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POTENTIAL FOR REDUCTION OF UNBURNED FUEL EMISSIONS FROM
LARGE GAS ENGINES THROUGH CHANGES IN VALVE TIMINGS USING
SIMULATION

Dimitar Dimitrov, Martin Pichler, Blaz Terlevic, Constantin Kiesling,
Nicole Wermuth

Abstract. The main subject of this paper is the reduction of unburned fuel emissions from large gas engines, using
simulation and experimental investigations on a single-cylinder research engine. The design of experiments (DoE)
method is used in connection with 1D simulation to find the optimal valve timing. The minimum of the unburned fuel
emissions is found while taking into account the targeted operating conditions (brake mean effective pressure and
NOx level) and limitations (knock limit and zero penalty in indicated efficiency). The calibration of the combustion
and scavenging sub-models is based on measurements on a single-cylinder research engine with a displacement
of approximately 3 liters. The simulation results are validated with experimental measurements on the same
research engine.

1. Introduction

Nowadays, the development of large gas engines is widely driven by the trend towards
higher performance, greater efficiency and stricter emission regulations. Pollutant emissions
from large engines and nitrogen oxide emissions (NOx) in particular are currently strictly
regulated. Limiting greenhouse gas emissions from large gas engines, such as carbon dioxide
(CO2) and methane has been pursued only more recently, e.g., via Germany’s “Bundes-
Immissionsschutzgesetz” for medium- and large-size combustion, gas turbine, and internal
combustion engine plants [1], [2]. It seems likely that other countries and international
institutions will also pass laws in the future to significantly reduce greenhouse gas emissions [3],
[4], [5]. Lean-burn gas engines can reach the NOx limits with relatively high excess air ratios
(EAR), but this often leads to comparatively high unburned fuel (HC) emissions [6]. Methane as
the main component of natural gas makes up the largest amount of hydrocarbon emissions and
its impact on the greenhouse effect is around 30 times higher than that of CO2 (on a 100-year
time-horizon) [11]. It is thus essential to reduce the level of HC emissions from the engines to a
minimum [7].

There are three main sources of HC emissions in lean-burn gas engines: scavenging,
incomplete combustion and crevices in the combustion chamber [6, 8, 9, 10]. Scavenging refers
to the flow of unburned mixture from the intake port to the main combustion chamber and then
to the exhaust port during the valve overlap period. This process is favored by the pressure
difference between the intake and exhaust port. Another source of HC emission is the
incomplete combustion, mostly caused by flame quenching near the cylinder walls. This process
is promoted by low pressures and temperatures at the end of combustion and by an increase in
the EAR. The third source are small crevice volumes within the combustion chamber, which the
flame does not propagate and thus fuel-air mixture remains unburned [5]. Such crevices exist
between piston top land and liner, between piston ring and piston and in the vicinity of the
cylinder head gasket. During the exhaust stroke the pressure in the combustion chamber drops
and the unburned fuel from the crevices flows into the exhaust ports, mixed with the burned
mixture.

This work presents the development of a camshaft with new valve timings targeting at the
reduction of the unburned fuel emissions using simulation. The HC emissions from the
scavenging process are represented by a 1D simulation model with a calibrated scavenging
sub-model. The emissions from incomplete combustion and crevices are modeled in the 1D-
framework via a conversion rate in the combustion chamber. The required conversion rate is
described by a polynomial function, which is fitted to a measurement database obtained from
measurements on single-cylinder research engine (SCE). The comprehensive measurement
data base enables precise calibration of the sub-models.
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2. Experimental investigations

Measurement data is required for the development and calibration of simulation models as
well as for the calculation of the rate of heat release curves for direct specification in 1D
simulation. The database for the calibration of the conversion rate in the combustion chamber
and the scavenging sub-model consists of 27 steady-state single-cylinder research engine
operating points. Each operating point was measured at least three times. The available
database includes measurements of different parameter variations: indicated mean effective
pressure (IMEP), NOx level, ignition timing and scavenging pressure (difference between intake
und exhaust pressure levels). The required rate of heat release curves for the 1D simulation
were derived from the measured cylinder pressure curves.

All experimental investigations presented in this paper were carried out on a high-speed
four-stroke single-cylinder research engine with a displacement of approximately 3 liters. A
prechamber spark ignition concept and a camshaft with early intake valve closing (IVC) timing,
also known as Miller valve timing, were used.

Charge air is supplied to the engine by an electrically driven compressor. The air humidity
is controlled by means of a steam generator that admixes water steam to the cooled,
dehydrated and re-heated intake air. Cooling water and lubricating oil are conditioned before
being supplied to the engine. A back pressure flap in the exhaust piping is used to set the back
pressure that would be generated by the turbine of a turbocharger on a multi-cylinder engine.
The exhaust gas analysis is carried out with an AMA i60 exhaust gas measurement system
from AVL List GmbH. The sampling point for HC emissions is located in the exhaust pipe,
650 mm from the cylinder head. Time-based measurement data is recorded and processed by
the software Tornado from Kristl, Seibt & Co GmbH; crank angle-resolved data is recorded and
processed using the indicating system IndiSet Advanced Gigabit and the software package
IndiCom from AVL List GmbH.

3. Development of the 1D simulation model

For determination of the HC emissions, a 1D single cylinder engine model has been used.
This model corresponds to the engine integrated on the test bed. Figure 1 shows the topology of
the model in the commercial software package GT Power. The objective pursued with the model
is to determine the conditions during the entire cycle not only in the main combustion chamber,
but also in the prechamber (PC) as accurately as possible. Therefore, besides the main
chamber the prechamber and the related gas valve (PCGV) are considered in detail in the 1D
model. Air and fuel are mixed in the intake system. The prechamber mixture flows through the
gas rail and the prechamber gas valve. The model uses measured pressure traces from the
measured operating points for the intake as well as the exhaust manifold and in front of the
PCGV. Three different controllers are integrated into the model for IMEP, PC mass flow and for
the scavenging pressure. The combustion process is modeled with a two-zone sub-model. This
enables determination of the maximum temperature in the unburned combustion zone
(Tu_max), which is considered as a reasonable indicator of conditions for knock events and
thus as a criterion for the knock limit. It is anticipated that the knock behavior of the engine stays
unchanged in case that this temperature is constant. All measured operating points from the
database were subsequently simulated using the 1D SCE model.

The goal of the 1D model is to predict the unburned fuel fraction in the exhaust gas for
operating points with different boundary conditions than the measured ones, e.g., NOx level. In
this case, the rate of heat release curve, which is decisive in particular for combustion phasing,
is derived from measured operating points with similar boundary conditions. The unburned fuel
sensor in the simulation model is located in the exhaust pipe, at the same location as on the test
engine. The unburned fuel fraction from the combustion is considered in the combustion sub-
model and is a function of EAR. The function is determined using the MODDE software based
on the 27 measured operating points. The unburned fuel fraction from valve overlap is taken
into account in the scavenging sub-model.
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Fig. 1. Topology of the 1D model of the employed single-cylinder research engine with a prechamber

Fig. 2 shows an accurate overall agreement between measured and simulated HC
emissions. Operating points 20 and 25 featured unstable combustion with a very high coefficient

of variation of IMEP. Likely for this reason, the prediction of HC emissions for these operating
points is inaccurate.
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Fig. 2. Calibration of the 1D model: measured and simulated HC emission values

4. Optimization of the camshaft

The camshaft was optimized using 1D engine cycle simulation. A baseline operating point
was selected from the measurements. The pre-chamber mass flow, IMEP and pressure
gradient were kept constant for all simulation cases. Due to the high complexity of the system,

the statistical method Design of Experiments (DoE) was used. Figure 3 provides an overview of
the optimization process.
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The free parameters optimized on the basis of this approach were intake valve opening
(IVO), exhaust valve opening (EVO) and exhaust valve closing (EVC). Intake valve closing
(IVC) was not changed because this parameter has a very strong influence on NOx formation.
With the help of the commercial software MODDE, a simulation plan with 15 cases with different
valve lift curves was generated. The cases were simulated and mathematical models for
prediction of indicated engine efficiency, temperature of the unburned zone, NOx emissions and
HC emissions were created. Smaller valve overlap generally leads to lower HC slip while
Tu_max and residual gas amount in the combustion chamber increase, thus resulting in a
higher tendency to knock and limiting the HC slip reduction potential. The challenge in this task
is to reduce the valve overlap phase for low HC emissions and to restrict the Tu_max and
residual gas quantity for acceptable knocking tendency. Figure 4 illustrates the generally
accurate agreement between results from the 1D simulation and the results predicted by the
DoE mathematical model.
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Fig. 4. Comparison of results from the 1D simulation and the DoE mathematical models.

With the help of the optimizer tool in the software MODDE, the optimal valve timing variant
was determined. The goal of optimization was to minimize HC emissions while not affecting
indicated engine efficiency, NOx emissions and knock tendency. The optimized camshaft has a
shorter valve overlap compared to the base version. In addition, the EVO timing and the valve
overlap are retarded.
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4. Verification of the simulation results

With the newly designed and machined camshatft installed on the SCE test bed, repetition
testing has been conducted. The updated camshaft leads to the expected reduction in HC
emissions compared to the base variant, while no loss in efficiency was observed. This confirms
that the design yields a positive outcome in the primary investigated parameter (HC emissions)
without negatively impacting other performance parameters.

5. Summary

This paper presented a development of a new camshaft for a large gas engine with the aim
of reducing the unburned fuel emissions using simulation and experimental investigations. The
simulation models were calibrated and validated with experimental measurements on a single-
cylinder research engine. With the help of the Design of Experiments method, the optimal
variant was determined and the valve timings for the new camshaft were specified. The
operation with the newly developed camshaft leads to the expected reduction in HC emissions
compared to the base variant.
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OUEHKA HA OErPAOALUATA U UUKITMYHOCTTA HA PECYPCA HA
TATOBATA AKYMYJIATOPHA BATAPUA HA ABTOMOBUI

ASSESSMENT OF DEGRADATION AND CYCLICITY OF THE RESOURCE OF
A CAR'S TRACTION BATTERY

Alexey Bazhinov?!, Eduard Kykla?

Abstract. The scientific and applied problem of increasing the accuracy and reliability of diagnosing traction batteries
of electric vehicles is considered. The main result of the work is the development and experimental verification of a
comprehensive technology that allows performing a joint high-precision assessment of the state of charge (SOC)
and technical condition (SOH) of the battery in real time.

Keywords: Battery, Car, CAN, Kalman Filter.

1. Introduction:

To predict SOH, BMS uses models that describe the evolution of degradation as a function
of the number of cycles and operating conditions.

The main degradation factors include the following. Number of cycles (Cycle Aging): Direct
dependence of SOH on the number of charge/discharge cycles. Calendar Aging: Degradation
during battery downtime occurs mainly from the storage temperature and the storage SOC level.
Storage at high SOC (e.g. 90-100%) and high temperature (above 40 °C) significantly accelerates
the growth of the SEI layer.

2. Exhibition:
The capacity loss formula is often modeled as a function of time t and the number of ampere-
hours consumed A, pgssea:

AC = ke calendar - '\/? + Ik:.‘.f.'g,.'r.u'r-: : ‘4-.Ft.[JrJ3.‘|f'er (1)

where: Kc calendar, Kecycle - @ging coefficients, which are functions of temperature and SOC.

For adaptive estimation of SOC and SOH, the Kalman filter algorithm is used. The Kalman
Filter (KF) is an optimal recursive algorithm for estimating the state of a dynamic system that is
subject to random noise. In the diagnosed TAB, the KF acts as an ideal tool for data fusion,
integrating dynamic measurements (current) with nonlinear physical models (voltage), which
provides the highest accuracy of SOC and SOH estimation in conditions of operational noise.

The principle of operation and advantages of the Kalman Filter (KF) are as follows. BMS
uses KF to overcome the key shortcomings of coulometry (drift) and OCV methods (quiescence
requirement and insensitivity in the mid-range SOC). The principle of recursion - the Kalman filter
works in two sequential stages. The first stage involves prediction: based on the previous state
and a mathematical model (e.g., equivalent circuit model, ECM), the filter predicts the current
state of the system (SOC). The second stage performs correction. The filter uses actual
measurements (voltage) to correct the predicted state. This correction is weighted, where the
weight is determined by the covariance of the prediction and measurement errors. The key
advantages of the Kalman Filter are as follows. Optimality: KF provides the minimum mean
square error (MMSE) of the state estimation. Noise immunity: Effectively filters out random noise
originating from current, voltage, and temperature sensors. Drift control: By periodically correcting
the coulometric SOC with voltage data, KF prevents the accumulation of integral error.

The operation of the filter is described by two basic equations representing the dynamics of
the system:

The first state equation describes how the internal state of the system (e.g., SOC) changes
over time under the influence of a control input (current w,._;):

10
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X = f (1) Uik-13) + Wi—1 (2)

where: Xk - state vector at time k (includes SOC and polarization parameters); ux-1 - input influence
(charge/discharge current); wk-1 - process noise (model inaccuracies).

The second measurement equation (Measurement Equation) relates the internal state of the
system to what can be directly measured (voltage y«):

= ) + v ®3)

where: yk - measured voltage at the terminals; h(xk) - nonlinear function using the ECM model
and OCV-SOC dependence; vk - measurement noise (sensor error).

Since the functional dependence of voltage on SOC is nonlinear, the standard (linear)
Kalman filter cannot be applied directly. Therefore, its adaptive variants are used in BMS.

1. Extended Kalman Filter (EKF): linearizes nonlinear functions around the current
evaluation point using Jacobi matrices.

2. Unscented Kalman Filter (UKF): uses the deterministic sampling method, providing higher
estimation accuracy than EKF for complex nonlinearities. Co-estimation of the state of charge
(SOC) and state of health (SOH) is the most complex, but the only correct diagnostic strategy in
real-world conditions. This approach is necessary because the SOC and SOH parameters are
strongly interdependent: an accurate calculation of SOC (by coulometry) requires knowledge of
the current maximum capacity Ccurrent, Which is a direct indicator of SOH. To overcome the
interdependence problem, modern BMSs use Dual State and Parameter Estimation algorithms,
where an adaptive filter estimates not only the dynamic state (SOC), but also the slowly changing
parameters Cecurrent.

Instead of estimating only SOC, an adaptive filter (e.g., Extended Kalman Filter, EKF)
operates on an extended state vector x that includes degradation parameters:

X = [SOC, Upol: Ccurrent' RO] (4)

where: Upol — polarization voltage (dynamic element of the ECM model); Ccurrent — current
maximum capacitance, which is a direct manifestation of SOH; Ro — ohmic resistance, which
increases irreversibly with aging.

The mechanism of KO-estimation is as follows. SOC dynamics: the Kalman filter uses the
coulometry equation to predict SOC. Adaptation of Ccurrent and Ro: the parameters Cecurrent and Ro:
are modeled as stationary processes with slow change. The filter uses the voltage measurement
error Umeasured - Upredicted t0 recursively refine these parameters. For example, if the filter constantly
overestimates the voltage prediction, this may indicate that the real resistance Ro (and,
accordingly, SOH) is higher than predicted by the model. Using RLS: Often, a Recursive Least
Squares (RLS) algorithm is used in parallel with EKF to adaptively estimate the Ccurrent and Ro
parameters. RLS effectively identifies the model parameters in real time, and EKF uses these
updated parameters to estimate the SOC state.

The BMS diagnostic circuit is a multi-layer architecture that provides continuous monitoring
and control of the TAB. The data acquisition layer (Hardware Layer) includes the following.

Voltage and temperature: High-precision Analog-to-Digital Converters (ADCs) measure the
voltage of each cell, and thermistors (NTC resistors) monitor the temperature at critical points of
the modules.

The total current of the package is measured using a high-precision shunt or Hall sensor.

Sampling time (At), data collection occurs at a high frequency (from 100 ms to 1 s), since
the accuracy of coulometry directly depends on the sampling frequency.

11
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The calculation layer (Software/Modelling Layer) is the basis of the diagnostic logic. Model
library: stores the identified parameters of the ECM model and the dependency tables Uocv(SOC,
T). KO estimation algorithm (EKF/UKF): performs a dual SOC and SOH estimation based on the
model and input data. RUL (Remaining Useful Life) estimation: predicts the remaining service life
based on the current SOH decline rate

RUL = f (S() HHDID‘II—]I/]I'&: jrr:fr—.‘r.f-. *NTLH/ECH'B:I

The Decision-Making Layer uses the following.
The BMS uses the estimated parameters for active control:

Charging control: determining the optimal charge rate (C-rate) depending on SOC and T to
prevent lithium plating at low temperatures. Thermal control: activating the cooling system pumps
and valves if Tmax exceeds the optimal range (25-35 °C). Safety: opening or closing the high-
voltage contactors when critical faults are detected (Umax or Umin €xceeds the threshold).

The final result of the diagnostic loop is a set of standardized parameters that are transmitted
to external systems via the CAN bus.

(5)

3. Conclusions:

An improved algorithm for joint estimation of SOC and SOH based on the Extended Kalman
Filter (EKF) has been developed. The key difference and novelty of the algorithm is the
implementation of a mechanism for adaptive correction of the covariance matrices of process
noise ($Q%) and measurements ($R$) in real time depending on the dynamics of the load current
and temperature. This allowed solving the problem of filter divergence during sharp changes in
the operating modes of the electric vehicle and increasing the stability of the estimate.
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AETOHALUMWA W METOAU U OBOPYABAHE 3A HETOBUATA U3NMUTBAHUA

DETONATION AND METHODS AND EQUIPMENT FOR ITS TESTING
Volodymyr Bezridnyi?!, Ihor Kondysiuk ?

Abstract. Detonation is the supersonic propagation of a chemical reaction in an explosive substance or fuel
mixture. It occurs as a blast wave (shock wave + reaction), causing a sharp pressure surge and destructive
consequences (in engines) or an instantaneous release of energy (explosives). Key aspects of detonation: Physical
nature: Unlike normal combustion (subsonic speed), detonation travels at supersonic speeds — from 1000 to
8000 m/s and higher. In internal combustion engines (ICE): It is an uncontrolled "explosion" of the fuel mixture,
occurring before or instead of normal combustion from the spark plug. Signs of detonation in a car: A metallic
knocking sound ("ringing") is heard, engine overheating is possible, power loss, vibration, and black soot from the
exhaust pipe. Causes in ICE: Use of low-octane fuel, high load, engine overheating, improper ignition timing.
Consequences: Destruction of pistons, piston rings and connecting rods due to impact loads.

Keywords: Damage, Detonation, Engine, Car, Combustion, Fuel.

1. Introduction:

Engine detonation is a serious problem, but many motorists do not know the reason for its
occurrence. It occurs when the fuel is unevenly distributed. There are several ways to get rid of
this problem. The essence of this combustion is that part of the fuel, due to a number of factors
in the combustion chamber, spontaneously ignites. Moreover, this happens before a spark is
formed between the spark plug electrodes, that is, the mixture ignites prematurely.

Spark
plug

Combustion
chamber

Normal combustion Combustion with detonation

Fig. 1. Occurrence of detonation in the cylinder

2. Exhibition:

As installations for studying the detonation properties of fuels, most laboratories use
single-cylinder engines of various designs. Special bombs are used much less often for this
purpose.

Engines used for detonation experiments are most often made with a variable
compression ratio, which allows testing fuels that are very different in terms of their detonation
properties, because it is possible to take the compression ratio, which varies within very wide
limits, as a variable factor when obtaining a scale of equivalents.

The results of experiments on the detonation of fuels obtained with the help of special
bombs are of less practical value than the results obtained when testing engines of a special
design. This is explained mainly by the fact that the combustion conditions in a bomb differ
significantly from those in the combustion chamber of the engine; for example, there are
absolutely no vortices that arise in the engine during the intake process, and the shape of the

13
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combustion chamber does not have the same effect on the combustion process as it does in an
engine.

Pressure in the cylinder
Pressure in the cylinder
Pressure in the cylinder

4 A \

’ i 1 T T = = T T = T T
-20° BMT 20° 40° Angle of -20° BMT 20° 40° angle of -20° BMT 20° 4{)° Angleof
rotation of rotation of rotation of
the crankshaft the crankshaft the crankshaft
Normal combustion Weak detonation Strong detonation

Fig. 2. Detonation gain dependence

Since the essence of the detonation phenomenon has not yet been fully elucidated, it is
somewhat difficult to extend the results obtained in bomb experiments to the engine's operating
process, and the assessment of detonation qualities from a practical point of view under these
conditions is not entirely objective. On the other hand, the use of a special design for bomb
detonation experiments is desirable, because in this case a more objective and constant
environment for the combustion process can be obtained, the temperature conditions of the
combustion process can be changed more widely, the fuel and air content can be dosed more
precisely, and, finally, in this case, one does not have to take into account the mechanical
condition of the engine (tightness of the piston rings, oil, carbon deposits in the combustion
chamber, etc.), which when testing fuels on the engine can affect the combustion process and
also distort the results of the experiment.

Fig. 2. Types of damage
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In experiments to determine the detonation properties of fuel — with a bomb or an engine —
it iIs necessary to make a comparative assessment of the intensity of detonation with the
reference fuel, on the one hand, and with the tested fuel — on the other. The assessment of the
intensity of detonation is made in different laboratories in different ways. The following can be
mentioned among the most commonly used methods of assessing the intensity of detonation:

a) by ear;

b) by the type of exhaust gases;

c) by the height of the ball bouncing on an elastic plate;

d) by the rupture of the plate on which the flashes act;

e) by the indicator diagram of the combustion process;

f) by the electrical resistance of the mixture.

3. Conclusions:

At the first sign of detonation, reduce engine load and contact a service center for
diagnostics as soon as possible. Specialists will perform a computer scan, identify the cause of
the problem, and suggest solutions. In some cases, it may be necessary to restore the engine to
factory settings or even partially disassemble it to assess the condition of the internal
components.

Detonation is a serious enemy of any internal combustion engine. This phenomenon can
cause irreparable damage to the engine in minutes, turning a routine drive into a costly repair.
However, by understanding the causes of detonation and how to prevent it, you can significantly
reduce the risk of encountering this problem. Proper maintenance of your car, using high-quality
fuel, and regular maintenance are the keys to long and reliable operation of your engine.
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ANATHO3A HA AMOPTUCBbOPA KATO YACT OT OKAYBAHETO HA
ABTOMOBUNA

DIAGNOSIS OF THE SHOCK ABSORBER AS PART OF THE CAR
SUSPENSION

Alexander Dityatiev?

Abstract. Various methods are used to determine the technical condition of a vehicle's suspension and shock
absorbers. A faulty suspension causes high body acceleration amplitudes, impaired vehicle handling, and reduced
driving comfort. Braking distances increase due to wheel lift, and the vehicle's lateral and longitudinal roll during
cornering and braking also increases. All of this increases the risk of accidents, as braking distances, roll on bends,
and the operation of ABS, ESP, and other assistance systems directly depend on the damping properties of the
suspension. The importance of these functions and the high costs of accident recovery necessitate regular
suspension maintenance. A key challenge is the accurate diagnosis of the shock absorber. The fundamental
difficulty lies in the fact that the shock absorber is diagnosed as part of the suspension, and the diagnostic results
depend to varying degrees on the condition of other suspension components. The degree of dependence and the
range of factors vary across different diagnostic methods, which is the driving force behind the development of new
diagnostic methods. In this paper, along with traditional EUSAMA and MAXA methods, we consider new proposals
— the phase method and the half-power method (Calvo method). The diagnostic parameters used here include the
EuSAMA coefficient (ES parameter), unsprung mass amplitude at resonance, phase angle, and relative damping
©. The large set of methods and corresponding diagnostic parameters indicates the lack of a method that meets all
the requirements of suspension and shock absorber diagnostics.

Keywords: shock absorber diagnostics, methods, advantages, disadvantages.

1. Introduction:

Over time, shock absorber performance deteriorates, reducing safety and comfort. This
necessitates periodic monitoring of shock absorber condition through diagnostics. In-place
diagnostics are widely used, as assembly and disassembly are labor-intensive and require
specialized equipment and qualified specialists. Certain diagnostic methods, to varying degrees,
reduce the negative impact of external factors during shock absorber diagnostics. New methods
are proposed with advantages in performance and diagnostic accuracy, based on the theory of
mechanical system dynamics and spectraprocessing of diagnostic information.

Of the wide range of diagnostic methods [1], two main ones are currently widespread:
methods using harmonic influence on the suspension: EUSAMA [2] and the resonance method
[3]. The automotive service equipment market offers only stands implementing these methods
in various modifications. It is estimated that 80% of the market segment in the European Union
is occupied by stands offering the EUSAMA method.

2. Presentation

The EuSAMA method involves assessing the "adhesion coefficient” (hereinafter, the ES
parameter) of a tire with a support surface equal to the ratio of the minimum vertical force during
the test to the static load on the wheel. The wheel suspension is diagnosed by placing the
wheel on a platform and exciting it from the platform with a sinusoidal vertical displacement
signal of constant amplitude and descending frequency. The oscillating system includes the
sprung and unsprung mass, the spring and tire stiffness, and the shock absorber damping. In
Figure 1, the wheel pressure force on the platform in a static state (static load) is denoted by
Ga; the dynamic force due to the inertial forces of the unsprung mass is denoted by Fd; and the
"grip reserve," as the difference between the static load and the dynamic force, is denoted by
Fx. Then, according to the definition of the parameter ES:

=1-—=1-—"—, (1)
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Where: A - is the amplitude of the displacement due to the force acting on the wheel; C - is the
reduced suspension stiffness; M - is the mass of the unsprung parts of the wheel.
This is a very simplified model, but it helps us understand the nature of the ES parameter.

0 t

A

VLA RAL
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W

F|

Fig. 1. Graphical interpretation of the EUSAMA parameter

As follows from formula (1), the ES parameter does depend on the wheel load and
suspension stiffness (the state of the elastic device and tire pressure). The ES parameter also
significantly depends on the magnitude of the input signal — the wheel displacement amplitude.
Due to the dependence of the diagnostic result on the wheel load and tire pressure, the
EuSAMA method is characterized by low accuracy [4]. As a result, serviceable shock absorbers
in a suspension with a high load may receive a negative conclusion. The modernized method
includes a coefficient correction depending on the axle overload [1]. Furthermore, it was noted
that the EuSAMA method, both in its original source and with its modifications, allows for an
assessment of the vehicle's driving safety potential through the "adhesion coefficient." The ES
parameter, due to its dependence on a significant number of vehicle parameters and its
mediocre sensitivity, has proven to be of little use for determining the performance of a shock
absorber. A more thorough modernization of the method involved incorporating phase
relationships of oscillating masses [5, 6]. However, this involves a combination of two methods.

The EUSAMA method's extensive application experience, technological advancement, and
focus on driving safety indicators support its selection.

Disadvantages include the dependence of the diagnosis on external factors and low
sensitivity to damping.

Resonance Method. The physical principle of suspension diagnostics using the resonance
method is less clear. The fundamental difference from the EuSAMA method is that the
supporting surface mass and the elastic structure of the surface are additionally introduced into
the load-bearing structure. This means that we have a three-mass dynamic system in which the
oscillation energy is distributed differently than in the two-mass EuUSAMA, which contributes to
obtaining qualitatively different results. The diagnostic parameters used in the method include
the amplitude of unsprung mass oscillations at resonance, the percentage damping index, and
the relative damping ©. The method is implemented as follows.

Diagnostic parameter — unsprung mass oscillation amplitude at resonance. After
acceleration, the electric motor generates oscillations with a maximum frequency of 10 Hz, after
which the frequency begins to decrease. The initial amplitude of the support pad oscillations is
6.5 mm, and the frequency decreases to 2 Hz, thereby scanning the vehicle suspension with a
frequency spectrum of 10...2 Hz. When the disturbing oscillation frequency becomes equal to
the natural frequency of the "support pad mass - elastic structure of the support pad" system, a
frequency value of approximately 10 Hz, resonance occurs and the amplitude of the support
pad oscillations increases to values determined by the damping properties of the system, i.e.,
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including the absorption properties of the shock absorber. The maximum amplitude of the
support pad oscillations is recorded and subsequently interpreted as a diagnostic parameter for
the condition of the shock absorber.

Diagnostic parameter — relative damping ©. This parameter, which characterizes the
properties of the suspension, has been known for a long time [7]. In DSTU, it is defined as
"Relative damping - the ratio of the system's damping coefficient to the critical damping
coefficient” [8]. In Ukraine, the auto service equipment market offers products from several
companies, for example: Hofmann, the Contactest 3800 PC stand; EURO MAHA, the MSD
3000 stand for diagnosing vehicle suspensions using the ® method.

The "relative damping ©" parameter for suspension is determined by the formula:

d d
©= C_C T 2(Cpmy (2)

Where: d - is the damping coefficient, N*s/m; Cc - is the critical damping coefficient, N*s/m; CI1
- is the suspension stiffness, N/m; m - is the sprung mass, kg.

The denominator of the formula is the critical damping coefficient, i.e. Its limiting value, at
which the system ceases to oscillate, can be determined statically. The numerator of formula d
represents the current (measured) damping coefficient of the vehicle's suspension. It is equal to:

b

d= 3)

2*m1 !

where: b - is the viscous drag coefficient of a linear system with one degree of freedom, N*s/m.

The problem of determining the technical condition of a shock absorber without removing it
from the vehicle ultimately comes down to correctly determining the relative damping coefficient
d, the value of which is determined dynamically. There are known difficulties associated with the
fact that testing is performed as part of the suspension system. Therefore, strictly speaking,
when testing on a rig, the damping of the entire suspension (including the shock absorber) is
determined, and this is specified in the rig operating instructions.

There are several methods for determining the relative damping coefficient d (formula 3)
under these conditions.

The MAXA method is based on the principle corresponding to formula (2), where the Cn
component of the formula denotes the spring stiffness of the rig in N/m. The damping coefficient
d is determined as follows:

C,*
d= —2° - d_., Hcm, 4)

27+ fmes*X1

where: Cg - is the sum of the spring stiffnesses of the rig, in N/m; r - is the amplitude of the
bearing pad travel from TDC to BDC at low frequency, mm; fmes - is the frequency at which the
amplitude of the oscillating bearing pads is greatest, 1/s; X1 - is the double amplitude of the
bearing pad oscillations at the resonant frequency, mm; dct - is the rig's damping coefficient
(natural damping), N s/m.

It is easy to see that the values of Cp, Cg, and r are constants for the rig, while the values
of ml, fmes, and X1 are measured during testing. The measurement diagram and the
measured values are shown in Figure 2.
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Fig. 2. Measurement diagram of the damping coefficient using the MAXA EUROSYSTEM method - X1 - is
the double amplitude of the platform vibrations at resonance, mm; fmes - is the resonance frequency, Hz.

Figure 3 shows the dependence of the relative damping at the output on the relative
damping at the input, which is essentially the gain of the methods. This data is necessary for
correcting the relative damping coefficient measurement results.
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0.3
0.25 gl
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0.2
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0.1
0.05
0

Relative damping, output

005 01 o015 02 025 030 03 040 045
Relative damping, input

Fig. 3. Relative Output Damping vs. Relative Input Damping - 1 — Half-Power Method; 2 — MAXA
EUROSYSTEM Method, MSD 3000 Test Rig; 3 — Preferred Characteristic

The advantage of this diagnostic parameter in the resonance method is its physical
meaning, understandable to systems engineers, and its basis in system dynamics theory.

The disadvantages include the need to constantly maintain the dynamic parameters of the
test rig.

Phase Angle Method. Shock absorber diagnostics utilize phase relationships proposed by
the American company Hunter Engineering Co. [9]. It proposes measuring the phase difference
(phase angle) between the phase of the shock absorber oscillation and the phase of the
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dynamic force oscillation at the tire-to-suspension contact. The phase angle complements the
ES diagnostic parameter, allowing for more accurate determination of the shock absorber's
technical condition [10].

The formula for calculating the phase in a second-order oscillatory system is:

2 2

w w
9 9= (5)

where: ¢ - is the damping coefficient; w - is the frequency of the driving force; w, - is the
natural frequency of the oscillatory system.

Recall that, according to the classical theory of mechanical systems, the phase frequency
response of an oscillatory link depends significantly on the magnitude of the damping in the link.
In particular, each of the two components of the suspension structural diagram is a second-
order oscillatory link. For such links, the classical phase frequency response demonstrates the
dependence of the phase lag of the displacement and velocity on the driving force with different
damping. Moreover, for a frequency equal to the resonance frequency, the phase angle is fixed
at /2. The wheel suspension, as a fourth-order oscillatory system, has a similar characteristic,
Fig. 4.

]
=TT,
NN L2
0,5 P h\\\\
3
‘\\q\
= 1.0 4
g 1,5 \\k
o -1,
= W
® —T
T \ L
¢ 20 \ N
2 N e
o 25 N [,
N N
h-“""h___‘_‘h
-3,0 A

-3.5
1 3 5 7 g 11 13 16 17 19 21 23

Frequency, Hz

Fig. 4. Phase angle versus wheel excitation frequency for different damping settings (suspension phase frequency
response) - Shock absorber damping ¢, N s/m: 1 — 275; 2 — 1100; 3 — 1925; 4 — 2750.

