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A modern tractor is a complex mechanical system consisting of a large number of elements united
into one whole by various types of connections. The relevance of this work lies in the fact that the tire-
vehicle-driver system acts as an oscillating system when the tractor train moves on different road surfaces
and off-road. At the same time, it must be taken into account that the entire variety of disturbing influences is
taken into account by the "double™ (dynamic and kinematic) and "two-frequency” nature of excitation. Both
are mainly related to the unevenness of the road surface and the imbalance of the rotating and gradually
moving masses.

It must be said that almost all research on vibration protection of a person and a transport unit was
reduced to the study of high-frequency vibrations. However, along with high-frequency oscillations, low-
frequency oscillations have a significant impact on the human operator and the transport unit.

The study of any oscillating system includes two stages:

1. Study of disturbing influences.

2. Study of vibration dampers.

The study of disturbing influences is mainly reduced to the study of the interaction of the micro-
profile of the road and the drivers of the transport unit, to the mathematical description of the road profile
and, at the same time, the mathematical description of the laws of change in the relative movement of the
driver. It should be noted that the impact on the studied indicators of the road body and the laws of motion is
given by the speed of movement, since the frequency and amplitude properties of the influences change. The
state of the road, in turn, affects the traction forces, the nature of the interaction between the road surface
and the driver in terms of power.

Thus, taking into account the peculiarities of the study of the road-tyre-vehicle-driver oscillatory
system, in order to determine the influence of the traffic parameters of the transport-technological train and
the characteristics of the road background on the performance indicators of the transport-technological
train in general and the operator in particular, it is necessary to draw up a system of differential equations
that describes the movement of the transport-technological train taking into account the type of traction-
towing device used.

Key words: transport-technological train, dynamics, oscillations, driver, trailer.

Eq. 28. Fig. 5. Ref. 10.

1. Problem formulation
The high speed of the tractor train, maximum utilization of the tractor's power and the variety of
transported goods, together with the characteristics of the road surface and the design features of the rolling
stock, lead to an increase in dynamic loads. This causes increased oscillation processes in the soil-trailer-
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tractor system, which negatively affects traction and coupling properties, handling, stability, as well as
ergonomics and acceleration and braking properties.

Therefore, reducing dynamic loads and improving the operational characteristics of tractor trains is
an important task that affects the increase in productivity, fuel efficiency, and cross-country ability.

The study of tractor movement parameters, taking into account the factors and relationships between
individual elements, is a complex task, the solution of which, using an effective computational model, will
qualitatively improve the consideration of the movement parameters of a transport and technological train.

2. Analysis of recent research and publications

Research in the field of the road-trailer-tractor-operator system has been conducted over the years by
scientists from Ukraine and many foreign countries.

In his work, Altomonte Andrea [1] conducts an exhaustive analysis of the performance of a heavy-
duty diesel tractor engine used in port logistics to assess the potential of regenerative braking that can be
used in an electrified vehicle configuration.

Hesham Rakha [2] discusses a model that uses these variables to build synthetic driving cycles for
each road segment and then predicts average fuel consumption and emissions for four modes: deceleration,
idling, acceleration, and cruising. In each mode of operation, fuel consumption and emissions are determined
using ratios derived from instantaneous microscopic energy and emissions models. The model allows the
user to calibrate two additional input parameters, namely typical deceleration and acceleration rates. It is
shown that the proposed model successfully predicts fuel consumption and emissions of hydrocarbons,
carbon monoxide, carbon dioxide, and nitrogen oxides.

In his work, Borawski Andrzej [5] tried to check how the brakes of a semitrailer heat up during
emergency braking. For this purpose, a mathematical model of the braking process was developed and
simulation tests were conducted for different initial speeds and different loads. The result is friction material
temperature profiles that show how the drum and brake pads heat up during braking and cool down
immediately after stopping.

In the article by Vadym Samorodov [6], the description of the criteria given is used to form changes
in the control parameters of hydraulic machines (hydraulic pump and hydraulic motor) during acceleration
and braking of a wheeled tractor. A rational change in the control parameters of a hydraulic machine at the
stages of acceleration and deceleration of a wheeled tractor with a continuously variable hydraulic-
volumetric transmission, which is carried out according to the scheme of the output differential, has been
formed. In the course of studying the obtained dependence of the hydraulic machine control parameters, the
change in such indicators as acceleration and braking time; braking distance of a wheeled tractor; efficiency
of the hydraulic drive and hydraulic mechanical transmissions; and operating pressure drop in the hydraulic
drive were determined. It has been established that when using a rational change in hydraulic machine
control parameters instead of a linear one at the acceleration and braking stages, the zone of the highest value
of the efficiency of the hydraulic-volumetric transmission is narrowed, which, in turn, indicates the load of
the hydraulic branch of the hydraulic-volumetric transmission.

