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Study of influence of imprecision of primary information on energy consumption of
rolling stock

The energy efficiency of urban rail transportation systems is a crucial indicator, as traction energy
consumption typically accounts for 40-60% of the total energy consumption of the transportation
system. This study examines the sensitivity of energy consumption to deviations from nominal conditions
under the implementation of pre-calculated optimized trajectories for electric rolling stock, considering
rolling stock with operation modes typical for suburban and urban transport. To determine globally
optimal control strategies that minimize energy consumption while complying with operational
constraints, the study uses dynamic programming based on Bellman's optimality principle. The
optimization model divides the track section into discrete segments and uses the backward induction
method to establish optimal control laws, producing speed trajectories as functions of the train's current
coordinates on a given gradient profile. The trade-off between energy and time is represented by an
indefinite Lagrange multiplier to ensure adherence to the timetable. Sensitivity analysis is performed by
simulating inaccuracies in the estimates of the train's current coordinates and variations in its passenger
load. Modelling of a targeted braking system has been implemented so as to ensure stopping accuracy
in the event of measurement inaccuracies. Modelling was performed using three typical gradient
profiles, characteristic primarily of underground railways; for comparison, modelling was also
performed on a conditional section with a negligible gradient. The research methodology allows for a
guantitative assessment of the degree of energy overconsumption that may be caused by deviations in
train passenger load factors and errors in the estimation of the position of rolling stock (£25 meters),
which provides information for assessing the effectiveness of pre-calculated optimized trajectories in
real operating conditions.

Keywords: speed trajectory optimization, urban rail transport, energy efficiency, dynamic
programming.

Introduction. The reduction of energy consumption for a given traffic schedule is one of the most
important priorities for urban rail transport systems. Electricity costs typically account for a significant
portion of transport companies' operating costs, with traction energy accounting for approximately 40-
60% of total energy consumption in such systems.

Speed trajectory optimization is one of the viable approaches for minimizing energy consumption
through determining the optimal control strategy that minimizes power requirements. It relies on a
systematic search for the most energy-efficient combinations of traction, coasting and braking phases,
while satisfying schedule and safety constraints [1].


https://orcid.org/0009-0005-1139-3537
https://orcid.org/0000-0002-5977-8613
mailto:lyashenkovm99@gmail.com

e-ISSN 2617-9059 Transport Systems and Technologies, 46, 2025

Dynamic programming, based on Bolman’s optimality principle [2], is one of the most effective
methods for optimizing speed trajectories due to its ability to guarantee convergence to a global
minimum (within the margin of error of discretization). This method evaluates all possible control
sequences by breaking down the optimizations problem into a series of sequential recursive decision-
making steps, ensuring that the solution represents a truly optimal policy rather than a local minimum
[3]. This mathematical basis provides a theoretical guarantee of optimality.

However, the dynamic programming approach requires a backward calculation of trajectories,
starting from the final conditions and moving towards the initial state, which complicates real-time
updates and requires preliminary calculations for each section of track under consideration [4]. In
general, optimal trajectories must be calculated in advance for specific operating scenarios and saved
for subsequent implementation by automated train control systems. Dependence on pre-calculated
solutions becomes particularly problematic when considering that optimal trajectories are significantly
affected by changes in train mass, since in modern metro rolling stock, passenger load can account for
up to 40% of the total mass of the consist. These changes in weight directly affect the dynamic
characteristics of the train and energy consumption.

The purpose and tasks of research. The main goal of this study is to quantitatively assess the
sensitivity of energy consumption when operating on optimized trajectories, but with deviations from
the calculated conditions. Although existing optimizations methods can generate globally optimal
control strategies for specific scenarios, real-world driving conditions always involve a certain degree
of uncertainty. The study aims to analyze the gap between theoretical optimizations and the practical
application of calculated trajectories.

The study covers several interrelated tasks. First, to develop an algorithm for optimizing the train's
trajectory under given route conditions, rolling stock characteristics and operational constraints. Second,
to develop a model of rolling stock dynamics that allows for deviations of train characteristics from the
calculated ones, while maintaining the optimized motion trajectory. Third, to conduct a systematic
sensitivity analysis on different track profiles representing different operational complexities and to
guantitatively assess energy overconsumption caused by load variations and spatial positioning errors
within £25 meters. Through this comprehensive approach, the study aims to provide a practical
understanding of the reliability of pre-calculated optimal trajectories and to provide insights for decision
makers on acceptable limits for operational tolerances that maintain energy efficiency benefits under
real-world operating conditions in urban rail transport.

Analysis of recent research and problem statement. Numerous publications are devoted to the
problem of electricity consumption in rail transport, particularly in the metro, and its optimization.
General systematic approaches and reviews of energy-efficient control methods are presented in [5-7].
The main ways to reduce electricity consumption are to optimize the movement trajectory and/or
optimize schedules. Research in this area covers the application of various mathematical methods, such
as: Pontryagin's maximum principle [8-12], dynamic programming [1, 3-4, 13-16], as well as
evolutionary, heuristic, intelligent and other optimization algorithms [17-22].

A separate group of works focuses on increasing the stability (robustness) of optimal trajectories to
the influence of unpredictable factors, such as uncertainty of passenger load or changes in external
conditions [26-27].

At the same time, despite significant achievements, the number of works devoted to the quantitative
study of the impact of individual factors on the electricity consumption of rolling stock, in particular in
the context of implementing pre-calculated optimal trajectories in conditions that deviate from the
calculated ones, has been limited.

Research materials and methods. Trajectory optimisation for any vehicle is the process of finding
the relationship between the vehicle's speed v and its coordinates s or time t that minimises (or
maximises) a specific target value. As a rule, the task of speed trajectory optimisation is to find a
trajectory v(s) or v(t) that would minimise the total energy consumption A for the movement of vehicle.
Formally, in general, the task of optimization of the speed trajectory can be represented as:
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mi)nj'A(v(t))dt: t<T, v(t)<v (1)

where A(v(t)) is the energy consumption depending on speed trajectory v(t), KWh;
v(t) — speed trajectory as function of time, m/s;
t—time, s;
T, — target time on route (scheduled), s;
Vmax — maximum speed limited by traffic requirements or design speed of rolling stock, m/s.
To solve the optimization problem using dynamic programming, the continuous state x is divided
into a discrete sequence. Let Ji(X) be the minimum ‘cost’ from step i to the end of the grid, for state x,
then the Bellman equation

Ji(x)zmjn{li(x,u)+Ji+l(fi(x,u))}, )

where |; is a cost of singular step and f; is a function of change of state given control sequence u.