Note that the process phase (formula 5), and hence the phase difference, are independent
of the driving force amplitude. The phase angle depends indirectly on the wheel load due to its
dependence on w, and &.

Advantage of this method: the amplitude of the input harmonic excitation of the wheel, the
stiffness of the elastic element of the suspension, and the damping of the tire do not affect the
phase angle.

Disadvantages: the influence of tire stiffness and the mass of the unsprung parts of the
suspension.

Half-Power Method, Calvo Method [11, 12]. The method draws on modal analysis and
antenna technology. The relative damping © is used as a diagnostic parameter. The advantage
of this method is that it measures the absolute value of only one parameter—frequency.
Measuring the absolute magnitude of the pad's displacement is not required; it is sufficient to
ensure that the displacement is linear depending on the dynamic force. This significantly
simplifies and reduces the cost of operating the shield. Furthermore, the test result is
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independent of vehicle mass fluctuations and tire pressure. The result is determined by the
formula:

_fi=h

© ,
fm

(6)

where: f1 and f2 - are the frequencies corresponding to the intersection points with the
resonance curve at 0.707 or (1/42) of the maximum pad displacement, Hz; fm - is the resonance
frequency, Hz.

The measurement diagram and measured values are shown in Figure 5.

Fig. 5. Measurement scheme using the half-power method - F - is the amplitude of the platform oscillations
at resonance, mm; A - is the double amplitude at the F/2 level, mm; f1, 2, fm - are the frequencies according to
formula (6).

The half-power method is applicable for relative damping values © from 0 to 0.25, i.e., for
cases with extremely unsatisfactory and satisfactory shock absorber conditions, Fig. 2. In this
same range, the method demonstrates higher relative damping values ©vihid, which can lead to
an erroneous diagnosis and acceptance of a faulty shock absorber for operation. The method is
insensitive to changes in sprung mass within +40% of the nominal value and is slightly sensitive
(within 15%) to changes in tire inflation pressure [13].

Comparative characteristics of the methods are presented in the table 1.

Table 1. Comparative characteristics of suspension/shock diagnostic methods

Diagnostic methods

Indicators EuSAMA Resonant Phase Half Power
Diagnostic ES Amplitude | Relative damping | Phase Relative
parameter paramete | at angle damping

r resonance
Parameter Traffic Technical Technical Technical Technical
control safety condition condition condition condition
Availability of
test rigs on the yes yes yes No No
market
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Diagnostic methods
Indicators EuSAMA Resonant Phase Half Power
Results
dependence yes yes yes yes No
on load
Results
dependence yes yes yes yes Weak [10 ]
on tire
pressure
Damping
sensitivity 0,174 0,705 0,12 0,24 0,2
Oscillatory Interreso
frequency 25...0 10...2 10...2 nance 25...0
during testing region
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NMPOMAHA HA TOPUBHATA E®EKTUBHOCT HA NPEBO3HOTO CPEACTBO
NP CUMYJIIMPAHU YCIIOBUA HA POJIKOB CTEHA

CHANGING THE VEHICLE'S FUEL EFFICIENCY UNDER SIMULATED
CONDITIONS ON A ROLLER STAND

Yurij Gorbik?!, Sergey Krivoshapov?

Abstract. This article proposes a method for determining the energy performance of a vehicle equipped with a fuel
injection system using a roller dynamometer. It also examines the design of vehicle fuel efficiency dynamometer
tests. A method for measuring fuel consumption is proposed based on the pulse duration of the electrical signal
supplied to the fuel injector from the engine control unit. The injector orifice opening and closing delays are taken
into account using a special coefficient. The results of a fuel consumption experiment for a Skoda Octavia
Elegance with an AGU 1.8 20V Turbo on a roller dynamometer are presented. The roller dynamometer braking
forces are determined to ensure consistency between stand and road fuel efficiency tests.

Keywords: car, fuel injector, fuel consumption, stand losses.

1. Introduction:

The functioning of an internal combustion engine is based on the transformation of the
chemical energy of the fuel into mechanical energy. The efficiency of this conversion directly
determines the key performance parameters of the power train, including its fuel efficiency and
the environmental safety of its exhaust gases.

The widespread adoption of microprocessor-based control systems in automotive vehicles
significantly improves the performance characteristics of internal combustion engines. This is
achieved by optimizing fuel delivery algorithms that adapt to current load conditions and
destabilizing external factors.

To assess fuel efficiency and regulate fuel consumption, instantaneous fuel consumption
can be measured with high accuracy. This method is based on monitoring the injector opening
time, taking into account their specifications. Measurements are taken while the vehicle is
moving at a stable speed on the road or on a rolling test stand.

2. Exhibition:

The basic principles of fuel consumption regulation and fuel efficiency analysis are
formulated in the study [1]. In this work, the design and operational efficiency indicators of
automobiles are examined from the perspective of an energy approach and systems
engineering. In turn, publication [2] presents an alternative method for determining fuel
consumption, applied directly to vehicle diagnostics on roller stands.

The injector control algorithm is based on a simplified model for determining the cyclic feed
based on the static performance of the injector and the duration of the control pulse. In this
model, a constant effective flow area of the injector nozzle is assumed. The duration of the
injector valve open state is assumed to be equal to the duration of the control pulse, which is
determined using the principle of the base and correction matrices.

It is proposed to measure fuel consumption in a vehicle with an injection fuel system based
on the duration of the electrical pulse that the engine control unit sends to the injector.

According to this model, the cyclic fuel supply [3].

G, =90.7,, (1)

c

where: g, — static injector performance, 7, — duration of the control pulse on the injector.
The injector static performance g, is its ability to pass a certain amount of fuel G, with the
valve constantly open over a certain period of times (z,):
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g =2 )

TV
The amount of fuel:

Gn:/u'fcon'vz'pn'APn'Tv 1 (3)

where: uf,, - constant effective flow area of the injector nozzle with the valve fully open, 4P, -
constant fuel pressure drop across the injector, z, - measurement time when spilled.

To improve measurement accuracy, the Bosch ASNU-01 test bench was used to evaluate
the static performance of Skoda Octavia Elegance injectors. In this mode, a constant voltage
was applied to the windings, fully opening the valves. The injector flow time (10—-30 ms) was
automatically counted by the electronic unit via a frequency generator and a pulse counter.

Taking into account formulas (2) and (3), the static performance of the injector is the mass
flow rate of fuel through the atomizer and is numerically equal to:

gc::u'fcon"\lz'pn'APn : (4)

In the equation (4) uf.,, p, and 4P, — constant quantities.

To maintain stable fuel injector flow characteristics under all engine operating conditions,
the control system maintains a constant difference between the fuel pressure and the pressure
in the intake manifold behind the throttle valve. To this end, the fuel system implements
pressure feedback using a differential pressure stabilizer. Its pressure-reducing valve is
equipped with a diaphragm actuator and is spring-loaded, and the above-diaphragm cavity is
directly connected to the area downstream of the throttle valve.

It is known that the anchor of the valve solenoid lags in time when rising by an amount r,

and when lowering z,. This leads to the fact that the duration of the open state of the injector

valve differs from the duration of the electrical control pulse supplied to the winding of the
injector electromagnet by an amount
T, =1, —-7,+7, Or 7,=1,—At,, (5)

\ \

where: Az, =7, -7, —takes into account the mismatch of the control impulse z, to real injection
time z,.
Taking this condition into account, formula (1) will have the form

G, =0. (7 —A7,). : (6)

The discrepancy Az, can be determined by dynamically testing the injectors using the

ASNU-01 injector testing and cleaning stand from Bosch. This injector operating mode was
achieved by maintaining constant fuel pressure in the rig's fuel rail. The valves opened for short
intervals (z, =1...20 ms) under the influence of control pulses generated by the electronic unit
based on reference time intervals.

In this mode, standard pulse counter records the number of cycle feeds. This method
eliminates the need for a stopwatch, allowing calibrated time intervals to be set directly using
the switch, ensuring high reproducibility of test conditions [3].

Then the cyclic feed G, can be determined based on the results of dynamic spillage:
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G, = C;d - @

where: C,, — the amount of fuel accumulated in the measuring vessel of the stand during the
dynamic spill, j —the number of injections (cycle feeds) made during the spill.

Based on the results of static and dynamic spillage, we determine the amount of
discrepancy for each nozzle:

Arnzrk—Géd—?. . (8)

In practice, it is more convenient to use a correction factor that takes into account the
delay in the operation of the injectors:

K =1-20n . )

Ty

The cyclic fuel supply through the injector spray hole with a constant fuel pressure drop
will be determined by the formula:

Gc:gc'rk'kr::u'fcon"\lz'pn'APn'Tk'kr : (10)

Experimental studies were conducted using a front-wheel drive Skoda Octavia Elegance
with an AGU 1.8 20V Turbo power train. The data acquisition system was based on a personal
computer, an ADC module, and the PowerGraf Professional software application.

Identification of engine operating modes was performed using signals from sensors for
rotation speed, coolant temperature, throttle position, and exhaust gas composition and starter
activation.

To determine the fuel consumption of a vehicle on a roller stand, the following signals were
recorded: drum rotation frequency (voltage value on tachogenerators), vehicle speed, first
injector injection duration, and camshatft position signal.

Using mathematical models, it is possible to determine fuel consumption at each speed
and given load.

Specific fuel consumption in 1/100 km can be determined using the formula:

100-Q,
QI/lOOkm: VQ , (11)

a

where: Q, — the volumetric hourly fuel consumption according to the formula, I/h; V, — vehicle
speed, km.

The volumetric hourly fuel consumption is determined by the formula

Q,=9.(r,—Az,)-1.2-n-10*=0.0005-n-(z, —Az,) (12)

For the Skoda Octavia Elegance Az, =0.04 ms.
The crankshatft rotation frequency is determined by the formula
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1.2-10°
n= :
T

C

(13)

The PowerGraf Professional software suite processes a data array for a fixed gear ratio
and a given vehicle speed. Within the selected engine operating mode, the recorded signals are
identified and their electrical parameters are measured. Specifically, the "Injector Voltage" graph
is used to determine the injector control pulse duration (z,, ms); the "Drum Rotation Speed"

graph is used to determine the voltage (U;, V); and the "Phase Sensor" graph is used to
determine the camshaft rotation period (T., ms). The final fuel consumption is calculated by

substituting the obtained values into mathematical relationships (11), (12), and (13).
Fig. 1 shows the results of fuel consumption tests for a Skoda Octavia on a roller stand for
A-95 gasoline using the proposed method for determining energy indicators.
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Fig. 1. Skoda Octavia fuel consumption graphs (under and without load) on a roller test stand

Fuel consumption depends on the load characteristics and parameters of the stand itself.
Fuel consumption (in I/200 km) can be determined using the formula:

_[A-ig+B-ii-V, +C-(Gs - fs + Py )]
;s ’

Qs (14)

where:ig — gear ratio set in the gearbox during vehicle testing on a test bench; Gy — curb weight
of the vehicle per drive axle, N; f, — coefficient of total resistance to movement of wheels on the

roller stand; P, — force absorbed by the stand brake, N.

On the road, at speeds over 45 km/h, fuel consumption increases sharply due to
increasing air resistance. There is no air resistance on the stand. However, the rolling
resistance coefficient f; depends on the design of the roller stand. In order for the physical

processes of fuel consumption on the road and on the test bench to be similar, the following
condition must be met [4]:

G, w+R, =G, - fg +P + P, (15)
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where: y - total road resistance coefficient; R, — aerodynamic air resistance
(R, =0.077 -k-F-V2)
Hence the braking force on the stand

P, =G, ¥ +0.077kF -V} -G, - f, — P, (16)
P, =(mg +2m, )- j,, (17)
where: mg — the stand inertial mass, kg; m, — the wheel inertial mass, kg; j, — the free

deceleration of stand rollers, m/s?.
In this case, the mathematical model of fuel consumption on a test stand is presented in
the following form:

Q = [Ad +B-iZV, +C-(G- f, +P, +P,)] | (18)

IS

Therefore, to determine load conditions, the following data must be entered:
- the average travel speeds;
- the average total drag coefficient values;
- the air drag coefficient;
- the total drag coefficient on the test bench.

3. Conclusion:

The developed methodology eliminates the need for labor-intensive road testing, which
requires specialized testing sites, and offers a number of advantages: it ensures an individual
approach to each vehicle when rationing fuel, the ability to create route standards,
independence of testing from weather conditions, and the ability to promptly change standards
when vehicle operating conditions change based on a comprehensive criterion — average
speed.

The presented algorithm for assessing vehicle energy parameters is applicable to
experimental measurements of fuel consumption in vehicles with multipoint injection.
Furthermore, this methodology allows for the calculation or adjustment of baseline fuel
consumption standards for transportation, taking into account actual vehicle operating
conditions.
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3ANMNCBAHE HA TEMIMNEPATYPATA HA Bb3[1YXA B NPOLIEAYPATA 3A
PAIMNPEOENEHUE HA TOPUBOTO 3A MOTOPHU NPEBO3HU CPEACTBA

RECORDING AIR TEMPERATURE IN THE FUEL RATIONING PROCEDURE
FOR MOTOR VEHICLES

Sergey Krivoshapov?, Yurij Gorbik?

Abstract. The influence of air temperature on vehicle fuel consumption is examined. Methods for obtaining air
temperature information from the internet by interacting with servers via APIs or by parsing HTML pages are
proposed. A database structure for storing air temperature information is developed for subsequent adjustment of
fuel consumption in travel documentation. Digital and analog sensors for measuring vehicle temperature are
analyzed. A microcontroller-based measuring system structure is proposed that allows for recording and storing
current temperature information. The possibility of remotely monitoring a vehicle en route using GPS and GSM-
GPRS network technologies is explored. Conclusions are drawn and avenues for further research are outlined.
Keywords: fuel efficiency, vehicle, fuel consumption, operating conditions, air temperature, sensors, weather API,
parsing.

1. Introduction:

The overall efficiency of a vehicle's operation can be considered from financial, technical,
energy and environmental perspectives. Financial efficiency is assessed through the cost per
unit of vehicle mileage, which takes into account fixed and variable costs. One of the cost items
is fuel costs, which account for 40-60% of all costs [1]. Technical efficiency is assessed by
reliability indicators, which are also related to the distribution of energy in the car. In the work [2]
a relationship was established between the durability indicator - the vehicle's service life and
fuel consumption. Energy efficiency is assessed by specific energy consumption, while
environmental efficiency is determined by the volume of emissions (CO:2 release per unit
distance). Energy consumption and emissions of harmful substances directly depend on fuel
consumption. For every liter of gasoline, 2.3...2.4 kg of COz: is released, and for every liter of
diesel fuel, 2.6...2.7 kg of COz2 is released.

The performance and efficiency of vehicles also depend on the operating conditions.
There are four groups of operating conditions for road transport vehicles [3]: road conditions,
transport conditions, atmospheric and climatic conditions, and work culture. Atmospheric and
climatic conditions are difficult to influence, but they can and should be recorded. The main
parameters of atmospheric and climatic conditions are temperature and pressure, humidity, and
air dustiness. Temperature significantly affects vehicle fuel consumption, so this parameter is
the focus of this study.

2. Exhibition:

Atmospheric air temperature affects the vehicle from different directions.

Firstly, internal combustion engines require air for fuel combustion. Air is mixed with fuel,
and the resulting mixture is injected into the cylinders, where it burns, releasing the necessary
energy. Changes in air temperature in the intake system affect the excess air ratio ¢ and the
indicated engine efficiency 7,. For a gasoline engine, the relationship between these

coefficients is noted [2]: 77, =0.32 -« . In turn:

A=y 1)

where ¢, - excess air coefficient under normal conditions; T, - air temperature under normal
conditions (T, = 293°K); T - current air temperature, °K.
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Meaning JTIT, is indicated by a separate coefficient:

K, =T /T, =/(273 +t)/ 273 ~ (0.96 + 0.0017 - t), which shows the effect of temperature on the

quality of the fuel and air mixture.
Secondary, air exerts resistance as a car moves along the road. Temperature changes air
density, which changes the aerodynamic drag coefficient. From the Mendeleev-Clapeyron

equation, air density: pz%, where P - absolute pressure, Pa; M - molecular weight

(M =0.029 kg/mol); R - universal gas constant (R = 8.314 J/(mol-K)); absolute temperature, °K.
Then: o — 101325-0.029 3534

P = 8314.(273+1) 273+t

Third, temperature changes the density of the fuel. The following formula is used::
Py =Py —y-(t—=20), where p,, - fuel density at standard temperature +20 °K; y - coefficient of

volumetric expansion. For gasoline: p,, =0.76 g/cm®and y =0.0011...0.00125 1/°C.

Fourth, air interacts with all vehicle components and systems. Changes in air temperature
lead to changes in the temperature of these components, which can alter some of their
properties. Engine and transmission lubricants, the elastic and absorbent properties of tires, and
suspension components are all affected by temperature.

The overall impact is taken into account by the following coefficient: K, = (1.05-0.007 -t).

Changes in ambient temperature will affect the energy transfer from the engine to the
vehicle's wheels. This will clearly alter the vehicle's fuel-energy and environmental performance.
In [1], fuel consumption is adjusted using a general temperature coefficient, which can be
determined using the formula: K =K, -K, - K, ~(1-0.005-t).

In the recommendations [4], the linear fuel consumption is adjusted for air temperature. At
sub-zero temperatures (below 0 °C), fuel consumption increases by 2 % for every 5 degrees.
The maximum increase is 12 % at temperatures below -25 °C. The increase in fuel consumption
for windshield heating in the temperature range of +5 °C and below is taken into account. Fuel
consumption also increases at temperatures above +20 °C for cooling the vehicle's interior
when using the air conditioner or climate control system..

The use of correction factors that increase fuel consumption due to air temperature
necessitates temperature recording at motor transport enterprises. Temperature values are
established based on data from the Hydrometeorological Center, the State Service, other
reliable official sources, or based on the results of our own measurements.

The internet offers numerous resources providing temperature data [5]. On these servers,
you need to select a region and city. The page will then display the current temperature, along
with additional information such as time, wind speed, atmospheric pressure, humidity,
precipitation, and more. Manually tracking temperature is not practical.

It makes sense to automate the process of obtaining weather data from the internet. There
are several programmatic methods for obtaining temperature information in a given region.
These include requesting an HTML page from the server, parsing it, and extracting the
necessary data; interacting with the server via an API (Application Programming Interface); or
receiving files in CSV or other format from the server.

The API access algorithm consists of four steps: selecting a data provider, registering to
receive a token (API key), constructing a URL request, and processing the resulting response in
JSON (JavaScript Object Notation) or XML (eXtensible Markup Language) format.

Table 1 provides a comparative overview of service providers providing weather
information via API. To select the optimal weather API, it is necessary to compare them based
on four critical criteria: cost (free limits), coordinate accuracy, forecast depth, and ease of
integration.
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Table 1. Weather APl Comparison Chart

Provider Free plan Peculiarity Coordinate Data source Link
(Limits) format / Geo
Open-Meteo Up to 10,000 | No API key Strictly National https://open-
requests/day or according to weather meteo.com/
registration lat / lon services (DWD,
required NOAA,
ECMWEF)
OpenWeatherMap | 60 requests/ Huge City, ID, Own model + https://
minutes community, lat / lon radars openweathermap
(Current) plugins .org/
WeatherAPI Up to Sports and City, IP- Global and local https://www.
1,000,000 astro- address, models Weatherapi
requests/ weather Zip- code, .com/
month lat / lon
Visual Crossing Up to 1,000 | The best free City, Historical https://www.
requests/ archive lat / lon stations, NOAA | Visualcrossing
month .com/
Yandex.Weather | Up to 50,000 | Hyperlocality Strictly Meteum model https://
requests/ in the CIS according to | + Al + user data yandex.ru/
month (Test) lat / lon
Tomorrow Up to 500 Weather on Strictly Own data from https://iwww.
requests/ | Routes mode | according to satellites tomorrow.io/
month lat / lon

The Open-Meteo service is completely free for non-commercial use, requires no
registration or API key, provides detailed forecasts (up to 15 days), updates hourly, and accepts
data only in latitude/longitude coordinates.

The OpenWeatherMap service offers a free current weather limit and a basic 5-day
forecast, updated minute by minute.

The WeatherAPI provider has a large observation history database, a query builder, and
an API key, with the ability to upload CSV files through the dashboard.

Yandex.Weather provides point forecasts based on a coordinate grid, focusing on the CIS
countries.

The Tomorrow.io service allows you to pass an array of coordinates (a logistics route
track) to the API, and the server will return a weather forecast for each point along the route,
taking into account the travel time.

To work with weather servers via APIs in Python, libraries of two types are used: HTTP
clients (for sending direct requests to any API) and specialized SDKs (ready-made libraries from
weather service developers or the community). Examples of general-purpose libraries include
requests, httpx, and aiohttp. Specialized libraries are provided for Tomorrow.io (tomorrow-io),
for working with Open-Meteo (openmeteo-requests), and for OpenWeatherMap (pyowm).

To work with JSON data in Python, built-in tools (json) are used for simple queries, while
pydantic, pandas, orjson, or ujson are used for complex queries. Some servers may receive
data in XML format. In this case, Python can use the standard library: xml.etree.ElementTree,
as well as external libraries: Ixml or xmltodict.

To work with CSV files in Python, the csv library is used for simple queries, while pandas
or polars are used for complex queries.

If a website doesn't have an official API, weather data can be retrieved from the web
page's code. To parse HTML pages in Python, use the BeautifulSoup4 (bs4) library for simple
requests, and Ixml.html or Selectolax for complex ones. For dynamic HTML (using
JavaScript/React/Vue), where data is loaded using JavaScript (SPA technology), use browser
automation tools such as Playwright or Selenium.

The received weather data is entered into a database, where it is accumulated for further
processing. The database structure is shown in Figure 1.
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Fig. 1. Structure of the data base for temperature logging

In addition to the temperature value, the database also records the date, time, and location
of the update. The temperature database is linked to the company's overall process automation
system for the automobile transport enterprise. Each temperature record is linked to a specific
vehicle, its travel documentation, and its route. Temperature information is used in processing
primary documentation. Standard fuel consumption is adjusted based on temperature.

Temperature information can be obtained not only from the internet, but also by direct
measurement. It is advisable to measure temperature in an area as close as possible to the
vehicle's location. Ideally, on the vehicle itself during operation.

It is proposed to install temperature measurement sensors on the vehicle, as well as
storage facilities for the obtained information. The measurement system is proposed to be
controlled using an ATmega328P microcontroller [6]. Arduino UNO breadboards are built on this
microcontroller, which facilitates the design and debugging process [7].

There are a wide variety of temperature sensors available, varying in accuracy, connection
interface, and measurement range. Table 2 lists some common air temperature sensors.

Table 1. Comparison of air sensors

Sensor Accuracy Interface Measurements
DHT11 +2.0°C 1-Wire (Data) Temperature + humidity
(low accuracy)
DHT22 +0.5°C 1-Wire (Data) Temperature + humidity
(low accuracy)
BMP280 +0.5 °C 1°C / SPI Temperature + pressure
BME280 10.5°C 1°C / SPI Temperature + humidity +
pressure (low accuracy)
DS18B20 +0.5 °C 1-Wire (Dallas) Temperature
LM35 +0.75 °C Analog Temperature
TMP36 1.0 °C Analog Temperature
NTC-thermistor +1.0 °C Analog Temperature

32



MEXOYHAPOOHA KOH®EPEHLMA ,EKO BAPHA® 2026

The DS18B20 digital temperature sensor [8] has a 1-Wire interface. The DS18B20 chip
can be locally powered from 3.0 V to 5.5 V or powered via a 1-wire data line. The DS18B20
temperature sensor is connected to the board via three pins: the VDD pin of the sensor is
connected to the 5V pin on the board, the GND pins are combined, and the DQ pin of the
sensor is connected to a digital pin on the board. A 4.7 kQ resistor must be connected between
the DQ and VDD pins of the sensor.

Each DS18B20 sensor has unique built-in addressing. This allows multiple sensors to be
connected to a single line. The DHT11 and DHT22 sensors [9] also transmit data via the 1-Wire
interface, but they do not have unique addressing, so only one sensor can be connected to a
single line. However, the DHT11 and DHT22 sensors can transmit humidity data in addition to
temperature. The DHT22 sensor offers greater accuracy and cost than the DHT11.

The BMP280 and BME280 sensors use different interfaces: 12C or SPIl. The ATmega328P
microcontroller supports both of these interfaces at the hardware level. The BME280 sensor
measures temperature, pressure, and humidity, while the BMP280 is a simplified version
without humidity measurement.

The TMP36 [10] and LM35 [11] analog temperature sensors produce a continuous voltage
signal at their output. This signal must be converted from analog to digital form. The
ATmega328P microcontroller has 8 ADC input lines. The voltage on the sensor changes
linearly: 10 mV equals 1 °C.

To convert voltage to temperature, the dependence is used:

T=(V-500)/10, ()

where: T - temperature, °C; V - voltage at the middle connector of the sensor, mV.

The analog voltage value will be in the range from 0 to 1.75 V.

In the ATmega328P microcontroller program, which is loaded into the board, the port is
initialized. In the loop, it is necessary to enter data from the analog ADC pin and convert 10-bit
analog values into voltage according to the formula:

V = N-(5000/1024), (2)

where: V - voltage at the middle sensor connector, mV; 5000 - reference voltage, mV (5V);
1024 - maximum ADC value.

The difference between the TMP36 [10] and LM35 [11] sensors is that the LM35 sensor
starts counting from 0 °C and at 25 °C the sensor generates a voltage of 250 mV, while the
TMP36 sensor counts from -50 °C and at 25 °C the sensor output will be 750 mV. A negative
voltage cannot be applied to the ADC pins of the ATmega328P microcontroller, but the LM35
sensor output can produce such a voltage. If the LM35 sensor is to operate in a temperature
range where the signal from the LM35 sensor is negative, then this signal will need to be shifted
to the positive side using resistors. In this case, it is necessary to take this into account in the
ATmega328P microcontroller program using correction factors.

An NTC-thermistor can be thought of as a resistor, since temperature changes the
resistance. The voltage divider method is most often used to measure resistance with an
Arduino. An unknown resistor is connected in series with a reference resistor. The Arduino
applies voltage, measures the voltage drop across the unknown resistor via an analog input,
and calculates its resistance using Ohm's law.

The ATmega328P microcontroller stores temperature data from the sensor on a USB flash
drive via a USB Host module (e.g., CH376S or MAX3241E USB Host Shield). Data from the
ATmega328P to the CH376S is transmitted via the TXD and RXD pins. The supply voltage is
5V. Time and temperature data, as well as the vehicle code, are written line by line to a file on
the flash drive.
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The ATmega328P does not have an integrated real-time clock. Therefore, an external
real-time module is connected to the microcontroller: DS1307, DS3231 (with temperature
compensation, very accurate), or DS1302. I2C or SPI protocols are used for data exchange.

The general schematic diagram for connecting all sensors and modules to the Nano V3.0
AtMega328P breadboard is shown in Figure 2. Here in the figure: the blue color indicates the
direction of power supply voltage transfer; the red color indicates the transfer of information in
the simplified diagram; the green color indicates the direction of information transfer in the
expanded diagram.

DS3231

Arduino Mano FPlus
AR ATmegad?iF

Fig. 2. Diagram of a measuring complex for recording temperature on a vehicle.

Periodically, for example, at the end of a shift, the operator retrieves the USB flash drive
from the vehicle. This data is sent to the computer, where it is transferred to the temperature
recording database for subsequent processing and fuel consumption adjustments.

To determine the location of the vehicle on the route, it is advisable to connect a GPS
(Global Positioning System) module to the system. The NEO-6 u-blox 6 GPS Modules [12] was
used with the ATmega328P microcontroller. Data transfer occurs via the UART (RX/TX)
software interface. The module requires up to 10-15 minutes for the initial satellite acquisition.
The minimum satellite acquisition speed is 1 second. Data from the NEO-6 module will also be
written to a file on the USB flash drive, after the time and temperature readings.

Wireless data transmission via GSM (Groupe Spécial Mobile) channels can be added to
the vehicle temperature measurement system. In this case, the SIM800OL [13] GSM-GPRS
module or any similar module should be connected to the system. This module communicates
with the ATmega328P microcontroller via RX/TX channels. The SIM800L requires a power
supply voltage of 3.7-4.2 V, while the ATmega328P is designed for a reference voltage of 5 V.
In addition, the SIM800L consumes a peak current of up to 2 A. Therefore, the SIM80OL cannot
be powered from the ATmega328P; i.e., the SIM80OL must have its own power source. A step-
down converter (e.g., LM2596) can be used. The RX and TX signals of the SIM80OL also
operate with a voltage of 3.3 V. For reliability of the circuit, it is recommended to install a voltage
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divider on 1 kOhm and 2 kOhm resistors between the TX pin of the Arduino and the RX pin of
the SIM80OL. Although the communication interface: UART (Serial) allows operation with a
reference voltage of 3.3 V.

Using a GSM/GPRS module in the measuring system allows for real-time temperature
data transmission. However, a server must be installed on-site or in the cloud to receive this
data.

3. Conclusion:

Information received from the Internet or a temperature sensor installed on the vehicle,
transmitted via a USB flash drive or via GSM-GPRS cellular communication channels, allows
increasing the accuracy and reliability of recording the atmospheric and climatic conditions of
operation of transport vehicles.

An automated data processing system should create conditions for more accurate
determination of the actual and standard fuel consumption values on a route.

The vehicle temperature recording system can be integrated with the general system for
remote monitoring of the transport process and the system for assessing the technical condition
of the vehicle.
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WCCNEAOBAHUE KOMMNJIEKCHOI'O BIIUAHUA NAPAMETPOB PEXUMA
NMPUTUPKU HA KAHECTBO OBPABOTAHHbLIX NMOBEPXHOCTEW
CUIIMKATHbIM ABPA3NBHBIM COCTABOM

STUDY OF THE COMPLEX EFFECT OF GRINDING PARAMETERS ON THE
QUALITY OF SURFACES PROCESSED WITH A SILICATE ABRASIVE
COMPOSITION

Volodymyr Makarov?, Serhii Mastepan?, Mykola Vynogradov?3, Mykola Mastepan®, Mykyta
Pantyushenko?®

Abstract. This study confirms that the high surface quality achieved after lapping with a silicate abrasive composition
is due to the formation of silicon oxide. Under the action of abrasive particles, SiO, penetrates the depressions of the
workpiece surface and bonds to it. With repeated exposure to the particles, SiO, tightly “packs” the deep depressions
of the surface irregularities. It has been established that surface roughness during lapping with a silicate compound
and “KT” paste decreases initially with an increase in specific pressure and the speed of the sample’s reciprocating-
rotational motion, but begins to increase after a certain “optimum” due to deep scratches and a lack of a lubricating
layer. It has been confirmed that the lapping productivity with a silicate abrasive composition is 1.5 times higher than
when using “KT” paste. It has been confirmed that when lapping the surfaces of a friction pair with a silicate
composition, metal removal is 1.4 times less than when using “KT” paste.

Keywords: lapping, silicate abrasive composition, research results, valve, valve seat, surface finish quality.

1. BBepeHue:

Mog TexHonornmyeckumu aktopammu npouecca MNpUTUPKU MOHMMAETCA COBOKYMHOCTb
napamMeTpoB M YCNOBMKW, BAMUSKOWMX Ha Xxog npouecca obpas3oBaHus W yaaneHus
MUKPOHEPOBHOCTEN MOBEPXHOCTU MNpU B3aMMOOENCTBUM abpasuBHbIX 3epeH C maTepuanom
petanu. OT 3Tnux aKTOpPOB 3aBUCUT WHTEHCMBHOCTb CHATUS MaTepuana, KayecTBO
0bpaboTaHHON NOBEPXHOCTU U MBHOCOCTOMKOCTb COMPSIKEHWS.

K OCHOBHbIM TEXHONOrMYECKNM haKTOpaM MPUTUPKN OTHOCATCS:

1. PexxnmMHble napameTpbl:

- ycunue npwxkuma knanaHa k cegny. Hebonbloe (crnabbii NpyXMHHBIA MPUXUM, MeHee
0,01 MIla) — HM3Kas NPoOM3BOANTENBHOCTL Npolecca. YpeamepHoe ycunue (6onee 0,05 Mra)
HeJoMyCTUMO — OHO Bbi3blBaeT YCKOPEHHbIV M3HOC Ceana 1 KnanaHa, BO3HUKaIOT 3a4upbl, AeTanu
neperpeBatTca. OnTumansHoe gaBneHne obecneymBaeT paBHOMEPHbIN KOHTaKT 6e3 3aaMpoB;

- CKOpPOCTb OTHOCUTENBLHOrO ABWXEeHWsi (BO3BpaTHO-BpallaTenbHas). Bbicokne ckopocTtu
(bonee 400 mMuH™") 3anpelleHbl, MOCKOMbKY OHW BbI3bIBAOT MNeperpeB W MNOBpexaeHue
NOBEPXHOCTU B BMAE MUKPOTPELMH. Huskme obopoTbl (MeHee 150 MMH™L) — HM3Kas
NpOM3BOANTENBHOCTb NpOLIecca;

- BpemMsi nNpuUTUpkKU. MNMpoaomKuTenNbHOCTb NPUTUPKM 3aBUCUT OT COCTOSIHUSA MOBEPXHOCTU
knanaHa v cegna. KopoTkuin npouecc nputnpkn He obecneynBaeT repMeTUYHOCTU COEAMHEHNS.
lMpouecc 3akaH4YMBaEeTCs, KOraa Ha NOBEPXHOCTU MOSBNSAETCA PaBHOMEPHbLIA MaTOBbIA MOSAC
lwmpuHom 1,5-2 mm.

