TRANSPORT

DEVELOPMENT OF A PREDICTIVE COMPUTATIONAL MODEL
FOR TRACTION-DYNAMIC ANALYSIS OF ARTICULATED VEHICLES

DOI: 10.36724/2072-8735-2026-20-2-65-72

Manuscript received 02 December 2025;
Accepted 05 February 2026

This article has been prepared as part of a research project funded
by the federal budget (the source of funding is the Ministry of
Education and Science of the Russian Federation) on the topic:
"Development of a scientific and methodological apparatus for syn-

Nikolay l. Vatin, thesizing optimal solutions for energy-efficient operation of semi-
MADI, Moscow, Russia, vatin@mail.ru trailers on federal roads of the Russian Federation, taking into

account remote monitoring and forecasting of operational character-
Alexey V. Terentyev, istics in relation to the road network" (code of the scientific topic
MADI, Moscow, Russia, aleksej.terentev.67@bk.ru FSFM-2025-0001).

Artyom V. Podgorny,

MADI, Moscow, Russia, pavtxt@mail.ru
Keywords: traction and dynamic characteristics, transport

Dmitry S. Taldykin, modeling, tractor units, vehicle efficiency, high load capacity,
MADI, Moscow, Russia, dima.dima.taldykin@mail.ru kinematic drive scheme

This study examines the traction and dynamic characteristics of an articulated
road train in order to develop a predictive mathematical and software modeling
system for heavy-duty transport systems. The design, mass, aerodynamic and
transmission parameters of the main tractor in combination with the semi-trailer
were analyzed and a structured data set for computer modeling was formed. To
formalize the sequence of torque transmission from the internal combustion
engine to the drive axle, a kinematic scheme of the power unit was developed.
Based on the collected parameters, a traction-dynamic mathematical model of
motion was formulated in differential form, taking into account the characteristics
of engine torque, transmission ratios, rolling resistance, aerodynamic drag and
road slope. The proposed model was implemented in the form of a computing
core that allows performing time domain modeling and predicting non-stationary
operating modes. The interaction between engine characteristics, transmission
configuration, and drag was analyzed using numerical integration of control equa-
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ing the balance of traction, acceleration capacity and energy efficiency of a road
train in various operating conditions. The developed mathematical and software
model forms the methodological basis for creating digital twins, computer model-
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Introduction

The study of traction and dynamic properties of modern truck
tractors represents a fundamental research direction in the auto-
motive and transport engineering domain, directly aimed at im-
proving transport efficiency, fuel economy, operational reliability
and traffic safety. Over the past decades, long-distance freight
transport systems have undergone significant transformation,
driven by the continuous growth of cargo flows, increasing traffic
intensity on federal highways, and the widespread adoption of ar-
ticulated vehicles with high payload capacity. In contemporary
operating conditions, the gross weight of road trains commonly
exceeds 40 tons, which imposes strict requirements on powertrain
performance, traction balance and stability of motion [1, 2].

Under these conditions, the adequacy of engine characteristics,
transmission configuration and traction reserve becomes a deter-
mining factor for ensuring reliable operation of road trains across
a wide range of road, climatic and load conditions. Insufficient
traction capability leads to reduced average speeds, increased fuel
consumption and accelerated wear of drivetrain components,
while excessive power margins negatively affect energy effi-
ciency and operating costs. Consequently, traction—dynamic anal-
ysis plays a critical role in both the design and operational optimi-
zation of heavy-duty vehicles.

Tractor units operating as part of articulated road trains exhibit
complex traction and dynamic behavior. Vehicle performance is
determined by the interaction of multiple subsystems, including
the engine torque characteristic, transmission gear ratios, tire—road
adhesion properties, rolling resistance and aerodynamic drag. In
contrast to single vehicles, articulated configurations introduce
additional complexity related to mass distribution, load transfer to
the driving axle and increased aerodynamic resistance. These fac-
tors significantly influence acceleration dynamics, gradeability
and motion stability.

