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Abstract

Shuntingis an integral part of the partial process.In 1520 mmgaugecountries,shuntingoperationsare performedby
outdatedocomotiveswhichare beingreplacedby modernmodels;thetechnicalparameterdestmatchthe conditionsof
the shuntingwork performed.

Thearticle analyzesecommendationfor the selectionof parameterof shuntinglocomotivesaandthe actualindicatorsol
their work. On the basisof this analysis,a requirementwas madeon the necessityof compulsoryconsiderationof the
operatingconditionsof thelocomotive whendeterminingts technicalcharacteristics.
Asthemaintechnicalparametersf shuntingocomotivesthetractivepowerandstartingtractiveforceare takenandtheir
influenceon thedurationof an elementanshuntingmovemenof the"accelerationdeceleration'typeis investigatedThis
approachadvisesheregulatorydocumentatiotior the organizationof shuntingwork.
Thadevelopednathematicamodelallowsto carry out researchon the influenceof tractive powerand starting tractive
forceonthetime of accelerationand decelerationCalculationsof thetime of thetrain's accelerationare carried out with
varyingtheir massandtheslopeofthetrackat differentvaluesof thetractivepowerstartingtractiveforce. Thecalculation:
werecarried outfor themassof compositiond.000...500Mg for theprofile slopesequalto 0 and1.5a . Thespeedfthe
finish of accelerationwastakenequalto 15 and 25 km/h.Thethruststartingtractive forcevariedin therangeof 150...30!
kN, thetractive power- 200... 1100kW.

Accordingto theresultsof calculationsjt wasfoundthatthereductionin thedurationof theelementanshuntingmovemer
is moresignificantly affectedby the powerof the locomotivethan by the starting traction force. Thefi s a t u re#fec
wasnoted,in whicha significantincreasen poweror traction forceduring startingdoesnot causea significantreductior
in theacceleratiortime.In thisregard,for shuntingocomotivesvith ACtractiondrive, it isrecommendetb takea pulling
force of an equalcontinuoudraction force.
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1. Introduction

Costsof shuntingmovementwhich is integralele-
mentof transportatiomprocesscanreach30-40% of
all expense®f the railway station,andrepresent
significantpartof thetransportostsof industrialen-
terprisesusing shunting locomotivesin the main
technologicalprocess Analysis of previousworks
showsthat in operatinglocomotives, selectionof
the type of locomotiveis widely usedto perform
specificshuntingoperationswhichensureshemin-
imumfuel costs(Voronko,2005;Verlanetal.,2012;
Riabov,2015).0bviously,the updatingof shunting
locomotivespark,with deterioratiorestimatedo 80
% (V "Ukrzaliznyitse" rasskazali n.d.; Sirotenko,
2014),shouldtakeinto accountthe existingexperi-
ence,i.e. thekey pointwhenchoosingtechnicalpa-
rametersof shunting locomotives should be the
complianceof the characteristicsof locomotives
with the natureof thework performed.
Otherimportantaspectof the shuntingyardsoper-
ationsincludetrain-to-yardassignmentandoptimi-
zation of shuntinglogistics (Boysenet al., 2012;
Schasfooretal.,2020).Theseaspectarepartof the

widerareaof rail logisticsandinvolve theassistance

of rail control and communicatiorsystemsDevel-
opmentof similar systemdor rail applicationshas

beeninvestigatedin particular,in theworks( Tor udE 0

et al., 2019; Jacynaet al., 2018a; Jacynaet al.,
2018b). An importantelementof rail operationis
alsotheimprovemenbf the structureof modernrail
vehiclesand the optimizationof the railway infra-
structure(Kukulski etal., 2019).In particularreduc-
ing thecostsof rail operationcanbereducedy en-
ergyrecuperatiorin trainsequippedwith electricre-
generativebrake (Urbaniaket al., 2019; Jacynaet
al., 2016;Merkiszetal.,2014).

2. Literature review

The approactusedin theliterature(Kamaev,1981;

Mikhalchenkoet al., 2006 for the selectionof pa-
rametersof shuntinglocomotivesis to determine
both the power and the chain weight. The traction
poweris determinedy theexpression

U—SUQ

QU 1)

where

0 T isthemassof thecombinationof vehicles(in
unitsof tons),

0 T resistivity,equalsto 30 N/Mg,

Q 1 averageacceleratindorce,equalsto 50-80
N/Mg,

resistivityfrom lifting, equalsto 0-20 N/Mg,
averagespeedduring accelerationequalsto
7-8.5km/h.