2. XapaktepucTukm abpasmBHoro matepuana:

- 3epHUCTOCTb abpasmea (pa3mep 4actuy). pybasa (kpynHO3epHUCTasi) — NpUMEHSIETCH B
Hayane pAna ycTpaHeHus HepoBHOCTeW. ToOHKas (Mernko3epHUCTas) — MUCnonb3yeTcs Ans
OKOHYaTenbHOW A0BOAKM M 0b6ecneyeHnst NIIOTHOro NpuneraHus.

- TBEPAOCTb N hopMa 3EpPEH;

- KOHUEHTpauus abpasnBHbIX YacTuL, B MacTe Unmn CyCcneHsuw.

3. CocTtaB n cBowncTBa paboyen abpasnBHOM NacThbl:

- TMN cMa3o4HOo-abpa3nsHoOM cMecu (NacTta, CycrneH3us);

- BA3KOCTb, CMas3blBatoLLMe CBOMCTBA, CNOCOOHOCTL yaepkmBaTb abpasus.
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4. TemnepaTypHble YCroBus rnpouecca:

- BblaeneHne Tenna B 3o0He 06paboTky;

- YCNOBUSA OXNaXKAEHNA N CMa3KN.

5. CeonctBa maTepuana getanu:

- TBEPOOCTb U MUKPOCTPYKTYPA;

- CKNNOHHOCTb K NriacTnyeckon gedopmaLmm unm pactpecknBaHuio.

BnusHune xapaktepuctuk abpasvBHOro matepvana Obifio mMccnefoBaHO B MpeablayLimx
pabortax [1, 2].

B pabote [1] nccnemoBaHo BnMsiHME 3€PHUCTOCTM abpasmBa CUNMKATHOrNO cOCTaBa Ha
BpeMs (bOpMMPOBaHUSA MOBEPXHOCTHOIO CrOSi U KONMYEeCTBO CHMMaemoro metanna. [JokasaHo,
YTO BbICOKOE Ka4eCTBO MOBEPXHOCTM Mocre ob6paboTKM CUMMKaATHbIM COCTaBOM OOBYCMOBEHO
nosiBNEHMEM B npoLuecce MNpUTUPKN amopdHoro kpemHeszema (SiO2), kOTOpbIM ycunueaeT
aenctene abpasmBHbIX 3epPeH 1 NPUBOAUT K YMEHbLLEHMIO LlapanatoLwero genctensa abpasmea.

B pabote [2] ycTaHOBMEHO, YTO NpPWU yBENMYEHUM TBEPLOCTU abpasmBa CUMMKATHOrO
coctaBa BpeMsa (POPMUPOBAHUA MOBEPXHOCTHOIO CIOS HaxoauTca B npegenax 4-6 MuHYT,
LLIepOX0oBaTOCTb NpuTepTon nosepxHoctn — B npegenax 0,11-0,15 mkm. [lokasaHo, 4TO BbICOKOE
Ka4yeCTBO MOBEPXHOCTU Nocne NPUTUPKU CUNIMKATHOW NacTon hopMmpyeT NOBEPXHOCTb, BrIN3KYHO
K ONTUMarnbHOW, 3a CHET U3MEHEHUSA CTPYKTYPbl MOBEPXHOCTHOMO CrOS NMPUTEPTON NOBEPXHOCTU
N HacbILLEHNA ee OKCUAOM KpeMHUSA. XMMUYECKUN aHann3 nogreepaunn, 4to abpasmeHoe 3epHo,
NCNosib30BaHHOE B CUITMKAaTHOM cocTaBe nNpu obpaboTke NOBEPXHOCTU, UMEET OKPYriyto popmy
N NokpbITO nreHkon SiO2. BeiSBAEHO, YTO Npy NPUTUPKE NOBEPXHOCTEN CUITMKATHOM NacTon C
abpasnBoMm aneKkTpokopyHaa cHAtne metanna B 1,35-1,5 pasa meHblue, yeM npu obpaboTke
nactom «KT».

Taknm obpasom, B paboTe npegnaraeTcs NpoBecTU UccrnegoBaHve BNNAHUS napameTpoB
pexvma MpUTUPKM Ha KaydeCTBO MOBEPXHOCTEN, 0OpaboTaHHbIX CUSIMKATHbIM abpasvBHbIM
COCTaBOM.

Llenbto paboTbl siBnseTca onpegeneHne onTuMmarbHbIX 3HAYEHUW MapamMeTpoB pexuma
NPUTUPKM CUNUKaTHbIM abpasvBHbIM COCTaBOM, KOTopble obecneymBaloT MakcMMmarnbHoe
Ka4yecTBO 06paboTaHHOM MOBEPXHOCTU KranaHHOrO COeANHEHUS MO KPUTEPUIO LLIEPOXOBATOCTH
nosepxHoctu (Ra).

Ob6bekTamu nccnegoBaHus ABNAKTCA paboyne noBepxHoOCcTN obpabaTbiBaeMbiX geTanen.
B Hawem cny4yae 310 06paseL, KOTopbI MOAYNMPYET KranaH, 1 KOHTpobpaseL, — ceasio rofoBKM
UMNMHOPOB aBTOMOBUITbLHOIO ABUraTens.

MpeameT wuccnefoBaHUA: BNUAHWE NapamMeTpoB  pexuma MPUTUPKN  CUIUKATHBbIM
abpasnBHbIM COCTAaBOM Ha LLEPOXOBATOCTb 06paboTaHHbIX NOBEPXHOCTEMN.

2. U3noxeHue:

McecnepoBaHmsa NpoBOAMIIUCL Ha chneuuaribHOM YCTaHOBKE, MO3BOSISOWEN C BbICOKOW
TOYHOCTbK BOCMPOM3BECTU NPOLIECC NPUTUPKK 0Bpasua n KOHTpobpasua abpa3nmBHOM NacToun B
nabopaTopHbIX YCNOBUSIX. YCTaHOBKA CMOHTUPOBaHa Ha CTaHWHe YHMBepcanbHoro ctaHka OlNP-
1841A, npegHas3Ha4YeHHOro Ass NPUTUPKKU KranaHoB aBTOTPaKTOPHbLIX Asuraternen [3].

Llenb uccnepoBaHna — ycTtaHoBWUTb, kak gaerneHve (P) Ha obpaseu, oTHocUTeEnbHasd
ckopoctb (V) BpaweHusa obpasua M nNpoaomKMTENbHOCTL () NPUTUPKM  BRMAKOT  Ha
LepoxoBaTocTb Ra obpabaTbiBaeMO NOBEPXHOCTM.

B kauyectBe obpasua mncnonbsoBanu koHyc na ctanum 40X (HRC 48) gnametpom 23 mm,
wupuHon 15 mm. KoHTpobpasuom crnyxuno konbuo n3 vyyryHa CHY 18-36 (HRC 32) guameTtpom
50 mm, wimpmHom 10 mm ¢ WwimpuHom paboyern noBepxHocTn 3 MM. Beibop MaTepmana AaHHbIX nap
TpeHus Obin1 0BycnoBneH ero UCNonb30BaHNEM ANSA U3rOTOBMEHMS Taperiku KnanaHa u cegna
knanaHa. MWcxogHas LWepoxoBaTOCTb MOBEPXHOCTENM TpeHuMst BO Bcex obpasuax Obina
oanHakoBon n coctaenana Ra = 1,25 mkm [3].
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[na npoBeaeHus nccrnefoBaHNA UCNONb30BanM COCTaB CUNMKATHOM NacTbl ¢ abpasnBoM
Kapoug KpemHusa 3eneHbin 3epHNCTocTbio 50/40 MKM, YTO pekomeHaoBaHo B paboTe [2].

[na cpaBHeHnst paboTOCNOCOBHOCTM CUNMKaTHOro abpasnBHOrO cocTaBa MCMOMb30BanNm
cyuwiecTByoWwmn cocta nactbl «KT» ¢ abpasmBom 3epHUCTOCTLIO 50/40, KOTOPbLIN NPUMEHSIETCSA
B HacTosiwee BpeMs Ansd nNpuTMpKU KnanaHoB aBTOMOOUNbHLIX ABuraTtenen. [NpeacraBneHHble
ABa cocTaBa OTNNYaKTCH TEM, YTO CUNMKATHBIN COCTaB U3roTOBMEH Ha BOAHOW OCHOBE, a COCTaB
nactbl «KT» — Ha OCHOBe MHOYCTpManbHOro Macna.

Mpn onpegeneHnn BnusHUA BpemeHn (1) NpUTUPKM Ha KavecTBO obpaboTaHHOM
nosepxHocTu (Ra) nasneHue (P) Ha o6pasel coctaensano 0,03 MlMa, ckopocTb BpalleHus (VB-n)
obpasua coctasnsana 0,4 m/c, Bpems nputupkm (t) Bapbmposanock ot 120 ¢ go 600 c.

OueHka npoBogunacb No kadyectsy obpabaTbiBaemMon NOBEPXHOCTU M CbeEMY MeTanna.
CHaTMe mMeTanna onpenensiny BeCoBbIM MeTOAOM, TO €CTb B3BELLUMBAHWEM HA aHaNUTUYECKUX
Becax Tuna AS 520.R2 «Radwag» ¢ TouyHocTblo + 1-104 1 (knacc TouHocTm cornacHo ACTY EN
45501-1) go v nocne ucneitaHui. MNMocne 06paboTkn obpasLbl NPOMbIBANNCL BOAOW U aLl€TOHOM.

C nomouwbio npodunorpada-npouioMeTpa KOHTpONMpoBanu npodune nputnpaemblx
noBepxHocTen. PesynbTaTbl WUCNbITaHUA ONpeaensanu Kak cpegHee apudmeTnyeckoe nATU
OnbITOB C NorpewHocTbto £ 3 %.

Hauny4ywyo paboTocnocobHOCTb MMen TOT COCTaB MacTbl, MOCNe MPUTUPKU KOTOPOW
obpaseL, W KOHTpoOpaseu WMEenM HaUMEHbLUY LWEepPOXoBaTOCTb, W cTabunusauyus
KoadhdmumeHTa TpeHns npomcxoamna boictpee. PesynbTaThbl MCCNeaoBaHU NPUBEAEHbI HA pUC.
1.

Ra, miovm T I [ I I I
- CHJIMKATHA [1acTa;
0,9 4
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08 |—X\

o7 |\
06 |1\
0,5 =<
0,4 \ N\
0,3 \
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D - ofipazerr; D - ofipaserr;
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6,8

7 8 9 10 £, Asun.

Puc. 1. 3aBucumocTb wepoxoBaTocTh noBepxHocTh (Ra, Mkm) (a) n cbema metanna (Q, mr/muH.) (6)
OT BpeMeHU NpUTUPKK (t, MMH.) CUnMKaTHBIM abpa3nBHLIM COCTAaBOM M nNacTton «KT»
napbl TpeHus ctanb 40X (HRC 48) — vyryn CH 18-36 (HRC 32)
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AHann3 puc. la nokasasn, 4TO NPU WU3MEHEHUN BPEMEHU NPUTUPKM CUNMKATHBIM
abpasnBHbIM COCTaBOM C 2 A0 4 MUHYT LLIEpPOXOBaTOCTb NOBepPXHOCTU (Ra) pesko nameHsercs:
oHa ymeHblaeTcs o Ra = 0,5 mkm (Bpems nputupkn 2 MuH.), Ra = 0,3 MKM (Bpems nputupku 3
MUH.) 1 Ra = 0,12 Mkm (Bpems nputupkn 4 mMuH.). B aT0 Bpemsi abpasnBHble 3epHa ObICTPO
cpesatoT BbICTYMNbl MUMKPOHHOIO YpOBHS. [locne 4-X MUHYT NPUTUPKM CUNUKaTHBIM abpasvBHbIM
coctaBoM 0 10 MUHYT, LLEPOXOBATOCTb MOBEPXHOCTU HE N3MEHHAETCSH U OCTaeTCcs Ha ypoBHe Ra
= 0,12 MKM, 4YTO CBMAETENLCTBYET O CTabunusauumn napameTpa wepoxoBaTocTn Ra n okoH4YaHum
npotecca oopMMpoOBaHUS KayecTBa NOBEPXHOCTEN.

[na noaTBepXXOeHUsa OKOHYaHWA npouecca hOpMUPOBaHNSA KayecTBa NOBEPXHOCTEN Npu
NPUTUPKE CUNUKaTHBIM abpasnBHLIM COCTAaBOM ObISTO MPUHATO peLleHre NpocneanTb AUHAMUKY
N3MeHeHnsa KoapdumumeHTa TPeHUsa npu NPUTUPKE CUNUKATHbIM abpasvBHbIM COCTaBOM U
onpenenuTb LepoxoBaTocTb 0b6paboTaHHoM noBepxHOcTH (Ra) u cHaTMe meTanna (Q) npu aTom.
[na cpaBHeHWA pe3ynbTaTtoB, Kak W B Npeablaylnx 3KCnepumMeHTax, WCnonb3oBanu
cyuiecTBytowmm coctas nactbl «KT». Pe3ynbTaTbl uccnegoBaHnsa npuBeaeHbl Ha puc. 2.

S | cu.!mw:alfrnanl mc'Ta, Rﬂ’d“;ﬂ; |- cnmkatas nacra; 0,32
0,43 - macta “KT. 0.30 B - nacra “KT”.
0,40 s ’ I
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0|2U \ 01-14 I
U= l 5 S Sl Y Yl Yy e y———— ':L 1 2 |
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0,05 0.08 |

1 2 3 4 5 6 7 8 9 10t,mun. 0,06
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O, rarve. | . - KOHTpoOpasell. . - KOHTpoOpaser.
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6)

Puc. 2. lameHeHwne koachduumeHTa Tpenuns (frep) (a), wepoxoBaTtocTn noBepxHocTen (Ra, Mkm) (6) n cbema
meTanna (Q, mr/muH.) (B) napbl TpeHns ctans 40X (HRC 48) — uyryH CY 18-36 (HRC 32) npu nputupke
CcunmKaTHbIM abpasvBHbIM cocTaBoM M nactom «KT»
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Mo pe3ynbTatam puc. 2a BUAHO, YTO NPU NPUTUPKE CUMIMKATHBIM COCTAaBOM B HavallbHbIN
MOMEHT (nepBasi MMHyTa) NPOUCXOANT yBeNu4eHue KoadduumeHTa TpeHNa 3a cHeT AeNCTBUSA
OCTpPbIX KPOMOK abpasvBa. B ganbHenwem, BO3MOXHO, MPOMCXOAUT 3aTynneHme 3TUX KPOMOK U
obBonaknBaHve abpasmBa OKCUAOM KPEMHUS, YTO MPUBOOUT K CHMDKEHUIO KO3dduuMeHTa
TpeHua [1].

Crabunusaunsa koadduumneHTa TpeH1s Npu NPUTUPKE CUINIMKaATHBIM COCTaBOM MPOUCXOOUT
Ha yeTBepToM MUHyTe. [1pyM 3aTOM 3HayeHue KoadpduumeHTa TpeHus coctasnseT frp = 0,15.
Crabunusaumnsa koadduuneHTa TpeHus Npu NpUTUpKe ykasbiBaeT Ha 3aBepLueHue npouecca
dopMmnpOBaHNSA NOBEPXHOCTHOTO CrOA N 3aKaH4YMBaeTCs Ha 4-1 MUHYTe.

Mpun nputupke nactonm «KT» cHavana npoOUCXoOAUT CHUXKEHUE KOd(pdPUuuMeHTa TpeHna 3a
cyeT paboTbl MacnsiHOM MEHKM, MOCKOSbKY COCTaB U3rOTOBIIEH Ha OCHOBE MHAYCTPUArbHOMo
mMacna. HaunHasi co BTOpOM MUHYTbI MPUTUPKK, NIIEHKa M3HawmBaeTcs n B paboTy BCTynawoT
abpasuBHble 3epHa. ADpasvBHble 3epHa BHeapslTca B obpabaTbiBaeMytd MOBEPXHOCTb U
cpesaloT BepLUMHbI MUKPOHEPOBHOCTEMN, YTO MPUBOAMT K YBENUYEHUIO KO3 ULMEHTA TPEHUS.
OTOT Npouecc NpogornkaeTcst 40 WeCTOM MUHYThI (PUC. 2a) N KO3 MPUUNEHT TpeHUs cocTaBnsaeT
frp = 0,34. Kak ©Oblno ykasaHO Bblwe, uAeT npouecc (OPMUPOBaAHUSA OKOHYaTENbHOW
LLIepOXOBATOCTN NOBEPXHOCTEN TPEHUS. HaunHaga ¢ LecTtom MUHYThI MPOUCXoauT ctabunmsaums
KoadhpuumMeHTa TpeHns, N B nocrneayroLne Tpu MUHyTbl NPUTUPKM OH OCTaeTCs HEU3MEHHbIM
(frp=0,34) [1].

AHanun3 puc. 26 nokasan, 4YTO nocrne nNPUTUPKU CUNUKaTHbIM abpasMBHbLIM COCTaBOM
LepoXxoBaTOCTb NOBEPXHOCTU cocTaenseT Ra = 0,14 mkMm, a nacton «KT» — Ra = 0,32 MKkMm.

Ha puc. 3 npuBegeHbl coTorpacdmm noBepxHOCTeM M NpodunorpamMmmMbl NMOBEPXHOCTEN
obpasuoB nocne NpUTUPKN abpasmBHLIMU COCTaBaMu.

l10 000
400
1) 2) 3)

Puc. 3. doTorpadmm n npodmnorpamMmmel NOBEPXHOCTEN 06pa3sLI0B NOCHe NPUTUPKN
abpasmBHbiMU cocTaBamu (x400): 1 — ncxogHas; 2 — nacton «KT»; 3 — cunukaTHom nacTou [4]

Bbicokoe kayecTBO NOBEPXHOCTU nocne obpaboTkn CUMMKATHBIM COCTABOM MO CPaBHEHUIO
C NOBEPXHOCTbI, ObpaboTaHHoM nactom «KT», obycnoBrneHo Tem, 4YTO MNpUM B3aAUMHOM
nepemeLLeHNN NOBEPXHOCTEN NPOUCXOANT pe3aHne-LapanaHne abpasmBHbIMU 3epHaMM CaMblX
BbICOKMX BEPLUMH HEPOBHOCTEN. B TOYKax CONpUKOCHOBEHMST abpasnBHbIX YacTuL, NPOUCXOANT
noBbILLEHME TeMnepaTypbl, a NOCKONbKY BOKpYr abpasvBa Haxogutcs SiO,, To npu nonagaHuu
nocrnegHero B 30HY COMPUKOCHOBEHUS MPOUCXOOUT obpasoBaHMe aMOpdHOro KpemHesema
(SiO,), koTOpbIM OKasblBaeT Mnonupylollee OeNCTBUE BbICOKOOUCMEPCHONO, OTHOCUTENBHO
mMsirkoro abpasmea. /I 9TO NpuBOAUT K BbLICOKOMY KayeCTBY MOBEPXHOCTU MOCMe MpUTUPKK
CUNUKaTHbLIM COCTaBoM [4].
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AHanunanpys puc. 28, BUGHO, YTO NOCNe NPUTUPKN 06pasLioB CUNMKATHBIM COCTaBOM CHATUE
meTanna coctaBnsietr Q = 4,7 mr/MmuH gnsa obpasuya n Q = 7,1 mr/MmH gnsa koHTpobpasua. lMpu
nputupke nacton «KT» cbem metanna coctaenset Q = 9,8 mr/mMmuH ons koHTpobpasua n Q = 6,4
Mr/MnH ans obpasua. Ha ocHOBaHUKM Takoro pesynbTata MOXHO OTMETUTb, YTO NpU NPUTUPKE
NOBEPXHOCTU CUNUKATHBIM COCTaBOM cbeM MeTanna Q B 1,4 pasa MeHbLUe, Yem npu obpaboTke
nacton «KT». Takum obpasom, npu HasHayYeHUM npunycka Ha obpaboTky Heobxoammo 3TO

yYnUTbIBaTD.
NTaK, MOXHO OTMETUTb, YTO NPU NPUTUPKE CUITMKATHBIM COCTABOM AOCTATOYHO YeTbIpex
MUHYT, a nacton «KT» — 6 MuHyT. B pesynbtate 3TOro MOXHO YTBEPXAATb, YTO

NPOU3BOAMTENBHOCTL NPUTUPKM CUMKaTHOW nacton B 1,5 pasa Bbiwe, 4Yem npu obpaboTtke
nacton «KT».

AHanuanpys puc. 16, MOXHO cCKasaTb, YTO MPU YBEINIMYEHUN BPEMEHU MpPU MPUTUPKE
CUNMKaTHbIM COCTaBOM OT t = 2 MMH 4O t = 4 MWMH CHATUE MeTanna 3Ha4YnTEeNbHO YBENMYMBaAETCA
n Hat =4 muH coctaenset Q = 4,4 mr/MmnH ansa obpasua n Q = 6,7 Mr/MUH 4ns KOHTpobpasLa.
Mpn nputnpke nactom «KT» oTt =2 MnH go t = 6 MMH cbeM MeTanna ysenuyuneaeTca M Hat =6
MUH cocTaBndaeT Q = 6,1 mr/MuH ansa obpasua n Q = 9,5 mr/mmnH gns kKoHTpobpasua. No Hawemy
MHEHUMIO, 3TO MPOUCXOANUT B pesyrnbTaTte TOro, YTo NacTta ceexasi, abpasmBHble 3epHa B Havane
NPUTUPKM OCTPblE, U B 3TO BPEMS cpe3aloTcs Hanbonee BbICTynawLme MUKPOHEPOBHOCTH.

Mpn yBENMYEHUN BPEMEHM NPU NPUTUPKE CUIMKATHBIM cOcTaBoM O t = 5 MuH, a nacTomn
«KT» go t = 7 MWH NOBEPXHOCTb CTAHOBUTCA OOnee pPOBHOMW, BbiCOTA MWKPOHEPOBHOCTEMN
CHWXaeTCs, KONMMYEeCTBO «BbICTYNOBY, KOTOpble abpa3nB MOXET cpe3aTb, Pe3KO YyMeHbLIaeTCs, U
CHATWE MeTanna yBenuuMBaeTCs He3HauuTenbHo. [Mpy aanbHenwem yBenMYeHUU BpPEMEHMU
nputnpkn oo t = 7 MnH abpasmBHble 3epHa MPUTUMPOYHBIX COCTABOB 3aKPYrNsTbCS, CHATME
MeTanna CTaHOBUTCA MUHMMAsbHBIM UIM NpakTU4ecKku npekpawaeTcs. [oatomy anutenbHas
NPUTUPKA HE NPUBOAUT K NOBbLILLEHMIO KavyecTBa 06paboTaHHOM NOBEPXHOCTU, a TOSNTbKO CHMKaeT
3P PEKTUBHOCTb MPUTUPKMN.

Mo pesynbTatam aHanu3a puc. 16 MOXHO yTBepXaaTb, YTO NPU NPUTUPKE NMOBEPXHOCTU
CUNMKaTHbIM COCTaBoM cbeM MeTanna Q B 1,4 pasa MeHbLUe, YeM nNpu obpaboTke nacton «KT».

Mpn onpegeneHnn 3aBUCMMOCTN KayecTBa obpaboTaHHoN noBepxHocTh (Ra) oT yaensHoro
nasnenus (P) Ha o6pasel Bo3BpaTHO-BpalaTenbHasi ckopocTh (VB-B) obpasua coctaBnsana 0,4
m/c. PesynbTatbl NpeaBapuTenbHbIX UCCnegoBaHUM (puc. 2a) nokasanu, YTo oopMupoBaHue
LLepoxoBaToCTM noBepxHocTen (Ra) o6paboTaHHbIX CUIMKATHBIM COCTaBOM AOCTUraeTcs Ha 4-i
MUHYTe, a nNpu nputupke nacton «KT» — Ha 6-1 MUHyTe. [M03TOMY ObINO NPUHATO peLueHue o
CO34aHnn OANHAKOBbLIX YCNOBUIA 06paboTkM 1 NPOBEAEHUN CPABHEHUS Pe3yNbTaToB NPUTUPKM B
TeyeHne 6 MUHYT, TO ecTb Bpems nputupkun (t) pasHo — 360 c. YaenbHoe pasneHue (P) Ha
obpasey B AaHHOM muccnegoBaHum BapbupoBanocb ot 0,005 MlMa go 0,05 Mlla. Pesynbtathl
nccnegoBaHns NpuMBeaeHbl Ha puc. 4.

AHanuanpys puc. 4a, MOXXHO CKasaTb, 4TO Npu yaenbHOM AasrneHum Ha obpaseu P = 0,005
Mla 3epHa abpasvBa npu NpUTUPKE MIOXO Bpe3alTCs B NOBEPXHOCTb MeTanna u OencTBylT
NpenmyLLeCcTBEHHO Kak nonupytowme. NMoatomy npm Takom yaenbHOM JaBfIEHUN LLEePOXOBaTOCTb
06paboTaHHbIX MNOBEPXHOCTENM W3MEHSIeTCA He3HauuTenbHo. [lpy NpUTUMpKE CUMMKaATHBIM
coctaBoM oHa gocturaet Ra = 0,86 mkm, npu o6paboTke nacton «KT» — Ra = 0,95 mkm.

Mpn yBennyeHnn ypenbHoro pasneHna ot 0,01 go 0,03 Mlla wepoxoBaToCTb
06paboTaHHON MOBEPXHOCTM YMNyyllaeTcs, Kak npu NpUTUPKE CUMMKATHbIM COCTaBOM, TaK W
nacton «KT». lpu 3tom npouecce 3epHa abpasvBa BOABNUBAKOTCS HACTOMbKO, 4TOOLI
NPOUCXOANIO KOHTPONMpyeMOe MUKpope3aHue 1 NnacTuyeckoe CrriaxmnsaHue.

Mpn NpUTUPKE CUNMKaATHBIM COCTAaBOM LLEPOXOBATOCTb NOBEPXHOCTU YMeHbLUaeTcsl oT Ra
= 0,38 mkm go Ra = 0,15 MKM, N MMHMManbHOE 3Ha4YeHne JocTUraeTcs Npu yaensHOM AaBreHnn
P = 0,025-0,03 Mrla. MNpu nputupke nactonm «KT» LepoxoBaTOCTb NOBEPXHOCTN YMEHbLUAETCH
oT Ra = 0,6 mkm go Ra = 0,35 MKM, 1 MMHMMarNbHOE 3Ha4YeHWe AocTUraeTcs Npu yaernbHOM
pasnennn P = 0,03 MlMa.
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Mpn nocnegywowem yBenuydeHun yaenoHoro paasnenHus ot 0,03 pgo 0,05 Mrlla
LLepoxoBaToCTb 00paboTaHHOM MNOBEPXHOCTU YyBenuumBaeTca. [Mpy NpUTUMpPKE CUNMKATHbLIM
coctaBoM — Ra = 0,19-0,29 mkm, npu obpaboTke nacton «KT» — Ra = 0,38-0,42 MKMm.
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Puc. 4. 3aBucumocTb WwepoxoBaTocTh noBepxHocTh (Ra, Mkm) (a) u cbema metanna (Q, mr/muH) (6) OT yaenbHoro
Aasnexus (P, Mla) Ha obpa3ue npu npuTnpke cunukaTHbiM abpasnBHbIM COCTaBoM M nacton «KT» napbl TpeHus
cranb 40X (HRC 48) — uyryn CY 18-36 (HRC 32)

MoaBoast utor aHanmsa puc. 4a, MOXXHO OTMETUTb, YTO ANHAMMUKA M3MEHEHMS 3aBUCUMOCTM
OOWHAKOBA Kak NpU NPUTUPKE CUMMKaTHbIM COCTABOM, Tak 1 nacton «KT».

AHanuns puc. 46 nokasan, 4To B Npouecce NPUTUPKM NP HAUMEHbLLEM YAENbHOM OAaBNEHUN
Ha obpaseu (P = 0,005 Mlla) cHaTMe meTanna MMHUManbHO, HO abpasnvB MOXET «CKOSb3UTbY,
OCTaBnAs OTAENbHbIE MUKpOUApanuHbl, YTO U BAMSET Ha LLUEPOXOBATOCTb MOBEPXHOCTU. [Mpu
yBENMYEHUN yOENbHOrO AAaBMEHUS YBENMYMBAETCHA KONMYECTBO aKTUBHbIX abpa3vBHbIX 3epeH B
30HEe KOHTaKTa NoBEePXHOCTEN U rMybuHa Ux BAaBNMBaHMUS, YTO NPUBOAUT K MOBbLILLEHUIO CbeMa
meTanna.
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Mpn NpUTMpPKE CUNMKaATHLIM COCTAaBOM MOBbILLEHWE CbemMa MeTanna npoucxoguT npu
yoenbHom gasneHunn go 0,03 Mlla, npu o6paboTke nacton «KT» — npu yaenbHOM gaBrneHum oo
0,04 MMa. lNpu TakoM yOenbHOM [aBfieHUM CbeM MeTanna Afns CUNUKaTHOro cocTasa
coctaBnset Q = 4,7 mr/MmnH gns obpasua n Q = 7,1 mr/MmnH anga koHTpobpasua. MNpu nputupke
nacton «KT» — Q = 10,0 mr/mMmuH gns KoHTpobpasua n Q = 6,9 mr/mMmnH ana obpasua (puc. 56).
BuaHo, 4TO Npn NpUTUPKE NOBEPXHOCTU CUNUKATHBIM COCTaBOM CHsATME MeTanna Q B 1,4 pasa
MeHbLUE, Yem npu obpaboTke nactom «KT».

Mpn ganbHenwWwem yBenuyeHun yaenbHOro AasrieHust Ha obpasel, No Halemy MHEHUIO,
MOXET NPoUCXoanTb paspyLueHne abpasnBHbIX 3epeH, abpa3uBHbie 3epHa MOryT BOABIMBATLCS
CnuwKom rnyboko, ocTaBnsis rnybokMe pucky, nacta Npu Taknx yCnoBUAX MOXET BblAaBNMBaTbLCS
N3 30HbI KOHTaKTa, B 3TOT MOMEHT CHATME MeTarna nepecraeT pacTn N HA4YMHaeT YMeHbLIaTbCA,
3a CYET 3TOro Ka4YecTBO NMOBEPXHOCTM yXyaLlaeTcs.

Mpn onpegeneHvn BRUSHUS BO3BPaTHO-NOCTYNaTeslbHONW CcKopocTu BpalleHna (VB-B)
obpasua Ha kayecTBO obpaboTaHHOM noBepxHocTh (Ra) yaenbHoe gasneHue (P) Ha oGpasel
coctasnsano 0,03 MlMa (npu aToM yunTbIBanu pesynbTaTthl NpeablayLwero uccrnegoBaHus), Bpems
nputupkn (t) — 360 c, ckopoCTb BO3BpaTHO-BpawatenoHoro asmxeHunsa (VB-B) obpasua
BapbupoBanack ot 0,1 m/c go 0,9 m/c. Pe3ynbTaTbl UCCreaoBaHnsa NpuBedeHbl Ha puc. 5.
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Puc. 5. 3aBucumocts mepoxoaroctu moBepxHocTH (Ra, MkM) (a) u crema metaiia (Q, mr/mMuH) (6) OT CKOPOCTH BO3BPATHO-
BpamareabHoro aeuxeHus (VB-B, M/C) 00pasna mpu NPUTHPKE CHITMKATHBIM a0pa3uBHBIM cOCTaBOM H nactor «KT» mapsl
tpenus craigb 40X (HRC 48) — uyryn CU 18-36 (HRC 32)
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AHanua pesynbtatoB (puc. 5a) nokasan, 4TO NpU CKOPOCTM BpalleHus obpasua
VB-B = 0,1 m/c wepoxoBaToCcTb 06paboTaHHOMW MOBEPXHOCTM BbicoKad. [1ns noBepxHOCTER,
NPUTEPTLIX CUSIMKATHbIM COCTaBOM, OHa coctasnseT Ra = 0,53 MkM, a aAna NoBepXxHOCTEWN,
o6paboTaHHbIX Nnacton «KT» — Ra = 0,75 Mkm. Mpn npuTUpKe NOBEPXHOCTEN C TaKON CKOPOCTbIO
BO3BpaTHO-BpallaTeENbHOrO ABMXEHUs obpasua, No Hawemy MHeHuo, abpasvBHble 3epHa
paboTaloT nokanbHO, abpasMBHbLIN COCTaB MMOXO nepemewmnBaeTcd. B pesynbtate atoro
BO3HMKAIOT OTAENbHblEe MUKpPOLLApanuHbl U «NSTHa» U3-3a HEPaBHOMEPHOrO CHATUS MeTanna.
MoaTomy LwepoxoBaToCTb 06paboOTaHHOM MOBEPXHOCTM BEnMKa K3-3a MOSBMEHUA €OUHUYHbIX
rny6oKnx pucok.

