JupL wesprtauvl)l [ [4)] wuRr MINISTRY OF EDUCATION
w 1oduvsRrR Uvstdw R AND SCIENCE OF UKRAINE

JUOA?sREBE 1 ¢0AwWwf1¢J ? 1 RrRB LUTSK NATIONAL
UMl WYTREBE viwl(itarRU[U TECHNICAL UNIVERSITY

L g z 4)YOAYY OF E ADVANCES
a0zEtOYYyAdeddz VY IN
J Zz | nzVYsil yn; MECHANICAL ENGINEERING
AND TRANSPORT

i _ e .. . SCIENTIFIC JOURNAL
YzdboyaoO 06dnYzO

ISSN 2313 - 5425

W 2(29
25

[ v A LWTSK



L[ $621.01:629.33 5

4z yomdz IS4 mdesdztsGe ' 9 BON d dztsB ZH Iz 9 Odzdz sO Ists
N 2tedzOidzf zy! €: [ 801, "222bB).7 314 M.

] dsQ ' OkOn &OkSSotsEs yhkidOdk odfe ' Isd s s v t

Hisfdz' HY j d& Is O - Hdz@®HA B aizd - tesL tectsB 5€ ) COdzlz L ° BON d
OolssEs ' d' descts swOdnf sl iz, Iste O dzf f stels dzd A fd mls
kjoidsdsc' 2 &0 Oslthss' d dskz kteodkhfstls' , 0 kO

CodBf 6 Isjtedelsets dstsH j dzs 0 Odzdlz? Isjrmde ydedn ftesyjifm' o kO

49 HBYlet fftets HJts
-2

0
' dzW st di3@ys [ 5

3 Oo dalds A€ jis o iPlsias@ s ¥ OB 2 BOMESo
050804f o'H 30.12.2013¢ts.

10kCtod? YhktedOd oCds yjdd?2 HE ) jtejd Sk dzOkS o
VSO dzd LG' Hdgs dZ9E Pelgls Odasioe ' sqd ' dzOL40Y oV His O  da

17. 03. 2020 te.

WHJ dalsdW ' ¢ Ols s®0-Bg580 Ete' h j dzdzv 1 Oy’ tsdzOdz! dzts® ©WOHJ UL !
fdlsOdy IsjdzjBOYj dede? *° tOH' Shsodzj dgdz? -~ 40 o' n 1

terosAwsr ¢ s 4 wc

| sdztse dzd 2 ;e RIOS trsEO w j tec ' R ., lsudddsig dysts, [ zy! S d2
sjrds yded?2 bkdz o jtemdlsjls.

1 Offskf dzd & ¢ ts dztsiop detsiclts * 19 ) HUDS tistds to O 1 . SlszOd.t5,0 e s | fyts
ZOY' 5dz0dz' dzd?2 Isjrds yded?2 kdzg o9 jtidlsyls;

ldfzmStso d2u MEEMPEISdEte] ' CIststs Ctf. bshy diD dats sHdswy j dzsdzd T 2y
sjnds yded?2 Ekdz o jtemdlsjls.

] " HYtse' HOM R N g § ¢ th ONOtez: € j stctigo yHtsYyj dals, [ vy
Isjrdz ydzd?2 Ekdz ojtmdls]ls.

Y dzj dzd  toj HOWHERI G2 U S [ J SHoEHEORSte dzy j dzj te' ©, | H Odef
Fdz o jtemdisjls (t 4 MiGemxzistm?2 ) §dzjcO) | Ehdsz dss, d YH sy j dzls
2Oy sdzOdz dzd?2 Isj n dz) QB0 @ ylkdLdz' b Wl tis]. s @kizjsoHw S d 2
ZOy' sdz0dz' dzd 2 s 7zt Qdzdd dzk oz § gzip §) i © gais.tols .} diz. [4)mivesigay | i) s
of GiSl iowaRepukliBa[ z2' 1) Atctsdzj, dz it BV jj2Aipdsds, 1 tsdz' Isj A dz ydzd 2
(1 stelsz¢ @ksH)Odd?2 wetty ®€jtse dRtsoduusyyj dzls, [ Eky! $d2 d
dz' o j tqfi@dagsls; dz0@ [ dzj dzO0 H.dig.C MP et | fHtz@, | Oy' dzOdz dzd 2
M sHOtMiseo O O o dsh sERLEE T s @ dgdze, HizifCioRp di' Odzdz'd
kteOd&zy seistsdz 15O Usnjidyj & rissiiztdy S 10V @ Bepublian & &z y - ] sOd
dilsjf OdgsoY.yls. dz. , Htsyd dzls, J 2y €d2 dzOwyO A0 dzb Hatft® H dlsi3e
l osntstgsoHf.Us. dz. , W jMste, 1 Oy' tsdeOEO sdzddm AsQsip) dallfs® fgids T
ftets? jMsts, vd 9 jtemdlsjls | ' dB@pBOOd OWdkiO [ di Oy Gl

f ctsW j Rptachnika Rzeszowskam. IgnacegolLukasiewicza (t J M B dz' ¢ Od UV 'sdztuls ® s
| ocj dagso ky Is. dz. , HisYJ dzls, J 2y €d2 dz0 g  HRae@ €z' dadjtc G s §
1l Jbtetso fy Is. dz. , H By jOdds ,dzdf2lz Us' jCrddR wd@\p*° zddz” o j emdIs g Is.

[ekCk' Is' Mw L O g\ ) gtz ds
[y’ Ccts d&zOY' s5dz0d desets Isjnde ydesets kdz o to
(} tosls ¢ 50 ' H28. 11.20 25ts)

E [ uv2025


https://www.uniza.sk/index.php/uk/
https://www.uniza.sk/index.php/uk/
https://www.uniza.sk/index.php/uk/

1 [ we v

CONTENT

| steBOYtse 1. A., wo' yddzm' ¢
ddtejHdw hodHC " Mmisy h" dz dat
Stc! WO dz' ded d3d Oo IstsdstsB ' dzw

P. Horbachov, SSvichynskyi
the average vehicle speed in a dense traffic flow
three slow-moving vehicles on a road section w

5B 3 X JdAs>pgfd o sfilsw dsd éd¥@édBj.o|6 |limited manoeuvring pportunitieg é é é é é é . |6
Mo telzC 1. [. V.0O. Khavruk

Jy® dz€ o JIWiClsdoe dztsfls d Truck operation efficienc
Oolstsdizspédze g éééeééééééeé. .23 assessmeé e éé ¢ . eéééeecéééeeée |23
¢. styddzo A. Kochina

[ smdz' HY J dedzw fesfdiskzf j dzp o Research on the demand for road pu
CtesdZBOHM! S dd3 IsteOdzmy tstels 5 d3./34 |transportation in suburban trafficeé € € é é é . . |34
0.5 tet5,8UG (b A3 ,dzls © ®. wKorobko,!. V. Semenov

AlzdzG y' s @0 @ Hz2Q e desfotddziCnls O B Functional adaptation in a grain carrier when
BOMYj 26 jtojotsé §&é e ééé ... 41 |mass of transportegrain is unstablé é é é ¢ é |41
sdtcd d&zOr O w. l. S.\V. Kyrylakha

| Olsj i30Isd ydzj dEstsH j dz¢ 9 Odzda? Mathematical modelling of thermomechanical stal
ftod OHdglis d o alzthc tsIsts 9 dzj dzdz' additive manufacturing and welding of titanil
sdlsOdztse d n Mt dzOoe * o H alloys for transpol
BO"N JdesB e &6 Oézélzt é 6 66 €€ éé |52 |engineering é é 6 é é6ééééééééé.é |52
1 O9 dzj dzf 5 .1, | d&z' Miste Ol O.V. Pavlenko, V.O.Yelistraov, A.A. Chernysh
MmOt s [ . ¢. O.A.Kharkov

VHEME B5dz0 dzj dzdz sjrn dsdztsc Improving the technology for manufacturing elec
swesodnmn OCEBBzdwWIststedzd - B vehicle traction battery housings to protect agq
LORdMIsE 9" H EH@edER étfeh (61 |impactdamagé é é 6 6 éééééééeéé.é bl
1 "ottt 4. 1., lwkMm €d2 H. Pivtorak, Ye Pruskyi

]l d¢ tsted Mls ©daedaw C dzOMmlis j toc dztsaz Using cluster analysis to study the characteristic
~OOCIjdMmMisds d € totse Odzls (68 |micro-freight flows of shoppeksé é é € é € é . |68
Visdygwl. N. Ptytsia

] SH | dzt HBdeds @ s @EOBREd Misj &3 Modeling of additional time costs in the rc
Qo ls ts 3eaf Hds | o gz@ Js @4fst Mileé é é é |77 |transport system at the last mile stégé é é é ...|77
Visdygw .1l Isdywy. N.V. Ptytsia, H.Hr. Ptytsia

t sdzils 2y detdglas) dizjW Ssldctz iz oOidedf Is The role of artificial intelligence in building adapti
Mils OdzPelzy Y cc'@dg O dzélzt & € € € € é € . |82 |and sustainable supply chains............ccceccvveennee. 82
Steyj dai 5., o' SO, v s5C sdztso nd . Yu.V. Yurchenko, O.V. Siora, M.V. Sokolovskyi
Jted i . A tesditsfo,) j tedzOyplS d 2 A.P.Hryn, M.O. Frolov, A.V. Bernatskyi

1 f dztf ©® tc O A3z tc ] W datOstass alA@dgdsd3 | Influence of laser welding parameters on
Lo Otcddl M dzOMdas dz§ s dzd Bilstsdsts ™ 2 ¢ geometry of welded joints of thisheet stainless st¢
fls GBI 304........cooiiiiiiiice e 87 |AISI304 éeééééeééééecééeée 87
1dByjo S. 1., |jess) tduiZtsde W Y.V.Zybtsev, P.AVoroshyloy .M. Sheverdin

[ S jtodd3j dzls Odz! dz® sty da® O Experimental evaluation of methods for calcula
tesL sz StcOdmMtEBBlédBd&® éL ¢ 97 |vehicle accelerationtimé é é é é é é é é é é |97
] OtcOdetse w. [. 1 OtOdefs € d2 I. Baranov, M. Baranskyj S. Shvets

JfdEoy" w s jOIlsdo dzsE s Optimization of Operational Planning for Freil
Oolssditse ' dz/ dzd - fjtedoduLyd Road Transport Taking into Accouritet Specifics @
sMcedzdotsMisj 2 HBMIsO9s C&é &36106 |Small Batch Delivery.........occceeviieeiiiieiiiie i, 106
I sHOSE [ . 1., J1tHOC | . w. M. Bodak V. Bodak

Il dud mdMmilsj &3 sjted3tstej 6 Iz Types of thermal regulain systems of the tractic
Jdzj ClstetsdisB ' dzvé éle @ é 'é® é@dz0O d 114 |battery of an electric vehicle and their analysié . 114

ISSN 23135425

, 2025, 2 (25)



122800 [ . [ .,
L. 1.
| BHjdz¥ 9 Odzdzv o f dzdoz ¢ OO
O tBBlskz dzj tej ¢z dz &sd .O.dxs ¢

MBS dizZBH 59 O

121

M. Buhaiova O. Kholodova |I.
Shevchuk

Modeling the influence of road humpsrameters ¢
the operation of an uncontrolled intersectiéré é .

Bugayoy Y.

121

| Bdslss ¢ [ . 1., 1 0dztsB' &&O | M. Holotiuk, O. Nalobina, O. Bundza

ddzOdz" L. of dzdolz j dzj dzj dzls’ o Analysis of the influence of traction system elem

o dzi uddiglg kls dz@ éEtétEdzle € é é € é |131] of heavy tractors on soil press@et € . ............. 131
r qlswis+ “ 9 [ . 1. O. Dityatyev

Jy dz€ 0 off dzdo kz dzj dz' dz' 204dE Assessment of the influence of nonlin

it "He M&d, OistelsdL Olsstc © characteristics of suspension components, S

H' OG dzts frplsélzéoéCedpdené é é é é é é é é | 140|absorber, on the results of their diagndstée é é . |140
10 y@zE [ .., ) ONOEBgERCY ][ V. Zakharchuk, O. Zakharchuk, S.Khomych, S.
. J. Prystupa

l d¢ tsted mls ©dzedzw BOh ddetsB zH* The Use of Mechanical Engineering Technologie
o] Bsdzls® IsO o' HdBmeédjédrds' é ..H150|the Repa and Restoration of Partsé é é é . é é|150

we OdzS s9 © [ .
[ sfydz' HYJ dadz¥

., AjJH"  dz .
f OtcOd3j Iste’ o

{ .Ivankova, V. Fedin.
Research of parameters of the technology

HilsOdzj 2 f dzOMmlisd ydzg 63¢€ 8 ¢ € ts € 155|restoration of pds by plastic deformatiagné é . . |155
ssoykte s. 1., AjHBBBY | .5 K. Kovtsur, V. Fedorov

{ sLtesB C O f dzO dzlz 4 SMmy Development of an experimental plarr fine truck
sBMdzz ¢ ts9 Iz 9 Odadzw 9 Odzls Oy dzq maintenance process at recycl
fjtcijtccBE@f ééééééééé.éééé. |165point éééééééééééééeeéééé 165
ssdzHtcOIse € [ . ¢ . M. Kondratiuk

[ SMdz" HY J dedzv BEdstse | ¢ MY dzlz ¢ Research of operation conditions for N1 catgi
Oo Istsd3ts B ' dz'Nde ECerdséjecésiteod’ € € € . | 174 hybrid trucks.€ € € € . .occvcvveeeevciieeeeiiineenn, 174
skys 1.1. N.G. Kuts

¢ zyoOmdz J ey z2 OOy 2 dz Contemporary Operational Requirements for F
Istc O dzf §f stcls dadéré éLECEfipteBé éoé é é . |183|Vehiclesé é 6 é ¢ 6 6 éééééééééé |[183
[feBd2 | .1., | steBOytse 1. Ye.Liubyi, P. Horbachov, S. Kapinus, O. Hubariev

{. &.

(S jtoddgd delsOdz? d&zO y' dzf O Experimental estimation of the impact of adee
&zO jWiClsdedz Mis: é & &6 dzk é ¢ & 190|time on the efficiency of a coordination pta¢ € {190
[OC MBSO [.d., [ OCMddBtss 0. Maksymova, SMaksymov,V. Potapenko

[ S sdes 3’ Y dzO JWJgCIlsdoe dz Mis Economic Efficiency of Centralized Maintenance

tcj B dzls* o ‘ spMmMdzzeso iz Servicing of Technological Vehicles in Iron (
OolstslstcOdzMl Stclskz dzO € O©ézE L £198Quarriest e 6 ééééééééeééééé. |198
[ OQtedBzls w. ¢., 1 jLt' Hded2 I. Marmut, V. Bezrdnyi

[ Olsj 3OIs d ydz BEHJ A& H dzw Mathematical models for calculating toxic emissi
stsCumief = toj yso ddz Oo IstsB iz M0O|210|of a bus with a diesel engideé ¢ ¢ ¢ é é é € . [210
J 4 dz dzg'oCus o O Yu. Melnikova

dlstcOlsj ¢ ZftcOo dz' dedzv O Strategies for managing road transportation in

9 kRS dz@B Odz! dzd = teddzé 50 dn context of global market changes: analysis of
ztse ' Misd ydzd & éme jéte@letwte éad . | 220 activities of logistics operatoks é é é é é é é . .|220
JsmMeOdzs ¢ [ . [ ., sOhGCOdetsa M. Moskaliuk, A.Kashkanov

Vi cOo dz' dzdgv LOf OO d&d L OY Spare Parts Inventory Management in Fre
Oolstsdsse " dzt dzgd & W dsteg ©4 L B @« Transport logistics under Multifactc
dzj © L dzgO&y§ élaksdndsé é é é 6 6 € € € é |230|Uncertaintyé é é 6 é é é éééééé ééé |230

, 2025, 2 (25)

ISSN 2313542¢



dte .l 1.
dztseo .t .

tc iz dzls z 9 O dzdzw

, w09 dztse 1 .
[ ezr | . w.
ted Csd3j dzv O
ftetsyd Mk

. 239

R. Puzyr, D. S a v *, &dmarvKachmay |. Dmytriv,
R. Kozlov,Ye Yeruh

Justification of recommendations for the desigt
technological processes for manufacturing
repairing connectinglements in automotive exhal

systeme eeéeéeeeeeceeeeeee .e.

.|239

o OdstsMist,dzOdzr £ 4 Sr 4 dsB " UG 2

V. Samostian, M. Handziuky. Dembitskyi

U4 dgH j dzy’ tesLodlsCE Oolsts Tendenciesin the development of the automot
ydWtcsoé addéyé € 6 € é é é é é é é é é . |248|industry under digitalization conditiodsé é é é . |248
g On dzts ) Jdedh € ] V. P. Sakhno,V. P. Onyshchuk, V. M. Bosenko,
dlsjdzt BOPES w. |. V. Stelmashchuk

[ s OzOdz' L ftesyj Mz GO Analysis of the Braking Process of a Vehicle with
ftoedud f sz COdsé &dsdcé é é  @¢é é . |254|02-Category Traileé é ¢ 6 6 é é é € é é 254
gtsCtsdzj deSts [ . 1. 0. V. Sokolenko

[ sy dzde ' Mis: LOMistsmE o Odzdzw The possibility of using telematics for monitoring
Ctsdzlstesdzse L O Isj n dg' ydzd@i ésls 266 |technical condition of vehiclésé é é é é é é é |266
gtsdzlskzfmp ¢. 1., sdz i3 [ - ©. A. P. Soltus, E.S.Klimov, L. A. Tarandushka

l dL dzOyd dedzy S5 W' y' ' dagls ©.. t273|Cornering stiffness determinatiéné é é 273
g MskC 1. [. V. Sistuk

[ sH j dzt o Odzdg™ GJdzi 6Oy’ i Modelling trip generation for road freig
90dzlsOy dedrn H Jitej o] L jédB é ézé .d284|transportationn Kryvyi Riné é € é é é é é . é. |284
zkBO | . 1., [ BB Bdz! M+ € ( Y. Shuba, O. Dobrovolskyi, O. Marynych

1§ dzd o odHE JOdzde O dzO Influence of fuel type on the fueéconomy an
Jetsdzse' ydz2 (€ OL dzd € dé O Is 292 environmental performance of an automotive eng|292
I sdz &S jodyu ., 1EkBtsojy+ G R. Polinkevich, N Zubovetska R. Redko, T
v., 10d&zjsO [., 1O0Odzjys Cd2 Chetverzhuk, O.Zaleta, B. Valetskyi Pylypet:

[ smdz' HY J dedzv  Istfj tel3y § Jtehi®'lsdz to Researclof temperature processes during drilling

305

. 1305

313

List revi ewer s eeeeeee

313

ISSN 23135425

o 2



E Horbachov P., Svichynskyi 2025

V[ $56.11, 656.13
UDC 656.11, 656.13

Horbachov P., Svichynskyi S.
Kharkiv National Automobile and Highway University, Kharkiv, Ukraine

THE AVERAGE VEHICLE SPEED IN A DENSE TRAFFIC FLOW WITH THREE
SLOW-MOVING VEHICLES ON A ROAD SECTION WITH LIMI  TED
MANOEUVRING OPPORTUNITIES

Forecasting the urban traffic flow parameters remains one of the most challenging tasks for scien
practitioners around the globe. The fundamental diagram of a traffic flow, which is a statisticdiljslesta
relationship between flow parameters, helps to solve this task. This diagram shows a decrease in spee:
increase in flow density, and one of the explanations for this is that drivers are forced to adapt to the speed
vehicles in front. This affés the variation of speed and indicates that it is reasonabl@s@enit a random variabl
with the mean and distribution, which depend on traffic conditions. For free flow, the normal vehicle
distribution is generally recognised, while the issfievhat distribution to use to represent the speed in dense t
remains open. The current research contributes to the clarification of this issue, and its core is an elaborat
process of forming an average speed of similar vehicles in ttsestemaffic flow on a road section with no overtaki
opportunities. The search for this average value was started by considering the simplest situations of a vehicl
where all vehicles are expected to move at the same maximum permitted spmsd@xone or two slovmoving
vehicles that limit the speed of the others. This paper is a logical extension of these situations and is d
deriving a formula to calculate the average speed of a traffic flow with threensboing vehicles. A genalisation
of the obtained results will create a sound basis for deriving a formula to calculate the average speed of a de
flow with any number of slownoving vehicles. The availability of this formula can be a starting point
understading the changes in normally distributed friéew speed caused by a dense traffic flow.

Keywords: traffic speed, average speed, traffic flow, flow density, traffic lane, traffic conditions, anal
modelling, transport system

INTRODUCTION

Traffic flows (TFs) in modern cities significantly load street networks, causing many transport,
environmental and safety problems [1]. Important information for their solution is the main TF parameters,
including speed, which is particularly important [2]. The speed hiarigan be considered sufficiently
studied in fredlow traffic conditions, under which it is well described by normal distribution [3]. This
distribution is widely used in practidefor example, when planning traffic management measures, transport
enginers and researchers estimate the percentiles of a normal distribution to set speed limits or advisory
speeds, determine the modal and mean speed, pace speed, etc. [4].

The statement about the normal distribution of speed inflivaéng conditions is basednly on
empi rical dat a. At the same ti me, it does not cont
and social activities [5], which undoubtedly include the satisfaction of mobility needs. On the other hand,
the behaviour of road usein TF is determined by the individual characteristics of their mind, which results
in the choice of a specific speed in certain traffic conditions. At the current level of knowledge, this excludes
the possibility of substantiating the type of vehicleegp distribution analytically, making statistical tests of
relevant hypotheses the main way to establish this distribution and estimate its parameters.

As for vehicle speed in complicated traffic conditions, no reference distribution, which scientists and
practitioners would consider universal to represent it, has been established. Therefore, the issue of
forecasing the TF parameters in urban areas, which are the places of concentration of the significant number
of traffic problems, remains relevant. Thenflamental diagram (FD) of TF, which is based on statistical data
andysis, like the aforementioned normal speed distribution, helps to solve this issue. This diagram
establishes a relationship between the flow speed, density and volume [2, 8, 9] asehte@le TF states in
one coorghate system. At the same time, the degree to which the FD considers the processes that occur in
dense TFs, causing the variation of speed and affecting its average value, requires careful analysis.

LITERATURE REVIEW AND PROBLEM STATEMENT

The relationship between the main TF parameters has been keeping the attention of scientists and
engineers for a long time. In 1930, American scientists led by Johnson A.N., while studying highway
capacity, already noted a decrease in wadpeed with an increase in traffic volume and density [10]. In
1935, Gresshields B.D. published his work presenting a linear relationship between vehicle speed and
traffic density, and his linear model is still popular [11].

The next in chronology is th&F study conducted in 1965 by Greenberg H., who presented a
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logarithmic relationship between speed and density [12]. His work also suggested that the speed depends
only on the flow density, and TF behaviour can be described by analogy with classicakfiarour. At

that time, the abovementioned suggestions could have helped represent the TF. Still, they cannot be
considered fully justified because flow parameters depend on many faatoasl surface and geometry,

vehicle technical characteristics, \dri n g styl e, dri ver 6s awareness of
conditions (lighting, weather, etd.that are not typical for the field of hydrodynamics [2, 13].

In 1965, the concept of discontinuous diagrams was established. The TF FD, whitedinitia
concept, was first demonstrated by the engineer and researcher Edie L.C. and represented the TF in the
Holland Tunnel [14]. Edie L.C. showed that at the same traffic density, two different traffic volume values
can exist on the diagram: a highalfwe for the flow entering the studied bottleneck and a lower value for the
flow leaving it. The volume drop was explained by the difference in vehicle decelerations when approaching
the bottleneck and accelerations after passing it.

Approximately in the ame period, two conceptual worksthe books by F.A. Haight [8] and D.R.

Drew [9] T were published. They made a significant contribution to the development of the traffic flow
theory. Slightly later, the book by H. Inose and T. Hamada [2] was publishddt afso took a confident
place in classical specialised literature.

In his book, F.A. Haight presents the FD plot, which is typical of modern research [8]. While
categorcally stating that any TF theory must correlate with the FD to be correct, ther alfito
acknowledges that diagrams refer to specific places and traffic conditions and that there is controversial
empirical data on the shape of the FD and the absence of a single function to represent it. F.A. Haight also
attempts to find a speed distrilmn for the entire range of traffic conditiofisfrom congested to free
flowing T and considers type | and type Il distributions (beta and gamma families) for this purpose, taking
into account that any driver cannot maintain the desired speed in tleegeest other vehicles in the flow
[8]. In these attempts, the author also notes that the problem of establishing a function to plot the FD can be
reduced to the problem of determining the average vehicle speed as a function of the flow density. Using the
mentioned distributions in the study of the movement of two vehiickekeader and a cdollower that does
not have the opportunity to overtake he bookds author tries to deri v
addition, the book considers the movernseon a twedane road with tweway traffic and overtaking
opportunities to obtain the distribution of spot speeds; here, the waiting for the opportunity to overtake is
perceived as a restriction on the movweesht[8]whiT
issues are studied using the queuing theory. However, using this theory raises some doubts as it is more
appropriate for studying traffic controlled by traffic signals than for traffic without automatic control, where
the flow parameters gend on the individual characteristics of drivers and should be determined empirically
[ 8] . At the same ti me, it is worth noting that F
the desired speed in the flow and the vehicle movementneitbvertaking opportunities are relevant to the
present and are pretty close to those that will be used in the problem statement in the current paper.

D. R. Drewds book points out that field survey
traditional way to obtain traffic data, which is equally valid for the present time [9]. The author also
emphasises the importance of speed as the traffic smoothness parameter and presents a more generalise
measure for TF quality based on the average speedroad section. The importance of the average speed
value is also nderlined when showing the prevalence of the use of the normal distribution to describe the
speed variable [9].

In the book by H. Inose and T. Hamada, speed and other urban TF parametenssidered averaged

characteristics of vehicle traffic, which is formed from vehicles having different technical specifications and
randomly meeting on the network [2]. To estimate these parameters, the authors use the analogy of the TF to
an incompresible fluid flow. In addition to the averaged vehicle speed presented on the FD, the book shows
the derivation of the traffic speed distribution function as a weighted sum of the exponentially distributed
time headway of vehicles in a free flow and the geadistributed (or Erlanglistributed) time headway in a
dense flow [2]. The reason for using the latter distribution instead of the commonly used exponential
distribution is that in dense traffic, the headways very close to zero cannot occur with Higbilfixo as
implied by the exponential distribution, because each vehicle has-zermmength. F.A. Haight and D.R.
Drew used the same headway distributions, but they did not use them to obtain the speed distribution. It is
worth noting that H. Inose dnT. Hamada, when considering the relationship between speed and density,
assume that with increasing traffic density, drivers are forced to reduce their speed to maintain a safe
distance and ensure fifia safety [2].

The research on TF FD became moresesive in the late XX and early XXI centuries. This period
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showed the development of existing and new approaches to describe the scattering of data points-on volume
density, speedensity, and speedblume plots [13]. During this time, S. Smulders publilae approach

[15, 16], according to which the part of the spéedsity graph corresponding to the free flow was plotted as

a straight line while the other part showed nonlinear dependence. However, the reasons for choosing the
functions that produce suehgraph were not explained.

Sometime later, a work that can be considered a development of the concept of discontinuous FDs was
published [17]. This work presented a diagram based on a microscopfoll@aing model that
differeniates driver behaviounifree and congested traffic flow. The advantage of the model used is taking
into account the platooning process, albeit in a simplified way, and the disadvantages are as follows: 1) the
use of a constant time headway for all traffic states up to the flemse2) the possibility of determining
one of the model parameters only based on the assumption that the maximum speed of a dense flow is equal
to the speed of the free flow with total platooning.

More recent approaches to representing the FD includghdy lilexible function proposed by J.M. del
Castillo. Theparameters of this function can be freely adjusted to obtain almost any desired graph to fit
empirical data [18, 19].

Throughout the history of research on the FD, many models have been developptesent the
relationship between TF parameters at specific locations and to study driver behaviour in certain traffic
condtions [2023]. These models are so numerous that it is almost impossible to analyse all of them.
However, there is no critical ed for this since all models constitute an approximation of empirical data
using the least squares method [20]. All mentioned models and the approaches to develop them do not
guestion the exience of a regular relationship between TF parameters. Atiteetgae, none of the models
explains the reasons for the undeniable regularities reflected in the scattering of data points in the FD plots,
i ncl udi ngdetnhsei tdysdp epeldasity. relafionship indicaes d decrease in the flow speed with
an increase in density. In the literature, this is explained by the fact that as the traffic becomes saturated
(dense), drivers reduce their speed to ensure traffic safety, i.e., to maintain a safe distance [2]. However, the
distance between vehicles is detarea not only by safety reasons but also by the fact that drivers are forced
to adapt their speed to the speed of the vehicles in front, and this fact is confirmetb-datg research
[13].

This adaptation certainly affects the variation of speed amavigrage value. From this point of view,
the speed in a dense TF, which is represented by the rightmost part of theleapsgd diagram, can
reasmably be considered a random variable. Such consideration is the subject of many studies [24]. A part of
them indicates a normal speed distribution [24], and the other part shows the possibility of using distributions
with a leftshifted mode (with right asymmetry), namely lognormal, gamma, Weibull and similar [25, 26]. At
the same time, the reasons for thengein speed values as the ffleav conditions change to complicated
ones are either not explained or reduced to the heterogeneity of the traffic composition [26]. The latter
explanation cannot be considered sufficient because the vehicle speed in @Flenset always explicitly
determined by the vehicle type but formed by many random factors, the contribution of which is quite
challenging to assess.

Therefore, a situation arises when the distribution of speed values located in the leftmost part of the
speeddensity diagram is knowin it is a normal distribution, and the distribution of speeds concentrated in
the rightmost part of the diagram is somewhat uncertain. To study the latter distribution, it is reasonable to
examine the process of forming theerage vehicle speed value, and the great attention to this parameter in
the analysed literature supports this way of study. It is rational to develop such a study by considering
pracically possible situations of vehicle movement in dense traffic aodieal description of the processes
that occur in the flow.

AIM AND TASKS

One of the reasons for the increase in traffic density on road network sections is that there are no
alternative trajectories for drivers to pass those sections without interrupfibaschange of TF state from
free to dense can be reasoned by various situations, which are often the result of permanent or temporary
traffic management measures or specific traffic conditions at certain road sections. These situations
frequently @cur in urban areas when a carriageway is narrowed to a single lane for heavy traffic and when
vehicles leaing a signalised intersection enter a road section with only one lane available for traffic. These
situations can also be caused by curb parking. In bwhtioned situations, drivers are limited in their
manoeuvrability and forced to follow slemioving vehicles (SVs) until they can overtake these SVs
travelling at a speed lower than the desired speed for others. Travelling at the speed limited byl¢hia vehic
front divides the vehicle platoon into smaller platoons led by SVs. This creates the conditions for formalising
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the processes in the flow and deriving the dependence of the average flow speed on the speed of individual
traffic participants under thestrong influence on each other.

Both of the situations mentioned abdva carriageway narrowed to one lane and a signalised entry to
a road section with only one lane available for traffiare similar in terms of traffic conditions [24] since,
guite dten, vehicles start at a particular place from zero speed (from rest), entetam@section and then
form a platoon. The vehicles in this platoon can reach the desired speed or the speed prescribed by traffic
rules. In the case of a signalised enteatw a road section, the start from rest is obvious, and the same
condtions also arise in the case of a narrowed carriageway since the vehicles can only hypothetically enter
such a carriageway without any stops [27]. Therefore, the condition of stagingdst and entering a one
lane section stipulates the need to estimate the average platoon speed at the exit from the section. To be
correctly stated, the problem of determining the average speed in the listed situations should be considered
for the oneélane sections having a length sufficient for the acceleration of the vehicles up to the desired speed
(close or equal to the permitted speed) in traffic conditions which ardidveieg except for no overtaking
opporturties. In other words, the averageeed of the vehicles should be estimated at such a distance from
the place of platoon formation that would allow all vehicles, which are not retarded bynsking traffic
partidpants in the platoon, to attain the desired speed.

This paper deals with thiask of determining the flow speed under conditions of strong interaction
between traffic participants, which suggests obtaining the formula to calculate the average speed of the
vehicles of the same type that would move at different speeds ifidveeonditions at the exit from a one
lane road section where overtaking is impossible. The search for this formula was started in papers [28] and
[29], which considered the simplest situations of a dense platoon, in which all drivers want to travel at the
samemaximum permitted speed, except for (i) one stowving vehicle (SV) and (i) two SVs that limit the
speed of the others. The current paper is a logical continuation of this search. It is devoted to deriving the
formula for the average vehicle speed ia tiase of three SVs in a platoon.

RESEARCH RESULTS

The presence of not one or two but three SVs in a TF is the next difficult task of estimating the
avaage vehicle speed at the exit from a lane with no overtaking opportunities. To address this task, it is
reasomlble to formalise it in the following way:

- let N vehicles, the number of which is more than threie=@) and which drive in a dense flow,
randomly enter a road section with one lane and no overtakipgrtunities. Let the numbering of vehicle
positions in the platoon formed at the section starts from 0. Then, under equal probability for each vehicle to
take any positionx in the platoon, each vehicle can have numfgN - 1] (i.e., xi [0;N -1]) with

probebility 1/N ;
- let all but three drivers want to drive at the maximum permitted s@egd
- let the driver of the first SV (SV1) travels at speéd 0<V, </, the driver of the second SV

max !

(SV2) travels at speed®,, V<V, /... andthe driver of the third SV (SV3) travels at spe¥gl
V, <V, &/

max’

- let D, AV, VY. be the deviation ofSV 1 6 s feom ehe dnaximumpermitted speed,
D, XV, V,)be the deviation 9V1 &Y dkespealpieche slowést vehile)f ande
D, XV; V,)bet he devi ati on o0fSVSW3s0.ss psepeeded fr om t he

Before proceeding to the derivation of the formula for the average speed of the flow with three SVs at
the exit from a lane with no overtaking opportunities, it is necessary to briefly summarisesthts of
considering a flow with one and two SVs presented in papers [28] and [29], respectively. In the presence of
only one SV in the TF, the average vehicle speed under equal probability of SV to take any pdsitioa
platoon was determined as

_ N-1_ 1 N2 ..
V= ;%v _N—a(x\,gx (N3 ), 1)

3}

1;
N

where x is the inflow position of the single SV which drives at spaéd

\7X is the average speed of the vehicles in tloa fwhen the single SV takes positian with
probabiity I/N ;
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X, 6N % \] is the sum of the speeds of all vehicles in the flow when the single SV takes
position x.
After mathematical transformations made in paper [28] taking into account designatiby, fibre

following formula was obtained to calculate the average speed of the flow with a single SV on a lane with no
overtaking opportunities

\7:V M

Lo & @

Based on this, the case with two SVs in the flow was considered in paper [29]. It was taken into
account that SV2, having the spe¥g, may take positionrx ahead of SV1 with mbability 1/N . For the
case of two SVs in the flow, it was found that {®¢ - x -1) vehicles behind position in the TF, the above
situation with one SV occurs, but with a maximum speedléqug, . The equation for the average speed of

thesevehiclegx,wherexdenot es the SV26s position in the fl o
and the number of vehicleshiad the positionx [29]:

\7:V N'X'2

X S 2(N- X _1) 2[' (3)

Then, by analogy with Eq. (1), the following equation for the average flow speed, which considers all
possible positions of two SVs amomyg vehides, was written:

<l
<|

v=1y 4y, (@)
21 2%

where the terms represent the average vehicle speed which takes into account the possibility of a SV to take
the positionxi [0;N -2] in the flow (the presence of two SVs reduces the numibpossible positions for

each of them tqN - 2)) 1 V, is the average speed if SV1 takes the positipandV, isif the SV2 [29].
After determining the totalumber of situations when SV1 can take the position ahead of SV2, the

formula forV, for the case of two SVs in the flow was obtaingg=V, % %3—2 Then, using Eg. (3),

the sum of speeds of all vehicles in the flow wi$d/2 takes positiorx ahead of SV1 was written down:
XQY, +JD(V O x DV, ®)
Based on this sum, the formula fof, for the case of two SVs in the flow was derived:
R

Substituting the obtained equations Y@rande into Eq. (4) allowed for deriving the formula for the

average speed of a dense flow with two SVs at the exit from a $amgleoad section with no overtag
opportunities [29]:

7=V, +[|i|— l\b— D, —'EJ 6)
The briefly presented results of previous studies of simpler cases with a smaller number of SVs in the
flow [28, 29] are the necessary material to proceed to the subject of this paper, namefhgitieration of
the case with three SVs in the TF.
Since overtaking on the considered road section is impossible, in the case of three SVs, the speed of
(N - 3) vehicles, which want to travel at spe¥d,,, dependn which SV they follow. If they follow the
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SV1, they will exit the ondane road section at spe¥(,; if they follow SV2, they will exit at speel, ; if

they follow SV3, they will exit at speedl;; and vehicles ahead of all the SVs will exit at sp¥d, .