In dynamic programming optimization, a transition table J(x) and optimal control sequence u(i) is
calculated sequentially, moving backwards from the grid end. Resulting control sequence corresponds
to a specific speed trajectory X(i).

In this study, to optimize train speed trajectory, a given section of track with a length of S m is split
into n separate independent segments, with train movement considered as a function of distance. The
segments act as optimization steps. Each segment has a corresponding value of the gradient i, %o. The
segment length s,, m, (discreteness of the division) is specified in advance before modelling and is
selected to be sufficiently small (5-10 m) to reduce its impact on the accuracy of calculations. If a
segment contains a gradient break, it is further divided into two smaller segments, thus fully preserving
the longitudinal profile of the section.

The model used to optimize the train's trajectory (Figure 1) can be is of a network type [28] with
feedback loops and consisting of two main structural components:

¢ the model of rolling stock dynamics (train movement model) that reflects the impact of control
signal u(n) on train movement, taking into account its load, traction characteristics and gradient
conditions;

o the actual control and optimization model responsible for selection of the control signal u(n) given
the outputs of train movement model.

The criterion of optimality is reaching the final destination without exceeding the scheduled travel
time for the route Ty, s, and with minimal total electricity consumption A, kWh.

The motion of a train is described by the basic equation of train motion

dv F-B-T g

dt P (1+y) )

where F is tractive effort, kN;
B — brake force, kN;
W — total resistance, kN;
P — train weight, kN;
g — gravitational constant (9,81 m/s?),
y — rotating mass inertial coefficient (=0,12).
The weight of a train consists of the weight of the rolling stock itself and the weight of passengers

P =P, +0.7355-k, -C, (4)
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where P+ is the weight of the rolling stock (tare), kN;
0.7355 is average weight of a single passenger, KN (75 kg);
k is a coefficient of passenger load, 0...1;

C is maximum passenger capacity of a given train.

[— V(n), u(n)

Train dynamics ¢
subsystem FV)

T

V(n+1)u(n)
A(n) i(n)
V(n)
—»  Trackprofile  —i(n)
Optimized
u(n) —» control law

Vmax,
Tt
- n

Fig. 1. Structural diagram of the train trajectory optimization model

The system of equations describing the operation of the train traction drive on the n-th track section
is as follows:

min[ F,...F(V)], 0O<u<i;
F,=10, u=0; (®)
B Uy, —1<u<0,

where F, is tractive effort at n-th route section, kN;

Fmax is maximum tractive effort of a motor car subject to current limitation or wheel-rail adhesion, kN;
Bmax is maximum braking force of a motor car subject to current limitation or wheel-rail adhesion, kN
(it was conditionally assumed that Bmax = —Fmax);

F(V) is traction characteristics of a motor car depending on speed; V is speed, km/h;

un is a control signal (we hereinafter also refer to it as traction application coefficient for clarity) at n-th
section.

For the purposes of this study, the traction characteristics and rolling stock parameters of the 81-
7036/7037 model metro consist manufactured by PJSC ‘Kryukiv Railway Car Building Works’ were
used for modelling. The 5-car consist is equipped with an asynchronous traction drive with a traction
motor power of 4x180 kW per car.

The electricity consumption for passing any section of the route A,, kWh, can be determined as
follows during modelling

NS
A =< 3600-m " (6)
0, F <0,

10
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where N, is total developed power of the train traction drive on the n-th section (N, = Fn-Vh);

n is total efficiency of the traction drive (for asynchronous drives n=10,8...0,9; 0,85 was assumed for
modelling), At, is time to pass the n-th section;

3600 is conversion factor from seconds to hours.

With dynamic programming for each section of the route n all possible transitions between discrete
states of the system are calculated. This means that for every possible section entry speed V, calculations
are performed sequentially for different values of the control signal u,, whereby u, € [-1, 1]. For each
combination (n, Vi, un) using equations 5 and 3 the resulting speed at the end of the section V', and
electricity consumption A, are determined. This also allows to determine the time it would take for a
train to pass a single section t, S:

tn:Vn—nanv (7)
+
36 36

where s; is a length of n-th route section, m;
3.6 — conversion factor from kilometres per hour to metres per second. Given the small size of the
sections, the acceleration value on them is assumed to be constant.

Complete calculation of all valid combinations (n, Vi, un) allows the use of the recursive Bellman
equation, which will include a similar equation for the next section n+1, i.e. the conditional cost value
of passing through all subsequent sections

3, (ViU )= min {A +2-t, + ., (V) (8)

—1<u,<1
whereby the cost function of a single section n for control signal un is
L (Vauly) = A +2t,, (9)

where 4 is indeterminate Lagrange multiplier and is determined iteratively.

After passing through all n sections in reverse order, a table of costs for all possible combinations is
generated Ju(Vn, Un) by selecting for each section n such a u, which corresponds to lowest cost function
value J, moving backwards from the end state. Thus, an optimal control law for given conditions u(s) is
established.

The target trajectory is calculated for an average case with a passenger load coefficient of ki = 50%.
In real conditions, the load coefficient is a volatile value that cannot be measured with high accuracy,
so it is important to analyze how its deviation from the calculated value affects energy consumption,
provided that the automated train operation system follows the calculated trajectory. Similarly, the
current position of the train cannot be measured with perfect accuracy, so there are always certain
deviations, which will also affect energy consumption on the route. The sources of error in determining
the train's coordinates require further study, and the law of its change as a function of the distance
travelled is unknown; therefore, for this study, it was assumed that the coordinate error is a constant
value throughout the entire route.

Deviations in train weight and its current coordinates are entered into the motion simulation as
follows. When performing traction calculations (acceleration and deceleration values), the ‘actual’ train
weight P’ calculated using equation 4 with arbitrary passenger load coefficient ks is used. The train’s
position s is substituted with fictitious position coordinate s’

s'=S+As, (10)

11
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where 4s is an error of determination of current train position, in meters.

To ensure accurate train stopping at stations with a small enough deviation of the stopping point from
the target point, but with a high (and therefore energy-efficient) average deceleration value, a precision
braking system has been introduced into the train movement simulation. A schematic diagram of this
system is shown in Figure 2.

