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Abstract - The work examines the interaction of the links of the transport-technological train 
during braking, which occur in the traction-coupling device. The influence of these forces on the 
braking properties of the transport-technological train and its dynamics as a whole is analyzed. The 
change in the processes that take place during the braking of the transport-technological train is 
considered, taking into account the presence of an elastic connection at the coupling point. 
It is noted that the operation of the traction-coupling device is largely determined by the presence 
of damping at the connection point, which is caused by wear and deformation of the coupling 
elements. 
The theoretical change of the processes occurring during the braking of the transport-technological 
train is described. 
Determine the normal reactions acting on the axle of the tractor and trailer during braking. A 
system under the influence of active efforts and connection reactions was considered, replacing the 
action of connections with their reactions. 
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1. Introduction  
 

Altomonte Andrea in this work, an exhaustive 
performance analysis is conducted on the heavy-
duty Diesel engine of a yard tractor used in port 
logistics, in order to estimate the potential of 
regenerative braking, which could be exploited in an 
electrified vehicle configuration. To this aim, 
experimental measurements are carried out at the 
dynamic test bench with reference to peculiar duty 
cycles, retrieved from an on-field measurement 
campaign. The on-field data are collected by means 
of a custom instrumentation, designed to gather real-
time data from the CAN bus system of a yard tractor, 
equipped with the same engine, operating in the port 
of Salerno, Italy [1]. 

Hesham Rakha is considering model uses these 
variables to construct synthetic drive cycles for each 
roadway segment and then predicts average fuel 
consumption and emission rates for four modes: 
decelerating, idling, accelerating, and cruising. 
Within each mode of operation, fuel consumption 
and emission rates are determined using 
relationships that are derived from instantaneous 
microscopic energy and emission models. The model 
allows the user to calibrate two additional input 
parameters, namely typical deceleration and 

acceleration rates. The proposed model is 
demonstrated to success-fully predict fuel 
consumption and hydrocarbon, carbon monoxide, 
carbon dioxide, and oxides of nitrogen emission 
rates [2]. 

Karol Tucki paper presents a computer tool that 
uses neural networks to simulate driving tests. Data 
obtained from tests on the Mercedes E350 chassis 
dynamometer were used for the construction of the 
neural model. for the built model, were used to 
create simulation control runs for driving tests. As a 
result of the processing of this same computer tool, 
mass consumption of fuels and CO2 emissions were 
analyzed in driving tests for the given analyzed 
vehicle [3]. 

Felez Jesus based on the latter, the fundamental 
motivation of this paper has been to provide 
“intelligence” to the articulated vehicles in order to 
convert it into an autonomous vehicle. This can be 
obtained from the development of a control system 
based on predictive model control (MPC). From this 
control system it is intended that the vehicle by itself 
can carry out the usual driving maneuvers, achieving 
the adaptation of the vehicle to a previously fixed 
path. In addition, it is intended to introduce a 
stability control to the articulated vehicle to avoid its 
instability under high speeds and forced trajectories. 
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This steering stability control will be based on 
differential braking [4]. 

Borawski Andrzej in this manuscript tried to 
check how the brakes of a semi-trailer heat up 
during emergency braking. For this, a mathematical 
model of the braking process was developed and 
simulation tests were carried out for different initial 
speeds and different loads. The results are friction 
material temperature profiles that show how the 
drum and brake pads heat up during braking and 
cool down immediately after stopping [5]. 

In Samorodov Vadim's article, the given 
description of the criteria is used to form changes in 
the control parameters of hydraulic machines 
(hydraulic pump and hydraulic motor) in the process 
of acceleration and braking of a wheeled tractor. A 
rational change of hydraulic machine control 
parameters at the stages of acceleration and braking 
for a wheeled tractor with stepless hydrovolume 
mechanical transmission, which is carried out 
according to the output differential scheme, has been 
formed. During the study of the obtained 
dependence of hydraulic machine regulation 
parameters, the change of such indicators as 
acceleration and braking time was determined; 
braking distance of a wheeled tractor; Efficiency of 
hydrovolumetric drive and hydrovolumetric 
mechanical transmissions; the working pressure 
difference in the hydraulic actuator. It was 
established that when using a rational change of 
hydraulic machine control parameters instead of a 
linear one at the stages of acceleration and braking, 
the zone of the highest value of the coefficient of 
useful action of hydrovolumetric-mechanical 
transmission narrows, which, in turn, indicates the 
load of the hydraulic branch of the hydrovolume 
transmission [6]. 