Obviously, the flow speed depends on the order of vehicles in it and the total number of possible vehicle
orders in the flow isN!. Accading to the task stated, it is necessary to determine the average speed of
vehicles at the exit from a o#@ne road section with no overtaking opportunities, which considers all
possible vehicle penutations in the flow.

The probability of the event thane of the three SVs takes the positiomn the flow under a single
realisation of the random order of vehicles is equad/td , and the probability that each of the three SVs

takes the positiorx is the same for all SVs and equalslfdN . Under an equal probability of all vehicle
orders in the flow, each vehicle will take the positi@nexactly (N - 1)! times, i.e., lhe variants for

positoni ng of SVs are invariant with respect to the S
the lane with no overtaking opportunities is completely determined by the order of vehicles, and to calculate
the aveage speed fdhe entire flow, it is essential to take into account not so much the position of one of the
three SVs as its location relative to other SVs. To consider this aspect, it is reasonable to divide the entire set
of vehicle orders in the flow into subsets ihigh one of the SVs drives ahead of the other SVs. Since all
oders are invariant with respect to the SVs6 numt
vehicle) is ahead of the other SVs is equal to the number of situations in which SSX23as ahead.
Therfore, by analogy with Eg. (1) and concerning Eq. (4) and the introduced designations, it is possible to
write down the equation for the average flow speed, which considers all possible variants of the relative
position of three SVs amgnN vehicles:

-1 1 1-
VI Bk g% "
where \71,\72,\73 represent the average flow speed when SV1, SV2 or SV3 is ahead of the other SVs,
respetively.

If SV1 travelling at speed, takes positionx in the flow ahead of SV2 and SV3 (Fig. 1), the average

flow speed at the exit from a lane will be the same as in the case of a single SV in the TF. It can be
detemined using Eq. (2). The number of these situatiorthe full set of vehicle permutations is equal to
N!/3, and the probability of this event is equallf@. At that, the number of positions available for SV1 is

reduced to the firs(N - 2) positions in the platoon since SV2 and SV3 must necessarily be behind SV1.
vehicle speeds —m Vnax I

7 v 7,
4 A

vehicle positions »  x=0 / 1 2 / 3 4 / . x=N-1

the first SV the second SV (the driver the third SV (the driver
(the slowest one)| wants to travel at speed 75)| wants to travel at speed 173)

Figure 1i Traffic flow with three SVs when the slowest one takes a position ahead of the other SVs

With the same probabilit§/3, both SV2, which want® drive at speet,, and SV3, which wants to
drive at speed/;, can takeposition x ahead of the SV1.

If SV2 is ahead of the other SVs, then all vehicles ahead of it will driveeangximum permitted
speedV,,,,, SV2 will drive at speed,, and the vehicles behind it will either drive at sp¥egdf there is no
SV1 aheadf them (Fig. 2a) or at minimum spe¥d otherwise (Fig. 2b). A similar situation for a full set of

N vehicles with the same speeds has already been studied in paper [29] and represented by Eq. (6), but in
the situation under consideration in the eatrpapei when there are three SVs in the flothe sum limit
will depend on the position of SV2 in the flow.

If SV3, travelling at speed;, will take the positionx in the flow ahead of the two sloweSVs, then

all vehicles ahead of it will drive at maximum permitted sp¥gg , SV3 will drive at speed/;, and the
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vehicles behind it will drive at speed if there are no two slowestS ahead of them. If, however, one of
the two slowest SVs is ahead of them, they will either drive at sgeefiSV2 travels in the tail of the
platoon behind SV3 and ahead of the SV1 (Fig. 3a) or at sgeédn the tail of the platoon (behind SV3)
SV1 travels ahead of the SV2 (Fig. 3b).

Vinax I 8 Vs Vs Vs Vs
y A »

x=0 1 2 3 4 x=N-1

the second SV (the driver the third SV (the driver the first SV
wants to travel at speed 1) | wants to travel at speed 13) (the slowest one)

Vinax £ 7 Vs Vs Vs Vs

> A 4
x=0 1 2 3 4 x=N-1
the second SV (the driver the first SV the third SV (the driver

wants to travel at speed 17) (the slowest one) wants to travel at speed I3)

Figure 2i Traffic flow with three SVs when SV2 takes the position ahead of the other SVs:
a) the fastest SV is ahead of the slowest one; b) the slowest SV is atteafhsfest one

Vimax Vs Vs Vs 7 Vs Vs
A A LY

x=0 1 2 3 4 x=N-1

the third SV (the driver the second SV (the driver the first SV
wants to travel at speed ;) | wants to travel at speed 1) (the slowest one)

Vinax Vs Vs Vs Vs Vs Vs

» [\ 4

x=0 1 2 3 4 x=N-1
the third SV (the driver the first SV the second SV (the driver
wants to travel at speed I'3) (the slowest one) wants to travel at speed 1)

Figure 3i Traffic flow with three SVs when the fastest one takes the position ahead of the other SVs:
a) SV2 is in the tail of the platoon and ahead of the slowest SV;
b) the slowest SV is in the tail of the platoon and ahead of SV2

Now, the average flow speed under different SV positions in the TF presented in-Bighodld be
considered in detail. It is logical to start this process by deducing the analytic depende:_}c'm fiag. (7).

At the beginning, iis appropriate to mention that the mandatory presence of two other SVs behind SV1,
whether even slower or potentially faster, means that not al obut only first (N - 2) positions in the

flow are available t&V1. Taking this into account, for eachth position of SV1 in the flow, it is necessary

to determine the number of situations when it takes that position, given that the other two SVs follow it. The
total number of situations vem SV1 can take each position in the flow without the condition of the
mandabry presence of two other SVs behind it is known and is equal to

%=(N 1), ®
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i.e., the number of permutations of all other vehi¢ldast and slowi regardess of the value ok. The
dependence of the sought number of situations on the position of SV1 arises precisely from the condition of
its location ahead of the other SVs.

In the first position &=0), this @ndition is met automatically, and the number of situations when
SV1 can take this position is always equal to Eq. (8).

As for the general case of taking tReth position by SV1it should be considered that the number of
positiors in the flow available to twother SVs following the SV1 is equal @=(N -1 x). The number

of variants for placing theseso SVs on thosavailable positions is equal 80, 31]

Q!
Q- 2)!

AQ2)= Q (Q D- (N=1 » (N 20%.

At that, the fast vehicke(FVs) can tak€N - 3) remaining positions, and the total number of variants
for placing them in the TF equdN - 3)!. Consequently, according to the combinatorial rule of product [30,

31], the total number of situahs when SV1 can take the position ahead of the other SVs is determined by
the expressior(N-1 -x) (R 2 -x) ¢N &) The correctness of this expression is confirmed by the fact

that underx=0, it transforms to the right side of E¢B). Also, underx=(N -2) or x=(N 4), the

obtained expression results in 0, which is logical since in this case, there will be no available positions for
placing two other SVs.

Using these findings, the following eqimtfor\71 can be written down:

2N-2 %) (8 1-0 (N & CPe FPIN ¥ Y
\71=x=0 N

h';'l;"_(S(N-Z -X) (D 1-X{N 8! - |

x=0

In the numerator and denominator of this formula, it is reasonable to take the mulijplie®®!,

which do not depend on the summation index, @yohd the summation sign and cancel them. After this
cancellation, the presented formula will look as follows:

2 N-2 %) (8 1-x9 5 *PIN ¥ Y

- Z N

V1: = N-3 ’ (9)
A(N-2-x) (N 1-X -
x=0

where (N- 2 -x) (R 1 -X) can be considered the component that regards the number of situations when

SV1in aflow of N vehicles occurs in the positionand ahead of the other two SVs.

Eq. (9) represents the average speed of all vehicles in the flow, weighted by the number of situations
when SV1 takes theogition ahead of the other SVs. After the collection of like terms, Eq. (9) can be
simplified to

N.3 . .
A(N-2 %) (B 1-x %08 NW
7 — x=0 N
Vi = N-3
A(N-2-x (D 1-X -
x=0

Dividing the parenthetical expressiggrO D N- V)i on the right of the numerator into two separate

termsi xO [and NQ/ i allows for taking the speed, and the multiplier ax out beyond the summation

sign since the weighted average of the constant is equal to the catsefand the mentioned multiplier
does not depend on the summation index:

ISSN 23135425 , 2025, 2 (25)



E Horbachov P., Svichynskyi 2025

a (N 2 -X) (R 1-x x
V=V, +ﬁs 3
Q(N-2-x (D 1- x)

x=0

S can be simplified by removing the brackets in its numerator and denominator

The multiplier atW
m@m H L ,_mdm BH Om O

and applying the formusafor the sum of seneg_ X=———= > , ax 5
x=1 x=1

(10)

. amd@m i
arx # ¢ [30]. Putting a zero term under the summation sign in these formulas, which will not
x=1 g

change the sum totals since this term will be equal to z@ substitutingm=(N -3) to bring the sum

limit into compliance with the one used in Eqg. (10) allows for obtaining the following:

5= (N 3)2cw 2 11
x=0
x=0
N-3 2 2y 2. S
é.X?’:g‘e( S)ZGN R G 3)24(N @f 13
x=0

Removing the brackets in the numerator of the multiplie%étin Eq. (10) and collecting like terms

results in

h5.3(N-2 -X) (B 1-X x Néxé('\? DN 2)- x@ N 3)- %@

N-3 N3 (14
=(N> 3 N) 2+ O (2 N 3)oa>€ ad. +
x=0 X 9 X &
Substituting Egs. (11(13) into Eq. (14) allows for simplifying this numerator asdais
(N’-3 & 2}(NQ---3) N 2 @ N 3¢(N 3)- (N @) (2N & N 3 (N 2
2 6 4 )
_N@N® 6 N® 11N & N (N HON 2) (M 3)- O -
- 12 12 '

Removing the brackets in the denominator of the muItipIier%&tin Eq. (10) and collecting like

terms results in

A(N-2 % (010 486N 3 N-20x(x N-3) & &

x=0 X9 (16)
N3 N3 N3
=(N> 3 ND 2+3 102 N- 3)0ax- & . +
x=0 X9 X &
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N-3
Substituting Egs. (11), (12) an@y 1=1[@N 3) 0-3 +N =2) [30] into Eq. (16) allows for
x=0
simplifying this denominator as follows

3)-(NLC2) 2 N &)
6
_N@N? 3 NO2)+ N (N @ (N 200 -
- 3 3 '
The ratio of the numerator represented by Eq. (15) to the denominator represented by Eq. (17) results

(N2-3 8 2 (No2) 2N 9@ 0 a (N
. 17)

in the final expression for theuttiplier at % in Eq. (10), which can be simplified as follows:

N_3 .. .
QO(N' 2 (R 1-% 'X: NO(']}N H (N 2N & .- 3 N 3

12 Ran 9 0 2- 4

N-3 (18
Q(N-2-x (N 1-x -

x=0

Taking into account Eq. (18), the average flow speed when SV1 is ahead of the other two SVs in the
TF can be finalised as follows:

V=V, % _'b4_3 (19)

The derivation of the formula for the second term in Eq. (7) is similar to the case of two SVsina TF
(Eqg. (6)) since the presence of another vehicle willing to travel at a speed higher than that of SV2 does not
cause ay changes because that another vehicle will follow the slower vehicle and will be forced to adapt to
|l atterds speed just as all the FVs in the fl ow be
of SV2. So, the situation is precisely the saraén the case of two SVs in the flow, except that the sum limit
must now be equal tN - 3)since SV2 will always be followed by two other SVs, which also means that it

cannot take two last positions in the TF. The sum of the vehiekedspn such a flow can be written down
using the number of vehicles following the first SV and their average speed determined from Eg. (3):

XQ, +D (M @ x DV,

In this situation, the number of vehicle orders when SV2 can be ahead of th&\éshierthe flow is
also can be considered through the use of expreg¢dler2 -x) (R 1 -X). Then, by analogy with Eq. (9),

the following equation fok, can be written down:

I\é'_.s(N_ 2 'X) ( 1 _X) [XQVS +S)D (\% 2)+ (D\I X 1) -Y/J

\72:x=0 N

h5_3(N— 2 -x) (N 1-X% -

x=0

In multiplier [x@V, +JD (V& )+ (N % 1) V], which ison the right of the numerator, the
term in the middle, which contains only the constantsind D, , can be taken out beyond the summation
sign since the weighted average o tonstant is equal to this constant itself. After that, the average speed
\7X can be substituted with Eq. (3), that will result in the following:
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éCo\/ DN x Doy ggx 8
N3 . & ¢ e 2N x 1} 2
AN-2-x01-& 06
__Vs+ Q 1x=0 N
Vo = N ' N-3 ) ;
aQ(N-2 -x) (M 1-x -
x=0
A . .. N-2 - '
&OD W (NOY ——5% |
A(N-2- (0 1-x& 6 '
__Vs+ Q 1x=0 N
Vv, = N ' N-3 i !
Q(N-2 -x) (M 1-x -
x=0

N3(N2x)(1x) Q%ﬂ%

Na'-a(N— 2 -X) ( 1-X -

x=0

héis(N 2 %) (R 1- x) O %‘2 X
X=@ Q

S Vet DV (B D)-
V2
N N N

N N3 }
aN-2-x (N 1-x -
x=0
N-3 . . N3 N-2 -x
~ b aiN-2 -x (B 1-x x ISa_(NZ -(N-1 H—— =
V, =V +—2 Fs5 xXH —Z4x9 ﬁ
27 N N N3 . N .. . ’
aiN-2 -x (B 1-x - a(N2 N (N 109 -
x=0 X 9

%f(N 2 %) (R 1 x)—z&

V, =V, w2 42 250

x

a(N 2 -x) (N 1-X% -

x=0

%3(N-2 X)) (B 1-% —ZoNé . Né?:(N 2 X-(N-1 B x

\72:\71 ‘& —'52 X:G:) p X H n
N N N:3 y 26N N3
aiN-2-x(N 1-x - a(N2 ¥ (N 109
x=0
- . < a - ]
V2=V1+& DM 2 ,@Mm 9 V=2f B2 1N-3
N 20N 8 I NE 2 2 4
v, =y, S0D00 1) (20)

8N

The formula for the third term in Eqg. (7) can be derivecetam the analogy with the case of two SVs
in a TF (Eq. (6)). In the situation under consideration, which is presented in Fig. 3, the case with two SVs
arises for(N - x -2) vehicles behind positiorx in the flow. The maximum speed for theg®l - x -2)

vehiclesshould be taken equal ¥,. By analogy with Eq. (5), the sum of vehicle speeds in the flow will be

as follows:
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XQV, +D (Mt P+ (M x 1) Y, (21)

whereV, is the average speed of vehicles following the SV3 provided that it takes a position in the flow

ahead of the other two SVs. The formula for this average spée)dc(in be obtained from Eq. (6) by
replecing N with (N - x -1) and proper changing of subscripts at designati®dns

Vo=y, 2 Rgx3 D 8 %3 (22)
N-x -1 3 2N x-1¢ 3

Unlike the case of only two SVs in a TF, to obtain the formula\7§oim Eq. (7), it is necessary to use

the average speed of the vehicles behind SV3 represented by not the Eq. (3), but Eq. (21) divided by the
number of vehicles in the flow since Eq. (21) takes into account the presence of two SVs with a speed lower
than the peed of the leading SV. Given the same number of vehicle orders when SV3 can be ahead of the
other SVs in the flow as in the two previous cases with other leading SV, it is possible to write down the

equation forV, based on the afwyy with Eq. (9):

l\é—s(N' 2 -X) (m 1 -X) [XQV® +S)D (\% 3)+ (I:N X 1) S&l

_ N
aQ(N-2-x (N 1-X -
x=0

In multiplier [x@V, +J)D (W 4+ (N x 1) V] on the right of the numerator, the term in the
middle, which contains only the constaisand D;, can be taken oltleyond the summation sign since the

weighted average of the constant is equal to this constant itself. After that, average\7,§pmrd be
subsituted with Eq. (22), that will result in the following:

g =Yt B E‘:(N' 2 19 P * DN x 9 ¥

* N N3 )
aiN-2-x (N 1-x -

x=0

whereY =\, + D, '\b X 3 +__Dz g X 3—.
N-x41 3 20 x-1)¢ 3

Removing the inner brackets in expressjar®)V, +JD (N- x 1) Y} in the numerator allows for
eliminating the repetition of the value of the speed of SV1 in the flow:

m&mo

op M gy, &8 I D B R X
AN-2-x (D 1-% o B

\7:Vs+ Q +x:0 N

3 N

EB(N— 2 -X) (N 1-X% -

x=0

After that, it is mssible to take out the constants that do not depend on the summation index beyond
the summation sign:
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D, (N ><-3)-&FN-5-3
3

"O&QJO
AN el

N-3 OP
A(N-2 -x) (D 1-% ')

\73=VS+ IQJI_[N H V.0 D"2 =0 _ N
N N 2O H(N-2 ) (R 1-% -
x=0
Now, it is possible to divide the large fraction in the numerator into several terms:

N-3 .. Py N -3 e
Q(N-2 - (0 1-x O. A(N 2 X-(N-1 ®(N- x-3)

\7 =V & __& x=0 A P+ XD A

N 2N N %Y . 3 K v

A (N-2 %) (8 1-X- aiN 2 »(N16&y - -
x=0 X 9

BN-29 (8 1-04N @ 3)- -
+D2 &0

6N

h5_3(N- 2 -x) (N 1-X% -

x=0

The dgmplification of the first fraction among those showing the ratio of the sums is presented in
Eq.(18), and the following fractions of this type can be factorised to extract idex

\73=V D3 EM +

s =
N SN
N- N 3
a(N 2-x) (0 1-{N 8 -  A(N 2 XN (N1 XOx
4+ & =X 0
3N N2 ®10- 30 AN 2 (N1
N-3 = Ni(3:©
AIN-2-x (D 1-){N 8 - (N-2 -x) (R 1-x) X
+ D2 fjo Q XOQ
= N-3 AN
6N AN-2w@1-9- O 8 (N-2 0 (9 1- ¥ -

Based on Eg. (18xnd the fact that certain sums contain an indeependent valugN - 3), it is
paossible to simplify these sums as follows:

v, =V, DD QN-3 DOY- , W3 H® 3 , N 3
N 2N N 4 3N 3N 4 6 NO 6N O4

Now, it is reasonable to rearrange the terms in the following way:

V=V D Ii 3 Q+(N.. 3)- , M BO_Q D(ND 3) - _
O\l 6 N 6 NO 4 N 3N O 3N O

Jw

After that, proper terms can be substituted Wﬁhfrom Eq. (19), and the equation f&g can be
finalised as follows:

- _g D 8- N-3 N-36D, ,&4N.3 N 3 5 D _, M3-.0g N3
V, =V, +—2 —+ = A0 —— N\ —= 62 H
T 2@1%) 5 12 9N "ES Tz e oe® T N 'E
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V=V, ks D2 l\b—l Dy —'E: 23)

Thus, all the terms in Eq. (7) are dedutedtiese are Egs. (19), (20), (23) representing the flow speed
in situations when SV1, SV2, and SV3 take a position ahead of the other SVs. After the substitution of these
equations into Eq. (7), the latter one wkeae following form:

:_ _J%,O Q(M) Blég, 4o ®+1 DyuN +
93 & 270 T4 N a
This substltutlon allows for flnallsmg the formula for the average speed of a dense TF with three SVs:

\7\/%“&23%'“%3&—1' (24)

s N 6 N 12 °

This formula establishes the dependence of the average sptadwehicles at the exit from a ene
lane road section with no overtaking opportunities from the total number of these vehicles in the flow
(platoon) and the speed of the three SVs.

DISCUSSION

The initial analysis otthe formula in Eq. (24) indicates thefith the increase inN, there is an
increase in the influence of the second term in Eq. (24), which represents the contribution of the slowest

vehicle to the average flow speed and a decrease in the influence of subsequent tehmefigat the
contribution of the other SVs, Fig. 4.

This means that additional SVs moving at speeds aldpyave an effect on the average speed, which
is less than that of the slowest SV, and the closer the speed of addittsnt 3, , thelower the effect.
This effect can be characterised as follows: wiNen =, the average platoon speed will not excdedy
more than(D,/4 + )6 4/I2).

2.5

[\

second term
===-third term
-~y — - —fourth term

-
-
-
- —————
- - -

The values of the terms in Eq. (24), km/h

0
345 6 7 8 91011121314151617 1819202122 232425262728 2930
Number of vehicles N in a flow

Figure 41 Influence of the terms in the formula for the average speed of a dense TF with three SVs at
different total number of vehicles in the flow (example ®r 40 km/h, D, = km/h, D; =5 km/h)

It is also worth noting that wheN - =, the coefficients at termB,, D, [in Eq. (24) follow the

reciprocals of the rectangular (pronic) numbers (
as a characteristic of a gradual tangible decrease in the contribution of each subsequent SV to the average TF

speedV . This may mean that the SVs have a regular influence on the average flow speed since the infinite
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o

series of the reciprocals of the rectangular numbers sums'g'pq - 1 =1 [30, 31]) just as the sum of
g=1

the probabilites of random variable values.

CONCLUSIONS

One of the widely used tools to forecast urban TF parameters for engineering and scientific purposes is
a FD of TF, which is based on statistical analysis of empirical data and their approximation with the most
corvenient and, whenever possible, simple functions. Many functions have been fitted to represent the FD
but none clarifies the regularities reflected in the scattering of data points in the diagrams. This scattering
also applies to the speéeénsity diagramwhich indicates a decrease in speed with an increase in density.
The results of studying the speed as a random variable also make a little contribution to clarification of these
regularities and allow for concluding that the distribution of speed valogsgin the leftmost part of the
speeadensity diagram is known this is a normal distribution which is beyond question in the scientific and
engineering community and the distribution of speeds plotted in the rightmost part of the diagram is
chaacteised by ambiguity. To study the latter distribution, it is reasonable to carefully examine the process
of forming the average vehicle speed value and consider practically possible situations of vehicle movement
in a dense TF. Corresponding research hasady been started in papers [28] and [29], which consider
dense platoon of vehicles, where all vehicles are willing to drive at the same maximum permitted speed
except for one and two SVs that limit the speed of the athers

The current paper extends timentioned research and presents the formula for calculating the average
speed of glatoon wherethree SVs limit the speed of other drivers who would drive faster iAfliregng
conditions. Taken together, this provides a sound basis for generalisirudpttiined formulas to derive a
formula for calculating the average speed of a TF with any number of SVs. Knowledge of this formula will
be a starting point for understanding the change in the average value of the normally distribtited free
speed causkby the increase in TF density and the corresponding complication of traffic conditions.
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TRUCK OPERATION EFFICIENCY ASSESSMENT

Thearticle considers the issue of truck efficiency based on the cost of freight road transportation. Twc
of component costs are analyzed in detail: 1) which directly depend on the technical characteristics of trucks
fuel, lubricants and otleoperating materials, costs of wear and tear and restoration of automobile tires; c
maintenance and repair); 2) which are determined by the organizational features of the functioning of tr
transport enterprise (drivers' wages, deductionsdoial needs, depreciation of automobile rolling stock and getr
economic expenses). The general structure of the cost of freight transportation by automobiles is presented :
of indicators that make up two groups of costs: 1) which dependeovothme of cargo; 2) which are related to 1
characteristics of cargo and organizational work on cargo handling. The formulas for determining the first ¢
costs (conditional and technical costs) are considered in detail and given, since thef these @osts makes
possible: to assess the efficiency of using vehicles in monetary terms; compare the efficiency of different br.
models of cars in monetary terms; choose the most rational fleet of automobile rolling stock; evaluate theyeffic
the operation of automobiles in various motor transport enterprises in monetary terms.

To assess the feasibility of updating the fleet of motor vehicles, it is proposed to use the value of the €
effect, which is defined as the difference nogortionally reduced annual costs.

The purpose of the article is to provide methodological recommendations to motor transport enterp
determining the components of transport costs and assessing the feasibility of updating the motor trangpc
stock.

Keywords: cost; expenses; efficiency; profit; reliability; truck; cost price

INTRODUCTION

Currently, in Ukraine, the fleet of commercial trucks is being updated with modern foreign models. At
the same time, owners of motor transport comparfiesse cars, focusing on the prestige of the brand, the
availability of certain models on the market, their cost, etc. But during operation it turns out that the
purchased car has high operating costs compared to competitors, although it meets the nésjuifehee
transportation process. In most cases, this is due either to vehicle failures or to the high cost of spare parts
and lubricants. The efficiency of vehicle operation in commercial cargo transportation is ultimately
determined by the own@ obtahing maximum profit. The amount of profit received depends on the
efficiency of vehicle use and the cost of cargo transportation, which in turn depend on the amount of
operating costs.

When determining the efficiency of a fleet of trucks, it is necessargidtinguish between the
economic efficiency of operation and the more general concept of efficiency, which includes not only
economic, but also social, environmental aspects related to the operation of vdhi@e<rrently, the
efficiency of vehick operation is functionally related to the economic efficiency, reliability and reliability of
vehicles (Fig. 1).

Truck Operating Efficiency
v v ¥
Economical Reliability Safety
— Cost — Dependability — Individual
— Profit —| Durability —1 Ecological
— Profitability —| Maintainability —>| Technical
— Preservation

Fig. 1. Structural and functional diagram of relationships when considering the efficiency of truck operation
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Given that business entitidsat provide road transport services, in particular in cargo transportation,
pay primary attention to issues of reducing current costs (reducing the cost of transportation) and increasing
the volume of services, and therefore the economic efficiency & dperation is of paramount importance,
therefore, the assessment of the efficiency of truck operation must be carried out based on the analysis of the
relevant components of the cost of transportation.

LITERATURE REVIEW AND PROBLEM STATEMENT

The issue othe efficiency of using road transport was analyzed in their works, in particular, by such
researchers a8f. G. Bosniak, V. V. Varchuk, T. P. Voloshko, V. O. Doroshchuk, V. E. Kanarchuk, V. A.
Kashkanov, I. S. Klymenko, O. K. Kryvenko, M. E. Krystopch@k, O. Kucher, P. R. Levkovets, O. O.
Lobashov, O. O. Solarev, O. V. Tatsenko, E. I. Thortil®]3

The author8research is limited to three areas: 1) finding the standardizing parameters and clarifying
the indicators of transport work; 2) choosing the ropti routes for cargo transportation; 3) analyzing the
technical and operational costs of enterprises when operating the existing vehicle fleet.

However, cargo transportation services are provided by motor transport enterprises, for which the
primary tasksare to find ways to reduce the cdsthe operating costs of vehicles, and therefore it is
advisable to additionally consider the issue of determining the components of the cost of road transportation
and the magnitude of the economic effect when upd#iimdeet of vehicles.

PURPOSE AND OBJECTIVES OF THE STUDY

Assess the efficiency of using trucks based on the components of transportation costs and the
magnitude of the economic effect when updating the fleet of motor vehicles

RESEARCH RESULTS

Increasing profits when renewing the vehicle fleet is possible as a result of increases in the
productivity of the fleet, decreases in the costs of transporting goods, decreases in the number of road
accidents (Fig. 2). In this case, the cargo turnover increase®gnithe cost of transportation decreases,
which leads to an increase in the economic effect (and ultimately, profits) for the owner of the vehicles.

Updating the Fleet of Commercial Trucks
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Fig. 2. Expected effect of operating trucks when renewing vehicles
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When evaluating and selecting truckise equilibrium state of transportation is determined based on
the criterion of productivity and cost of transportation [10; 11].

The cost of transportation is a component of the net profit of a motor transport company:

t net= f(Uann S U B 44), UAH, (1)
where:u,,, 1 tariff cost of transporting annual cargo flow, UAH;

SinT annual transportation cost, UAH;

Fu d 44,1 trucking company taxe§JAH.

To identify reserves for increasing the efficiency of truck operation (in this case, the profit of the
rolling stock owner), we will analyze the variables that affect its value.

Uann | the tariff cost of transportation of annual cargo flow, UAH, determines the gross income or
revenue from the sale of services of a motor transport enterprise for the trasp@f goods. The tariff
cost of transportation is determined by the value of the tariff, which is the price of transportation of goods
and passengers. Currently, tariffs are formed on market terms based on costs, demand and supply. Increasing
the tarff for transportation in order to increase the profit of a motor transport enterprise can lead to the
opposite, when customers may refuse the service in favor of competing enterprises. The positive effect of
using this resource is possible only in casesratthe enterprise is clearly stronger than its competitors, or
there are other guarantees that give confidence in preserving the customer base of the motor transport
enterprise.

Sin T annual cost of transportation. To identify reserves for increasingrdii of motor transport
enterprises, the structural components of cost items must be divided into two subgroups. The first includes
items whose value directly depends on the technical characteristics of trucks. These are costs for fuel,
lubricants and ther operating materials, costs for wear and tear and restoration of automobile tires, and costs
for maintenance and repair. The second group includes items whose values are determined by the
organizational features of the functioning of the motor transpoterprise. These are drivers' salaries,
deductions for social needs, depreciation of rolling stock and general expenses.

For finding reserves to increase the profit of a trucking company, the first group is of greatest interest,
since the values of thestems vary significantly depending on the type, model, and modification of trucks.

Foudh it axes of transport enterprises. Letds ana
enterprises.

Taxes are levied on gross profit: profit tax (18% of gimsdit); value added tax (20%); land tax (the
tax rate for land plots, the normative monetary assessment of which has been carried out, is set at no more
than 3% of their normative monetary assessment).

The amount of taxes depends little on the type dingplstock, therefore, it will change little when
choosing a fleet. Thus, the analysis of the components of formula (1) showed that the only significant
variable in the formation of this dependence of the profit of a motor transport enterprise whengcti@osin
most rational fleet of vehicles is the cost of transporte®ign

The cost of transportation characterizes a wide range of factors that affect the profit of the enterprise.
Let's analyze the cost items in order to identify the parameters thatthéfdormation of its value:

1) driversdéd wages and soci al contributions. Tt
drivers employed in the transportation process, the form of remuneration and its value.

The number of drivers for a given voluroktransportation is determined by the formula:

_D,G@, & ¢,

drivers E
dwh

where:D,, T humber of days of operation of the transport enterprise per year, days;

dw T duration of the working day, hours;

U, 7 coefficient of technical readings

Aq T registered number of vehicles of the transport enterprise, units;

Fvodiannual fund of drivers6 working hour s, hour

Fawn T @annual fund of working hours of drivers, hours.

As can be seen from formula 2, the number of drivers is affected bgrtheof organization of the
transportation process and the actual number of cars used in transportation. The annual working time of
drivers is determined by the number of working days and the duration of the work shift.

Social contributions amount to 27(2%1 single social contribution + 5.0% military levy) of the
salary. These indicators are of a social nature, that is, they directly determine the social component of the
efficiency of car operation.

, peopls, 2
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2) depreciation of rolling stock. Currently, the dagation fund, even if it is formed, can be directed
not just to restoring the value of cars, but generally to the development of the enterprise, at the request of the
enterprise management; 3) automotive fuel. The cost of automotive fuel is determiteeddsy and actual
consumption during the operation of trucks. The cost of fuel is set in market conditions, that is, by the
magnitude of demand and supply. This is a factor that is little controlled by the enterprise and little
predictable, which dependn the set of processes taking place in the macroeconomics. Fuel consumption
during the operation of trucks is directly determined by their technical characteristics, both technical and
operational, and the technical condition of trucks. Fuel consumistidetermined by the fleet, model of
trucks, conditions of their operation, technical condition of vehicles, nature of transportation, rationality of
transportation routes, fleet of cargo transported. Existing fuel consumption rationing methods take into
account all these factors, therefore, their accounting in the formation of the entenmuadie is quite simple,
but at the same time, it takes into account many technical and technological factors; 4) lubricants and
operating materials. The value ofghtem depends on the price of these materials and their market value,
therefore, this item characterizes the set of technical and technological factors that affect the formation of
profit, but at the same time is quite simply determined by existing mefhd]. 5) wear and tear and repair
of automobile tires. This cost item takes into account the costs of a motor transport enterprise, firstly, for the
purchase of new tires to replace wawt ones and secondly, the costs of restoring the performanicesof t
during their operation. Tire costs are determined by:

_ ) Bﬂ N
6= NG G O UAH, ®

where:N; T annual tire wear, units;

t ¢ T price of one set of tires (tyre, tube, rim tape), UAH;

Ru 1 tire wear and repair rate in % to the cost of the eetLf00 km of mileage %;

k. T tire mileage adjustment factor, which takes into account the operating conditions of the rolling
stock and tire mileage;

n: T number of tires on cars, units;

Ly 1 car mileage per year, km.

The first term in formula 3 chareerizes the cost of tires and their number on the car, that is, it directly
characterizes the car fleet, its model and brand, as well as the car owner's preference for installing one or
another model of tires on the car. That is, it indirectly charactetfmeproduction capacity of the enterprise
and the organization of repair production. The second term characterizes the quality of tires used on cars, the
operating conditions of cars, the quality of drivers' work, and the operating modes of cars.highus, t
parameter takes into account a large set of factors that affect the profit of the enterprise and the efficiency of
operating trucks;

6) maintenance and repair of vehicles. The calculation of costs for maintenance and repair of trucks is
carried out though the cost norms established in UAH per 1000 km of mileage. These norms were
developed for domestic models of cars [13]. Currently, these norms can be used taking into account
indexation in accordance with the market value of spare parts and matedidheaeliability of cars in the
conditions of operation of transport enterprises. It is more difficult to determine the costs for new models of
imported trucks, for which similar norms have not been established. In this case, the enterprise must organize
work on the accumulation and processing of statistical information on the actual cost of spare parts and their
market value;

7) general expenses. This item of the cost of vehicle operation is taken equal to 25% of the total costs
of the previous items dhe cost of vehicle operation, and therefore indirectly takes into account the entire set
of factors that affect the profit of the enterprise and the efficiency of vehicle operation. The values of the cost
items are also quite simply calculated using ¥abbwn methods [4]. The structure of the cost of cargo
transportation by automobilesHJi

ES=(Su+ S st S+S) Wy + R + Rt Ryt Rt Rst Ret Ryt Rgt+ Ryt Ry, UAH, 4

where:Wq i transportation volume, t;

Sy 1 costs of loading and unloading opiemas, UAH/;

S I costs of preparing cargo for transportation, UAH/;

ST costs of transporting 1 t of cargo, UAH/;

ST costs of storing cargo, UAH/t;

R, T costs associated with increasing the distance of transporting cargo, UAH;

R, T costs assoated with the mismatch of rolling stock with the type and nature of the cargo, UAH;

R; T costs associated with damage and loss of cargo, UAH,;
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R, T costs associated with performing additional loading and unloading operatidids

Rs 1 costs associatedith additional storage of cargo, UAH;

Rs 1 costs associated with the inertia of the transport process, UAH;

R; 1 costs associated with increasing the cost of transportation, UAH;

Rg T costs associated with an increase in the cost of loading and ugj@gdirations, UAH;

Ry 1 costs associated with an increase in the cost of preparing cargo for transportation, UAH;

Ry 1T costs associated with an increase in the cost of storing cargo, UAH.

The costs of transporting cargo have the following structutelHl:

S=§+Su+Skr+Swrt S+ + S, UAH, (%)
where:& 1 fuel costs, UAH;

Swm i costs for lubricants and other operating materials, UAH;

Sur 1 costs for maintenance and repair, UAH;

Srwri costs for tire wear and repair, UAH;

S T depreciation costs, UAH;

S i overhead costs, UA;

S, T costs for taxes, UAH.

These operating costs for freight transportation by car can be divided into conventionally technical
(variable)i S, Su, Sur, Srwrand conventionally organizational (conditionally constar®, S;, S;. The last
group of @mponents changes when updating the fleet of commercial vehicles approximately the same for
any choice, so it can be neglected in further calculations.