The dynamic behavior of heavy-duty road trains cannot be ad-
equately evaluated using simplified stationary or quasi-static mod-
els. Real-world operating conditions are characterized by non-sta-
tionary regimes such as acceleration, deceleration, gear shifting
and motion on variable longitudinal gradients. In addition, re-
sistance forces vary dynamically depending on road surface con-
dition, vehicle speed and environmental factors. The resulting dis-
tribution of energy between driving forces and resistance forces
determines key operational parameters, including acceleration
time, maximum achievable speed and overall traction efficiency
[3].

The traction characteristics of truck tractors are strongly influ-
enced by both design parameters and operational factors. Engine
specific power (expressed in kW/t), the width and structure of the
transmission ratio range, and drivetrain losses determine the effi-
ciency of converting fuel energy into useful mechanical work. At
the same time, aerodynamic properties and vehicle mass play a
decisive role at medium and high speeds, where aerodynamic drag
becomes the dominant resistance component. For articulated ve-
hicles equipped with semi-trailers, the drag coefficient typically
ranges from 0.55 to 0.70, making aerodynamic optimization and
accurate modeling particularly important.

In modern conditions, a prevailing trend in the development of
heavy-duty transport systems is the widespread integration of dig-
ital modeling and computer-based simulation methods. These
methods enable the prediction of traction and dynamic

characteristics with a high degree of accuracy prior to conducting
time-consuming and costly field tests [4]. Parametric and mathe-
matical models allow researchers and engineers to assess the in-
fluence of vehicle mass, acrodynamic properties, transmission pa-
rameters and road conditions on traction balance, acceleration dy-
namics and energy consumption. Simulation-based approaches
provide a powerful tool for optimizing drivetrain configuration
and ensuring stable vehicle operation under variable loads and op-
erating scenarios, while minimizing energy losses and emissions
[5-7, 16-17].

In addition, the rapid development of onboard electronic sys-
tems, telematics and data acquisition technologies creates new op-
portunities for the application of predictive models in real opera-
tional environments. Traction—dynamic models implemented in
software form can serve as computational cores for digital twins,
decision-support systems and energy-efficient driving assistance
tools. Such systems enable the transition from reactive to predic-
tive vehicle operation strategies, thereby improving fuel efficiency
and operational reliability.

In the context of increasing economic, environmental and tech-
nological requirements, improving traction and dynamic charac-
teristics becomes a key factor in the modernization of the national
heavy-duty vehicle fleet. The scientific challenge addressed in this
study lies in the development of analytical and computational re-
lationships linking traction forces, resistance components and ac-
celeration parameters of articulated vehicles under diverse operat-
ing conditions. The purpose of this study is to develop a frame-
work for predictive mathematical and computer-based modeling
of traction and energy efficiency of road trains, providing a meth-
odological and informational basis for further integration into dig-
ital and electronic transport systems operating under various road
and climatic conditions.

Materials and methods
This study is devoted to the KAMAZ-54901-92 mainline trac-

tor (Fig. 1), which is equipped with a KAMAZ-910.12-450 diesel
engine.

Figure 1. General view drawing of KAMAZ-54901-92

The power unit of the studied vehicle, the KAMAZ-910.12-
450 diesel engine, serves as the main source of energy determining
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the traction and dynamic potential of the KAMAZ-54901-92 trac-
tor [8]. It is a six-cylinder inline diesel engine with turbocharging,
direct fuel injection and intercooling. It has been designed to pro-
vide high torque at low and medium crankshaft speeds and main-
tain fuel economy during load fluctuations typical for long-haul
transportation.

The maximum effective engine power is 331 kW at 1,900 rpm,
and the corresponding maximum torque of 2,060 Nm is reached
at 1,300 rpm. It is argued that the torque level under consideration
guarantees stable traction characteristics in the most commonly
used range of road speeds and gear ratios. The configuration of the
torque curve contributes to the efficient use of the transmission
range, thereby ensuring the maintenance of an almost constant
traction force on several intermediate gears [9, 10]. This is espe-
cially true when driving in mixed traffic and on uneven roads,
where frequent gear changes are required.

The specific effective fuel consumption of the engine is 183
g/kWh, which corresponds to a fuel density of 0.85 kg/liter. Ac-
cording to the nominal operating conditions, the practical fuel con-
sumption is approximately 60-65 liters/h. This provides a basic
basis for determining the energy intensity of the movement and
building fuel economy maps in the subsequent stages of the study.