Xu Shiwei this work proposes a multi-mode 
composite braking control strategy for the five-axle 
distributed electric wheel-drive heavy-duty vehicle. 
Firstly, given the differences in braking dynamics 
between two-axle vehicles and multi-axle vehicles, the 
brake dynamics characteristics of multi-axle vehicles 
are analyzed, and the vehicle dynamics model of multi-
axle vehicles is constructed. Next, a multi-mode 
composite braking control strategy including a fully 
electric braking state and hybrid electro–hydraulic 
braking state is proposed in order to improve the 
braking energy recovery and braking stability [7]. 

Wan Zhen's paper discusses the problems of 
calculating the braking of a multi-axle vehicle, which 
was based on the classical model and described the 
general models of the linear braking dynamics of a 
multi-axle vehicle. The models retain suspension 
constraints and introduce suspension distortion 
harmonization equations. Based on the models, general 
formulas were derived for calculating the vertical 
opposing force from the road. He then proposed a 
method to obtain the locking sequence of a multi-axle 
vehicle, which is easy to implement using computer 

language, and derived general formulas for calculating 
braking power, braking acceleration and linear braking 
stopping distance [9]. 

Wu Xinping's experimental results show that the 
time required to achieve the target clamping force in 
an electronic mechanical brake system using self-
disturbance suppression control and PI control is 
only 0.01s, but there is a problem of excessive 
control in PI control. -differential system. between 
0.12 s and 0.2 s, while the self-interference 
controller does not have this problem. Meanwhile, 
no matter the intervention applied, the electronic 
mechanical braking system with automatic 
interference suppression control can ensure that the 
clamping force does not fluctuate [10]. 

 

2. State-of-the-Art 
 
An integral part of the dynamics of the transport and 
technological train is braking, which ensures the 
safety of traffic on the roads. But despite the 
importance of this issue, it is currently not given 
enough attention, as a result of which we often see 
transport-technological trains on the roads, the 
brake systems of the component links of which are 
not coordinated, and the traction-coupling devices 
are not perfect. 

Therefore, the main stage in field conditions for 
effectively reducing the unsteady motion of the 
transport-technological train is the improvement of 
its dynamic system. 

Taking into account the peculiarities of the study 
of the road - tire - suspension - vehicle - operator 
system, using the magnitude and range of changes of 
such generalized disturbing indicators of influence 
as speed, deceleration, time, braking force, it is 
necessary to determine the change of loads in the 
traction-coupling device, as well as normal reactions 
on the axles of the transport-technological unit 
during braking and the effect of these changes on the 
braking properties of the unit, taking into account 
the type of traction-coupling device used. 

Using the magnitude and range of changes in 
such generalized parameters of the disturbing 
influence as speed, time, force, power, it is necessary 
to determine the change in loads in the traction-
coupling device, normal reactions on the axles of the 
tractor and trailer during braking, and the effect of 
these changes on the braking properties of the 
transport-technological train. 

 

3. Analysis of the Interaction of the Links 
of the Transport-technological Train 
During Braking 

 
The interaction of the links of the transport-
technological train during braking is characterized 
by the forces arising in the traction-coupling device. 
To analyze the influence of these forces on the 
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braking properties of the transport-technological 
train and its dynamics in general, consider the 
change in the processes that take place during the 
braking of the transport-technological train, taking 
into account the presence of an elastic connection at 
the coupling point. 

When analyzing the braking process, we will 
make the following assumptions: 

- links of the transport and technological train 
are considered material points; 

- from internal forces, only reactions in the 
traction-coupling device act on each link of the 
transport-technological train; 

- the engine is disconnected from the 
transmission and torques are not applied to the 
wheels of the tractor; 

- the road in the transverse direction does not 
have a slope; 

- the centers of gravity of each link of the 
transport and technological train lie in the 
longitudinal plane of symmetry; 

- the braking forces applied at each moment of 
braking with a constant coefficient of tire 
adhesion to the road correspond to the forces 
that can be transmitted through the wheel, 
taking into account the weight falling on it and 
the coefficient of adhesion to the road. 