D, D, D, D,

Y
A

L

Yy

pb

A

Fig. 2. Layout of the train precision braking system

The system consists of three sensors D1, D2 and Ds. D4 indicates the designated stopping point of the
train. The distance from the stopping point at which precision braking is applied is marked as Ly, and
was established as 300 meters. When passing the first sensor D; the current train coordinate calculated
by the onboard systems is reset and set equal to S — Ly, m, i.e. the full length of the route except for the
distance of targeted braking. On the segment between the first D; and second sensor D, a calibration of
train coordinate measurements by onboard systems is performed by comparing them with a known
distance L.. This reduces the dependence of the braking trajectory on measurement errors. At a short
distance from the stopping point Ls sensor D3 again resets the current train coordinate, accepting it as
equal to S — L. The target speed of the train in the precision braking zone is determined as

v(s):3.6-,/2-d-(8—s), (11)

where v(s) is target train speed at coordinate s, km/h;

3,6 is conversion factor from m/s to km/h;

d is a target deceleration value during braking, m/c? (was established as 0,6 m/s?);

S is the length of the segment, m; s is current train coordinate (distance from the starting point), m.

Modelling of such a system has shown that it is resistant to various forms of measurement errors
(errors in speed measurement by an axial sensor, deviations in values Ly, Lc, Lst from calculated) and
ensures that the train stops with acceptable deviations from the stopping point [29].

To model train movement, three conditional types of gradient profiles were used: 1 (‘light’), 11
(‘medium’) and III (‘heavy’) developed on the basis of previous research findings [30]. They are
presented in Tables 1-3. Additionally, for comparison purposes, calculations were also performed for a
gradient profile with a constant gradient of 3%o and a length of 1000 m (‘type 0’ gradient profile).

Table 1. Type I conditional gradient profile (‘light’)

Isegme”t 150 200 200 200 150 100
ength, m
Gradient, %o 3 10 -3 3 10 0
Table 2. Type II conditional gradient profile (‘medium”)
segment |, 5 50 150 50 100 250 400 50 100
length, m
Grag'e”t’ 5 30 | -30 3 3 3 11 17 0
00

12
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Table 3. Type 111 conditional gradient profile (‘heavy’)

Segment | 55 | 59 | 200 | 200 | 50 | 100 | 50 | 300 | 400 | 50 | 50 | 100
length, m
Graoiloent, 5 | 5 | 3 5 3 | 3 | 11| 4 | 30 | 17 | 5 0

Examples of optimised speed trajectories and speed trajectories with measurement errors are shown
in Figures 3-6. Solid lines correspond to calculated trajectories; dashed lines correspond to trajectories

with errors.
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Fig. 3. Example of train speed trajectories on a conditional gradient profile of type 0 [average
speed — 40 km/h; actual passenger load coefficient — 1.0; coordinate estimation error — +10 m]
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Fig. 4. Example of train speed trajectories on a conditional gradient profile of type I [‘light’
profile; average speed — 25 km/h; actual passenger load coefficient — 0.2; coordinate estimation

error —-5m]
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Fig. 6. Example of train speed trajectories on a conditional gradient profile of type III [‘heavy
profile; average speed — 30 km/h; actual passenger load coefficient — 0.8; coordinate estimation

Any of the introduced errors in modelling the train's movement along a pre-optimized trajectory leads
to an increase in the amount of electricity consumed to cover the route. Sensitivity analysis, in which
different error values are entered into the system, allows to determine the impact of each of them on
energy overconsumption. To perform the sensitivity analysis, a speed of 35 km/h was taken as the base
average speed for the route (typical for metro operation); energy overconsumption ea is calculated

relative to it as
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where Ay, A are energy expenditures to cover the route along an optimised trajectory, in the absence of
errors, in the forward and reverse directions, respectively;
A%, A'r are energy expenditures to cover the route in the presence of train weight deviations and errors
of measured coordinates, likewise in the forward and reverse directions.

Margins for calculation of energy overconsumption sa were established as follows: passenger load
coefficient ks from 0O to 1, train coordinate measurement error s’ — from -25 to +25 M. The simulation
summaries are presented in Tables 4-7 and Figures 7-10.

Table 4. Energy overconsumption &a for ‘type 0’ gradient profile

Passenger load
coeff. 0 0,25 0,5 0,75 1
Coordinate error, m

25 2,2% 2% 1,9% 2,4% 3,5%
20 1,9% 1,8% 1,6% 2,2% 3,5%
10 2,0% 1,8% 1,7% 2,2% 3,2%

0 0,5% 0,1% 0,0% 0,5% 2,0%
-10 2,2% 2,1% 2,1% 2,3% 3,4%
-20 2,3% 2,2% 2,2% 2,3% 3,7%
-25 2,8% 2,8% 2,8% 2,9% 4,3%

w

N
|

N
|

-
|

Energy overconsumption (&), %
o w
&
I
|
|

w
o

Coeftficient of passenger load (k;)

Coordinate measurement error (As), m
Fig. 7. Dependency of energy overconsumption a on error of measurement of train
coordinate and train weight deviations for ‘type 0’ gradient profile

Table 5. Energy overconsumption ga for type I (‘light’) gradient profile
Passenger load
coeff. 0 0,25 0,5 0,75 1
Coordinate error, m

25 5,9% 5,5% 5,4% 6,2% 8,0%
20 5,2% 4,8% 4,6% 5,5% 7,3%
10 3,3% 2,9% 2,6% 3,4% 5,3%

0 0,4% 0,1% 0,0% 0,9% 2,9%
-10 3,5% 3,3% 3,3% 3, 7% 5,7%
-20 4,7% 4,6% 4,6% 5,0% 6,8%
-25 5,6% 5,6% 5,6% 5,9% 7,6%
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Coefficient of passenger load (k;)

Coordinate measurement error (As). m
Fig. 8. Dependency of energy overconsumption a on error of measurement of train
coordinate and train weight deviations for type I (‘light’) gradient profile

Table 6. Energy overconsumption ¢a for type II (‘medium) gradient profile
Passenger load
coeff. 0 0,25 0,5 0,75 1
Coordinate error, m

25 9,9% 10,1% 10,8% 13,7% 15,5%
20 8,3% 8,4% 9,2% 12,3% 14,2%
10 5,1% 5,2% 5,7% 9,7% 11,6%
0 0,2% 0,1% 0,0% 5,6% 8,2%
-10 3,7% 4,0% 4,4% 8,1% 10,4%
-20 5,7% 6,0% 6,6% 9,6% 11,6%
-25 6,8% 7,2% 7,8% 10,4% 12,4%

Table 7. Energy overconsumption &a for type III (‘heavy’) gradient profile

Passenger load
coeff. 0 0,25 0,5 0,75 1
Coordinate error, m

25 9,6% 13,1% 18,7% 32,0% 35,4%
20 7.3% 10,6% 15,4% 29,8% 33,6%
10 2,4% 5,1% 8,4% 24.5% 29,4%

0 -3,2% -0,7% 0,0% 18,6% 24,4%
-10 2,7% 4.7% 7,3% 22,4% 27,5%
-20 7,2% 9,4% 12,7% 26,0% 31,2%
-25 9,4% 11,5% 15,1% 28,1% 33,1%
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and train weight deviations for type III (‘heavy) gradient profile

Conclusions. In this study, energy consumption was analyzed for train operation along a trajectory
optimized for specific conditions with varying degrees of input data reliability (based on train weight
and its actual location). The analysis was performed for four typical profiles, varying in length and

gradient.