The average effective pressure at maximum torque can be es-
timated as:

_272'-Me

Pre ~1,85MIla,

h

It is assumed that the total volume of the engine is 12.0 liters,
which is typical for engines of this class. This value confirms the
high level of cylinder loading, which corresponds to the perfor-
mance targets of Euro V-VI diesel units. The mechanical effi-
ciency of the engine at rated load reaches a value of approximately
0.86, while the overall efficiency at rated conditions approaches a
value of approximately 0.40. This indicates the optimal conver-
sion of the chemical energy of the fuel into useful mechanical
work of the crankshaft [11-13].

The modern power plant of a mainline tractor operates as a
cyberphysical system in which torque generation is carried out not
only as a result of thermodynamic processes in the cylinders, but
also through continuous intelligent data processing from a distrib-
uted set of sensors integrated into the electronic architecture of the
vehicle. The electronic engine control unit is a real-time compu-
ting module connected to the crankshaft position sensor, camshaft
position sensor, intake air pressure and temperature sensors, mass
air flow sensor, fuel ramp pressure sensor, coolant and exhaust gas
temperature sensors, accelerator pedal position sensor, turbo-
charger boost sensor, and also with an exhaust composition con-
trol system. The signals of these sensors are subjected to high-fre-
quency sampling, digital filtering and algorithmic verification for
reliability, after which an estimate of the current engine operating
mode is formed, characterized by instantaneous load, rotational
speed, injection phase, cylinder filling degree and effective air ex-
cess coefficient. Information processing is carried out within the
framework of built-in control algorithms that implement fuel in-
jection models, temperature and altitude correction, turbocharger
geometry control and torque limitation in accordance with permis-
sible mechanical and thermal loads. Unlike the traditional repre-
sentation of the engine as a static torque source, the intelligent
control system generates adaptive output torque based on the cur-
rent state of the transmission, road resistance and driver
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commands, ensuring the coordination of energy flows between the
power unit and the moving mass of the train. Information is trans-
mitted between electronic units via a high-speed CAN bus, which
ensures synchronization of the engine control unit, transmission
control unit, traction control system and stabilization modules,
forming a single distributed computing environment. Within the
framework of this architecture, data on engine speed, current
torque, boost pressure, fuel consumption and temperature condi-
tions are available for subsequent integration into telematics mod-
ules and external information systems, which allows for a contin-
uous flow of operational parameters into the digital twin of the
vehicle. The integration of the computational core of the traction-
dynamic model with real telematics data flows ensures the transi-
tion from a priori modeling to adaptive forecasting, in which the
parameters of motion resistance, coefficient of adhesion and en-
ergy efficiency are refined based on current operational measure-
ments. When the road profile or load dynamics change, the engine
control system automatically adjusts the duration and phase of fuel
injection, limits or increases the supply in accordance with the
transmission and clutch protection algorithm, and also interacts
with the gearbox control module to optimize the timing of gear
shifting. Thus, a closed control loop is formed, in which sensory
measurements are transformed into control actions that directly
affect the longitudinal dynamics of the train, and the power plant
itself becomes an active intelligent element of the transport system
[14]. The inclusion of electronic engine control dynamics in the
structure of the traction-dynamic model makes it possible to take
into account the inertia of the fuel system, turbocharging delays,
temperature restrictions and adaptive protection algorithms, which
significantly increases the accuracy of predicting transient condi-
tions, especially during acceleration, uphill movement and opera-
tion under variable load. Collectively, the described sensor archi-
tecture (Fig. 2), computing modules and network protocols form
the basis of an intelligent power plant control system that provides
not only optimal conversion of chemical fuel energy into mechan-
ical operation, but also the ability to integrate into predictive in-
formation and control systems aimed at improving energy
efficiency, operational reliability and stability of heavy articulated
vehicles in the digital transformation of the transport industry.