It should be noted that the operation of the 
traction-coupling device is largely determined by the 
presence of damping at the connection point, which 
is caused by wear and deformation of the coupling 
elements. 

We will describe theoretically the change in the 
processes that occur when the transport-
technological train is braked. Let the system (Fig. 1), 
which moves by inertia with the initial speed υ0, at 
some point in time apply braking forces РТ_ТР (for the 
tractor) and Рп_ТР (for the trailer). At the same time, 
the ratio of forces is such that the deceleration of the 
jTP tractor is greater than the deceleration of the jTP 
trailer.

 
Figure 1: Diagram of a dynamic model of braking of a transport-technological train 

 

In accordance with the above assumptions and 
features, we will write down the system of equations 
(1 – 8) and after solving it, we will get the damping 
function, with the help of which we will consider the 
effect of the connection on the change in the traction 
force during the braking of the transport and 
technological train [8, 12, 22]. 
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Multiplying equation (1) by mПР, and equation (2) 

by mTP, we find the difference of the resulting 
equations: 
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Denoting ( )43
2

0 /4 dSFlvc dжdжd  = , and we 

express from equation (1) 
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Let's substitute equation (4) in (3) 
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Let's enter the notation: 

prtr

prtr

m
mm
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k
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=  – coefficient of weight 

characteristic; 
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of links of the transport and technological train; 
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links taking into account the inertia of the traction-
coupling device; 
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Let's rewrite equation (5) in the form: 

 smjSЕS =+ 303 2                                  (6) 

Let's rewrite equation (6) as the initial 

conditions: t=0, S3=0, 03 =S   
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Transforming equation (7), we get 
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Let's determine the resistance of the elastic 

connection. For this we will find 3S  and 3S . 
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Expressing σ from equation (4) and substituting 
(9) and (10) into the resulting equation, we get: 
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Let's find the force arising in the connection Pз 
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    (13) 
The resulting formula (13) can be used to 

calculate the force in a hydrohook of standard 
construction. To obtain a formula that can be used in 
connection calculations, it is necessary to solve the 
system of equations (2). It is solved similarly to the 
system of equations, (1). 
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Similar to the solved system of equalities (1), a 
differential equalization of a different order is 
obtained: 
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The solution to equation (14) under the initial 
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( ) ( ) ( )

( ) ( )/
3

2

2/
0

2

/
0

/
/

/
0

3

1
4

1
22

//
0

//
0

tSe
E

j

e
E

t
tt

E

j
S

ttEsm

ttEsm

+




 −+

+




 −+−=

−−

−−

    (15) 

After transforming equation (15), we obtain: 
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Let's write down the first and second derivatives 
of S3: 
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Expressing σ/ from equation (2) and substituting 
into the resulting equations (17) and (18), we 
obtain: 

( )( )
( )

( )( )
( )/

3

/
0

//

3

/
0

1/
0

/
3

1/
0

//
03/

0
/

)1(
ttt

mk

k

mSm

ttt
mk

k

mSm

m

m

m

m

ektjmk

ektjmk

−
−

−
−

−−

−
−==








  (19) 

since 

 3
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where 3S  - in formula (26) of section /tt  , then by 

multiplying the right parts of equations (19) and 
(17) we get the calculation formula for the force in 
the connection, which is a damping element, but 
does not have elastic elements (springs, rubber 
buffers) in the standard design. 

Let's write the system of equations (21) and the 
system of equations (22). The calculation formulas 
obtained by solving the first system of equations 
(21) can be used in the analysis of the operation of 
traction-coupling devices that include various 
damping elements in their design. In turn, the same 
formulas can be used when obtaining the initial 
conditions for the second system of equations (22), 
the calculation formulas obtained during the 
solution of which are more general and can be used 
in research, can be used when analyzing the 
operation of traction-coupling devices in any - what 
design [11, 13, 16]. 
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Let's solve the system of equations (21). Let's 
multiply equations (21) by mpr and mtr, respectively, 
and expressing trx  and prx  writing down their 

difference: 
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From equation (21): 
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From equation (22): 
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Substituting the right-hand parts of equations 
(24) and (25): 

 ( ),30
2 SmSkSjS mS

 −−−=               (26) 

where 
( )