In practice, the costs of the cost items: f@gl lubricants and other operating materi8ls; and
resoration of worn tires and repa8nws are determined according to existing methods, and sufficiently
correspond to the actual production valuk§.[Maintenance and repair cosigr in these methods consist
of the costs of labor for repair workers, cdsisspare parts and materialdaintenance and repair costs are
calculated based on specific norms for specific models of cars, UAH/1000Hearexisting values of this
norm were developed for outdated car models and are currently used taking into dacdexation
coefficients, there are none for foreign car models and modern domestic ones.

In this expense item, we will include only the costs of spare parts and materials used in the
maintenance and repair of vehicles, designating the®-as

Thecostsb paying repair workers are attributed to
the conditional and technical costs have the form:

4 U &S+ S+ Swet Sspw UAH (6)

This indicator of truck usage indirectly takes into account, in monetangte

1) design features of the vehicle, directly related to the operation of rolling stock on the line;

2) actual reliability of the vehicle in specific operating conditions of the motor transport enterprise;

3) efficiency of the vehicle for specific oding conditions;

4) cost and consumption of spare parts and materials for a specific model of vehicle.

This indicator allows:

1) to assess the efficiency of the use of vehicles in monetary terms;

2) to compare the efficiency of different brands amtiais of vehicles in monetary terms;

3) to choose the most rational fleet of rolling stock;

4) to indirectly assess the efficiency of the operation of the vehicle operation service in various motor
transport enterprises in monetary terms.

Having analyzd the conventional and technical costs (CTC) when using vehicles, we: obtain

1) fuel costg414]:

S =PeLQry =P L0, ONIULHNpndW) (1 «),WAHO 1L (7
where P:1 price of 1 liter of fuel, UAH;

Qry 1 fuel consumption, I;

N_ T fuel consumption rate of the vehicle, /100 km;

L7 vehicle mileage for the reporting period, km;

Ninkm T fuel consumption it for transport work, 1/100 thkm;

Wi volume of transport work, thkm;

kT surcharge taking into account operating conditions, %.

W= Quw Ly g, thkm, (8)

where Qw1 cargo weight, t;
Lym T cargo mileage, km.
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Then:
S =PeLQry =P LO , OHLHLH Ny L Quw L ;) (1 k), MAHO 1 L 9)

2) lubricant costs [14]:
Sv=twlQm= 0 S0C: N, v, UAH (10)
where:t v T price of 1 liter (kg) of lubricant;
Qu T lubricant consumption, | (kg);
Ny, T lubricant consumption rate, 1(kg)/100 | of fuel.
3) tire costs 14:
Swr=1ulNs+ 0 Nylkdnl- ( 0 ,L)OWAH L (11)
where:f ;1 tire price, UAH
Ny T tire consumption, units;
Ny 1 tire wear and repair rate in % of the cost of the set per 1000 km of mileage, %
ks T tire mileage adjustment factor, which takieto account the operating conditions of the rolling
stock and tire mileage
n, T number of tires on cars, units;
L 7 vehicle mileage for the reporting period, km.
The annual tire consumption is

n QA

N, = : 12
T (12)
where:LyT tire mileage km;
L 7 vehicle mileage for the reporting period, km.
Therefore:
Sun=t, E& 04001 NO k O 0001 §, UAH (13)
N

4) costs of spare parts and materials used in maintenance and repair [14]:

SSPM= LL'PSPM, UAH, (14)
where:L T vehicle mileage for the reporting pedi, km.

Pspwi specific costs for spare parts and materials, UAH/km.

To determine the value of conventional and technical costs, formulas 9, 10, 13 are used. Multiplying
the obtained formulas by the cost of these matesialsd AH/unit. of material, we will obtain their absolute
values. To bring them into a comparable form, when comparing cars by this indicator, it is necessary to
divide it by the volume of freight transport work performed for the reporting p&¥idtikm. Then formula
(6) for specific conventional and technical costs for the operation of a car when delivering goods can be
written as:

STC:ViV ©R 0,01 (NOL M), € L)A1 @01 KO R+,0,01®, N,

2 B 0001NOKk m LOL R, ]+UABNthKm
N

where:Wi volume of freight transport work performed during the reporting peffidd);t
Pe1 price of 1 liter of fuel, UAH;
N_ T basic fuel consumption rate, 1/100km;
L i vehicle mileage for the reporting period, km;
Nikm T fuel consumption for transport work, 1/100 thkm;
Q. T weight of the cargo being transported, t;
L, «i distance with cargo, km;
ki allowance taking into account operating conditions, %;
t w1 price of 11 (kg) of lubricants, UAH
Num T lubricant consumption rate, | (kg)/100 | of fuel;
{1 tire price, UAH,
ns I number of tires on cars, units;
Ly 1 standard tire mileage, km;
N, i tire wear and repair rate in % of the cost of the set per 1000 km of mileage, %;

(15)
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ks T tire mileage adjustment factor, which takes into account the operating conditions dfittge ro
stock and tire mileage;

Pspmi specific costs for spare parts and materials, UAH/km.

Let us simplify formula 15 by denoting:

Awg= (1 KT fdel cOngumption allowance depending on operating conditions;

PY® = N_ ©7i fuel consumfion of cars without load;
C/' =N, Q. LT fuel consumption for transport work;

a.
W, =nTL— i wear (consumption) of car tires;
N

C; =0,01 8, kOn (@,00DL) i tire retreading costs.
Then we get the formula:

STC= KR 0.0L (D ¢)+p (POOL( D I

+P. @ L+R. ) UAH/thkm
T SPM

When assessing options for updating the rolling stock fleet, it is recommended to use the value of the
economic effect as the main criterion, which is defined as the difference of proportional reduced annual
costs:

(16)

(v= (G +EKy) T (S +ERK) =517 S NERL ) UAH, (17)
where:S,, S current annual production costs for the 1st and 2nd options, UAH;
K1, Ko 1 capital investments by options, UAH,;
gK i difference in capital investments, UAH;
Er1 coefficient of reduction of capital investmsrby options to current annual production costs.
Then the effect achieved by the owner of the commercial truck fleet, UAH, when updating it can be
expressed as:

(v=(suye (OK - puw,)(O K= apu, t,UAH, (18)
where 4 Td,, & Ta, i conventionally technical componermtfoperating costs for cargo transportation
according to the 1st (base) and 2nd (new) options.

The value of théeg coefficient in our time should be understood as the spread of the cost of capital
investments by the years of their implementatitimerefae, the value of this coefficient will be determined
directly at the production site, individually for each darovided that the cars selected for operation are in
the same price category and will be operated for the same number of years, the caefficienase can be

neglected.Then the annual effect of the rolling stock owr(ef, which is achieved when putting into

operation car models with low@TC( pr ovi ded t hat al | other component
equd):
(= DCuvs C GCu€ ,,UAH (19)

The specific effect, (UAH/thkm) is equal td14]:

[y = DGCu(;—Vlv( O Cu C,), UAH/thkm, (20)

where:Wi volume of transport work carried out by cars, thkm.
Fuel cost difference:

DS =R, 00L(1 8" ClF A GPo0 B YC .. A O =

] ) e e W . (21)
:0'01 Ql [:ﬁ@ﬁ '9&10 O’O:H' FI? ;/p ddl’® O’O(D F2 P'rlcht ddQ m’(Dl F2 QAE, dd'QUAH\'
Let us denoteQy =1 ,"* Gy; Q5 =Cry By; Q5 =1, "By Q5 =Cr, B,
Then we get:
DS, 0,01 B (@ &) 001R, (@* @& (22)

Let us introduce the relative comparison coefficient [5;

ISSN 23135425 , 2025, 2 (25)



E Khavruk V.0.2025

K ==, (23)
where: S", S i value of the-th cost item in the new and basic variants, respectively.

P, . . o
In accordanceK,. =— i evaluation criterion based on fuebst Thenwe get Pg; = Kpel: Pes;

PFZ
Fo _ QC
Qs :ﬁ i fuel consumption evaluation criterion. Therefo@! - Qg =K. (Qg * Q3J.
S2 S2

We get the following formula

DS 0,01(&, ROK, 6 @) R (' Qf

(24)
=0,018, (@ Q%) (K.OKy, 1 UAH
Difference in lubricant costs:
DS_J =F|)_;1 (6)001 ¢V§A CZT)- At)do N1|_MO E(V\Q’-OO:L (@At F V\;):O:T 2) Aj+d 2
(25)
=0,0018,, (@ Q% N,,0000:R,, (@* QF N, UAH O
P . o - Qg
Denote: K,,,, =—% 1 lubricant evaluation criterion. TheRiw = Kpiv LPvgy Kog = —o——

Qs Fo c
PL; 2 Qsz - Qsz

fuel consumption evaluation criterion. The@ - Qg K, (Qg* Qgf. Similarly: K, =—4* i

)
evaluaion criterion based on the lubricant consumption rate. TRan:= Kniv LN vo.
Therefore:

DS, 0,001 &, , PO K OJ . @).k NO B4 -Qf 8,

e ) ) o (26)
=0,0018, (@ Q% N 4K .&K KO ,)0aH -
Tire cost difference:
DSI'l :FI'>1 \@L E’EC)‘Nz (27)
Let 6s ng<TpI—Tb $ sriterion for evaluating the valuef car tires. ThenPr; = KL Pry;
T2
Kur = Wiy T tire wear (consumption) evaluation criteriésgo: Wi, = Kyw-AWh». In accordance:
2
OB = Kpr LPw, LKwr A 12WPw, LW, Wi, = Py LW L(Kpr LKy T 1), UAH (28)
Tire retreading cost difference:
DS =R, & (29)

T

P , L . S
Let 6s & x :p—Fr:’Tle'l' f&luation criterion based on the cost of retreading autibeniies. Then:
P2

L S .
P,= Kpg B,. In accordance:

DS =K, B B ngz( K 01), UAH (30)
The difference in costs for spare parts and materials with the same mileage of the compdred cars
(km) [14;15]:

Bseu=L L Psku i Pspre), UAH (31)
By aralogy with the previous formulas, we transform, then:
5spm=L LPspwe L Kspw T 1), UAH (32)

Transforming formula 20 taking into account formulas 24, 26, 28, 30 and 32, we obtain:
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DGQJC:V% @01 ng g;;D sczgg( PFKQ K]) O - +

+0,0018,, (@ Q) N 4K & Ko, 40 - -+ (33)
+PLM2 92 (IQT KWT01) P-IF:2 (ng :g) L PS-PI\/E (-IKspr 1)81 W\H/thkm
Let us denote: P,=0,018, (@ Q) i fuel costs of the new car variant;

R, ,=0,001 le @ Q% N i costs for lubricants of the new version of the car. Then the specific

conventional and technical costs for transporting go@I3T(G;) can be written like thisGCTG; = K- A
GCTG,. Sukstituting this expression into formula (20), we obtain the value of the specific effect when
replacing the base car model with a new version:
[rRso=GCTC=K A G@gITGTTG = GCTGC,; AK: T 1), UAH/thkm, (34)

where:GCTG; i specific conventional antkchnical costs for operating a new vehicle variant in the
rolling stock fleet, UAH/thkm.

Expanding this formula taking into account the accepted notations, we will obtain the value of the
annual economic effect achieved by the owner of commercial truogs updating the fleet:

[ rso = mcu%é@aé PpKQS Q J_-Z(PFLM IQLM]')K
- (35)

+PWT2 @(PT KQr 1) _PP12+(KW; Cl) PSP'M (KSPM D?’UAH/thkm

where:Pg, i fuel costs, UAH;

Puv2 T costs for lubricants and other operating materials, UAH;
Pwr T costs for tires, UAH;

Prr> I costs for tire repair and restoration, UAH;

Pspwe T COsts for spare pis and materials, UAH;

relative coefficients of comparison of options, respectively:
Kee T by fuel cost;

KosT by lubricant cost;

Kpm T by lubricant consumption;

Kpr i by tire consumption;

Kwr1 for tire restoration and repair costs;

KWT I by the cost of a set of tires;

P

Kspmi by spare parts and materials costs.

When determining the economic effect Bfsofor a fleet of vehicles, it is necessary to sum up all
vehicles.

DISCUSSION OF RESEARCH RESULTS

Therefore, the above formulasake it possible to determine the following components of the cost of
road transportation, such as costs for: 1) fuel, lubricants and other operating materials; 2) wear and tear and
restoration of car tires; 3) costs for maintenance and repair of cars.

In the general structure of the cost of cargo transportation (formula 2.4), it is possible to distinguish
two groups of costs: 1) which depend on the volume of cargo; 2) which are associated with the
characteristics of cargo and organizational work on cargoegsing.

One of the ways to reduce the current costs of operating cars is to update the fleet of motor vehicles,
the main criterion for the feasibility of updating is the value of the economic effect, which is defined as the
difference between proportion@duced annual costs (formula 2.35).

CONCLUSIONS

The structure of operating costs of cars includes in particular the costs of maintenance and current
repairs, the amount of which depends on the level of prices for car services and spare parts. It is also
necessary to take into account that the units of modern cars have a high operational resource, but in the event
of their malfunctions the price of repairs will be quite high.

Motor transport enterprises that carry out cargo transportation are constaetlyvith the issue of
increasing profits from their activities, which is impossible without increasing the efficiency of use, reducing
the current costs of operating the vehicle fleet. One of the directions is to reduce the cost of transportation.
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The imgementation of this direction begins with an assessment of the operating costs of specific brands of
cars and the selection of the most suitable cars to ensure the transportation process.
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RESEARCH ON THE DEMAND FOR ROAD PUBLIC TRANSPORTATION
IN SUBURBAN TRAFFIC

The analysis of existing approaches to estimating transportation demand based on OD matrix mod:
been conducted to identify the most effective meshfmt suburban and interurban traffic planning. The inte
concept is applied by analyzing patterns of trip length distribution within the city and adjacent territories, allow
definition of intervals within which transportation demand varies ligticen to urban centers. This provides a flexit
and probabilistic framework for capturing the variability in passenger flows, taking into account daily and s
fluctuations as well as differences in travel behavior between urban and suburbam@rdagrmine the spatic
distribution of trips, actual travel distances around the regional center were analyzed, ensuring that the mod:
realworld travel patterns and regional transport infrastructure.

The proposed methodology was applied tolwst® suburban transportation services, demonstrating
capability to generate OD matrices that are consistent with observed demand and operational data. The resu
that the intervabased approach can enhance planning accuracy, optimize flmat#ion, and support decisior
making in suburban public transport management. Furthermore, this method contributes to the developmen
robust models for forecasting transportation demand, offering practical guidance for transport plann
policymakers aiming to improve service efficiency and passenger satisfaction. The study highlights the pot
integrating probabilistic modeling techniques into transportation planning to account for uncertainties and ¢
changes in travel behavigproviding a scientific basis for eviderbased decisiomaking in the organization o
suburban transport systems.

Keywords: demandsuburbanareaity, commutersdistance OD matrix

INTRODUCTION

Under presentlay conditions, there is an increasingdemcy for some of the inneity residents to
prefer to live outside the city, in the-salled suburbs, that is, in the residential areas that surround the major
city. The suburban area is formed undefgrowthand i mpa
development of the suburban area of major cities [1], resulting in the formation of urban agglomerations,
which are interdependent groups of settlements (primarily urban) united into dynamic systems by different
types of ties (labour, produoti, recreational, infrastructure, etc.). This causes faster development of the
suburbs (primarily demographic) compared to the central city [2]. The suburbs are starting to develop at the
expense of the central city: a rapid shift of urban residents fierndntral city areas into the suburbs occurs
as well as the relocation of industrial, social and other functional facilities. In turn, the suburban inhabitants
are more likely to seek employment and appropriate education in the central city by comnontitngiine
to work or study [3]. That is, there is a continuous interaction between the city and its surroundings, which is
realized through their interconnections. One of the important factors of this interaction is population
displacement, which involvesoth centripetal and centrifugal trips.

The suburbanization process is a further stage in the development of the urbanization process, and the
development of the transportation system is a prerequisite for both these processes. Special attention should
be gven to the efficient management of the passenger transportation system, which requires accurate
detemining the transportation needs of the population. The regularities and conditions for organizing
transpordtion result from fulfilling transportation nde, which are met within the specific
transportationsupply, the salled transportation accessibility [4]. The trip number of suburban inhabitants is
one of the main chacteristics of the transportation process, which depends on the ways of fulfileng th
transportation demand and is influenced by the importance of the city in the system of international, state,
regional socieeconomic, historicatultural and other spheres, as well as the nature and content of the system
of population distribtion and paces of work in the sphere of influence of the city including its
surroundings.The distribution of the transportation demand in the area surrounding the city determines the
regularities of trip length distriltion all around the city [4] and can serve ageaandmodelling basis for
public transportation services in suburban traffic. Describing the demand pattern of road public
transportation is one of the most important tasks of modelling the transportation system of the city with
adjacent territories, whbh is virtually researched in contrast to the methods and approaches within the cities.
It lies in determining the most accurate OBRtrix, which provides an opportunity to become aware of the
quality of public transportation services and to test scenafithe agglomeration expand.
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LITERATURE REVIEW AND PROBLEM STATEMENT

There are two main approaches to determining the needs for transportation, which are the basis for the
OD matrix (ODM) formation. The first one involves surveys aimed at obtaining iataymon the current
rate of demand fulfilment and obtaining information on the regularities and peculiarities of demand
formation for mass transit [5]. Conducting field surveys provides information on actual passenger traffic, fill
rate of transportatiomeans and the trips' number. Questionnaires and statistical reports provide the idea of
population mobility (travel regularities of different population groups, depending on the purpose of the trip),
settlement patterns concerning places of work, atteedahculturaldomestic institutions, changing places
of work and moving house (changes in settlement patterns) and trip time (possible regularities of passenger
travel behaviour). Conducting a fdledged survey provides enough accurate information thsitime and
labour consuming. Existing transportation reports do not always provide full information on the distribution
of trips depending on the purpose of movement.

The second approach that is based on using different demand forecasting modelsatetereni
dynamics, trends, and patterns of demand development. This approach is lesstahsive but does not
always provide sufficiently accurate results and in some cases, it simplifies real processes. Using models to
calculate the ODM comes with ttapplication of the methods based on the statistical analysis of data on
actual trip directions, as well as the methods based on a priori logic hypotheses [6, 7]. Three main
approabes to the formation of the ODM can be distinguished, namely statisiiogthesic and probabilistic
approaches

The statistical approach requires field surveys of trips [7] and allows obtaining the most accurate
information on the transportation needs of the population. Such total surveys are mostly conducted using a
guestionniae and contribute to the formation of the most accurate ODM. This approach also implies the
application of statistical methods for calculating the ODM, which allows applying available trips' number
values of the current or previously investigated perardtie future analysis period. Such methods include
the growth factor method, the Detroit method, the Furness method (the Fratar method) and others [5, 7].
However, conducting surveys to obtain the actual matrix isintestsive and modelling is performedly
for the rates of growth or decay (decline) of trips' number.

A group of methods, which can be distinguished under the latter approach to obtain the ODM, use
various synthetic models based on the similarity assumed to exist between processes aoeithimirtige
trarsportation system and physical processes as well as laws of nature [7, 8]. This approach is considerably
less labour intensive to form the ODM, but it does not provide sufficiently accurate results. To calculate the
trips' number, gravityrad entropy models, as well as the intervening opportunities method, are used.

Methods taking into account, to some extent, the credibility of the approach to modelling ODM [8] is
based on the assumption that each individual selects a traffic route frimiteantimber of alternatives
considering their soci@conomic characteristics and relative attractiveness using discrete choice models, for
instance. Multiple correlation models [5, 7] based on identifying factors that specify the emergence of
transportattn needs and their impact on the formation of passenger flows through the determination of
coefficients in the correlation equation that determines the passenger trips' number.

Almost all the methods of obtaining the ODM are characterized by using theeualigorithm for
cdculating and the point estimate of the matrix. The approach to determining the population demand for
public transportation services that provides an opportunity of obtaining the most probable states of the ODM,
which are as close to tlaetual demand state of public transportation service as possible, is presented within
the framework of interval concepl][ This concept assumes that demands for hbased work trips are
random and can be described not by a single ODM, but by a detmf Each matrix from the set represents
one of the possible states of the transportation demand. Their fluctuations are within the range corresponding
to demand states with the minimum and maximum transportation operation that is performed during the
course of the passenger movement process. One of the reasons for such representation of suburban
transpotation needs is the shift in demand depending on the scope of influence of the city on the magnitude
of movements for the specific transportation mode.

A significant impact of human settlements on the intensity of traffic flow on public roads is specified
in the work [8]. The models reflecting an increase in traffic intensity on approaching -avdnygbkection
located near human settlements have been obtaimdte basis of the regression analysis. However, the
appication of the model gives the possibility of predicting only the magnitude of traffic intensity within the
suburban area and does not allow taking into account the probabilistic nature of tthie daihands for
trarsportation depending on the distance of human settlements from the major city.
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PURPOSE AND OBJECTIVES OF THE STUDY

Considering the existing problems of determining suburban transportation needs and approaches to the
ODM calculation, e relevant objective is to develop the model of suburban transportation needs. The model
should be developed using the approach, in which it is reasonable to apply the interval concept to calculate
suburban ODM. The application of the interval concepttrbasbased on the patterns of trip distribution
within the area surrounding the city. The regularities of the spatial distribution of trips can be determined
based on actual distances within the area surrounding the city [4].

RESEARCH RESULTS

According tothe work [4], in considering the trip length outside majorIgitgs a random variable of

the trip length in the suburban traffic, it has been found that its distribution must be exponential with the shift
parameter, on condition thati$ a part of the trip length distribution, which is considered both within the city
and beyond the city bordeetermining the regularities of the distribution gf creates the basis for

identifying the needs for suburban publicnsportation, which reflects the distribution of distances of all
suburban passenger trips. As previously defined, the form of a demand model between the origin and
destination points of transportation traffic is the OD matrix. Taking into account thatlines in ODM

cells represent the frequency of trips over a certain distance and using the concepts of the statistical
probability of an event and exhaustive events, th
written as follows:

=

p(h) =, H=Zh M)
i,j=1
1]

wherehji s a tri ps6 ituond,euringtimedntervad acomsielered, pass.;

x|

His the sum of all trips in the matrigass
The empirical probability of movin@ij over a certain eftancequ is determined as follows

fo1 . mh
P;%{Ij% | D}: a— o (2)
ii.j:le '

where I{WID} is the indicator of event, which implies that the travel distd@cérom zonei to zongj
is within some intervab.

That is, equation (2) is a probabilistic combination of event indicdfgts;. Considering the actual
distribution Ij,a , Which according to [4] has five groups of intervals, if there is a probability of moving over a

certain dstance, which belongs to the inteniabnd the matrix of distances between transportation zones,
according to the interval concept of determining transportation needs it is possible to determine the ODM
states that provide support for the exponentialribistion of {'piJ..This allows taking into account the

probabilistic nature of transportation links and eliminating the disadvantages of point estimate of the ODM.
The formation of the most probable states of the ODM within the framework of theaintencept based on

the actual information on the trips' Iengt@ that the population commits provide an opportunity of

determining the percentage ratio of the number of inhabitants, whose travel distances to the city correspond
to the defined intervals of trip length. The proportion of inhabitants, whose travel distl@nt’n&s within a

certain interval can be determined as the difference of values of the function of exponential distribution at
points correspating to the boundaries of the given interval:

it =pf, i o} =pf, I OE0} =20)- z(oD). @)

wherep{”ﬁ?d} = p{|tﬁ i D.} is the probability that the travel distant‘tg is within the intervalD, ;

D = (Dl’z; D)) is the group irgrval of travel distances of passengers that is defined by the Iﬂ’?/ver

and uppeD; limits,| =1, 2,2 , Xmr Xine 1S the number of group intervals of travel distances of passengers;

Int
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Z(D),z(OP) is the value of distribution functiohr1 at points D} and sz respectively, accordingly

the total number of movements®’ that must be made at a distance from @age interval D, can be
defined as follows

H® =pP{ e}, @)
whereHi s t he t ot ddringtimeiinpera comsidared, gpass.
To obtain the ODM, it i S nec enbes that gorraspondd to thed a
system of limitations

&

T m

,:\a_.hj ’ahj =

T oy (5)

Iah(l)—H(l),I ]' |:1’2,2,le;

%il)Ji

[aH™ =g4an=H,

i

i=1 j=1

wherehjis the required trips©o niamhjbpass.,hjtia;tween tran:

mis the number of departure and arrival zomests; HO, , HR is the arrival and departure capacity
ofeachtransportationzones,pash#.D,')i s the tripsd number, |( ich are

To obtain the OD matrix, which satisfy the lintitms (5), the algorithm for calculatlng suburban
transportation needs has been developed. In order to implement the developed methodology for determining
the suburban transportation needs in public transportation sector, the following data are rhguaedial
and departure capacity of the transportation zones; the matrix of the shortest distances between transportation
zones,; the probability of movements according to
corresponding to the badaries of the given interval.

The first stage involves checking the balance between the departure and arrival capacity of the

trarsportation zonesg_ HO = am_ HP =H;i,...,Mm j,...,m and the actual distribution of movements according
i=1 j=1
to the value of the exponentialsttibution function within the specified intervals of the total number of

movements between the transportation zq"i‘ea ®) = H
1=1
The next step is filling out the OD matrix using a random number generator with a gradual check of
each random valuie the matrix and the forming of a random state in the ODM is performed.
According to the random ODM and the matrix of the shortest distances, the frequency at which travel

distanceshifD')fall within the given intervalD, is calculated. After that, the compliance with theactual hit
frequencieslj,ﬁ is evaluated and corrected using closed loops. The calculation is carried out until the
calcuktion of the valu¢1ij in the ODM corresporgto the actual distributidlg :

The practical implementation of the developed methodology has been carried out by the example of
public transport network model of the Kharkiv region. The departure capacity of the transportation gones ha
been defined as the potential number of inhabitants of human settlements situated in the area surrounding the
major city, who move in the direction of the city in accordance with the characteristics of human settlements
and the predicted value of traffiatensity of public transit. Last value is determined according to the
expaimental studiesd] considering other types of public transport links.

SN & 1 i 6
HI; =Ny O 1259 .. 0367 &, (©)
0,829+ +0,023Q

where Ndj is the number of inhabitants of human settletmewho commutes in the direction of the
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city, people.; L, is the remoteness of human settlemieritom the city, km;kLi is the proportion of trips

made using public railway system of human settleme¥t; t is the numbepnf inhabitants of the cityin
the direction towards which the travel takes plgsople.

Experimental verification of the proposed methodology for determining the departure capacity of the
transportation zones for human satients has been carried out based on a sampling survey using the tabular
method of passenger flow surveys for different categories of routes in various princibial diieéctions.

The maximum deviation of the calculated data according to the experirsardaes is 0.31. The arrival
capacity of the transportation zone has been determined to take into account the total number of inhabitants
of human settlements who move in the direction of the city and the presence of bus stations and transit trips
which ends in the city. The public transport network model and the matrix of the shortest distances between
transportation zones have been calculated using the VISUM software.

The point objects that define the spatial position of the intersedtidhs o d e &lv are ailgd the
starting points or respectively endpoints of the
accurate refining of fAnodesodo real coordinates of
allocatiosooft hase@amentdi rected edges, whi ch char a
are independent objects of the network. The segments connect the nodes and thus describe the structure of
the road network. After that, the objects that describe the stattractors in the network, namely zones are
entered into the supply model. The points of attraction of passengers, which are human settlements, are
assigned as zones. The zones in the transport model are entry points and the purpose of the transport
movement. The centre of the transportation zone is defined in specific human settlements according to the
main directions of passenger traffic with approximately the same area of service. They are connected to the
net work by a #fAjuncteicotn 0t. h eT hfez ojnuenscot i wintsh ctomen r o ad
transporétion system, they correspond to the ending and starting pedestrian crossways between the zone
centre and the junction. The next step of the design process is to plot the stopping pihietmap of the
object under consideration and register regular suburban and regional traffic routes.

Table 1General description of the model

Parameter Value
Number of stopping points, units 689
Number of transportation zones, units 199
Number of humasettlements in the region, units 218
Number of inhabitants of hums minimum 16
sdtlements, people. maximum 56 655
The total population, thousand people 878.485
The area of a human settlement,*km minimum 0.06
maximum 56.026
Number of human se#iinents with railroad transportati 36
savice, units
Population density, people per sq. kr minimum 5.3
’ ) maximum 3694

The application of the developed algorithm has allowed for the formation of the ODM that
corresponds to (3) and (4) and satisfies limitations (5). In compliance with the actual distribution of travel
distances within the Kharkiv region, the fluctuations have been calculated within the given group intervals.

According to the calculations, the maximum fluctuati@ h}D') in compliance with the proposed
ii'jj

methodology of ODM calculation is 8.5 %.

It should be pointed out that the maximum distinguishes is observed at a distance of more than 60 km.
This can be explained by the fact that the influence of the city tends teadecsignificantly with the
distance of human settlements (points of attraction) from the city and restricts suburban transportation
service.

DISCUSSION OF RESEARCH RESULTS

The use of the proposed methodology in suburban traffic has advantages companedotasly
proposed ones. For example, the study of the spatial distribution of displacements in suburban traffic in [4] is

2025, Z(25) ISSN 2313542



E A. Kochina2025

based on the process of rural population dispersal relative to the regional center. But in the study of
settement patterns, settieents are united depending on the remoteness of their regional center. The
procedure for calculating the ODM is based on the gravity model and does not take into account the random
nature of the trip directions formation.

Table 2Estimation of ODM calcul#on

Lower Upper [Probability [Number of movements, units
Group limi P : -
interval imit, | limit, of according topccording distinguishes P
km. km. movement | probability to model
1 0 20 0.309 A1374 41958 -584 1.4
2 20 40 0.199 26645 27531 -886 3.3
3 40 60 0.153 20486 20324 162 0.8
A 60 80 0.099 13256 14386 1130 8.5
5 80 100 0.240 32135 29697 2438 7.6
TOTAL 1 133896 133896 200 r

The use of a probabilistic approach in the framework of the interval concept is presented in [7] for the
urban territories with alifferent population based on the distribution function. In this case, the author
considers the process of the emergence of new attractors at the city border and the suburban zone. Using this
approach served as the basis for the study of the trip lemgtibdtion. Confirmation of patterns in the
distribution of trip length was presented in [4] in the suburban traffic. Therefore, the proposed methodology
was the next step in the study of a suburban-lesed

ODM is certainly an integral part of the publiransport model of the suburban transport system for
road transport. Without ODM, it is practically impossible to assess the effectiveness of the route network for
any kind of trip, both from the passengers' and the carriers' point of view. That isbtayirg the most
likely states of the ODM that best reflect the mobility needs of the commuter population is the goal of
transport planning and modeling experts. To assess the probabilistic nature of the demand is still a task that
requires new solutionand the use of new approaches. The innovation of the developed methodology for
determining demand in suburban traffic primarily lies in the possibility of its use in assessing changes in the
transport system of the city and its surroundings. When forrhimgnitial information for calculating ODM,
separate the most common relationships between the city and the suburban area, determine the real border of
the suburban area for towns of regional and district significance.

The results of the calculations byetproposed methodology can represent a methodological basis that
can provide a solution to the problems of improving the organization of passenger transportation in suburban
traffic both for transport enterprises and for organizations that participdte management of various types
of activities related to the public transport system. For the alh@rdioned stakeholders in the transport
process, work efficiency can be considered both from a social point of view (meeting demand) and from the
economic gle- increasing the level of profit and profitability of enterprises.

Risks assaociated with the inaccuracy in determining the demand in suburban traffic according to the
developed algorithm can primarily be associated with the lack of actual data osttieriiibn of distance of
movement across territories in the suburban traffic, in the wrong methodology for conducting a passenger
flow survey, in inaccurate information provided by transport enterprises (trips without issued tickets). The
elimination of hese risks depends on administrative organizations interested in obtaining accurate and
reliable information to assess the satisfaction of demand and improve the efficiency of the functioning of the
public transport system in suburban traffic.

Uncertaintyof the results of calculations may pose increased risks for the population as a result of not
being in a timely manner at the final destination, which may include both the place of work and any
institution in which there are strict restrictions on the timk arrival. The developed algorithm for
determining the OD matrix allows reducing risks for the population due to the inefficient operation of public
transport in suburban traffic.

CONCLUSIONS

The proposed methodology of calculating the ODM allows usat@ tfully into account the
probabilstic nature of the demand and to obtain such distribution between the cells of the ODM, which
ensures the formation of the actual distribution of travel distance in suburban trafficleBethe developed
methoddogy is fully consistent with the interval concept of modeling transportation needs and contributes to
its appication in suburban transportation service. At that, it is also possible to develop ODM alternatives that
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may correspond to the minimum deviation fréime actual distribution of movements around the city. The
obtained OD matrices can make possible the interval estimation of any parameters related to the realization
of transportation needs and, accordingly, the quality of public transportation services.

The application of the developed methodology within the framework of interval concept can
significantly reduce a range of possible states of passenger correspondencematrix and allows defining the so
called boundaries of the zones of influence of the ciguisurban traffic.
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FUNCTIONAL ADAP TATION IN A GRAIN CARRIER WHEN THE MASS OF
TRANSPORTED GRAIN IS UNSTABLE

The methodology of functional adaptation of a grain truck by adjusting the speed depending on the di
the transported grain crop is proposed. As a result of studying theéofuaicadaptation of a grain truck with &
unstable mass of transported grain, it was found that fluctuations in the grain cargo during transportation sigi
affect the stability of the vehicle, especially during maneuvering and braking. When iesgfithatweight of a grair
truck, the density of the transported grain must be taken into account. The volumetric carrying capacity of
truck is carefully assessed by establishing a functional dependence on such parameters as nominal carryin
volumetric carrying capacity, body volume, and cargo volume. The dynamic space of grain truck operation is |
a metric state space, each element of which fully determines the state of the system under consideration ac
certain functionaparameters. If one or more functional parameters of the grain truck are unstable and devie
their nominal values, the grain truck may lose its functional stability and not perform the functions defined
regulatory and technical documentation. duch cases, the dynamic operating space is characterised by ti
functions that provide a mathematical basis for analysing the behaviour of the system. During the operation ¢
truck, the task of ensuring its functioning in one of two area®liged: the area of operation or the area of opti
operation. To ensure that the grain carrier operates in the optimal region, it is necessary to select such nomi
of functional parameters and tolerance fields to ensure the position of thd aprboutputs in this region.

Keywords: functionaladaptationgraincarrier, grainmass massinstability, accelerationequationof motion

INTRODUCTION

Ukraine is rightly considered a grain country due to the efficient transportation of grainididat®
granaries, from elevators to processing plants, and to seaports. Ukraine has createdcKdfaf@n2e
grain haulage train consisting of a Kr&511 C4 dump truck and a PCAB3B dump trailer with technical
and economic indicators on par with fgneianalogs (Fig. 1) [1]

Fig. 17 KrAZ-6511C4 g})rain carrier

The KrAZ-6511C4 grain truck is equipped with a 4@f Weichai Power WP12. 400E40 (Euro 4)
with SCR exhaust gas cleaning system, MFZ 430 clutch and Fast Gear 12jS180TA manual transmission. The
chassis is equipped with a reinforced rear axle balancer suspension, a front axle with an increased payload of
up to 8 tonnes, and an integral steering mechanism. The payload of the vehicle is 20 tonnes and the trailer is
24 tonnes.

The results of factorgk nd oper ati onal tests confir nReét hger aeifnf
truck in agricultural enterprises [1].

ANALYSIS OF LITERATURE DATA AND FORMULATION OF THE PROBLEM

The applied theory and practice of road train;wdieel drive vehicle and ofbad vehicles are
described in [2, 3, 4], on the basis of which the rational values of energy efficiency and parameters of KrAZ
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grain carriers during grain transportation are substantiated [5, 6]. However, these works do not reflect the
results of studiesrothe functional stability of an altheel drive truck with instability of the transported
cargo weight. I n [ 6], the economk2e gfé&dioci emayxko
transporting grain over a distance of 40 km was determined anidwas found that its use for short
distances (up to 50 km) is impractical.

