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Abstract

The article presents the results of numerical modeling of the operation of the trolleybus current collector
pair "contact insert - wire" using the Ansys software environment. The distribution of frictional stresses (Frictional
Stress) and contact pressures for two types of insert materials is analyzed: electrographite (Electrographite, parallel
to plane) and copper-graphite composite Cu—40%C(f) 0.90 laminate. It was established that the real area of the
contact spot is smaller than the entire surface of the gutter, which significantly affects the calculated values of the
average frictional stresses and, accordingly, the wear forecast. For the electrographite insert, the average value of
Frictional Stress was 0.439 MPa, for the copper-graphite insert — 0.599 MPa. The calculations showed that at a
mileage of 450 km, the wear of the electrographite insert exceeds the permissible value, while for the copper-
graphite one it is 2.1564 mm and is within the normal range. However, due to the higher hardness of the copper-
graphite material compared to the copper wire, the wire itself can become the main element of wear, which is
undesirable. It was concluded that the optimal option may be to use a material with intermediate hardness, which
will provide a balance between the wear resistance of the insert and the preservation of the contact wire resource.

Keywords: contact insert, contact wire, wear resistance, frictional stress, numerical modeling, Ansys,
copper—graphite composite, electrographite

Introduction

The reliability and durability of trolleybus current collection systems are largely determined by the wear
resistance of the friction pair “contact insert — contact wire”. Under conditions of prolonged operational load,
changes occur in the geometry of the insert surface, which leads to deterioration of electrical contact, increased
resistance and increased energy losses. Traditionally, electrographite inserts are used in structures, however, in
order to increase the resource, composite materials, in particular copper-graphite, are increasingly used. To
optimize the choice of material, it is necessary to model the stress-strain state and analyze friction parameters in
conditions close to real ones. Numerical modeling in the Ansys environment allows you to determine the stress
distribution, the area of the real contact spot and predict the amount of wear based on the tribological characteristics
of materials. The relevance of the study is due to the need to increase the resource of contact inserts while
maintaining the operational reliability of the contact wire, which directly affects the economic efficiency of urban
electric transport.

Literature review

The dynamics of research indicates a transition from empirical and bench-top approaches to combined
methods, where numerical modeling is combined with experiment and data-driven resource prediction. In the work
[1], a physically based model of slider wear is proposed, which takes into account the triboelectric interaction and
the features of the “slider—contact wire”; the work emphasizes the different role of the hardness of the wire and
the insert and the sensitivity of the model to the contact load and current regime, which directly correlates with
your calculations of the average friction stresses and the width of the real contact patch. In parallel, the emphasis
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is increasing on the conditionally unsteady dynamics of the “pantograph—contact network™ system, where fast
interaction models show that the instability of the contact force leads to anomalous wear of both the insert and the
wire; this emphasizes the importance of correctly setting the contact boundary conditions in numerical schemes,
including the localization of the real contact patch. The influence of the environment and humidity on the
conductive friction in carbon-copper pairs has been shown [2] in experimental studies: the water content in the
carbon slider changes the friction coefficient, mass loss, contact resistance and arcing parameters, i.e. factors that
in the practice of urban electric transport significantly affect the real intensity of wear and require scenario
modeling. Materials science approaches [3] emphasize the microstructural parameters of composites: varying the
graphite fraction and the orientation of its domains in copper-graphite composites allows you to control the current
carrying capacity, flow stability and wear rate; non-monotonic dependences with wear minima have been
established for a certain orientation of graphite plates and graphite content, which is consistent with the idea of
selecting an “intermediate hardness™ for the balance of the insert and wire resource. A separate line of work [4-7]
is devoted to the force factor: increasing the normal load on the copper-graphite pair changes not only the friction
level, but also the damage mechanisms (delamination, arc erosion), forming different wear transition modes; this
is important for your scenarios of pressure changes from 0 to 0.5 MPa and extrapolation of wear to runs. At the
level of system operational reliability, the application of AI methods for pantograph condition prediction is
demonstrated [5]: building models based on neural networks allows for reducing failures through timely detection
of degradation trends, which complements FEM-assessments of local stresses and wear with strategic condition-
based maintenance tools. In [6], a study of tribocouples based on copper-graphite composites systematically shows
the dependence of current-carrying triboproperties and wear mechanisms on contact load, highlighting the need to
simultaneously limit slider wear and protect the wire - a key dilemma addressed in this study. Taken together, the
results of [7] outline a framework for the approach: taking into account the real contact strip in the problem
statement, parametric analysis of Frictional Stress taking into account load and current,and the selection of
composites with a target microstructure/hardness as a means of balancing the life of the insert—wire pair.