Based on the analysis, the application of the rolling stock trajectory optimization model using
dynamic programming by the backward induction method is substantiated. This method allows to obtain
a globally optimized control law within the limits of system discreteness. The cost function of each
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trajectory option is determined based on the “energy-time” balance using an indefinite Lagrange
multiplier, which is refined iteratively using the bisection method.

It has been shown that the speed trajectory optimization model has to be supplemented with a
simulation of train dynamics, in which the automatic driving system maintains a given trajectory, with
the trajectory being defined as a function of the train coordinate V = f(s). The division of trajectories
into “optimized” and ‘actual’ allows for deviations of the “actual” parameters from those for which the
optimization was performed and allows for the assessment of the impact of deviations on energy
consumption, i.e., the sensitivity of energy consumption to deviations from the calculated conditions.

The studies conducted made it possible to assess the degree of influence of the reliability of input
information on the increase in electricity consumption and the nature of the influence depending on the
profile category. As a rule, energy overconsumption increases with the complexity of the route profile
(its length and gradients) — from 4% on the easiest profile to almost 40% on the “difficult” profile. On
easy profiles, the greatest impact on overruns is the position measurement error. On heavier profiles, on
the contrary, the greatest impact is exerted by the train's passenger load factor.
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Oninka BIVIMBY HETOYHOCTEH NePBUHHOI iHGOopMaLii HA eHeProCNoKNBAHHSA
PYXOMOI0 CKJIaay

Anomauia. Enepeoeexmusnicms cucmem MicbK020 3ANI3HUYHO20 MPAHCROPMY € KPUMUYHO
BANCTUBUM NOKAZHUKOM, OCKLIbKU CHOJNMCUBAHMS eHepeii na msey 3azeuyail cmanosumsv 40-60% 6io
302a1bHO20 eHEP2OCNONCUBAHHA MPAHCNOPMHOI cucmemu. Y ybomy 00cniodicenHi po3ansioacmuvcs
YYMAUBICMb €HEPeOCHONCUBAHHA 00 GIOXUNEHb 610 HOMIHANLHUX YMO8 NpU pedanizayii nonepeouso
PO3PAX06AHUX ONMUMIZ08AHUX MPAEKMOPIU PYXY e1eKmPOPyXoM0o20 CKIAJY, pO32AA0A0YU PYXOMULL
CKA0 3 pedcumamu pooomu, munogumu Oisi NPUMICLKUX MA MICbKUX nepeseseHb. [[isl 6U3HAUEHHS.
2N00ANbHO  ONMUMATLHUX CMPpAamezitl Kepy8auHsl, AKI MIHIMI3VIOMb CHOJNCUBAHHS eHepeli npu
OOMPUMAHHI ~ eKCRIYAMAayiiHux — 0OMedcenb, 6 OOCHIONCEHHI BUKOPUCTOBYEMbCA  OUHAMIUHE
NpoCpaAMYBaHH HA OCHOGI Npunyuny onmumanvrHocmi berimana. Onmumizayitina moodensb po30inic
OLNAHKY KO HA OUCKPEmHE cecMenmu i BUKOPUCTOBYE MEMO0 360POMHO20 NPOX0OY OJisl 6CMAHOBNIEHHS
ONMUMANLHUX 3AKOHI8 YNPAGNIHMSA, CHMEOPIOYU MPAEKMOPIi wWeuoKocmi AK QYHKYIT NOMOYHUX
KOOPOUHAM noi30a Ha 3a0aHux n030064CHIX npoginsx nepeconis. Komnpomic misic enepeicio ma wacom
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npeocmasienull HegUIHAYEHUM MHONCHUKOM Jlacpanica 015 3a6e3neuerHss QOMmpUManis epapixoeozo
yacy pyxy no nepezony. Auaniz yymaueocmi 8UKOHYEMbCA ULIAXOM MOOENO8AHHA HemoYHOCmell 6
OYIHKAX NOMOYHUX KOOpOUHam noizoa ma eapiayili U020 NACANCUPCHLKO20 HABAHIMANCEHHS.
Mooentoganms cucmemu NPUYITLHO20 2ATbMYBAHHS OVII0 Peani3o8ano MaKum YUHOM, woo 3abe3neyumu
MOYHICMb  3YNUHKU Y  BUNAOKY HemouHocmi eumiproeanv. Mooentosanua npoeoounocs 3
BUKOPUCMAHHAM MPbOX MUNOBUX Npoinie nepezownis, XapakmepHux, 6 neputy uepzy, O
MemMpPONONIMeHis;, Oisi NOPIGHSHHS MOOEMIOBAHHA MAKONC NPOBOOUNOCS HA YMOSHIU OilsHYi 3
HE3HAYHUM NOCIUHUM YXUIoM. Memoouxa 00cniodcenHss 00360J5€ KiNbKICHO OYIHUMU CHYNiHb
nepesumpam euepeii, AKi MOXCymb Oymu CnpuyuHeHi GIOXUNEHHAMU 6 3a8aHMAMCeHHi noi30ie
nacaxicupamu ma noxXuoKamu 6 OYiHYi NOJOJNCEHHST PYyXomozo cknady (£25 mempis), wo Haoae
iHGhopmayito 0ns OYiHKU egheKMUBHOCMI NONEPeOHbO PO3PAXOBAHUX ONMUMIZ08AHUX MPAEKMOPIU 6
DeanbHux yMoeax eKCcniyamayii.

Knrwouosi cnosa. onmumizayis mpaekmopii  pyxy, MICbKuii 3aMI3HUYHUL  MPAHCNOpM,
eHepeoepexmueHicmy, OUHAMIUHE NPOSPAMYGAHHSL.