The performance of road trains is determined by their average speed and carrying capacity. The
possibilities for increasing the average speed of road trains are limited [7} s@o#t promising way to
increase productivity is to adjust the speed depending on the density of the grain crop (wheat, barley, oats,
etc.), i.e. the volumetric carrying capacity {)m

Functionally, vehicle stabilisation is assessed by its dynamic piegpewhich are manifested in the
vehicle's response to control influences [Bjis paper proposes usitige value of the acceleration (linear or
angular) of a car that occurs when creating a controlling influence as a criterion for controllability. It is
proposed to use this criterion to evaluate the dynamic properties of a car not only when turning, but also
during acceleration and braking, i.e., controllability is charamdriby the accuracy of changing the
movement parameters in accordance with ttieeds desire. Thus, handling is the ability of a vehicle to
respond adequately to driving influences. This manifests the dynamic properties of cars while driving, taking
into account the applied forces.

PURPOSE AND OBJECTIVES OF THE STUDY

Thestudy ains to develop a methodology for the functional adaptation of a grain carrier by adjusting
the speed depending on the density of the transported grain crop.

To achieve this goal, it is necessary to solve the following tasks:

I to substantiate the functional del of a grain truck;

T to develop a methodology for determining the functional stability of a grain carrier when the weight
of the transported grain changes;

I to develop practical recommendations for ensuring the functional adaptation of a grain carrier.

RESEARCH RESULTS

Mathematical modeling of grain truck movement. When a grain truck is moving steadily uphill
with an angldJ (Fig. 2), the following forces act on it

I gravity G,, applied at the centre of masag of the vehicle, which can be decomposed into the
componentss, sindandG, codJ

i the air resistanc®,, the point of application of which is at the height of thatiee of sail, taken
equal to the height;

T reactiont ,, applied to the mechanism of coupling of the vehicle with the trailer at the gihis
assumed thdt, is parallel to the bearing surface);

T normal reaction&; andR,, shifted by a valuenfrm) from the projection of the wheel axles.

Fig. 2i Diagram of the forces acting on a grain truck when driving uphill with an &hgle

Having compiled the equations of moments of all applied forces relative to the points of applied
normal reactions angearing in mind that the sum of

(R +Rp) M
K

we obtain the following relations for normal reactions:

=G4 f cosa,
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R1=Gagcosa- PWE Gafr—kcosa- GaEsina- t hh—k,
L L L L L (1)
b he Ik he . hk

Ry =G5 —cosa+Ry—=+G5f ~cosa+G5—=sina+{ph—.

2=CGa W al a7 Th L

Neglecting the air regisnce P,=0) and assuming that the driving wheels of the car are the rear
wheels, its traction properties are estimated only byRfheaction. Replacing the reactipp of the trailer
link in equation (1) with its value:

th =(va- 1ba(f Cosa+sina)=(lfv- 1)Pa,

whereP; is the traction force on the driving wheels of the vehicle in the absence of the trailidg link;
is the vehicle loadactor.
In addition, since.

|—|¢?

t @E = (Ga sina +Gg f cosa)
then

L
Ga&sina =P fe Gyf Ecosa.
L L L

In this case, transforming equation (1), we obtain

I - 1 ]
Ro :Ga%coawamﬁ—l_l)kj- G;ﬂ%cosa. @)

wherel; is the trailer load factor.

The expression in squareagkets in (2) is the reduced height of the centre of gravity of the grain
truck, which is greater the higher the load factor and the height of the hitch=hgrand the value of the
load factory =D,: D=2, whereD, andD, are the dynamic factors dig vehicle and trailer, respectively. The
traction force of the grain truck with the rear drive wheels at the road adhesion coeffitgsertjual to
t —=R0. For this case, the dynamic factor of the grain truck in terms of traction is written as

-_ aj Cosi \ 1
D = . . 3)
c IftLp-jl_hh+(If[-l)th

Since the last term of equation (2) is negligible (no more than 0.5 Bg)othe rolling resistance
coefficientf is not included in (3).
The variable forces acting on the grain truck are related either tésfhlaagments or to the velocities
of the points of application of these forces. The functional relationship that links the magnitude of the force
and the kinematic parameters is the characteristic of the force. The force modulus in this relationship can
also be a function of the arguments. For ease of calculation, we will assume that the force modulus is a
function of the kinetic parameters for given characteristics.
The equations of motion are used to determine the laws of motion of mechanical systemgévende
forces [9]. The number of these equations for grain carriers with holonomic links is equal to the number of
degrees of freedom of the grain carrier. The equations of motion of a grain carrier can be represented in
various forms based on the theorefnchange of kinematic energy. In the integral form, the equation of
motion of a grain truck has the form:
n n m
aTi-alo=ak, (4)
i=1 =l i=1

whereu,, & are the kinetic energy of the link and the grain truck, respectively, at thenbegand
end of the time interval under consideratippjs the work of each of the external and internal forces acting
on the grain truck during a given time intenvfils the number of moving linkss is the number of forces.

Equation (4) is quite cubersome even for simple traction units, since it is necessary to summarise the
forces. For a grain carrier with one degree of freedom, a simpler form of this equation can be obtained, in
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which all summation operations are performed in advance. For thpsgmjrequation (4) is replaced by the
equation of motion of a single point of the grain truck, which moves so that its generalised coordinate
coincides at any time with the generalised coordinate of the grain truck. The dynamic model of a grain truck
will be a material point with mass, moving under the action of a forég so that the generalised coordinate

Sof this point coincides with the generalised coordinate of the grain truck at any given time.

It is always possible to determine such valueBaind m, that the equation of motion of the actuator
point is identical to the equation of motion of the grain truck and, therefore, the generalised coordinate of the
actuator point will coincide with the generalised coordinate of the grain truck at anyirtithés case, the
equation of motion of the fulcrum is written in the form of an energy integral for some finite time interval
during which the generalised coordinate changes &otm S and the reduced mass (for the grain truck, this
value is variablethanges fronm, to my:

mnv2 Mh oV,
2 2

2
0 - rSo FrdS, (5)

wherev is the velocity modulus of the point of referenggis the value of at S=S,.
To ensure the identity of equations (4) and (5), it is necessary and sufficient to fulfil the conditions:

S m
AFndS= & O ; (6)
9 k=1
2 n
Vv .
”‘az =aT. (7)
i=1

When the condition in dependence (4) is fulfilled, the condition is also satisfied for any moment of
time:

mnOVo ~ n
2 |=1

Tio - 8

The reduced forcE, can be found froni6), and the reduced masg can be found from (4). Thus, the
reduced force is a force conditionally applied to the point of reduction and is determined from the equality of
the elementary work of this force to the elementary work of forces and paorces facting on the links of
the grain truck (car, trailer). The equality of elementary work simultaneously means the equality of powers
of the elements of the grain truck:

m
Fav=a N, (9)
i=1

whereFy is the power of théorce (pairs of forces) acting on the grain truck link.

Given the velocity of the point of application of the for¢g acting on the grain truck linkg;, of the
angular velocity of the grain truck link acted upon by a pair of forces with mdmemie reduced forcE,
is calculated by the formula:

Fn = a SFk—COS{Fk V) +S k—g (10)

This sum can be both positive and negative, e ,reduced force is a scalar value. The minus sign
indicates that the forcdg, is directed in the opposite direction to the velowityf the point of actuation. The
reduced forcé-, can be considered as a scalar magnitude that coincides with the geddratisange force,
which is determined by the ratio of the sum of the possible work of forces applied to the links of the grain
truck. From dependence (7) it follows that the reduced mass of the grain truck can be defined as the mass
that the point of acttion must have in order for the kinetic energy of this point to be equal to the kinetic
energy of the grain truck’s links. The kinetic energy of the link
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t 2 H
Is VSi 4 ‘]SI\NiZ

2 2

U= : (1D

wherem is the mass of the linki; is the modulus of the velocityf the centre of mass of the link;
Fi is the modulus of the angular velocity of the lidkjs the moment of inertia of the link relative to the axis
passing through the centre of mass perpendicular to the plane of motion.

Taking into account (11), transforming (7), we obtain the Valhg dependence for estimating the
mass of the link

né, oV ~2 oW ~2?
Mh=a emeag +Jgelo U, (12)
i=1§ ¢V~ ¢V

n general, to build a dynamic model of a grain truck, any point on the grain truck can be chosen as the
point of reference, i.e. the point where the mass is concentiidteckfore, the reduced mass of a grain truck
can be defined as the mass that must be concentrated at the point of actuation so that the kinetic energy of
this point is equal to the kinetic energy of the truck and the grain truck trailer.

The reduced forceand reduced mass do not depend on the speed of the point of impact, as the
formulas for determining them include only the velocity ratios. For example, if the speed modulus of the
point of originv changes by a factor &f theny,, v andy: change by th same factor, while their ratiosvo
remain unchanged. It follows that the determination of the reduced forces and masses can be performed
without knowing the velocity of the point of reference, i.e., before solving the equation of motion. This is the
main advantage of reduced forces and masses. This conclusion can also be reached by paying attention to the
fact that formulas (7) and (8), in addition to the given constants, include only analogues of velocities that do
not depend on time.

Let the reducedadirce F,, be given as a function of the generalised coordiSq#isplacement of the
point of reference). The reduced masss a function of the coordinat® In this case, to determine the law
of motion of the actuator, it is convenient to apply the ggoaf motion in the form of an energy integral

with initial conditions t=0, stgzvo . The velocity of the point of reference as a function of the
generalised coordinatis written as

V=Vvp =\/%r§’o Fnd8+%v§ : (13)

wherey, is the opeating speed of the grain truck.

In some cases, the integral in the root expression of formula (13) can be represented in the final form.
Then, after integration, we will obtain the functiesv(S) either in the form of a graph or in the form of a
series ofeigenvalues for changes in displacem@ritom S, to some value that determines the end of the
movement stage under consideration.

When estimating the mass of a grain truck according to dependence (12), it is necessary to take into
account the density athe transported grain, which can vary within &%D kg/ni depending on the
moisture content of the grain, temperature and pressure of the medium, as well as the type of grain
transported (Table 1).

The relationship between the mass and volume of gralafised by the formul&/=m/Q, whereV is
the volumemis the mass (carrying capacity), a@ds the bulk density of grain.

The dependence of the volumetric carrying capacity of the KBBZ1C4 grain truck is estimated by
the following parameter®), - nominal payload of 15.4 tonne§,. - volumetric payload of 1.3 !V, - body
volume of 11.81 ) V. - cargo volume of 20.53

vable 17 Bulk density of grain crops

B Name of grain crop Density, kg/m
1 Wheat 750-850
2 Barley 600750
3 Oats 400550
4 Rye 700750
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5 | Millet | 700-850 |

The fuel efficiency of KrAZ grain carriers significantly depends on the volume of transported grain,
which was determined during factory tests and by operating organisations using different methods (Table 2)

[5].

Thetest métodol ogy is based on the public road net
vehicle manufacturing centre, taking into account the location of road facilities, structures, traffic conditions
and terrain. The length of the circular route is 37 km, wihtiens of traffic in highway and urban
conditions, with ascents, descents, bridges, railway crossings, etc. The road surface on the route is asphalt
concrete. It is noted that with the increase in the length of the route, the decrease in the desis#yartad
grain crops, fuel consumption decreases (Table 2).

Functional stability of the grain carrier. A grain carrier belongs to the class of complex technical
systems, the efficiency of which is ensured over a given period of time when performingétal ge
functions within the limits established by regulatory requirements, provided that external destabilising
factors are counteracted.

In general, a grain carrier (Fig. 3) is represented as a system with control function Uggtarsd
disturbance veors F(t) as input. The output variables characterising the functional parameters of the grain
truck are represented by the veehtanction Y(t). The dynamic properties of the grain carrier are
characterised by the transfer functidf=S/S,, whereS, and S, are the output and control parameters,
respectively.

vable2i Resul ts of operati-d@adoadaedsts of th
Tests| Mileage of the road traij Transported cargo| ¢ Sh o u || Average fuel | Gear ratio of the
during testing, km cargo weight, t | of routes, km| consumption, main gear
[/20 km
1 Total 2505 Corn grain, 48,83 87-89 53,054,6 "'mg= 6,154
52,66
Sunflower seeds 42.042,1
With cargo1250 27,66 182194
2 Total 2100 Corn grain, 41,72 66-69 48,250,1
With cargol1050 47,01
3 Total 1737 Corn grain, 48,7 857 42 043,1 "'mg= 4,9
With cago 857
4 Total 1340 Wheat grain, 40,1 280 37,838,0
With cargo560
5 Total 1320 Organic mix, 35,0 115 35,035,3
Organic mix, 54,0 40,042,3
With cargo225 110

The grain truck is influenced by both contrdllénput vectors- control functions ? i [i(t) is

transmission gear ratiaj(t) is fuel supply, k(t) is steering gear ratiop(t) is brake control force] and
uncontrolledm [R(t) is driving resistanceC(t) is road terrainB(t) is wind loads, etc.] The output variables
Y(t) are characterised by the driving spe#t), the stability of the direction of movemeyyt) and braking
Vu(t), and the stability of the dynamic propertied) of the grain truck.

, 2025, Z(25)
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Fig. 317 Representation of grain truck as a multidimensional system in a variable state

Typically, disturbanceB(t) are determined by the instability of the output (functlonal) paramefigrs

Va(b), yu(t), andw(t). When comparing these parameters with their valuei;zd IzbandW” at which the

grain carrier operates stably, the controlled input varial@sre adjusted at the comparison lirsks3sy, 3y
andsy,.

The functional paramete#(t) is characterised mainly by the input cohtiunctionsi(t) andq(t) and
determines the operational properties of the grain truck, the paraygteandyy(t) are determined mainly
by v(t), disturbances in the direction of movemg(t) and braking,(t) and are aimed at ensuring the safety
of the grain truck. The dynamic paramets(t) characterises the movement of a grain truck in the
longitudinal, horizontal and vertical planes under the influence of forces in these planes.

The dynamic space of grain truck operation is based on the meteispte, each element of which
fully determines the state of the system under consideration by the functional parattetg(s, y,(t) and
w(t). In case of instability of one or more functional parameters of the grain ogt}igr(t), ys(t) andw(t),

characterised by deviation from the nominal valuegé‘,ofza', Izt')“ andw’, it is possible that the grain carrier

will lose its functional stability, in which case it will not perform the functions defined by the regulatory and
technical documentation (R&D). In this case, the dynamic space of grain carrier operation is ddtbsmin

the transfer functiongv, W4, Wy, * W, characterised by the relationship), ya(t), yu(t), w(t) toy, IZE , Izt')“

W

During the operation of a grain truck, the task of ensuring its functioning in on® @iréas is solved:
OA - the area of operation in which the grain carrier operates in accordance with its intended purpose (the
required traction force, stability of the direction of movement and braking, etc. are en8lrethe area of
optimal operatia, for example, according to the energy saving criterion, in which the grain carrier operates
at an acceptable change in speed (change in acceleration within acceptable limits) (Fig. 4).
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Fig. 47 Correlation of the areas of optimal operati®A of the gain carrier and the functioningf of
the grain

In this figure, the point8, andBy indicate, respectively, the operation of a grain truck in an unsteady
mode of operation without acceleration and the permissible area for energy spvieghe margin b
optimal operationy,, V; are the vectors of optimal and actual operation, respectigelys the margin of
operation in thé\F region.

Each point of theAF characterises a certain mode of operation of a grain truck at a certain point in
time and is deagibed by a certain combination of values of functional parameters, disturbing influences, and
the initial state (Fig. 3). The deviation of the pdigfrom the pointBy (Fig. 4) reflects the margin of optimal
functioningaqy of the grain truck

= ; (14)

wherezy, z,, Xk, Xn are the critical values of the studied and boundary parameters along the x, z
coordinatesepg, o is the margin of optimal functioning of the grain truck at the valwggdndqz,.

The margin of optimal functioningy is the deviation of the functioning vectd;;, whose components
are the actual values of the functional parameters, from the nominal Vigcier. Vi=Vist(q. In this case, to
ensure the operation of a grain cariie the optimalareaof the OA (according to Fig. 4), it is necessary to
ensure the selection of such nominal values of the functional parameters and tolerance fields for them that
ensure the position of the spread and outputs in this region.

Given the kown requirements for the optimal functioning of the grain carrier in the a@a,afhich
is determined by the parameters: nomiggl currentz and permissiblez, (z«<z.), the density of
distribution of the parameter value, taking into account its spfg@ and deviationf (§), should be
determined:

i the probability that the parameter value will not go beyond the specifie@riots Gw<r~<nu)
during a certain time of grain truck operation, taking into account disturbing influences;

T the tolerance limitd<~<ns) and the corresponding requirements for the grain carrier not to exceed
the probability of the parameter exceeagthe tolerance of the specified permissible probability;

T planesf(x) andf'(x), under which the conditions that the probability of going beyond the tolerance
will be less than the permissible probability will be fulfilled.

DISCUSSION OF THE RESULTS OF THE STUDY

To solve this problem, all the functional parameters of the grain carrier are classified by parameters

with specified nominal value9(8 (Fig. 371 yi(t), ya(t), ..., ya(t)) and into parameters whose optimal value

must be detenined X(\)’ (Fig. 4- theOOregion). They are written in vector form:
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so that any functional parameter of the grain truck is a component of the vEgarsd X .

Predicting the probability of a grain truck being in the optimal region of functioning oDthe
(according to Fig. 4) at tims determined by the equations of the Markov process:

t =v,R({t)+Vv.,R.(t) (16)

under nominal coriions’ =0, 1, 2, 3f,= 0; P,(t) = P..
When assessing the functional stability of a grain truck by only one parameter, for example, by the
speed of movemem(t) (Fig. 3), its functioning can be evaluated by the funcﬁ(gn: (v ,..vn). The vetor

Xy corresponds to the numb&(x), where R(X)>0 and increases t& at X%, - V=(v;,..vn), whereV is

the critical vector.R(X))- = and atV; - Vi =(Vi,...vp). In this cas«R(%:[Ni ()%)]Oll[z(gv)z, where

. e . c,_ n g . c,_n - . o
i=1.2; >0 is an arbitrary numbetz(xv)— OM - Vi| ' N (XV)— aai|\r, - Vi| andU >0 is the weighting
i=1 i=1
factor ofv;; g, >0 is an arbi}rary number.
Wheng=1/(ni 1), g>W>1, we can write

n n
R(gv)éalailv. il Ol -v). (17)
i= i=

In this case, the functional stabilitythe grain carrier in terms of the paramaté) is estimated using
the following dependence

H(X)=1/ R(X)). (18)

This function describes the functioning of the grain truck provided#hatches the valug when
changing—|(>?\’,) within the range fronH,cto 0 (whenvi=V,), characterising the functional stability of the

grain truck in terms of speext).

Similarly, the functional stability of the grain truck can be assessed by the stability of the direction of
movementz(t) and brakindz(t), the stability of the dynamic propertiegt) (Fig. 3). In this case, the critical
values of these parameters, which are in the area diRHenctioning (Fig. 4), are selected according to
experimental data based on the methogatial accelerations [10], which is effectively used in assessing
the dynamic properties and stability of vehicles [11].

Using the standard form of recording the variable state of a grain truck, we consider its movement as
the movement of an autonomougdmic system when the forces of resistance to movement and the amount
of energy used for movement change. This influence usually causes a change in the($pekd
translational motion, which is characterised by equation [12]

dV(t)= [k-aRe (19)
dt mog

wheret « is the moving force of the unit (tangential traction for&}; is the sum of the forces of

ISSN 23135425 ,2025,” 2 (25) Y



E ¢.wKorobko,l. V. Semenov2025

resistance to the movement of the uif is the reduced mass of the unit.

The forces of resistance to the movement ofaingcarrier during operation depend on factors, many
of which are variable, such as terrain, speed, instability of the mass of transported grain, etc. As the drag
forces change, thév/dtchanges during grain transport. Measurement of the acceledatiifrrequires the
use of appropriate metrological support for measuring and registration complexes that will allow determining
its kinematic and dynamic parameters without interfering with the design of the grain truck [13]. The basis of
this complex is capdtive semiconductor threaxis acceleration sensois accelerometers, which are
installed on the car and trailer of the grain truck to assess longitudinal and lateral accelerations.

The combination of the acceleration sensors with the KBBZLC4 navigatin system allows to
receive odine and archive information, the analysis of which provides reliable data on the route and modes
of movement of the grain truck, instant and average fuel consumption and direction of movement.

CONCLUSIONS

The study of theunctional adaptation of a grain truck with an unstable mass of transported grain
revealed that fluctuations in the grain load during transportation significantly affect the stability of the
vehicle, especially during manoeuvring and braking. When estign#tie weight of a grain truck, it is
necessary to take into account the density of the transported grain. The dependence of the volumetric
carrying capacity of a grain truck is estimated by the parameters of nominal carrying capacity, volumetric
carrying @pacity, body volume, and cargo volume.

The dynamic space of grain truck operation is based on the metric state space, each element of which
fully determines the state of the system under consideration according to certain functional parameters. If
one ormore functional parameters of a grain truck are unstable and deviate from their nominal values, the
grain truck may lose its functional stability, in which case it will not perform the functions defined by the
regulatory and technical documentation. Instltiase, the dynamic space of grain carrier operation is
determined by transfer functions.

During the operation of a grain carrier, the task of ensuring its operation in one of two areas is solved:
the area of operation in which the grain carrier operatasdéordance with its intended purpose (ensuring the
required traction force, stability of the direction of movement and braking, etc.); the area of optimal
operation, for example, according to the energy saving criterion, in which the grain carrieeopéran
acceptable change in speed (change in acceleration within acceptable limits). To ensure that the grain carrier
operates in the optimal range, it is necessary to select such nominal values of functional parameters and their
tolerance fields that sare the position of the spreading and outlet fields in this range.
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MATHEMATICAL MODELLING OF THERMOMECHANICAL STATE IN ADDITIVE
MANUFACTURING AND WELDING OF TITANIUM ALLOYS FOR TRANSPORT
ENGINEERING

This study demonstrates a detailed investigation of residual stress distributittreandmechanical behavic
in Ti80 and Ti6Al-4V titanium alloy components subjected to welding and-padtl treatments, integrating bot
experimental measurements and finite element simulations. The aim of the study is to evaluate the infl
welding sequence, thermal cycles, and temperatiegendent material properties on stress evolution, with partit
emphasis on transverse and longitudinal residual stresses concentrated near weld toes. The relevance of this
determined by the high dends for reliability, dimensional stability, and fatigue resistance of welded tita
components in transport, aerospace, and engineering applications. Significant anisotropy in stress distribi
observed along and across weld seams, highlightiigat regions prone to distortion or fatigue initiation. T
novelty of this research lies in the comparative analysis of two titanium alloys under different welding con
combining experimental results with numerical simulations to provide a etpsive understanding of residc
stress development and thermomechanical responses. The work further demonstrates the effectivenegsldi
heat treatment (PWHT) and local streskef procedures in mitigating residual stresses, enhancing botimslonal
stability and fatigue performance. Practical implications of this study include guidance for optimizing w
parameters, implementing appropriate pesetd treatments, and improving the reliability and service life of -hi
performance titaniumammponents in transport, aerospace, and engineering applications. The findings contribut
broader understanding of the interplay between welding conditions, material behavior, and stress evolution, «
foundation for improved predictive modafj and informed design decisions in welded titanium structures,
highlighting the significance of temperatudtependent properties in accurately forecasting residual stress field
deformation patterns.

Keywords: Ti80, Ti-6Al-4V, residual stress, thmomechanical properties, peseld heat treatment, FEM
welding, additive manufacturing.

INTRODUCTION

Additive manufacturing (AM) and modern welding processes are increasingly employed for transport
sector components because they enable-metashapingof complex, lightweight, and higherformance
titanium structures; nevertheless, these thermal processes inherently generate steep temperature gradient:
that result in significant residual stresses and deformations which compromise dimensional accliracy an
fatigue life [1].

Residual stress fields produced during layerwise deposition orpasisi welding not only induce part
distortion but also interact with service loads, accelerating crack initiation and reducing structural reliability.
Consequently, aceate prediction and control of the thermomechanical state throughout the manufacturing
to-service chain is essential for reliable design in transport engineering.

Titanium alloys commonly used in transport applications, notablgAl44V and related grade
exhibit strong temperatw@ependent mechanical and metallurgical responses, including phase
transformations, low thermal diffusivity, and straiate sensitive plasticity. Realistic predictive models must
therefore incorporate temperatutependent catitutive data and, where relevant, transformation kinetics

[2].

Although various numerical strategies, ranging from-d$glle transierfinite element method (FEM)
simulations to reducedrder and layeequivalent models, have been developed to foreeagtual stresses
and distortions, current approaches frequently omit critical factors relevant to trestgderparts. These
include the coupling of metallurgical transformations during cooling, the influence of complex geometry and
deposition or weldig paths, and the need for rigorous experimental validation under representative
componenscale boundary conditions [3].

Furthermore, downstream operations such as machining, cuttingweldstor postbuild heat
treatments, andlectrical discharge maahing (EDM) can substantially redistribute or partially relax surface
and subsurface residual stresses. This underscores the necessity of considepmgessing as an integral
part of predictive workflows for accurate lifecycle assessment [1].

Therefoe, this study systematically evaluates current modeling approaches for predicting the
thermomechanical state in titanium alloys during welding and additive manufacturing, critically assessing
their capabilities and limitations for capturing residual segssleformations, and phase transformations.
Emphasis is placed on the relevance of these approaches to transport engineering applications, providing a
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foundation for the development of more reliable predictive tools to enhance the performance, dimensional
stability, and service life of titaniwbased transport components [4, 5].

LITERATURE REVIEW AND PROBLEM STATEMENT

Recent investigations have demonstrated the critical role of residual stresses in determining the
dimensional stability and fatigue perfornt@ of titanium components produced by additive manufacturing
(AM) and welding processes [1]. Significant progress has been achieved in developing numerical models
capable of predicting thermal gradients and resulting stress fields in complex geometrigsalignges
remain when simulating mupass deposition and intricate transggwale components.

Several studies have provided a significant contribution by coupling thermomechanical simulations
with phase transformation kinetics, thereby improvingabeuracy of residual stress predictions fo6Al -
4V alloys [3]. Other works have investigated for the first time the influence of deposition path and interpass
temperature on the formation of local stress concentrations, highlighting the importamoeeskplanning
for minimizing distortion and fatigue risk [2].

Moreover, the effects of peprocessing operations such as machining, cutting, heat treatment, and
electrical discharge machining (EDM) have been systematically analyzed, showing thatl resehsa
redistribution can significantly modify the structural response of transpletant components [2]. These
findings emphasize that lifecycle modeling must integrate both manufacturing arufguestsing stages to
achieve reliable performance gietions.

A particularly significant contribution in the field of residual stresses and thermomechanical behavior
of titanium alloys is the work by Nagarjun et al. (2025) [6]. This study investigated the effects -of high
temperature deformation and weldiag the microstructure and thermomechanical properties-6AIF4V
alloys. The authors systematically analyzed the temperdapendent behavior of the material, including
phase transformations, thermal expansion, density, and specific heat capacipanidtilar emphasis on
the Uphase (hexagonal cloegacked structure) and its influence on mechanical properties.

The study demonstrates the critical role of Higimperature processing and welding on the evolution
of microstructure and residual stresga®yviding insights into deformation mechanisms and phase stability
under thermal and mechanical loading. By combining experimental characterization with thermomechanical
analysis, this research has made a significant contribution to understanding hduwal reiesses and
deformations develop in titanium components, which is essential for improving the reliability, dimensional
accuracy, and fatigue performance of transpedtor parts.

Overall, Nagarjun et al. (2025) provide a comprehensive assessntbatioferplay between thermal
history, microstructural evolution, and mechanical response -BAIF4V, establishing a foundation for
predictive modeling of residual stress formation in additive manufacturing and welding processes. This work
is particulary relevant for developing integrated models that incorporate thermal, metallurgical, and
mechanical interactions, bridging the gap between laboratory studies anddalgdransport applications

[6].

Despite these advances, gaps remain in fully captuttieg interplay between thermal history,
metallurgical transformations, and mechanical response under conditions typical fescilegeéransport
components. In particular, few studies provide experimental validation at component scale, limiting
confidencdn the predictive accuracy of current models [1].

The present work addresses these gaps by providing a systematic evaluation of modeling strategies for
predicting the thermomechanical state of titanium alloys during additive manufacturing and welding. The
study demonstrates for the first time an integrated approach that combines thermal, mechanical, and
metallurgical phenomena while considering complex geometry aneppmstssing effects. This approach
allows for more reliable predictions of residual strélistribution, deformation, and phase evolution, thereby
supporting the design of higherformance titanium components for transport applications [6, 7].

A particularly significant study in this field is the comprehensive review of residual stressiéormat
measurement techniques, and mitigation methods in metal additive manufacturing processe®{61]/, 8
This work provides a solid foundation for understanding current modeling approaches and highlights areas
requiring further research, aligning stdy with the objectives of the present study.

RESEARCH AIM AND OBJECTIVES

The primary aim of this study is to systematically evaluate and enhance predictive modeling
approaches for the thermomechanical state of titanium alloys during additive manufaandinvelding
processes, with a focus on transgsmttor components. This includes accurate assessment of residual
stresses, deformations, and phase transformations under realistic process-pratpssing conditions.

To achieve this aim, the followingsearch objectives are defined:
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1.To review and synthesize current modeling techniques for predicting thermal, mechanical, and
metallurgical behavior in titanium alloys during AM and welding.

2.To identify limitations in existing approaches regarding thatinent of complex geometries, multi
pass deposition, and interaction between thermal history and phase transformations.

3.To propose and validate an integrated modeling framework that incorporates thermomechanical
interactions, phase transformations, andetfiects of posprocessing operations.

4.To provide practical guidelines for the application of predictive models in transport engineering,
aiming to improve dimensional stability, structural performance, and service life of titanium components.

RESULTS OF THE STUDY

In the present work, the residual stress distribution and thermomechanical behavior of T80 butt
welded thick plates were systematically analysed. According to Wu (2023), the transverse welding residual
stress along the -dxis exhibited an asymrre doublepeak distribution near the weld zone, with a
maximum tensile stress of approximately 655 MPa. These results are illustrated in Figure 1 (Test and
simulation results of transverse welding residual stress) [4].

The comparison of experimental asichulated results demonstrates a generally good agreement, with
minor discrepancies at the weld centre attributed to geometrical unevenness and testing limitations. The
stress distribution shows an asymmetric bimodal pattern, with peak stresses cowceatatbe weld toe,
gradually decreasing with distance from the weld zone. This behaviour highlights the influence-pasaulti
welding on the development of residual stresses and confirms the validity of the finite element model for
predicting stress @tion in titanium alloy thick plates.

B Test value before cutting

Test value after cutting

~ e simulation before cutting
700 simulation after cutting

600

500

400 +

300

200

100 +

Transverse welding residual stress (MPa)

50 30 10 10 30 50

Distance from weld center (mm)

Fig. 1. Test and simulation results of transverse welding residual stresss{before and after
cutting [4]

The longitudinal welding residual stress along the@x¥s, shown in Figure 2 (Simulation results of
longitudinal welding residual stress before and after cutting), indicated higher tensile stress than the
transverse component. Simulation results generally agreed with experimental data, except at the weld centre,
where measurement discrepancies arosea@uaeven weld geometry andrdy focusing limitations. Peak
longitudinal residual stresses were concentrated near the weld toe and decreased gradually with distance.

These findings indicate that longitudinal residual stresses are the dominant compcoFi&ot bhutt
welded thick plates, with peak values substantially higher than transverse stresses. The redistribution
observed after cutting reflects the stress relaxation mechanism, suggesting thatlgagterations such as
machining significantly influece the residual stress state and may contribute to improved dimensional
stability.
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Fig. 2. Simulation results of longitudinal welding residual stresax(g) before and after cutting [4]

Longitudinal welding residual stress (MPa)

Material properties of TiB0 were characterised by a yield gtheof approximately 800 MPa, tensile
strength of 913 MPa, yieltb-t ensi |l e rati o of 0.87, and Poi gdsonds
strain relationships at various temperatures, presented in Figure 3 (Stress versus strain plots for Ti80 at
different temperatures), demonstrate the temperdependent mechanical behaviour, highlighting a
reduction in yield and tensile strength with increasing temperature [9].

The stresisstrain behaviour confirms that Ti80 exhibits excellent strength at amtaditions but
undergoes pronounced thermal softening at elevated temperatures. This temperature dependence is critical
for welding simulations, as it directly affects the development of residual stresses and potential distortion.
The results also validatthe material model used in the finite element analysis, ensuring accurate prediction
of thermomechanical responses under realistic welding conditions.
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Fig. 3. Stress versus strain plots for Ti80 at different temperatures [10]

Key observations from ghanalysis include:

1. The weld zone exhibits pronounced residual tensile stress concentration, primarily in regions
adjacent to the weld toe.

2. The transverse residual stress distribution shows an asymmetric bimodal profile, reflecting the
influence of he welding sequence and surface geometry.
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3. Longitudinal residual tensile stress exceeds the transverse tensile stress, indicating anisotropy in
stress development along and across the weld seam.

4. Numerical simulations capture the overall stress digtab trends effectively, providing reliable
insight into the thermomechanical state of the welded component.

Analysis: Residual stress is highly localized near the weld toe and sensitive to welding parameters.
The asymmetry in the transverse stress 8igtidn suggests that even minor variations in welding sequence
or surface geometry can produce significant differences in stress concentratioii s&aiessurves reveal a
pronounced temperature dependence of Ti80, which must be considered in preadiotighing of
deformation and residual stress evolution. Integration of transverse and longitudinal stress data provides a
comprehensive understanding of potential sites for distortion or fatigue initiation in trassgtont titanium
components.

In conclsion, these results emphasize the importance of combining experimental validation with
numerical simulation to accurately predict residual stress fields, thereby informing design and post
processing strategies for higlerformance titanium parts. In theadysis of TIGwelded Ti6AI-4V plates
subjected to local posteld heat treatment (PWHT), the finite element model included 93,950 3D elements
and 107,678 nodes. According to Liu et al. (2023), the thermal and mechanical properties of the material
varied wth temperature, obtained through interpolation and extrapolation efelmperature performance
parameters, as illustrated in Figure 4 (Temperadegendent thermphysical and thermmechanical
material properties of TAI-4V) [11].

The results presesd in Figure 4 (Temperatutependent thermphysical and thermeechanical
material properties of TAI-4V used in the finite element model) [11] clearly demonstrate the strong
temperature sensitivity of BAI-4V during welding and subsequent po&ld heat treatment. As shown in
the thermephysical data (Figure 4a), both thermal conductivity and specific heat capacity increase
substantially with temperature, which directly influences heat flow and cooling rates across the weld zone.
This behavior is pdicularly critical for predicting transient temperature fields and resulting microstructural
evolution, as higher conductivity at elevated temperatures promotes more uniform heat distribution, while
increased specific heat moderates the thermal gradients.

The thermemechanical properties (Figure 4b) further highlight the pronounced reduction in elastic
modulus and yield strength with increasing temperature, accompanied by significant changes in thermal
expansion coefficients. Such temperatdependent saghing directly affects stress development, making
the alloy more susceptible to plastic deformation under residual stress accumulation duriFgassulti
welding. Importantly, the finite element implementation of these properties ensures more realitditbosimu
outputs, as constant material parameters would underestimate stress redistribution and distortion effects.
These findings confirm that accurate incorporation of temperdependent material behavior is
indispensable for reliable prediction of thmmechanical responses in welded titanium alloys. Moreover,
the data underscore the necessity of localized stedie$ treatments, since mechanical performance
degradation at high temperatures may exacerbate residual stress concentrations if lefittadmitig
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Fig. 4. Temperaturdependentd) thermephysical andlf) thermemechanical material properties of
Ti-6Al-4V used in the finite element model [11]

Residual stresses were investigated along multiple observation paths on the weldments, divided into
three main regions. The first region included pathid?@lon the top side of the weld, with distances from the
weld centerline of 0, 5.5, 7.5, and 10.4 mm. The second region covered pa®@dPbthe bottom side, at
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similar distances from the weld ceriee. Figures 5 present the distribution of longitudinal and transverse
residual stresses along paths P9 and P10 after welding, with and without stress relief treatment (SSPT) [11].

