ukrainy. Seriia: Tekhnika ta enerhetyka

APK, iss. 242, pp.155-158, 2016. [in

Ukrainian].

R. Holm, Electric contacts: theory and ap-

plication / by Ragnar Holm with Else

Holm; preface by J.B.P. Williamson, 4th

ed. Berlin/London: Springer, 2011.

M. A. Razumihin, Erosion resistance of

low-power contacts. Moscow, Russia: En-

ergiya, 1964. [in Russian].

I. I. Kudish, and M. J. Covitch, Modeling

and analytical methods in tribology, CRC

Press, 2010.

S. Montgomery, D. Kennedy, and

N. O'Dowd, "Analysis of wear models for

advanced coated materials. Matrib", Interna-

tional Conference on Materials, Tribology,

Recycling. Lipanj, Croatia, June 24-26,

2009.

[10] I. I. Vorovich, and V. M. Aleksandrov, Me-
chanics of contact interactions. Moscow,
Russia: Fizmatlit, 2001. [in Russian].

[11] I. V. Kragelskiy, M. N. Dobyichin, and
V. S. Kombalov, Fundamentals of friction
and wear calculations. Moscow, Russia:
Mashinostroenie, 1977. [in Russian].

[12] I. V. Kragelskiy, and N. M. Mihin, Friction
units of machines: handbook. Moscow,
Russia: Mashinostroenie, 1984. [in Russian].

[13] V. G. Nedorezov, and A. I. Tsyigankov,
"The influence of wear products of the con-
tact pair of the potentiometer on the relia-
bility of its operation”, Nadezhnost i
kachestvo: Proc. of Int. Symposium. Penza,
Russia: PGU, 2015, vol. 2, pp. 153-154. [in
Russian].

[14] N. K. Myishkin, and V. V. Konchits, Elec-
trical contacts. Dolgoprudnyiy, Russia: In-
tellekt, 2008. [in Russian].

[15] D. Kuhlmann-Wilsdorf, "Uses of theory in
the design of sliding electrical contacts", in
Proc. of the Thirty-Seventh IEEE Holm
Conf. on Electrical Contacts, 1991, pp. 1-24.

[16] O. O. Sytnyk, V. B. Kyselov, and
H. O. Kyselova, "On one of the methods of
building a mathematical model of wear re-
sistance of film potentiometers”. Molodyi

[5]

[6]

[7]

[8]

9]


https://doi.org/10.24025/2306-4412.3.2020.211393

BicHuk YepkacbKkoro gepxaBHOro TeXHOJNOri4YHOro yHisepcutety

3/2020

vchenyi: sci. journ., no. 2 (78), pp. 189-192,
Febr. 2020. [in Ukrainian].

[17] A. G. Kuzmenko, Development of contact
tribomechanics  methods.  Hmelnitskiy,
Ukraine: HNU, 2010. [in Russian].

[18] I. G. Goryacheva, and M. N. Dobyichin,
Contact problems in tribology. Moscow,
Russia: Mashinostroenie, 1988. [in Rus-
sian].

[19] L. I. Safonov, and A. L. Safonov, "Rectan-
gular electrical connectors. Analysis of
physical processes occurring in contact",
Tekhnologii v elektronnoj promyshlennosti,
no. 6, pp. 54-58, 2007. [in Russian].

Cnucoxk BUKOPUCTAHUX JIZKepeJt

b. B. llanapos, " A. 1. Yynakos,
TexHuueckue cpencTBa aBTOMaTH3AILUU:
y4eOHMK 11 CTyA. BeICH.  y4eO.
3aBeneHuil. MockBa, Poccusa: U3n. ueHtp
"Axanemus", 2007.