Sensors: speed, pressure,
temperature, flow, pedal
position
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Figure 2. Architecture of the intelligent internal combustion
engine system
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In the context of the traction—dynamic model, the torque char-
acteristics of the engine are defined as the available traction force
on the drive wheels in accordance with the following equation:

Pl:Me‘Uzr
r -U

st tr

9

where n;: = 0.902 is the transmission efficiency, ry = 0.74 m is
the static radius of the wheel, and uy is the total transmission ratio.
For example, in first gear (U, = 37.997) and at maximum torque
(m. = 2060 Nm), the traction force on the drive wheels reaches ~
66.7 kN; in sixth gear (u, = 10.388), this value decreases to ~ 24.4
kN, which illustrates the expected inverse proportionality between
an increase in torque and an increase in the rotation speed. output
speed.

The inertia of the engine, characterized by a reduced moment
of inertia J. = 1.6 kg m?, is a key parameter in the analysis of tran-
sients, affecting acceleration dynamics and response time when
shifting gears. In low gears, inertia helps maintain rotational sta-
bility, while in high gears it limits the rate of torque increase,
which is especially important when accelerating or climbing a
slope [15].

The Tonar T3-13 semi-trailer (Fig. 2) in combination with the
KAMAZ-54901-92 mainline tractor is a standard three-axle truck
cargo platform designed for long-distance cargo transportation un-
der heavy load conditions. The structural configuration and weight
distribution parameters of a vehicle directly affect its traction and
dynamic characteristics, affecting axle load, braking stability, aer-
odynamic drag and rolling resistance.

13760
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Figure 3. Dimensional drawing of Tonar T3-13

The curb weight of the semi-trailer is 7,300 kg, and the gross
weight is 35,600 kg, which provides a load capacity of about
28,000 kg. In the loaded state, the three-axle trolley evenly dis-
tributes the total mass between the axles, thereby maintaining the
stability of the vehicle both in linear motion and during accelera-
tion or deceleration. When empty, the semi-trailer operates with
two touching axles (reduced configuration), which reduces rolling
resistance and tire wear. The single-wheel configuration on each
axle provides a balance between load capacity and mass effi-
ciency, while maintaining acceptable resistance to lateral skidding
on curved paths.

The T3-13 tonar is 13.96 meters long, 2.55 meters wide, and
4.00 meters high. These measurements, which are of great im-
portance in the field of acrodynamics, lead to an increase in the
frontal area, which directly affects the overall acrodynamic drag
of an articulated road train. The track width is 2.04 m. and the
optimized rigidity of the frame ensures sufficient torsional rigid-
ity, thereby minimizing load fluctuations at high speeds. The
semi-trailer is connected by means of a coupling device located on
the tractor frame at an optimal distance, so that the total length of
the road train is 16.65 m, and the total area of the front edge F, is
6.94 m2.

The aerodynamic characteristics of the T3-13 Tonar are repre-
sented by the shape coefficient Ao = 0.85 and the drag coefficient
K = 0.59 N's*/m*. At a cruising speed of v = 25 m/s (approxi-
mately 90 km/h), the semi-trailer accounts for about 40-45% of
the total aerodynamic drag of the road train, which is equivalent
to an additional drag of about 900-1000 N. This level of drag de-
pends not only on the geometric proportions, but also on the qual-
ity of the surface, the blowing of the bottom of the body and the
presence of turbulence at the rear.

From the point of view of traction analysis, a semi-trailer acts
as a passive load with variable mass characteristics, primarily af-
fecting overall movement resistance due to rolling resistance and
aerodynamic drag. The coefficient of rolling resistance under var-
ious road conditions corresponds to the general system values:
0.02 for dry asphalt, 0.04 for wet asphalt, 0.06 for packed snow
and 0.03 for wet ice. At full load (Gc = 35,600 kg), the rolling
resistance on dry asphalt is approximately:

P =f-G-g=1,0xH

To determine the total thrust requirement, this component must
be added to the drag forces acting on the tractor.

The weight and aerodynamic parameters of a semi-trailer sig-
nificantly affect the transmission of the longitudinal load between
the axles of the tractor. In the coupled state, the vertical load on
the fifth wheel is approximately 7.5-8.0 tons, resulting in a load
factor on the drive axle of 29.7% for one tractor and 26.1% for the
entire road train. This redistribution determines the available co-
efficient of adhesion and, consequently, the traction potential, es-
pecially on surfaces with a low coefficient of friction.