200 90
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Fig. 5. Distribution of §) longitudinal andlf) transverse residual ess along path P10 after welding
with and without SSPT [11]

The stress distributions along path P10 (Figure 5) reveal pronounced and spatially localized residual
tensile peaks in both longitudinal and transverse components immediately adjacent to theeameld
following welding, while application of synchronous servo press treatment (SSPT) produces a clear and
systematic reduction of these peaks [11]. Quantitatively, SSPT reduces the maximum longitudinal tensile
stress more substantially than the transvemmponent, producing a flatter, more uniform profile along the
analysed path and shifting the stress field toward lower tensile (or more compressive) mean values. Spatially,
the longitudinal stresses display sharper gradients near the weld toe complarde Wwansverse stresses,
indicating that loagparallel (alongseam) directionality concentrates strain and loclingf tensile residuals
more effectively than the crosgam direction. The pefeatment profiles also evidence partial
redistributionof stresses away from the immediate toe region toward broader;taaggitude fields, which
is consistent with plastic relaxation and controlled constraint introduced by SSPT. From an engineering
perspective, these changes imply a reduced risk of fatigaek initiation at the weld toe and a lower
propensity for oubf-plane distortion; they also validate SSPT as an effective localized-stlie$sneasure
for welded Ti alloys. For predictive modelling, the results underscore the need to include both the
mechanistic effect of localized mechanical compression (as in SSPT) and temgaepandent plasticity in
simulations to reproduce petseatment stress redistribution accurately.

Key observations from the analysis of these figures include:

1. Longitudhal residual stresses along both top and bottom paths were generally higher than the
transverse residual stresses, indicating anisotropy in residual stress development.

2. Application of SSPT significantly reduced both longitudinal and transverse resithsses across
all observation paths, demonstrating the effectiveness of locaimatdtheat treatment in mitigating stress
concentrations.

3. The residual stress distributions exhibited notable variations along the different paths, reflecting the
combired effects of welding sequence, thermal cycles, and geometry of the weldments.

4. Temperaturglependent material properties strongly influenced stress redistribution, as regions with
higher local temperatures showed more pronounced stress relaxation.

Analysis: These results indicate that pagtid heat treatment is a critical factor in controlling residual
stresses in Tl@velded Ti6AI-4V components. The anisotropy between longitudinal and transverse stress
components underscores the importance of -pp#itfic analysis for predicting potential distortion or
fatigueprone areas. The combination of t@md bottorsside observation paths provides a comprehensive
understanding of residual stress fields, which is essential for the design and maintenancpaot$essier
components. Furthermore, integrating temperad@endent properties into the simulation ensures more
accurate predictions of stress evolution under realistic thermal cycles.

In summary, the study demonstrates the significant influence of P@/Hhe reduction of residual
stresses and highlights the necessity of considering tempedafoeadent material behavior in predictive
modelling of welded titanium components.

DISCUSSION OF RESULTS
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The combined analysis of residual stress distributiomistiermomechanical behavior in Ti80 and Ti
6Al-4V welded components reveals several key patterns and implications for welding aswvdelpost
treatment strategies.

Ti80 buttwelded thick plates exhibit pronounced residual tensile stress concentrationiseneatd
toe, with transverse residual stress showing an asymmetric guedifedistribution and longitudinal residual
stress exceeding the transverse component. Sétesis behavior across different temperatures indicates a
reduction in yield and tensil strength with increasing temperature, emphasizing the importance of
temperatureependent properties in predictive modeling.

In TIG-welded Ti6AI-4V plates, postveld heat treatment (PWHT) effectively reduces both
longitudinal and transverse residualesBes along multiple observation paths. Temperdependent
material properties strongly influence stress redistribution, with higher local temperatures promoting stress
relaxation. The distribution of residual stresses along different paths indicattegttd sequence, geometry,
and thermal cycles significantly affect stress localization.

Comparative analysis of these studies highlights several critical observations:

1.Longitudinal residual stresses consistently exceed transverse stresses in bothsmedééatling
directional sensitivity of stress accumulation relative to the weld seam.

2. Peak tensile stresses are concentrated near weld toes, which are potential sites for distortion or fatigue
initiation.

3.Reduction of material strength with increasinmperature and the facilitation of stress relaxation via
PWHT underscore the necessity of incorporating temperdgpendent properties into simulations
and postweld design strategies.

4 Postweld heat treatment significantly mitigates residual stress otmations, enhancing fatigue
performance and dimensional stability.

5.Numerical simulations align closely with experimental measurements, validating FEM approaches and
confirming reliable prediction of residual stress patterns when thermal and mechanieahlmat
behaviors are accurately represented.

Own interpretation and implications: The integration of results from both studies indicates that
advanced welding process control combined with-pedtl treatments is essential to ensure the structural
integrity of high-performance titanium components. The observed anisotropy and localization of residual
stresses underscore the need for 4satcific analysis in component design and maintenance. Temperature
dependent material properties must be explicitly coms@tlén simulations to predict deformation accurately
and optimize welding sequences. Additionally, pgstd heat treatment strategies provide a practical means
to reduce residual stress concentrations, thereby enhancing fatigue performance and dimtaisibpal

Overall, these findings contribute to a deeper understanding of the interplay between welding
parameters, thermal cycles, material behavior, and residual stress evolution in titanium alloys. They provide
guidance for future design, simulaticemd experimental studies aimed at improving the performance and
reliability of welded titanium components in transport and engineering applications.

CONCLUSIONS

Based on the integrated analysis of residual stress distributions and thermomechanical lehavior
Ti80 and Ti6Al-4V welded components, the following conclusions can be drawn:

1.Both Ti80 and Ti6AI-4V welded plates exhibit pronounced residual tensile stress concentrations near
weld toes, with longitudinal stresses exceeding transverse stresseafirgdianisotropic stress
accumulation along and across weld seams.

2.The asymmetric distribution of transverse residual stresses in Ti80 and the variations along different
observation paths in ®8AI-4V highlight the significant influence of welding sequengeometry,
and thermal cycles on stress localization.

3.Temperaturalependent material properties critically affect stress development and redistribution.
Incorporating these properties into predictive models is essential for accurate simulation of
thermonechanical behavior.

4 Postweld heat treatment (PWHT) and local stresgef techniques, such as synchronous servo press
technology (SSPT), are highly effective in mitigating residual stress concentrations, enhancing
fatigue performance, and improving dinseanal stability of welded titanium components.

5.The combination of experimental validation and numerical simulations provides a reliable framework
for predicting residual stress evolution, informing design strategies angrpeastssing requirements
for high-performance titanium alloys in transport and engineering applications.
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6.These findings contribute to a deeper understanding of the interplay between welding parameters,
thermal cycles, material behavior, and residual stress evolution, providing gufdarmgimizing
welding processes, reducing distortion, and improving service performance of welded titanium
components.
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IMPROVING THE TECHNO LOGY FOR MANUFACTURI NG ELECTRIC VEHICLE
TRACTION BATTERY HOU SINGS TO PROTECT AGAINST IMPACT DAMAGE

On modern electric vehicles, the traction battery salted from below on the bottom of the body, whi
reduces the height of the vehicle's center of gravity and improves the vehicle's lateral stability during
movement. The disadvantage of this arrangement is the increased risk of damage anédestriet protective
housing and, accordingly, the battery's electrical elements, which are dozens of ordinary householibtitt
batteries of the AAA type. But the housings of these electrical elements are manufactured using a special te
that helps increase the strength of the housing and from a material with high heat dissipation. It is shown
traction battery is the most expensive component of an electric vehicle. Therefore, the development of pr
methods aimed at increasing #ervice life is an urgent task.

The mechanical characteristics of anisotropic material were taken into account during the manufa
reinforced containers for electrical element housings. Data were determined that reliably reflect the influenc
stretching coefficient, planar anisotropy and the initial diameter of the work piece on the critical thickness of i
An expression was obtained that takes into account all the characteristics of the technological process that
thicknessf the initial work piece. This allows you to control these characteristics in order to optimize the thicki
the work piece. The dependence obtained as a result of the study allows you to accurately and qualitatively
the optimal thicknessfahe initial work piece at the stage of developing the technological process for manufas
battery cell housings for electric vehicles.

Key words: electric car, lithiurvion battery, battery protection, anisotropic materials.

INTRODUCTION

Electric cas are becoming widespread due to environmental friendliness, efficiency, cheapening their
production, increasing the power reserve on a single charge and developing the infrastructure for their
maintenance. In general, compared to an internal combust@neg an electric motor loses less energy by
friction, does not require a complex lubrication system and almost does not wear out. Therefore, many
modern electric vehicles have a power plant with a capacity ot 888 and accelerate faster than cars with
internal combustion engines. For example, Porsche Taycan Turbo S electric motors develop a power of
560kW and accelerate the specified vehicle to k@¢h in 2.8s [1].

The most expensive component of an electric car is a power battery. It consistrtafranumber of
standard batteries that form a battery of the desired voltage, operating current and power. The combination of
such a set is determined by the structure of the electric vehicle power system. Its shape and volume is
determined by the layowf the electric vehicle.

In order to reduce the height of the center of mass of the electric car, manufacturers place traction
batteries on the bottom of the body. To do this, make the battery as a separate module, which has a minimum
height. Or instalkeveral modules of traction batteries of different sizes for different places of the electric car.

However, this solution increases the likelihood of physical damage to the lower wall of the traction
battery housing, which can lead to the impossibilityrmivement and the release of hazardous substances.
Therefore, traction batteries for electric vehicles are manufactured using a special technology that increases
the strength of the battery case and uses materials with high heat disslpadxfition, tle development of
production methods aimed at increasing the service life of traction batteries is an urgent task.

LITERATURE REVIEW AN D PROBLEM STATEMENT

THE IMPLEMENTATION OF THE ABOVE-DESCRIBED DESIGNS OFRACTION BATTERIES FOR ELECTRIC
VEHICLES LED TO THE EMERGENCE OF A C®IPLETELY UNDERSTANDABLE SOLUTION T THE DEVELOPMENT
OF A REINFORCED DESEN OF THE BOTTOM OFTHE BATTERY CASE[2].

Typical materials for standard AAA battery housings are polyethylene or polypropylene based
materials. The problem with ugd polymers for the housing is that these materials have a low thermal
conductivity and therefore create unfavorable thermal conditions for traction batteries when they are heated
during a significant load on the power system.

But the metal walls of thedction battery housing, due to greater elastic and plastic deformation, can
better withstand impacts. The disadvantage of metal walls of the housing is their significantly greater weight.
The greater weight of the metal wall is also a consequence ofdlwtheir manufacturing technology.

One of the directions for reducing the weight of the metal wall of the traction battery housing is the
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optimal choice of the thickness of the work pielteis necessary to take into account the mechanical
characteristis of the metal when manufacturing reinforced housings for electrical elements.

During cold deformation of metals, it is necessary to take into account the effect of hardening and
initial anisotropy of the metal on the final and intermediate stages oini@{3J.

During plane anisotropy, an additional load is applied to some parts of the internal contour of the work
piece and simultaneous unloading of others [4].

However, the calculation of the stability of compressed sections of a sheet metal workupiege d
cold deformation is a typical problem of the theory of plasticity [5]. And to obtain a satisfactory solution for
determining the ultimate thickness of the work piece for the drawing process, it is necessary to take into
account the phenomenon of mdtardening and anisotropy of the mechanical properties of the metal [6].

PURPOSE AND OBJECTIVE OF THE STUDY

The purpose of the work is to theoretically justify the initial thickness of the work piece from which,
due to the deformation hardening and amggmt of the mechanical properties of the material, more durable
housings of battery cells can be made. Further theoretical research aimed at taking into account all the
features of the production technology of metal battery cases in order to justifydie off thickness of
blanks to reduce their weight.

RESEARCH RESULTS

During the flat anisotropy, in comparison with the drawing, the isotropic material there is an additional
load of some parts of the inner contour of the blank flange andtaimous unlading of othersThis
process significantly worsens the conditions of the hood. As a result, corrugations and festoons are formed
on the end of the work piece. Consequently, it is necessary to take into account the phenomenon of
strengthening and anisotippf the work piece due to the accurate calculation of the stress and deformation
fields of the work piece. It is also necessary to determine the intervals of unpressurized stamping. To do this,
it is effective to use theoretical models that are more adedu describing the physical process of cold
deformation.

The main condition for a successful sheet metal plastic deformation process is to maintain the stability
of the sheet metal plastic formation process. In the event of a loss of form stabihiyicang local
deformations occur, which usually leads to a rupture of the work piece or to a marriage. Ensuring the
stability of the plastic forming process reduces the percentage of defects, improves the quality of the product
and contributes to the ralile operation of automatic machines.

Based on the Euler scheme, the occurrence of waviness of the sheet surface is formed in areas with
excessive compressive or compressemsile stresses.

Most of the published work on this type of buckling concernsfahmation of waviness on a flat
flange during deformation of parts such as bodies of revolution. In the analyzed works, the solution of the
problem of flange stability was considered by analogy with the solution of the problem of-glastic
bending & a compressed rod by the Engedsarman method. It was assumed that the formulas for the
elastic bending of plates and shells are valid for the case of bending beyond the elastic limit of the metal. To
do this, the modulus of elasticity should be repidog thereduced modulus of elasticity.

The exact solution of the problem of analyzing the stress state of the flange of the sheet anisotropic
work piece during deep plastic deformation has certain mathematical difficulties. To obtain a solution to
such aproblem, a number of assumptions were made: we neglect the change in the thickness of the blank
flange, that is, we believe that its flange is in conditions of flat deformation; plastic orthotropy of sheet metal
arising in the process of plastic deformatiof anisotropic material is rather small and does not have a
significant effect on its initial anisotropy; there is no Bauschinger effect; metal behavior obeys the laws of
elastieplastic hardened medium in the corrugation zone; forces increase slowtiefomthation rates are
small; plastic deformation process is considered to be a uniform deformation process consisting of a set of
consecutive balanced plastic states, each of which corresponds to a certain stage of loading. To obtain a
satisfactory solutin for determining the limit thickness of the work piece for the drawing process without
pressing, it is necessary to take into account the phenomenon of metal hardening and anisotropy of the
mechanical properties of the metal. Make assumptions allowoyfiick a solution on the basis of which you
can determine the parameters of the tool and work piece; determine the parameters of technological
operations that do not lead to defects.

In work [7], dependencies for calculating the critical thickness of @&otapic work piece without
corrugation are shown
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Ks =11 +2¢,Mg +CyoMg;

ms = s,/s, | the ratio of the main normal stresses in the anisotropy g@xgis;modulus of platicity of
anisotropic materialn i constant value (strengthening index) that characterizes the ability of the metal to
strengthen®i half a wave lengthf) i the coefficient is selected withi,, 15, i}, frANISOtropy constants.

In work, the data obtaed from the results of a study similar to the above are given for the relative
critical thickness of the plate, which provides stretching without corrugation, taking into account anisotropy:
for steel 08k <s= 0, 0247 N0, 09930, 049 WO as s

Previously [8], dependencies have been obtained to calculate the thickness of the preform, which
provides stretching without pressing the flange. The results of these calculations have some discrepancies with
the empirical expressions of Schofmarn. The thickness of the plate determined from them is somewhat
larger, which leads to an increase in the weight of the final product. Therefore, it becomes necessary to finalize
the theoretical result by taking into account the strengthening and anisotrbygystarting metal of the work
piece.

We will clarify the resulting dependencies in accordance with assumptions that are consistent with the
theory of plasticity of the anisotropic body of R. Hill: plastic orthotropy of sheet metal; sheet metal
anisotopy acquired during plastic deformation is insignificant and has no significant effect on its initial
anisotropy; the work piece material is compressed; metal strengthening isotropic; no Bauschinger effect.

The expression for the cross section of the amipac metal module of the work piece will be

Eca = nc.LlEcv (2)

Ro

For a material with circular symmetry aR, =R ¥ TR
0

y =Roi R Ci1=Cp; D=0

Ci3 = Cy3 =0 from (2) we will have
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Taking into accounthe anisotropy, we will find the

S, =

= s, n'H 4)
Jmy r

(C11 + C12)((322 + C12) )
C11+2C;5 +Cp

where

y = Cio

Then the ratio to the critical thickness of the blank plate will be

2rH2 Ro 1 InrH

. 5
B TR e (5)

Imagine the plasticity index ;Eand the average intensity of stresses, taking into account the
strengthening of the material in the form of

E.=Ce"%, (6)
Sec=Cel, (7)

h? =0,04%

wherew , T aonstants of the material, determined by experiments on the stretching of samples.
Substituting these formulas into expression (5) and performing thesaegasmnsformations taking
into account = 0,5%, we will get
22+Rpd rd 1
h? =0,041H Og- —g——InH, 8
3 1+ RO? 'y §1/my r ®

We express the anisotropy coefficiemis/ through their parameters, substitute one of the roots of the
Bessel functiorand as a result we get

h? =000453 25 Ro gy 1 8|20* Ro) Ty )
1+Ro & | 1+2R, r
We will calculate for the following deformation parameters of the work piece25imm,

D=40mm, R =1.
Than

h22 0,004820° cf% 12’58[ 20, 0545
20N3 125

and
h2 0,738mm

When comparing the results obtained from formulae [7, 8] as well as (9) with the buckling condition,
it can be seen that taking into account the anisotropy of the material makes it possible to more accurately
determine the critical thickness of the stagtimetal of the work piece. The discrepancy is not more than
8,5% (Fig.1). In Fig.1, the following designations are adoptedi hhe thickness of the work piece,
calculated according to the dependence (9)pdglet thickness calculated by L.Schofman's formula; g 7
initial radius of work piece.
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Figureli Change in thickness of the work pidfioem its initial radius

Figurel shows that the results of the calculations are almost the same, but with an increase in the
initial diameter of the work piece and, accordingly, the degree of deformation, the thickness increase
increases for formula (9) than for the empirical equation ¢f 8hofman. This suggests that the analytical
expression (9) quite adequately describes thgemi#gence of the thickness of the work piece on its
dimensions.

Analyzing the expression (9), it can be concluded that by increasing the anisotropy index5ftom 0
2, the critical thickness of the required work piece decreases. The flange of the werifpreaterial with a
large RO index will be more stable under deformation. This coincides with the data of Geloldeand
ZharkovV. A., who say that with an increase in anisotropy indicators, the resistance to deformation of the
blank flange decreasesd the limit degree of stretching increases [10]. However, flat anisotropy generally
adversely affects the deformation process of the material and worsens the conditions of formation [11]. In
this case, the thickness of the work piece should be incrbgsk6-2 times compared to the deformation of
the isotropic metal (Fig®). In Fig.2, the following designations are adopted: h is the thickness of the work
piece, calculated according to dependence (9), taking into account anisotropy and the phenbmeteain
strengthening during deformation;isbillet thickness calculated by formula [10], excluding the above
parameters;yis the initial radius of the work piece.

2

1.5
h,mm
*+o
S, mm
s
1
0.5
20 22 24 26 28 30
Tn, mm

Figure21 Change in the thickness of the work piece depending anc¢hease in itnitial radius

It is also interesting to compare the results of calculations with the formula@bélevlev (1) and
experimental data [12]. We will perform the calculation for the following conditions:48imm,

D =90 mm. For steel 08kp &= 1,706. Wefind the relative critical thickness of the plzfne: s/D
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h2 2 0’0043..152&{],706%_ 225§ /261{.]7706 In 45 , 4785
1+1706¢ 45 +\|1+2Q,706 225

h2 219mm

and

h=219_ 0,0243
90

According to the expression of GolovigvD. h=0,0237, according to experimental indicas

YakovlevaS.S. h=0,0247, according to LI. Shoffman's empirical formul® i d ¢ ( 1 8 é 2h2),0227
The greatest discrepancy between the results was found with the data of Shofnaad is approximately
equal to 6%.

CONCLUSION

From the above study, we can conclude that the results of calculations for expression (9) correlate well
with the data obtained earlier. The determined data reliably reflect the influence of the stretching coefficient,
flat anisotropy and the indl diameter of the work piece on the critical thickness of its plate. At the same
time, almost all the characteristics of the technological process that affect the thickness of the initial work
piece are explicitly contained in the resulting expressitis &llows you to control these characteristics in
order to optimize the thickness of the work piece. The dependence obtained as a result of the study allows
accurate and qualitative calculation of the optimal thickness of the initial work piece at geeo$ta
development of the technological process of manufacturing the bodies of battery cells of electric vehicles.

For example, the specific gravity of steel i85g/cnt and that of dense polyethylene i®®g/cn.

Then, according to simple calculatiose weight of the steel case of the battery cell with dimensions of
10x50xQ8 cm will be determined at,8 g, and the polyethylene case with dimensions of 10x5@x2 will be
only 279g. That is, the polymer case of the battery cell will be lightertti@asteel one almosttiBnes.

Nevertheless, to protect the passengers of electric vehicles, automakers produce metal cases of battery
cells. But if you increase the thickness of the steel body, by, the weight of the element will increase to
10,95g, which is 2g more than the previous calculation. Therefore, the relevance of the above study to
determine a more accurate value of the thickness of the blanks of the battery cell bodies, taking into account the
mechanical characteristics of their mateiighot in doubt.
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USING CLUSTER ANALYSIS TO STUDY THE CHARACTERISTICS OF MICRO -FREIGHT
FLOWS OF SHOPPERS

The article presents the results of a study aimed at identifying-deniographic and behavioral facto
influencing peopleds choi ce o Mhsideringthesnpreasing volnmedoé shappir
related trips and the growing attention to the environmental aspects of urban mobility, the study exam
phenomenon of mickshopping flows as part of the broader urban freight transport system.

The study $ based on an online survey of 479 respondents. Using hierarchical clustering, two main clt
shoppers were identified. The first cluster consists of middkd individuals, predominantly women, who comb
active employment with mediuweight purclases (B5 kg), mostly during daytime hours, and prefer traveling
private car or on foot. The second cluster primarily comprises students who make small purchases (up to 2
often after 3:00 p.m., often combining public transport and walking.

The results confirm the presence of statistically significant differences between the groups in terms
gender, occupation, shopping time, and purchase weight. A clear relationship was found between purchase v
choice of transport mode: as theight increases, the likelihood of using a private car rises significantly. Simi
temporal characteristics influence modal chd@cevalking predominates in the morning hours, while the share o
and public transport trips increases in the afternoon

The practical significance of this study lies in providing a scientific basis for developing targeted sust
transport planning measures aimed at specific user groups. For young people, it is advisable to focus on i
access to public transpgation and developing micrmobility infrastructure. For the working population, effecti
measures may include incentives to reduce private car use.

Future research prospects are related to modeling the impact ofshapping flows on overall urban tfiaf
Such analysis is important for managing peak loads in the transport system and for developing policies aim
environmentally sustainable development of urban transport.

Keywords: shopping trip, cluster analysis, soclemographics indicators,ade choice, micro freight flows

INTRODUCTION

Despite the growing popularity of online shopping, travel demand for shopping purposes remains a
significant component of overall travel demand within urban areas [1, 2].

In recent years, the numberofseidi on fAgreen purchaseso has inc
the environment al i mpact of consumer habits [ 3]
intention to make environmentally friendly purchases (individual characteristicstieegmd social factors,
product features, and marketing aspects) and assess the potential effects of an increasing share of such
purchases [46 | . AiGreen purchaseso are part of the broad
to privatesphere hbits related to everyday environmentally responsible actbnsuch as household
consumption aimed at reducing waste, saving water and energy, prioritizing products with a lower
environmental impact, and using reusable goods [7]. Within this broader dh&eghoice of travel mode is
an integral part of GB [ 8]. | f Afgreen purchasir
environmental benefits of such actions are largely offset. Therefore, the choice of transportation mode
constitutes an esstal component of green behavior overall and is a factor that directly influences the real
contribution of Agreen purchaseso to reducing env

To effectively respond to new mobility trends and develop a comprehensive planning approach that
promotes fAsoftodo modes of transport whil e prevent
access to information not only on urban freight transport and logistics but also on individual travel patterns
and consumer behavior [9]. To design ateys of measures that fosters an environmentally sustainable
transport system, it is essenti al to understand
choice of travel mode [10]. Compared to commuting trips, shopeilaged trips are merflexible in terms
of destination and timing. Therefore, measures that encourage the use of more environmentally friendly
transport modes for shopping trips may prove to be more effective [11].

ANALYSIS OF LITERATURE DATA AND FORMULATION OF THE PROBLEM

Recent studies in the field of lasiile logistics have expanded the scope of urban freight transport to
include, in addition to actual lastile delivery, shopping trips made by private cars [12]. Ensuring
sustainability in lastile distribution is a coplex challenge due to the growing volume of deliveries
combined with strict time requirements [13]. Therefore, a promising direction may be the development of
measures aimed at encouraging consumers to switch to more environmentally friendly modesaot.trans
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Factors influencing users6é choice of travel m
groups: socialemographic characteristics, built environment (building density,-laedmix, distance to
various facilities, etc.), and attitudes (camtf convenience, travel satisfaction) [10]. While the scientific
literature contains a substantial number of studies on these factors, there are relatively few publications
focusing specifically on shoppirglated trips. In recent years, researchers Ipaivearily concentrated on
examining changes in consumer purchasing behavior associated with thel@@amsdemic and/or the
growing share of online shopping [1, 14, 15]. However, most studies focus on trips in general or commuting
trips [10].

Accordingto the study presented in [16], as population density and the density of shopping locations
decrease, the frequency of shopping trips made by car increases.

In [17], based on the analysis of survey results conducted in Munich, Germany, purchasers were
divided into six latent classes according to their shopping behavior (including the frequency of offline and
online purchases and the mode of transport used for offline shopping). These studies indicate that the groups
most inclined to use a car for shoppin@s are employed individuals with high income, those with children
and access to a private car, as well as residents of less dense residential areas.

In [18], consumer shopping behavior was analyzed based on survey data from Japanese respondents.
Accordng to the published results, the choice of travel mode for shopping trips is influenced by employment
status (working respondents typically choose the car, whilewwoking respondents prefer cycling or
walking), the distance to the shopping locatiord tre duration of stay at the destination (those who walked
spent the least time shopping, while those who arrived by car spent the most).

According to the studies presented in [19], the frequency of shopping trips made by car is influenced
more by habithan by sociademographic characteristics (the research was based on survey data collected in
Sweden). The authors recommend that when developing measures aimed at changing urban travel behavior,
special attention should be given to alternatives that ptearedior reduce the formation of strong habitual
patterns.

RESEARCH QUESTIONS

Based on the literature review, the following research questions are formulated:

-RQ1. What factors influence consumer purchasing behavior, and what typical groups of stapers
identified?

-RQ2. How can sustainable urban transport policies be adapted to meet the needs of specific groups of
shoppers?

RESEARCH RESULT

Data collection procedure and general characteristics of the survey results

To collect data, an online sugvef the population was conducted (the questionnaire was created in
Google Forms and distributed via social media). A total of 491 completed questionnaires were collected, of
which 479 were retained for further analysis after excluding those containimgplete or evidently false
information. The data gathered through the survey can be divided into the following blocks: socio
demographic and socEconomic characteristics of the respondents; general behavior during the purchase of
food and norfood produts (frequency, place of purchase, typical mode of transport for shopping trips); and
information regarding the most recent offline purchase (time, place, amount spent, and mode of transport).

The sample consisted of 63% women. The survey mainly involvedgy@eople, with 83% of
respondents under the age of 40. The distribution of the sample by average monthly household income was
as follows: up to UAH 14,000 29%, UAH 14,00020,0000 16%, UAH 20,00030,00086 16%, UAH
30,000 40,0000 13%, and over UAH 40D & 26%. Employed individuals accounted for 45% of
respondents, students for 46%, and the remaining respondents were unemployed (6%) or retired (3%).
Among the respondents, 53% (253 individuals) had lived in a large city (population over 300,00®dsr at |
the past six months, 30% (142 individuals) in a city with a population under 300,000, and 17% (83
individuals) in a rural area.

Place of residence affects the frequency of both food andooohpurchases, although the difference
is more pronounced faonfood items (Fig. 1).
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Fig. 1. Distribution of purchases by frequency: a) food products; bjauzhproducts

Most respondents, regardless of their place of residence, purchase food products several times a week.
For rural residents, this fige is slightly lower, with a larger share of purchases occurring once a week. Less
than 9% of respondents buy food products less frequently than weekly. Fdoodompurchases, the
differences are more pronounced. The share of respondents making shelsgsiance a week is almost the
same across different residential locations, with only a small variation in the proportion of those purchasing
nonfood items no more than once a monthi @®%). However, several times a week, 7.5% of residents of
large cites make noffiood purchases, compared to 22.5% of residents of smaller cities.

Smallvolume purchases prevail: 47% of respondents indicated that their most recent purchase
weighed less than 2 kg, while 39% reported a weight between 2 and 5 kg. Moreoveri, @&jsondents
stated that a purchase of this size is typical for them.

The distribution of responses regarding the choice of transport mode for shopping trips is shown in

Fig. 2.
Private car, public transport walk
Private car, public transport
Private car walk Taxi
Public transport
walk
Walk
Walk
Public transport Public transport
Private car Private car
a) b)

Fig. 2. Mode boice for shopping trips: a) usually; b) during the most recent purchase

Approximately 26% of respondents usually choose a car for shopping trips, while around 23%
indicated it as one of the alternatives they use regularly. For public transport, these dige 15% and 36%,
respectively. Overall, transpdpased trips account for 41% of all shopping trips, with an additional 43%
regularly combining them with walking. Fifgne percent of respondents reported using some form of
transport during their mosécent purchase.

Clustering procedure

Among the methods for assessing travel behavior in urban areas, regression models and machine
learning techniques are the most popular [10, 20]. Cluster analysis, as one of the machine learning
algorithms, is an efféive method for dividing datasets into subgroups characterized by distinct differences.
Conducting cluster analysis involves the following main steps [21]:

-normalization and standardization of input data;

- dimensionality reduction (excluding data frotime sample that do not influence the clustering
results);

-cluster identification (based on distance to a cluster centroid, dissimilarity and linkage between
groups of observations or density);

-evaluation of results (assessing the reliability of clirsgefior a given number of clusters).

CYYACH! TEXHOAOM B MAWMHOSYAYBAHHI TA TRPAHCNOPTI, 2025, Z(25) ISSN 2313542¢



E H. Pivtorak,Ye. Pruskyi 2025

If the input dataset contains different types of data (numerical, categorical, binary, and multiple
choice), they need to be represented using a common standard. Several methods can be used for encoding:
-OneHot Encoding is applied to features with a single choice among multiple categories (e.g., gender,
time of purchase). This approach helps avoid false assumptions about the order or equidistance

between categories, which is particularly important for models sensitivemerical values (such as
decision trees or logistic regression).
-Multi-Hot Encoding is applied to fields where respondents could select multiple options simultaneously
(e.g., modes of transport to the shopping location). Each category is transforoned@parate binary
variable indicating the presence or absence of the corresponding feature.
-Ordinal Encoding is used for ordered variables, such as income level or purchase weight. Preserving the
order allows the model to account for monotonic relatigpgss which is appropriate when the values
have a | ogical progresis5i kgied(Oe kfg.e,) .¢l ess than 2
As a result of the preprocessing, a complete set of features suitable for use in clustering and
classification algorithms was created. Eaow in the table represents an individual respondent, and each
column corresponds to a standardized, encoded feature.

Clustering of respondents based on the mode of transport they most frequently use for shopping trips

The study employed hierarchicauck t er i ng wi th dendrogram constru
proximity matrix was calculated using the normalized Manhattan distance metric. The clustering process
workflow in Orange software is shown in Fig. 3. To determine the importance of variakles dlustering
procedure, the Rank function was first applied to
and the variables that most influenced the choice of transport mode were selected.

& Data Table

Data 5 Data Distances Selected Data — Data

T4

=

Hierarchical Clustering

A

Distances

O G

Sey,
@(J‘e‘y
File Select Columns 4

Edit Domain % Silhouette Plot

* o
% é"
N =

Box Plot

Distributions

Fig. 3. Hierarchical clustering procedwsing Orange software

First, six factors were selected using the Rank function:

- age;

- gender;

- type of employment;

- household size;

- time of the trip;

- purchase weight.

The optimal number of clusters was determined based on the silhouette sowesgTable 1).

Table 1. Selection of the optimal number of clusters

Total number
of clusters

Weighted averagg

Silhouette score values for each cluster

silhouette score

g 2 g3 g 4

g5

5

0.24

0.564

0.413 0.084 0.199

0.119
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4 0.40 0.564 0.413 0.133 0.4% |
3 0.38 0.382 0.142 0.455 T T
2 0.63 0.498 0.702 T T T

The silhouette score reflects the level of cohesion within a cluster. Its values rangé foofil, with
values closer to 1 indicating that an object fits well within its cluster [22]. Feleeted set of factors, the
best results were obtained by dividing the sample into two clusters.

Members of the first cluster primarily make shopping trips by private car (48%) or on foot (33.7%).
This group consists mainly of middéged working indiviluals, predominantly women. The second cluster
mainly comprises students who prefer using a private car (41%) or public transport (32.4%) for their trips. A

more detailed characterization of the resulting clusters is presented in Table 2.

Table 2. Clusténg parameters and factors considered in the cluster division

Mean value
and
Variable | Value type dispersion Percentage dlstrlputlon (for a categorice Estimate
(for a variable)
numerical
variable)
Clustery 1
] Student'st=
Age Numeric 44, 75N 22,19
te=0, 0(
Student'st=
HO‘;iS;eho'd Numeric | 3, 48K 1,51
tc = B3
2 _
Gender | Categorical 84,3%i female ¢ _:2(7)’050 0
Type of , o : ¢ =117,69
employment Categorical 83,15%i employed population 6=0, 00
21,35%i 9:0071 12:00
Time of the Categorical 30,34%i 12:007 15:00 ¢°=11,08
trip 9 22,3%i 15:00i 18:00 =0, 09
22,5%i after 18:00
17,3%i purchases weighing up to 2 kg 2
Pvl\jgi:hr?tse Categorical 56,8%!1 purchases weighing 3 kg Gtg__zg’mo 0
9 17,3%i purchaes weighing 510 kg o
Cluster a2
N Student'st=
Age Numeric 20, 2N 22,19
tc=0, 0(
Student's t =
Hoiffeho'd Numeric | 3, 24K 1,51
tc = 1B3
2 _

Gender | Categorical 50%1 female ¢ —:28,050 0
Type of . o ¢’ =117,69
employment Categorical 69,3%I1 students ©=0. 0

14,77%i 9:007 12:00
Time of the Categorical 22,7%i 12:007 15:00 6" =11,08
trip 9 37,5%i 15:001 18:00 te=0, 05
23,3%i after18:00
53,9%i purchases weighing up to 2 kg 2_
Pvl;;?hﬁse Categorical 34,2%i purchasesveighing 25 kg GtG_—Zg’G?o 0
9 9,4% purchases weighing %0 kg -
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Thepval ue for the variable Ahousehold sized is
clustering was performed without taking this factor into account. The catmdagiresented in Table 3
confirm the appropriateness of this step, as the weighted average silhouette score increases.

Table3. Selection of the optimal humber of clusters

Total number, Weighted average Silhouette score valudsr each cluster
of clusters silhouette score g1 4?2 43 44 45
5 0,27 0,657 0,423 0,100 0,318 0,112
4 0,44 0,657 0,423 0,162 0,526 i
3 0,42 0,393 0,170 0,526 i i
2 0,67 0,522 0,739 i i i

Members of the first cluster mainly make mediwmight purchases (3 kg), with more than half of
the trips ocarring before 3:00 p.m. (55%). In the second cluster, purchases weighing up to 2 kg prevail
(54%), and shopping trips are shifted toward the afternoon hours (after 3:00 ffo)of purchases.

Separate graphical dependencies were constructed betwediméhef purchase and choice of
transport mode, as well as between purchase weight and choice of transport mode (Fig. 4 and Fig. 5).

after 18:00 — 45,9 -
15:00 - 18:00 - 43,0 _
12:00 - 15:00 _ 322 -
09:00 - 12:00 _ 31,9 _
wpto000 (NSO 250 D
0% 20% 40% 60% 80% 100%
mwalk © private transport ™ public transport

Fig. 4. The impact of purchase time on the mode choice

>10kg 100,0 l

5-10kg _ 60,0 -

2-5kg 32,2
0% 20% 40% 60% 80% 100%

uwalk private transport M public transport

Fig. 5. The impact of purchase weight on the mode choice

The hghest share of walking trips occurs during morning shopping (50% for purchases before 9:00
a.m. and 38% for purchases between 9:00 a.m. and 12:00 p.m.). After 12:00 p.m., the overall use of
transport, particularly private vehicles, increases. Publicgmabgs most actively used during the afternoon
hours, with over 38% of respondents utilizing it for shopping trips between 3:00 p.m. and 6:00 p.m.
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The relationship between the choice of transport mode and purchase weight is even more pronounced.
For thesmallest weight category (< 2 kg), walking is the predominant mode of transportation (48%). As
purchase weight increases, the use of transport also rises: for medight purchases, the share of walking
slightly decreases in favor of public transport,ile/tior purchases over 5 kg, the share of trips made by
private car sharply increases, reaching nearly 100% for purchases weighing more than 10 kg. This is
supported by other studies, which indicate that a larger shopping list or visiting multiple starsmgle
shopping trip significantly increases the likelihood of using a private car [23].