Mpn yBenuyeHun BO3BpaTHO-BpaLlaTENbHOM CKOPOCTUM obpasua LWepoxoBaTOCTb
o6paboTaHHON MNOBEPXHOCTU YyMeHbliaeTcs. [lpn nNpuTUpKe CUMMKaTHbIM COCTaBOM CO
CKOPOCTbIO BO3BpaTHO-BpallaTeNbHOro ABmkeHus obpasua VB-B = 0,3 M/C LIEepOXOBATOCTb
NOBEPXHOCTU MUHMManbHa wn coctaBnder Ra = 0,18 mkm (puc. 5a). MwuHumanbHas
LLepoxoBaToCTb 06paboTaHHOM NoBepxHOCTH cocTaenseT Ra = 0,4 mkm npmn o6paboTke nactomn
«KT» co ckopocTbio BO3BpaTHO-BpaLlaTenbHOro asmxeHnsa obpasua Ve-B = 0,4 m/c. Mpn Takmx
CKOpOoCTAX obpaTHO-BpallaTenbHOro ABWXKeHUA obpasua, No HaleMy MHEHUIO, OBWXEHue
AOCTaTOMHO MHTEHCMBHO, YTOObI 3epHa abpa3nBa paBHOMEPHO cpe3any MUKPOHHbIE BbICTYIbI,
nacTta NnocTOsiHHO NepemMelunBanach, NpoAyKTbl M3HOCA OTBOLMIUCS.

[anbHenwee yBenmyeHne cKopoCcTu BO3BpaTHO-BpaLlaTenbHOro ABmxeHns obpasua npu
npUTUPKE cunmkaTHbIM coctaBom oT VB-B = 0,3 M/c go VB-B = 0,9 M/C npuBOAUT K YBENUYEHNIO
LuepoxoBaTocTn obpaboTaHHON noBepxHOCTU. IMpun 06paboTke nactom «KT» 3TO NponcxoauT npu
NOBbLILLEHMN CKOPOCTU BO3BpPaTHO-BpallaTenbHOro ApmxeHus obpasua ot Ve-B = 0,3 M/c o
Vve-8 = 0,9 m/c (puc. 5a). YxygweHune kavyectBa o06paboTaHHOM MOBEPXHOCTU MPU BbICOKNX
BO3BpaTHO-BpaLlaTeNbHbIX CKOPOCTAX NPUTUPKK, MO HaleMy MHEHWUIO, BO3HMKAET B pe3ynbTaTte
TOro, YTO CMa304HbIN COWN M NacTa YaCTUYHO BbIOABNNBAKOTCA U3 30HbI KOHTAKTa, abpasvBHble
3epHa HaudmMHalT genctBoBaTb Oonee arpeccmBHO. WM3-3a 3TOro MoryT o6pasoBbiBaTbCA
B6opo3akK, NoBbILATBECS TeMnepaTypa, NOABNSETCH PUCK BO3HUKHOBEHUSA MUKPO3aanpOB.

AHannanpysa puc. 56, MOXHO ckasdaTb, YTO NPU YBENIMMEHUN CKOPOCTU BpaLLEHUS Mpu
npuTUpKe cunmnkaTtHelM coctasom Ao VB-B = 0,3 m/c, a npu obpaboTtke nacton «KT» go VB-B =
0,4 m/c cHaTne meTanna yeenudmeaeTcs. B aTom npouecce abpasvBHbLIM COCTaB paBHOMEPHO
pacnpegensietcs n aeKTUBHOCTb NPUTUPKKN yBeNndnsaeTcs. MakcMmanbHbIn CbeM MeTanna
npu NpUTUPKE CUMKaTHbLIM cocTaBoM coctaeBnsieT Q = 2,9 mr/mMuH. ans obpasua n Q = 5,0
MI/MWH. ONs KOHTponbHoro obpasua. Npu nputupke nacton «KT» MakcumanbHOe CHSATME
mMeTanna coctaBnseT Q = 6,4 Mr/MUH 4nsa KOHTPosbHOro obpasuya u Q = 4,5 mr/muH ans obpasua
(puc. 56).

Mpn panbHEWWeM YBENMYEHUN CKOPOCTM BpalleHUs NPUTUPKM CHATUE MeTanna
YMEHbLUAETCS, YTO MPUMBOAUT K CHMXKEHUIO 3ddekTUBHOCTM npouecca (puc. 56). Kak n B
npeaplaywmnx onbiTax, BUOHO, YTO MpPU NPUTMPKE MOBEPXHOCTU CUMNMKATHbIM COCTAaBOM CbeM
meTanna Q B 1,4 pasa MeHbLUe, YeM npu obpaboTke nacton «KT».

MoaBoas uTor aHanmsa puc. 2-6, oTMeYaeM, YTo NP NPUTUPKE CUNUKATHBIM abpasnBHbBIM
COCTaBOM KayecTBO 06paboTaHHOM NOBEPXHOCTU BbILE, YEM NpU NpUTUpKe nacton «KT». 370
06BbACHAETCA TeM, YTO B NpOLIECCE NPUTUPKN CUNUKATHBIM abpasnBHLIM COCTAaBOM NMPOUCXOAUT
obpasoBaHne okcuaa kpemuus (SiO,). MNMog gencrtemem abpasmBHbixX Yactuy SiO, nonagaeT B
yrnybneHusi obpabatbiBaeMor MOBEPXHOCTM 1 CLIENNSIETCS C NOBEPXHOCTLIO. [1pn MHOrokpaTHOM
BO3AENCTBUM YacTuL, MNPOUCXOAUT MNIoTHaa «ynakoBka» SiO, rnybokux yrnybneHuin
HEepPOBHOCTEN, YTO MO3BOSISIET NOSYYNTb BbICOKOE Ka4yecTBO noBepxHocTu [1].

3. 3aknrudeHue;
Takum obpa3om, ObINO NOATBEPXKAEHO, YTO BbLICOKOE Ka4yeCTBO MOBEPXHOCTM MNoOcChe
NPUTUPKN CUNMKATHbIM abpasvBHbLIM COCTAaBOM [OCTUraeTcs 3a cyeT obOpasoBaHMs okcuaa
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kKpemHus (SiO,). lNog penctBnem abpasmBHbix Yactuy SiO, nonagaet B yrnybneHus
obpabaTbiBaeMon NOBEPXHOCTU U cuennaeTca ¢ Hen. Npu MHOrokpaTHOM BO3AENCTBUM YacTuL
NpoucxoauT NoTHast «ynakoBka SiO, rnybokux yrnybneHnm HepoOBHOCTEN. YCTAHOBMEHO, YTO
LLIEPOXOBATOCTb MOBEPXHOCTU NPU NPUTUPKE KakK CUIMKATHbIM COCTaBOM, Tak U nacton «KT» c
yBEMMYEHNEM YOENbHOrO0 [aBfEeHUS B HayvasnbHbI MOMEHT YMeEHbLIAeTCd, HO mnocrne
onpegeneHHoro «ontumymay (P = 0,03 MIlla) HaunHaeT pacTu M3-3a rnyoboKMX uapanuH u
HegocTaTka CMa304HOro Crnosl. YCTaHOBIEHO, YTO LLEPOXOBATOCTb NOBEPXHOCTU MPU NPUTUPKE
abpasnBHbIM COCTaBOM C POCTOM CKOPOCTW BO3BpaTHO-BpallaTenbHOro ABMXeHUs obpasua B
HayanbHbI MOMEHT YMEHbLUAETCS 40 ONTMMAanbHOro 3Ha4YEeHUs, a NP1 YPEe3MEPHOM NOBLILLEHUN
CKOpPOCTU CHOBa Bo3pacTaeT. [Npn NpuTUpKe CUNUKaTHbIM COCTaBOM ONTUMAarnbHOE 3HaYeHue
CKOpPOCTU BO3BpaTHO-BpallaTesnibHoro AsmxeHna coctasnsetr 0,3 m/c. [loarBepXaeHo, 4To
NPON3BOAMNTENBHOCTb MPUTUPKN CUNMKATHLIM abpa3nBHbIM COCTaBoM B 1,5 pasa Bbllle, YeM Npu
obpaboTtke nactom «KT». lNMoaTBepxaeHO, YTO MpYM MNPUTUMPKE MNOBEPXHOCTEN Mapbl TPEeHUs
CUNUKaTHBLIM COCTaBOM CHATME MeTanna B 1,4 pasa MeHbLUe, YeM Npu obpaboTke nacTon «KT».
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NoAOBPABAHE HA MATEMATUYECKUA MOAEJ HA PA3XOOA HA
FOPUBO 3A rPAACKN ABTOBYCH

IMPROVING THE MATHEMATICAL MODEL OF FUEL CONSUMPTION FOR

CITY BUSES
Ihor Marmut?

Abstract. To address the issues of rational use of fuel in road transport, it is of great importance to improve the
methods for calculating fuel efficiency indicators of cars in order to more fully and accurately take into account the
peculiarities of their movement in different operating conditions. When developing fuel consumption standards, an
analytical method was used, which is based on a strict mathematical model of fuel consumption of diesel cars. The
methodology is built taking into account a single classification of operating conditions, in which road and transport
conditions are quantified by average technical speed, and atmospheric and climatic conditions are quantified by
ambient air pressure and temperature. An important advantage of the developed methodology is the possibility of
individual fuel consumption regulation at road transport enterprises using simple computing equipment based on
actual vehicle speeds and daily air temperature.

Keywords: city bus, fuel consumption, mathematical model, average technical speed.

1. Introduction:

The issues of studying fuel efficiency and traction-speed properties of cars, improving these
gualities and methods for determining them in operation are given great attention by various
researchers [1-4].

Works devoted to studying fuel efficiency of cars, taking into account driving modes and final
results, can be divided into the following areas: research in steady, unsteady and cyclic driving
modes; development of methods for assessing fuel efficiency of cars; research into the influence
of various factors on the operational qualities of cars; increasing fuel efficiency of cars.

The most fully studied issues of assessing the analyzed qualities of cars in steady modes.
However, the qualitative influence of factors for these modes on roads with a horizontal profile
can differ significantly in real operating conditions. In this regard, the problem of studying the fuel
efficiency of cars in unsteady and cyclic driving modes attracts more and more researchers every
year. The most complex are cyclic driving modes with stops, which include almost all phases of
movement that occur in operation, as well as all transmission gears used in this case.

Taking into account this specificity, the factors affecting fuel consumption can be divided
into three groups:

- a group of constant factors - the type of work performed, the organization of work, weather
conditions, driver qualifications, technical condition of the vehicle, quality of fuel and lubricants,
etc.;

- a group of factors that are taken into account - the same factors if they are subject to
guantitative or qualitative accounting and have significant deviations in the relevant periods;

- a group of unaccounted factors - factors that may have random values (random fluctuations
in load modes, vehicle movement resistance, climatic conditions, etc.).

Specific fuel consumption is determined, first of all, by three technical and operational
indicators: mileage utilization coefficients, load capacity (passenger capacity) and load capacity
(passenger capacity) of the vehicle.

The most common indicators of fuel consumption in road transport are: linear norms per 100
km of mileage, energy intensity of transportation, specific costs per unit of transport work [5-9,
11].

Linear norms should take into account the amount of transported cargo (passengers). The
energy intensity of bus transportation characterizes the amount of energy or fuel that must be
spent to perform a unit of work, for example, per 100 passenger-km (its unit of measurement is
kcal/100 passenger-km). This indicator is rarely used, because it cannot be compared with other
units of measurement of fuel (I, kg, etc.).

To address the issues of rational use of fuel in road transport, it is of great importance to
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improve the methods of calculating fuel efficiency indicators of cars in order to more fully and
accurately take into account the peculiarities of the process of their movement in different
operating conditions.

When developing fuel consumption standards, three methods are mainly used: analytical,
statistical, and experimental [1].

The most advanced and widespread method is analytical. Fuel consumption rates are
determined based on an analysis of its components. This method provides the necessary
efficiency of development and autonomy of fuel consumption planning at different levels. The
accuracy of calculations depends on the perfection of the fuel consumption model. The statistical
method is based on statistical data and is used mainly in the development of group fuel
consumption rates. The difficulty of its application lies in the need to use a large number of factors
that vary over a wide range. The experimental method allows you to develop standards that
correspond to specific car models and their operating conditions. However, it has limited
application, because it lacks a quantitative assessment of operating conditions, which forces you
to determine fuel consumption experimentally for almost every route and every car model.

Prof. Govorushchenko M.Ya. proposed an analytical method for fuel consumption
standardization, which fundamentally differs from existing ones in that it is based on a strict
mathematical model of fuel consumption of gasoline and diesel cars. The method is built taking
into account the developed unified classification of operating conditions, in which road and
transport conditions are quantified by average technical speed, and atmospheric and climatic
conditions are quantified by ambient air pressure and temperature [1].

An important advantage of the developed methodology is the possibility of individual fuel
consumption regulation at road transport enterprises (RTE) using simple computing equipment
based on actual vehicle speeds and daily air temperature.

Research objective. To develop fuel consumption standards for city buses and
recommendations for the efficiency of their use, taking into account real operating conditions.

2. Presentation:

1. Mathematical model of fuel consumption for city buses.

The car-driver system, its inputs and outputs can be considered as interconnected objects,
depending on which task is being solved (analysis, synthesis, measurement), certain variables
are considered. When analyzing (for example, fuel consumption), the outputs are investigated in
relation to changes in input variables and the system itself (car-driver).

The input variables (external influences) include: road, transport, atmospheric and climatic
conditions and the culture of operation [1].

Internal state variables include: torque, engine speed, gear ratios of the main gear and
gearbox, transmission efficiency, engine indicator efficiency, wheel radii, suspension parameters,
etc.

The output parameters (response to external influences), in addition to fuel consumption,
are the speed (productivity, cost) of the vehicle, the composition of the engine exhaust gases, the
noise level, the frequency of failures, the consumption of spare parts, etc.

When developing analytical methods for fuel consumption normalization, it is necessary to
establish a functional relationship between input variables and vehicle states.

For further analysis, selection and justification of factors (parameters) for inclusion in
mathematical models of bus fuel consumption, taking into account operating conditions, we will
write the fuel consumption equation proposed by Prof. Govorushchenko M.Ya. for steady-state
traffic [1]:

Q=$[A-iK+B-iﬁ-IQ+C(Ga-Lp+O,O77kF-Ié2)]. (1)

L

To build a mathematical model for the Mercedes-Benz O530/Citaro C2 bus, we take the
following initial data (table 1).
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Table 1. Initial data for the Mercedes-Benz O530/Citaro C2 bus

Indicator Value
Indicative efficiency:
— for a fully loaded bus 0,48
— for a fully loaded bus 0,51
Cylinder displacement 1, | 14,618
Final drive ratio i, 3,920
Lower calorific value of fuel H,, kJ/kg 43000
Fuel density p,;, g/cm?® 0,84
Wheel rolling radius, m 0,508
Piston stroke S, m 0,142
Transmission efficiency 1,
— for equipped bus 0,79
— for a fully loaded bus 0,88
Bus weight, H:
— equipped 119584
— with full load 171675
Streamline factor kF, H-s>m 2,95

The indicator efficiency of the engine n; is quite difficult to determine in engine theory. The
formula n; is written in general form as follows [1]:

_ RPyLoT
T Hy My P

where: R — is the universal gas constant, which is equal to 8.31 J/(mol-K); P; — is the average
indicator pressure, determined from the experimental indicator diagram, MPa; L, — is the
stoichiometric amount of air in the mixture per 1 kg of fuel, kmol; T — is the ambient temperature,
K; H, — is the lower specific heat of combustion of the fuel, kJ/kg; n,— is the filling coefficient; P
— is the ambient pressure, MPa; a — is the excess air coefficient, which is determined by the ratio
of the actual amount of air L to the stoichiometric L.

The indicator pressure P; is calculated by the formula [10]

p; = i [ﬁ (1 B sn;—l) B K11—1 (1 B sKi‘l)]’

where: P, = P, - €K1 = 0,9P, - €K1 — gas pressure in the cylinder at the end of the compression
process (P, — pressure at the beginning of compression; P, = 0,1013 MPa — ambient pressure
under normal conditions); € — compression ratio; A — pressure increase rate in the cylinder; n,—
polytrope index; K, — average adiabatic index in the compression process.

The degree of pressure increase A is determined by the ratio of the pressure of gases in the
cylinder at the end of combustion F,, to the pressure of gases at the end of the compression
process P.. We use a number of dependencies of various quantities from engine theory to obtain
a general formula for calculating A [10]:

To+AT Py
§caTr £Pa—&Eou Py’

Pp=w B -T,/T pn=Mo+V)/(A+Y); v=5%u-

where: p — is the coefficient of molecular change of the working gas mixture; T, — is the maximum
temperature of the cycle, K; T, — is the temperature at the end of compression, K; p, — is the
coefficient of molecular change of the fresh mixture, determined by the ratio of the total amount
of incomplete combustion products to the amount of fresh mixture per 1 kg of fuel; y — is the
coefficient of residual gases; &,, — engine cylinder cleaning coefficient; T, — ambient temperature
under normal conditions (293 K); AT — heating of the fresh charge from the cylinder walls, K; &,
— coefficient that takes into account the change in the number of kmol of fresh charge during the
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recharge period; T,. — residual gas temperature, K; P,. — residual gas pressure (P, = 1,1P,), MPa;
& — coefficient that takes into account the ratio of the heat capacities of the combustion products
and the working mixture at constant pressure.

After substitution, we obtain an expression for calculating the degree of pressure increase
in the cylinder:

[H ; §ou(To+AT) ]~T
0 " 5Ty (0,826—EE0y)] 2 (2)
. §0u(To+AT) oKqi—-1"
{ToraT+5es E[Ec.3(0'82€—§'§oq) ferat

The stoichiometric amount of air, kmol, is determined by the formula [10]:

1 Cc H 0
b=t (S+8-2)
0,21 \12 4 32

For 1 kg of fuel of average composition, € = 0,885 kg, H = 0,145 kg, therefore L, =

0,5119 kmol. Filling factor [10]: m, = §- =+ 2%- (1 - &),
- 0 0 ‘a

After substituting the above formulas, we get:

0,98 56T,
Ny = #TMOT) (1—-1,222¢/¢). 3)
To simplify the determination of the values of the indicator efficiency, we use experimental
data for individual values [10]: n, =1,24; T, =900K; ¢,, =1;¢.=1;¢=1; T, = 2597,8K;
AT = 10K; K, = 1, 36.
As a result of calculations for the Mercedes-Benz O530/Citaro C2 bus (at € =9 and p, =
1,0985) we obtain:

n; = 0,36a. 4)
Similar calculations for other cars, in particular passenger cars, showed the possibility of
using the obtained equation for practical calculations. The values of coefficients A, B, C for the

Mercedes-Benz O530/Citaro C2 bus (diesel engine) are determined by the formulas [1]:

_ 381Vp-ip, B — 11V -Sy-ié 100

C =
A Hypptic’ A HH~pH~T'K2 ’ A HypuMrp '

where: V;, — engine cylinder displacement, |; iy— final drive gear ratio; H,, — lower calorific value
of fuel, kJ/kg; p,— fuel density, kg/m3; r, — wheel radius, m; S,— piston stroke, m; Nep

transmission efficiency.
Mathematical models of fuel consumption for a bus with variable values of gearbox ratios
i, speed V,, total road resistance y at curb weight Q.and gross weight Q take the form:

Qc = [1,19i, + 0,038i2 - V, + 3,5 - 1073(1195841s + 0,227V;2)] /n;.;
Qn = [1,19i, + 0,038i2 - V, + 3,15 - 1073(171675ys + 0,227V;2)] /n;.. (5)

If it is necessary to determine fuel consumption for specific values of i,, they can be
expressed in terms of the average speed of the bus [1]:

Iy = Ky * Vax - iKH/Va1 (6)

where: K, — speed coefficient; K, — maximum speed, km/h; ixy — gear ratio of direct (increased)
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transmission.

. _ 05221171 _ 61,1
i = T = 2 (7)
The value of § can also be expressed in terms of V,:
Y =0,8/V,. (8)

The fuel consumption equation (1) includes 13 parameters, three of which are constant for
this vehicle (V, iy, kF) and 10 are variable. The parameters can also be divided into controlled
My ik, 7T, Va, G,) and uncontrolled. The average speed, indicator and transmission efficiency
change with changes in the technical condition of the vehicle.

Some parameters have a negligible effect on fuel consumption and can be neglected in
future operational calculations. Research by the Kharkiv National Automobile and Highway
University has shown that all parameters can be arranged in the following order of importance
(influence on fuel consumption): g, n;, iy, V,, G,, 1, ambient air temperature t.

If we take 1/m; as a constant value, then there will be a linear relationship between fuel
consumption, total road resistance and vehicle weight:

Q=A4;+By Gy, ()]
where A, =$(A~iK+B-i§-Va+0,077c-kF-V§) and B; = C/x;

Equation (9) shows that fuel consumption, on the one hand, increases with increasing
vehicle load, and on the other hand, decreases due to an increase in the indicator efficiency due
to an increase in load. The increase in fuel consumption per ton of cargo (passengers) transported
over a distance of 100 km is also not a constant value and depends on the coefficients C, {, the
total vehicle weight G,and the speed V,.

There is also no linear relationship between fuel consumption and . According to equation
(1), with increasing 5, fuel consumption increases according to the law of a straight line. However,
the load on the engine increases, which should lead to an increase in n; and, consequently, to a
decrease in fuel consumption Q.

2. Calculation of fuel consumption standards for city buses and recommendations
for the efficiency of its use.

Scientifically and technically justified fuel consumption standards play a major role in
implementing fuel economy. However, the foundations of the current fuel consumption
standardization methodology are based on experimental data that do not fully take into account
road and transport conditions, changes in passenger traffic on the route, and the specifics of the
operating conditions of a particular route.

The basis for determining fuel consumption standards should be its strict mathematical
model, taking into account a single classification of bus operating conditions, in which road and
transport conditions are quantified by the average speed of their movement. This is due to the
fact that there is a direct relationship between the speed of the vehicle, road and transport
conditions and fuel consumption.

Fuel consumption standards are linear, route and group. The main task of fuel consumption
management according to linear norms is to comply with the standard fuel consumption values
for the bus mileage, determined by its technical characteristics and regulatory documents [11],
through systematic monitoring of the technical condition of the vehicle and maintaining it at a high
technical level. This work is carried out by the technical service of the automobile enterprise.

The main goal of route rationing is to bring the standard fuel consumption value as close
as possible to the actual one on a specific route. The use of differentiated route ratios makes it
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possible to reveal fuel economy reserves and to carry out a more rational internal redistribution
of fuel along routes, depending on specific conditions that are not taken into account in linear
ratios.

The criterion for economical and rational use of automobile fuel by rolling stock, taking into
account the transport work performed, is the group rate of its consumption. Fuel consumption
management according to group rates is carried out in two stages:

- improvement of the system of rationing and planning of group rates in RTE;

- performance of operational and periodic analysis of fuel efficiency.

Scientifically substantiated fuel consumption standards should be established on the basis
of its mathematical model (formula (1)). In the current documents, only the average fuel
consumption standard per 100 km of mileage is approved for buses. However, as noted in
paragraph 1, in order to improve the standardization methodology, it is necessary to calculate the
basic and additional fuel consumption standards for buses as well.

The basic standards for the Mercedes-Benz O530/Citaro C2 bus of empty and full weight
should be calculated according to formula (5) taking into account formulas (7) and (8):

2
Q. = [1,19 22 40,038 25V, +3,5-107° (119584 24 0,2271/;2)]/0,48;
_ 61,1 61,;2 _3 0,8 2
Q, = [1,19 240,038 %5 1 + 3,15 10 (171675 0,227V, )]/0,51.

The fuel consumption rate equations are presented in table 2.

Table 2. Fuel consumption rate equation for Mercedes-Benz 0530 / Citaro C2 bus

Mass of the bus
equipped full
1144 , 1269 5
H,.= v +0,0017V; H,, = 7 + 0,0014V,
a a

Specific fuel consumption rates for this bus depending on operating parameters are given
in table 3 and fig. 1.

Table 3. Results of fuel consumption calculation for the Mercedes-Benz O530/Citaro C2 bus

Fuel consumption rate
V., km/h H,. H, .
20 57,88 64,01
30 39,66 43,56
40 31,32 33,96
50 27,13 28,88
60 25,19 26,19
70 24,67 24,99
80 25,18 24,82
90 26,48 25,44
100 28,44 26,69

The additional fuel consumption rate for buses in liters per 100 passenger-km can be
established using the formula for calculating the additional fuel consumption per 100 t-km for
trucks, 1/100 t-km [1]: Hy = 10°y/(n; - Hy - py - Nrp)-

Number of passengers per 1 ton of their mass, pas. /t: P = 1000/G,, where G, =75 kg —
average mass of one passenger, kg.

Additional fuel consumption rate of the bus, /100 passenger-km:

H, = H;/P. (10)
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Fig. 1. Graph of fuel consumption changes for the Mercedes-Benz 0530/Citaro C2 bus at curb and gross weight
depending on speed

Total fuel consumption rate taking into account passengers transported, /100 km:
H=Hyc+H; qa Ya B (11)

Table 4 shows the calculated data for the Mercedes-Benz O530/Citaro C2 bus. The values
of average speeds and total road resistance are taken from [1] (taking into account the
classification of vehicle operating conditions proposed in the KhNAHU).

Table 4. Estimated fuel consumption rates for the Mercedes-Benz 0530 / Citaro C2 bus

Category of operating Estimated values H,., Hy, General norm
conditions ) V,, km/h [/200 km I/100 pas. -km H, /100 km
1 0,013 60 25,19 0,060 27,73
2 0,017 47 28,10 0,079 31,44
3 0,021 38 32,56 0,097 36,66
4 0,025 32 37,49 0,116 42,40
5 0,031 26 45,15 0,143 51,20

The analytical equation for fuel consumption rationing in liters for a certain period (for
example, for a working day), which takes into account the distance traveled, the transport work
performed, the road, transport and atmospheric and climatic conditions of bus operation, can be
presented in the following form:

H; = 0,01K, - Ky (Ho, - lc + Hy, - W), (12)

where: K, — is a coefficient that takes into account the ambient air temperature, °C; K, — is a
coefficient that takes into account the height above sea level, m; H,, and H,, — are, respectively,
the main and additional fuel consumption rates for the i-th category of operating conditions (the
category is determined by the average speed of the bus on the route for the analyzed period); [,
— is the total mileage of the bus for the analyzed period, km; W — is the transport work performed
for the same period, passenger-km.

To manage fuel consumption, determine the amount of fuel losses due to non-fulfillment of
technical and operational indicators (TOI) and take into account their impact on changes in the
group norm, it is advisable to conduct both periodic and operational analysis. Periodic analysis is
performed for a quarter, a year, and operational analysis — for a month or a decade. The proposed
methodology is based on an analysis of the impact of TOI on the fulfillment of the group norm H,,,
g/passenger-km, which for buses is calculated according to the generally accepted formula
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Hy
Qa'Ya'B,

H,, = 10p,(1+ /) (13)

where: p, — fuel density, g/cm3; J| — total surcharge, expressed in fractions of a unit; Hy —
weighted average fuel consumption rate by fleet structure, /100 km.

If we examine equation (13) by partial derivatives, we can determine the magnitude of the
influence of each of the TOI on the fulfillment of the group norm K. This method makes it possible
to determine the sensitivity of the group norm due to non-fulfilment of the TOI, the change in the
group norm in the event of non-fulfilment of the TOI in g/passenger-km (AH,,), and fuel losses
due to non-fulfillment of the TOIl in t (AQ).

The analysis of fuel efficiency is performed in three stages:

- calculation of the planned values of the weighted average linear norm Hyand passenger
capacity q, (at the beginning of the current year);

- determination of the actual values of Hy and q,, the planned and actual values of the total
allowance /i (for a decade, month, quarter, year);

- solving the analysis tasks (for the same period).

The indicated indicators are calculated using the formulas

— z:?=1Aci.Hoi . _ ?=1Aci'qai . _ Hw'qa'vaB —
Hy, = T /100 km; gq, = S pas.; = lopHe 1 (from the formula (13)).

The sensitivity of the group norm to TOI (denoted by the coefficient K with the index of the
corresponding TOI) is determined using the following calculation formulas:

_ 109, (14, — Ho .
Ho — qaYa'B ' K'a B KHO 1+
_ Ho_ _ HO_ — HO
KB —_— _KHO * ?, KYa —_ _KHO * Z, an —_— _KHO * q_a (14)

To determine the change in the group norm in case of non-fulfillment of the TOI in
g/passenger-km, it is necessary to multiply the value of the studied TOI by the difference between
the actual and planned values of this indicator: AH,,, = K,-(icb — i), where i — is the corresponding
TOl.

Determination of fuel consumption in tons due to non-fulfillment of TOI is carried out
according to the formula
AQ; = AH,,, - Wy, - 107, (15)

where: W, — actual passenger turnover, passenger-km.

The proposed method provides sufficient accuracy for analysis, differs from existing ones in
simplicity, greater clarity and compactness of calculations.

Based on the results of periodic and operational analyses, the causes of fuel losses are
determined for any period of the year, which allows them to be eliminated in a timely manner.

3. Conclusions:

1. Itis recommended to determine fuel consumption standards using a mathematical model
in which all elements of the external environment of bus operation are quantitatively assessed by
the average speed of their movement. This is due to the existence of a direct relationship between
the speed of the vehicle, road and transport conditions and fuel consumption. When calculating
the total fuel consumption rate for buses, it is proposed to take into account an additional fuel
consumption rate that takes into account their transport work.

2. When calculating the total fuel consumption rate for buses, it is proposed to take into
account an additional fuel consumption rate that takes into account their transport work.
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3. To manage fuel consumption, it is proposed to conduct both periodic (quarterly, annual)
and operational (monthly or decade) analyses.
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ONTUMUIALINA NAPAMETPOB PEXUMA NPUTUPKU CUITUKATHbIM
ABPA3NBHbLIM COCTABOM C UCNOJIb3OBAHUEM MNOJIHOIO
®AKTOPHOI'O SKCNEPUMEHTA

OPTIMIZATION OF RUNNING-IN PARAMETERS USING A SILICATE
ABRASIVE COMPOSITION VIA A FULL FACTORIAL EXPERIMENT

Serhii Mastepan?, Mykola Vynogradov?, Mykola Mastepan3, Mykyta Pantyushenko?

Abstract. The paper notes that the goal of optimizing the running-in parameters is to ensure processing conditions
that result in a surface layer with optimal microgeometry and physical-mechanical properties, which help reduce
contact stresses, increase the effective contact area, and decrease the wear rate of the valve connection under
operating conditions. Optimization studies were conducted using the Box-Wilson method, which employs “active
experimentation,” and the planning of points in the factor space under study is carried out in such a way as to obtain
the maximum amount of information from the experiments and process the resulting data with the least computational
effort. To determine the optimal parameters of the running-in process using a silicate abrasive composition that
ensures the lowest surface roughness after processing, a full factorial experimental design of the N = 23 = 8 type was
developed and implemented. During the implementation of this plan, experimental studies were conducted and a
mathematical model equation for the silicate abrasive lapping process was derived. It was established that lapping
time has the greatest influence on the roughness of the processed surface. Optimal parameters for the silicate
abrasive lapping process are proposed to achieve the minimum surface roughness of the treated surfaces.
Keywords: lapping, silicate abrasive composition, surface roughness, full factorial experiment, mathematical model,
lapping conditions.

1. BBepeHue:

B coBpeMeHHbIX Hay4HbIX MWCCMEeAOBaHUAX 3HauYUTENbHOE BHMMaHWE yaensieTcs
npoueccam abpasumBHon 06paboTkM ¢ Mcnonb3oBaHnem cBobogHoro abpasvBa, B YaCTHOCTMU
NpuUTUPKE, Kak OAHOMY W3 3P(EKTMBHBLIX METOA0B (DOPMMPOBAHUS BbICOKOKAYECTBEHHbIX
conpsraembix noBepxHocTen. Kak nokasaHo B paboTax [1,2], napameTpbl pexunma NpUTUPKn
CYLLLECTBEHHO BIMSIOT HA MUKPOreoOMeTPUIO MOBEPXHOCTU, (PakTUYECKYI0 nrowanb KOHTakTa m
3KCNnyaTaLMOHHbIE XapaKTEPUCTUKN AeTanen MaLluvH.

B pabote [1] uccnepgoBaH MexaHM3M MPUTUPKA C  UCMONb30BaHUEM CUIMKATHOMO
abpasuBHOro coctaBsa. ABTopamum yCTaHOBMEHO, YTO CBOMCTBA CBA3YIOLLErO Cpefbl CyLLECTBEHHO
BNUAOT Ha CTabunbHOCTb abpa3nBHON NacTbl, XapakTep B3aMMoaencTenst abpasvBHbIX 3€PeEH C
NMOBEPXHOCTBbIO U UHTEHCUBHOCTb CHATUSA MaTepuana. lNokasaHo, YTO NPUMEHEHNE CUNMKATHOM
Komnosuummn cnocobecteyeT oopMmpoBaHuio 6ornee ogHOPOLHOrO MUKpopernbeda NOBEPXHOCTY
N YMEHbLLUEHWIO NOKarbHbIX KOHTAKTHbLIX HANPSXXEHNNA.