Jlama nepuioco naoxooacennss cmammi 0o sudanns 28.09.2025

Hama nputinamms 0o opyky cmammi 03.11.2025
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Comprehensive analysis of the sensitivity and criticality of power equipment elements of
urban electric transport to operational factors based on structural-functional ranking

The article presents a comprehensive reliability analysis of the power equipment of urban electric
transport, including traction electric motors, inverters, cable—terminal connections, and cooling
systems. Based on a literature review, the strengths (development of non-invasive diagnostic methods,
application of machine learning algorithms, and formation of combined maintenance strategies) and
weaknesses (limited statistical data for urban fleets, sensitivity of algorithms to noise, insufficient
integration with risk management) of current research were identified. A conceptual model of integrated
reliability management is proposed, combining multi-source data collection, FMEA-lite methodology,
Pareto analysis, and the development of an Action Plan. The analysis results revealed that the highest
RPN values are associated with external factors (moisture, overloads) and critical components such as
bearings, windings, and cable connections. A Matlab/Simulink model was developed to simulate
vibration diagnostics of traction motor bearings, confirming the effectiveness of envelope analysis for
early defect detection. The Action Plan implementation reduced average RPN values by 25 —40%,
proving the practical value of the methodology for transport depots. The obtained results provide a
foundation for the transition to predictive maintenance and the enhancement of operational reliability
in urban electric transport.

Keywords: urban electric transport; power equipment, reliability,; diagnostics;, FMEA-lite; Pareto
analysis; vibration monitoring, Matlab/Simulink; Action Plan, Predictive Maintenance

Introduction and Problem Statement. The efficiency of urban electric transport operation is largely
determined by the operational reliability of its power systems. This complex includes not only traction
electric motors (TEMs) but also inverters, converters, cable connections, protective equipment, and
cooling systems. It is their combined reliability that determines the level of technical readiness of the
rolling stock, the duration of inter-repair intervals, and the safety of passenger transportation.

Under conditions of intensive operation in the urban cycle, power equipment is subjected to dynamic
loads, moisture, road vibrations, contamination, and temperature fluctuations. For traction electric
motors, this is manifested in bearing wear, degradation of insulation, and brush-commutator unit
failures. For inverters and power electronics, it appears as breakdowns of IGBT/MOSFET switches,
capacitor aging, and damage to EMI filters. For cable networks and connections, it results in local
overheating and corrosion of joints. Insufficient monitoring of these elements leads to emergency
shutdowns, increased downtime, and additional maintenance costs.
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Current research in the field of urban electric transport diagnostics is mainly focused on individual
units, primarily on traction electric motors. Methods of vibration analysis, motor current signature
analysis (MCSA), thermal diagnostics, and machine learning algorithms are employed. Their advantage
lies in the ability to detect defects at an early stage; however, the limitation is insufficient integration
with risk management systems and the maintenance of the entire power equipment complex.

In this context, the application of systemic risk assessment methods becomes relevant, as they enable
a comprehensive analysis of both traction drive units and peripheral power subsystems. Among such
methods, particular importance is attached to FMEA (Failure Mode and Effects Analysis) and Pareto
analysis. The combination of these approaches makes it possible not only to identify critical components
and failure factors but also to outline groups of vehicles that account for the largest share of incidents
under real operating conditions. This provides the foundation for developing an Action Plan—a targeted
program for the maintenance and modernization of the entire power equipment complex of urban electric
transport.

Literature Review. Current research in the field of urban electric transport reliability is focused on
several key directions.

1. Diagnostics of traction electric motors (TEM).

A significant share of studies is devoted to bearing assemblies, which account for the largest
proportion of failures. The authors of [1] demonstrated the effectiveness of modern signal processing
methods for detecting faults in induction motors; however, the study did not address cable and switching
elements, which also affect reliability.

Researchers in [2] confirmed the feasibility of localized analysis of spectral characteristics for
different types of machines, though the study is limited to laboratory conditions without considering
urban transport operating modes.

In [3], the wavelet transform was applied in combination with ensemble machine learning models,
which ensured high accuracy in defect classification, although the algorithms showed sensitivity to noise
factors.

Additional studies [4] have shown that deep learning algorithms provide high accuracy in defect
classification; however, their effectiveness decreases significantly under noisy conditions and with
changes in operating modes, which limits their practical application in transport depots.

The review [5] summarized approaches to early fault detection based on current signals; however,
the influence of complex transient modes of real operation was not taken into account.

2. Reliability of inverters and power electronics.

The authors of [6] proposed a unified methodology for structural failure analysis of sensors in
PMSM, which directly affects the operation of power converters; however, the emphasis was placed
solely on sensors without analyzing key power components.

In [7], failures in electric vehicle drives were systematized, with particular attention given to IGBT
modules and capacitors, but the specifics of urban transport were insufficiently addressed.

The researchers in [8] substantiated the feasibility of a hybrid maintenance strategy for inverter
systems, although the practical implementation algorithms remain generalized.

The authors of [9] demonstrated that cyclic thermal loading is the main factor in IGBT degradation
in traction converters; however, the combined influence of moisture and vibrations was not considered.

In [10], the failure mechanisms of power converters in electric transport were analyzed, but the study
was limited to a qualitative description without a quantitative risk model.

3. Failures of cable connections and switching equipment.

Under conditions of moisture and dust, defects in cable lines and terminal connections are common.
Domestic researchers emphasize their contribution to overall reliability. In particular, the author of [11]
developed methods for monitoring the parameters of traction electric motors, but focused only on motor
components. In a subsequent study [12], the same author proposed algorithmic models for reliability
assessment, although these have not been integrated into depot practice.
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The author of [13] highlighted the importance of selecting an electric motor with consideration of
reliability and the condition of cable connections; however, the study did not account for the influence
of external operating conditions.

The authors of [14] investigated cable insulation degradation in electric transport, but the study did
not address long-term failure statistics in the urban cycle.

4. Cooling and thermal modes.

In [15], researchers integrated FMEA with sensitivity analysis to evaluate thermal risks, but the study
was conducted mainly for railway systems.

In [16], an autoencoder model was applied to detect failures in high-speed trains, yet this approach
has not been adapted for urban electric transport.

The authors of [17] summarized the challenges of thermal management in high-power traction
systems, but the work is focused primarily on cooling technologies without evaluating economic aspects.