In [7], Xu Shiwei proposes a multi-mode composite braking control strategy for a five-axle heavy-
duty vehicle with a distributed electric wheel drive. First, considering the differences in braking dynamics
between two-axle vehicles and multi-axle vehicles, the braking dynamics characteristics of multi-axle
vehicles are analyzed, and a vehicle dynamics model of multi-axle vehicles is constructed. Next, a multi-
mode combined braking control strategy is proposed, which includes all-electric braking and hybrid electro-
hydraulic braking, to improve braking energy recovery and braking stability.

3. The purpose of the article

The aim of the study is to simulate the influence of the design parameters of the coupling device on
the braking dynamics of a transport and technological train using an electronic model.

4. Results of the researches

The speed and safety of transport and technological trains are largely determined by their braking
properties, i.e:

- the ability to quickly reduce the movement to a complete stop with a minimum braking distance;

- the ability to maintain a given speed downhill;

- ability to remain stationary under the influence of random forces.
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The braking efficiency at a certain initial speed is assessed by the length of the braking distance or
the time it takes for a transport and technological train to come to a stop. The higher the braking efficiency,
the higher the safe speed that the operator can allow, and the higher the average speed of the transport and
technological train along the entire route.

In practice, the following braking modes are distinguished:

- emergency

- service braking;

- braking on road slopes (descents).

Since braking torques affect traffic safety, let's consider the process of their formation.

Braking torques with traction on the trailer axles are determined from the expressions:

- on the front axle of the trailer

MT_3 = r3PT_3 = 3(/)N3, (1)
- on the rear axle of the trailer
MT_4 = r4PT_4 =noN,. 2)
The optimal value of the coefficient of distribution of the total braking force, at which the wheels of
the front and rear axles are simultaneously locked, is expressed by the following formula [3]:

k :M (3)
B L )
1P

Formula (3) shows that with a decrease in the trailer base and an increase in the height of the center
of gravity, the optimal value of the total braking force distribution coefficient increases, which means that
the coordinates of the center of gravity, as well as the distribution of braking torques along the trailer axles,
largely depend on the load, which in turn depends on the proportion of the load.

Let's determine the height of the center of gravity for any trailer load. We assume that the
distribution of masses over the entire volume of the trailer body is uniform. Since the coordinate hc , of the
trailer's center of gravity changes as a result of its loading, it is advisable to consider a flat model with a
continuously distributed mass when determining it [4]. Then

h _ Zmnp_igynp_i .

= (4)
c_np
Z mnp_ig
According to equation (4), the coordinate of the center of gravity will take the following form:
m m, h
mHPg(hnnp np - Zng_'_mgpg(hm _Cpg+2XJ
- CI‘I ‘ CH
h ., = - - , (5)
- mHPg + mep g
4c,c : . .
wherec,, = ——" —The stiffness of the tires and springs is shown.
c, +c
w P
Given that the volume of cargo Vg in the body can be expressed as:
m, g
Vg =abh, Ta V, = Q] (6)
g
where a and b — width and length of the trailer body.
The body loading height will be determined as follows:
m
h =29 (7)
78

Substituting expression (7) into equation (5), we obtain the equation for the coordinate of the trailer's
center of gravity depending on the specific gravity of the cargo and the trailer load:

m m m
mn_HPg[hn_np - ?pg] + mepgihm - Lg + "ng
ho o C.p c, 27,ab

c_np
mn_ﬂPg + mep g

. )
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Given the obtained coordinate of the trailer's center of gravity, write down the normal reactions

acting on the trailer axles:
- for the front axle of the trailer

1
N, = m,,ga, + P._h_km +m g+
’ LHP(mn_HPg+m2pg)[( e v mx 49 Lpg)
m,d mg mg ’ ©)
+(mHPg¢_PK {m _npg(hn_np _L}-i_me g£hm _L"‘L]J
7 C,, P c, 27,ab
- for the rear axle of the trailer
1
N, = m,.ga,+P_h fm +m. g+
) LHP(mn_HPg+mgpg)[( ap9% + Ty C"X n_nd epg)
. (10)
m,9 m,g m,g
+\P.—m m h 22 \iplh — 22, =
( i Hpg(p{ n_npg( - Cap J 47( " Cop 273pabJH