O630p coBpeMeHHbIX abpasuBHbLIX TEXHOMOrMn, npuBegeHHbIn B pabote [2],
noaTeepXgaeT, YTO NPOLECChI MPUTUPKN OCTAKOTCA akTyarnbHbIMW ANS NPeun3noHHon 0bpaboTkm
OTBETCTBEHHbLIX MOBEPXHOCTEN. ABTOP OTMEYaeT, YTO oNTUMmu3aunsa napameTpoB abpasvBHOWN
06paboTKkn [OOSMKHA Yy4uUTbiBaTb HE TOMbKO WHTEHCMBHOCTb CHATUS Martepuana, Ho W
XapaKTepPUCTMKN NOBEPXHOCTHOMO Crosi, KOTOPble ONpeaensatT N3HOCOCTOMKOCTb AeTanen npu
AanbHenwen akennyataumu.

B pabote [3] paccMOTpEeHO NpUMEHEHME METOAOB 3KCNEPUMEHTANBHOIO NMiaHMPOBAHUS K
onTMMM3auMM NapameTpoB npouecca nonvpoBaHud. [lokasaHo, 4YTO MCNONb30OBaHWE
KOMMMEKCHbIX KPUTEPMEB ONTUMM3aLMM Mo3BonsetT obecneunTb pauuoHarnbHOe coveTaHue
KayecTBa NMOBEPXHOCTU M MPOU3BOLAMTENBHOCTM MpOLEcca, YTO akTyarnbHO ANs MHXEHEPHbIX
NpPUMeHEHNN.

Taknm 006pa3oM, aHann3 COBPEMEHHbIX Hay4YHbIX WCTOYHMKOB CBUAETenbcTByeT 00
OTCYTCTBUM YHMUBEPCAasbHbIX PEKOMEHOAUUN OTHOCUTENBHO PEXMMOB MNPUTUPKM KnanaHHbIX
COeANHEHU C WCMNONb30BaHMEM CUNMKATHbIX abpasuBHbIX COCTaBOB. JTO obycnosnuBaet
uenecoobpasHOCTb NPOBEAEHUS AanbHENLNX CCnegoBaHNA, HanpaBneHHbIX Ha ONTUMM3aLMIO
napameTpoB pexuma npuTUpKM C  ydyeTom TpeboBaHMA K KayecTBy MOBEPXHOCTU MU
N3HOCOCTOMKOCTM KflanaHHbIX y3M0B.
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OnTumMmsaums napameTpoB pexmMma NPUTUPKM CUNMKaTHbIM abpasnBHbLIM COCTaBOM — 3TO
Hay4YHO 060OCHOBaHHbIM MpoLecc onpeaeneHns paumMoHanbHbIX 3HaYEHU KOHTaKTHOW HarpysKku,
CKOPOCTM M XapakTepa OTHOCUTENBLHOrO  ABMXEHUA  NPUTUPOYHBLIX  MOBEPXHOCTEN,
NpoJoSMKMUTENBbHOCTU 06paboTkM, Mpu KOTOpbIX obecneuvvsBaeTcs (POpMUpPOBaHUE 3afaHHbIX
nokasaTtesier KayecTBa NOBEPXHOCTU KIanaHHOro COeIHEHUS U OOCTUraeTCs MoBbILWEHNE ero
N3HOCOCTOMKOCTM NPU MUHUMArbHbIX MaTtepuarnbHbIX U SHEPreTUYeCcKMX 3aTpaTtax.

Llenbto onTMmmusaumm napameTpoB pexuma MpUTUpKN sBnaetca obecnedeHne Takux
ycrnoBu o06paboTku, npu KOTOPbIX OPMUPYETCA MNOBEPXHOCTHbLIA CMIOM C ONTUMAalibHOM
MUKpOreomeTpuen n uU3nKo-MmexaHM4eckMMmn CBONCTBaAMMU, CMOCOBCTBYHOLLMMU YMEHbLUEHUIO
KOHTa@KTHbIX HanpsbkeHUW, MOBbILWEHUI0 (aKTUYEeCKOM nNnowaan KOHTakTa W CHWXKEHUIO
WHTEHCUBHOCTU M3HOCA KfNanaHHOro coeguMHEeHUs B 3KCnslyaTauMOHHbIX YCNOBUSX.

OnTMMKU3aLMOHHbIE UCCNeaoBaHMs NpoBOAMNMCH MO MeToamke bBokca-Yuncona [4],
KOoTopasi MCMNOSb3yeT «aKTUBHbIA 3KCNEPUMEHT», a MNnaHMpoBaHWE TO4YEeK B MUCCNesyeMOM
haKTOPHOM NPOCTPAHCTBE OCYLLECTBNAETCA TaK, YTOObI MOMYy4YUTb MakCUMaribHyH MHOpMaLmio
M3 MNOCTaBMEHHbIX OMbITOB M o0b6paboTate NOMyYeHHble [AaHHble C HaUMEHbLUMMU
BblYUCIUTENBHBIMUY 3aTpaTamu.

MeToq Bbokca-YuncoHa — mMeTto onTMMuM3aumm akTUBHONO 3KCNepuMeHTa nyTeM KpyToro
criycka no MOBEPXHOCTU OTKMMKa (napameTpoB ONTUMU3auUKM) K ONTUMYMY, CYTb KOTOPOro
3aKkn4vaeTcsa B cnegyloweM: ABMKEHUE B HanpaBfneHuu rpaguveHTa npyv Hanuymm nuHenHoro
ypaBHEHUS MOOENM OCYLLECTBMSETCH U3 LieHTpa aKcnepuMeHTa nocnegoBaTefibHbIMU Luaramu,
KOTOpble MPOnopuUMOHaribHbl MPON3BEOEHUID KOADULMEHTA perpeccun Kaxagoro dpakropa Ha
3Ha4yeHue ero uHTepBana N3MeHeHus.

[MoNHBLIM PaKTOPHLIM 3KCNEPUMEHTOM Ha3bIBAE€TCHA TaKOM IKCNEPUMEHT, Npu peanusaumm
KOTOpOro onpefensieTcs 3HadeHve napameTpa onTumMm3aLmm npu Bcex BO3MOXHbIX COMeTaHUAX
YPOBHEN BapbupoBaHUA (akTopoB. Ecnn umeetcs k dpakTopoB, Kaxabl U3 KOTOPbIX MOXeT
yCTaHaBNMBaTbCA Ha ( YPOBHSX, TO ANA TOro, 4YTobbl OCYLWECTBUTb MOSMHbLIN (PAKTOPHbLIN
3KCMEepUMEHT, Heob6xoaMMo npoBecTy N=gK OnbITOB.

Llenbto paboTbl ABnsieTcs onpedeneHne onTumarbHbIX 3HA4YeHU NapamMeTpoB pexnma
NPUTUPKN CUSIMKaATHLIM abpasuBHbLIM COCTaBOM, KOTopble obecnevymBaldT MakCumarbHoe
KayecTBO 06paboTaHHOM MNOBEPXHOCTM KNANaHHOrO COEANHEHUS MO KPUTEPUIO LLIEPOXOBATOCTU
nosepxHocTu (Ra) ¢ ncnonb3oBaHMeEM NOSTHOrO PaKTOPHOrO 3KCNepuUMeHTa.

2. U3noxeHue:

C uenblo onpefeneHvs onTUMasribHbIX MapaMeTpoB pexuma MNPUTUPKU CUMUKATHbIM
abpasnBHbIM COCTaBoM, obecnevnBaroLLEero HaMMEHbLLYHO LWEePOXOBAaTOCTb NOBEPXHOCTU Nocne
0bpaboTkn, 6b1n1 paspaboTaH 1 peanu3oBaH nsiaH NoAHOro hakTopHoro akcnepmmenTa Tuna N =
23 =8.

MpepenbHble 3Ha4YeHUs He3aBUCUMbIX PakToOpoB (oaBrneHne Ha obpasey (P), ckopocTb
BpalwleHus obpasua (VBe-B), Bpems nputupku (t) BbiOMpann u3 pesynbTaTtoB npeablayLmnx
9KCMNEPUMEHTOB.

WccnepoBaHus npoBOAMNUCE Ha crieumnasnibHON YyCTaHOBKE, CMOHTUPOBAHHOM Ha CTaHWHE
yHuBepcanbHoro crtaHka OIlNP-1841A, npegHasHayeHHOro [And  MPUTUPKMA  KranaHoB
aBTOTPAKTOPHbIX ABUraTenemn.

[na npoBeaeHna nccnegoBaHnst UCNOSb30Bancsa COCTaB CUITMKATHOW nNacTbl ¢ abpa3nBom
Kapbua KpemHus 3eneHbl 3epHUcTocTbio 50/40, pekoMeHaoBaHHbIN B paboTe.

B kayecTtBe 0o6pasua mncnonb3osanu koHyc ns ctann 40X (HRC 48) anametpom 23 mm,
lWwrpnHon 15 mm. KoHTpornbHbIM 0Bpasey, umen dopmy konbua ns vyryHa CH 18-36 (HRC 32)
anameTtpom 50 mm, wwmpmHon 10 MM C wupuHon paboyen nosepxHocTn 3 MM. KMcxogHas
LLIEpPOXOBATOCTb NMOBEPXHOCTEN TPEHUSI BO Bcex obpasuax Oblna ognHakoBon u coctaBngana Ra
= 1,25 Mmkm [5].

Bpema nputnpkm Bo Bcex onbiTax cocTtaBnsano 10 MuH. Mo OKOHYaHUM NPUTUPKM
onpegensany WepoxoBaToCTb NOBEPXHOCTU nocrie o6paboTkM M MaccoBOe CHATUE meTanna.
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CpenHee 3Ha4yeHMe UCNbITaHUM ONPEeAEnsAnoCh Kak cpegHee apumeTmyeckoe NSty OnbITOB C
norpewHocTbio + 3%.

HonyquHue 3Ha4YeHnA napameTpa onTtnMmmsaumnmn

— LIepoxXoBaToOCTM MNOBEPXHOCTU
obpasuoB (Ra, MKM) 1 3Ha4YeHNsa He3aBUCUMbIX (DaKTOPOB NpuBeaeHbl B Tabn. 1.

Ta6nuua 1. 3HayeHns He3aBUCKMMbIX (PaKTOPOB M NapameTpa onTMMMUsaLnn

3HayeHns1 He3aBNCUMbIX (PAKTOPOB
Howmep LLlepoxoBaToCcTb
akcnepu- Nasnerne BosBpatHo- Bpems NMOBEPXHOCTM
MeHTa Hanpumep, Ma, BpaLllaTenbHas APUTADKA, C., 06pa3LioB,
CKopoCTb 00pasua, M/c, Ra, MKM.
X1 X, X3

1 0,01 0,3 240 0,118

2 0,01 0,3 600 0,158

3 0,01 0,6 240 0,138

4 0,01 0,6 600 0,178

5 0,05 0,3 240 0,118

6 0,05 0,3 600 0,168

7 0,05 0,6 240 0,158

8 0,05 0,6 600 0,218

Bbin npoBeneH akcnepuMeHT Tuna 23, rae unicno gpakTopoB k=3, KONMYECTBO YPOBHEN p=2,
4ncno onbIToB N=8, NOBTOPHbLIX OMbITOB N=5.
MaTpuua nnaHnpoBaHusa npueegeHa B Tabn. 2.

Tabnuua 2. MaTpvua nnaHMpoBaHus

Homep
3KcnepuMeHTa

MaTpuua nnaHnpoBaHus

Pabovas maTpuua

Xo| X1

X2

X3

obpaseu,

X23 | X1,2,3

[aBneHue Ha
X1
BosBpaTHo-
BpallaTenbHas

CKOpOCTb

obpasua,

Bpems

X2
MPUTUPKHK, X3

Pesynbtathl

CpegHee
3HayeHve,
Vi, MKM

napannernbHbIX
3KCMEePUMEHTOB
Yi MKM

AR
[N

[EnY
N

-1 -1 0,01

0,3

240

0,12
0,12
0,12 0,118
0,11
0,12

1 1 0,01

0,3

600

0,16
0,15
0,16 0,158
0,16
0,16

1 1 0,01

0,6

240

0,14
0,14
0,14 0,138
0,13
0,14
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112 |3|4]5 6 7 8 9 10 11 12 13 14

0,18
0,18
4 /1|11 |1] 1 1 -1 -1 0,01 0,6 600 0,18 0,178
0,18
0,17
0,12
0,12
5111 |-1]|-1| -1 1 1 1 0,05 0,3 240 0,12 0,118
0,11
0,12
0,17
0,16
6 1|1 |-1|]1| 1 -1 -1 -1 0,05 0,3 600 0,17 0,168
0,17
0,17
0,16
0,16
7111 1]-1| 1 -1 -1 -1 0,05 0,6 240 0,16 0,158
0,16
0,15
0,21
0,22
81|11 |1 1 1 1 1 0,05 0,6 600 0,22 0,218
0,22
0,22

Mocne npoBedeHUs1 3KCNEPUMEHTOB Obifla BbIMNONHEHA CcTaTucTuUdeckada obpaboTka
pesynbtatoB. CHayana onpegensanucb  MOrpeLHOCTU  MNOBTOPHbIX  (NapannesibHbIX)
akcnepumeHToB. CpegHekBagpaTU4HOE OTKIOHEHWe onpeaenseTcs no gopmyne [6]:

n 2
Vi-y)
§Z2 =2yl 1
! n-1 (1)
roe y — cpegHee apu@MeTuMyeckoe 3HadeHue napameTtpa onTMMM3aumm no NsSTM NOBTOPHbIM
onbiTam (3Ha4yeHus npueeneHbl B Tabn. 3).
PesynbTaTtbl pacyeToB cBefeHbl B Tabn. 3.
[ns onpepenenns 6paka ncnonb3yem kputepui CTblOAeHTa:

y-y

S = t,unm tpacq. = Lraga. » @)

roe t — kputepun CTblogeHTa, ero 3HavyeHue Anst 5 NOBTOPHbLIX OMbITOB UM OOBEPUTENBHOM
BepositTHocTh 0,95 pasHo 3,182 [6].

Ansi BCeX ONbITOB Ly5cq =1,79 YCNOBUE T5cq, 2 tragy. [6] HE BBINONMHSAETCS, CrieaoBaTenbHo,

pes3ynbTaTbl MOBTOPHbIX OMbITOB HEMb3S CYMTaTh OLUIMOOYHBLIMMU.
[na npoBefeHUs perpeccMoHHOro aHanuMsa paccuvTanyM OAHOPOAHOCTb  Aucrnepcun
napannesnbHbIX OnbITOB No Kputeputo KoxpeHa [6]:

__ Shax __ 0,00002
yNs? 0,0016

Gpos, = 0,125. 3)
PacuyeTHoe 3HaudyeHune Kputepuma cpaBHmMBanum C TabNMUYHbIM and cTeneHen CBO60,D,bII

f; =r—1; 3HameHatens f, = N npu Bbi6paHHOM ypoBHe 3HaunmocTn a = 0,05; G 1,5, — TabnnyHoe
3HadeHune kputepusa KoxpeHa — 0,516 [6].
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Gragn.=0,516 > Gpacq.=0’125- (4)
Tabnuua 3. PesynbTaTthl pacyeTos
Homep 1 2 3 4 5 6 7 8 Cymma
aKcnepuMeHTa
% 0,00002 | 0,00002 | 0,00002 | 0,00002 | 0,00002 | 0,00002 | 0,00002 | 0,00002 | 0,00016
S; 0,00447 | 0,00447 | 0,00447 | 0,00447 | 0,00447 | 0,00447 | 0,00447 | 0,00447
ym‘“; 4 0,45 0,45 0,45 0,45 0,45 0,45 0,45 0,45
y_;’mi" 1,79 1,79 1,79 1,79 1,79 1,79 1,79 1,79

Takum o6pasom, runotesa o6 OOHOPOAHOCTU AUCNepcuMu napanfesibHbiX OnbITOB
npuHumaetca. OTcloga avcnepcust BOCNpousBoaMmocTu coctasuna Si2 =0,00002. MorpeluHocTb
akcnepumeHTa coctasuna Si=0,00447. YpaBHeHMe maTemMaTU4ECKOM MOAENN C y4EeTOM NapHbIX
B3anmMoaencTeumm nmeet sug [6]:

Y =by + byx; + byxy, + b3xs + by,x1X, + bi3X1X3 + by3XoX3 + byog3xi Xy X5, (5)

KoadhpmumneHTsl perpeccun npu nosiHOM (PakTOPHOM 3KCMepUMeEHTe onpenensarTcs no
dopmynam [6]:

Y Va.
bo - 1Ty, (6)
ZN iu/l\t.
bi = 1)16\, ? ’ (7)
N. .. =
bij — h) xlu;lc]u Yu; i :/:]’ (8)

N —
21 XiuXjuXku Yu,
N b

KoadhdmumneHTbl perpeccum, paccintaHHble Mo NPUBEAEHHBLIM BbilLE€ BbipaXXEHUAM, PaBHbI:
bo=0,15675; b1=0,00875; b2=0,01625; b3=0,02375; b1.2=0,00625.

C y4eToM 3Ha4yeHus gucnepcum BocnpoussoaMmocty Si2 =0,00002 npu OOBEPUTENBHOW
BepossTHOCTM 0=0,95 Haxoaum rpaHuubl OOBEPUTENbHLIX MHTEpBANoB ANA KO3 dUuMeHToB
perpeccuu [6]:

Ab; = i% = i% = +0,004. (10)

CpaBHuBasd 3Ha4eHnsa Ko3(pMLUMEHTOB perpeccumn ¢ rpaHmLaMmm AoBEpPUTENbHbIX
WHTepBaroB, BUOUM, YTO KOIPUUMEHTbI by, by,3 U by,5,3 HE3HAUMMBI. Tenepb ypaBHeHue
MaTtemaTuyeckon Mmoaenn umeeT BUA:

9 = 0,15675 + 0,00875x; + 0,01625x, + 0,02375x5 + 0,00625x; ,. (11)

MNpoBepsieM agekBaTHOCTb MOJyYEHHOIO YpaBHEHMSI.
Bbluncnsiem TeopeTuyeckme 3Ha4yeHUs napameTpa onTUMU3aLun y, BENUYMHY NOrpeLLHOCTM
Ay =y —y; pe3ynbTaTbl NpuBeaeHbl B Tabn. 4.
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Tabnuua 4. Pe3ynbTathl pacyeToB

Homep 1 2 3 4 5 6 7 8
3KcnepuMmeHTa
y 0,114 0,162 0,134 0,18 0,119 0,167 0,164 0,212
Ay 0,004 -0,004 0,004 -0,002 -0,001 0,001 -0,006 0,006
Ay? 0,00001 0,00001 0,00001 | 0,000006 | 0,000002 | 0,000002 | 0,00004 | 0,00004
N 2
AV?
53, = =22, (12
roe f=N-(k+1) = 8-(3+1) = 4 — kOnIMYeCTBO cTeneHen ceoboapl.
0,000129
Sa%[L = ——=10,000032.
AfekBaTHOCTb MaTemMaTM4YeCKo Modenu onpeaensem rno kputepuo duwepa [6]:
S2 0,000032
E =2="—-=1,6. 13
pact. g2 0,00002 ’ (13)

Fraén. = 6,39 [6]. Fpacu. < Fra6n., CNnegoBaTenbHO, MOAENb aAeKBaTHA.

AHanusnpys ypaBHeHue 11 matemaTuyeckon Mogenu, MOXHO OTMETUTb, YTO Ha NnapamMmeTp
onTUMM3aLMN BIUAIOT He3aBUCUMble pakTopbl. Kakabl KOIUUMEHT XapakTepusyeT porib
COOTBETCTBYIOLLEN MEepeMEHHOM B npouecce wunu cuny BnvsHUS daktopoB. Yem 6Gornblie
YUCrEeHHasa BennymnHa koadpduumneHTa, Tem 6onblue BnvseT dakTop. Ecnn koadduumeHt umeet
3HaK «+», TO C YyBeNUYeHWeM 3HadeHua dakTopa napamMeTp OTKuKa (onTuMmnsauun)
yBENMUYMBaETCS, a eCfin «—» — YMeHbLuaeTcs. BennunHa koadpdpumumeHTa cooTBeTCTBYET BKNaay
AaHHOro (paktopa B BenW4YMHy NapameTpa onTuMmsauuu npu nepexone dakropa C HyreBoro
YPOBHSI HA BEPXHUN UM HUXKHUN.

KayecTBeHHbI aHann3 Mnofly4eHHOro ypaBHeHus 11 no3BonsieT caenaTtb crnegyowme
BbIBOOAbl O BMWAHWM HE3aBUCUMMbIX (PaKTOPOB MpU MNPUTUPKE COMPSKEHUS CUMUKATHbIM
abpasnBHbIM COCTaBOM Ha LWepoxoBaToCTb obpaboTtaHHoW nosepxHocTu (Ra). Hamnbornblwee
BNUSIHME Ha LLEpPOXOBaTOCTb 06paboTaHHOM NOBEPXHOCTM OKa3biBaeT Bpems nputupkn. O6 aTom
CBMAETENbCTBYET 3HaYeHne KoadpduumeHTa perpeccum bz B ypasHeHumn 11, koTopoe cocTaBnsieT
0,02375. MeHbluee BNUsSIHME Ha LepoxoBaTOCTb 06paboTaHHOM MNOBEPXHOCTU OKa3biBalOT
CKOPOCTb BpalleHunsa obpasua (b2=0,01625) n gaBneHne Ha obpasel (b1=0,00875).

N3 ypaBHeHMs 11 Takke BMAHO, YTO Ha LUEPOXOBATOCTb 06pabOTaHHOW MOBEPXHOCTM
BNUSIeT B3auMMOOENCTBME BO3BpaTHO-BpallaTeslbHOM CKOpOCTM obpasua v AaBneHus Ha
obpaseL, 1 3TO BrMaHUe ABnseTcsa HammeHblwnm (b4,2 = 0,00625).

C uenbto onpeaeneHns ONTUManbHbIX 3HA4YEHUI NapaMeTPOB pexnma NPUTUPKK
CUnNuKaTHbIM abpasnBHbIM COCTAaBOM MPOBOAUNM ONTUMU3ALMOHHOE MCCreoBaHMe MeToLOM
«KpyToro cnyckax». lNpn gBvXeHun B (PakTOPHOM MPOCTPaAHCTBE HE3aBUCUMbIE NEepPeMeEHHbIe
N3MEHSANN NPONOPLMOHANbHO BENUYMHAM KO3 (PULIMEHTOB perpeccun ¢ y4eTom ux 3Hakos. [na
3TOro Onpeaenanu Lwar OBWXKEHUs No KaxaoMy ¢akTopy M NpoOBOAUNN «BOOBpaXkaembley
9KCMNEPUMEHTbI, KOTOPbIE 3aKNIYanncb B BbIYMCIEHUN 3HAYEHUN (PYHKUMU OTKNMKA B TOYKax
(hakTOpPHOro MPOCTPaHCTBA, Nexawux Ha Nyt K ontumymy. OcywiecTsnsnmn Boobpakaemoe
ABMXeHne K ontumymy. [na yaobcTtBa pacyeToB KOAOBblE 3HAYeHUA (akTopoB Obinn
nepesefeHbl B HaTypanbHble NyTeM gekogmposaHus no opmynam [7]:

_ Xi7%ig
¢ =""w

Ax;

(14)
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rae C; — KogoBoe 3HadeHue i-ro oaktopa; x; — TeKyllee 3HayeHue i-ro dakropa; x;, —
HavanbHbIN (HyNeBomn) ypoBeHb dpakTopa; Ax; — MHTepBan BapbMpoBaHus i-ro pakropa:

Ax; = M (15)

I'IonyquHble 3Ha4YeHunA npuBeaeHbl B Tabn. 5.

Tabnuua 5. CtaHgapTHag maTpuua 3KkcnepMmeHTa

3aBucmMmMocCTb
BepxHuin HuxHuI OcHoBHoM [wana3soH KOONPOBaHHOMN
daxTopbl YPOBEHb, YPOBEHb, YPOBEHb, BapbUpoOBaHuUN, nepemMeHHon oT
ct C; c? Ax; HaTypanbHOM
~C,—0,03
C 0,05 0,01 0,03 0,02 1= 7002
_C;—045
C, 0,6 0,3 0,45 0,15 2= 7015
~ Gy — 420
Cs 600 240 420 180 %= 7180

B Tabn. 6 npeacrasneHbl pe3yribTaTbl BbIMOMIHEHHbIX 1 BOOOpaXKaeMblX 3KCMNEPUMEHTOB Mo
ABWXXEHMIO MO NIMHUM «KPYTOro nogbemay.

3Ha4veHne napamMeTpa OnTUMU3aLMnN B «YCMOBHbIX» 3KCMEPUMEHTaX Ha OCHOBE 3HaYeHUN
n3 Tabn. 5 onpegenanu no cnegywowen gopmyne:

Rq = 0,15675 +0,00875 - (=2) 4 0,01625 - (£22) + 0,02375 - (=20 +

1

+0,00625 - (Cl(;g"B) : (CZ“”) | MKM:

0,4

’

R, =0,0762 — 0,0109C; + 0,0172C, + 0,0001C5 + 0,0781C;C;, mkm, (16)

roe C; — naesneHne Ha obpaseuy (P), Mla; C, — ckopocTb BpaweHus obpasua (VB-B), M/c; C; —
Bpems nputupkm (1), c.

Ta6nuua 6. Pe3yﬂbTaTbI BbIMOJIHEHHbIX U 3006pa>|<aeMb|x QKCNEepMMEHTOB

HesanexHi cdakTopu
Gy C, Cs
[aBneHne Bo3BpaTHO-BpallaTernbHas Bpewmsi MapameTp
OKCMepPUMEHTbI Hanpumep, MMa CKOpOCTb, M/C MPUTUPKM onTMmu3aLm
(P) (Vs-o0) Ra, MKM
, C
(®)
1) Boobparkaembin 0,05 1,1 600 0,193
2) BbINONHEHHbIN 0,05 1,1 600 0,218
3) Boobpaxaemblii 0,01 1,1 600 0,163
4) BbINOMHEHHbIN 0,01 1,1 600 0,178
5) Boobpaxaemblii 0,05 0,3 600 0,148
6) BbINONHEHHbIN 0,1 0,3 240 0,168
7) Boobpaxkaembii 0,1 0,3 600 0,143
8) BbINnonHEeHHbIN 0,1 0,3 600 0,158
9) BoobpaxxaeMbin 0,5 1,1 240 0,157
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HesanexHi caktopu
Gy C, Cs
[asneHune BosBpaTHO-BpalLaTensHas Bpewms MapameTp
OKCNepUMEHTHI Hanpumep, MlMa CKOpOCTb, M/C NPUTUPKM onTumusauum
(P) (Vo) Ra, Mk
, C
(t)
10) BbINnonHEeHHbIN 0,5 11 240 0,158
11) Boobpaxaemblii 0,1 1,1 240 0,131
12) BbINONHEHHbIN 0,1 11 240 0,138
13) BoobGparkaemblit 0,1 0,3 240 0,107
14) BbINOMHEHHBbIN 0,1 0,3 240 0,118
15) Boobpaxaemblii 0,3 0,3 240 0,109
16) Boobpaxaembliii 0,3 0,3 600 0,145
17) Boobpaxaembliii 0,3 11 420 0,16

BupTyanbHble akcnepumMeHTbl Obinu npekpalieHbl B akcnepumeHTe 17. [danbHenwee
nccneposaHune Obino NpekpalLeHo, NOCKONbKY, Kak BUMAHO 13 Tabn. 6, napameTp onTumMu3aumm
(Ra) HaunHaeT pacTn. 1o faeT OCHOBaHWeE nonaraTtb, YTO 06nacTb ONTUMyMa AOCTUTHYTa.

AHanus pesynbtatoB Tabs. 6 nokasan, 4TO HauMeHbllasi LwepoxoBaTocTb (Ra)
obpaboTaHHOM MOBEPXHOCTM noflydeHa B onbiTax 13 (MbicneHHbin, Ra=0,107) n 14
(ocywecTBneHHbi, Ra=0,118) npu cneayowmx 3HayeHuax napameTpoB pexuma: P = 0,1 Mla;
V3-0 = 0,3 m/c; t = 240 c. lMNMpwn yBennyeHnn gaesneHnsa Ha obpasey (P = 0,3 Mlla), npu Tex xe
3HaveHuax VeB-B = 0,3 M/c; t = 240 ¢, wepoxoBaTtoCcTb 0OpaboOTaHHOM MNOBEPXHOCTU
HEe3HaYNTENbHO YBENMYMBAETCS, Kak nokasaHo B Tabnuue 3.6 (aKkcnepuMeHT 15, ycnosHbIN,
Ra=0,109 mkm). NMpu yBennyeHnn BpeMeHn nNpuTupkn (akcnepumeHT 16, ycnosHbin, t = 600 c) u
CKOpOCTU BpauweHus (skcnepumeHT 17, ycnoBHbi, VB-B = 1,1 M/C) LWepoxoBaTOCTb
obpaboTaHHOM MNOBEPXHOCTU 3HaunTenbHO yxyawaetcd, Ra=0,145 wmkm wn Ra=0,16,
COOTBETCTBEHHO.

Takum obpasom, n3 aHanusa pesynbTaToOB BbIMNOMIHEHHbLIX U «BOOBpPakaeMbIX» OMNbITOB
(tabn. 6) BMOHO, YTO B KayecTBe OMNTMMASbHbIX 3HAYEHWN NapameTpoB pexuma NPUTUPKU
CUNUKaTHLIM abpasnBHbLIM COCTAaBOM MOXHO NPUHATL pe3ynbTaTbl onbIToB 13 (BooOpaXkaembli)
n 15 (Boobpakaemblin) HA OCHOBaHMM Ny4LLIEN LLEPOXOBATOCTN 06paboTaHHON NOBEPXHOCTM.

YuuTbiBag 10, 4TO Npu 6onbLieM AaBneHnn Ha obpasel, MOXHO YCTpaHUTb bonee rinybokue
HEepPOBHOCTW, NpeanaraemM Ansa JOCTUXEHUSS MUHUMAarbHOrO 3Ha4YeHnst napaMmeTpa onTuMm3asumm
(Ra) cnegywowme 3HayYeHWss napameTpoB pexuma MpPUTUPKN CUMNUKATHbIM abpasvBHbIM
COCTaBOM:

- yaenbHoe gasneHne Ha obpaseu — P = 0,03 Mla;

- CKOpOCTb BpaLeHus obpasua — VB-o = 0,3 m/c;

- Bpems nputupkn — t = 240 c.

3. 3aKkntoyeHue:

Takum ob6pasom, ObiNM MpPOBEAEHbl IKCMEPUMEHTAsIbHbIE WUCCNEAOBAHWUS U MOJTyYeHbl
ypaBHEHUS1 MaTeMaTUYeCKOn MOAENN pexmnma NpPUTUPKA CUNUKaTHbIM abpasnBHbIM COCTaBOM.
YCTaHOBMEHO, YTO Hambornbllee BUSHME Ha LLEPOXOBATOCTb obGpabaTbiBaeMon NOBEPXHOCTH
okasblBaeT BpeMsi NpuUTUpkK. [MpeanoXeHbl ONTUManbHble MapamMeTpbl pexuma MNpUTUPKN
CUNMKaTHbIM  abpasvBHbIM  COCTAaBOM AN OOCTMXKEHMS  MUHMMANbHOrO  3HayYeHus
LLIEPOXOBATOCTM 0OpaboTaHHbIX NOBEPXHOCTEN.
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NMPOMAHA B EJIEKTPUHECKATA NMPOBOAMMOCT HA OXNAXAOALUUTE
TEYHOCTWU HA NMPEBO3HUTE CPELACTBA B SABUCUMOCT OT
KOJIMYECTBOTO PA3XOA4 HA TOPUBO

CHANGE IN THE ELECTRICAL CONDUCTIVITY OF VEHICLE COOLANTS
DEPENDING ON THE AMOUNT OF FUEL CONSUMED

Mikhail Nahliuk?

Abstract. The article presents the results of the change in the electrical conductivity of antifreeze and coolants
from the amount of fuel consumed, as well as their graphical dependencies. It was established that with the same
amount of fuel consumed by cars, the change in the electrical conductivity of their antifreeze occurs differently.

Key words: antifreeze, cooling liquid, electrical conductivity, amount of fuel consumed.

1. Introduction:

The development of road transport is associated with the production of modern cars, and
improving their quality, reliability and durability requires the use of modern high-quality
performance materials. In addition, automobiles are subject to increasingly stringent and
growing requirements, which are caused by the improvement of various systems and
components of transport vehicles to improve safety, efficiency and environmental friendliness.
One of the ways to improve the efficiency and environmental friendliness of a car is to improve
the engine cooling system by using antifreeze for all-season operation in liquid cooling systems,
as well as optimizing the timing of coolant changes.