In [18], the researchers integrated FMEA with sensitivity analysis to assess thermal risks; however,
the study is limited to railway systems and gives little attention to the specifics of urban transport, as
well as to integration with practical risk management systems.

5. System approaches to reliability management.

The authors of [19] compared the reliability indicators of electric buses in municipal systems, but the
study covers only one region and has a limited sample size.

In [20], diagnostic features were used to predict traction motor failures, but the model does not take
into account the influence of cooling systems and inverters.

The European standard CENELEC EN 50657:2017 [21] defines requirements for software and
reliability control in transport systems, but its implementation in municipal transport of Eastern
European countries has not yet been fully realized.

Thus, the strengths of modern studies can be identified as follows:

— the development of non-invasive monitoring methods, in particular MCSA and vibration analysis
[1-3];

— the application of machine learning and deep learning algorithms for defect detection and failure
prediction [5], [16], [18];

— the formation of combined maintenance strategies that integrate preventive and condition-
oriented approaches [7], [8], [10];

— the analysis of operational reliability under urban transport conditions, including the assessment
of failure statistics and diagnostic features [11], [12], [19], [20];

— the development of unified methodologies for structural failure analysis in power systems [6];

— the emphasis on the importance of cable connection condition in the reliability of traction electric
motors [13];

— the generalization of cooling and thermal management issues in traction systems [17];

— the consideration of international reliability standards in transport systems (EN 50657:2017) [21];

— the application of algorithmic methods for optimizing diagnostics and failure prediction [15].

However, the weaknesses remain as follows:

— limited statistical data on power equipment, specifically in urban electric transport [7], [8], [10];
sensitivity of algorithms to noise factors and transient modes [3], [4];
insufficient integration of diagnostics with risk management systems [18];
underestimation of failures in cable networks and inverters in practical studies [9], [10], [14];
— lack of adaptation of international standards to operating conditions in Eastern Europe [21];
shortage of comprehensive studies that would take into account the interaction of all subsystems
(traction motors, inverters, cables, cooling) within a unified model [6], [17].

Research Aim and Objectives.

The aim of the study is to improve the reliability and operational efficiency of the power equipment
of urban electric transport by integrating the results of FMEA analysis and the Pareto method to develop
a targeted Action Plan for maintenance and modernization.

Research objectives:
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1. To identify critical units and operational factors that most strongly affect power equipment
failures (bearings, windings, terminal—cable connections, inverters, capacitors, cooling systems, power
quality, moisture, overloads, thermal cycles).

2.To apply the FMEA-lite methodology to rank possible failures by severity, occurrence, and
detectability, calculating an integral risk indicator (FMEA-LITE) for all major components of the power
system.

3. To perform a Pareto analysis based on failure statistics in the depot in order to determine groups
of rolling stock with the highest number of critical failures.

4. To compare the results of FMEA and Pareto, establishing the relationship between nodal defects
and the groups of vehicles in which they most frequently occur.

5. To develop a comprehensive Action Plan — a system of priority measures for maintenance and
modernization of power equipment—that ensures a reduction in failure risk and optimization of depot
costs.

Research material. Within the power equipment of urban electric transport, the most studied and
critical element is the traction electric motor (TEM). It accounts for a significant share of failures and
determines the operability of the entire electric drive. Therefore, the analysis of the main components
and external factors influencing TEM reliability is advisable to perform first.

The reliability of traction electric motors (TEM) in urban electric transport is determined by the
condition of their main structural components and the influence of external operational factors. The
analysis highlighted several critical elements whose failure most frequently leads to downtime and
emergency shutdowns.

The main components of TEM include:

— bearings, which are subjected to high mechanical loads and account for up to 40 % of TEM

failures;

— windings and insulation, which degrade under the influence of thermal cycles and moisture,

leading to inter-turn short circuits;

— the commutator — brush assembly, prone to sparking and wear, especially under frequent starts;

— terminal—cable connections, which, under the influence of vibrations and corrosion, cause local

overheating and sporadic failures;

— the cooling system, the clogging or failure of which causes overheating of all motor components.

Among operational factors, the most significant influence comes from:

— moisture and contamination, which lead to corrosion and a decrease in insulation resistance;

— frequent starts and overloads, typical of the urban driving cycle, which cause overheating and

impact loads;

— road vibrations and shocks, which provoke misalignment of assemblies;

— temperature fluctuations, which accelerate the aging of insulation materials.

Thus, the critical factors include both TEM components—bearings, windings, the commutator—brush
assembly, cables—and external influences such as moisture, overloads, vibrations, and temperature
(see Table 1). These must be taken into account in the FMEA methodology, which allows a quantitative
assessment of their contribution to the overall risk of failures.

Thus, a comprehensive assessment of TEM reliability is impossible without considering both the
components with the highest probability and severity of failures and the operational factors that
accelerate their occurrence.

For a systemic evaluation of the reliability of power equipment in urban electric transport, the article
applies a combination of modern diagnostic methods and risk-oriented approaches.

Given that the reliability of the electric drive is determined not only by the condition of individual
TEM components but also by the performance of inverters, terminal—cable connections, and the cooling
system, it is reasonable to address the task comprehensively. To this end, a conceptual model of
integrated reliability management for the power equipment of urban electric transport has been
developed, which generalizes all subsystems and ensures the linkage between the stages of diagnostics,
risk assessment, and planning of measures.
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Based on the results of the literature analysis and the defined objectives, a conceptual model of
integrated reliability management of power equipment in urban electric transport has been developed.
It encompasses all levels-from data collection and diagnostics to risk assessment and decision-making.