The Tonar T3-13 uses an air suspension with automatic con-
trol, which ensures stable axle load under various conditions of
cargo transportation. This design minimizes dynamic fluctuations
during acceleration and braking, which contributes to uniform tire
wear and improved braking performance. The suspension charac-
teristics are selected in such a way as to maintain stability when
driving and reduce the vertical acceleration transmitted to the trac-
tor coupling. This is important for the comfort of the driver and to
prevent the coupling device from oscillating.

At this stage of the study, the semi-trailer is considered as a
rigid inertial subsystem within the framework of the traction-dy-
namic model. It provides constant drag proportional to its mass
and aerodynamic properties. Subsequent stages of research will
make it possible to expand the model to include the elastic and
damping parameters of the coupling device, the dynamic interac-
tion between the tractor and the semi-trailer, as well as the oscil-
latory effects caused by the roughness of the road profile. This will
allow for a more detailed assessment of the stability of the articu-
lated system, braking performance and fuel economy in real-world
operating conditions.

e
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Results and discussion

At this stage of the research, a basic data set was formed for
further traction and dynamic modeling of the KAMAZ-54901-92
tractor in combination with the Tonar T3-13 semi-trailer.

The purpose of the data set formation is to ensure the formation
of a database for further analytical refinement, including consid-
eration of dynamic resistances, gradient effects and transient op-
erating modes. The selected parameters describe the mass, size,
aerodynamic, propulsion and transmission characteristics of the
vehicle system specified in the initial description of measurements

and technical characteristics.

Table 1

Initial data for the study of traction and dynamic characteristics
using the example of a KAMAZ tractor combination-54901-92 +
Tonar T3-13 trailer

Symbol / Description /
Parameter Unit of Meaning p
Notes
measurement
Model ) KAMAZ- Two-axle mainline
54901-92 tractor (4x2)
Semi-trailer ) Tonar T3-13 Thre.e-agle cargo
model semi-trailer
Curb weight Gst, kg 8400 W{thout a semi-
trailer
Curb weight of Empty
semi-trailer Gsp. ke 7300 configuration
Total weight of
the semi-trailer Gpp, kg 35600 Fully loaded
. Tractor + loaded
Gross weight Gpa, kg 44000 semi-trailer
Total length La, m 16.65 Full hinge system
Tractor dimen- m 6.25 x 2.55 x| Length, width,
sions (LxBxH) 3.98 height
i:;‘;gﬁ;ler di- o 13.96 x 255/
(LxBxH) x 4,00
Tractor The distance be-
wheelbase Lb, m 3.78 tween the axes
Track width Ba,m 2.04 For both tractor and
trailer
Axde load 29.7 (tractor),
distribution (rear) % 26.1 )
(combination)
The front part of N
the tractor ft,m 6.50 )
Frontal area Fa, m? 6.94 -
Shape coefficient |Aa 0.85 For th_e .
combination
Drag coefficient |Koa, N-s¥m* |0.59 For th.e .
combination
Engine model ) KAMAZ- Turbocharged
& 910.12-450 | diesel engine
Rated power Ne,max, kVt 3;;1 @ 1900 Effective power
Maximum torque | Me,max, Nm 2060 @ 1300/
rpm
Specific fuel ge,g/kVth 183 Nominal
consumption
Fuel density pt, kg/l 0.85 Diesel fuel
Equivalent inertia L,
of the engine Je, kg'm 1.6 ]

TRANSPORT

Transmission i 12-speed Permanent gear

type manual box

?ze)ar ratios (1= 16.68 - 1.00 |-

The final gear ra-

tio of the drive | V%P 2.278 )

Total coefficients Utr 37.997 -

(1-12) 2.278

Transmission

efficiency nkp 0.965 )

Efficiency of the

final drive nep 0.935 )

é)i;/;clr:t{;tcr;aerrllscl;lls- ntr 0.902 The average value

Tire size - R22.5 Standard double tire

Free radius rk, m 0.79 -

Static radius rst, m 0.74 Used in the calcula-
tion of thrust

Tire deformation

coefficient » 0.94 )