Antifreeze is a fluid used to cool the vehicle engine and other mechanical systems to
prevent them from overheating and freezing at low temperatures. It is an important element of
the cooling system that serves to keep the engine running at an optimal temperature. Modern
antifreeze is a mixture of water with organic or inorganic additives such as ethylene glycol or
propylene glycol. Ethylene glycol and propylene glycol play a key role in lowering the freezing
point of the fluid and raising the boiling point, as well as affecting the corrosion resistance of the
cooling system. Antifreeze may contain different chemicals depending on the manufacturer and
type of antifreeze (e.g. organic acids, silicate compounds, etc.). These components can
influence the conductivity of the fluid, which is important for evaluating the safety and
functionality of the antifreeze under different conditions.

The conductivity of antifreeze depends on its chemical composition. Water, unlike pure
organic compounds, has a certain conductivity due to dissolved minerals and salts. Additives in
antifreeze, such as various chemicals (e.g. corrosion inhibitors), can alter its conductivity.
Antifreeze generally does not conduct electric current as well as water, but it still has some
conductivity. This is due to the fact that it may contain ions that allow the movement of electrical
charge. This is especially true when mineral salts or other additives are used in antifreeze that
increase its electrical conductivity.

For vehicles equipped with advanced electronic systems, the high electrical conductivity of
antifreeze can be a source of potential problems. If antifreeze escapes from the cooling system
and gets on electrical components, it can cause short circuits or corrosion, which can damage
the vehicle's electrical system. Therefore, it is important to monitor the condition of the cooling
system and avoid antifreeze leaks in the area where electrical components are located.

Antifreeze manufacturers conduct conductivity tests on their products to make sure they
are safe for use in vehicles and will not damage engine management systems or other
electronic components. Typically, antifreeze has a fairly low conductivity, but if it contains salts
or other conductive additives, the conductivity can be higher. Interestingly, the conductivity of
the antifreeze itself does not significantly affect its cooling capacity. The cooling capacity of an
antifreeze is determined by its thermal characteristics, such as boiling and freezing point, as
well as the efficiency of its heat dissipation properties. However, it is important that the

64

ISSN (Online) 2367- 6965 ISSN (Print) 2367- 6299



MEXXOYHAPOOHA KOH®EPEHLIMA ,EKO BAPHA® 2026

antifreeze is properly balanced, as additives that increase conductivity can also change the
viscosity or other physical properties of the fluid, which in turn will affect the efficiency of the
cooling system.

2. Description:

Nowadays, for each car there are service books that regulate the frequency of antifreeze
replacement, taking into account the mileage of the car or the service life of the coolant in time.
The replacement is carried out on a first-come, first-served basis. This is not entirely rational, as
this approach does not take into account such factors as vehicle operating conditions, technical
condition, load and speed conditions, and the actual condition of the antifreeze at the time of
replacement. This approach leads to the fact that the fluid being drained may not have reached
the end of its service life yet, or vice versa, it may have already begun to cause damage to the
cooling system due to the production of additives.

All-season coolant is one of the main functional elements of the engine, which largely
determines the reliability and efficiency of its systems. And, accordingly, like any functional
element, it needs periodic diagnostics and quality control.

One of the indicators of coolant quality is the electrical conductivity of antifreeze. Issues
related to the electrical conductivity of liquids have been considered by the scientific community
for a long time. The results of measurements of the electrical conductivity of standard solutions
at different temperatures, given in reference [1], show that with increasing liquid temperature,
the conductivity also increases. Paper [2] describes studies and presents the results of changes
in the electrical conductivity of clean and used samples of various oils. The authors of [3,4]
studied the electrical conductivity of various hydrocarbon liquids.

To determine the actual condition of the coolant and its replacement, it is necessary to
perform periodic monitoring. As a rule, the period is a value measured in kilometers or time
(month, year). However, this does not take into account the fact that when the car is idle with
the engine running (warming up, driving uphill, idling at a traffic light, etc.), the coolant continues
to work and produce its service life. In work [5], the influence of the coolant on the on the
amount of fuel consumed.

Amount of fuel consumed — is the total amount of fuel a vehicle has used over a period of
time or over its entire life (e.g., per trip, day, month, or since purchase). It is usually measured in
liters. The “amount of fuel consumed” metric has certain advantages over mileage, namely:

e |t shows how much fuel has actually been consumed, rather than simply the distance
traveled.

e |t allows you to assess how fuel-efficient the car is under various conditions (city
driving, highway driving, traffic jams).

e A sharp increase in total fuel consumption may signal engine malfunctions, fuel
system issues, aggressive driving, etc.

e Mileage (odometer reading) shows only the distance traveled, while total fuel
consumption shows the amount of fuel actually used.

e In addition, mileage alone is less informative because it does not account for driving
style, traffic conditions, vehicle load, etc.

Thus, amount of fuel consumed is a comprehensive indicator that more objectively
accounts for the actual operating conditions of a vehicle on a daily basis, including the load on
its components, the driver’s skill level, and road, traffic, and atmospheric and climatic conditions
more so than mileage or operating hours.

The purpose of this article is to investigate changes in the electrical conductivity of domestic
and foreign-made antifreeze when used in vehicles, depending on the amount of fuel consumed.

To study changes in the electrical conductivity of antifreeze based on the amount of fuel
consumed, samples were collected for analysis from passenger cars using various brands and
types of fluids, both domestic and foreign. All vehicles were operated under identical road and
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climatic conditions. Sampling was conducted after a specific period of operation. At the same
time, other quality indicators of the antifreeze were analyzed: alkalinity, corrosion potential of
base metals, density, freezing point, and pH.

Based on the results obtained, graphs were plotted showing changes in the electrical
conductivity of antifreeze as a function of fuel consumption (Figure 1).
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Fig. 1. Graph of the dependence of the change in electrical conductivity of antifreezes on the amount of
fuel consumed

The graph shows that the electrical conductivity of pure antifreeze varies from 5,5-10° to
almost 9-10° Om™m, and behaves differently as the amount of fuel consumed increases. In
ZAZ Sens, Hyundai Accent and Hyundai i30 cars, an increase in the electrical conductivity of
coolants is observed. In Geely CK-2, Geely MK and ZAZ Vida cars, a decrease in the electrical
conductivity of antifreezes is observed. This indicates that the change must be made
individually for a specific car, taking into account the design features, the quality of the
antifreeze used and the amount of fuel consumed.

3. Conclusions:

Diagnosing the quality of antifreeze by electrical conductivity, taking into account the
amount of fuel consumed, you can more reliably judge the actual condition of the working
antifreeze.

When specifying the frequency of diagnosing the coolant, it is necessary to set the limit
value of electrical conductivity individually for each car, taking into account the technical
condition of the engine and its systems, the quality of the antifreeze used, the amount of fuel
consumed and external operating conditions.
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CPABHEHUE HA EKCIMJIIOATALMOHHUA CPOK HA AIUCKOBUTE U
BAPABAHHUTE CIMTUPAYHU MEXAHU3MU B JIEKUTE ABTOMOBUIA

COMPARISON OF THE SERVICE LIFE OF DISC AND DRUM BRAKE
MECHANISMS IN PASSENGER CARS

Oleksandr Nazarov?, Mykola Serhiienko?, Yevgen Kalashnikov?, Illia Pavlienko?

Abstract. A mathematical model of wear on the friction surfaces of disc and drum brake mechanisms in the studied
passenger cars is proposed. For the passenger cars under study, a methodology for determining theoretical wear
under specific braking conditions is considered; results of theoretical and experimental studies of wear on the rotors
of disc and drum brake mechanisms are presented, based on which conclusions regarding brake service life are
drawn.

Keywords: passenger car, disc brake mechanism, drum brake mechanism, friction surface, wear, operation.

1. Introduction:

The practical operation of passenger cars, as well as an analysis of the causes of failure
of various mechanisms and assemblies, clearly indicates that most of them lose their
operational capability not due to breakdowns, but due to the wear of the working surfaces of
individual parts and assemblies. Numerous studies [1-5] have shown that approximately 70% of
vehicle failures during operation are caused by wear in friction assemblies, particularly in disc-
type braking mechanisms, which, due to their high responsiveness, absorb the majority of the
vehicle’s kinetic energy.

Constantly increasing demands on the quality of vehicle repairs necessitate extending the
service life of their mating parts.

An important factor in assessing the service life of brakes on passenger cars in operation
is determining the wear ratio of individual brake mechanism components. Since the most critical
part of a vehicle’s braking system — the brake mechanism — operates under varying wear
conditions, it is essential to identify the wear patterns of mating parts that generate friction,
depending on changes in their geometric parameters and operating modes during service.

2. Description:

Analysis of recent achievements and publications. Due to a number of reasons (varying
values of pressure and relative sliding speeds on the friction surface, uneven abrasive ingress
during operation, etc.), the wear of passenger car brake mechanism components is not uniform.
Therefore, to fully characterize the extent of component wear, it is necessary to know its
distribution [6].

As a result of wear of the “rotor-pad” interface, a change in the relative position of the
friction surfaces occurs, which we will hereafter refer to as interface wear; this is the geometric
characteristic directly associated with the loss of the vehicle’s or its mechanism’s initial
performance properties.

Purpose of the work and problem statement. The purpose of this work is to compare the
service life of disc brake mechanisms installed on the front axle and drum brakes installed on
the rear axle of passenger cars.

Mathematical model and algorithm for solving the problem. To determine the parameters
that characterize the wear of the coupling, we will consider what changes in their relative
positions may result from the wear of their surfaces.

In this context, the design and kinematic features of this pair are of great importance, as
they determine the nature and direction of possible movement of the parts during wear [6].

Fig. 1 and Fig. 2 show diagrams for determining the wear of disc and drum brake
mechanisms.

The wear laws, knowledge of which is necessary to solve the given problem, must, under
the given conditions, determine the relationship between the wear rate of each of the mating
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parts, the contact pressure on the friction surface p, and the relative sliding speed 9.

p]
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1 — brake disc; 2 — brake shoe

Fig. 1. Diagram for determining wear in a disc brake mechanism

Wear diagram for liners

1 — brake drum; 2 — brake shoe

Fig. 2. Diagram for determining the wear of a drum brake
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As studies [3—7] show, in many cases, power-law wear laws in general form can be
accepted

yr=ky - p 9™ 1)

yo =Ky pT 9™ )

where: k1, k2 are coefficients characterizing the wear rates of the friction surfaces of bodies 1
and 2, respectively.

In the case of abrasive wear, the amount of wear is proportional to the pressure and the
friction distance (braking distance), and the exponents are m;; =m,; =1 [7].

In this case, the dependencies take the form
y1=K-p-9; )
y2=kKo-p-9. (4)

For a given relative velocity of the mating parts, every point on the friction surface has a
circular sliding velocity

dt : (5)

where: o = (jj—(tp — the angular velocity of one of the mating components (brake disc) relative to

the other component (brake pad) at the moment the vehicle brakes; p the radius of rotation of

the point in question, for example, R and Rcp (see Fig. 1 and Fig. 2).

Taking into account the geometric parameters of the disc brake mechanisms used on the
front axle and the drum brake mechanisms used on the rear axle of the passenger cars under
study, the design coefficients of the brake mechanisms were established and summarized in
Table 1.

Table 1. Values of design parameters for braking mechanisms
Braking mechanism

Vehicle Disc Drum
dl,b RC ’ Kla du1 D! a1 C1 ha K2a
mm | mm mm? mm mm mm mm mm mm?

Daewoo Lanos| 48 | 104.6 | 423.5 | 19.05 200 77 74 17.7 291
Lada Priora 50 | 1085 | 476.5 | 19.05 200 77 74 16 293

Chevrolet Aveo| 52 | 104.6 | 497 20.64 200 77 74 17.7 341
Forza 52 | 104.6| 497 | 20.64 200 77 74 18.6 340
Vida 52 | 104.6 | 497 | 20.64 200 77 74 17.7 341

We will determine the braking distance of a passenger car under the condition that the
kinetic energy of the car’s translational and rotational motion is dissipated by braking forces,
taking into account aerodynamic drag

Analysis of experimental results. To study changes in the wear of the friction surfaces of
the disc and drum brakes on the front and rear axles of the passenger cars under investigation
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(Daewoo Lanos, Lada Priora, Chevrolet Aveo, Forza, Vida), equipped with 185/70 R14 tires,
brake pads from two manufacturers were used (Fig. 3):

- Manufacturer 1,

- Manufacturer 2.

To avoid advertising, the manufacturers are not named.

Based on the experimental data, histograms of the wear distribution of the brake discs and
drums for the left and right wheels of each axle of the vehicle were constructed, as shown in
Fig. 3 in corresponding identical colors.

The wear of the brake discs and drums of the passenger cars under study occurred over a
braking distance corresponding to a mileage of 90,000 km.

U, Mm

4 I

3

5 J4

1 4 i

0 T -

No 1 Ne2 No3 Ne4
A B

No. 1 and No. 3 — disc wear (front axle);
No. 2 and No. 4 — drum wear (rear axle);
A — pads from Manufacturer 1;

B — pads from Manufacturer 2

Fig. 3. Histogram of the distribution of brake mechanism wear

Based on experimental data from the passenger cars under study, histograms (Fig. 4, Fig.
5) were constructed showing the distribution of the ratio of drum brake rotor wear to disc brake
rotor wear depending on the car model, designated as follows: 1 and 2 — Daewoo Lanos; 3 and
4 — Lada Priora; 5 and 6 — Chevrolet Aveo; 7 and 8 — Forza; 9 and 10 — Vida.

Analysis of the histograms (see Fig. 4 and Fig. 5) shows that under equal operating
conditions for the passenger cars under study, in whose brakes friction material from
Manufacturer 2 was used, the ratio of wear between drum and disc brake rotors ranges from
12.9% to 25.0%, whereas for vehicles equipped with friction material from Manufacturer 1, it
ranges from 17.5% to 33.8%. This means that the wear rate of drum brake rotors is 4-7.75
times lower than that of disc brake rotors from Manufacturer 2, and 2.96-5.71 times lower than
that of Manufacturer 1.

However, based on a comparison of the ratio of the corresponding minimum wear rates for
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friction materials, for example, from Manufacturer 2 and Manufacturer 1, which is 0.737, and
the corresponding maximum wear rates, which is 0.739, it can be concluded that the wear rate
of the friction surfaces of brake rotors from Manufacturer 2, is almost identical to that of rotors
from Manufacturer 1, and thus their service life is also nearly the same.

S, %
25
20 1]
15 41
10 17
5 1
0 -

1 2 3 4 5 6 7 S 9
Vehicle identification number

Fig. 4. Histogram of the wear ratio of drum and disc brake rotors (manufacturer 1)

1 2 3 4 5 6 7 S 9 10
Vehicle identification number

Fig. 5. Histogram of the wear ratio of rotors in drum and disc brake mechanisms (manufacturer 2)

Thus, an analysis of the histograms showing the distribution of wear ratios for the rotors of
drum and disc brake mechanisms indicates that the coefficients characterizing the wear rate of
the friction material from Manufacturer 2 and from Manufacturer 1 do not differ.

Prospects for further research. The authors consider promising areas of research to be
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those related to the study of wear in disc and drum brake mechanisms of passenger cars in
service.

3. Conclusions:

A methodology has been developed to determine the wear rate of the friction surfaces of
disc and drum brakes in passenger cars. However, this is possible only for known values of the
coefficient characterizing the wear rate of the friction material used and the braking distance of
the vehicle over a specific mileage.

Based on experimental values of brake friction surface wear for the studied vehicles, it was
established that the ratio of drum rotor wear to disc rotor wear in braking mechanisms using
friction material from Manufacturer 1 ranges from 17.5% to 33.8%, whereas for vehicles using
friction material from Manufacturer 2, it ranges from 12.9% to 25.0%.

Based on a comparison of the ratios of the corresponding minimum wear and maximum
wear for the friction materials of both manufacturers, it can be concluded that the wear rate of
the friction surfaces of brake rotors from Manufacturer 2, compared to the wear rate of rotors
from Manufacturer 1, and thus their service life, is the same.

Literature:

1. Yareschenko, N.V. Long-term forecasting of traffic speeds on highways [Text]: Ph.D. thesis in
Technical Sciences: specialty 05.22.11 “Highways and Airfields”. Kharkiv, 1999.

2. Uniform Technical Prescriptions for the Official Approval of Road Vehicles of Categories M,

N, and O with Regard to Braking (UNECE Regulation No. 13-09:2000, IDT): DSTU UN/ECE R
13-09-2002. [Effective as of July 1, 2005]. Official Publication (State Standard of Ukraine).

3. Volkov Vladimir, Nazarov Alexander, Nazarov Ivan, Shpinda Yevgeny. Nazarov Alexander.
Improvement of functional stability of brake systems of cars equipped with ABS: proceedings of
the 25th International Scientific and Technical Conference “‘EKO VARNA”. Varna, Bulgaria,
June 14-16, 2019. 102-107.

4. Nazarov Alexander, Shpinda Yevgeny, Sergienko Nicolay, Pogorilyi Igor. Relative increase in
the service life of disc brakes in motor vehicles: based on materials from the 26th International
Scientific and Technical Conference “EKO VARNA”. Bulgaria, Varna, October 8-10, 2020. Vol.
27, Part 1. 91-99.

5. Zhang J., Kong D., Chen L., Chen X. Optimization of control strategy for regenerative braking
of an electrified bus equipped with an anti-lock braking system. Journal of Automobile
Engineering. 2012. Vol. 226, No. 4. 494-506.

6. Zhao X., Ye Y., Ma J., Shi P., Chen H. Construction of an electric vehicle driving cycle for
studying electric vehicle energy consumption and equivalent emissions. Environ. Sci. Pollut.
Res. 2020, 27. 37395-37409.

7. Li D, Tan C., Ge W., Cui J., Gu C., Chi X. Review of brake-by-wire system and control
technology. Actuators 2022, 11, 80.

Contacts:

1 Ph.D. in Engineering, Associate Professor, Nazarov Oleksandr, Department of Automotive Transport Systems
Engineering, Kharkiv National Automobile and Highway University, e-mail:_hefer64@ukr.net

2 Candidate of Technical Sciences, Associate Professor, Serhiienko Mykola, Department of Automobile and Tractor
Engineering, Kharkiv National University “Kharkiv Polytechnic Institute”, e-mail: nesergienko@gmail.com

3 Candidate of Technical Sciences, Associate Professor, Kalashnikov Yevgen, Department of Intelligent
Measurement Systems and Quality Engineering, M.E. Zhukovsky National Aerospace University “Kharkiv Aviation
Institute”, e-mail: y.kalashnikov@khai.edu

4 Undergraduate student llya Pavlenko, Faculty of Automotive Engineering, Kharkiv National Automobile and
Highway University, e-mail: illiapavienkokh@gmail.com

73


mailto:%20hefer64@ukr.net
mailto:nesergienko@gmail.com
mailto:y.kalashnikov@khai.edu
mailto:illiapavlenkokh@gmail.com

TRANSPORT, ECOLOGY — SUSTAINABLE DEVELOPMENT (2026) 33, 74 - 77
MEXAYHAPOOQHA KOH®EPEHUMA ,EKO BAPHA® 2026

BJIIMAHUETO HA AOANTUBHOTO OKAYBAHE BBPXY
EKCNNOATALUUMOHHUA CPOK U ®YHKLUOHAJIHATA BE3OIMNACHOCT HA
NMPEBO3HOTO CPEACTBO

THE IMPACT OF ADAPTIVE SUSPENSION ON VEHICLE SERVICE LIFE AND
FUNCTIONAL SAFETY

Vyacheslav Pavlenko?, Vitaliy Pavlenko?

Abstract. The article investigates the influence of active suspension systems on the active safety and operational reliability
of modern vehicles. A comparative analysis of passive and active suspension systems was conducted using mathematical
modeling of dynamic loads. The author substantiates that the implementation of model predictive control (MPC) algorithms
allows for a 47% reduction in vertical body accelerations and a 54.2% reduction in pitch angular accelerations. Special
attention is paid to the correlation between dynamic stress amplitude and the fatigue life of vehicle structural
components. It is proved that reduced vibration loading contributes to an exponential increase in component
resource. Recommendations are formulated for transitioning to proactive maintenance strategies for active systems
to ensure a consistently high level of traffic safety.

Keywords: active suspension, traffic safety, operational reliability, fatigue life, model predictive control (MPC),
mathematical modeling, technical diagnostics.

1. Introduction:

The current stage of automotive development is characterized by stringent requirements for
active safety and operational reliability of vehicles. The key component determining these
characteristics is the suspension, which provides a flexible connection between the wheels and
the body. Traditional passive systems always represent a compromise between ride comfort and
handling, which limits a vehicle’s capabilities in extreme driving conditions.

An active suspension, equipped with an onboard computer and actuators, is capable of
controlling the vertical movement of each wheel individually in real time (Fig. 1). This allows not
only to neutralize the impact of road irregularities but also to dynamically adjust stiffness and
damping depending on speed, steering angle, and road surface conditions [1].
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\ 4
ACTUATORS
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» | Active force :
generators Pneumatic
i Electromagnetic

Fig. 1. Active suspension system architecture
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The relevance of this study stems from the need for a scientific justification of how the
transition to active systems affects the service life of the vehicle body and traffic safety. The
implementation of intelligent control algorithms minimizes roll and vertical acceleration, which
directly correlates with a reduction in fatigue stresses in the load-bearing structural elements.

The application of mathematical reliability models and dynamic load analysis makes it
possible to evaluate the effectiveness of such systems not only in terms of passenger comfort but
also as a means of extending the vehicle’s service life. The aim of this work is to analyze the
relationship between active suspension control parameters and indicators of the vehicle’s
technical condition under conditions of intensive use.

2. Description:

The assessment of the operational reliability of an active suspension is based on an analysis
of the probability that components will remain failure-free over a specified time t. For complex
technical systems [2], the exponential reliability model is the most appropriate:

P(t) =e ™, (1)

where: At is the failure rate, which, for active systems, depends not only on mechanical wear
but also on the reliability of the electronic control components.

To study dynamic stability, the differential equation of motion for the sprung mass of the
vehicle body is used; a conceptual diagram of this equation is shown in Fig. 2. In an active system,
unlike a passive one, an additional control force vector Feontrol(t) IS introduced, which allows for
real-time compensation of external disturbances:

m'2+c'(2_Q)+k'(Z_Q):Fcontrol(t)’ (2)

where: m — vehicle body mass; z and q — vertical coordinates of the vehicle body and the road
profile; k, ¢ — stiffness and damping coefficients.
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Reducing the amplitude of dynamic loads directly affects the fatigue life of metal structures.
The relationship between the stress amplitude oca and the number of cycles to failure N is
described by the Veller curve equation:

o+ N = const (3)

The use of active suspension allows for a reduction in the value of oa, which, due to the
exponent m, leads to an exponential increase in the service life N of the vehicle’s load-bearing
components.

The implementation of active suspension systems with modern Model Predictive Control
(MPC) algorithms [3] allows for a significant optimization of a vehicle’s dynamic performance. The
control is based on an optimization model that minimizes the cost function, whose parameters
are the state vector xk, the control input uk, and the weight matrices Q, R, and Qr. The matrix Q
accounts for the energy cost of the vehicle’s state deviation, while the matrix R limits excessive
use of drive energy. As a result, the algorithm enables the system to predict changes in the body’s
position in advance and generate the optimal control force to ensure maximum stability.

Simulation studies fully confirm the effectiveness of this approach. As shown in the
comparative frequency response graph (Fig. 3), the use of MPC algorithms reduces the vertical
acceleration of the vehicle body by 47 % compared to a passive suspension. At the same time,
there is a 54.2% reduction in pitch angular acceleration and a 15.5% reduction in roll angular
acceleration during cornering.

Reducing the amplitude of these accelerations is a key factor in improving operational
reliability. Passive suspensions often operate in resonance modes, leading to an uncontrolled
increase in vibrations. In contrast, an active suspension effectively suppresses resonance
phenomena, significantly reducing the amplitude of vibrations and inertial loads on structural
components. This smooths out shock impacts and minimizes microdeformations in materials,
preventing the rapid accumulation of fatigue damage.

. Passive Suspension
Passive Peak :
(Resonant Amplify: ~4) (high peak at resonant frequency)
o ___ Active Suspension
N (damped peak, 47% reduction)
= 47% .
2 , Peak Reduction
5 Active Peak Active Suspension
2 (Damped Amplify: ~2.1) Demping
&
= Improved Ride
= Comfort Zone
Resonant Frequency
Zone (1.5 Hz)
0.1 0.5 1 2 5 10 20

Frequency (Hz)

Fig. 3. Amplitude-Frequency Response Comparison

A comparison table has been developed to comprehensively assess the discrepancies
(table 1).
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Table 1. Comparison of the performance characteristics of passive and active suspensions

Description Passive suspension Active suspension

How it works Conversion of the kinetic energy of The use of additional energy sources and
vibrations into heat using springs and actuators to generate counteracting forces.
shock absorbers.

Adaptability It represents a fixed compromise and is It adjusts stiffness and damping properties in real
unable to adapt to changing driving time, compensating for roll and pitch.
conditions.

Impact on It causes peak stresses and accelerated Significantly dampens impact forces, minimizing

reliability accumulation of fatigue damage. the amplitude of cyclic stresses in critical

components.

Service For the most part, it involves replacing This requires a proactive approach and
worn parts only after obvious symptoms comprehensive monitoring of fluids and electronics
have appeared. using specialized tools.

3. Conclusions:

This study confirms that the implementation of active suspension is an effective means of
improving a vehicle’s active safety and operational reliability. Thanks to the use of model
predictive control (MPC) algorithms, it was possible to reduce body vertical accelerations by 47 %
and pitch accelerations by 54.2 %, which significantly improves the vehicle’s dynamic stability.

Mathematical modeling using the exponential reliability model P(t) = e* and analysis using
the Veller curve demonstrated that a reduction in the amplitude of dynamic stresses oa directly
leads to an increase in the fatigue life of the body’s load-bearing elements. Thus, the active
suspension acts as a damper not only for passenger comfort but also to preserve the integrity of
the vehicle’s metal structures.

It has been established that the transition to intelligent suspension systems requires a
paradigm shift in maintenance — from reactive repair to proactive diagnostics. The effectiveness
of such systems critically depends on the stability of electronic components and the cleanliness
of operating media (hydraulic fluids or air), which underscores the importance of using specialized
diagnostic tools.

Prospects for further research lie in the deeper integration of suspension systems with V2X
(Vehicle-to-Everything) technologies and cloud services to obtain preliminary data on road
surface conditions, which will allow for even greater optimization of vehicle energy efficiency and
durability.
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OBOCHOBKA U U3BOP HA KPI 3A CUCTEMMU 3A YINPABJIEHUE HA
NMbTHOTO ABUWXEHUE B TPAACKU MPEXWU

JUSTIFICATION AND SELECTION OF KPIS FOR TRAFFIC MANAGEMENT
SYSTEMS IN URBAN NETWORKS

Hennadii Ptytsial, Liudmyla Abramova?

Abstract. This publication presents the results of the selection of criteria and methods for the quantitative
evaluation of traffic management solutions in urban street and road networks. A comprehensive approach is
substantiated, integrating key performance indicators such as delay, capacity, environmental safety, and level of
service (LOS). Particular attention is given to the role of LOS as a universal criterion for assessing traffic conditions
across different network elements. The study highlights the effectiveness of traffic control measures based on
technical regulation tools and emphasizes the importance of analyzing critical traffic volumes to identify transitions
to congested conditions. The findings demonstrate that improving the performance of urban road networks requires
a system-based approach that combines infrastructure development, traffic management strategies, and socio-
economic planning.

Keywords: traffic management; level of service (LOS); traffic delay; traffic flow; traffic safety; urban transport
systems.

1. Introduction:

Road traffic, due to a combination of factors, is associated with significant negative social,
economic, and environmental impacts. Every year, hundreds of thousands of people are killed
in road traffic accidents, while tens of thousands are injured. During peak periods, traffic speeds
decrease to 5-10 km/h. This effectively undermines the fundamental concept of the automobile,
which is based on saving time in the transportation of passengers and goods through higher
travel speeds.

The recognition of the need for urgent intervention in this evolving process has made it
possible to formulate general directions for solving the problem. These directions involve
identifying cause-and-effect relationships between transport systems, the environment, and
society. This approach enables the development and implementation of measures aimed at
improving the efficiency of the transport process while minimizing its negative impacts. The
primary requirement for traffic management systems and road safety management systems is to
minimize travel time while ensuring traffic safety.

The rapid growth of the vehicle fleet and transportation volumes leads to an increase in
traffic intensity. In cities with historically developed urban structures, this results in the
aggravation of transport problems and an increase in the number of road traffic accidents.
Under such conditions, enhancing the role of public transport becomes one of the key
approaches to improving the overall efficiency of the transport system.

At the same time, the effective functioning of public transport requires the proper
development of infrastructure. It is necessary to create appropriate conditions for the movement
of both public transport vehicles and the general traffic flow. These conditions should comply
with the principles of efficiency and rationality.

Special attention should be paid to the organization of public transport stops and their
types, depending on planning and operational solutions. These locations are characterized by
complex vehicle maneuvering conditions. In addition, it is essential to ensure safe and
convenient conditions for pedestrian movement. This significantly affects both safety and traffic
speed.

Safety at public transport stops is one of the key priorities of their functioning within the
urban street and road network. These locations involve interactions between vehicles,
pedestrians, and passengers, who are the most vulnerable road users. At the same time, the
operation of stops should not significantly reduce the capacity of the street and road network.
Moreover, they must ensure a high quality of transport services.
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This study is devoted to the substantiation of criteria for improving traffic efficiency on
sections of the street and road network in medium-sized and large cities that include public
transport stops. The application of theoretically grounded criteria makes it possible to select
effective organizational and planning measures. In turn, this ensures an improvement in traffic
performance and contributes to the development of efficient traffic management systems.

2. Selection of Criteria and Methods for Quantitative Evaluation of the Effectiveness of
Traffic Management Solutions:

Various criteria for evaluating the efficiency of transport system operation have been
proposed by the authors of studies [1-6]. These criteria include economic indicators, road safety
indicators, environmental safety indicators, as well as indicators of the sustainability of the street
and road network functioning.

The wide range of practical tasks and diverse situations encountered in the design of
street and road networks necessitates the use of an extensive set of quantitative indicators. A
generalized set of indicators commonly applied in traffic management practice is presented in

[4].

In accordance with the objective of developing a methodology for evaluating the
effectiveness of a set of measures aimed at improving the performance of the street and road
network, it is advisable to apply a system of criteria and corresponding indicators (Table 1).

Table 1. Set of Criteria and Indicators Used for Evaluating the Effectiveness of Design Solutions in the Street
and Road Network

Criterion Quantitative Indicators
Average Delay
Total Vehicle Delay
Maximum Vehicle Delay
Queue Length
Road Network Density
Road Network Capacity

Delay and Queue Length

Capacity

Vehicle-Kilometers

Traveled Total System Travel Time

Carbon Monoxide Emission Rate
Environmental Safety NOx Emission Rate
Road Traffic Noise Level
Reduction in Road Traffic Injuries and Fatalities
Crash Risk Based on Total Traffic Conflict Load
Cumulative Economic Effect - Cumulative Effect over the
Analysis Period
Economic Effect Profitability Index — Benefit-Cost Ratio;
Payback Period - Time Required for the Cumulative Effect to
Become Non-Negative

Road Safety

Operational Stability of the

Street and Road Network Stability Coefficient

Level of Service - Volume-to-Capacity Ratio
Service Volume

Network Level of Service

Average delay is most commonly used as a criterion for optimizing traffic control at the
local level. Such applications include individual intersections, public transport stops, and other
elements of the street and road network. The value of average delay is closely related to traffic
volume, signal control parameters, and queue length. The accuracy of its calculation method is
of fundamental importance. This is because queue length and total delay are determined based
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on average delay. In the specialized literature, Webster's formula is recommended for practical
estimation of average delay.

Total delay is defined as the delay experienced by all vehicles over a given time period.
This indicator is used to assess the economic efficiency of the street and road network at the
city level or within individual urban districts. In contrast, average delay primarily reflects the level
of service for an individual vehicle.

At the level of the entire urban street and road network, approaches to efficiency
assessment remain ambiguous. A wide range of viewpoints and methods exists. In urban
planning practice, road network density is most commonly used as a key indicator. It is applied
in combination with regulatory requirements for streets of different categories. It is generally
assumed that compliance with these density standards ensures sufficient capacity.

Some design organizations use the concept of road network capacity. This indicator
represents the maximum number of vehicles that can simultaneously operate within a given
area.

Traffic engineering specialists often associate capacity exhaustion with the occurrence of
congestion. However, in practice, this approach does not provide a clear calculation method.
This is due to the need to define acceptable congestion parameters, including the number of
congested locations, their length, duration, and other characteristics.

Environmental safety indicators typically include total emissions of carbon monoxide and
nitrogen oxides per unit time. They also include the equivalent traffic noise level measured at a
distance of 7.5 m from the edge of the roadway. Most modern transport models allow the
estimation of total vehicle emissions both in urban environments and on interurban roads.

The effectiveness of road safety improvement measures is primarily reflected in the
reduction of losses caused by road traffic accidents. These losses are typically divided into
three groups. The first group includes losses associated with fatalities and injuries. The second
group covers material damage to vehicles, road infrastructure, and cargo. The third group
consists of societal costs. These include costs related to traffic disruption, as well as
expenditures of control authorities, courts, and law enforcement agencies.