DISCUSSION OF THE RESULTS OF THE STUDY AND SUMMARY

The conducted study made it possible to identify the key stmimographic and behavioral factors
that determne consumersdé choice of transport mode for
allowed the identification of two groups of respondents differing in age, gender, occupation, as well as the
weight and timing of their purchases.

Middle-aged espondents, predominantly women with active employment, prefer to use private cars or
walk for shopping trips. Their purchases are typically of medium weight and occur throughout the day, with
slightly higher activity between 12:00 and 3:00 p.m., possihlsing lunch breaks at work. A separate
cluster of younger respondents, primarily students, more often combines car trips with public transport. Their
purchases tend to be lighter, and shopping trips are shifted toward the afternoon (after 3:00 p.m.). Some
studies indicate that younger people are more inclined to use environmentally friendly transport modes,
partly due to their mobility and fewer established travel habits [24]. The present study partially confirms this,
as the combined share of public tnamd and walking trips is higher in the second cluster (69% versus 61%
for the first cluster). These findings provide a foundation for more targeted sustainable urban transport
policies, particularly aimed at younger population groups, who are more ophartging travel behaviors.

For students, it is advisable to focus on improving access to public transportation anemabiity
infrastructure. For the employed population, incentives to reduce private éaswuse as developing ride
sharing systems, &ancing walking conditions, and integrating mobility sendcese particularly
important.

A prospect for further research is the assessment and modeling of the impact of srelppadg
travel flows on overall traffic. Considering that shopping trips gishansport are most frequent between
3:00 p.m. and 6:00 p.m. (including the start of the evening peak), studying thesenohilioy flows is a
highly relevant issue.
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MODELING OF ADDITIONAL TIME COSTS IN THE ROAD TRANSPORT SYSTEM AT THE
LAST MILE STAGE

The article addresses the problem of optimizing loading and unloading operations in road transport
element of the transport and logistics process that significaffdcts the overall efficiency of freight delivery. It hi
been established that considerable time expenditures during the execution and waiting for loading and
operations lead to increased operating costs and reduced fleet productivity.lysisavfathe regulatory framewor!
showed that the existing regulations were developed under the conditions of a centralized economy an
correspond to modern market requirements.

The necessity of updating these standards has been substantiatgdntalaccount contemporary conditiol
and the characteristics of vehicles, types of packaging, as well as the specifics of goods and organizational a
to logistics operations. The use of regression models has been proposed to formalize thexclepdreteeen the
duration of loading and unloading operations and the key parameters of the process. The obtained value
parameters can be incorporated into the construction of linear and regression models, which will ensur
accuracy in pdicting time expenditures and in developing recommendations for improving the efficiency of tre
and logistics systems. The integration of regulatory, mathematical, and digital approaches to the optimiz
loading and unloading operations intlasgile retail logistics is identified as a necessary condition for enhancin
effectiveness of logistics processes under current market conditions.

Keywords: loading and unloading operations, road transport, logistics processes, transportation \eff
regression modeling, time expendityrizst mile

INTRODUCTION

Loading and unloading operations in road transport represent one of the most regeosiee and
critically important components of the transportation process, significantly affétdilngerall efficiency.
Considerable time expenditures for performing or waiting for loading and unloading operations lead to
prolonged vehicle downtime, which results in higher operating costs and reduced turnover of the rolling
stock.

The main causes dfuch time losses include: insufficient mechanization of operations, outdated
technical equipment, lack of unified logistical coordination among participants in the transport process at
transshipment points, as well as inefficient organization of prepgramor accompanying operations [1, 2].

Within the framework of the modern logistics approach, optimization of loading and unloading
operations involves a comprehensive review and streamlining of operations at points of cargo dispatch and
receipt, particuldy at warehouses, logistics terminals, and consolidation centers.

The foundation for improving efficiency lies in ensuring the prior readiness of cargo for shipment:
formation of consignments taking into account the technical parameters of vehicles dlmacityc
dimensional restrictions), packaging of cargo into transport containers, precise identification of cargo
location within storage zones, as well as timely preparation of mechanization equipment (forklifts,
conveyors, cranes, etc.) for operation.eThackaging of smabatch and piece cargoes has become
particularly relevant, as it minimizes the number of operations and reduces the impact of the human
factor[2, 3].

LITERATURE REVIEW AND PROBLEM STATEMENT

The regulation of vehicle downtime during ¢tlag and unloading operations is governed by
normative documents, in particular tbgnified Time Standards which establish baseline values for first
class cargo per ton. For secenthird, and fourthclass cargoes, adjustment coefficients are appiiat
account for the actual coefficient of vehicle load capacity utilization, taking into consideration full loading
within permissible dimensions (including volumetric limitations)4B

Modern research confirms the significant variability in the actuahtion of loading and unloading
operations, which is determined by cargo characteristics, vehicle parameters, the level of mechanization, and
personnel qualifications. To refine these dependencies, the use of regression models is proposed, as they
make t possible to formalize the relationship between processing time and key process paran@térsr[5
example, calculations have shown that additional time expenditures for documentation amount to
approximately 0.24 hours, while the standard time foritmpdnd unloading operations per ton of cargo is
0.07 hours, which confirms the necessity of accounting for these factors in practical planning.
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In a broader context, the literature revie®i 9] indicates that the problem of optimizing vehicle
servicing atcargo handling points extends far beyond the purely technical aspects of loading and unloading
operations. It encompasses:

T optimization of vehicle service sequencing as a task of minimizing total costs;

T implementation of information technologies tdiance the efficiency of logistics systems;

T strategic planning of logistics processes and rational use of resources;

i application of mathematical modeds from the classical vehicle routing problem (VRP, PVRP) to
modern methods of fuzzy logic and queuihgory;

T digitalization and automation using blockchain, cloud services, and artificial intelligence.

Particular importance is attached to the integration of these approaches into practical solutions that
focus not only on minimizing downtime but also iogorporating loading and unloading operations into the
overall management of transport and warehouse flows.

Thus, loading and unloading operations optimization serves as a fundamental element in improving
vehicle service systems at logistics terminalsl @novides a foundation for the development of more
advanced digital and mathematical management models.

PURPOSE AND OBJECTIVES OF THE STUDY

The purpose of this article is to substantiate the necessity of considering additional time expenditures
for loadig and unloading operations and documentation processing in the organization of road
transportation of small consignments.

The objective of the study is to develop an approach to formalizing these factors within a
mathematical model, which enhances the emmu of logistics cost assessment and supports effective
managerial decisiomaking.

RESEARCH RESULTS

However, the existing regulations were developed under conditions of centralized economic
management and were primarily oriented toward typical procesbéd) no longer fully correspond to the
realities of modern marketriented logistics.

In connection with the transition to a decentralized economic management system, the increasing role
of private carriers, and the implementation of flexible logisticatagies, there arises a need to update and
adapt the regulatory and methodological framework.

Modern logistics planning requires a revision of the regulations regarding the duration of individual
stages of loading and unloading operations, taking intowd changes in vehicle characteristics (body
types, level of automation, platform parameters), new types of containers and packaging, as well as the
specific features of the cargo being handled.

The time for loading and unloading is determined eithetelgylatory standards or by the dependency
(1), which has the following form:

twz2 @ o+ g OL). (1)

wheret, 7 additional time for documentation processing, h;

g, I nominal vehicle load capacity, t;

t, ,1 standard time for loading or unloading 1 ton of cargo, hit;
g, 1 coefficient of static load capacity utilization.

According to current redations, the average duration of procedures related to the documentation of
cargo operations is 130 minutes [13]. The normative time expenditures for performing loading and
unloading operations per ton of cargo generally amount to about 3 minutes.afpthevresults of modern
empirical studies demonstrate significant variability in these indicators depending on the specific conditions
of logistics operations. This variability is determined by a number of factors, in particular: the physical and
mechantal properties of the cargo (volume, weight, shape, fragility), the type of transport used, the level of
mechanization, the organizational structure of the logistics operation, and the qualifications of the personnel.

Considering the substantial dispersiohactual loading and unloading operations duration values,
there is an objective need for andapth analysis of the functional dependencies between time expenditures
and the parameters that determine them. Such an approach makes it possible noadapt &xisting
regulations to modern conditions but also to develop recommendations aimed at improving the efficiency of
logistics operations through rational planning of resources and time.
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This issue becomes particularly relevant in the context of organng t he Al ast mi |
logistics systems [5]. The delivery of smh#tch cargoes to the end consumer is generally carried out by
light and mediunduty vehicles, which results in higher frequency of loading and unloading operations while
reducing the volume of individual shipments.

At the same time, even when using the same method of performing cargo operations (for example,
with a manual hydraulic trolley), the level of efficiency largely depends on such factors as the infrastructural
charateristics of the delivery point (availability of ramps, elevators, access roads), time of day, road traffic
density, and the workload of logistics personnel.

DISCUSSION OF RESEARCH RESULTS

To refine the recommended data, it is necessary to study theohalctiependencies of the
corresponding performance indicators on various factors. The specific feature of the last mile stage in retalil
logistics systems is that the delivery of srimlich cargo is carried out by vehicles of different load
capacities, whe the same method and organization of loading and unloading operations are applied. These
dependencies are predominantly linear in natl@ fherefore, the time expenditures for their execution can
be represented by the corresponding linear model

Y=a X )

whereY = tg 1 time for loading and unloading cargo, h;

Y =41 additional time for documentation processing, h;

b, = 2l i standard time for loading or unloading 1 ton of cargo, hit;

n= Oy ' product of the nominal vehicle load capacity and the coeftickstatic load utilization, t.

For conducting calculations and approximating the dependence of loading and unloading operations
duration on its components, regression analysis is applied. To obtain the coefficient values, field observation
data on the e vehicles spend at loading and unloading points during cargo delivery by vehicles of different
load capacities are used [H].

The coefficients of the regression models obtained in the course of calculations, as well as the
verification of their statical significance, are presented in Table 1

Table 1i Calculation results and verification of regression model coefficients

t- criterion for p1 null hypothesis
Indicator Value Standard error coeff|C|en_ts of probablll_ty values _for
regression regression equation
equations coefficients
Q=2 0,483289 0,0228 21,1181 2,23L10
by = 2 0,13466 0,0232 15,789 2,19%t10

The correlation coefficient for calculating the duration of loading and unloading operations is 0,91, the
standard approximation error amounts 6. 0he adjusted nitiple correlation coefficient is, 87 and the
probability value of the null hypothesis-{€st) equals 0.000001.

As a result of the performed calculations, it was established that the additional time expenditures
associated with the preparation of acconyiag documentation amoumt =0.24 h, while the duration of
loading and unloading operations for 1 ton of cardd,is =0.07 h.

CONCLUSIONS

The obtained quantitative values should be taken into account when formalizing the mathematical
model that describes the structure and dynarof logistics costs associated with srtatch cargo delivery
at the final stage of the logistics chain. Their inclusion in the model makes it possible to adequately account
for time expenditures accompanying logistics servicing, particularly vehiclentdoes caused by
administrative and technological procedures.

This, in turn, ensures greater accuracy in forecasting total costs and supports the adoption of well
founded managerial decisions in route planning and resource provision for logistics aperatio

ISSN 23135425 , 2025, 2 (25)

¢



E Ptytsia N 2025

YrteJrusct /L erR) 61 7?
Wd d20 fjtejotL-@BP2o O ®@y SRy tdzj DY

ted

d?2 .. [ JIstsH dydz -Is isidiisdet ¢ ' muelfGdz’ f Ot
9 ¢

0

1. [ Hddg Is ©
1989. 60 f.

2. 1 OB tstem! ¢
mMdMmisj 30OR HEMISO d 90l 9osjPadzlssdzgPt¥S: HdH. 28s:01 /
JHimO, 2008. 2 m.

3. | stew ' dzts . 1. I M dzd o sMigetsL o @ Gzls Gz Uzelz® dz! dR@fo~O o
sBb6' CIlsOn lstGOdzfnu’lstGlsIz L fsLdy’ ’ StcOdzy tstels dats ™ . 1
ZOy' sdz@ds dzd BLMdIlsJ ls " d3.2013 -6z . 39 26 Odz €.

4 . s Odz' dz' yg dz¢ .., t shmfsdzse [ . 1. JtecOdz L Oy' !
mOts " 9 : myodruvu, 2005. 123 M.

5. K. Kovtsur, N. Ptytsia, Ye. Liubyi, V. Fedorov An approach to determine vehidetiite at
unloading points. AIP Conference Freedings 2439, 0200412 02001211.
https://doi.org/10.1063/5.00684.37

6. Fedorov V. Yu., Voronova E. M., Kovtsur K. H. Study of the-ttéfion of vehicle dowtime at
thepoint of loading and unloading. Rteedings of the 5th International scientific and practical conference.

CPN Publishing Group. Tokyo, Japan. 2021. Pp-26b

7.AN JHBBteBD | . | stsoykzte s0.d,H " lols dsuer© dzfm.{ ts kads®ff] dbittsHitsteydz oz doedz
StcOdzf B OB~ 8 o (RZdEGRSAMFjomg Bse ¢ $tcOdzmy Stclst230. 202 3
https//doi.org/10.33082d.2022.415.1Q

8. ssoaykzte s. | ., ANJHBEBEISY 1. 5. Jy d&z¢ 0 yomkz B Md
fijtcijtesBSCd 90dzlsOy 9. [OIjte® Odzd XVww [ 'y d&zOtesH dzts”’ Ct
sfme ' Is' é& (1 Otidk@, yu tedra D230 Is.v) J OtcdE3. 2023. w. 34C¢€

9. Boysen N, Fliedner M, Scholl A (2010) Scheduling in boundandout bound trucks at crossdocking
terminals (OR Spect 32) pp 1361

10. JoOhjdedrn (. 0., skzov €' dz . -4 B OB J B dzlslod
BEBSH OdOdz' L 2 IstcOdzf stels dzd - fr]q’fr]ls;d3 dzOo yOdz! dzd? ff s

REFERENCES

1. Yedyni taryfy na per evozk0102 derzhlomtsin WSSR. ( 1 9 8
Kyev. 60 s.

2. Zaborskyi L.O. Metodychni osnovy orhanizatsii tramipwtekhnolohichnykh protsesiv u
systemakh dostavky vantazhiv: avtoref. dys:t: é ka
Odesa, 2008. 20 s.

3. Horiainov O.M. (2013). Osoblyvosti vykonannia navantazhuvatawantazhuvalnykh robit na
obiektalh transportu z pozytsii transportnoi. Zbirnyk naukovykh prats. Skhidnoukrainskyi natsionalnyi
universytet im. V. Dalia. Luhansk. S.-34.

4. Kalinichenko O.P., Rossolov O.V. (2005). Orhanizatsiia perevezen vantazhiv: Navchalnyi
posibnyk. Kharkiv : KhNADU 123 s.

5. K. Kovtsur, N. Ptytsia, Ye. Liubyi, V. Fedorov An approach to determine vehicle idle time at
unloading points. AIP Conference Rreedings 2439, 0200412 02001211.
https://doi.org/10.1063/5.0068437.

6. Fedorov V. Yu., Voronova E. M., Kovtsur. 1. (2021). Study of the defition of vehicle
downtime at thepoint of loading and unloading.-Beedings of the 5th International scientific and practical
conference. CPN Publishing Group. Tokyo, Japan. Pp2246

7. Fedorov V., Kovtsur K., PtytsiaN. (2023). Vzaiemodiia vydiv transportu: osoblyvosti
obsluhovuvannia transportnykh zasobiv v punktakh pererobky vantazhiv. Rozvytok transportu. 4(15). S.
123-130. https://doi.org/10.33082/td.2022.8.10.

8. Kovtsur K.H., Fedorov V.lu. (2023). Otsinka sbaobsluhovuvannia transportnykh zasobiv u
punkt.i pererobky vantazhiv. Materialy XVII Mi z hna
osvitié (Vari@8xherviBao2028 )rVarnaaTU Vérra. 2023. S.-389.

9. Boysen N, Flieder M, Scholl A (2010) Scheduling in boundandout bound trucks at crossdocking
terminals (OR Spect 32) pp 1381

10. Lashchenykh O.A., Kuzkin O.F., Hrytsai S. V. (2011). Imovirnisni i statyst#jeperymentalni
metody analizu transportnykh system: navchighmgibnyk. Zaporizhzhia: ZNTU. 420 s.

m 2025, Z(25) ISSN 2313542t



https://doi.org/10.1063/5.0068437
https://doi.org/10.33082/td.2022.4-15.10

E Ptytsia N 2025

Tisdyuw.[ SHJ dzt oHOEzdd Is Cotxfolsctd]@Dldy by ) IsQ odfs 5 d3s B {f glzts jlzd 2O dz’
4 s ddst mile

v MisOIls® tesL e dzv dzzlsts  ff totsB dzj diizts L B PEASBY 12O P'dz' dzdfZD o ¢
OolstsidtsB ' dz' des Bz IstcOdeftf stels® W ¢ -dAsdz® fptsal Walats ) jj dpjzdzj dlddz fr
of dzdo O 2O LOcOdz dgz jWjiCIlsdoedz Mls: fjtejojlLjda. 1 f
9 d ¢ t5dzO dzdz™ SO ty' ¢ kzo@dzdzy OHEODCOplsGy ZdadChdz! dztsB " Is L 2 d3
i S Z2OIsOyY" 2dzedr o dIlsteOls L dzdfiy S izl . f tolitsca@ ' Isid o dzts fg HRC
fsCOLOs, M yddedz' tj e dzORj dzlsd BEzdzd L tesBdzj dz L O
Mzyomdeddz tcddeS sodds EZddtso Ods. [ B~ tockzdzlstso Odets dzj sB R H dz
kO rOtOSljtedMmisd Mtsistc® dzmtptetals ded nls Oucd@ Ef OCts0C(d, 0]
stecOdz LOY"  2degdr ' HRtSH' &8 HB dzsd' Misdydedr G jOy" 2.
H dzw WistedzOdz' L Oy* LOdzj ) desflsj 2 -td3s »j o Olddis Poy @ dz'Ofgds dzd ~dzO
Cdzt ysodagf seOBGd ftosyj Mz, [lstod B3Ods L dzOyj dede? yOMmtsoe d
fsBkzHtsoz dz' dz' 2 dzed ~ tcj ctej M" 2dedr dEsH § dzj 2, hts L OBJ
Wistediszo Odzdzy toj Ctsd3j dgH Oy ' 2 Hdzv ' +asdE" jndedimy dzpfidls] | Soleadioas gz i
dzste BOIs d o dzd - , BOIs j &30 Is d ydzd n Is © ydWttse dn f*HRtBH'
tetsL 9 Odzls Oy zo Odz? dzgdr tetsB' Is ftced LOBJjLY jyddedz ¢l ast mi
f  Hodh jdadaw jWjCIlsdodetsfils' dzse’® Misduydedr ftesyjfm' o k Mk

s dz¢ y tfrpdzts so@D dzls @pfsdzt® O dzls Oy o O dz' dz' sfjtwOy’ Qo Ists B E
fesyjmd, JwiSlbdeds Mis! fjtejojLijdd, tjcetjMm 2dj dBSHY

l1vrRAC 1 0Odz' v J @dgdizt ®ldzOIs j - dz' yded = dzOES, HBY,  dzls
dsc' Misde< d, MmOt " afny €d2 -2BUBHKAOIT dzdiZ 9 P &g thepnimi]: dz'mdBtic €
nataliyaptitsa@gmail.com https://orcid.org/000000245597651

PTYTSIA NataliaPh. D. of Engineeringissociate Professor at thEransport Systems and Logistics
Department, Kharkiv National Automobile and Highway Universitgharkiv, Ukraine, e-mail:
nataliya.ptitsa@gmail.conhttps://orcid.org/000®0024553 7651

[ OO dzOH R tSHY j dedz? MilsOlsls® HB o9 dHOdzdz": 16. 09.2025
OO fted2dzviIslsw MmilsOIsls’ HE HtekzCEZ " Mdzw toj yJ dzL 29 O«
DOI 10.36910/automash.v2i25.1912

ISSN 23135425 , 2025, 2 (25) KN


mailto:nataliya.ptitsa@gmail.com
mailto:nataliya.ptitsa@gmail.com

E Ptytsia N.V., Ptytsia H.HR025

V| $56.078
UDC 656.078

Ptytsia N.V., Ptytsia H.Hr.
Kharkiv National Automobile and Highway University, Kharkikkraine

THE ROLE OF ARTIFICIAL INTELLIGENCE IN BUILDING ADAPTIVE AND SUSTAINABLE
SUPPLY CHAINS

The article explores the role of artificial intelligence (Al) in the digital transformation of logistics syste
highlights the practical benefits of Ahtegration, including optimization of supply chain management, predi
demand modeling, reduction of operational costs, increased delivery speed, and improved customer servic
Particular attention is given to the contribution of Al to sustzlitg by analyzing C®& emissions, supporting the us
of alternative fuels, optimizing packaging cycles, and providing tools for-&&@ted strategiesThe study also
identifies new professional roles emerging within logistics, such as logistics datstanal system architects, digite
twin engineers, and specialists in Al ethics in supply chains. At the same time, challenges related to data ur
cybersecurity, standardization of APIs, and compliance with regulations on automated datangrecessiderlined
From an engineering perspective, successful Al implementation requires compatibility of hardware and
infrastructure, reliable communication channels, and protection against cyberattacks. The article emphasize
effectiveness of Al deployment depends not only on technology availability but also on organizational m
readiness for change, and ddtaven decisioamaking culture. It is concluded that logistics of the future will evo
into an intelligent ecosystem wteehuman and artificial intelligence complement each other, forming autonor
adaptive, and sustainable supply chains, thus strengthening global competitiveness and resilience in con
uncertainty.

Keywords: artificial intelligence, supply chaimanagement, digital transformation, sustainability, predic
analytics, automation.

INTRODUCTION

Over the past decades, logistics has undergone significant transformation, evolving from a supporting
business function into an independent field of knalgieand a technological platform that determines both
the competitiveness of companies and the efficiency of global markets. Its technical evolution is
characterized by the widespread implementation of eghgsical systems, digital twins, automation
soluions, and integration with information platforms capable ofleelfning and autonomous management
[1]. In this context, logistics is no longer limited to the coordination of material flows. It has become a
complex adaptive network that operates in @@k, utilizing big data analytics, predictive algorithms,
intelligent information processing systems, and autonomous robotic devices that interact with each other
through open communication protocols.

LITERATURE REVIEW AND PROBLEM STATEMENT

Modern logistts processes are built upon automated warehouses, autonomous vehicles, transportation
management systems (TMS), warehouse management systems (WMS), as well as advanced telemetry, which
includes reatime monitoring of transportation conditions, object tim® and equipment technical status
[2]. From the perspective of engineering system integration, logistics today represents a combination of
physical infrastructure, hardwaseftware complexes, network environments, and control algorithms that
function & a unified intellectualized system with elements of decentralized management. Such systems
enable enterprises to achieve flexibility, adaptability, and high levels of customer service in an unpredictable
environment of global risksAnother important tresh in the technological development of logistics is the
proliferation of IoT solutions that ensure full digital visibility of the supply chain. According to [1], more
than 70 % of logistics companies in Europe and the USA already employ IoT devices tor roargb,
equipment, and routes. Sensors measuring temperature, humidity, pressure, and spatial positioning are
integrated directly with pallets, containers, or cargo platforms, thereby creating a distributed sensor network
with the capability of dynamiceattiime data acquisition. The collected information is transmitted via 5G or
LTE-M networks to cloud computing environments or edge devices, where it-frqumessed prior to
further analysis [1, 3, 4All the collected information forms the foundatiohanalytical modules, enabling
anomaly detection, failure prediction, route optimization, and minimization of cargo spoilage risks. Large
manufacturing and transportation enterprises increasingly adopt digitalitpiesise virtual replicas of real
objects or processelk which make it possible to model various behavioral scenarios of logistics systems
without physical intervention. Major logistics corporations actively apply such digital models for simulating
port operations and managing railway logistat the interregional level. All these components constitute
part of a new engineering paradigm in logistics that requires deep automation, interoperability, and adaptive
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management [3, 5Another significant vector of technological development in thliustry has been the
introduction of autonomous mobile platforms and robotic systems in warehouses. Solutions based on AMR
(Autonomous Mobile Robots) and AGV (Automated Guided Vehicles) are employed in leading logistics
hubs, including Amazon, DHL, FedExy@XPO Logistics [4, 6]. Robots perform automated pallet delivery,
barcode scanning, cargo transportation between warehouse zones, and interaction with sorting systems.
Collaborative robots (cobots), particularly those operating within hybrid hunaamine systems, help

reduce the workload on personnel and increase the accuracy of operations. The programming of such robots
is carried out through visual learning modules and reinforcement learning algorithms, which make them
adaptable to changing environmdrtanfigurations.

PURPOSE AND OBJECTIVES OF THE STUDY

The purpose of this study is to analyze the role of artificial intelligence in the transformation of
logistics systems, to identify the benefits and challenges of its integration, and to outline tprémpec
building sustainable and adaptive supply chains.

RESEARCH RESULTS

The automation of logistics operations in transportation has also reached a new level. Many countries
are conducting pilot projects in autonomous truck management (TuSimple, EamitdAurora), integrating
computer vision, LIDAR, GPS, deep learning, and-teaé environmental modeling [7]. Such solutions
enhance the efficiency of lodtaul transportation, especially under driver shortages. The development of
drones for lasmile delvery, although limited, is gaining traction. In the United States, giants such as
Walmart and UPS already carry out regular deliveries of small cargoes to rural areas vsiaplad
navigation drones, reducing operating costs byi88 compared to traitinal methods.

However, despite the impressive progress of automation, artificial intelligence itself has become the
systemforming element of modern technical logistics. Its implementation enables the creation of adaptive,
selforganizing, and sefbptimizing logistics networks capable of responding to changes in real time without
human intervention. Machine learning algorithms, neural networks, deep learning, fuzzy logic, and heuristic
methods have become fundamental tools for analysis and degiaking in environments characterized by
a high number of variables. Demand forecasting systems based on LSTM and XGBoost achieve high
accuracy even under unstable markets and seasonal fluctuations, which is critically important for distribution
centers.Furtherintegration of artificial intelligence in logistics is being implemented through intelligent
route management systems, which account for numeroutimeal/ariabled including traffic conditions,
weather, technical specifications of vehicles, customericgeitime windows, and delivery constraints.
Dijkstrabds al gor i t{eaming, agveelas tddexnewnal nptavarks tah geserate Qptimal
routes that simultaneously minimize costs and prioritize service requirements [8]. Such systeraadye alr
in use by global operators: UPS applies its ORION-Road Integrated Optimization and Navigation)
platform, which, according to reports, saves the company over 100 million miles of travel annually and
reduces fuel consumption by 10 million gallonsn@dzon, FedEx, and DHL are actively testing solutions for
autonomous route selection, combining GPS monitoring with predictive analytics and machine learning
systems for environmental recognition.

Artificial intelligence is also widely applied in inventompanagement, particularly in demand
forecasting, service level evaluation, safety stock management, and order generation. The use of algorithms
such as ARIMA, Prophet, CatBoost, and LSTM significantly reduces forecasting errors compared to
traditional stastical methods. For instance, by implementingbAted demand forecasting systems,
companies can reduce excess inventory by approximatél$5306 while simultaneously decreasing
stockouts on retail shelves by around 20 % [3, 4, 6]. Furthermore, integkblealsed platforms can
automatically generate orders in ERP systems, taking into account time periods, service levels, multi
warehouse logic, and minimum supply lots.

In the field of vehicle and logistics equipment maintenance, the concept of prediciiterraace is
being increasingly adopted, based on the analysis of 10T sensor data combined with machine learning
methods. This approach enables the reduction of equipment downtime by up to 40%, lowers service costs by
25130 %, and extends equipment lifespg®]. Logistics centers of major technology corporations have
implemented equipment condition monitoring systems with Al modules that generate alerts before a critical
wear threshold is reache@ne of the key directions of development is the implementati of t he ¢ cC ¢
towere concept, which ensures centralized coordin
[8, 10]. Such systems aggregate data from all levels of the logistics chain: GPS positioning, order statuses,
vehicle load in@tators, transportation conditions, warehouse data, customs clearance, payment processing,
and more. Adpowered analytics capabilities are used to detect critical deviations, predict disruptions, and
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automatically generate recommendations or decisionsughrcognitive modules built on fuzzy logic, these
systems are capable of making decisions under uncertainty, even when data is incomplete or contradictory.

Blockchain is also finding wide application as a complement to artificial intelligence systems. It
provides transparency and trust among logistics stakeholders by creating an immutable chain of records on
product origin, routing, and condition [11]. In combination with Al analytics, blockchain enableinreal
cargo tracking, supply source verificati@and automatic execution of smart contracts, which, in turn, trigger
subsequent actioris such as shipment from an alternative warehouse in the event of a delay. IBM Food
Trust and VeChain are examples of platforms that integrate Al and blockchain teentzsparency and
decisionmaking speedRecent developments increasingly utilize generative models that are capable not only
of analyzing but also of creating new behavioral scenarios for logistics systems. In particular, large language
models (LLMs) sch as GPT are used for generating logistics documentation, modeling routes,
communicating with suppliers through virtual assistants, and managing tender processes. Moreover,
generative models are applied in the visualization of current and forecastétbosrid transport corridors,
risk assessment related to supplier changes or country of origin, and the creation of simulations for new
supply chain configurations.

Growing interest is also directed toward the concept of AloT (Artificial IntelligencéiofgE), which
involves the integration of artificial intelligence directly at the edgeice level [3, 5, 6, 10]. This allows
data processing without transmission to the cloud, thereby reducing latency and enhancing autonomy. In
logistics, this is partidarly relevant for warehouses, ports, and transportation systems where decision
making within milliseconds is critical. For example, edgemodules are used in drones for navigation, in
autonomous robots for decisiomaking within distribution centers, drin monitoring devices that process
images or detect anomalies in real time without reliance on a central server.

It is also important to highlight the contribution of artificial intelligence to enhancing the
environmental sustainability of logistics systs. Al algorithms analyze G@missions, identify routes with
the lowest ecological footprint, and model the use of alternative fuels and electric transport. Companies
oriented toward ESG strategies employ Al to assess environmental impact, build sustainability reporting,
reduce wast disposal costs, and optimize packaging circulation.

DISCUSSION OF RESEARCH RESULTS

Alongside technological development, there is a growing demand for professionals capable of
integrating, maintaining, and advancing Al solutions in logistics. This hasoléde emergence of new
professions: logistics data analyst, logistics Al systems architect, digital twin engineer, and Al ethics
specialist in supply chains. At the same time, companies face a number of challenges, including data
unification, cybersecury, APl standardization, compliance with national regulations on personal data
processing, and automated management.

Despite the existing barriers, the trends of Al adoption in logistics remain irreversible. Commercial
benefits such as cost reduction by 35 %, order processing acceleration by &b %, forecast accuracy
improvement up to 95 %, and flexibility in adapting to changing market conditions stimulate investors,
governments, and the scientific community to continue integration efforts. Cleagistids is no longer
merely a technical system but a digitally intelligent environment where machine agents collaborate with
humans in decisiemaking, creating the foundation for setfgulated supply chains of the future.

Thus, against the backdrop ofegedigital transformation, logistics emerges as a complex adaptive
system evolving through the interaction of digital technologies, automation, intelligent solutions, and self
learning algorithms. Artificial intelligence, in particular, serves not onlyaasool for productivity
enhancement but also as a catalyst for a paradigm shift in supply chain managdroantreactive to
proactive, from manual to automated, from isolated to integrated. Modern solutions make it possible to
manage logistics assets effively in a dynamic environment, forecast demand, optimize routes, reduce
losses, improve customer service quality, and strengthen the environmental sustainability of business
operationsFrom an engineering standpoint, the integration of artificialligéece into logistics represents a
complex technical challenge that requires compatibility of hardware (edge devices, sensors, robotic
platforms), flexibility in configuring software infrastructure, high reliability of data transmission channels,
protecton against cyberattacks, and compliance with data processing regulations. At the same time, the
advancement of artificial intelligence in logistics systems necessitates a rethinking of planning
methodologies, staff retraining, and the creation of hyleans consisting of logisticians, data analysts,
security specialists, model developers, and managers capable of systemari¢éedea thinking under
technological complexity.
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The effectiveness of Al implementation depends not only on the availabiliglesfant technologies
but also on the organizational maturity of enterprises, their readiness for change, strategic vision; and data
driven decisiommaking culture. The logistics of the future is not simply an automated warehouse or a self
driving truck i it is an ecosystem in which human intelligence is augmented by artificial intelligence,
ensuring the capacity for continuous adaptation, learning, improvement, and development.

CONCLUSIONS

The expansion of artificial intelligence applications in logistiad @nable the formation of fully
autonomous supply chains, where all operatibrfsom demand generation to final deliverywill be
coordinated in real time with minimal human intervention [12]. Under such conditions, enterprise
competitiveness will beetermined not only by the availability of vehicles or warehouse capacity but also by
the ability to create digital logistics platforms with powerful analytics, advanced deuoisiking
algorithms, and deep integration with global data networke integréion of artificial intelligence into
logistics is no longer a prospect but a present reality that is transforming the technological landscape,
economic approaches, environmental standards, and management practices. The successful use of these
technologieswill determine the level of national innovation capacity, business efficiency, supply chain
continuity, and market stability under global challenges.
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INFLUENCE OF LASER WELDING PARAMETERS ON T HE GEOMETRY OF WELDED
JOINTS OF THIN -SHEET STAINLESS STEEL AISI 304

Laser welding is one of the most promising methods of joining metals, combining high precision, n
thermal deformation, and the possibility of process automatization. Due to thert@ndy density of the laser beal
the technology provides deep penetration with a narrowdfsaited zone, making it effective for welding corrosic
resistant austenitic steels, in particular AISI 304. At the same time, the peculiarities of therraabgsda lase
welding, such as intense heating and rapid cooling of the metal, significantly affect the formation of the struc
properties of the welded joint, so the choice of optimal modes is crucial for preventing defects and ensur
quality of the welded joint. The paper presents the results of an experimental and statistical study of the lase
process of 1.5 mm thick AISI 304 steel using response surface methodology (RSM). The aim of the stud
determine the patterns of in#nce of the main parameters of laser welding on the formation of the geometry
welded joint. Based on a factorial experiment, regression models were developed to describe the change i
and width of the weld depending on changes in procasaneters. Analysis of the results has shown that the |
factors determining the geometry of the joint are the power of the laser radiation and the welding speed. Incre
laser power contributes to an increase in the weld area, while increasisgetd reduces it. At high values of la:
radiation power, the process becomes more stable, and the weld geometry becomes less sensitive to
changes. Laser beam defocusing has a negligible effect, only slightly increasing the width of thEhevettbst
pronounced interaction was found to be between power and speed, which tends to determine the maximum
the weld area. The developed regression equations with a deviation of less than 10% confirmed the adequ
model and the effecteness of using RSM to predict the geometry of the welded joint. The optimal welding 1
identified in the study ensure the formation of hegrality, defecifree joints that defedree joints and correspond t
gual ity | evel iBo al2@l®r ding to EN | SO 13919

Keywords: laser welding, thirwalled products, welding process optimization, response surface method
stainless steels, AISI 304.

INTRODUCTION

Laser welding is one of the most promising modern methods of joining metals. This technology is
actively growing due to its unigue advantages over traditional welding methods. Compared with plasma,
microplasma, and argon arc (TIG) welding, laser welding is characterized by higher precision in the
formation of welded joints, minimal thermal deformatiand residual stresses, as well as a significantly
higher process speed [1, 2]. This is due to the high energy density of the laser beam at the focal point, which
allows deep penetration with a minimal haffected zone. Due to the combination of highaliy,
reproducibility of results, and the possibility of process automatization, laser welding has become an integral
technology in the production of products for the aviation, automotive, electronic, energy, medical industries,
etc.