ПРTP

ПРTP

mm

mmс +
=

2,12  is the circular frequency 

of natural oscillations. 
Let's transform equation (26): 

33

2

3

0

111 mk

j
S

mk
S

mk

k
S

m

S

mm

m

−
=

−
+

−
+

       (27) 

Let's rewrite equation (27) taking into account 
the accepted notations: 
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The coefficients U1 and U2 are determined from 

the initial conditions: t=0, S=0, 0=S . We 

differentiate equation (29) and introduce the 
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UEUU

u

sm

 

 

Let's write down the solution of this equation: 

( ) 2222
021

1



 smsmu

u

jEjU +−


=              (33) 
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( ) 2222
0

2

2sin





 smsmu

sm

jEj

j
U

+−

−=              (34) 

Let's determine the initial compression 
resistance of the connection elements. For this we 

will find S : 

( ) ( )
( ) 














+

−+−
= −

tU

EtUE
eUS Et





2

2
22

1

cos2sin       (35) 

Expressing σ from equation (25) and substituting 
the obtained expression and equations (30) and 
(35), respectively, we obtain: 

( ) ( ) ( )
( ) ( )tUEtU

tUEtUE

m







+−+

+−+−


−=

22

22
22

30

sincos

cos2sin        (36) 

Let's determine the load Ркр for the deformable 
traction coupling device. 

In this case, the load on the traction coupling 
device consists of the sum of the reactions of the 
elastic connection and the inelastic resistance of the 
damper, that is: 

 dempfрrкr РPP +=               (37) 

or 

 ScSPкр
+=                (38) 

After some transformations, we get: 

( )

( )
















++−











 
+

−=

− tUe
j

E

j

mkjP

Et
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





2

0

2

0

3

sin1
2

1
 (39) 

( )

( ) ( ),sin2

cos21
2
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2

0

2

0
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tUkEe
j

E

j

j
Р
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m
Et
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и

и
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







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−++−












 





=

−  (40) 

then 
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( ) ( ) ( ) ( ))tUEtUEtU

j
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j
e

k
mkjР

smsm

uEt

u

m
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
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











+−



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

 


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2

0

2

0
3

cos2sincos

1
2

 (41) 

As you know, the largest load peaks occur in the 
traction-coupling device before the braking forces 
reach their maximum values. It is important to know 
the values of these loads, which in some cases should 
be used as calculations [14, 17, 21]. 

Differentiating equation (38) with respect to time 
and equating the right-hand side of the resulting 
equation to zero, we find expressions for terms 
containing time t. 

( )

( ) ( ) 0sincos

1
2

22

0

2

0
3

=+−+

+−











 
−


=

− tUEtUе

j

E

j
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Et

smsm

u
m

и
smpr








(42) 

where 

( )
E

tUtg


 =+2  or ( )
u

tU


=+


2sin        (43) 

Substituting into equation (38) instead 
( )tU +2sin  of its value from equation (43), we get 

the expression for determining Рпр_е: 

( )
















−







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

 
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msmeпр

j

E

j
emkjР

  0

2

0
3_

2
1   (44) 

Time t is determined from equation (43): 

 














−
=

smjE
arctgt









 0

01               (45) 

Formula (44) can be used in the calculations of 
both a traction coupling device and, without taking 
into account deformations, an elastic-damping 
traction coupling device. 

Similarly, we will determine the traction load 
peaks for the elastic-damping (deformable) traction-
coupling device. 

We differentiate equation (41) in time and equate 
the right-hand side of the resulting equation to zero: 

     

( ) ( ) ( )
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2
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u
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
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 (46) 

where: 

 ( )
( )

,
3

sin
3

22

2

u

E
tU



−
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              (47) 

 ( )
( )

,
3
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3

22

2

u

EE
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

−
=+


              (48) 

Substitute the right parts of equations (47) and 
(48) into equation (41): 
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E
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The time t for the extreme value of Pkr_e is 
determined from equation (35): 

( )
( ) ( )

.
33
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2222

0
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To be able to analyze the braking process of a 
transport-technological train with a traction-coupling 
device, taking into account its deformation, it is 
necessary to solve the system of equations (22). 

The initial conditions of the next (second) 

connection operation section, when tt   are as 

follows: ( ),,0 tSSt ==  ( )tS =  . 