Substituting the values of the normal reactions (9) and (10) into the braking torque equations (1) and
(2), we obtain the braking torques:
- on the front axle of the trailer

5%
My = : m,,0a, +P_h_ \m +m. g+
’ LHP(mn_HPg+mng)[( nr 9%+ Ve CL’X n_nr9 Bpg)
) (11)
me g mZ g mz g
* (mnpg¢_P’<P{mn_HPg(hn_np _C—pJ"' mgp(hnﬂ - Cp + 2 pab]}]
P np p
- for the rear axle of the trailer
r,e
‘ LUP(mn_ﬂPg+mepg)[( e 4% " ”’X n_nr9 Zpg)
. 12
e omogo|m gl e8] oy M8, M (12)
wp ~ Mppd@) My, gpd| My C,p 29| c, 2y,ab

To analyze the effect of the coupling device on the distribution of braking moments along the trailer
axles when the share of cargo, the displacement of the center of gravity in the longitudinal plane, and the
weight load of a two-axle trailer change, we calculated and plotted graphical dependences of braking moments
on trailer loading (Fig. 1). on the elimination of the center of gravity in the longitudinal plane (Fig. 2).

From the analysis of the dependencies in Figs. 1 and 2, it can be concluded that the use of the
experimental traction coupling device improves the braking dynamics of the tractor-transport unit, which is
expressed in a more favorable distribution of braking torques along the trailer axles when braking a transport
and technological train, which is more clearly seen when the trailer load changes.
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Fig. 1. Dependence of braking torques on trailer load

Thus, from the analysis of the influence of the coupling device on the distribution of braking
moments, it can be concluded that the use of an elastic coupling device will allow smoother redistribution of
braking moments along the axles of the transport and technological train, which makes the braking of the
transport and technological train more stable.
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Fig. 2. Dependence of braking torques on the removal of the trailer's center of gravity in the
longitudinal plane

Calculation of brake track of transport and technological train

The greatest interest from the standpoint of the theory of brake dynamics and the subsequent increase
in active safety of the movement of a transport and technological train is an emergency type of braking. It is
this braking mode that allows us to formulate the conditions for the full use of potential braking properties
and, thereby, justify ways to further increase the active safety of the transport and technological train.

As you know, the main forces that cause a stop are braking forces. The distribution of the kinetic
energy of the transport-technological train by types of resistance during braking to a stop is such that brake
mechanisms account for more than 95%. Therefore, the braking of a transport-technological train can be
considered under the influence of only braking moments.

When determining the braking path of a transport-technological train, assessing the braking efficiency,
the level of improvement of the braking properties of the transport-technological train using an elastic traction
coupling device, it is necessary to count the braking path from the beginning of the operator's pressing the brake
pedal. Therefore, such a subjective factor as the reaction time of the operator will be excluded.

Let's calculate the brake track of the transport and technological train, consisting of a tractor with a
mechanical brake drive and a two-axle trailer equipped with a pneumatic brake drive. In this case, it is
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impossible to describe the increase in all braking moments arising from a transport-technological train by the
analytical dependence of one type.
At mechanical drive of brakes, increase of braking moment in time is described by direct proportional
dependence, and operation of pneumatic drive of brakes is described by exponential dependence (Fig. 3) [5].
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Fig. 3. Approximation of the law of increasing braking moments of a tractor-transport train and
its links

For a mechanical drive, the dependence of the increase in the braking moment of the Mt_tr on time
will be recorded in the form:

0 mpu t<t -,
t_tl mp _i < <t<
MT_i (t) = MT_i # mpu t<t, ,, , sts< tZ,mp,,- (13)
2_mp_i “1_mp_i
MT_i npu T > t2_mp_i
0 npu t < tl_np_j
- t <1<t .
MT_j npu t > t2_mp_j

Due to the presence of elastic connections between the links of the transport and technological unit,
it is no longer recommended to take the unit for a point mass. Therefore, to calculate the brake track of a
transport and technological train, it is necessary to consider the following system of equations:
. _ s MT_TPi(t) P
MepXpp = _Z r + Kp(t)

i=1 i

C M (t) : (15, 16)
s T i
MypXpp = _Zi - PKp(t)
N
We rewrite the system of equations (15, 16) in the form:

% B 1 Zn:MT_TPi(t)+ 1 P (t)

i Mep i f Myp v
(17, 18)
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We find the law of change in the speed of the tractor and trailer by integrating equations (17, 18),

respectively:
t n
1 J'z TTPl dt 9 _J‘P

mTP 0 i=l Mrp &

o K MT HP] t
X IZ t+9; —m—IPKp(t)

HPOJl 1P t1

(19, 20)

Equating the expression (2.237) or (2.238) to zero, you can determine the braking time to stop tt.
The braking distance can be determined from equation (19) or (20) due to its secondary integration:

3t——jUZ I dtJdt+190§t§ j(jp dtJdt

My o\o i=l Mep t1\ t1

=9 t——j[jz LT )dt}dtwogté ——IUP t)dtJdt
Myp o\ o j=l Myp t1\ t1

Since the coordinate of the transport—technologlcal unit is taken when determining the braking
distance of the tractor coordinate xtr, equation (21) allows you to determine the braking path of the transport-
technological unit, taking into account the elastic connection of the links of the transport-technological train
with the known nature of work and under any known law of increasing braking moments of time. The law of
force change in the traction coupler is primarily determined by the law of increasing braking moments in the
transport-technological train, that is, the nature of the change in the pressure of the working medium in the
brake drive of the transport-technological train [8].

Enter the designation:

(21, 22)

. 1 &My g, (t)
= = ; 23
Je m., 2:1: r (23)
. 1 M; it
oo | = T_TP ( ) (24)
Mep f

We solve equation (19) taking into account the expression (13). Replacing by places the operations
of integration and summation in equation (19) we have:

t
Xrrp = Xpp = ZI Jrp_idt+ 3 +— . ijp(t)dt' (25)
i=1l o Mep 4
It follows from equation (25) that the first integral can be calculated in general form for one braking
moment, and then, summing up at all points, get a final solution. To calculate the integral of equation (23),
we use the method of phased integration. Consider the following characteristic intervals:

1L t<t, A9 ,=0.

Lotp i
2.t St<t, p . AY , = _des jt t b,
B - B 21— h
t TP i
3.t>t, o, AY = e jt t B+ e jdt
2_TP_ |_ _ t3_TP_i

o . t2_TP_i _tl_i
A60 AG 5= Jp it—Jp #‘Ftl_i :
Substitute the last of the acquired integral values into equation (25)'

) N, t =t
™ = l90 +‘90§ - JTPt+Z JTP_i(% ] _[ t)dt (26)
i Myp tl

Equating equation (26) to zero, we fmd the braking time by the example of Py« = const, then [9]:
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B mTP(lgo +190§)+ M;p Zn: . (tz_TP_i _tl_i Tt J_
TP_i i

T R R
m -P m o 2
e J1p kp T JTp kp i<l @7)
- Lt
Mep jTP - Pkp '

Formula (27) is valid only from the time when the brake system has fully worked and all braking

moments have reached the maximum value.
Having integrated equation (26) on the segment from 0 to tt, we will find, using the method described

above, the coordinate of the transport-process train during tt, the value of which at the initial coordinate of the
transport-process train equal to zero will coincide with the value of the braking distance [10].
The decision will be recorded as:

1. Pe . g P
Strn = Xrrm — Xorrm = Eth (_p —Jw j +1; (30 + Z Jre it e — —t, |-
Mep i=1 M;p

(28)

1&. P,
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Fig. 4. Dependence of the brake track of the transport-technological train on the traction force
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5. Conclusions and prospects for further research

From the dependencies of the brake track on the traction force shown in Fig. 5, it can be seen that
with its reduction from 11-12 kN to 7-8 kN, the brake track of the transport and technological train decreases
to 26-29%.

To calculate the brake track of a transport and technological train using formula (26) (Fig. 5). If more
accurate braking distance calculations are required, it is recommended to use formulas (13, 21) for
mechanical (hydraulic) drive of tractor brakes or formula (14, 22) for pneumatic drive of brakes.