Table 1. Main components and operational factors affecting the reliability of traction electric
motors (TEM) in urban electric transport

Consequences for TEM and

Category | Component/ Factor Typical Failures the system
R 1 Increased vibrations, noise,
Beari bli aceway wear, clearance, heati
earing assemblies . : overheating, emergency
fretting, seizure
shutdown
Commutator—brush | Sparking, lamella burning, |Torque instability, overvoltages,
assembly (DC) brush wear accelerated wear
Windings and  Inter-turn short circuits, Torque reduction, emergency
. N insulation breakdown, local .
insulation . shutdown, fire risk
overheating
Squirrel-cage rotor Bar cracks, ring detachment Torque drop, overheating,
(IM) increased losses
TEM Overheati Fwindi d
components Cooling system Fan failure, channel clogging verheating of windings an
’ bearings, insulation degradation
Speed fluctuations, control
Speed/position sensors| Signal loss, drift, damage failures, emergency
disconnection
Terminals and power | Loose contacts, corrosion, |Local overheating, “hot spots,”
cables breaks sporadic failures
Power electronics  [Switch breakdowns, capacitor Emergency shutdown,
(inverters, EMI filters) | degradation, choke saturation |overvoltages, cascading failures
Mechanical fasteners L . .o Increased vibrations, secondary
. oosening, misalignment .
and couplings wear of bearings and brushes
Condensation, corrosion, Sparking, insulation
Moisture, dust, salt insulation resistance degradation, accelerated
reduction failures
Frequent starts and Overheating, impact loads Brush and bearing wear,
overloads reduced winding life
Power quality, EMI o | . | . Emerdgencgls?utdownfs, heating,
Overational disturbances vervoltages, impulse noise | reduced lifespan of power
pfac tors electronics
Road vibrations and Clearance, cracks, Damage to bearings, couplings,
shocks misalignment brushes
Thermal cycles, |Thermal cycling, overheating,| Insulation aging, winding
ventilation channel contamination overheating
Maclir.ltenanc.e and Insufficient periodicity or Untimely defect detection,
1agnostics O .
o lack of monitoring emergency failures
organization

The model is visually presented in Fig. 1, which illustrates the sequence of stages from data collection
to the implementation of targeted measures. Such a structure ensures not only fault diagnostics but also
effective failure management under real conditions, for example, in a trolleybus depot.

To ensure methodological consistency across all subsystems of the electromechanical drive, a
conceptual model of integrated reliability management was developed (Fig. 1). The model combines
multi-source data collection (vibration, electrical, thermal, and EMI parameters), diagnostic and
anomaly detection algorithms, risk-oriented assessment (including FMEA-LITE calculations and Pareto
analysis for the fleet), as well as the formation of an Action Plan (CBM procedures, preventive measures,
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modernization, and power quality control). Implementation results are tracked by KPIs (MTBEF, failure
rate, downtime, FMEA-LITE), providing a closed improvement cycle through feedback.

Traction Motor

(=) () ——

Condition-Based
Maintenance
Preventive Measu'esj \
/ Action Plan

Quality Control of
Power Supply

Failure Frequency \

[ Dmumo’”““‘g] \
Link

Fig. 1. Conceptual model of integrated reliability management of power equipment in urban
electric transport, representing the sequence of stages: data sources — diagnostics — risk
assessment (FMEA-lite, Pareto) — Action Plan development — KPI monitoring and feedback.

Feedback Links
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Thus, the proposed model of integrated reliability management encompasses the most desirable
cycle-from multi-source data collection to performance monitoring. At the first level, monitoring is
performed for vibration, electrical, thermal parameters, power quality, and operating conditions. The
next level provides diagnostics through signal processing algorithms, anomaly detection, thermal
monitoring, and expert rules. Risk assessment then follows, using FMEA-lite and Pareto analysis
methodologies, allowing quantitative ranking of failures by criticality. Based on these results, an Action
Plan is formed, combining condition-based maintenance, preventive and modernization measures, and
power quality control. The final stage is performance evaluation through KPIs (MTBF, failure rate,
rolling stock downtime, RPN changes), which ensures feedback and a closed reliability improvement
cycle.

The presented conceptual model (Fig. 1) defines the general structure of integrated reliability
management: from data collection and diagnostics to risk assessment and Action Plan development. For
its practical implementation, it is necessary to clearly understand which diagnostic methods can be
applied in urban electric transport, their strengths and weaknesses, as well as their impact on FMEA
parameters.

In the practice of urban electric transport, the most widely used diagnostic approaches are as follows:
vibration diagnostics - used for detecting bearing damage, misalignment, and mechanical defects; its
strength lies in high sensitivity to early failures, while its weakness is the need for sensor installation
and the complexity of data interpretation in noisy environments; Motor Current Signature Analysis
(MCSA) - this current-based method allows non-invasive diagnosis of winding, bearing, and rotor
defects; the advantage is the simplicity of data collection, while the drawback is sensitivity to variable
loads and transient modes; thermal monitoring (thermography) - enables detection of overheating in
windings, cable joints, and insulation, though its effectiveness is limited by the need for specialized
equipment and environmental influences; machine learning and deep learning (ML/DL) methods-used
to integrate data from multiple channels (vibration, current, temperature), with the strength of high
accuracy in classification and prediction, but the weakness of requiring large datasets for model training
(see Table 2).

Table 2. Comparative analysis of modern diagnostic methods and their impact on FMEA

parameters
Method / Approach Main TEM Strengths Weaknesses Impact on FMEA
component parameters
Vibration diagnostics . High sensitivity to Requires sensors; || O (Occurrence),
. Bearings defects; early " . o
of bearings . sensitive to noise |1 D (Detectability)
detection
MCSA (Motor L . Influence of
. Windings, Non-invasive; easy network
Current Signature . . . 10,1D
. bearings to integrate disturbances;
Analysis) .
domain dependence
ML/DL algorithms All(tc)cé;rfr?nsents VI:SE&S;IESOS dteOS' Data-intensive; lack
(ensembles, CNN, carings, . . ’ of “traction- 10,1D
transformers) windings, integration of specific” datasets
gearbox) multichannel data P
Detection of .
Thermography and overheating and Requires regulated
. . . .| Windings, cables . . access; not always 10,1D
insulation monitoring insulation .
. online
degradation
Ranking of . . S
A Requires failure | Provides integral
FMEA/FMECA as a All system cr}tlcahty, statistics and expert| FMEA-LITE
methodology components maintenance .
. evaluation (SxOxD)
planning
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Thus, each of the presented methods has limitations: a shortage of operational data, sensitivity to
noise and variable modes, and challenges in implementation within depots. This substantiates the
feasibility of applying FMEA (Failure Mode and Effects Analysis), which does not replace but
complements existing diagnostic methods by enabling the integration of monitoring results into a
quantitative risk model.

Consequently, modern research makes a significant contribution to improving the accuracy of
diagnostics of individual TEM components; however, the issues of systematic risk ranking and
consideration of operational conditions (moisture, overloads, seasonality) remain unresolved. The
FMEA methodology enables combining diagnostic results and practical operational data into a unified
risk assessment model, which becomes the basis for developing a priority maintenance plan (Action
Plan).

In this regard, it is reasonable to apply the FMEA (Failure Mode and Effects Analysis) methodology,
which allows systematic assessment of failure risks, determination of their severity, occurrence
probability, and detectability, as well as the establishment of maintenance priorities based on the integral
FMEA-lite index. This approach provides not only a scientific rationale for identifying critical
components but also practical value for transport enterprises, as it enables the development of an Action
Plan to improve reliability and reduce emergency downtime.