0
0 T

Thechainweightof a shuntinglocomotiveis deter-
minedby the expression

8

0 @
where
w T is coefficientof adhesior(grip index)in cal-

culationspeedd  equalsto 10-16 km/h,

— 1 coefficientof useof chainweightequalsto
0.85-0.92for locomotiveswith individual
driving gearsof wheelpairs.

For sortinglocomotivethe chainweightis deter-
minedby theexpression

6 @ @— ©)
where
T is theresistivityto movemenequalsto
70 N/t for freighttrains,
0 T averageesistivitywhenclimbingon

thesliding partof the hill.

In bothcasesthetractionforceis determinedy
theexpression

o @)

where
0 T isthechainweightof thelocomotive,
0=9.81m/s?1 freefall acceleration.

Tractionforce™O is theforceof tractionof longterm
modeof thelocomotiveoperationAt thesameiime,
theneedto implementalong-termtractionforceis a
naturalrequirementandthereare contradictionsn
theissueof determiningthe powerof a shuntinglo-
comotive.

As anexamplewe considertheresultsof work (Si-
rotenko,2014),whichinvestigateshework of loco-
motive ChME3 at various stations of Kharkiv
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railway junction of Regional Branch ¢ P i v d e fakiag into accountthe traction characteristicof

Zal i z miyJISGciUkeér z al i Puringthe i dhe diesellocomotive ChME3 (Fig.2) in the mode

researchthedurationof thelocomotiveoperationat ~ accordingto Fig.1, the locomotive mainly worked

thepositionof thedriver'scontrollerwasdetermined  with a tractive power of 165 kW with a traction

(Fig. 1). force,andin the modeaccordingto Fig. 2- with a
tractivepowerof 500-750kW.
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Fig. 1. Durationof operationof the diesellocomotiveChME3accordingto the positionsnumberof thedriv-
er'scontroller(a- Kharkiv-Sortuvalnystation,b - Osnovastation)
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Fig. 2. Tractioncharacteristicef diesellocomotiveChME3 (Tractioncalculationmethod,2017)
(thenumbersearthetractioncurveindicatethe positionnumberof thedriver'scontroller)
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Thedifferentdataontheoperatingnodesof thedie-

sellocomotiveshownin Fig. 1 areexplainedby the

fact that the shuntingdiesel locomotive performs
varioustypesof shuntingwork. And if in mode2 the

diesellocomotiveoperategpracticallywith therated
powerthatin model - with a powerapproximately
equalsto 25% of thenominal.At the sametime, in-

formationaboutthe reasonfor switchingon oneor

anotherposition of the driver's control panelis not

given, which doesnot allow identifying the operat-
ing modesn whichthelocomotiveoperatesvith the

greatesturation.Studiesof Europearscientistsalso
show the needto take into accountthe operating
modesof the locomotive when choosingits tech-
nicalparametersAsshownin ( K a | ietall 2812;

Kal i etdl.®815;Buriakovskyietal.,2018)the

parameter®f suchtractiondrive mustbe basedon

the analysisof the v e h i cehl epertionalre-

gimes.The global trend towardsenergyefficiency
makesdt necessaryo moveto moreenvironmentally
friendly and reliable shunting diesel locomotives
(Buriakovskyiet al., 2019; Yatskoet al., 2019. In

(Lyubarskyetal.,2017;Babel,2014) discussepos-
sible technicalsolutionsfor the creationand mod-

ernizationof locomotives.

Objective. Theaboveinformationclearlyillustrates
the needto take into accountthe operatingcondi-
tions of a diesellocomotive when determiningits
technical parametersThus, it seemsnecessaryto
improve the techniqueof selectingparametersof
shuntinglocomotives;the use of it allows for in-
creasingheefficiencyof thelocomotivein realcon-
ditionsof its operation

3. Simulation model of shunting movement
Today,in thestudyof variousprocesseandobjects,
mathematicainodelingis widely used whichmakes
it possibleto assesshe influenceof variousparam-
eterson the propertiesand characteristicsof the
studiedprocesseandobjects.Thisis especiallyim-
portant,in particular,for railway transportwherein
mostcaseghefull -scalestudyof processeandphe-
nomenais associatedvith seriousenergyand re-
sourceconsumptionAn exampleof asuccessfudp-
plicationof mathematicamodelingis thesimulation
of traintraffic whichwill beusedin this work.