C. A. [lTaxBOopOCTOB, Texnuueckue
cpeocmea asmomamuzayuu: yaed. mocooue.
Mocksa, Poccus: MAJIN, 2011.

10. 1. Tlunnyc, Ta P. P. 3aBepyxa,
Enexmpounne ma MiKponpoyecopue
obnaouanus aemomobinie: HWaB4d. TI0CIO,
Tepnorminb, Ykpaina: THTVY, 2016.

A. C. Nmkos, A. B. CertioB, A
ComomuMoBa, u C. U. Topramus,
"KoHTponb ~ TEXHHYECKOTO  COCTOSTHUS
PE3UCTUBHBIX MOTEHIOMETPOB c
NPUMEHEHHEM PacTpOBOH  3JIEKTPOHHOI
MHKpOcKonuu", Mzmepenue. Monumopune.
Ynpasnenue. Konmpono, Ne 4 (22), c. 77-
83, 2017.

A. M. MpaukoBCBKUH,
CNIEKTPUYHOI ~ epo3il  MOBEpPXOHb  PI3HUX
KOHTaKTHHUX nap HU3bKOBOJIETHUX
KOMyTaliiiHuX anaparis", Haykosuii 8icHux
Hayionanvnoeo ynisepcumemy biopecypcis
i npupoodoxopucmyseanus Yxpainu. Cepis:
Texnika ma enepcemuxa AIIK, Bum. 242.
c. 155-158, 2016.

R. Holm, Electric contacts: theory and ap-
plication / by Ragnar Holm with Else
Holm; preface by J.B.P. Williamson, 4th
ed. Berlin/London: Springer, 2011.

M. A. Pazymuxus, Opo3noHHas
YCTOHYMBOCTD MAIOMOWHBIX KOHTAKTOB,
Mocksa, Poccust: Dueprus, 1964.

(1]

(2]

3]

[4]

(5]

" locmiKeHHS

(6]

[7]

© B. b. Kucensos, 2020
DOI: 10.24025/2306-4412.3.2020. 199294

11

[8] I. 1. Kudish, and M. J. Covitch, Modeling
and analytical methods in tribology, CRC
Press, 2010.

S. Montgomery, D. Kennedy, and

N. O'Dowd, "Analysis of wear models for

advanced coated materials. Matrib", Interna-

tional Conference on Materials, Tribology,

Recycling. Lipanj, Croatia, June 24-26,

2009.

[10] 1. 1. BopoBuy, u B. M. Anekcanmpos,
Mexanuka KOHMAKMHBIX 83AUMOOEUCTNEU.
Mocksa, Poccus: ®uzmariut, 2001.

[11] 1. B. Kparenbckuit, M. H. J[oOsuuH, u
B. C. KombanoB, Ocrogbl pacuemog Ha
mpenue u usHoc. Mocksa, Poccus:
Mamunoctpoenue, 1977.

[12] 1. B. Kparenbckwuii, 1 H. M. Muxun, V3wl
mpenus Mawun. CIPaBOYHUK. MOCKBa,
Poccust: MamunocTpoenue, 1984.

[13] B. I'. Hemope3os, u  A. W lpiranxos,
"BiusiHue NMPOAYKTOB HM3HOCA KOHTAKTHOM
napbl MOTCHIIMOMETPA Ha HAJICHKHOCTh €ro
pabotel”’, HaolexcnHocms U  Kauecmeo:
TpyAabsl MexnayHap. cumnosuyma. IleHsa,
Poccus: III'Y, 2015, 1. 2, ¢. 153-154,.

[14]H. K. Memmuku, u  B.B.  Kownuwn,
Onexmpuueckue KOHMAKMbl.
Honronpynusiii, Poccusa: Matennext, 2008.

[15] D. Kuhlmann-Wilsdorf, "Uses of theory in
the design of sliding electrical contacts”, in
Proc. of the Thirty-Seventh IEEE Holm
Conf. on Electrical Contacts, 1991, pp. 1-24.