Coefficient of .

clutch safety B 2.5 Wheel S lip

margin protection

Rolling resistance .

coefficients (f) - 0.02-0.06 Dry —ice

Coupling Dry asphalt — wet

coefficients (¢) 0.75-007 | ow

Smg]e gear shift 3.5 0.20 To enter dynamic

time modeling data

The table above shows the basic configuration parameters nec-
essary to start research on thrust-dynamic calculations. Each pa-
rameter represents verified input data for subsequent steps, includ-
ing:

* onstruction of diagrams of the dependence of traction force
and speed;

* modeling acceleration characteristics under various road sur-
face conditions;

* valuation of transmission efficiency and power losses;

* Development of digital modeling modules for a complete
combination.

This structured data set completes the preparatory analytical
stage of the study. At the next stage of the study, the input varia-
bles will be used to calculate traction balance curves, determine
traction limit zones, and verify the validity of the preliminary
model using experimental measurements on test routes.

As part of the study of traction-dynamic properties, a kine-
matic scheme of the car's power unit was also developed in order
to formalize the structure of torque transmission from the internal
combustion engine to the drive axles through the gearbox and
transmission system. The schematic diagram (Fig. 4) reflects the
general configuration of the KAMAZ-54901-92 tractor and corre-
sponds to its actual mechanical structure.

The torque at the engine output is first transmitted to the gear-
box, then through the driveshaft to the main gear and the differen-
tial, which distribute the torque to the rear drive axle. Each sub-
system is presented functionally, demonstrating the mechanical
interaction between the engine, transmission, universal joints,
main drive and groups of axles.

E’;
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. internal
Loy n automatic | combustion
engine

[ transmission

& W e

Figure 4. Kinematic transmission diagram of a tractor unit

This scheme is the conceptual basis for determining the main
energy losses, determining the overall gear ratio, and determining
the components necessary for the design model of thrust dynam-
ics. The configuration corresponds to the 4x2 drive scheme, which
is typical for long-haul tractors designed for long-haul transporta-
tion.

At the next stage of the study, the emphasis was placed on the
development of a predictive mathematical model of the traction—
dynamic behavior of an articulated vehicle and on its software im-
plementation for use in computer simulation and information sys-
tems. This approach made it possible to move from a static analy-
sis of traction parameters to the forecasting of vehicle motion un-
der non-stationary operating conditions.

The mathematical model of longitudinal motion of the road
train was formed on the basis of the traction balance, taking into
account the reduced inertial mass of the system and the total re-
sistance to motion. In differential form, the governing equation of
motion can be written as:

av(t) _n, M, (n(0)u,
“dt r

st

- {chosa +Gsina +%pCdElvz(t)},

where v(t) is the vehicle speed, M.q is the equivalent mass of
the road train accounting for rotating inertias, Me(n) is the engine
torque as a function of crankshaft speed n, uy is the total transmis-
sion ratio, 1y is the overall transmission efficiency, 7 is the static
wheel radius, G is the vehicle weight, f is the rolling resistance
coefficient, a is the longitudinal road slope angle, p is air density,
Ca is the aerodynamic drag coefficient, and Faq is the frontal area
of the road train.

This formulation explicitly reflects the physical mechanisms
governing vehicle motion and enables time-domain simulation of
acceleration, deceleration and steady-state regimes. The use of a
differential equation provides the basis for numerical integration
and makes the model suitable for forecasting applications.

To verify the practical applicability of the developed mathe-
matical formulation, the model was implemented in the form of a
computational kernel (Fig. 5). The software realization directly
encodes the right-hand side of the governing equation and allows
the calculation of instantaneous acceleration for given operating
conditions. A fragment of the program code implementing the
mathematical model is presented below.