According to equation (30), we get: 

( ) ,sin 22
212 







 −++


=
− tEUeU

j
tS u

tE

u

sm   (51) 

where U1 and U2 are defined (see equations (46) and 
(47). 

According to equation (31), we have: 

( ) ( ) ( )( ).sincos 221 tUEtUeUt tE +−+=
−  (52) 

The system of equations (31-34) is similar to the 
system of equations (21). 

As a result, the system of equations (22) is 
reduced to the differential equation: 

 ( ).30
2 SmSkSjS mS

 −−−=               (53) 

Further transformations lead to a second-order 
differential equation: 

 smu jSSES =++ 22                (54) 

The solution of equation (54) has the form: 

 ( ),sin 432
tUeU

j
S Et

u

sm ++


= −              (55) 

where .22 Еи −=  

Let us determine the coefficients U3 and U4 from 
the boundary conditions: 

( )

( ) ( )
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
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

=
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 (56) 

Solving the system of equations (56) with respect 
to U3 and U4, we obtain: 

( ) ( )( ) ( )( ) 22222
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Similarly to equation (37) for σ we write the 
equation for: 

( ) ( ) ( )
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The load in the traction-coupling device for the 

section under consideration tt   is found similar to 

the load in the traction-coupling device of the section 

tt 0 [20] 
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Substituting equations (60, 61) into equation 
(38), we get: 
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Then the traction load peaks on this section will 
be calculated according to the following formula: 
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where: 
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4. The Influence of the Design of the 
Traction Coupling Device on the Change 
in the Normal Reactions on the Tractor 
and Trailer Axles During Braking 

 
Let's determine the normal reactions acting on 

the axle of the tractor and trailer during braking. And 
therefore, consider the system freely under the 
influence of active efforts and reactions of 
connections, replacing the action of connections with 
their reactions [15, 18, 19]. 
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Normal reactions on the axles of the tractor and 
trailer are determined from the equation of the 
balance of forces acting on the transport-
technological unit during braking. 

On the front axle of the tractor: 

 
ек

скrtrintr

L

hPhPgam
N

−+
=

1_2
1

 (65) 

On the rear axle of the tractor: 

 tr

сккtrintr

L

hPhPgam
N

−−
=

1_1
2

  (66) 

On the front axle of the trailer: 

  ПP
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L
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N

−+
=

2_4
2

  (67) 

On the rear axle of the trailer: 

 pr

скrTPintr

L

hPhPgam
N

−−
=

2_4

4

 (68) 

Let's write down the forces of inertia of the links 
of the transport-technological unit during braking: 

for a tractor 

 
,21_ кrin PNP += 

 (69) 

for trailer 

,2_ крПРin PgmP −= 
 (70) 

Let's substitute the right parts of equations (83) 
and (70) into equations (67-70), we get: 

for the front axle of the tractor 
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for the rear axle of the tractor 
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for the front axle of the trailer 
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TP

TPсцкрTPTP

L

hhPhagm
N

−++
=

4
3

  (73) 

for the rear axle of the trailer 

( ) ( )
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L
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N
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4

              (74) 

Based on the calculations, the dependence of the 
normal reactions on the axles of the transport-
technological unit on the braking efficiency (Fig. 2), 
the distance from the center of mass of the tractor to 
the line of action of the traction force (Fig. 3), taking 
into account the force in the connections of the 
traction-coupling devices and from the traction force 
(Fig. 4). 

 
Figure 2: Dependence of normal reactions on the braking 

efficiency of the transport-technological train 

 
Figure 3: Dependence of normal reactions on the distance 

from the center of mass of the link to the line of action of the 
traction force 

 

 
Figure 4: Dependence of normal reactions on traction force 

 

5. Conclusions  
 
Analyzing the dependences shown in (Fig. 3 and Fig. 
4), it can be concluded that with the same braking 
forces, the coupling coefficient, the redistribution of 
normal reactions obtained due to a decrease in the 
amplitude of the traction force and its root mean 
square deviation due to the elastic properties of the 
traction-coupling device at the clutch point, creating 
a greater margin of lateral stability, thereby 
increasing the average speed of movement and safe 
initial braking speed and increasing the specific 
weight of the rear, which performs braking of this 
link of the tractor axle, thus increasing the braking 
qualities of the transport-technological train. 
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