[16] O. O. CurHuk, B. b. Kucenbos, Ta
I'. O. KucenvoBa, "IIpo oauH 3 MeTOxiB
moOy0BH MaTeMaTUYHOI Mozeti
3HOCOCTIHKOCTI TIJTiBKOBHX
noTeHIioMeTpiB", Monoouil euenuii: HayK.
KypH., Ne 2 (78), c. 189-192, mroT. 2020.

[17]1A.T. Ky3semenko, Pazeumue memooos
KOHMAKMHOU MmpuboOMexanuxu.
XmensHUIKHNA, YKpauHa: XHY, 2010.

[18] N1. T. T'opsiuena, 4§ M. H. 106b14uH,
Koumaxmnvie 3a0auu 6 mpubonozuu.
Mockga, Poccus: MammnocTpoenue, 1988.

[19] JI. K. Cadonos, u A. JI. Cadonos,
"[IpssMOyroibHBIE JIEKTPUYECKUE
COC/IMHUTEIH. AHanu3 (r3rIecKux
MIPOTIECCOB, TMPOUCXOIAIINX B KOHTaKTe',
Texnonoeuu 8 97IeKMPOHHOU
npomviuaennocmu, Ne 6, ¢. 54-58, 2007.

9]


https://doi.org/10.24025/2306-4412.3.2020.211393

ISSN 2306-4412 (Print), ISSN 2306-4455 (CD-ROM), ISSN 2708-6070 (Online)

B. b. Kuceiabos
e-mail: vladkis.777@gmail.com
Yepkacbkuii Aep>KaBHUN TEXHOJIOTIYHUN YHIBEpPCUTET
0-p llleBuenka, 460, M. Uepkacu, 18006, Ykpaina