import math
g = 9.80665
def engine_torque(n_rpm):

n = max(600.0, min(n_rpm, 2100.0))
if n <= 1300.0:

return 1000.0 + (2060.0 - 1000.0) * (n - 600.0) / (1300.0 - 600.0)

if n <= 1600.0:

return 2060.0 - 200.0 * (n - 1300.0) / 300.0

return 1860.0 - 600.0 * (n - 1600.0) / 500.0

def traction_force(n_rpm, u_tr, eta_tr, r_st):

return (eta_tr * engine_torque(n_rpm) * u_tr) / r_st

def resistance_forces(v, m, f, c_aero, grade_rad):
F_roll =m* g * f * math.cos(grade_rad)
F_grade = m * g * math.sin(grade_rad)
F_aero = c_aero * v * v

return F_roll + F_grade + F_aero

def dv_dt(v, n_rpm, params):
F_tr = traction_force(n_rpm, params[“u_tr"], params[“eta_tr"], params["r_st"])
F_res = resistance_forces(
v, params["m"], params["f"], params[“c_aero™], params[“grade_rad"]
)

return (F_tr - F_res) / params["m"]

Figure 5. A fragment of the program code of the computational core
of the mathematical model of a tractor unit

The presented code fragment implements the computational
core of the forecasting traction—dynamic model and directly cor-
responds to the analytical formulation of the governing equation.
Numerical integration of this equation makes it possible to obtain
time histories of vehicle speed, acceleration and traction reserve
for various operating scenarios.

The simulation results demonstrate that the developed model
adequately reproduces the transition between resistance-domi-
nated and traction-limited regimes of motion. At low vehicle
speeds, the acceleration capability is mainly determined by rolling
resistance and the selected transmission ratio, while at cruising
speeds aerodynamic drag becomes the dominant factor limiting
further acceleration. This behavior is consistent with the physical
characteristics of heavy-duty road trains and confirms the validity
of the proposed model.

From the standpoint of applied use, the developed mathemati-
cal and software model can serve as the core of digital twins, pre-
dictive information systems, and decision-support tools for the op-
eration of articulated vehicles. Its modular structure and explicit
physical interpretation make it suitable for further extension, in-
cluding integration with onboard electronic systems, telematics
data and adaptive control algorithms.

Conclusion

The analysis confirmed that the traction potential and overall
energy efficiency of articulated vehicles are primarily determined
by the balance between the characteristics of the engine torque,
the choice of transmission ratio and the total drag forces acting on
the road train. It has been demonstrated that the aerodynamic con-
figuration and weight distribution of a semi-trailer significantly
affect the load transfer to the tractor's drive axle, thereby affecting
the available traction, acceleration capacity and longitudinal sta-
bility of the vehicle as a whole.

—
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An important result of the research is the transition from de-
scriptive traction analysis to the formation of a predictive mathe-
matical model of longitudinal motion implemented as a computa-
tional core. The developed differential formula of traction—dy-
namic balance and its software implementation confirm the possi-
bility of modeling non-stationary modes of operation in the time
domain, including acceleration at various road slopes, surface con-
dition and load.

The results obtained at this stage represent not only a struc-
tured set of verified source data, but also a methodological and
computational basis for the development of digital tools for ana-
lyzing and predicting vehicle characteristics. The implemented
model creates prerequisites for numerical integration, scenario-
based modeling, and calculation of key performance indicators,
including thrust reserve, acceleration dynamics, and drag zones.
This allows the model to be directly integrated into computer sim-
ulation environments, digital counterparts, and decision support
information systems.

Future research is expected to expand and validate the devel-
oped model, including the inclusion of detailed engine maps, con-
sideration of rotational inertia and elastic properties of the clutch
system, as well as experimental verification in changing road and
climatic conditions. Special attention will be paid to the integra-
tion of the computing core with on-board electronic systems and
telematics data, which will make it possible to predict traction and
energy parameters in almost real time.

In general, this work provides a scientific, methodological, and
software-oriented framework for creating advanced forecasting
and information systems aimed at improving energy efficiency,
operational reliability, and technological competitiveness of artic-
ulated cargo vehicles. The proposed approach supports the strate-
gic goals of modernization, sustainable development and techno-
logical sovereignty of the national automotive industry, especially
in the context of long-distance freight transportation.
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PA3PABOTKA NMPOrHO3UPYIOLLENA BbIYUCITIMTENbHOM MOAENU ANA TAroBo-AMHAMUYECKOIO
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AHHOTauusa