The analysis highlights the complex interactions within the "road-tire-vehicle-driver" oscillatory
system, emphasizing the impact of dynamic and kinematic excitation from road irregularities and moving
mass imbalances on transport performance and operator comfort. Considering both low- and high-frequency
vibrations, the study underscores the importance of mathematical models for optimizing braking distances,
traction forces, and vibration damping. Refining these models will enhance transport efficiency and operator
well-being under diverse conditions.
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momy, npu pyci mpaxkmopHo2o noizoa no pizHUX OOPONCHIX NOKpUMMAX i 0e300pidCHCI0 cucmemMa WuHa-
MPancnopmHull 3acit-600iti UCMYNAE 8 poai KOIUBarbHoi cucmemu. Ilpu ybomy HeoOXiOHO 8paxosysamu,
Wo 8¢5t PIBHOMAHIMHICMb 30YPIOIOYUX BNIUBIE BPAXOBYEMBCS «NOOGIUHUMY (OUHAMIUHUM | KIHEMAMUYHUM) §
«080YACOMHUMY  Xapakmepom 30yoxcenus. Te 1 iHule no8’s3aHO 8 OCHOBHOMY 3 HEpPIBHOCMAMU
00POIAHCHBO20 NOKPUMMSL | HEBPIBHOBANCEHICMIO MAC, WO 00epmMAaAOmMbCs i NOCMYNO0B0 PYXAIOMbCAL.

Heobxiono crazamu, wo npaxmuyHo 6ci Q0CHONCEHHs 8IOPO3AXUCIY THOOUHU A MPAHCHOPMHO20
azpezamy 3600UMUCA 00 BUGUEHHS BUCOKOYACOMHUX Koausanvb. OOHAK NOpsd 13 GUCOKOUACMOMHUMU
KOIUBAHHAMU  ICMOMHULL  6NAU6 HA JIOOUHY-Onepamopa ma mMpAHCNOPMHULL  azpeeam  HAOAoMb
HU3bKOYACMOMHI KOIUBAHHSL.

Jocnioocenns 6y0b-5K0i KOAUBANLHOIL cCUCEMU BKIIOHAIOMb 084 eMAani:

1. Jlocniosicenns 30yproodux eniusis.

2. Jlocniooicenns pobomu eacumenie KOJIUBAHD.

Busuenns 36yprorouux 6niueie 3600umvbcsi 8 OCHOBHOMY 00 OOCHIONCEHHS 83AEMOOIL MIKPONpopinio
dopoeu i pywiie MmpaHCHOpMHO20 azpezamy, 00 MaAMeMAmuyHo20 OnuUcy npo@ino 0opocu i 0OHOHYACHO
MAMeMamuyHo20 ONUCY 3aKOHI8 3MIHU 8IOHOCHO20 pyXYy pyulia. Crio 3a3Hauumu, wjo eniue Ha O0CII0HCYBAHI
NOKA3HUKU OOPONCHLO20 MIiNA [ 3aKOHU PYXY HAOAE WIBUOKICMb PYXY, OCKIIbKU ) CBOIll 3MIHIOIOMbCS
yacmomui i amnaimyoni eracmugocmi enaugis. Cman 0opozu y col 4epey GNIUSAE HA M08l 3YCUILIS,
Xapaxmep 83aeM00ii O0POACHLOI NOBEPXHI MA PYULISL Y CUNOBOM) GIOHOULCHHI.

Taxum uuHOM, 8pAX08YIOUU OCOOIUBOCHE OOCTIONCEHHS KOMUBANLHOI cucmeMu 00po2d — WUHA —
MpAHCNOpMHULL  3aci6 — 600ill, 3 Memolo BUSHAYEHHS GNIUBY NAPAMEmpI8 pyXy MpPAaHCIOPMHO-
MEXHON02IYHO20 NOoi30a ma Xapakmepucmux O0OpONCHb020 QoMY HA  eKCHIYamayiiHi NOKAZHUKU
MPAHCROPMHO-MEXHONO2IYHO20 NO0i30a 3a2aioM Ma Onepamopa 30Kpemd, HeoOXIOHO CKIacmu CUCmemy
Ooughepenyianvuux pigHsAHb, WO ONUCYE PYX MPAHCNOPMHO-MEXHON02IUH020 N0i30a 3 YPAXY8AHHAM MUny
3ACMOCO8Y8aAH020 MA20BO-NPULINHOZ0 NPUCTHPOIO.

Knrouoei cnosa: mpancnopmuo-mexHono2iyHull noizo, OUHAMIKA, KOTUBAHHS, PYULill, npuyen.
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