Purpose of the work

To determine the influence of the area of the actual contact spot and the physical and mechanical
properties of the insert material on the stress-strain state and predicted wear of the trolleybus insert-wire pair
using numerical modeling in the Ansys environment in order to optimize the choice of material to increase the
resource of the current collection system.

Research objectives

1. Develop a numerical model of the local contact of the “insert — wire” pair of a trolleybus, taking into
account the actual area of the contact spot.

2. Calculate the distribution of friction stresses and contact pressures for electrographite and copper-
graphite insert materials.

3. Determine the dependence of the predicted insert wear value on the average values of Frictional Stress
and material hardness.

4. Compare the results obtained for different insert materials and evaluate their impact on the contact wire
resource.

5. Formulate recommendations for selecting an insert material that provides a balance between insert
wear resistance and maintaining wire durability.

Initial data for analysis

The boundary conditions of the first iteration of the contact modeling of the current-collecting contact
pair of a trolleybus “insert — wire” in Ansys were based on the entire surface of the insert groove (Fig. 1).
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Fig. 1. Friction surface of trolleybus insert

This approach is correct and completely sufficient for determining the maximum pressure Pressure, von
Misses Stress or friction (Frictional Stress), etc. However, based on the contact status map (Contact Tool > Status),
it is clear that only the central dark yellow part of the trough participates in sliding (Fig. 2).
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Fig. 2 Actual contact area of the insert with the wire

Since to calculate wear it is necessary to operate with the average Frictional Stress indicator, which is
calculated by the integral method (depends on the number of measurement points), and therefore depends on the
contact area, the boundary conditions were updated - a surface was distinguished on the surface of the gutter, the
width of which corresponds to the sliding spot (Fig. 3).
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Fig. 3. Boundary conditions for determining friction stresses in the insert

Calculation results for Electrographite insert (parallel to plane)

Based on a comparison of the results of determining Frictional Stress for an insert with Electrographite
(parallel to plane), we will illustrate the changes.

Full surface of the insert groove.
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Fig. 4. Full surface of the insert groove

Full surface of the electrographite insert groove used in the numerical simulation. The geometry of the
contact surface is modeled in its entirety, which makes it possible to determine the overall distribution of
mechanical and frictional stresses before refining the analysis to the actual contact area.

The average value of Frictional Stress is 0.13901 MPa (Fig. 5).
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Fig. 5. Distribution of friction stresses over the entire surface of the insert

Distribution of frictional stresses (Frictional Stress) over the full surface of the electrographite insert
groove obtained from numerical simulation. The highest values are concentrated in the central contact zone,
indicating non-uniform loading and identifying local areas of potentially intensive wear, while the peripheral
regions are characterized by significantly lower stresses.

The central part of the insert surface is highlighted: the maximum value of Frictional Stress is 3.3364

MPa (Fig. 6).
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Fig. 6. Isolated part of the insert surface for friction stresses

Isolated central area of the electrographite insert surface for frictional stress analysis. The highest stress
concentrations are observed within this zone, reflecting the actual contact patch during operation and indicating
regions with the greatest potential wear intensity.

The average value of Frictional Stress is 0.439 MPa (Fig. 7).
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Fig. 7. Distribution of average stresses

Gap map (Fig. 8).
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Fig. 8. Contact gap map
Contact gap map - visualization of the distribution of the clearance (gap) in the contact zone between the
insert and the wire. The color gradient indicates areas of minimal and maximal separation, which directly
characterizes the quality of the contact and the potential stability of current transfer.

Calculation results for insert with Cu-40%C(f) 0.90 laminate
To process this calculation case, it became necessary to reduce the size of the finite elements of the mesh

and increase its density: the size of the finite elements of the wire bodies and the insert was set to 1 mm; the size
in the contact area was 0.5 mm.
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Fig. 9. Finite element mesh breakdown for Cu-C material.
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The total number of elements i1s 1040866, and the number of nodes is 1900220.