B AaHHOM MccneaoBaHMM paccMaTpUBAtOTCA TAFOBBIE U AVHAMUYECKUE XapaKTEPUCTUKM COUIEHEHHOrO aBTOMOE3/a C LIebio pa3paboTky MPOrHOCTUHECKOM CU-
CTEMbI MAaTEMATUYECKOTO U NMPOrPaMMHOIrO MOAENMPOBAHUA A1 TPRHCMOPTHBIX CUCTEM 60SIbLLION FPY30NoAbEMHOCTU. Bbiin NpoaHanu3MpoBaHbl KOHCTPYKTUB-
Hbl€, MACCOBbIE, A9POANHAMUYECKUE U TPAHCMUCCUOHHbIE MapaMeTpbl OCHOBHOTO TAra4a B COMETaHWM C MOMYMPULIENOM U CPOPMUPOBAH CTPYKTYPUPOBAHHbIV
Habop AaHHbIX AnA KOMMbIOTEPHOrO MoAenupoBanua. [na popManmsaumm nocneaoBatenbHOCTU Nepefayn KpyTALLEro MOMEHTA OT JBUraTens BHYTPEHHEro
CropaHus K BegylueMy MOCTy Gbina paspaboTtaHa KMHeMaTU4ecKkas cxeMa CUIoBOro arperata. Ha ocHoBe cobpaHHbIx napamMeTpos 6bina copMynnpoBaHa Ta-
roBO-AVHaMUYeCKas MaTeMaTMyeckas Mogesb ABMkKeHNA B AnddepeHumanbHon GopMe, yHUTbIBAtOLLAA XapakTEPUCTUKM KPYTALLErO MOMEHTa ABuraTens, nepe-
JATOYHbIX YMCEN TPAHCMUCCUM, COMPOTUBIIEHNUA KA4EHWIO, a3POANHAMUYECKOTO COMPOTUBIIEHUA U yKITOHa Aoporu. [peanoxeHHas Mogenb Obina peanusoa-
Ha B BUAE BbIYUCIIUTENIBHOTO AZAPA, MO3BOJIAIOLLErO BbINOJHATL MOAENMPOBAaHUE BO BPEMEHHOM OBMacT1 1 MPOrHO3MPOBaTh HECTALMOHAPHbIE PeXUMbl pabo-
Tbl. B3auMopelicTBMe MeXAy XapakTepucTukaMu Aguratesis, KOHhUrypaumen TpaHCMUCCUM U NTOBOBBLIM COMPOTUBIIEHVMEM ObINIO MPOaHaNIM3MPOBAHO C MOMO-
LLbIO YUCIIEHHOTO WHTErPUPOBAHUA YMPABIIAOLLMX YPaBHEHUN. [osyHeHHble pe3ynbTaTbl MO3BOMUIMN BbIABUTL KitoHeBble akTopbl, onpegensatolme 6anaHc
TATW, Pa3rOHHOM CMOCOBHOCTM U SHEpreTU4eckoin 3pheKTUBHOCTM aBTOMOE3AA B PasnnyHbIX YCIIOBUAX KCMlyaTaumn. PaspaboTaHHan MaTeMaTuyeckas 1 npo-
rpaMMHan Moaenb pOPMUPYET METOAONIOMMYECKYO OCHOBY ANl CO3AaHUA LMQPOBbLIX ABOVHUKOB, CPEACTB KOMMbIOTEPHOrO MOAENMPOBaHUA U MHGOPMALIM-
OHHbIX CUCTEM MPOrHO3VUPOBAHWA, HAMPaBMIEHHbIX HA MOBbILLEHWE TOMIMBHOM SKOHOMUYHOCTH, SKCM/TyaTaLMOHHOM HAaAEKHOCTU U SHeprosddeKTUBHOCTM CO-
YrleHeHHbIX GorbLUEerpy3HbIX TPAHCMOPTHBIX CPEACTB.

Knioyeeble croea: msAz080-0uHamMuyecKue Xapakmepucmuku, mpaHcnopmHoe modenuposaHue, cedesbHble mAzaqu, 3¢pheKmusHOCMb MpAaHCNOPMHbIX cpedcms, 6bICOKasA
2py30nodbeMHoCMb, KUHEMAMUYECKas cxema npugoda.
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