One of the most widg used steels in industry that can be welded using laser radiation is austenitic
corrosionresistant steel, such as AISI 304. This material has a range of technological and operational
advantages: low thermal conductivity, high resistance to oxidatiomggressive environments, stability of
mechanical properties at elevated temperatures, and the ability to effectively absorb laser radiation [3, 4]. At
the same time, the peculiarities of thermal processes during laser weldipgl heating and cooling
significantly affect the structure formation, phase transformations, and mechanical properties of austenitic
steels, distinguishing their behavior from the reaction to welding with high heat input [5]. One of the main
problems during the welding of corros-resistant steels is sensitization, a process in which part of the
chromium in the alloy binds with carbon to form,{ carbides along the grain boundaries. This leads to
local depletion of the solid solution of chromium and, as a result, to a deangh® corrosion resistance of
the welded joint [6]. To prevent this phenomenon, it is necessary to take into account the parameters of laser
welding and the cooling rate.

The formation of the geometry of a welded joint, in particular its penetratioth dem width,
significantly depends on the technological parameters of welding, such as laser radiation power, welding
speed, laser beam defocusing, and the composition and flow rate of the shielding gas [7]. Even slight
changes in these parameters caml lam defects such as undercut, incomplete fusion, porosity, of burn
through [8]. Therefore, selecting the optimal parameters is crucial for achieving the required balance
between the depth, width, and shape of the welded joint.
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In this regard, it is partidarly important to develop mathematical models that describe the
relationship between the technological parameters of the process and the characteristics of the resulting joint.
Such models make it possible not only to interpret the results of experjienédso to predict the behavior
of the system under various combinations of parameters, which significantly reduces the number of
experimental studies and saves time and resources [9].

To improve the efficiency of research and the accuracy of foregastimerical and statistical
methods for optimizing technological parameters have been actively implemented in recent years. In
particular, Response Surface Methodology (RSM) allows for determination of the relationships between
process parameters and syst response [9]. This method also allows optimization of the expected
characteristics of a welded joint by adjusting technological parameters such as laser power, welding speed,
and beam defocusing. It is effectively used to build mathematical modefs¢ladit output parameters, such
as penetration depth, aspect ratio, and joint area, while determining the optimal combination of input
parameters [10]. The Taguchi method aims to reduce the influence of random factors and ensure process
stability using orttogonal matrices and statistical analysis of variance [11]. In addition, genetic algorithms
(GA) and artificial neural networks (ANN) are used to model complex nonlinear dependencies, which allow
effectively finding the optimal process conditions even w&ithrge number of interacting factors [12, 13].

LITERATURE ANALYSIS AND PROBLEM STATEMENT

Response Surface Methodology (RSM) is an effective statistical approach to modeling and optimizing
processes where the result depends on several variables. Wheimglaser welding experiments, this
method allows for investigation of the relationship between power, speed, focus position, gas protection
parameters, and joint characteristics. The use of RSM makes it possible to reduce the number of experiments,
idenify key influencing factors, and obtain optimal welding modes with minimal heat input and defects. For
this reason, this method has been widely used to analyze and improve laser welding processes in recent
years, as confirmed by the results of a humbetuaies.

In a study by Vijayan et al. [9], the effectiveness of RSM and genetic algorithm (GA) methods was
compared in optimizing the parameters of laser welding ofdaseon steel. The experiments were
conducted on 7 mm thick plates using a,@&er with power of up to 3.5 kW. Power, speed, and focal
length were selected as variables. The models developed using RSM proved to be quite aéafrapet¢R
0.87). It was found that with an increase in power, the penetration depth increases, while mdthaseiin
speed, it decreased. RSM showed better accuracy and reliability in determining the optimal modes compared
to the GA method.

Chellu et al. [14] applied RSM to optimize the welding of 2.5 mm thick AISI 304 steel using a CO
laser. This paper focad on studies of the effect of welding power and speed on weld width, penetration
depth, and heat input. The study confirmed that increasing the power deepens the weld, but excess heat
widens it and increases the heat affected zone (HAZ), while incretimngpeed reduces the depth but
improves the deptto-width ratio. The optimal modes ensured minimal thermal impact and a stable weld
shape.

In the work of Touileb et al. [10], RSM was used to study the influence of laser welding parameters
and sulfur cotent on the shape of a 2 mm thick AISI 316 steel weld. It was found that the focal length and
amount of sulfur significantly affect the convection currents in the molten pool and the penetration depth.
For steel with a high sulfur content, deeper, narrom&lds were formed, while for steel with a low sulfur
content, wider and shallower welds were formed. The best results in this study were obtained at a laser
power of 5 kW, a welding speed of 2.4 m/min, a focal length of 2 mm, and the use of 100% heium as
shielding gas.

Thus, all the considered studies confirm the effectiveness of RSM as a method for determining the
influence of laser welding process parameters on weld geometry. However, the complex influence of
material composition, welding parameteasd gas protection require further study to ensure process stability
and improve joint quality.

AIM AND OBJECTIVES OF THE RESEARCH

The aims of this study are:

1. Optimization of the laser welding process of-hialled stainless steel AlSI 304 with a
thickness of 1.5 mm using response surface methodology (RSM);

2.  Selection of optimal welding parameters that ensure creation of-ttefeatelded
joints.

RESULTS OF RESEARCH

2025, Z(25) ISSN 2313542
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The optimization of laser welding parameters for 1.5 mm thick AlSI 304 staisteel was performed
using response surface methodology (RSM). For this purpose, the laser welding parameters were coded
(Tablel) and an experimental matrix was planned (Table 2) based on a simple polynomial model,
equation(1):

y = .EJD + .E:lx1+£::x: + ngg + et 'E'x-ri'(l)

Table 1. Coding of laser welding parameters

Coding -1 0 +1
Laser radiation power (P), kW 1,5 2,5 3,5
Welding speed (V), m/min 1,5 2,5 3,5
Laser beam defocusing val ue 0 +2 +3

The following independent variables were selected: laser power (P)ngvelpgeed (V), and laser
beam defocusing (@F). The respongsandveldwidtity on Y was

sOBddy"” 2. [Oktdyw jCmfjteddj dsk

- P7 Vl Fl = P1 V! F1
1 ) s | KW | m/min | mm 1 2 8 kW | m/min | mm
1 1,5 |15 25 |25
1 1 1 5 1 3
2 15 15 2,5 3,5
1 1 2 6 1 1
3 1,5 |15 25 |35
1 1 1 3 7 1 2
4 15 2,5 2,5 3,5
1 1 8 1 1 3
c 15 |25 35 |15
1 2 9 1 1 1
15 2,5 3,5 1,5
6 1 1 3 20 1 1 2
1,5 3,5 35 1,5
7 1 1 1 21 1 1 1 3
15 3,5 3,5 2,5
8 1 1 2 22 1 1
1,5 3,5 3,5 2,5
° 1 1 1 3 23 1 2
2,5 15 3,5 2,5
10 1 1 24 1 1 3
25 |15 35 |35
11 1 2 25 1 1 1
2,5 15 3,5 3,5
12 1 1 3 26 1 1 2
25 |25 35 |35
13 1 27 1 1 1 3
2,5 2,5
14 5

Based on the compiled experiment matrix, beaglate welding was performed. A Rofinar
DY0O44 solidst at e | aser with a maximum | aser power of P
used for the exgriments. The chemical composition of AISI 304 steel is shown in Table 3.
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Table 3. Chemical composition of AlSI 304 steel, % by wt.
M N C C F
o Si n [ S P r u Ti e
. . S 9,001 3 . 17,001 R >
o0, 0|0O0, 8/02, 0 11,00 o0, 0|00, O 19,00 00, 3/00, 5| Bal

The beaebn-plate welds obtained were certified in accordance with EN I1ISO 1392019 for the

presence of such weld defects as pores, undercuts, lack of fusion, and other defects specified by this
standard. In addition to identifying visual defects, the quality of gasqiarieof the welding zone was also

taken
taken

into account. Welded joints with obvious heat tints anepeoetrations (experiments 49y were not
into account when determining the optimal welding modes.
Crosssections, made from the obtained welds,enexamined using optical microscopy, and the area

and width of the welds were measured. The results of the measurements are shown in Table 4.

Table 4. Results of measurements of the area and width of the obtained welds

Sample Area, Width, Sampé Area, Width,
No. mmn? mm No. mmn? mm
1 1,81 1,97 15 1,57 1,61
2 2 1,83 16 1,29 1,55
3 2,26 1,94 17 1,41 1,36
Continued from Table 4.
Sample Area, Width, Sample Area, Width,
No. mnY mm No. mn mm
4 0,94 1,44 18 1,38 1,41
5 1,38 1,5 19 2,53 1,81
6 1,23 1,46 20 2,62 1,71
7 0,7 1,28 21 2,54 1,9
8 0,83 1,25 22 2,04 1,87
9 0,67 1,23 23 2,07 1,59
10 2,43 1,45 24 2,15 1,8
11 2,6 1,52 25 1,59 1,64
12 2,43 1,92 26 1,7 1,61
13 1,68 1,61 27 1,87 1,4
14 1,6 1,5

To develop a linear regression equation for the am@ width of welds (2), it is necessary to

determine the regression coefficients of the main fadigts,, b,, b; using formulas (3) and (4), as well as
the interaction coefficients between factbrs by, b,s, using formula (5):

b]_:O,

¥ = byt byxy + boxs+ baxg + bypxyx +bypxyx + E’:2-“':-“'!(2)

by

135,7(3)

E?'I_ XY
I 2 I
! E|I= 1 %50

-
b = E[:i'.le:x‘l'l::'?l:
G == -

L E?I:i':rjirjlf':

As a result of the calculations, regression coefficients for the weld area were obibgiret];752,

405,b, =i 0,543,b; = 0,06,b;, = 0,11,b;3=70,02,b,3=70,01.

After substituting he obtained regression coefficient values and independent variable designations

into the formula (2), the regression equation for the weld area (6) was obtained:

V.= 1,752 + 0.405F — 0,543V + 0,064F + 0,11PV — 0,02PAF — 0.01VAF (6)

, 2025, Z(25) ISSN 2313542¢
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Similarly, the regression equation for the width of weld was calcu{@)ed
¥p= 1,598 — 0,184P + 0,079V + 0,0024F + 0.1PV — 0,0BPAF — 0,01VAF (7)

Based on the regression coefficients of equations for the area (6) and width (7) of welds, vector
diagrams were created to show the influence of factors and their interaction on the area and width of welds
(Fig. 1 a, b).

S a —» AF b 7

AF
—> PAF —»VAF -

—+PAF —>VAF

P, V. AF, PV,
; PAF, VAF PV, AF, PV,

—————~  DPAF.VAF

a b
Fig. 1. Vector diagrams of the influence of factors on: (a) weld area, (b) weld width

The vector diagram of the influence of factors on the weld area (Fig. 1a) shows that the speed of laser
welding has the most significant impact on the weld area. As¢lding speed increases, the area decreases,
and this effect is more pronounced than the effect of other individual factors. The second most important
factor is the power of the laser radiation. Its increase contributes to an increase in the areagtiact tisis
slightly weaker than the effect of power, but they act in opposite directions. Beam defocusing has the least
effect and causes only a slight increase in area. Between the interactions, the most significant is the
combination of power and weldirgpeed, which leads to an increase in the weld joint area. The interactions
between power and defocusing, as well as between speed and defocusing, have a negligible negative effect.

The vector diagram of the influence of factors on the weld width (Fig.sthbyvs that the laser
radiation power has the most negative effiecs the power increases, the width decreases. The welding
speed also reduces the width, but to a much lesser extent. Defocusing has the opposite effect, contributing to
a slight increasenithe weld width. The most noticeable interaction is the combination of power and speed,
which amplifies the influence of the main factors.

The calculated values of the area and width of the welds were also determined. The deviation from the
experimental &lues was less than 10%, which confirms the adequacy of the obtained regression equations.

In addition to vector diagrams, graphs of the dependence of the influence of laser welding parameters
on the weld area were created. These graphs correlate welthaithector diagrams of the influence of
factors.

As can be seen from the graphs in Figure 2, with an increase in welding speed, the weld area decreases
regularly for all power levels considered. At a power of 1.5 kW (Fig. 2a), there is a noticeablsel@trea
area from approximately 2.0 Mirto 0.7 mni when the speed increases from 1.5 to 3.5 m/min. The largest
values of the area are observed when the beam is defocused by +3 mm, especially at low speeds, while at a
laser beam defocus of 0 mm, the weld peimn is shallower. For a power of 2.5 kW (Fig. 2b), a similar
trend is observed. With increasing speed, the welded joint area decreases front 2o6amout 1.3 mm
However, the effect of beam defocusing is not as pronounced here, and the curvesageadual. At a
power of 3.5 kW (Fig. 2c), the decrease in area with increasing welding speed is less intense, and the
absolute values of the areas are laiiggom 2.6 mni to 1.6 mm. Thus, increasing the power of the laser
radiation reduces the effeot the welding speed on the weld area, which contributes to a more stable weld
formation.

ISSN 23135425 ,2025,” 2 (25) kN
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Fig. 2. Graphs of dependence of weld area on welding speed at laser radiation power: (a) 1.5 kW,
(b) 2.5kW; (c) 3.5 kW

The graphs in Figure 3 showetldependence of the weld area on the laser power when the welding
speed is changed. An increase in the laser power leads to a regular increase in the weld area, and this
dependence is more noticeable at low welding speeds. At a speed of 1.5 m/min (Fige @ma increases
from 1.8 2.0 mnf at a power of 1.5 kW to 2.2.6 mnf at 3.5 kW. The largest area is formed at a beam
defocus of +2 mm, which indicates a more uniform distribution of energy at the beam focus point. At a speed
of 2.5 m/min (Fig. 3b), th area also increases with increasing power, but the effect of defocusing is less
significant in this case. At a speed of 3.5 m/min (Fig. 3c), the increase in area with increasing power is
maintained, but the amplitude of changes decreases from 0°%tamin® mnf. This indicates that with an
increase in the power of laser radiation, the process becomes more stable even at high welding speeds.
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Fig. 3. Graphs of dependence of weld area on laser power at welding speeds: (a) 1.5 m/min; (b) 2.5
m/min; (c) 3.5 m/min

Based on the results of weld geometry research, three welding modes with the same energy input of
60J/mm and laser beam defocusing of 0 mm were selected, which ensuaaligh welds in terms of
geometry, gas protection quality, atefectf r ee wel ds, and correspond to t
EN ISO 139191:2019 (Fig. 4).

a

Fig. 4. Cross sections of welds made at optimal welding parameters: (a) P=1.5 kW; V=1.5 m/min;
oF=0 mm; (b)) P=2.5 kW; (Mc=)2.KB=3n/5miknW; @F=30. 5nmm/ m

DISCUSSIONOF THE RESEARCHRESULTS

The results of laser welding of 1.5 mm thick AISI 304 steel using response surface methodology
(RSM) demonstrate the effectiveness of the proposed approach for quantitative assafsdmentluence
of technological parameters on the shape and geometry of the weld. The use of RSM made it possible to
systematically investigate the interaction of laser power, welding speed, and laser beam defocusing and to
determine their contributiomtthe stability of weld formation.

Comparing the results of studies on welding AISI 304 steel with the results of Touileb et al. [10] on
welding AISI 316 steel, the following conclusion can be drawn. Under conditions of similar geometric scales
and steel ypes, the influence of the main technological factors is similar. Laser beam defocusing and
radiation power determine the depth of penetration, while speed affects the area and width. At the same time,
for AISI 316 steel with a higher sulfur content, thirsignificantly greater variability in the geometry of the
penetration due to changes in convection currents, while welding of AISI 304 steel without modifying
additives demonstrates a more predictable and stable geometry of the joint. As the poweetasérth
radiation increases, the process becomes more thermodynamically stable and the effect of defocusing
weakens, which is consistent with the conclusions of Touileb et al. In general, the results indicate the
feasibility of optimizing laser welding pameters based on a balance between power and welding speed with
a correctly selected defocusing value of the laser radiation, which ensures efficient energy absorption and
optimal weld geometry.

CONCLUSIONS

During the research, an analysis was conductatieoinfluence of laser welding parameters on the
geometry of welds in stainless steel AISI 304 with a thickness of 1.5 mm. It was established that the main
factors determining the area and width of the weld are the power of the laser radiation anditigespetd.
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With an increase in laser radiation power, the weld area increases regularly, especially at low welding
speeds, and at high radiation power, the weld is formed more stably and its geometry is less dependent on
changes in welding speed. Defoagsthe beam has a less noticeable effect, contributing to a slight increase

in the area and width of the weld. The interaction between power and welding speed is the most significant
among the combinations of parameters and determines the maximum weldrerezbtained regression
equations reproduce the experimental data well with a deviation of less than 10%, which confirms their
adequacy for predicting the geometry of welds. As a result, it was determined that the optimal welding
modes with a linear engy of 60 JJmm and a laser beam defocusing of 0 mm providedhiglity defect

free welds and correspond to the hi-g2080st qual ity
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EXPERIMENTAL EVALUATION OF METHODS FOR CALCULATING VEHICLE
ACCELERATION TIME

The article demonstrates that the advancement of automobiles inevitably leads to a dramatic incre
complexity of the mathematical degation of their motion. Modern vehicles are complex technical systems com
numerous interconnected components and subsystaiestronic, mechanical, hydraulic, and pneumati&ach o
which influences the overall dynamic properties of the vehias€quently, the use of simple analytical relation:
becomes ineffective: they do not fully account for the real physical processes occurring during acceleratior
gear shifting, or changing road conditions. To calculate acceleration time retsutilaing vehicle diagnostics, it
advisable to use numerical methods that allow for the consideration of a large number of parameters, incluc
power and torque, transmission characteristics, air and rolling resistance, mass distributioad audface conditior
Such methods ensure the required accuracy regardless of the complexity of the mathematical model and a
description of nonlinear processes, transient conditions, and random parameter deviations.

The use of numerical modehlso opens up extensive opportunities for conducting virtual tests and prel
predictions of vehicle performance without the need for costiirid experiments. This is especially important w
developing automatic diagnostic systems that carya@alnit operating parameters in real time and identify devit
from the norm. Furthermore, numerical methods make it possible to optimize vehicle design at the design sl
optimal engine and transmission operating modes, reduce fuel consunmgtob improve driving safety. The id
presented in the article are supported by calculations of specific examples and a comparison of the obtained
experimental data, demonstrating the validity and practical applicability of the proposeddipprhe results of tt
work can be used in the development of intelligent technical control systems, modeling vehicle dynar
improving methods for assessing their performance.

Key words: car, wheel, acceleration, calculation, numerical methodiscretization, step, Hyundai Accer
Honda Accord.

INTRODUCTION

The modern automotive and transportation industries are increasingly focused on reducing their
negative impact on the environment, particularly thermal and greenhouse emissions. Addressing
challenge is directly linked to the need to reduce fuel consumption, especially hydrofaeboAn
important area oflevelopment in this area is improving the theoretical foundations of vehicle and engine
design, which allows for the creation of raduel- efficient and environmentally friendly vehicles.

Maintaining the technical condition of rolling stock is a key task for transportation workers. This
requires promptly identifying and eliminating faults, which is achieved through regular diagnastic
forecasting of vehicle technical conditions. Modern vehicles are typically equipped witkinbsdtt
diagnostic systems capable of monitoring the condition of key components and assemblies. However, in
Ukraine, the share of such vehicles remairatikely small. According to [1], the average age of the
passenger car fleet is approximately 15.5 years, indicating a significant degree of wear and tear and
obsolescence.

Furthermore, the number of specialized traction testers required for accuratesticagnemains
limited. In this regard, simplified methods for checking the technical condition of a vehicle, which can be
performed directly by the user without the use of complex equipment or the need for specialized knowledge,
are particularly importantSuch methods include, for example, determining the vehicle's acceleration or
coastdown time and subsequently comparing the obtained wvaitlesestablished standards [2]. These
approaches allow for a quick and accurate assessment of the engine ssimmsrand chassis, making them
particularly relevant in conditions where diagnostic resources are limited.

AIM AND TASKS OF THE RESEARCH

Traditionally, the unsteady motion of a car during acceleration or coasting is described using a
differential equation

P -
i/ = ja = p“ = Pg SPC (]_)
dt ma@ m Q@

wheref 1 is the force accelerating the vehicle;
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{ ¢ T is the circumferential force on the drive wheels;
St 1 is the total resistance force to movement;
m, T is the mass of the vehicle with the load;
071 is the coefficient for taking into account rotatinggses (the productgt U is the reduced mass of
the vehicle).

M.hy i ) )
PC:%M? SR=°R+P +R; R=mgQ@, P =mgd;
[

P,=05rC FQ? 2)

whereM, T is the effective engine torque, Nm;

d. 1 is the transmission efficiency;

‘s, ‘o1 are the gear ratios of the transmission and final drive;

rei is the dynamic radius of the wheel, m;

P, P;, P, 1 are the downward rolling resistance, rolling resistance, and air resistance, respectively, in

giis the acceleration due to gravity, 9.81 m/ s|
i T is the slope;
f1 is the rolling resistance coefficient;
Jjiis the air density, kg/ mj;
C1 is the aerdynamic drag coefficient;
F71 isthe frontalareadf he vehicl e, mj ;
v is the speed, m/s.
RESEARCH RESULTS
The process of simulating the unsteady motion of a vehicle on a roller rig is described in a virtually
identical manner. The fundamental difénce is that in this case, it's not the vehicle itself that accelerates,
but the rig's rollers, which are connected to the flywheels and other rotating masses. The system is subject to
a different type of resistance than when the vehicle is moving ondke
Differential equation (1), which describes the dynamics of such a process, is solved relatively simply
in cases where all its parameters and functions depend on velocity to a power of no greater than two. After
combining the coefficients for equabwers of velocity and dividing the resulting expression by the total
reduced mass of the system, the equation can be represented in the following form:

i/+Av2 +BV+C=0 or — I __ gt
dt AV’ +Bv+C
The integral of the right side it. The integral of the left side:
dv 1 |2Av+B- - D|

~ _ . |
MaZ+Bv+C - D \2Av+B+«/- D\

WhereqE4ACT B? ando<0.

1 & |2Av, +B- V- D| | [2Av, +B- V- D[g -
J-D&|2Av, +B+4-D|  [2Ay, +B+- D|2
If g0, then
14 2Av, +B 2Av, +B@§
t= =—garctg——2—— - arctg———— (4)
BET D b 8
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DISCUSSION OF THE RESEARCH RESULTS

This method ensures satisfactory agreement between calculated data and experimental results in
cases where the dependence of engine torque on engine speed can bdyaappratemated by a square
parabola. However, even for carbureted engines, such a simplified description of the torque characteristic is
only a rough approximation and does not always yield reliable results.

In situations where the differential equatiof dynamics includes thirdegree terms, E. A.
Belogurov [2] proposed the following general solution:

ain (v, - )8, B &NV Py +d g

N,y

+

|-CDO
e
m@ ?BQ.)O

‘v + pv, +q‘8
(5)

+3,- PG 2 %

rctg ———
¢ 2-4q-|o \/4q p? \/ - p°

The resulting formula is already significantly cumbersome and inconvenientaittical application.
Meanwhile, for modern injection engines with electronic control systems, the dependence of torque on
crankshaft speed is becoming increasingly complex. In such cases, the torque curve is described not by
simple secondor third-degreepolynomials, but by expressions of the fourth to sixth degree, or even by
several functions with a piecewise approximation (Fig. 1). A similar situation is observed for driving
resistances, which also have a complex nonlinear dependence on vehicle speed.

With such a complex nature of parameter changes, the use of-iltdrwive analytical
approximations and subsequent integration of cumbersome expressions becomes pointless. This approach
requires significant computational effort and does not guarantee #&dguracy, since the original
dependences are still only an approximate description of real processes. The result is only a rough estimate
of the desired quantities, not their reliable values, which reduces the practical value of the obtained results.

- arctg

IO OOI

1680

-
155 _m,r"’ bl i -
- v !:‘32
£ 1o A= ‘:_.—f‘./ %
< 145 i *:F ‘ b
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S 140 e -
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B 135 - “-‘
|_ 130 !, N&,
* L 4
128 -
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1000 2000 3000 4000 5000 6000 TO00
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Fig. 1. Torque on the drive wheels of the Honda Accord [3].
Table 1
Piecewise approximation of characteristic sections of the torque curve at the drive wheels of a Honda
Accord
Speedange Approximation formula ]
From1000to 3009 y=i7, 1602+ 13, 4648l 13@ 73+:12668
From3009to 6806 y=i5, 70 P8+ 1D, 1 '8x0r@0369(
From3009to 4311 y=i8, 0338+ 18, 7 4x8i3 . D G 9>0+48663
From4311to 5518 y = 4, 50516204+ 1D, 4'9x2 00534
From5518to 6806 y =13,194810 "x* + 7,846310 'x° 1 7,218310 °” + 29,461x%i 44839
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Validation of Numerical Methods. Numerical methods for solving vehicle dynamics problemslare
known and widely used in practice. The examples below examinevoelal cases of vehicle diagnostics,
particularly when testing their traction characteristics. The main goal of such diagnostic procedures is to
determine the actual engine torque a$aation of its nominal value. This fraction is determined by
comparing the calculated vehicle acceleration time with the experimentally measured one.

The purpose of this analysis is to evaluate the accuracy of the numerical dneflemifically, to
identify and quantify two error components: the error associated with the numerical solution of the
differential equation and the error caused by the approximation of the initial relationships.

Example 1. It is necessary to evaluate methods for calculatingctietegation time of a Honda
Accord on a road section from 60 to 100 km/h (thealted elasticity test). During field tests conducted by
Autoreview magazine [4], the car demonstrated an acceleration time of 6.7 seconds in Drive mode.

The torque at the védie's drive wheels, i.e., the torque measured by the engine's external speed
characteristic (ESC) minus transmission losses, is shown in Figure 1. Figure 2 shows the automatic
transmission (AT) gear shift sequence during acceleration. The graph shoacc#iatation from 60 to 100
km/h is accomplished in second gear, with the crankshaft speed range being from 3179 to @298 min

0 113 163

wn o

i

Engine speed (x1000/min)
L

.-

40 80 120 160 200 240
Speed, km/h
Fig. 2. Acceleration graph of the Honda Accord [4]

The vehicle's final drive ratio iS55I = 4.437. Goodyear UG 500 205/55 @Rfires have a dynamic
radusr = 0.307 m. These tires are classified as ECO
The vehicle's unladen weight, determined based on weighing results at the test site, is 1,280 kg. Since
information on the actual load is uralable, the minimum standard load for a passenger car of 180 kg, is
assumed in the calculations. Therefore, the total vehicle weight, including the driver, passengers, and
measuring equipment, i s m = 1,460 kag.
The reduced mass of the rotating wheels3ikd, and that of the driven transmission elements is 6.4
kg (determined experimentally using the bifilar suspension and coasting methods). The calculated effective
mass of the engine and transmission in second gear is 149 kg. Consequently, the tival midss of the
vehicle during acceleration is 1,658 kg.

The manufacturer's stated aerodynamicadg coef f i ci ent is C = 0.31
results of processing the experimental coastdown data, performed using the methodology [5] based on tests
conducted by Autoreview magazine, the actual wvalu

Vehicle frontal area (calculated):
F=084BM

where B, H are the width and height of the vehicle, respectively, in m.
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F=0, 8411, 71581, 44 = 2,074

The air density on the day of the Autoreview experiment is unknown. Therefore, the standage avera
value commonly used in similar problems, } = 1.2
The dependence of the torque on the drive wheels on the crankshaft speed in the ranges803000
minwT is shown in Figure 1 ( dam.tHerdhislfrequneacy rarge ¢chsnd |
dependence is approximated by the following equation:

M, =-57100° O +518Q0*n+404. (6)

Substituting (5) into (2), we obtain the dependence of #@itn force on the torque; in numbers for
the 2nd gear:

_ M, 5343945
¢ 0,303

=M_Q78=-1140Q0 * &> +1,0350n + 806, (7)

Further calculations will become more convenient if we switch from crankshaft revolutions to vehicle
speed in m/s;

3, @ _ - v253403945

n=955
r 0,303

° 19V, 8)

Then the dependence of the traction force on the speed will take the form
P. =-415Q° +197Qr + 806 9)
The equation for the dependenceamfresistance on speed:
P,=05rC F Q% =050,2M,382,074Q% =0,473/ (10)

Based on the vehicle coasting [4], the rolling resistance coefficient f = 0.0122 was calculated for a
speed of 6.6 m/s (23.75 km/h), therefore the f(v) dependence was adoguediray to the upper curve for
ECO tires [7], which gives a close value of 0.01238 for this speed:

f(v) =1,36:10 v*-7,54-10 v +0,0124¢ (11)

Coefficient that takes into account the reduction in rolling resistance when tires éuyniofided
(at Gnax= 615 kg for tires with index 91):

Ke =13- 035, /m, =13- 0,3@@®15/1460° 0,80 (12)
Then the dependence of the rolling resistance force on speed:
P. =m g (v) K, =2,7310°v* -0,471v+152.(13)
The force accelerating tharc
te=tel Stn=- 411Q% +176v+565 (14)

The equation of motion of a car during acceleration:
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ﬂl:j
da °

=-2,1900°v* +9,39Q0%v +3,22Q0" . 1

The solution using formula (3) yieldedtiane value of 6.6996321 s, which is closest to the 6.7 s
measured in the test, with the engine torque reduced to 89.4%. The results of the humerical calculations are
shown in Table 2.

Table 2
Results of calculating acceleration times from 60 to 100 krsitng a numerical method with different
speed increments

Step, km/h Time from 60 to caIQJlIJ:'[(iJcl)L:]tirror Relative' error of
’ 100 km/h a, s calculationy %
By solving the differential
equation 6,6996321 0 0
0,5 6,699673 4, 072L10 |0,000608
1 6,699795 0,000163 0,002432
2 6,700284 0,000652 0,009733
5 6,703712668 0,004081 0,060907
10 6,716027314 0,016395214 0,24471824
20 6,766356427 0,066724327 0,995940172

As the table shows, even at a 10 km/h increment, the numerical calculation result deviates from the
differential equation solution by less than 0.02 s. This is a relatively small error, as acceleration time is
typically measured to the first decimal place. Therefore, using a numerical calculation instead of a general
solution to the differential equation is acceptable.

In the example shown, the diagnosis was: torque is reduced to 0.894 of the nominal valsu&his
is excessively low for a practically new car, too close to the maximum of 0.85. It is possible that the
diagnosis is incorrect, caused by an excessively rough approximation of the section of the torque curve from
3000 to 6800 minl. To estimate therror caused by the approximation, the torque characteristic was
represented as a piecewise smooth curve, broken down into characteristic sections, and approximated by
polynomials of degreesi 8 (Fig. 1). The acceleration calculation was performed in % knorements as
shown in Table 1, this yields an error of less than 0.1%. The calculated acceleration time at a torque of 0.894
was 7.04 s (versus 6.7 s for t heilgpeiong A didcrepangyof o0 X i n
0.34 s is 80 times gater than the error of the numerical method of 0.00408 s.

The diagnosis made using the piecewise approximation is 93.3% of the nominal value. Since the car is
new, this is a more probable estimate.

A more refined solution in general would require solvilgee differential equations for three
sections, where the dependencies are described by polynomials of degrees 3 and 4, and the integrals are no
reducible to tabular ones. Under these conditions, the numerical method should be considered more rational.

Example2 Evaluate methods for <calcul ating thee acc
drive wheels of a Hyundai Accerthicle using the PDS KHADII test rig (certified by the Institute of
Metrology, certificate No. 16@151/2006). In our experimerthe average acceleration time from 50 to 70
km/ h was 1.60 s with a | oad (additional resi stanc

The engine's maximum torque curve is shown in Fig. 3. The actual torque as a percentage of the
nominal torgie is Km = 0.9835 (our measurement ontheriginsteatlyat e mode) . The f i ne
= 4.412. We wil!/ adopt the efficiency of the mect
Fulda Montero 2 195/65 R15 91T tires on a workinderolith a diameter of 0.24 m is rd = 0.295 m. The
load on the drive wheels, taking into account the operator's weight, is 800 kg. The reduced mass of the rig is
200 kg (included in the design, verified using the drop weight method). The reduced massaaf thive
wheels and the driven part of the transmission is 27.5 kg (our measurements). The calculated reduced mass
of the engine with the driving part of the transsion in 4th gear is 61.8 kgotal reduced mass of the
system tpr.s = 289.3 kg.
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Fig. 3. External speed characteristics of the Hyundai Accent 1.4 petrol engine [8]

The generally accepted range for testing traction properties from 50 to 70 km/h corresponds to
speeds from 2045 to 2863 mih This section is marked in Fig. 3 with triangulaarkers and is
approximated by a secoslitgree polynomial.

M_=1A0°n?- 39A0°n+157 (16)
Traction force on this section in 4th gear:

M.O.O ... g e ( .
p M0 B Oy M, QOSINALZDI2 5 oo
r 0,295 (17)

=M, Q395=1372Q0 * n* - 0,535 + 2154

Relationship between the crahkdt rotation speed and the linear speed of the wheel contact with the
rollers in m/s:

o 205500 g vQ031GA12, 18)
r 0,295

Traction force versus speed:
P. =2975Q° - 788Qr + 2154 (19)

The dependence of the total resistance feoa®tation of the wheels and rollers of the stand on the
speed (our measurement):

P, =0,460Q° - 8,98Q + 404 (20)
Accelerating force:
te=tcitsi{a= 25150 - 698Qr+1150Q (21)

The acceleration equation for a system with reduced mass tpr.s = 289.3 kg:
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ﬂl:j
da

=8,69320° @ - 2M,1206% +5,06. (22)

Here >0, and the solution using formuld)(yielded an acceleration time from 50 to 70 km/h of
1.6009506 s. The results of the numerical calculation are shown in Table 3.

Table 3Results of calculating acceleration time from 50 to 70 km/h using a numerical method
with different speed increments

Time from 50 to Absqlute Relative error of
Step, km/h calculation error .o
70 km/h o, s calculationd %
By solving the differential
equation 1,600051 0 0
1 1,600897 710,000 10,0034
2 1,600734 10,0002 10,013
5 1,599599 10,00135 10,0844
10 1,595568 10,0038 10,3362

An attempt to apply a general approximatidrihe torque curve to this example using a foultigree
polynomial (Fig. 3) yielded a clearly erroneous result of 2.2 s.

In both examples, the acceleration was described by a sdegnee polynomial. If we analyze more
complex cases, using fourtho sixth-degree polynomials, the general solution will be cumbersome and
difficult to use, and the numerical method will be the only viable solution.

CONCLUSIONS

The numerical method can yield negligible errors even with a fairly coarse partitioning of the range
into intervals.

The error caused by a generalized approximation can be excessively large, so it is better to use a
piecewise approximation.
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I. Baranov, M. Baransky, S. ShvetsOptimization of Operational Planning for Freight Road
Transport Taking into Account the Specifics of Small Batch Delivery

The article investigates methods for managing the operational planning of freight road transport with a
special focus on organizing the delivery of small cargo batches basémbistics principles. General
challenges of operational planning, such as market dynamics and condition uncertainty, as well as specific
problems of small batch transportation (low utilization, empty runs, complexity of routing numerous points),
are analyed. Classical and modern planning methods (exact, heuristic, metaheuristic, simulation, Al
methods) are reviewed and compared based on criteria of solution quality, computational speed, and
flexibility. A structural model of a consolidation network for airbatches and a mathematical model for
route optimization, considering costs, time, load factors, and time windows, are proposed. A heuristic
algorithm for the practical implementation of the model, including order classification, batch consolidation,
and routing methods (Clarké/right, 2-opt), is considered. The possibilities of integrating planning methods
with modern IT (GPS, TMS) are analyzed. An example calculation and an assessment of the economic
efficiency of the proposed approach for a regioretivork are provided. Recommendations are given for
selecting methods and implementing logistics principles to improve the efficiency of operational
transportation planning, especially for small batches, in the context of Ukraine.