As shownabove thetractivepowerandthe starting
tractionforce canbe takenasthe characteristicof
the shunting locomotive. Figure 3 shows typical

traction and braking characteristicef the locomo-
tive.

F
A Fst
P«
>
Po
Bmax

Fs 1 starting traction force; Py 1 tractive power at the
wheel;P, i breakingpoweratthewheel; Bnaxi maximum
breakingeffort

Fig.3. Typicaltractionandbrakingcharacteristics
of thelocomotive(Mikhalchenkoetal.,
2006)

Theestimatiorof theeffectof startingtractioneffort
FstandtractionpoweronthewheelPx onperforming
shuntingoperationds done.As a criterion, we will
choosethe duration of the half-flight, since this
valueis standardizethy anumberof regulatorydoc-
umentsand,obviously, the parameter®f the loco-
motive mustensurecompliancewith regulatoryre-
quirements.

The durationof an elementaryshuntingmovement
(half-flight) is determinedby the expression(Me-
thodicalinstructions 2003

o —> & ®)

where

| i thefactorthattakesinto accountthetime re-
quiredto changethe speedof thelocomotive
by 1 km/h during accelerationand the time
requiredto changethe speedof the locomo-
tive by 1 km/h during braking, | 8t
s/(km/h);
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T ¥ thecoefficientthattakesinto accounthe ad-
ditional time to changethe speedof eachcar
in the shuntingtrain by 1 km/h during accel-
erationandthe additionaltime to changethe
speedof eachcar in the shuntingtrain by 1
km/h duringbraking) - - 1@ s/(km/h)(for
freightcars),

thenumberof railway carsin the shunting
train,

@ 1 permissiblespeedduringmaneuvers,

a i elementanshuntingmovement

a i

Standard®f time for half-flight of arrivalsof shunt-
ing locomotivesand rearrangement®f cars and
compositionsaregiven in (Kamaev,198]) in case
thatthehalf-flight consistof stagef acceleration,
movemenwith admissiblespeedandbraking.
Ontheotherhand thetraveltime andthedistance
travelledaredeterminedrom the equationf train
motion

_ ’T‘Q nQ nQ nQ
-~ ®)
— Qd
where
0 ¥ isthespeeddf theshuntingtrain;

¥ traversedpath;

Q ¥ specifictangentiatractionforce of thelo-
comotive;

Q ¥ totalresistivityto train movement;

Q ¥ specificbrakingforce.

"Q,"Q i conversioncoefficientsthat take into ac-

countthe dimensionsof physical quanti-

ties.Whenmeasuringhevelocityin km/h,

thetime - in asecond mass- in tons,spe-

cific forcei in N/kN andthetraversegath

- in meters, coefficients are equal:

ki=0.033,k>=0.278.

Thus,thetractionpoweronwheelsandstartingtrac-

tion force shouldensurethe movementof the train

of agivenmassatagivendistancen atime notex-

ceedingthe standard.

In general,an elementaryshuntingmovementcon-

sistsof four stages:acceleratiorphase movement
with a setspeed movementwith traction switched
off (coasting) anddeceleratiorphasgFig. 4). Total

duration of elementaryshuntingmovementequals
thedurationof theindividual steps

60 0 06 o0 o (7)

where

0 ¥ istheacceleratioriime duringwhich over-
comesthedistancds;

0 I isthetime of movemenwith thesetspeed
duringwhich overcomeshedistancdy;

0 I thecoastingtime duringwhich overcomeghe
distancds;

0 I thebrakingtime duringwhich overcomeshe
distancda.

Vi
---

< pig =

| P <« N
rd

® T thepermissiblespeedduringmaneuversl; 1 thedis-
tancewherethetrain accelerated; i thedistancewhere
thetrain movesatanacceptablespeedj; i thedistance
wherethetrain movesby inertia;l, i thedistanceon
whichthetrain brakes

Fig. 4. Elementaryshuntingmovemenincluding
four stagesacceleration movemenwith a
setspeed inertiamovemeni deceleration
(Methodicalinstructions 2003)

Accelerationtime to speedv, is determinecby the
expression

o -

— (8)

where’Q —— ( Fkis thetractionpoweron the

wheelforce of the locomotive,M. - is the massof
the locomotive,Ms - the massof thewagons). The
tangentiatractionforce canbe definedasfollows:

ol o

where'O is startingtractioneffortin therangefrom
zeroto the speedw at which the transitionto the
characteristiof constantpower takesplace,while
0 isthetractivepowerof thelocomotive(kW).