METO/ IOBYJOBU MATEMATHUYHOI MOJIEJII 3HOCOCTIAKOCTI
MOTEHLIOMETPUYHUX JATYUKIB

Y ecmammi pozensdoaemovcs memoo nodyoosu mamemamuyHoi Mooeii 3HOCOCMIUKOCMI NomeH-
yiomempuunux oamuuxie. Disuuui npoyecu, sKi 6i00OysaOmMvcs Hpu poOOMi NOMEHYIOMEMPULHUX
0amyuKie, Maromo 06 OCHOBHI CKAA008] — MEXAHIUHULL PYX KOHMAKMYIOUUX NOGEPXOHb KOB3AHHS 00HA
BIOHOCHO THUWLOT MA NPOXOOICEHHS. CMPYMY Uepe3 yi nogepxHi. Buxooauu 3 ybo2o, mamemamuuna mMo-
oenb Modice Oymu npeocmagiena sk cyma mooenet, AKi paxogyioms yi enacmugocmi. B ocnogy mexa-
HIYHOI CKa0060i MOOeNi NOKIA0eHO 6NAUE MPUDONOIUHUX NPOYeCi8 NPYICHO2O KOHMAKMYBAHHS,
naacmuynoi depopmayii ma mixpopizanus. Bnaue yux npoyecie nooano uepes 3miny 06’emy 3Houle-
HO20 Mamepiany 3anexdcHo i0 8eIUYUHU KOHMAKMHO20 MUCKY, U0y 0eghopmayitinux npoyecie y ma-
mepiani KOHMAKMI8, N08 S3AHUX 3 PYXOM, WEUOKICMIO NepeMilyeHHs CIMPYMO3HIMayd, Koepiyicnma
mepms ma iHwux mexaniunux gaxkmopie. O0’em MexaniuHo 3HOUEHO20 MAMepiany npu npyIcHomy
KOHMAKmMy8aHHi 6yoe NPONopyitiHum eHepeii mepms, a npu MIiKpopi3aHHi mamepiany — eHepeii cun
3pizy. Takum yuHom, 0151 OYIHIOBAHHS MEXAHIUHO20 3HOCY BUKOPUCIIAHO eHepeemUYHy MOOeb, 3anpo-
nonoeany I'epyem. Ilpu npoxoodosicenni cmpymy uepe3 KOHMAKMyIOUi NOGEPXHI BUHUKAIOMb Npoyecu
HA2Pi6anHs, pO3NIAGACHHS | NEPEHECEeHHs MEemany 3 00H020 KOHMAKMY HA THUUI, W0 3YMOBTIOE NPUC-
KOpEeHHs npoyecy 3HOCY KOHMAKMYIOUUx noeepxons. Komymayis konmaxmamu mManonomym#cHux aaH-
Y102i8 3 AKMUBHUM HABAHMAICEHHAM CYNPOBOOUCYEMbCS ePO3IUHUMU AGUWAMU, WO BUKTUKAIOMbCA
VMBOPEHHAM PONAAGAEHUX MICIIKIE Y 30HI KOHMAKMYEAHHA 6 NeBHI MOMEHMU PYXy KOHmaxmis. Enexm-
PUYHA epOo3isl KOHMAKMIB 3aNedicumb i0 8eAUKOI KilbKOCMI PI3HUX eIleKMPUYHUX | MEePMIYHUX A6ULY,
AKI 6100Y8aIOMbCSL HA NOBEPXHI KOWMAKMIG T 6 KOWMAKMHOMY NPOMINCKY, WO SUSHAUAIOMb He MITbKU
xapaxmep nepenecemnus, ane i U020 eeauduny i Hanpamox. Hessadcaiouu na cknadnicms 3anesicHocmi
eposii 8i0 napamempie eieKmpudHo20 Koid, Mamepiany KOHMAKmie i enacmugocmeli cepedosuuyd,
BU3HAYATILHUL 6NIIUG HA 6EIUNUHY T 3HAK ePO3IlIHO20 NEPEHECEeHHS MAE GeTUUUHA KOMYMYIOU020 CIpY-
my. Kouwmaxmu, sAxi KomMymyoms cmpymu @ NOMEHYioMempuyHux 0amyuxax, € MaionomyxicHumu. B
YbOMY BUNAOKY epO3is KOHMAKMIE 8i00Y8AEMbCs 8 pe3yibmami YMEOPEeHHs MICIKIE ma IMAYIbCHUX
HU3bKOBObMHUX pO3ps0ie. OCHOBHUM (AKMOpom Gnau8y Ha 00’e€M 3HOCY MATONOMYHCHUX KOBIHUX
KOHMAKMi8 NOMeHYiOMeMPUYHUX OAMYUKIE NIO CINPYMOM NpU ROCMILIHIL KITbKOCMI YUKIG HaANnpayio-
6anus € micmkoga epo3is. O6’em 3HOUIeH020 Mamepiany npu MiCMKOGil epo3ii npedcmasnenull uepes
BEIUYUHY CMPYMY ma Koepiyienmu, aKi 3a1exicums 8i0 mMamepiany KOHMAKMIB | NOKAZHUKA CHYNeHs.
enaugy cmpymy. Mamemamuuna mooens, OmpumMana wiaxom 000asanHs 06 EMHUX MoOeneli MexaHiy-
HO20 ma cmpyMOo8020 3HOCY MA CNPOWEeHa WIAXOM 00 €OHaHHA NOOIOHUX napamempis, modce Oymu
BUKOPUCIAHA OJIS1 NPOSHO3YEAHHS 3HOCOCIUIKOCMIE NPU NPOEKMYBAHHI 1l eKCNAYyamayii nomenyiomem-
PUUHUX OamMYUKi8, OPOMAHUX NOMEHYIOMempie ma iHUUX NpuiIaodie, sKi MAaroms CXoxicy CmMpyKmypy
ma npayioms nio cmpymom.

Knwuogi cnosa: xoe3nuii Konmaxm, Opomanull nomenyiomemp, mpubono2iuni npoyecu, micm-
K084 epo3is, HadiliHicmb pobomu.
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