The reason for this detailing is the higher hardness of the Cu-40%C(f) 0.90 laminate insert material and the
correspondingly narrower contact spot compared to Electrographite (parallel to plane), which requires a smaller
size of the end elements:
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Fig. 10. Comparison of contact spots for electrographite material and copper-graphite material

The maximum value of Frictional Stress is 4.4242 MPa for the isolated central part of the insert surface
(Fig. 11).
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Fig. 11. Friction stress distribution for copper-graphite material

The average value of Frictional Stress is 0.599 MPa (Fig. 12).
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Fig. 12 Distribution of average friction stresses for copper-graphite material.

Distribution of average frictional stresses (Frictional Stress) for the copper—graphite insert obtained from
numerical simulation. Elevated stress values are concentrated in the central contact zone, corresponding to the
actual contact patch, while peripheral regions exhibit significantly lower stresses, indicating a non-uniform load
distribution.

The Gap map is characterized by a decrease in the gap values for a given material (Fig. 13).
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Fig. 13. Clearance map for copper-graphite insert
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Calculation of insert wear

Common parameters:

o7 = 110 >(local efficiency coefficient of energy conversion into wear)
e | HV = 9.807 = 10¢ Pa (Hardness — Vickers)

® S;otar = 0.2m (path traveled by the insert)

FElectrographite insert (parallel to plane)

Considering that the Vickers hardness (Hardness — Vickers) =4.28 — 4.72 HV, the average hardnessH =
4.5-9.807-10° = 4.41 - 107Pa or 44.1 MPa.
If the average value of Frictional Stress is MPa, then the amount of wear will be:t,,, = 0.439

d = TTavgStorar _ 1-1075-0.439-105-0.2

~ -5
- FTTETT ~ 1.99 - 10" mm

Total wear per 100 km or 500 thousand cycles (100,000 m / 0.2 m = 500,000 cycles): mm1.99- 1075 -
500000 = 9.95

This means that over 450 km, the wear will be:9.95 - 4.5 = 44.775mm, which exceeds the permissible
limits. Let us recall that the requirements for the VKT insert state: “the warranty period of operation of the inserts
is not less than 450 km in dry weather in the absence of eccentric displacement of the wires at the joints. The depth
of the maximum wear of the inserts is 10 mm.” It should be noted that the parameter was measured under the
condition of applying the maximum permissible pressure of the insert on the wire, equal to 0.5 MPa. In real
conditions of trolleybus movement, the pressure value will fluctuate in the range of 0—-0.5 MPa. Taking into
account the linear dependence of the value on the applied pressure (the graph for the full surface of the insert
trough below), it is easy to model the approximate amount of wear, for example: under the condition of applying
a pressure of 0.25 MPa, the value will be reduced by 2 times. In addition, the contact patch on the surface of the
gutter also migrates during the movement of the trolleybus (turns, inclines, etc.), which distributes wear over a
larger surface, reducing local wear.T,,Tayd

The approximate wear value is approximate, since the value of the coefficient can change as the insert
pressure changes on the wire, and therefore change the nature of the contact. For example, the graph of the average
values of Contact > Status (model with a full surface of the insert groove) is not linear.dn
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Fig. 14. Dependence for wear for full contact of the insert and wire

Conclusions on Electrographite (parallel to plane): provided the pressure of the insert on the wire is reduced
and the real laboratory value of the coefficient is included in the calculation, it can theoretically be applied in
inserts.n

Insert with Cu—40% C(f) laminate

Since the hardness is 120 - 135 HV, the average valueH = 127.5 - 9.807 - 10° = 1.25 - 10°Pa or 1250
MPa. Assuming an average value of Frictional Stresstq,; = 0.599 MPa, the wear value will be:

_ M TapgStotal _ 1:1075:0.599106-0.2

= —— ~ 9.58-10""mm

d

Total wear per 100 km or 500 thousand cycles: 9.58 - 107 - 500000 = 0.4792mm

Over 450 km, the wear will be 2.1564 mm, which is quite within the normal range, but the hardness value
of the wire material Cooper C10100(electrolytic tough-pitch he copper) is lower than the composite insert material:
Hardness - Vickers 80 - 115 HV. Thus, the wire will wear out first, which is not recommended.