In the caseof electrodynamicsrakingthe time of
braking with electrodynamicdrake can be deter-
minedin this method
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0 - — (10)

where

Q - ¥ is the specific braking force of the
electrodynamicbrake® -thebrak-
ing forceonthewheelrim,

w I speedof thebeginningof braking,

w I speeddf theendof braking.

} 6 m o

where

6  ¥isthemaximumbrakingeffort in the range
from zeroto thespeedw atwhichthetran-
sitionto thecharacteristiof constanpower
takesplace,

U ¥ poweronthewheelin themodeof electro-
dynamicsbraking.

Thetotal brakingtime is determinedby theformula

0o o o} (12)
whered is the durationof braking by the pneu-
maticbrakefrom speedw to completestop.

Duration of driving modeswith set speedd and
coastingd defined as the difference betweenthe
normativetime andthetotaltime of acceleratiorand
braking.lIt is importantto notethatthe rationaldis-
tribution of thedurationof theoperatiormodeof the
locomotivein variousmodescanbe determinedcoy
optimizingits movement.

Thus, the time of movementof shuntingcombina-
tion of railway carsdepend®nthebasicparameters
of thelocomotivein the trailer andbrakemodesof
work.

We performestimatiorof influenceof tractionforce
whenstartingandtractivepowerfor the durationof
the accelerationTo performthis we do calculation
by expressioi8) for differentvaluesof steadyspeed
of movementV with different masse®f combina-
tion of vehicles.In the calculationsthe massof the
locomotivewastakenequallOOtons,thespeed 15,
25 km/h, the startingtractive effort i 150-300 kN,
the power on the wheelsi 200800 kW. The

calculationwas carriedout for sectionswith a zero
slopeandaslopeof 1,54 .

Thedependencef theresistivityof carsandaloco-
motivewasestablishedccordingto therecommen-
dationsof the Rulesfor Traction Calculationsfor
Shunting (Traction calculation, 2017) (units of
measurementN/Mg):

- mainresistivity of a shuntinglocomotive

0 g T8I TWITMTWP (13)
where0 - is thespeedf movement.

- basicresistivity of four-axle cars

o vy =28 8 (14)

wheren} - istheaxialloadtakenin the calculations
equalto 23 Mg.

- additionalresistancérom theslope
0 W)

where'Q is theslopein a .

(15)

Resistancéo movementwhen startingoff, driving
onturnoutsandcurvesarenot takeninto accountin
thecalculations.

4. Results

Fig. 5-10showthecalculationresultsof theacceler-
ationtime of atrain with a changen its masstrac-
tive power and startingtractionforce. The calcula-
tions were carried out numerically using the (8)-

(15).

Tables1-3 showthe given numericalvaluesof the
acceleratiorduration.

Analysisof dependenciem Fig. 5-10 andthe data
in Tables1-3 showsthat the increasein traction
force substantiallyinfluencesreductionin the dura-
tion of accelerationwith greatvaluesof tractive
power.Whentractive power.the wheelsis 200 kW

theincreaseof tractionforcefrom 150kN to 300kN

(i.e.,at100%) leadsto areductionin thedurationof

acceleratiorto 4-7 % dependingn the massof the
train. At the sametime, with apowerof 400kW the
reductionin the durationof acceleratiorwith such
anincreasdn tractionforcewill be 23-25%, with a
powerof 600 kW i 42-50 %, with a powerof 800
KW - 47-52 %.
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Fig.5. Thedependencef theacceleratioriime on thetractionforce of atrain weighing5000Mg upto a
speedf 15 km/h on a horizontalplatformat variousvaluesof tractivepowerat thewheel
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Fig. 9. Dependencef theacceleratioriime onthetangentiapowerof atrain weighing3000Mg upto a
speedf 15 km/h on a horizontalplatformat variousvaluesof startingtractiveforce
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Fig. 10. Dependencef theacceleratioriime on thetangentiapbowerof atrain weighing1000Mg upto a
speeddf 15 km/h on a horizontalplatformat variousvaluesof startingtractiveforce