The operational stability of the street and road network is defined as its ability to maintain
capacity when individual elements are partially or completely removed from the transport
process. Such disruptions may be caused by traffic accidents, failures of utility systems, mass
events, and other factors.

Level of service indicators are determined using methods of queuing theory. Their
calculation is typically complex and requires significant computational effort. Therefore,
simplified indicators, such as various forms of service coefficients, are often used in practice:

k=N/P 1)

where: N — Arrival Rate; P — Service Rate.

This indicator meets the requirement that a criterion should be understandable to a wide
audience and should be determined both through field observations and analytical calculations.
The indicator is referred to as the “Level of Service” and is defined as “a qualitative measure that
reflects such combined factors as speed, travel time, freedom to maneuver, safety, and driving
comfort” [1]. These definitions are presented with minimal changes in the editions of the Highway
Capacity Manual [4, 7] (Table 2).

Level of Service (LOS) is the primary criterion for evaluating the quality of traffic
management in European countries and in the United States. This indicator has been
incorporated into regulatory documents. At present, a comprehensive system of LOS indicators
has been established.

The Highway Capacity Manual [4] provides LOS measures for most elements of the street
and road network. For each mode of movement, including vehicular traffic and pedestrians, as
well as for each type of network element, specific indicators and corresponding evaluation
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methods are applied. These elements include road segments,
pedestrian crossings, and others.

Thus, traffic conditions for vehicles, pedestrians, and other users can be assessed across
different elements of the street and road network using a unified criterion. This criterion is the
Level of Service (LOS), also referred to as the level of comfort.

intersections, sidewalks,

Table 2. Levels of Service and Comfort Level Classifications

Level of \Volume-to- | Traffic Operating | Level of \Volume-to- | Traffic Operating
Service (LOS) | Capacity Ratio Conditions Comfort | Capacity Ratio Conditions
A <0,1 Free-Flow Traffic A <0,2 Free-Flow Traffic
. Partially
B >0,1 Steady Traffic b 0,2-0,45 Constrained Traffic
Flow
Flow
C 0.3 Steady Traffic B 0,45-0.7 Constrained Traffic
Flow Flow
Approach to .
D >0,7 Unstable Traffic I'-a 0,7-1,0 Saturated Traffic
Flow
Flow
Unstable Traffic Highly Saturated
E >1,0 Flow I-0 >1,0 Traffic Flow

The main areas of application of LOS indicators include [8]:

— operational analysis, which involves determining the level of service under given road and
traffic conditions, as well as developing traffic management measures and design solutions;

— design-stage analysis, which includes the evaluation of transport service quality based on
medium- and long-term forecasts, as well as the determination of design parameters of transport
infrastructure to ensure a specified level of service;

— planning-stage analysis, which involves assessing service quality in the context of long-
term forecasts and strategic transport system development.

According to [9], the street and road network can be considered as a queuing system. In this
case, the evaluation of the network and its individual elements can be reduced to two key
indicators. The first is capacity, defined as the maximum number of demands that the network can
serve. The second is the Level of Service, which reflects the quality of service provided.

The factors that determine the level of network loading are complex in nature. They result
from the combined influence of multiple, often conflicting, causes. Accordingly, the measures
aimed at regulating these processes must also be comprehensive. This requires a systems
approach. Such an approach encompasses socio-economic development planning, urban and
transport planning, traffic management and control, as well as road construction (Fig. 1)
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Figure 1. Factors Influencing Road Network Load

3. Conclusions:

The proposed approach makes it possible to develop recommendations for improving the
operational efficiency of a network segment. These recommendations are based on the analysis
of critical traffic volumes at which traffic flow conditions rapidly approach congestion.

It has been established that the evaluation of the operational efficiency of the street and
road network should be based on a comprehensive approach that integrates indicators of delay,
capacity, environmental safety, and level of service.

It has been determined that the Level of Service (LOS) is a universal criterion for assessing
the quality of traffic management across various elements of the transport network.

It has been found that the analysis of critical traffic volumes makes it possible to identify, in a
timely manner, the conditions under which traffic flow transitions to a congested state.

Based on the conducted review and research, it has been concluded that improving the
efficiency of street and road network segments requires a comprehensive and system-based
approach that takes into account infrastructure, organizational, and socio-economic factors.
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EPEKTUBHOCT HA IOTUCTUYHUTE CUCTEMU NPU AOCTABKA HA
NOCNEAHATA MUNA

EFFICIENCY OF LOGISTICS SYSTEMS IN LAST-MILE DISTRIBUTION
Natalia Ptytsial, Olha Abramova?, Valeriia Ptytsia®

Abstract. The article examines the modern features of the functioning of logistics systems for cargo delivery in the
context of increasing complexity of flow processes, the development of e-commerce and increased requirements
for the level of service. It is established that the increase in the volume of batch deliveries leads to an increase in
the number of operations, the complication of route networks and an increase in the load on the logistics
infrastructure. Based on the analysis of modern research, it is determined that a significant share of logistics costs
is formed at the last mile stage and at the points of interaction of elements of the logistics chain, where losses of
time and resources occur. The aim of the study is to determine the impact of logistics system parameters on cargo
delivery costs and develop practical recommendations for improving the efficiency of its operation. The work uses
mathematical modeling and regression analysis methods to assess the impact of key factors, including the density
of the retail network, service radius, market share, turnover volumes, and vehicle load factor. The obtained
parameter values show the nature of the influence and indicate the presence of rational areas of their values, within
which the minimization of logistics costs is achieved. The existence of optimal relationships between the number of
points on the route and the radius of half demand is proven. The practical significance of the results is that they can
be used to improve the efficiency of logistics planning, optimize delivery routes, and reduce last-mile costs. The
results of the study can be applied by retailers and logistics operators in conditions of uncertainty and limited
resources.

Keywords: logistics system, logistics costs, last mile; cargo delivery, optimization, logistics network, efficiency,
delivery system.

1. Introduction:

Modern logistics systems, particularly in the fields of distribution and product delivery, are
undergoing continuous transformation under the influence of the external environment and
digitalization. This is driven by the rapid growth of e-commerce and increasing requirements for
service speed and reliability. Under such conditions, the issue of improving the efficiency of
operational processes within logistics systems becomes especially relevant, as these processes
directly determine the performance of transport and warehousing complexes.

The growth in small-batch shipments, characteristic of both B2B and B2C segments, leads
to increased complexity of flow movement, a higher number of handling operations, and greater
pressure on distribution infrastructure. According to [1-2], global expenditures on logistics
operations exceed €300 billion annually and continue to grow due to the increasing complexity
of logistics systems. This indicates significant potential for efficiency improvement specifically at
the level of operational process organization.

At the same time, a key problem remains the presence of so-called “bottlenecks” at the
interaction points of logistics chain elements (handover points), where delays, time losses, and
information gaps occur. According to recent estimates, up to 13-19% of logistics costs arise
precisely from the inefficiency of such operations [1-2]. This confirms the need for a systematic
revision of approaches to organizing processes in logistics systems.

An additional factor exacerbating this issue is the operation of transport and logistics
systems under conditions of instability, particularly in Ukraine, where military actions
significantly affect infrastructure, routes, and resource availability. In such conditions, the issues
of adaptability, flexibility, and resource efficiency of logistics processes become especially
critical. Thus, there is a need to develop effective approaches to organizing and managing
operational processes in logistics systems that ensure increased productivity, cost reduction,
and resilience under conditions of high uncertainty [2, 3].

2. Analysis of literary data and statement of the problem:

Theoretical and applied aspects of logistics process organization are widely represented in
the works of leading scholars. A significant contribution to the development of supply chain
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management concepts was made by Martin Christopher, Donald Bowersox, and David Closs,
who substantiated the necessity of an integrated approach to managing material flows.

Modern research focuses on improving the operational efficiency of logistics systems
through [3-4]:

— optimization of warehouse processes;

— digital modeling and the use of digital twins;

— implementation of analytical management tools;

— automation and robotization of individual operations.

The use of digital models of logistics systems (digital twins) makes it possible to increase
the efficiency of warehouse operations by 20-25% even before the actual implementation of
changes [3, 5]. This indicates the significant potential of analytical approaches to optimization.

A separate research direction is related to improving the productivity of cargo handling
operations. According to recent studies, high-quality planning and automation of individual
processes can increase productivity several times; however, their effectiveness depends on the
structure of cargo flows and the level of their standardization [5, 6].

At the same time, the analysis of the literature shows that existing studies mainly consider
individual aspects of optimization, whereas the issue of comprehensive improvement of
operational processes in logistics systems, taking into account network expansion, remains
insufficiently explored. This is particularly important under conditions of instability and limited
resources.

3. Purpose and Objectives of the Study:

The purpose of this study is to determine the influence of logistics system parameters and
to develop practical recommendations for improving its efficiency in terms of logistics costs by
enhancing the organization of operational processes for cargo delivery.

4. Research results:

The functioning of logistics systems in modern conditions is characterized by increasing
complexity, driven by growing demand variability, shorter product life cycles, and the need to
ensure a high level of service. Under such conditions, system efficiency is determined not only
by the parameters of transport or warehousing operations separately, but also by the level of
their integration and coordination.

A key characteristic of modern logistics systems is the presence of a significant number of
interaction points between elements (logistics nodes), where material flows are transferred.
These points are often sources of inefficiency due to delays, information asymmetry, and lack of
coordination among process participants. It has been established that a substantial share of
losses in logistics systems occurs precisely at these stages, which necessitates their systematic
analysis and optimization.

An important direction for improving efficiency is the application of the process approach,
which involves considering a logistics system as a set of interconnected processes. This makes
it possible to identify bottlenecks, determine critical operations, and optimize resource flows.
One of the effective tools is the use of digital modeling, which allows the creation of virtual
replicas of logistics systems and testing of various operational scenarios. This provides the
ability to assess the impact of changes without risk to the real system and supports informed
managerial decision-making.

Particular attention should be paid to resource management issues. Modern logistics
systems operate under conditions of labor shortages and high costs of workforce engagement.
This necessitates increasing labor productivity through process optimization and the introduction
of flexible forms of work organization. An important aspect is also ensuring the adaptability of
logistics systems. Conditions of uncertainty require systems to respond quickly to changes in
the external environment, which can be achieved through flexible planning, resource
diversification, and the use of scenario-based management approaches.
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Improving the efficiency of logistics systems requires a comprehensive approach that
combines organizational, technological, and analytical tools.

A significant reserve for efficiency improvement is also the optimization of the spatial
organization of logistics facilities. Rational allocation of resources and flows reduces non-
productive movements, directly affecting system performance. As studies show [7], inefficient
planning of a logistics network leads to increased operational costs and reduced cargo handling
speed. The increase in the number of logistics facilities, the acceleration of product flows
throughout the supply chain, and changes in retail formats necessitate the application of a
systemic approach to organizing last-mile delivery processes.

With the increasing frequency of deliveries and the reduction in shipment sizes, the
efficiency of organizing grocery cargo delivery at the last-mile stage becomes particularly
important. This stage is the most cost-intensive element of the logistics chain, the share of
which, according to recent estimates, can reach 40-60% of total logistics costs.

The results of experimental studies presented in [8] confirm the existence of an extremum
in the function describing the share of logistics costs for batch cargo delivery depending on the
parameters of the delivery system. The obtained regression models demonstrate a sufficient
level of adequacy and statistical significance, which allows them to be used as a tool for
optimization.

It has been established that the key factors determining the efficiency of the grocery
delivery system are:

— the density of retail outlet locations;

— the average service radius;

— the market share of the network;

— the value of retail turnover in the region;

— the static load utilization factor of vehicles.

By adopting three levels of variation (minimum, average, and maximum) for the analyzed
factors, and using the mathematical model proposed in [7, 8], calculations of the share of
logistics costs for cargo delivery were performed for the three most common retail formats.

The analysis of the obtained dependencies [8] showed that the influence of most factors is
monotonic but nonlinear. In particular, an increase in the density of retail outlets requiring
delivery leads to a growth in the share of logistics costs. This is explained by the increased
complexity of the routing network, a higher number of stops, and rising operational costs.
Similar conclusions are consistent with studies in the field of last-mile logistics, which
emphasize that demand fragmentation is a key driver of cost growth.

An increase in the average service radius leads to higher transportation costs due to
longer routes and delivery times. At the same time, threshold values have been identified,
beyond which costs grow at an accelerated rate, indicating the nonlinear nature of this
relationship.

Conversely, an increase in the network’s market share contributes to a reduction in
logistics costs due to economies of scale, manifested in more efficient vehicle utilization,
consolidation of cargo flows, and optimization of delivery routes. This is consistent with modern
logistics concepts of scale efficiency.

From the perspective of improving the efficiency of delivery operations, particular attention
should be paid to the static load utilization factor, which is one of the most controllable
parameters of the system. The research results indicate that increasing the vehicle load factor
within the range of 0,7-0,85 significantly reduces logistics delivery costs. Thus, optimizing order
picking and cargo consolidation processes is an important direction for improving efficiency.

A relationship has been established between changes in logistics delivery costs and the
number of stops on a route, as well as the half-demand radius, for the main retail formats:
“‘Hypermarket,” “Supermarket,” and “Convenience Store” (Fig. 1). The analysis reveals the
existence of specific combinations of the number of stops and the half-demand radius at which
the share of logistics costs for delivery is minimized.
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Fig.1. Dependence of changes in logistics delivery costs (8, %) on the number of stops on the route (hs, units) and
the half-demand radius (rn, km)

The identified ranges of rational values for different retail formats indicate the influence of
store format on logistics costs in last-mile delivery, which is explained by differences in sales
volumes. Therefore, this factor should be taken into account when planning delivery processes.

6. Conclusions:

As a result of the conducted study, it has been established that the efficiency of logistics
systems under modern conditions is determined by the level of organization of operational
processes and the degree of their integration. It has been formulated that the greatest effect is
achieved through the comprehensive application of the considered approaches, which makes it
possible not only to reduce costs but also to increase the resilience of logistics systems under
conditions of uncertainty.

It has been determined that there exists a range of rational values of logistics parameters
for retail networks that influence logistics delivery costs at the last-mile stage. The obtained
results are of practical significance and can be used to improve the efficiency of logistics
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systems under modern conditions, particularly in the context of planning and ensuring effective
cargo delivery processes.
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ANWATHOCTUYHU XAPAKTEPUCTUKU HA ULUITMHOPOBO-BYTAJIHATA
’PYNA HA BEH3UWHOBUWUTE OABUI'ATEJIU HA ABTOMOBWI

DIAGNOSTIC FEATURES OF THE CYLINDER PISTON GROUP OF GASOLINE
ENGINES OF A CAR

Irina Saraieval, Kozlov Oleksandr 2, Andrii Sokhin3, Leontiev Denis*

Abstrsct. The task of diagnosing the engine is reduced to establishing the belonging of the technical condition to
one of two subsets - serviceable and serviceable or faulty, but serviceable. It is necessary to recognize and localize
the fault location. The analysis of the diagnostic and structural parameters of the engine's CPG is carried out. A
typical range of diagnostic parameters has been established for most modern gasoline engines.

Keywords: car, engine, diagnostics, cylinder, piston, clearance, compression.

1. Introduction:

When diagnosing a cylinder-piston group (CPG) of a gasoline engine without
disassembling it, there is a problem of correct diagnosis. First of all, this is due to both the
complexity of the design of the internal combustion engine (ICE) and the complexity of the
processes that accompany the conversion of thermal energy into mechanical work. The most
loaded elements that perceive both mechanical and thermal loads in the internal combustion
engine are the CPG and the valve group.

2. Statement:

The CPG belongs to the crank mechanism (KShM) and ensures the tightness of the
engine cycles. CPG includes cylinders, pistons and piston rings. The main factors under the
influence of which a change in the technical condition of the engine CPG occurs are: high
pressure of 3-5 MPa; high gas temperature up to 25000K inside the cylinder; relocation of the
piston in the vicinity of its top dead center (TDC) (figure 1).

| 222
NN

Fig. 1. The main factors affecting the wear of engine CPG parts: P — pressure; Q — heat load flows; M is
the moment causing the piston shift

The greatest load in this case is perceived by the upper compression ring, the piston
partition under this ring and the upper belt of the cylinder. The increase in pressure during
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combustion leads to a significant increase in the force of pressing the ring against the surface of
the cylinder and the lower surface of the piston groove. In this case, up to 50-60% of the total
heat released is removed through the upper compression ring. In order to ensure heat transfer
through the ring, the ring needs to fit snugly against the piston groove and against the cylinder
surface. In addition, the upper compression ring operates under conditions of greater oil
starvation than other rings, which is also a significant factor that increases the wear of both the
ring itself and the upper cylinder belt.

As the piston approaches TDC, under the action of the gas pressure force, the friction
force between the piston bosses and the piston pin increases. This causes the piston to rotate
along with the connecting rod, that is, the piston moves from one wall of the sleeve to the other,
the so-called piston shifting. The piston shifting near TDC, depending on the degree of wear
and the ignition timing, occurs with a strong shock impulse, which additionally loads the CPG.
Structurally, the moment of the beginning of the shift and the speed of the piston shift depend
on the displacement of the axis of the piston pin. It has been established that the displacement
of the piston pin relative to the piston axis by the optimal value (1-2.5 mm) leads to a decrease
in the wear of the cylinder liner in the upper zone by 20-23% and a decrease in ring wear by
28%.

However, the problem of wear and hence control of this wear remains. As a result of
thermal and mechanical loads, the upper compression ring acquires a characteristic cross-
sectional profile with an asymmetric barrel shape of the outer surface and a slight concavity at
the ends. The lower surface of the piston groove becomes conical with a rounded edge, and a
characteristic wear appears on the cylinder wall, in the vicinity of TDC.

If the above listed malfunctions are not eliminated in time, a stronger destruction of the
CPG occurs with a fracture of the piston rings and the formation of scoring on the surface of the
cylinder. The type of technical condition of an object is characterized by the conformity or non-
compliance of the quality of the object with certain technical requirements established by the
technical documentation for this object. There are the following types of technical condition:
serviceability and malfunction, operability and inoperability, correct functioning and incorrect
functioning.

The operation algorithm of the CPG is reduced to ensuring the tightness of engine cycles.
In this case, excess pressure from the over-piston space should not penetrate into the engine
crankcase, and oil should not flow from the crankcase into the combustion chamber.
Consequently, the CPG of the engine, which carries high thermal and mechanical loads, under
the influence of which the type of its technical condition changes, is serviceable if all the
elements included in this group are operational and function correctly: pistons, piston rings,
cylinders, and faulty if incorrectly at least one element from this group is functioning, which
leads to a violation of the tightness of the combustion chamber, oil entering it, a drop in
compression pressure in it and a breakthrough of gases into the engine crankcase.

Modern car engines, with rare exceptions, are multi-cylinder. The failure of a cylinder does
not mean a complete loss of performance of the entire engine. However, such a faulty, but
operable state of the engine leads to a deterioration in its design and operational
characteristics: power loss, reduced torque, increased consumption of fuels and lubricants.

The CPG of an engine, not without reason, can be attributed to a complex mechanical
object of diagnostics, in which the number of mating parts is proportional to the number of
cylinders, and the complexity of the processes accompanying the conversion of thermal energy
into mechanical work reduces the possibility of using accurate analytical dependencies. Direct
access to the structural parameters of the CPG is limited. The task of diagnosing the CPG is
reduced to establishing that the technical condition belongs to one of two subsets - serviceable
and operable or faulty, but operable, as well as recognizing and localizing the fault location.

The analysis of diagnostic and structural parameters of the CPG of the engine was carried
out [1-3]. A characteristic range of diagnostic parameters has been established for most modern
gasoline engines (Table 1.) [4,5].
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Table 1. Characteristics of the structural parameters of the CPG of modern gasoline engines of passenger cars

Names of controlled Nominal values of the Permissible Maximum possible
parameters parameter, mm parameter values, | values of the parameter,
mm mm
0,3-0,4 for upper 0,7-0,8 0,9-1,0
Piston ring gap 0,2-0,3 for medium and oil i )
scraper 0,7-0,8 0,9-1,0
0,4-0,5 for type-setting oll 1.2-1.4 15
scraper
Gap between piston and
ring at groove height 0,015-0.02 0,03-0,09 0,1
clearance between cylinder
and piston in the upper 0.02-0.05 0.06-0.09 0,12- 0,15

chord

Based on the compiled tables, we construct histograms of the distribution density of a
random compression value. The appearance of these histograms for both statistical series will
correspond to the normal distribution law (Figure 2).
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Fig. 2. Distribution density of random compression

Using the methods of mathematical statistics there were established: the mathematical
expectation (arithmetic mean) of a random value of compression for the first variation series will
be x=1,29MPa, for the second series will be x=1,256 MPa; the mode for both variational series is
Mo = 1.265 MPa; for the first variation series, the dispersion range is 0.561 MPa, for the second
row, 0.539 MPa; standard deviation for the first variation series o = 0.123MPa, for the second
series - 0 = 0.107 MPa; the variance for the first variation series will be o2 = 0.015, for the
second series it will be 02 = 0.0115; the coefficient of variation for the first and second rows,
respectively, will be V = 9.5%, V = 8.5%.

When diagnosing, such influencing parameters as engine speed, engine coolant
temperature, and the angle of rotation of the throttle valve were taken into account and
stabilized. We investigated as obviously well-functioning engines - new, after major repairs or
with low mileage, as faulty engines. Diagnosis of faulty engines was accompanied by
subsequent disassembly and measurement of structural parameters using special tools
(micrometers).

In the course of the experimental studies, the following malfunctions were most often
encountered: burnout of the exhaust valve; a loose fit of the valve into the seat due to the
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deformation of the stem or the absence of the provided thermal clearance; scuffs on the piston,
which correspond to scorings on the cylinder wall; occurrence or breakage of compression
rings; deformation and kink of the piston partitions. CPG malfunctions associated with cylinder
wear in the vicinity of top dead center, piston ring, and piston grooves were also encountered.

3. Conclusion:

To date, the most common, accessible and reliable are the methods of technical
diagnostics of the CPG, which give a general assessment of the tightness of the over-piston
space. However, these and other well-known methods do not provide the desired information
about the technical condition of the CPG and the tightness of the engine valves, due to the
inaccuracy and inconsistency of the information obtained, the reliability of which is 35-75%. At
the same time, the reliability of the diagnostic conclusion is largely determined by the
experience of the operator and, therefore, is subjective. The analysis of diagnostic and
structural parameters of the CPG of the engine has been carried out. A characteristic range of
diagnostic parameters has been established for most modern gasoline engines. The
appearance of these histograms for both statistical series will correspond to the normal
distribution law. Using the methods of mathematical statistics there were established: the
mathematical expectation (arithmetic mean) of a random value of compression for the first
variation series will be x=1,29MPa, the dispersion range is 0.561 MPa, for the second row,
0.539 MPa; standard deviation for the first variation series o = 0.123MPa, for the second series
- 0 = 0.107 MPa; the variance for the first variation series will be o2 = 0.015, for the second
series it will be 02 = 0.0115.
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OCOBEHOCTU HA AMATHOCTULUMPAHETO HA MEXATPOHHUTE
CUCTEMU HA ABTOMOBUIIUTE

FEATURES OF DIAGNOSING AUTOMOTIVE MECHATRONIC SYSTEMS
Vladimir Volkov?, Tetiana Volkova?, Maksym Levchuk3, Ruslan Shulha?*

Abstract. Mechatronics in transport represents the further development of process control automation, the
refinement of vehicle subsystems and components, and the implementation of flexible computerised systems within
the transport sector. Self-diagnostics is a standard feature of all microprocessor-based control systems. During
normal operation, self-test functions are performed in parallel with other functions, such as fuel injection and ignition;
suspension control; ABS/EBS operation, etc. Self-diagnosis involves meeting several requirements; using the
example of a mechatronic engine and transmission control system, the specific features of the technology for
diagnosing these systems are demonstrated.

Keywords: car, mechatronics, diagnostics, research methods, design principles

1. Introduction:

Mechatronics emerged as an interdisciplinary field through the convergence of mechanics
and microelectronics. It can be defined as the science concerned with the analysis and synthesis
of complex systems in which mechanical and electronic control devices are utilised to an equal
extent. All mechatronic systems in cars are divided into three main groups according to their
functional purpose [1]:

— engine control systems;

— transmission and chassis control systems;

— interior equipment control systems.

The engine control system is subdivided into petrol and diesel engine control systems.
Depending on their purpose, they can be either single-function or integrated. In single-function
systems, the electronic control unit (ECU) sends signals only to the injection system. Injection
can be continuous or pulsed (multi-phase injection). With continuous fuel supply, the fuel quantity
is varied by changing the pressure in the fuel line, whilst with pulsed injection, it is varied by the
pulse duration and frequency. In integrated systems, a single ECU controls several subsystems:
fuel injection, ignition, valve timing, self-diagnostics, etc.

The electronic control system for a diesel engine regulates the amount of fuel injected, the
injection start time, the glow plug current, and other parameters.

In a vehicle’s electronic transmission control system, the primary focus of control is the
automatic transmission. Based on signals from the throttle position sensor and the vehicle’s speed
sensor, the ECU selects the optimal gear ratio, thereby improving fuel efficiency and handling.

Chassis control encompasses the management of vehicle motion, trajectory changes and
braking. These systems act on the suspension, steering and braking systems to maintain the set
speed.

Control of the interior equipment is designed to enhance the vehicle’s comfort and consumer
value. To this end, the following are used: air conditioning, an electronic instrument panel, a
multifunctional information system, a compass, headlights, intermittent windscreen wipers, a bulb
failure indicator, a rear-view obstacle detection system, anti-theft devices, communication
equipment, central door locking, electric windows, adjustable seats, a safety mode, and more.

2. Aim and objectives of the work:

The crucial role played by electronic systems in a vehicle necessitates greater attention
being paid to issues relating to their maintenance. The solution to these problems lies in
incorporating self-diagnostic functions into the electronic system [2]. The implementation of these
functions is based on the capabilities of the electronic systems already in use in the vehicle for
continuous monitoring and fault detection, with the aim of storing this information and facilitating
diagnosis.
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3. Self-diagnosis of automotive mechatronic systems:

Advances in electronic engine and transmission control systems have led to improvements
in a vehicle’s performance. The control algorithms (programmes) for gear shifting in an automatic
transmission ensure the optimal transfer of engine power to the vehicle’s wheels, taking into
account the required traction and speed characteristics as well as fuel economy [2]. However, the
programmes designed to achieve optimal traction and speed characteristics and minimum fuel
consumption differ from one another, as it is not always possible to achieve both objectives
simultaneously. Therefore, depending on driving conditions and the driver’s preference, a special
switch can be used to select the ‘economy’ programme to reduce fuel consumption, the ‘power’
programme to improve traction and speed characteristics, or the ‘manual’ programme to switch
to driver-controlled gear changes. Figure 1 shows a block diagram of the self-diagnostic system
for automotive mechatronic systems [3].

The Electronic Control Unit (ECU) performs a self-test of its operation as follows: the
programmable memory chips are loaded with test patterns that can be recalled and used for
comparison. For memory devices, a comparison is made with the final test data to ensure that all
data and programmes are stored correctly within these devices. Self-diagnostic capabilities
include: system and ECU identification; recognition, storage and retrieval of information on static
and single faults; retrieval of current real-time data, including environmental conditions and
specifications; simulation of system functions; and programming of system parameters. Separate
programmes for the test unit are stored in plug-in modules, whilst data correction and transfer
within the system are carried out via a data interface.

The on-board monitoring and diagnostic system (OMDS), for example in a lorry [3], is
designed to:

— enable the diagnosis of on-board electronic systems via the ISO 9141 interface directly on
the vehicle;

— monitoring the axle load and operating modes of the vehicle;

— measuring the current time and, accordingly, displaying the monitored parameters and the
current time on the LCD display (screen) of the control unit installed on the instrument panel
without the use of external devices.

Self-diagnosis of automotive mechatronic systems
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Fig. 1. Block diagram of the self-diagnostic system for automotive mechatronic systems
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The BSKD system enables the diagnosis of a vehicle’s electronic systems (ABS/ASR,
ECAS, engine EDC) in accordance with the ISO 9141 protocol. Diagnostics includes reading data
from the non-volatile memory of electronic control units: control unit serial number; control unit
software version; control unit date of manufacture; reading the fault memory; clearing the fault
memory.

The diagnostic process begins with the initialisation of the systems — detecting them within
the vehicle’s electrical system. Upon successful initialisation, it is possible to: read the fault
memory; clear the fault memory; view data for the next detected system or exit to the main menu;
change the reading of the selected parameter; correct the current time; correct the current date;
and perform a number of additional functions.

One of the key features of the MAN D2866-LF2 engine fitted to the MAZ vehicle is the
inclusion of Electronic Diesel Control (EDC) — an electronic control unit (ECU) with a built-in
diagnostic system. Every time the ignition switch is turned on or off, as well as throughout the
entire period of engine operation, the ECU diagnoses the condition of the electrical circuits and
the parameters of the built-in sensors (temperature, boost pressure, etc.) and the engine’s fuel
injection system. In the event of a fault or a deviation from the set parameters, a warning light
illuminates, the engine operating mode is adjusted (for example, fuel supply is reduced, power is
lowered) and a fault code is stored in the ECU’s memory.

Fault codes are stored in two memory chips. One memory chip contains the codes, whilst
the other contains fault information that can only be read and erased using the MAN-CATs
computerised diagnostic system. Erasing the contents of the first memory chip does not affect the
contents of the second memory chip. At any one time, the memory of a single chip can only
contain information on five faults. Once a fault recorded in the memory of one microchip has been
rectified (or has disappeared), the information relating to it is automatically erased from the
memory of both microchips (provided that the fault has not recurred within 100 cycles of the starter
and instrument lock being switched on or off).

Basic EDC fault diagnosis can be carried out by pressing the EDC diagnostic button on the
instrument panel. In this case, fault codes are identified by the number and duration of flashes
from the ‘EDC’ warning light, and the types of faults are determined using the code tables.

In-depth diagnostics and system parameter setting (configuration) can be carried out using
the MAN-CATs computerised diagnostic system (CDS).

Simplified fault diagnosis using flashing light codes can be performed with the vehicle’s
engine either running or switched off. To enter diagnostic mode, press the EDC diagnostic button
for 3 seconds (but no longer than 10 seconds) and then release it. While the button is pressed,
the ‘EDC’ indicator light on the instrument panel illuminates; it goes out when the button is
released (this also allows the lamp to be checked for faults).

If there is a fault in the system, the ‘EDC’ light will start flashing 3 seconds after the button
is released, displaying a fault code using long (2 seconds) and short (0.5 seconds) flashes.
Initially, only the code for the single (most recent) fault is displayed. To display the code for the
next fault, press and release the EDC diagnostic button again. Continue this process until the
code that was displayed first reappears.

A timing diagram (Fig. 2) for codes 2—4 (fault in the idle switch of the fuel pedal position
sensor) is provided as an example of reading the light code.

After pressing and releasing the EDC diagnostic button, the following sequence occurs: a
3-second pause before the code is displayed; a long flash lasting 2 seconds; a 1-second pause
between flashes; a long flash lasting 2 seconds; pause between flashes — 5 s; four short flashes
of 0.5 s each with pauses of 0.5 s. After reading the codes and rectifying the faults, the fault
memory (light codes) is cleared. In doing so, all codes for rectified faults are erased from the ECU
memory. If any codes remain in the memory after clearing, this means that a fault has not been
rectified and its code can only be cleared once the fault has been rectified. If problems arise in
identifying the fault based on the flashing light codes, an analysis of probable causes and a
comprehensive EDC diagnosis are carried out using the MAN-CATSs diagnostic tool.
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Fig. 2. Light code timing diagram 2 —4

Computerised (in-depth) diagnostics of automotive electronic systems can also be carried
out using a specialised computer diagnostic system based on a laptop. Computer diagnostics
work can be carried out directly on the vehicle (in open areas), as well as in service centres and
vehicle repair workshops, workshops, technical inspection departments and laboratories. To
monitor the operation of vehicle systems under road conditions, for example during a test drive,
a notebook computer is usually used.

The principle of computer diagnostics (Fig. 3) is based on the following [3, 4]:

— the generation and transmission, under the control of a personal computer via a diagnostic
interface (adapter) compliant with the ISO 9141 standard, of electrical signals that establish
communication with a specific electronic control unit;

— receiving information from the electronic control unit via the diagnostic channel,

— converting the information into RS 232C signals;

— processing this data according to a specified programme and displaying the results on the
personal computer screen.

— SUEP unit — electronic suspension control
system

ABS/PBS unit — anti-lock braking system,
anti-skid system

«—p| SUED unit — electronic engine management
system

— B_SKD ur)it — on-board monitgring and
diagnostic system — electronic

! Computer diagnostic system I

Diagnostic interface — 1ISO-9141

Adapter |¢
RS-232

\ 4

PC or Notebook .