Keywords: operational planing, freight road transport, small cargo batches, consolidation,
logistics, management methods, route optimization, mathematical model, efficiency, TMS.
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M. Bodak V. Bodak.Types of thermal regulation systems of the traction battery of an electric
vehicle and their analysis.

The increase in the production of electric vehicles (H&ig)ely depends on the reliability and safety
of the main components and assemblies. One of the most expensive and dangerous parts of an EV is the
power (traction) electric battery. Lithiion batteries (Ldon) have become the most widespread. An
important characteristic that affects their safety is performance and service life. These battery indicators
depend on the average operating temperature, which must be in the optimal range to prevent a number of
negative phenomena. That is why the operation efmtll control systems (TCS) of EV battery packs is
important to ensure correct functioning in any environmental and operating conditions.

Lithium-ion (Li-ion) batteries have become the dominant technology for the automotive industry due
to some unique feates, such as high power, capacity, storage capacity and a large number of possible
recharges. However, under deep discharge conditions, a large amount of thermal energy is generated due to
redox reactions, and the battery temperature increases excesaingklyincontrollably with possible
subsequent seifnition. Therefore, it is necessary to develop such a battery cooling system to prevent
damage to the cells due to high operating temperatures. Other problems arise “id@mehdtieries reach
temperaturebelow optimal values, such as the inability to release energy or rapid degradation and capacity
reduction. That is why an effective system is needed that can heat the device to reach the optimal
temperature range, i.e., a thermal management system (TMS).

Keywords: electric vehicles, thermal management, safety, lithimmbattery, heat transfer, energy
efficiency
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3D Surface Plot of wewnaxicte against Bucota AN and Bia cron-nisii

Tabnuya 20v*1404c
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3D Surface Plot of weuaxicte against Wupuxa AN and Big cron-nikii

Tabnuuya 20v*1404c
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Regression Summary for Dependent Variable: weuakicte (Tabnuya)

R= 96700105 R?= 93509102 Adjusted R?= 93433627

F(3,258)=1238,9 p<0,0000 Std.Error of estimate: 46773

b* Std.Em b Std Emr t(258) pvalue

N=262 of b* of b
Intercept | 28,0542 0125389 223,7369 0.00
Bucora Il 0431623 0,015868  -39.1490 1439286, -27,.2003 0.00
Wwpuxa AN 0,641052| 0,015885 15041 0,037271 40,3553 0.00
Big cron-ninii -0.531226 0,015890 -0,1588 0,004749  -33.4308 0.00
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V.,=2814#5L0, 39,15H Q 0,16 ,(3)
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Analysis of Variance; DV: weuakicte (Tabnuua)
Sums of df Mean F p-value

Effect Squares Squares

Regress. [ 813 11.-’1! 3 2710390 1238932 0.00

Residual | 56,4422 258 0,2188

Total 869,5593

{ MMy jeh' 2dd?2 OdzOdk' L ( ANOVA)
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Normal Probability Plot of Residuals
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M. Buhaiova, O. Kholodova |. Bugayoy Y. Shevchuk Modeling the influence of road humps
parameters on the operation of an uncontrolled intersection

The article investigates the influence of the design parameters of road humps on the speed of vehicles
and the operation of uncontrolled intersections. Proper design of road humps provides a reduction in speed
and increased safety, while errors in the selection of parameters lead to increased delays, additional fuel
consumption, and increased emissions.

The aim of the study is to develop models for predicting changes in vehicle speed depending on the
geometric chaacteristics of the road hump. For this purpose, a series of experiments was conducted in the
PTV VISSIM environment with changes in width' @8Lm), height (0.080.10 m), and distance from the stop
line (1050 m). The height was taken into account through parameters of the speed reduction zone.
Processing the results in STATISTICA all owed wus
0.830.92).

It was established that the height of the road hump has the greatest impact on speed reduction, while
the width and distance to the stop line determine the nature of deceleration in a more complex relationship.
The optimal selection of parameters allows for the provision of the effect of traffic calming without
significant loss of capacity and with minilmanvironmental consequences. The results can be used in
transport planning, design of the street and road network, and in assessing the effectiveness of traffic calming
measures in Ukrainian cities.

Key words: road hump, vehicle, traffic flow, simulatioepeed, height, width, distance from the stop
line, microsimulation, model.
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Holotiuk M., Nalobina O, Bundza Q Analysis of the influence of traction system elements of
heavy tractors on soil pressure

Soil compaction is a physical process of soil degradation that reduces its porosity and, as a result,
intensifies erosion processesdadecreases crop yields. Plants grown on compacted areas exhibit weaker
development and lower vitality. This occurs because gas exchange in the soil deteriorates, affecting the
availability of okygen and other gases to plant roots.Modern crop productiactiges show that the
widespread use of heavy tractors in fields increases both the intensity and frequency of mechanical impact on
the soil. Repeated movement of agricultural machinery leads to significant compaction of the soil to a depth
of up to 100 m, while machine tracks may occupy up to 80% of tHévaied area. Under the influence of
heavy machinery, soil density has increased iy1@%. Reducing soil compaction is therefore one of the
key strategies for sustainable land use. Improving the mgreyistems of machines and impents, as well
as reducing their overall weight, plays a crucial role in trosgss.

This study established that manufacturers of heavy;gler tractors are constantly seeking ways to
reduce the specific pressure erdrton the soil, particularly through modifications in design parameters,
production technologies, and materials used in drive components. The efficiency of such tractors depends
significantly on the proper selection of wheel configurations, especiallinguperations that require
minimal soil impact.
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The study analyzed the structural features of traction systems in modeqmokightractors designed
to reduce ground pressure. In particular, models of wheeled tractors with an engine powerSa0300
were examined; the specific ground pressure was calculated; and the obtained values for tractors with
wheeled, semiracked, and fully tracked propulsion systems (in thei 300 hp range) were compared. A
similar analysis was also carried out for tractordai power output of 500 hp.
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O. Dityatyev Assessment of the influence of nonlinear characteristics of suspension components,
shock absorber, on the resultsfatheir diagnostic.

Shock absorbers in a car are a key element of the suspension, which provides comfort and safety
when driving. They work in tandem with an elastic device, absorbing the energy of impacts and shocks that
occur when driving over uneven as The shock absorber prevents body swaying, reduces vibration and
provides a smoother movement of the body. In the process of operation, the parameters of the shock absorber
decrease, safety and comfort, vehicle performance decrease, vehicle statatiyrates, braking distance
increases, body swaying progresses when driving, knocks and noises appear in the suspension, uneven tire
wear. This necessitates periodic monitoring of the shock absorber condition using diagnostics. There is a
widespread lackf disassembly diagnostics, fragments of installation and dismantling robots are very labor
intensive, requiring the need for special equipment and qualified specialists. In practice, bench diagnostics
are used by activating the suspension with a periidital, in which, to a large extent, it is not the shock
absorber that is tested, but the suspension. Therefore, when testing the assembled suspension, the shocl
absorber testing section contains information about other suspension components. Thiscis af ®srors
in shock absorber diagnostics. Suspension components can have both linear and nonlinear characteristics,
and both of them, through the presence of errors and untimely replacement of the shock absorber, can limit
its actual performance. In thipaper, using the simulation modeling method, the influence of nonlinear
characteristics, such as dry friction and play in the suspension, on the error in shock absorber diagnostics is
considered.

Keywords: shock absorber, diagnostics, nonlinear charities, errors, modeling
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V. Zakharchuk, O. Zakharchuk, SKhomych, S. Prystupa The Use of Mechanical Engineering
Technologies in the Repair and Restoration of Parts

The economic efficiency of parts restaoatlies in the fact that the cost of restoration is usually lower
than the cost of new parts, since the process requires relatively little labor and time, as well as low material
expenses. One of the best and most advanced methods of restoring partapslitation of galvanic
coatings. The problems and opportunities associated with the application of galvanic coatings to automotive
components during repair and restoration are considered. Galvanization processes are associated with the
need for expenses equipment, high consumption of energy, water, and chemical materials, as well as
harmful effects on the environment. In the absence of automobile repair plants, this method of restoration
can be attributed to mechanical engineering technologies. The mehods include hardening, chrome
plating, nickel plating, and others. The choice of a suitable metal for galvanic coating mainly depends on
such criteria as coating cost, surface microhardness, coating time, reflection coefficient, as well as
environmendl factors. The technical decisions regarding the choice of an appropriate galvanic coating were
determined using the Analytic Hierarchy Process (AHP). This is a mathemagcal decisiormaking
method that helps to select the best option among salaiatives when multiple criteria are considered.
By choosing a metal for galvanic coating that meets different criteria, the most appropriate coating for
automotive parts was determined. Nickel proved to be the most prioritized option.

Keywords: automdile repair, automotive parts restoration, galvanic coatings, Analytic Hierarchy
Process, coating selection criteria.
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I .lvankova, V. Fedin. Research of parameters of the technology of restoration of parts by
plastic deformation

Nowadays, there is a need to improvetehnical maintenance system of agrdustrial enterprises.
Increasing the service life of machines is a priority task of the technical maintenance industry. Developing
progressive technologies for repairing machinery is a priority task for our country.

Achieving a high level of reliability and durability of equipment is possible only through a
comprehensive solution to the tasks of the technical maintenance industry. Modeperfiiginance and
resourcesaving technologies for restoring equipment lifgaieing machines and restoring worn parts are
needed.

The use of plastic deformation methods in the processes of manufacturing and repairing machine parts
allows for highquality and effective shaping. Plastic deformation processes in the restoratiomghaxis
have limited application.There is a need for research into the application of plastic deformation in the
restoration of specific parts.

Gear pumps are an important part of hydraulic systems of machines. The main malfunctions of
hydraulic system uts are: a drop in volumetric efficiency, deterioration of control, and violations of unit
adjustments. Wear of pump bushings leads to a drop in volumetric efficiency, deterioration of control, and
violations of unit adjustment8Vear of pump bushings leadlo a drop in volumetric efficiency, deterioration
of control, and disruption of unit regulation. It is necessary to develop an optimal technology for bushing
restoration.

The paper presents an analysis of the operating conditions of oil pumps andréatedistic defects
and wear of bushings. It shows that worn bushings can be restored. Working tools have been developed to
carry out the process of settling worn bushings.

To carry out the process of sedimentation of worn bushings, working tools werepgeleWe
substantiated the modes of restoration of bushings and proposed a heat treatmetrtrfmi aging for
6 hours at a t elimpas coactuded that pldstic fleBomatidn could be used to restore
bushings

Keywords: pump, resource, bushing, recovery, durability, wear, volume, plastic deformation,
distribution, sedimentation.
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K. Kovtsur, V. Felorov.Development of an experimental plan for the truck maintenance process
at recycling points

The paper discusses the development of a plan for experimental modeling of the process of servicing
trucks at cargo handling points, aimed at improving loggstystem efficiency and reducing vehicle
downtime. The main focus is on simulating vehicle arrival and servicing dynamics under stochastic
conditions, considering the principle of relative priority in their order of service. Using empirical data, the
laws governing the probability distribution of random variables that characterize freight transport arrival
times and service durations were identified. It was found that the arrival process follows the Poisson
distribution, and service duration follows theperential distribution, confirmed by statistical verification
using Pearson's criterion.

The paper supports the idea that queuing theory and simulation modeling methods are useful for
evaluating the efficiency of cargo processing points. A methodologigmbach to stochastic modeling of
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the service process is proposed, based on algorithms for randomly generating arrival intervals and service
durations within the Microsoft Excel environment using functions that implement Poisson and exponential
distributions. The model incorporates the principle of relative priority, enabling adaptive changes in service
sequences based on current operating conditions and economic considerations.

Study results indicate that implementing mghiannel service systems (witheoto three stations) can
significantly decrease average queue length and waiting times, while increasing system stability under
varying traffic levels. This approach allows for predicting how long a vehicle stays in the system, identifying
time losses, angroviding recommendations for optimal resource allocation at service points. The findings
can also be used for further mathematical formalization of logistics performance indicators and applied to
other transport networks.

Overall, this research advancasalytical and predictive methods in transport logistics, offering
opportunities to reduce freight transport downtime and enhance the economic stability of cargo handling
systems in current conditions.

Key words: truck, modeling, freight transportation,geessing point, queue, relative priority, waiting
time.

s{lAvt SO jteddz©® | @dze ficOIls dz® j = dz' ydzd dzO Iz ¢ , HSYJ
mMdmMisj &3 ' dzse ' Misd ¢ d, MmOteC ' o M-HCERts ¥y dZOd " tadS il dfiPd Is §
kovtsyr@ukr.nethttps//orcid.org/0003:000204455438

Arrdtdl 1 sOozOddints’j ddseo WOV j Hisd IsteOdzmff stelsdzd = Md M
Oy tsdzOdz dzd 2 -H Biclsty dgs @ * dzeadmtd: it fiytfols jhad.com https://orcid.org/0000
000209406774

Kateryna KOVTSURPHD in Engineering, Associate Professor of Transport Systems andidgist
Department, Kharkiv National Automobile and Highway University;mail: kovisyr@ukr.net
https://orcid.org/000@00204455438

Vitali FEDOROV, Assistant of Tansport Systems and Logistics Department, Kharkiv National
Automobile and Highway University;mail: vitaliiiyf@gmail.com https://orcid.org/000®00209406774

[ OO dzOH R tSHY j dedz? MilsOlsls® HB o9 dHOdzdzw: 27.10.2025
OO fted2dzviIslsw MmilsOIsls’ HE HtekzCEZ " Mdzw toj yJ dzL 29 O«
DOI 10.36910/automash.v2i25.1924

ISSN 23135425 , 2025, 2 (25) NS


mailto:kovtsyr@ukr.net
https://orcid.org/0000-0002-0445-5438
mailto:vitaliiiyf@gmail.com
https://orcid.org/0000-0002-0940-6774
https://orcid.org/0000-0002-0940-6774
mailto:kovtsyr@ukr.net
https://orcid.org/0000-0002-0445-5438
mailto:vitaliiiyf@gmail.com
https://orcid.org/0000-0002-0940-6774

EstdzH tcOlss 2025 . ¢ .

U $£29113
UDC 629113
ssdzHtcOIss C [ . ¢.
1 0y’ sdzOdz! dzd? IstcOdzmy stelsded2 kdz' 9 temdlsy

g1 [ v drg Ay wid\RY G R M

riujwrrrnc v [ (s
¢l ff L1 wf wl soNdp | [ wy

jlsddz tsLodlsCkE kOSSR fsyjm o w¢

1 tc
Z, dzi of ddgdzd 2 ftesyjfm bkEtBOd L OY" ', Lesfr
dz

o
st Ozl ts
&jcCeE

g4
©ls
C sk tasyd Rbpticdsy Isaipliso S o bstke' oad o wOMKSC
L dzOy | dzdzv dz@B ko O jWjiClkdedz Mk Mddsets’ kNsOdsseSd
L zOydzk YOfMlsCk Oolstsf OSE * L ¢ Hdtss mooksy oG s dsd ¢
ok, vOCBE jydhk okl dO2B d " o' HYte' Hddd
Lo do O85! v ©MlsOddz 20 tsC's kO hdusSts oftss Of
a'Hfr]lsOSOdMn oH WP CHS| | dedz" R 5O fwOCduds 2 ©j0d Loy

[ dzw Of so dzj dzda¥ y'e ftescOdzddzd HtetsojHjds fOClIs:
Ctsd34'ts’q'2dz.tscts OolstsdisB " dzv ( MERSEDES SPRIjNTHEREZzE200s80 yc
sdfsoetsets tBBBYSGEES Hd2W, Y 4 HsLoBBdzdds LOBJjLYJydl

BsHjd 0 Odzdz? . zd"Asd OdzOdz L & H OdzefifS Oudzj BetOe I8 tiredtise ® 4 &
JjChMf OOy 2 dzsets B U@hsC oGRS 5O ZO&OREGDE 35% N dv ek
Hazw tej Sk oy~ jdiee' ' kO odCstdhlsOddy ¢ BdH dt
ikOof' ftesojHjdts s jtojrdy 2 OdzOdz L HOddFL k1 & tz®©%Ud A
HOdZ MdMmisj BOdL 50 Odz o kOB ddydk % stedkz &0 shdase
1 ' BEOd HOd LOMUBESHBBEBS ZOBOY U ModHGC' M, fid
fsoLHBSo Y dz 2 dzORdakz g@dejsicd] dsOH 'odfd? BLEHEK! odSstedils
OdzOdz' L. [bteddOd j&f tdud HOd dvykls: o shdsstk

L esBdlsd flsddiOd d  CsdW ckztOy' = ¢ B&dHddsHS dig
pdzzlste' hdz se¢t LeEswddy kO jdzjSCktsHodckdO, O kOC
M tedwisd dkls dzj ' dz ¢ ' Hodhjddgs  f Odzd o dzts’

Codel Etoj delssMy esd3sy detsmls” StcOodh]f stelsdzdeB ™ C BREHEOHBNE L 06
Yy §  Hlse jteHy kB Is! tsfyls O dzdz' d3' 3 dzOtc S H da’ O dalst®fy dz'e vk | dzdzv di
Mftedwisddsy Ldzdy jdedzr hC"  Hdzdodr odSdH' & 6mMsBddets o
MdlskzOy' &, O MoEy. w¢' Mis: o

s dzt yYtsfigdzsco@» Issd3tsB ' dz! G' BtodHdzd 2 fnd dzso d 2 ftcdoe ' H,
dWiSlsdedz Mmls!

lauvul

IMdzsodzgdd3 L Oo HOdzdz?" B EH! wWOCBEts IttOdzmf stelsdzsegts L O
dzj 5B R ' Hdztss hodHC" Miss ogtsic@is 5@ M toy ) HAOM 'dgy .dz" Elzv
hodHC Mdedr o dzOMIsdoetsMmMisj2 IO § Odzd 9 dgts”’ dWidCIlsdo desfls
B d2 B LkzoOlsd eofdzde tWwHE MmMddz, OHOflk® yd to'-Ligyg dz mdm
Cdaj eyt T (L OB diipd dz oSS O MH stetsed (st Sty dedzr SO
stz fsMmis’ 2 des dZOBOG O Is! Mw L twetsBdlsd Ooltsdzse ' dz dzj ¢t
B IssH AR sMwcdzj dzdzy tsifilsd d3Odz! dzts” ftesHEZC Isd o dats fifds ‘
SsT SO IttOdzihd3' " wCO B LOBjLYJjykze OdzO tcsBtslskz +
mMzlsls’ o j LB'dthszdZW ftocsHEZCIsdo dzgsfyls® OolstsditsB ' dz' @ L &
Mistc’ &3S J LB dz' hjdzdzw § OteCkz OoltiEssOdd LWOY 'O lsletﬁdsxtshljlzt
u’tsQOLdded ZOo S sdzdh dz' sets MjtcjHsSadh O dzg©O Mmls' dz' € d, h
9 HfBo HO' MsOdZHOLOd I [f1 [1] , O ydsd ydz dOWkrt
UOdszz; L fYtsHe ' 2datss fd dztss .

boldstsB ' dz' dzd?2 IstcOdzmy Stcls l]’tc;tSHIzQF]z' 13%% fgo "wWiCtornd -1 twc
9 Odzls Oy dz' Qo stsdiisB ' dzf COljetste" ’ N1[ 3] . I MeBdzde s @
B M Sz toj y dd3 tczrlz jWJ¢ Iso[adz. fmls! tesBsIsd Osuyadgsidy’
fOHO', O t'oajdd odSdH" "o NC'  Hdzdodr fwjuyuseaddzs hMEddito
16" Hdzes HOdzgdr odttsBdzgd¢ @8 dzjecCd?2 Ctd@Bitey 2dzd?2 IsteOdz
fteOys sls! & M! CsBB wixddz' , eadistfMmissoakze yd §Jjtcj o Oy dz

I MsOdzdz" d3 YOMBd3 hso[HCts dzOB z9o OB Is! fsfzdzvtcdz Mmls
BBHjdi2, "t LHOBMOG SR @POdzHE OBYHY' . ) dzdy J dz
HsLoatsdzwels! LB dhdlsd €' dz €' fls! Isasdgsdzdit * oz dgj' € Idaa'tsid
AJ B ' dZh odimsCO y' dzO, Hsoed?2 yYOfy L OteW HY Odada” , fls tc

174 , 2025, 2(25) ISSN 2313542¢



EstdzH tcOlss 2025 . ¢ .

ftso 0w L Odg L B' dzt s kZOMmsE, odMmtsC d
wohddz IsO Uf totsady sk ls Ytisdg od'LIOdE , klsd dz
1sljlso[d3G)dzJ dzdd3 LBOXZORMso Odzd 3 IsO f tcOC
 hdteh ] oftctso OH)Y jdzdz" ¢ ' BtodHdzd -
rdi1 HBHOsI! lskydd?2 Jdzj ClstetsH 9
ttrlz Oolstsditse ' dzw dzO j dzj Slstetslsw i ' . B
n Heodceckdz 9 odgzlste' h dz' sG55 A | G B is'dzds Is
ddzj CSlstesHoadekzdz RO’ L dzOydzts B'dZJth
zv ' jWiSCldodss tetsL eOdgvIsdmw. 1
J dejjCdinjtddChisotftesClz daf oy JtezON  dg' OteW H Y Ols d
odz MdMmisj Bz. [byj MfemMtd O dzj s
£, Pt tsBdls! ' QA deso dd3 HY j toj dzts O3
t5° H dzO dzdz” thSBts d 111 C 6 dz el Isitelzf\f des@ asls sHigsBG izl no  HI
dBZ3Odz degscts BOZOdZME & 3 § Odedooddatts’ o M9 s dro@iE Cifldss j tols
sodzy diIsyy HBLOBAddISd LddLrdlsd odlsttOlsd f Odz' dztsG ts
so ' EMlsOdetso S ] BiadrOtsd W< MistcOHJY' 2dedr Ho dG kzd
i Clsteduydedr Bskste' o, vyYj HBLoatdY' & Bkl B' d h
tedo Odzd s, dz' 3y ydmbsts jdzj Slstedyds BsHjdz' , thtseddoe
Ot OL u’tstq’wa'q’tsﬂz‘sdzq&;w’dzalsts@tss'dz'a, sO¢* w¢ sdlk0O?
L OClkdodzs offtctso OHY k¥ Is! o' L desdBOdz Isdz® Mlsd 3z dzd
OcOs ydgm: LB ' dhdkd " " yYyofmMsSk dzO0 toddeS z. tesOtztcd C «
tedHdz Jjdzj SbtesdisB &z (HEV), w¢' {ftotsHO8 s iqw dzgO® o
1 Csfls'  d&jdSseadn O BB’ &z 9 2@ IteOHdY' 2 dzts Bl
Jjdgjtet ', 2020). I ', #j btdOdifff Bigls cH Bfplsf@a L c
s : ‘
0
1

ts
e
A H
Is

N

)

)
) Cdzs ytsso d a3 h j dzdzv d3. 1 tsdzd L dedL ! S B
) Misdiszdze 6 s §jtejm' ' H d2O HEV, PHEV [sO EV.
LRM vo 1 fauor flso 1t La)1r]
G tcdHdzdr MdMmMlsjdd3 odSCstedMmisOdz
dr CtO dzOn, O OCBYy OdOdz' L J ¢ tsd
dzsets ¢crdLjdzt ¢gj22Isé, Mmifechiplsizto O ' It

¢ OdzH O dzlz, 0]
5 HBLOotdYE Is! slstced BOIsd toj Odz' dz H
qd

zOB St OIs 56 dz
Hisfdz' HY J dg
f s detsy ' dzded n
fOkzdo © O t°
tcd B3O, z

o w
K& O o

SOdzOH ', [ Olsddem’ ¢ 2 o¢oBjtedy" , w ke
B Hdzdmn Mddzseo drn Bl @tz o 5 WOMEY k a &
dz hC ' Hdzdoedr ©odSdH' &, O @' BtodHddz Is
sSjtdw dzO? dzj to sO0 ' da [ 5] ftetse jdzd H
Jazs€ , sBofi@uw'dro YydofmsdetecdH dzsets PHEV G
&zt yO' st Mmw 2  f§stc' o dzv dzdz L Lody!
B Iz htglzlsd L to' Ldddi3d kddse O3, & Miss O
EVd>R@d?2 dz o' 9 jdz2 odSdH & IsoajtHdn YyOMmlsddess dBO2:
&z O ' da [ 6] ftotseo j dzd HEstetsy dz' PHBVIL totf © I8 © Grdlzdz™ dac
YJ dedey a3, sy’ dgt ¥ yd j ¢ tsdesd3’ 02 NPksls O Isle jtaé Hodj rdz' y O fif
yapsfipl o d®y L OtcWHE BOIOK] SO tiyddBz tsBlsd |t
d jdjtee' ™ Blkeo dMOWLD%Ho dioq dgH LB o § d2d dz®i BB sz’ )

SO NV
Fooaw
g0

074
dz
O]
H BOIOtc, (rly ftOye ) §tste’ o dgveletsdz'L tddzjryQf diss df
B jdzj ChsBse ' dv . MmEzOdz¢  sdze O ‘" dz. [ 7] 2 :
9 0 d HBEVJdEE®R dddBOHdy' 2 ded d&3d v L1 1) 9 CBdalsg ¢ Ml
Zdodr odSdH'" 9 Bk to' L dd R Ddf d@Orls A ts@ dsts i iy d oGz’ O
dHdO Mddizse O EMisOdtse € O BOZO dO 41% StOhk f O

~ 4 0G—. G—. oo

OF* NOx Bldd Lddydd & 33% ' 61%, SHdOS ¢ d ¢
tcOdzt tstels dzd - L OfsE{'ded W o dsdeOdz@dgd . K fswidss " s+ mw
JtGJLOUIfo]CGH‘E‘O{ rol L enddwL C2 L ydad HozZv Ctdif dzj S mMdztsG ts
O fsCOLddSC" o hC" Hdzdoe d n odSCdH" o Blzo LOf tetstf tsdzats o ¢
‘HY so ' HdasHHsdIls! Adej tsiasa ' Hdz Mis! §68° HdOdzdz? MisteOIlsj 6" 2
O Ctdzlstesdzr oadSdH' 9.

tsBjtels®O HJ tEkB' B O ' da (2022) [ 8] Hdzw sy’ d
odCstedMlsOdzd ftescteOdidzi L OB Jj L fQRJ (AADV IADAR)N.c eldO Vethd ts

w o mcr,wo»— TS g r O o«
w
&

ISSN 23135425 ,2025,” 2 (25) MNES



EstdzH tcOlss 2025 . ¢ .

ftesojHJds BsH] dzt 9 Odegdzgy " LHBO AR yYd&dz' o, LsCtcj &3O & @
zij S Bodnr bttOdMmy stelsdzdr L OfMtsB ' o (WLTC). 1 2dzO fMlse stc
G ' BtocdHdztse s jdzj ClstetsdisBsdat cztcOfjOtc®Odzj dv Wirss o StedW ' C k2o
dSMfjtedd3j dzlsOdz dzgd~ H Odzd =, tslstedd:s@dz.q: ' H fj Odz desGts
fsCOLOdzd LdOydkzkz fjttjo0Ock "' BtodHds’ Mdfmilsj B, LsCtcj
LOW "' CMmtso Odet SodfchQideltzlzy P dzd 8 GFHISO o 7B, ' 90 O HCEHQEHI %. O
v ted X dd3 f " Histed &3¢ d LOwwWHEZ (Charge SustainiFs®) 1y
15, 6% Hd&Y CMdH" &8 OLBIE.

INopiBHAHHA BUKUMIB TBEPAUX YACTHHOK aBTOMOOLNIB B Pi3HHUX PEKUMAX PYXY

11
9
7,9
6,3
5,8
4,2
2,2 2a4I

=
o]

=
(=]

[0.1]

Buxujn tBepinx yacTuHoK PM EF (Mr/km)

2 1,2
0,3 0204034 0,53
VW Passat PHEV Kia Ceed GDI Ford Focus PFI
B MapmpyT6 7 B MapmpyT21 MapmpyT67 B pmapmpyT2 1
B MapmpyT6 7 MapmpyT2 1 B MapmpyTo 7 B pmapmpyT2 1

t dMz s CACctcOBO totsw'dy dzv etz zdo dr o dSdH" ® PHEV f

ZOfOdSts O 'd&. [3] HBojdd, hts LOMsshlze Odedz” | ¢
jCodsd © §fOkdoO SO Ldjdh jddw hS ndzdodr odSdH' o, L

16 M HEMEEH ) jbdy 5 q20®3 W] OdOE LiEYEYRMY OB dm
fojHwEo ddzd HEs CBd M) ) b@ESeEdOE @S  HST O LodsbiEst |

LodyO2dzedr ¢ BtedHdzdr SO ¢ ' BtedHdzdr 90dzZlsOy '  as¢ L &
CjiW' y Bizd@dd 0" ° 0OC Lk &3k dzV Isedas ds W disd 5 0, 100 d 150
odC¢dH"' @ CO2 ' NM' dzl desfyls® jdgjtec ' OQIzd3IzdelsistGO B kz dzts
Hts 800 Cd5s [ 9] .

[(WiClk jStdsd °  {HE®, dEBVEHE VH ds0bs hiEavy b ¢ 3,5%, 16%
HdL § dz' degse s  f Odz! dese s f stc’ o dg¥ dzts L stcOH Yy 2 datss fn o
1 jtejHBOYO' Is+ Mw , hts o Otls' Mis: LOtwWHCd, OCkBEz Y Istste ' ¢
Ldzdy o Olsdmw, O vy' &zO OO0 edzGi Isdist® j L tdtChttis Qligid . B LoHejls ts te © a3
LOGCOdz! des’™ 9 OtelstsMmils® otsdzsH " dzdz? L btsySd LBtz o2 Owlstsmls
2O tBMdZzzcto zo Odzdzy , tedfy. 2 [ 9] .

176 CYHACHI TEXHOAOM B MAUWMHOSYAYBAHHI TA TRPAHCMOPTI, 2025, Z(25) ISSN 2313542¢



EstdzH tcOlss 2025 . ¢ .

CepenHA cyMapHa BapTiCTh BONOMIHHA (¥/KM)

Plug-in III
Plug-in II
Plug-in I

IlopHuii. . !
M'saxuit riGpumg
Mikpo ridpum
JB3 (mm3enn)

0 . 05 1 15 2 2,5 3 35 4 45
BapricTs manpHOTO Bapricts npuadanua Bapricts TO Ta peMOHTY

{ dMkzdatsC 1 .d3v. ol Octdds tofigiis' dz o SdztsH ' dzdz? ® L Odzj 3 desfyls”

HEV q’tstSHJ B dzmistclzo O dzO 2 dzd 3 yizn TICEO'. dz!uhztE oz ddEDi we C
BOIOte) ', L dz028B' dzr hts8 BOIsOtc] ' & dzOB dzd 4 O° Is+ MW H
Aj ftso oSOl Mls Odzdz d5 S sd3j tey' 2 dedr L OteW Hdzdr MlsOdzy’ 2
B' dz h s BOIOtj ‘ b . v Yy '?2 yJ BBl ftotso j H ] dets BSHJ
mMe dz €d et/ Cd3 &2 BEHJ] odH' dzj dzs 9 Oy SdzEfd3de ' e8 Adflsi@>rL ‘O
ssy¢d Lttekz o' H odHtBRZISSE HB BOCEZ WTP , IsO ' H BOEC

Pipens pukumie CO2 (Tp/xM)

Plug-in ITI
Plug-in I
Plug-in 1
[ToBHmit TiGpun
M'akuit Ti6pu
Mikpo ribpun
JIB3 (mu3ens)

0 200 400 600 800 1000 1200 1400
WTP PTW
tdmMedgbStc3 odgv dzdzg? 9o dSdH" @8 CO2 9 L Odzj ydesfls’ o

02 dzd ¥ U’ odS¢dHd ¢€OZ -WTWgsB de2§ B dzdz’ h dd&3 ¢ 51, 0 k
Hd CO2 -iWiT WL Bp'lda'gh o Odzdfyw L ° L B' dzt h jdedgw O3 * d3dzts i)
dHded R Jdzj Slstedydedms 90OdzZlsOy " 98¢ BO¥Is! CtOh* jCts
Oy ' oCddEedy e kWA €02 * fMkSbkfds oOtkthls' o tdt
sted ydz' o0dzZsOy ' 8¢ d L acffr]tscqotscf CsgW' y' ' desOdsd ¢

dHdz jdzjSltedqyuds o0dzsOy 9¢d L ojddSdkd OB
P2 CteOn j dO CtstetslsCdnrmn o' HMlsOdWn. w dOof OSd, §°"H'  H.
dzj o jazd S d B OCbkBEzdW ssteOdd BEHEIL! CteOh digd HdY fjte]
fso' WL Odets L LB dz hjdgdew &3 yOMmils$ d dzg § jsdatz® t3y dzts dzy dABIs ts
1 0cO0Odzsd3, f-iwj oDEO Plade" ' Is! fqw L' LB dz hjdegdgv a3 M tsH
SO Ldzdy Jdzdevd3 Yy ' dz dz0O HL j dz' daj § Odz' dzf . 10 HOdd2 d

ISSN 23135425 , 2025, 2 (25) VM



EstdzH tcOlss 2025 . ¢ .

jdzjCbtetsjdzjted’ ', ' dz Bie@w lf ©dd dzfnd zE OB EhHE O OELO L o
9900 Is! Mw dgO2B  dz h jWJjCIlsdodetse . [ 9]
Awf?2 véo Yorovw rfefwrrric |
[ibtss MOl J Sy j ted d3j -tz @ ez€ Uzf) dzdfi s ) dz’clz@ A Js dedzts M s
jCdtsR ydesfls' o O0dsOy dafd &

OstgEsdezd » Oldistkditeg Odz? dedr [k

d Cstedmissokze s sOCdnm Isdf ' ¢

OtcOdzy dzt dz2' ¢ ' B d: rl1y IO jdzjSlstesHodecbkdz ftcOys

sfdz' Htse dz G' B d:

ftcdotsHdls! o ftc ¢

s 3B * dzts 9 Odz G' H(: 113 Hdzlz® Is! o Mt ' |j dzj d3d dzls ¢

o dB tstctsdz, OHYj dgO2B" dzt "d2 ssr, B dz B Lk yd ol

ddzjteeg' ' L d3j m Odz’ ydets’ das’ j @zj W B DUz ddz O L j dzj SISt

szt ysoddz fsCOLditsd3 Hdzw o dL dgOyd dedev Isdf &z ' Btc(d

h s ~nOOCIsjtedL z® L Odzjyde Mis! §lskydshmls’ kvesotset |

Hybridization factor = F_;E;_L__ = FrE_"_’_

HFee Pz 0 B3OS M d3Odz! dz' Y slsky detsmis® Jjozi SlsesHo JezdzO sO v
tclzrnz.

10 yddz §sC oL dedStsd3s 2 sOsdz. 1 dzOe j HJ dz nOtcOCIs] tod

v OB dzd-MOEDSCIsj tedz tScdza®CTo KSHI] © 6 B

r 1) 9diBtcdMmMisso tz] BlsfgsH vy iz

v HBMWEda dedzt BjIsd HEBMdZ Hyj dzdgt o jHjdg H
‘to¥ 9 Odzdz" § OOdjste' © ok Oolssdse dv (hodHC'
Gkdz j&BfjteObkted, L & ds@ d f L0z08sords s sk tedzda d
f &z Ol Oy~ dzOHO' BOCMddOd dets HEMlstse ' ©wde HO
9 o3
© k

NoR.:

tsdzw ¢ s odwoedlsd dzi f jtejHBOYJ dz JWiSlkd oL O
Olsd, MCzOHU fisolsBlcn BORBHEUY o' 7 dsy dzd o d -
ltejHdj Istsds HEtsMdz' HY J dedzy MlsOdzd Ed@issed J M dz2OIsOyY’
CstcdmMistsozs st o CtiRf Odzg ™ HdzW toLo jL jdzdew Istso Otc' o
zOMmlis ' Is O3Adgd 29 Ol Is s d3tsB * dz! MERSEDES SPRI TNER 208 <c¢d
Off jEtdse' ydsmls' | otets 6. o¢olstictsdy Blzdzs ftetse j HJ dats
My zZ2O0lOy' ' dzO0 LOHOd®BEz &Otwh thkzls' , bk st ofdsy @Aatsdg? ctdzts

178 , 2025, 2(25) ISSN 2313542¢