Tablel. Dependencef the durationof acceleratiorof atrain with amasss000Mg

. Train acceleratiorduration,s Reductionof train ac-
Tractivepowerat celerationtime
thewheel kW Startingtractiveforse 150kN Startingtractiveforse300kN s '
200 652 625 27
400 234 179 55
600 208 118 90
800 202 97 105
Table2. Dependencef thedurationof acceleratiorof atrain with amass3000Mg
. Train acceleratiorduration,s Reductionof train ac-
Tractivepowerat celeratiortime
thewheel kW Startingtractiveforce 150kN Startingtractiveforce 300kN s '
200 241 227 14
400 123 95 28
600 109 66 43
800 108 57 51
Table3. Dependencef the durationof acceleratiorof atrain with amass1000Mg
Tractivepowerat Train acceleratiorduration,s Reggg:gzﬁ)friirre::g ac-
thewheel kW Startingtractiveforce 150kN Startingtractiveforce 300kN s ’
200 64 60 4
400 39 30 9
600 35 22 13
800 34 18 16
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Theincreaseof tractivepower.significantlyreduces
theaccelerationime, thusincreasinghepowerwith
thegreatettractionforce providesthegreatereduc-
tion of acceleratiorduration.

At thesametime, theanalysisof thedependences
Fig. 5-10 and the datain Table 1 showsthat the
changein the accelerationduration is nortlinear.
Whenthe tractive power.changesrom 200 kW to
400kW, theacceleratiordurationis reducedoy 2-3
timesdependingon the massof the compositionof
railway cars.Whenthe poweris changedrom 400
kW to 600 kW, the acceleratiortime is reducedby

900 -

800 _—

10-15%, andwhenthepoweris increasedrom 600
kW to 800kW - by only 3-5%. A changen thetrac-
tion forceinfluencesthe acceleratiotime in asimi-
lar way : whenthetractionforce changegrom 150
kN to 200 kN, the accelerationdurationwill de-
creasemoreintensivelythanwhenthetractionforce
changeg$rom 200kN to 250kN andfrom 250kN to
300kN.

Fig. 11-22 showthedependencesf theacceleration
durationto a speedof 25 km/h on the tractionforce
andtractivepoweron the horizontalsectionandon
theslopeof 1,54 .
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Starting tractive force F, [kN]
0 400kW 6 600kW & 800kwW

Fig. 11. Dependencef acceleratiorime ontractionforce of a train weighing5 000 Mg to speedf 25
km/h on ahorizontalplatformat differentvaluesof tractivepowerat thewheel
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Fig. 15. Dependencef theacceleratioriime on thetractivepowerof atrain weighing3000Mg upto a
speedof 25 km/h on a horizontalplatformatvariousvalueof startingtractiveforce
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Fig. 16. Dependencef the acceleratioriime on thetractivepowerof a train weighing1000Mg upto a
speedf 25 km/h on a horizontalplatformat differentvaluesof startingtractiveforce
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Fig. 17. Thedependencef the acceleratiorime on thetractiveforce of atrain weighing5000Mg up to a
speedof 25 km/honaslopeof 1.5a atvariousvaluesof tractivepoweratthewheel
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Fig. 18. Dependencef theacceleratioriime on thetractiveforce of a train weighing3000Mg upto aspeed
of 25km/h onaslopeof 1.5a atdifferentvaluesof tractivepowerat thewheel
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0 900kW & 1000kW & 1100kW
Fig. 19. Dependencef the acceleratioriime on thetractiveforce of a train weighing1000Mg upto a speed
of 25km/h onaslopeof 1.5a atvariousvaluesof tractivepowerat thewheel
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Fig. 20. Dependencef theacceleratioriime on thetractivepowerof atrain weighing5000Mg upto a
speedf 25km /h onaslopeof 1.5a atvariousvaluesof thetractionforce

O 150kN & 200kN & 250kN 6 300kN
Fig. 21. Dependencef theacceleratioriime on thetractivepowerof atrain weighing3000Mg upto a
speedof 25km /h onaslopeof 1.5a atdifferentvaluesof startingtractiveforce