Diagnostic connector — ISO 9141

Fig. 3. Block diagram of computer diagnostics for the mechatronic systems of a MAZ vehicle with an engine MAN
D2866-LF20
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The 1SO-9141 diagnostic interface line is used to transmit commands and data to the
electronic control unit, whilst the line via the adapter is used to receive data from the electronic
control unit, relay it, and transmit it via the RS—-232C interface to the PC. When configuring the
system, this line can also be used to transmit data to the electronic control unit.

The diagnostic software allows you to obtain information about current system faults (active
faults), if any, as well as information about faults that have occurred but are not currently present
(passive faults). In addition, information can be obtained regarding the electronic control unit’s
serial number, its manufacturer and date of manufacture, software version, and the date of the
last parameter change. Data on the engine’s total operating hours (total number of complete
crankshaft revolutions, engine hours), including idling time, the vehicle’s total mileage, mileage
since the last service, etc., can be read from the engine management control unit.

4. Fault diagnosis and parameter setting using the diagnostic system MAN-CATS:

The MAN-CATs computerised diagnostic system (CDS) comprises: a notebook-type
computer; an 1ISO-9141 interface unit; an adapter unit; a set of connection cables; and software.
Information on the contents of the software versions is obtained in the same way after selecting
the specified mode. The CDS software is compatible with the Windows 11 operating system. The
software package includes an installation package and a suite of programmes for electronic
systems and their modifications. Communication with the ECU is carried out via a channel in
accordance with the 1ISO-9141 standard.

Once the software has finished downloading, the main menu of modes appears on the PC
screen: diagnostics; parameter programming in EOL (end of line) mode; system installation;
information on the contents of MAN-CATs software versions. After selecting the required
operating mode, for example ‘Mot’, in ‘Diagnostics’ mode and the EDC version, you can then
enter the dialogue mode with the PC, which allows you to perform system diagnostics or
parameter programming in EOL mode. System installation takes place after selecting the
specified mode and pressing the Enter key. At this point, information regarding the procedure for
using the installation disks appears on the screen.

5. Conclusions:

Self-diagnosis is standard for all microprocessor-based control systems. During normal
operation, self-test functions are performed in parallel with other functions, such as fuel injection
and ignition; suspension control; ABS/EBS operation, etc. Self-diagnosis is characterised by the
fulfilment of several requirements:

- monitoring the operation of complex systems and components. The increasingly complex
design of the engine makes self-diagnostic capabilities extremely important for detecting and
rectifying faults. The aim is to integrate the entire system into the diagnostic process;

- protection of assemblies and components that are particularly at risk in the event of faults.
For example, one might cite the protection of the catalytic converter, which reacts to misfires in
the engine. The system responds to a certain frequency of misfires by cutting off the fuel supply
to the faulty cylinder to prevent the converter from overheating;

- operation in an emergency situation is carried out using ‘default’ values. For example, if
the load sensor (which determines the mass air flow) fails, a signal is generated to replace it,
based on the crankshaft speed and throttle position;

- driver notification of faults in the diagnostic system via warning lights, displays and audible
warning devices. In the US, requirements for on-board vehicle diagnostics have been established.
In Europe, similar standards are being developed to detect faults in exhaust emission control
devices;

- Storage of accurate information. The system stores warning information and data on
specific faults in the ECU. The memory unit also stores data on engine operating conditions at
the time the fault was first detected. The type and completeness of the information are regulated
by ISO standards;
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- access to stored faults. Data stored in the self-diagnostic system’s memory whilst the
vehicle is in operation can be transmitted to a diagnostic bench with a display via a serially
connected multi-channel input (port). The communication protocols required for this are specified
in 1SO-9141 and 1SO-14230;

- The simplest method of transmitting fault data is a message in the form of a flashing code
on the instrument panel of the measuring equipment. This helps service personnel to speed up
diagnosis by narrowing down the range of possible sources of faults.
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CUCTEMMU 3A 3AABNXBAHE U TPAHCMUCUA HA NMPEBO3HU CPEACTBA

VEHICLE DRIVE AND TRANSMISSION SYSTEMS
Yuriy Zybtsev?, Pavlo Voroshylov?

Abstract. Drawing on test data obtained by the independent Swedish research institute Rototest, this study
presents a detailed statistical evaluation of torque losses in automotive transmission systems of different types and
configurations. The analysis is based on a large dataset including more than 600 vehicles manufactured between
1993 and 2010, covering both manual and automatic transmissions as well as various drivetrain layouts (FWD,
RWD, AWD). The measurements were carried out using hub dynamometers, which enable direct torque
measurement at the wheel hubs and avoid common inaccuracies associated with conventional chassis
dynamometers, such as tire slip and uncertainties in rolling radius.

The findings reveal a clear dependence of transmission efficiency on both transmission type and production period.
For manual gearboxes, the average efficiency is approximately 0.91 for vehicles produced before 2004, while for
models manufactured after 2005 it increases to about 0.96, indicating notable improvements in engineering
accuracy, materials, and lubrication technologies. In contrast, automatic transmissions demonstrate relatively
consistent efficiency values of around 0.89, generally exhibiting higher losses than manual systems, regardless of
drivetrain configuration.

The study further examines both modal and mean values of power losses across different vehicle configurations. It
is shown that front- and rear-wheel-drive vehicles equipped with manual transmissions tend to have lower losses
compared to similar vehicles with automatic gearboxes. Although automatic transmissions have evolved through
features such as torque converter lock-up systems and multi-gear designs, their practical efficiency improvements
remain comparatively modest.

Overall, the results highlight the significance of independent, statistically robust testing in assessing drivetrain
performance and offer valuable insights for manufacturers, engineers, and policymakers aiming to enhance vehicle
energy efficiency.

Keywords: transmission system, automobile, manual gearbox, automatic gearbox, wheel, front-wheel drive, rear-
wheel drive, all-wheel drive.

1. Introduction

The vehicle transmission is a fundamental component of the powertrain, responsible for
transferring torque from the engine to the driving wheels. Its performance has a direct impact
not only on the dynamic characteristics of a vehicle, such as acceleration, responsiveness, and
drivability, but also on fuel consumption, energy efficiency, and the overall environmental
footprint. As global regulations on fuel economy and emissions become increasingly stringent,
improving the efficiency of drivetrain components—patrticularly the transmission—has emerged
as a key focus for automotive engineers, researchers, and policymakers [1].

One of the primary metrics used to evaluate transmission performance is the efficiency
coefficient (EC), which is defined as the ratio of useful mechanical power delivered to the
wheels to the total power produced by the engine. This coefficient reflects the portion of engine
energy that is effectively converted into vehicle propulsion, as opposed to being lost through
internal friction, mechanical resistance, hydraulic drag, fluid interactions, and other parasitic
effects inherent to the transmission system. Accurate determination of EC is crucial for both
vehicle design and performance optimization, as it allows engineers to identify sources of
inefficiency, compare different transmission architectures, and guide improvements in materials,
lubrication systems, and control strategies [2].

Furthermore, the efficiency coefficient serves as a vital benchmark when assessing the
impact of new technologies, such as multi-speed gearboxes, dual-clutch systems, continuously
variable transmissions (CVTs), and torque converter lock-up mechanisms. By quantifying how
much energy is preserved and effectively transmitted to the wheels under real-world operating
conditions, EC provides a meaningful measure of how design choices, component quality, and
maintenance affect both the operational performance of the vehicle and its long-term
environmental impact. As automotive systems continue to evolve, particularly with the
increasing adoption of hybrid and electrified drivetrains, understanding and optimizing
transmission efficiency remains a central concern for achieving sustainable mobility goals.
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Transmission efficiency depends on numerous factors, including:

* transmission type (manual, automatic, CVT, dual-clutch),

« drivetrain layout (front-wheel, rear-wheel, or all-wheel drive),

* design features and manufacturing precision of components,

* lubrication properties and oil viscosity,

« operating conditions such as load, gear ratios, and driving modes,
 temperature effects and component wear over time.

Traditionally, transmission efficiency values are derived from standardized assumptions or
manufacturer-provided data, typically ranging from 85% to 97% depending on the system
configuration [2]. However, such figures are not always fully transparent and may fail to
represent real operating conditions. In some instances, manufacturer-reported values are
optimized for presentation purposes and do not adequately account for factors such as aging,
wear, or temperature-related losses in transmission fluids.

To overcome these limitations, researchers have increasingly adopted statistical analysis
approaches, enabling the evaluation of extensive datasets obtained from both laboratory
experiments and real-world vehicle measurements. Such methods offer a more objective and
reliable assessment of transmission efficiency, as they make it possible to analyze distributions,
determine average losses for different vehicle categories, and detect outliers that may indicate
mechanical issues or inconsistencies in the data (Fig. 1).
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Fig. 1. Deviation between manufacturer-specified performance parameters and wheel-dependent values [4,11].

One of the key organizations making significant contributions to the independent study of
transmission performance is the Rototest Research Institute in Sweden. This institute has
developed highly advanced dynamometer systems capable of measuring power output directly
at the wheel hubs [3]. By bypassing the use of tires and traditional rollers, this approach
minimizes many of the uncertainties and measurement errors commonly associated with
conventional chassis dynamometers, such as tire slippage, variable rolling radius, and drivetrain
compliance. As a result, it allows for a highly accurate and focused assessment of transmission-
specific losses, providing data that reflect the true performance of the powertrain without
interference from external factors.

The objective of this study is to examine the principles and applications of statistical
methods for evaluating transmission efficiency using publicly available datasets and results from
independent experimental techniques. By applying these methods, it is possible to quantify
average and modal losses, identify trends across different vehicle categories, and analyze the
impact of various design parameters and operational conditions on drivetrain performance.
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Furthermore, such analysis can reveal variations due to production year, transmission type, and
drivetrain layout, offering insights into the factors that most significantly affect efficiency [5].

A comprehensive understanding of real-world transmission efficiency is essential not only
for engineers and researchers engaged in powertrain optimization but also for policymakers,
fleet operators, and environmentally conscious users who seek to reduce fuel consumption and
emissions across the transportation sector. Reliable efficiency data support better decision-
making in vehicle design, maintenance practices, and regulatory planning. In addition, they
provide a scientific foundation for evaluating the effectiveness of new transmission
technologies, such as multi-speed gearboxes, dual-clutch systems, and torque converter lock-
up mechanisms, and for guiding the development of strategies aimed at improving energy
efficiency and sustainability in modern vehicles.

2. Analysis of Literary Data and Problem Statement

The study of resistance forces in automotive transmissions has a long and well-
documented history, spanning several decades of engineering research. As early as the 1930s
and 1940s [1], researchers formulated the first generalized estimates of mechanical
transmission efficiency. According to these pioneering studies, vehicles equipped with a single
driven axle demonstrated efficiency values ranging from 0.90 to 0.95, while multi-axle
vehicles—those with two or three driven axles—exhibited somewhat lower efficiencies, typically
between 0.85 and 0.90. These early findings provided the foundation for subsequent research
in transmission design and are still frequently cited in educational literature and applied in
engineering calculations and preliminary design evaluations.

In more recent decades, particularly in publications from automotive manufacturers,
efficiency values reported for modern transmission systems have often been significantly
higher, sometimes reaching up to 0.97 for advanced designs such as dual-clutch transmissions.
While these figures highlight the progress in transmission technologies, including improved
materials, precision manufacturing, and lubrication techniques, they are often presented in a
promotional context and may not always correspond to performance under real-world operating
conditions. This discrepancy underscores the challenge of obtaining objective, reliable data on
actual transmission efficiency, which is critical for both engineering assessment and policy
decisions related to fuel consumption and emissions [6].

Among the few independent and reliable sources of data, the Rototest Research Institute
in Sweden stands out. This organization has developed specialized dynamometer systems
capable of directly measuring torque at the wheel hubs, without relying on tires or rollers. By
removing common sources of error associated with traditional chassis dynamometers—such as
tire slip, rolling radius uncertainties, and drivetrain compliance—these measurements provide a
highly accurate estimate of losses that occur specifically within the transmission. This
methodological precision allows researchers and engineers to isolate the impact of transmission
design and technical condition on overall drivetrain efficiency, offering insights that are essential
for improving both vehicle performance and energy efficiency.

Moreover, the availability of such independent datasets enables statistically robust
analyses across a wide range of vehicles and drivetrain configurations. By comparing historical
benchmarks with modern measurements, it is possible to track the evolution of transmission
technologies, identify trends in efficiency improvements, and provide guidance for future design
enhancements. This combination of historical perspective, modern technological evaluation,
and independent testing forms a critical foundation for understanding real-world transmission
performance in contemporary automobiles.

3. Aim and Tasks of the Research
The aim of this study is to perform a statistical assessment of automobile transmission
efficiency using data obtained from bench testing.
To accomplish this objective, the following tasks were defined:
e to review relevant literature and assess existing information on transmission efficiency;
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et0 examine a dataset of publicly available results collected by the Rototest Research

Institute in order
e to determine average and most representative values of transmission losses;

e to compare efficiency levels across different transmission types (manual and automatic)
as well as drivetrain configurations (front-wheel, rear-wheel, and all-wheel drive);
e to investigate how transmission efficiency varies with the year of vehicle manufacture.

4. Research Results
In the statistical analysis of the dataset collected by Rototest, the characteristics of over

600 vehicles produced between 1995 and 2010 were examined (Fig. 2). The results represent
actual drivetrain losses, calculated as the difference between the engine's rated output and the

power delivered to the wheels.
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Fig. 2. Distribution of deviations between measured torque values and manufacturer-specified ratings [11].

Key guantitative findings:

e The average drivetrain losses were approximately 7-9% of the engine’s rated power.

e The most probable values (mode) of losses were 7% for torque and 9% for power.

¢ Vehicles with automatic transmissions exhibited an average loss of 12.3%, with a mode
of 10.75%.

e Manual transmissions generally experienced lower losses, particularly in more recent

models.
e Drivetrain layout (front- vs. rear-wheel drive) had a minor impact on efficiency, with

differences falling within the margin of statistical error.
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e All-wheel drive vehicles showed higher losses; however, the limited sample size prevents
drawing definitive conclusions (Tab. 1).

e Analysis by vehicle production year indicates that reductions in drivetrain losses were
observed only for manual transmissions.

Table 1. Average deviations between measured and manufacturer-specified torque values across different
passenger car categories [7]

[Transmission Type|| Drive Type |[Sample Size|Mean Loss (%)|[Mode Loss (%))
\ Manual HFront—WheeI Drive (FWD)H 396 H -7.302 H -8.333 |
| Manual |Rear-Wheel Drive RWD)| 69 || -823 | -8.7 |
| Manual | All-Wheel Drive (AWD) || 40 || -7.688 || -7.222 |
\ Automatic HFront—WheeI Drive (FWD)H 37 H -12.135 H -9.03 |
| Automatic  ||Rear-Wheel Drive (RWD)| 46 || -12.444 | -11.643 |
| Automatic || All-lWheelDrive (AWD) | 17 || -12285 | -150 |

5. Discussion of the Research Results

The analysis results confirm that actual transmission losses are strongly influenced by
both the design features and the technical condition of the system. The obtained data raise
guestions about the overly optimistic efficiency figures frequently cited in promotional materials
and manufacturer specifications, which often fail to reflect real-world performance. These
discrepancies highlight the importance of independent testing and statistically robust evaluation
methods for obtaining reliable data on drivetrain performance.

Despite the widespread introduction of torque converter lock-up mechanisms, automatic
transmissions generally exhibit lower efficiency than manual gearboxes. This reduced
performance can be attributed to their inherently more complex design, which includes hydraulic
systems, additional moving components, and higher internal friction. Furthermore, the efficiency
of automatic transmissions is less sensitive to improvements over time, as the benefits of
advanced control strategies, multi-speed designs, and lock-up features are partially offset by the
unavoidable energy losses inherent in fluid coupling and torque conversion [8].

In contrast, manual transmissions have shown a clear and consistent trend of decreasing
losses over the past decades. This improvement is likely due to several factors, including the
adoption of advanced bearing technologies, higher manufacturing precision, improved surface
finishes, low-viscosity transmission oils, and the development of next-generation synchronizers
that reduce friction during gear changes. As a result, modern manual transmissions
demonstrate substantially higher efficiency than their predecessors, particularly in vehicles
produced after 2005.

It is also important to emphasize that variability in transmission losses among different car
models can reach up to 25%. This variability arises not only from inherent design differences—
such as the number of gears, gear ratios, and drivetrain layout—but also from the condition of
individual transmission units, including wear, maintenance history, and operating environment.
Such a wide range of potential losses underscores the necessity of a case-by-case assessment
when evaluating the efficiency of a specific vehicle. It also illustrates that generalized efficiency
values, while useful for broad comparisons, may not accurately represent the performance of
any single automobile.

Overall, these findings demonstrate the critical interplay between transmission design,
technological improvements, and maintenance in determining real-world efficiency. They
highlight the need for ongoing research, independent testing, and the application of statistical
evaluation methods to provide engineers, fleet managers, and policymakers with reliable
insights for optimizing drivetrain performance and reducing energy consumption and emissions
in modern automobiles [9].
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6. Conclusions

Therefore, based on the analysis of modal values of transmission losses, the following
efficiency figures can be regarded as the most probable: manual transmissions, both front- and
rear-wheel drive, show an efficiency of approximately 0.91 for vehicles produced between 1995
and 2004, and 0.96 for those manufactured between 2005 and 2010. Automatic transmissions,
regardless of drivetrain layout, exhibit a lower efficiency of around 0.89. These results confirm
the significant influence of transmission type, design features, and production year on drivetrain
performance [10].

The findings also underscore the effectiveness of long-term engineering improvements in
manual transmissions, such as the use of advanced bearings, higher manufacturing precision,
low-viscosity oils, and modern synchronizers, which have contributed to the gradual reduction of
losses over the past decades. In contrast, the inherently more complex design of automatic
transmissions, with hydraulic systems and torque converters, limits their practical efficiency
gains despite technological advancements such as lock-up mechanisms and multi-speed
designs.

Additionally, the observed variability of transmission losses between different models—
sometimes reaching up to 25 % — highlights the necessity of considering both the technical
condition of individual units and specific design characteristics when assessing real-world
efficiency. Overall, these results provide a statistically robust foundation for evaluating
transmission performance, offering valuable insights for vehicle manufacturers, engineers, fleet
operators, and policymakers aiming to optimize energy efficiency and reduce emissions in
modern automobiles.
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EKCNEPUMEHTAJNTHO U3CNEABAHE HA CTTUPAYHOTO 3AKbCHEHUE HA
BENOCUNEA

EXPERIMENTAL STUDY OF BICYCLE BRAKING DECELERATION
Daniel lvanov?, Stoyan Stoyanov?

Abstract. This study investigates the braking deceleration characteristics of bicycles under various operating condi-
tions. The research aims to quantify the relationship between braking force, speed, and road surface type, and to
evaluate how these factors affect the overall stopping performance. Experimental tests were conducted using differ-
ent brake systems, including rim and disc brakes. The braking distance and deceleration were measured with high-
precision sensors and analyzed statistically. The results indicate that surface conditions and brake type significantly
influence braking efficiency, with disc brakes providing more stable deceleration under variable conditions. The find-
ings can contribute to improving the design of braking systems and enhancing cyclist safety.

Keywords: Bicycle dynamics, braking deceleration, braking performance, road safety.

1. BbBeaeHue:

M3cnegBaHeTo Ha AuHamMuMkata Ha COMpaHeTo Mpwu  BenocuneauTe npeacraBnssa
CbLLECTBEH acrekT OT UMHXEHEPHUTEe uscnegBaHua B obriactta Ha NbTHaTa 6e3onacHoOCT wn
aHanmsa Ha OBWXEHNETO Ha NPEeBO3HUTE cpeacTBa. Benocuneaute, KaTo NIEKM U KOHCTPYKTUBHO
OMpPOCTEHN TPAHCMOPTHWN CpeacTBa, NposaABaABaT KonebaHus B XxapakTepUCTUKUTE Ha criMpaHe B
3aBMCMMOCT OT peauua aktopu, BKMIOYUTENHO TUNA Ha CnupadHaTa CcuUctema,
B3aMMOENCTBMETO Ha rymaTa C NbTHaTa HacTusika, pasnpegeneHmeTo Ha MmacaTta Ha Bofaya u
yCrnoBusiTa Ha OKONHaTa cpeda. Bbnpekn HapacTBawoTO M3MNOM3BaHe Ha BerocuneguTe KaTo
YCTOMYMBO CPEACTBO 3a rpPafcKym TPAHCMOPT, €KCnepuMeHTanHuTe [aHHW 3a ChNuMpayHoTo
3aKbCHEHME OCTaBaT OrpaHMYeHn B CpaBHEHME C TE3M NMPU MOTOPHUTE NPEBO3HU CPEACTBA.

HacTtodwaTta paspaboTka mma 3a uUen ga u3cnenBa €eKCnepuMeHTanHo ChupayvyHoTo
3aKbCHEHME NMpuK Benocuneam B KOHTPONMpaHM YCroBus, KaTo Ce aHannanpa BIUSHMETO Ha Tuna
Cnnpayku, HavanHaTa CKOpPOCT N XapakKTEPUCTUKNTE Ha MbTHaTa HacTunka. Ypes nanonssaHeTo
Ha cneuManuaupaHa uaMepBaTtesfniHa anapaTypa ce Lenu 4a ce onpeaensaT XapakTepUCTUKNTE Ha
CNNPaYHOTO 3aKbCHEHME, KaKTO M Oa ce uaeHTuuumpaT OCHOBHUTE MapamMeTpu, KOUTO
onpeaenaT epekTMBHOCTTA Ha cnMpaHeTo. NonydeHnTe pesyntaTtn umaT NPakTUYEeCKO 3HaYEeHne
3a yCbBbPLUEHCTBAHE Ha cTaHaapTuTe 3a 6e30macHOCT Ha BenocuneguTte, onNnTMMU3aUnsa Ha
KOHCTpYKUMATA Ha CiMpavyHUTE CUCTEMM W pas3paboTBaHE Ha aHanuMTUYHM MeToau 3a
PEKOHCTPYKUUS HA MbTHOTPAHCMOPTHU NPOU3LLIECTBUS.

2. U3noxeHue:

CnupadyHOTO 3aKbCHeHVMe npencTaBnsiBa OCHOBEH MNapaMeTbp 3a OueHKa Ha
edeKTMBHOCTTA Ha CnNupayHaTa cMcTeMa Ha Benocmnega u cnocobHocTTa Ha Bogaya Aa 3anasm
KOHTPOJT MO BpEME Ha aBapUNHO UM KOHTPOSIMPaHO crnvpaHe. To okasBa NpPsiko BANAHWE BbPXY
cnMpayYyHMs NbT, YCTOMYMBOCTTA M pPUCKA OT MHUMAEHTU. PasnuyHn nscnenBaHusa pasrnexagart
TEOPETUYHU U CUMYIAUMOHHN MOLENN Ha npoueca Ha crnvpaHe, HO TOYHOCTTa Ha Te3n MoLenu
CUNMHO 3aBUCU OT EKCNepuMMEHTarnHO MNOTBbPAEHU BXOOHM [OaHHW, MNOMyYeHU NpU pearnHu
eKkcnnoaTauMoHHM YCroBuS.

EkcnepumeHTanHuTe uscneaBaHus ca OCbLUECTBEHM Ha XOPWU3OHTAreH MbTeH Y4acTbK
npu cyxa acdanTtoBa HaCTUIKa, KaTo ca U3NON3BaHW pPasfiMyHU MOLENN XuapasinyHu UCKOBU
cnvpayku. Benyku namepsaHusa ca OCbLUECTBEHU C eHa M Cblia HavanHa CKOpOCT Ha crnvpaHe
oT 20kmM/4, xapakTepHa 3a rpagcku ycrnosusi. Llenta Ha m3acnegBaHeTo e fa ce onpegenm
edPeKTUBHOCTTa Ha pasnUYHUTE CNUpayYHU CUCTEMU N Oa Ce HanpaBu CpaBHUTENEH aHanu3 Ha
TeXHUTe NokasaTenu Ha 6asa Ha peanHn N3MepBaHUs Ha CNMPAYHO 3aKbCHEHME U CNIUPAYeEH MbT.
EkcnepumenTute ca nposeaexu ¢ senocuneq “NS BIKES SNABB” (gur.1), obopyasaH ¢ 27.5”
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rymun, npegHo M 3aHO Bb3OYLLUHO OKayBaHe, MexaHuyHa TpaHcmucna “SRAM SX” n cnvpayHm
anckose ¢ gnameTbp 180mm. TernoTto Ha Benocunena € 16.3kr.

®dur.1. Benocuneg Ha mapkaTta “NS BIKES SNABB”.

Ha dwr.1 e nokasaHo MSCTOTO Ha 3akpenBaHe Ha ypeda Bbpxy Berocunega u
MECTOMONOXEHNETO Ha CeH3opa 3a yckopeHue. MamepBaTtenHarta anapaTtypa npeacTtaBnsisa
cucTeMa 3a permcrpaums Ha napaMeTpuTe Ha cnupadHus npouec. YpeabT e npegHasHayeH 3a
onpenensHe Ha CNMPaYHOTO 3aKbCHEHME U AMHaMuKaTa Ha cnvpaHe. Cuctemara nossonsiBa aa
ce 3anuncea B peariHo BpeMe MOMEHTHOTO YCKOpPEHWe, CKOPOCTTa Ha NMpPeBO3HOTO CPEACTBO U
cunaTta Ha HaTUCK BbpXy CriMpaykaTa OT Ha4yarnoTo Ha 3aelicTBaHe Ha crnvpayHaTta cuctema ao
MbIHOTO CNMpaHe.

B npoBeaeHeTo n3cnensaHe ca U3rnon3saHu ocemM Moerna XMapaBnMyHU IUCKOBU CMPaYdKy,
XapakTepusupallm ce C pasnuyHa KOHCTPYKUMS, matepuan Ha OyTtanarta, TMn XuapasnuvyHa
TEYHOCT M Maca Ha cnupadHua anapaT. OcHoBHaTa Len e Aa ce yCcTaHOBM BMUSAHMETO Ha
KOHCTPYKTUBHUTE U TEXHOMOTMYHU NapaMeTpu BbpXy epeKTUBHOCTTa Ha crnupadHus npouec. B
Tabnuua 1 ca npeacTaBeHn XapakTepUCTUKUTE Ha CiMpadkuTe.

Ta6bnuua 1. XapakTepucTUKM Ha cnnpadkuTe

Mogaea bpoii | Marepuan Pa3mep Ha Bun Terno
Ne Oyraja | Ha OyTajaTa oyrajarta XUAPABINYHA (0)
(mm) TEYHOCT
1 | Shimano BRM 2 Cromana 22 Munepanso maciio | 280
2 | Magura MT2 2 Cromana 22 MusnepanHo mMaciio | 245
3 Tectro 2 Cromana 20 Munepanso macio | 311
4 Sram Level 2 [1nactmaca 21 DOT 4 330
5 Shimano deore 4 Kepanika 2x17 Munepanno macio | 317
XT P 2x15
6 | Magura MT5 4 Cromana 4x17 MunepanHo macio | 255
7 TRP DHR 4 Cromana 4x16 Munepanso maciio | 309
8 Sram Code 4 Miactmaca 2x16 DOT 5.1 343
RSC 2x15
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Ha dwur.2 n gur. 3 ca nokasaHn KOHCTPYKTMBHUTE pasfivku Mexay 4yacT OT AByOyTanHuTe u
YyeTnpmnbyTanHuTe cnupadku.

a) Magura MT5 6) Magura MT2

®ur.2. [1syOyTanHu a) n yetupubyranHu 6) cnnpadkm Ha Mmapkata “Magura MT”.

a) Shimano BRM 6) Shimano deore XT

®dur.3. [1ByGyTanHu a) n 4yetupmnbyTtanHu 6) cnupaykm Ha mapkata “Shimano”.

CpaBHUTENHMAT aHanu3 Mexagy MogenuTe nokasea, 4Ye YyBenvyaBaHeTo Ha 06pos u
AnameTbpa Ha OyTanarta, KakToO M U3MNOoN3BaHEeTO Ha BMCOKOKAYECTBEHW MaTepuanu, okassaT
Npsiko BNUSHME BbPXYy €gEKTMBHOCTTA Ha cnupaHe. Pesyntatute OT eKCnepuMeHTUTe ca
nokasaHu Ha Tabnuua 2.

Ta6nuua 2. EkcnepvMeHTanHu pesynratm

Mopea Hayanuna | HM3muHarto CnupayeH nbT Cnupayno
e CKOPOCT HA | pa3CTOsIHHE 3aKbCHEHHE
B crpane
(km/h) (m) (m) (m/s?)
1 | Shimano BRM 20,05 25,17 4,74 3,27
2 | Magura MT2 21,36 29,71 3,27 5,38
3 Tectro 21,20 22,21 6,04 2,87
4 Sram Level 20,73 23,07 2,92 5,67
5 Shlma)rzpr deore 2121 2018 2,61 6,66
6 | Magura MTS5 22,64 20,78 3,14 6,29
7 TRP DHR 20,57 18,13 2,75 5,94
Sram Code 3,34 5,51
8 RSC 21,83 21,92
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HacTtoswmaT aHanu3 pasrnexga ekcrnepuMeHTanHo onpeeneHnutTe napaMeTpyu Ha
CnupayHMsi NpoLec 3a OCeM MoJena XvAPaBnusSiHA [AMCKOBM CNUpPaudkK, BKIHOYUMTENHO
ApyOyTanHu n 4eTupmnbyTanHn KOHCTPYKUMK. M3annTaBaHusiTa ca NpoBeAeHN HavarHa CKOpoCT
Ha aBukeHue oT 20KM/4, KaTo CNMPAHETO € N3BBLPLLEHO Ype3 eAHOBPEMEHHO Bb3AENCTBUNE BbPXY
npegHaTta v 3agHaTta cnvpayka. 3a BCekn MOAEeN ca M3MepeHU HayanHaTa CKopocT, UBMUHATOTO
pas3CcTosiHWE, CNUPaYHUS MbT U CPEQHOTO CNMPaYHO 3aKkbCHeHue. PesynTtaTtuTe, NpeacTaBeH B
Tabnuua 2, nokasBaT pas3nnuus B NOBEeAEHWETO Ha OTAENHWTE CUCTEMM, KOeTO MOoXe Ada ce
CBbpXE KaKTO C TEXHUTE KOHCTPYKTUBHM OCOBEHOCTW, Taka M C M30pa Ha matepwanu, Tvn
XVApaBnMyHa TEYHOCT U reoMeTpusi Ha OyTtanata. CpaBHUTENHMAT aHanu3 nokasea, 4e
CbLLECTBYBa siCHA HeNMHelHa 3aBUCMMOCT MeXZY CNMPaYyHOTO 3aKbCHEHWE U CMMpayvyHUst MbT.
Pesyntatute, noTBbpXKAaBaT, 4Ye 4YeTMpubyTanmHUTe XUAPABAMYHM OUCKOBU  CrMpayku
OCUrypsiBaT 3HAUYUTENHO MO-400pU OUHAMUYHM MoKasaTenu B CpaBHEHWe C ABYyOyTanHuTe.
TexHUTe KOHCTPYKTMBHU NpeaumMcTBa — no-ronsima edpekTMBHa nnoLy, no-4o6po pasnpeaeneHne
Ha HansraHeTo Ha XuApaBnMyHaTa TEYHOCT BOASAT A0 MO-BMCOKM CTOMHOCTM HA CMMPaYHOTO
3aKbCHEHME U NO KbC CMpPaYeH NbT.

3. 3aknro4yeHue

B pesyntat Ha npoBeAEHWETO eKCNepuMEHTaNHU W3cneaBaHUa BbpPXy ChMpavyHuTe
XapaKTepUCTMKN Ha pasnnyHn MOAENN XMApPaBINYHN ANCKOBM CNMPAYKN € HanpaBeHa UsinocTHa
OoLeHKa Ha TaxHaTa edqEeKTMBHOCT W AWMHAMUYHO MOBeAEeHVMEe MNpU peanHu YCrnoBus Ha
ekcnnoaTtauusi. anutBaHmMsiTa ca NpoBeAEeHV NpU efHakBa HadanHa CKOPOCT Ha cnuMpaHe OoT
20km/4. 3a u3mMeBaHe Ha OCHOBHMTE MapamMeTpu — CNMPaAYHO 3aKbCHEHME, CMpayvYeH MbT U
CKOPOCT € M3Moni3BaHa crneunanuanpaHa anapartypa, CbCTosa Ce OT CEH30p 3a YCKOpPEeHue 1
curHana.

AHann3bT Ha nNONyyYeHWTe pes3ynTaTm Moka3Ba OTYETNIMBA 3aBUCMMOCT  MexXay
KOHCTYKTMBHUTE  OCOOEHOCTM Ha CAMpayYyHUTE CUCTEMM U TAXHATa  €dEeKTUBHOCT.
YeTupubyTanHute cnupayvku AEeMOHCTpUpaT 3HAYUTENHO MO-BMCOKM CTOMHOCTU Ha CMMpaYHo
3aKbCHEHW M MO-KbC CMMpaYeH NbT B CpaBHEHME C ABYOyTanHUTe cuctemMn. ToBa ce ObJDKM Ha
no-ronsiMata eeKkTMBHa KOHTAKTHa NIoL, U paBHOMEPHOTO pa3npeaerieHne Ha HansiraHeTo.
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