It should be noted that the value did not change dramatically when going from Electrographite (parallel to
plane) to Cu—40%C(f) laminate. In this case, it can be assumed that an intermediate hardness material will provide

a value in the range between the measured 0.439 and 0.599 MPa.7,,, 74,
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Conclusions

The numerical simulation made it possible to specify the parameters of the local contact in the pair "insert
- wire" of the trolleybus and to assess the influence of the area of the actual contact spot on the magnitude of the
average friction stresses and the wear forecast. It was established that the use of electrographite inserts provides a
lower level of wear of the contact wire, but their own resource under intensive operating conditions is limited.
Copper-graphite inserts demonstrate higher wear resistance, but increase the risk of intensive wear of the copper
wire due to a significant difference in hardness. To achieve optimal operational characteristics, it is advisable to
select a material with intermediate hardness, which will balance the wear resistance of the insert and the durability
of the contact wire. The results obtained can be used in the development of new insert materials and optimization
of the designs of current collection systems of urban electric transport.
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Koetyn O.C., I'oienko K.E., T'ansok AL, Tuxa M.O., Tutaaok B.O. Axali3 HaIpyKeHb TepTd Ta
3HOCY Y KOHTaKTHIII ITapi cTpyMo3HIMada TPaHCIIOPTHOTO 3aco0y

V cTaTTi HaBeeHO Pe3yNbTATH YHCEITBFHOIO MOJETIOBAHHS POOOTH CTPYMO3HIMATEHOI TapH Tpoleiibyca
«KOHTaKTHA BCTABKA — JIPIT» 3 BHKOPUCTAHHAM IIPOTPAMHOTO cepefoBmIna Ansys. [IpoaHammi3oBaHO PO3IMOin
HanpyxeHb Teprd (Frictional Stress) Ta KOHTaKTHHX THCKIB [ JBOX THIIB MaTepialiB BCTaBOK:
exexrporpadiroBoro (Electrographite, parallel to plane) ta minso-rpaditoBoro xommosuty Cu—40%C(f) 0,90
laminate. BcTaroBIEeHO, 110 peanbHa IUIONIA IVIIMH KOHTAKTY € MEHIIIO 3a BCI0 MIOBEPXHIO K07I00a, M0 CYTTEBO
BIUTBAE€ HA PO3PAXyHKOBI 3HAYUCHHA CepelHIX HANPY)KCHb TEPTA Ta, BIANOBLIHO, Ha IPOTHO3 3Hocy. Jlma
eleKTporpagiToBOI BCTABKI cepeqHe 3HadeHHA Frictional Stress ctanosmo 0.439 MIla, ans mMigHO-TpaditoBoi —
0.599 MIIa. IlpoBefeHi po3paxyHKH IIOKAa3alm, 1o IpH Ipodiry 450 KM 3HoC elleKTporpadiToBoi BCTaBKH
TIepeBUIIYE JIOIIYCTIME 3HAueHHd, TOJi 4K JId MigHo-TpadiToBoi BiH cTaHOBHTE 2.1564 MM i 3HaXoauThCd B
Mexkax Hopmu. Ilpore depe3 BHINY TBEp/iCTh MiJHO-Tpa(iTOBOI'O MaTepialy MOPIBHAHO 3 MiJHHM JPOTOM
OCHOBHIIM eNeMeHTOM 3HOCY MOXKe CTATII caMe JpiT, o € HeGaxaHuM. 3po0NeHo BICHOBOK, IO ONTIMATEHIIM
Mo3ke OYTH BHKOPHCTAHHS MaTepiany 3 MpOMIMKHOK TBep/IicTHo, IKHIT 3a0e3neunTs DanaHc MiK 3HOCOCTIHKICTHO
BCTABKH Ta 30epe;KeHHAM pecypCy KOHTaKTHOTO APOTY.

Kia4boBi c;10Ba: KOHTAKTHA BCTaBKa, KOHTAKTHINI APiT, 3HOCOCTIIKICTh, HATIPYKEHHS TEPTS, TICETbHE
MOJIETIOBAHHSA, ANSYS, MUTHO-T'pa(iTOBHII KOMIIO3HT, elIeKTporpadit