The Failure Mode and Effects Analysis (FMEA-lite) method is used for the systematic analysis of
potential component failures and the assessment of their impact on system performance. Its application
in urban electric transport makes it possible to identify critical traction motor (TEM) components, rank
them by risk level, and define priority maintenance measures.

In this study, a systemic approach is applied to reliability assessment of urban electric transport power
equipment, combining operational data analysis, the FMEA-lite methodology, and the statistical tool of
Pareto analysis. This enables the identification of critical components and the development of a
substantiated Action Plan to enhance the efficiency of maintenance.

For comprehensive diagnostics and risk assessment, data from the main subsystems of the electric
drive were utilized:

— traction electric motor (TEM): vibration signals, motor current signature analysis (MCSA),
thermal regimes of windings and bearings;

— inverter and power electronics: operating parameters of IGBT modules, capacitor ESR,
protection signals;

— cable lines and terminal connections: contact resistance, local overheating («hot spots»),
thermographic inspection results;

— cooling system: radiator temperature, air or fluid flow rate, condition of fans, ducts, and pumps;

— power quality and EMI: overvoltages, voltage sags, harmonics, electromagnetic disturbances;

— operating environment: humidity level, dust contamination, route profile, frequency of
overloads.

For failure risk assessment, a simplified FMEA-lite methodology was applied using three parameters:

— S —Severity: evaluates the criticality of a failure for transport operation and passenger safety;

— O — Occurrence: reflects the frequency of defect manifestation according to operational
statistics;

— D — Detectability: characterizes the possibility of timely defect detection.

The evaluation is performed on a scale from 1 to 10:

— S: 1-3 — minor impact; 4-6 — moderate (functional limitations); 7-8 — serious (transport
shutdown); 9—10 — critical (safety threat).
— 0O: 1-2 — isolated cases; 3—5 — 1-5% failures; 68 — regular (5-15%); 9—10 — very frequent
(>20%).
— D: 1-3 — easily detectable; 4-6 — requires additional measurements; 7—8 — difficult to detect; 9—
10 — practically undetectable until failure.
The Risk Priority Number (RPN, FMEA-lite) is determined by the formula:
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RPN =S-0-D, (6]

For the normalization of results, the following rules were applied:

FMEA-lite > 300 — critical components requiring immediate corrective actions;
200 < FMEA-lite <300 — zone of increased monitoring, requiring regular diagnostics;
FMEA-lite < 200 — components controlled within the scope of scheduled maintenance.

The summarized results of the assessment are presented in the FMEA-lite table, where for each
component the values of S, O, and D are defined, the FMEA-lite index is calculated, and the priority
measures are formulated.

The application of FMEA to traction electric motors (TEM) in urban electric transport makes it
possible to:

1.

2.
3.

4.

identify critical components (bearings, commutator—brush assembly, cable connections,
armature windings) whose failures have the greatest impact on trolleybus operation;

rank risks and create a priority matrix for planning maintenance and modernization;

prevent cascading failures, where a minor fault (e.g., moisture leakage) leads to a chain failure
(winding short circuit — inverter failure — vehicle stoppage);

build a transition towards Predictive Maintenance, where technical decisions are made based on
the monitoring of component condition.

Thus, FMEA becomes the methodological basis for developing a depot Action Plan, enabling
reduction of emergency downtime, optimization of costs, and improvement of operational reliability of
urban electric transport.

For a comprehensive reliability assessment, FMEA-lite was performed not only for traction electric
motors (TEM) but also for the entire set of power equipment in the urban transport drive system:
inverters, power switches, capacitors, cable connections, cooling systems, and auxiliary devices.

Table 3. FMEA-lite for the power equipment of urban electric transport

FMEA-

Component / Factor |S|OD LITE Comment
Moisture and Main cause of TEM insulation degradation and cable
L 918|6| 432 . )
contamination connection corrosion [14].

Overloads, frequent

starts 9185 360 Lead to TEM overheating, brush and bearing wear [1], [2].

TEM bearings 885 320

Vibrations and poor-quality lubrication — emergency
shutdowns [1], [3].

Commutator—brush Sparking and lamella burning reduce service life by 2-3
8|7|5| 280 )
assembly times [2].
Armature winding / Overloads + insulation aging — inter-turn short circuits
. . 916/6| 324
insulation [5].

Terminals and power

cables 817|6 336 Corrosion and loosened contacts — “hot spots” [13], [14].

Cooling system 816(5 240

Channel clogging and fan failures — overheating of
components [17].

Inverter IGBT modules|10|5|6 300

High severity of failure (sudden breakdown), medium
probability due to thermal cycling [9], [10].

Inverter capacitors | 9|6|5 270 Dielectric aging, overheating [10].

EMLI filters, chokes |7|5(6 210

Saturation or breakdown causes malfunctions and
emergency shutdowns [18].

Mechanical fasteners,
couplings

6(5|5 150 Loosening — vibrations and secondary failures [20].
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The analysis of the FMEA-lite results (Table 3) confirms that the most critical factors for the
reliability of power equipment are external operating conditions and component degradation. In
particular, humidity and contamination cause contact corrosion and a reduction of insulation resistance
[14], while overloads and frequent starts accelerate the aging of bearings and the commutator—brush
assembly [1], [2]. Bearings remain the weak point of TEMs due to vibrations and low-quality lubrication
[1], [3], while insulation wear of windings leads to inter-turn short circuits [5]. Cable connections often
act as “triggers” of cascading failures due to local overheating [13], [14]. For inverters, the greatest risks
are associated with IGBT module breakdowns under thermal cycling [9], [10] and dielectric aging of
capacitors [10]. Cooling issues also play a significant role, causing overheating of components [17],
along with the influence of electromagnetic disturbances (EMI filters, chokes) [18]. Mechanical
fasteners and couplings, although having a lower RPN rating, may also provoke secondary failures [20].

Thus, the FMEA-lite results are consistent with the literature and confirm the necessity of
comprehensively accounting for both structural elements and external operational factors when
developing a maintenance program.

Although FMEA-lite was applied to all drive subsystems (Table 3), it is most appropriate to examine
in greater detail the results for traction electric motors, which account for the largest share of failures in
urban transport. Figure 2 presents a diagram of the TOP-5 critical directions for TEMs based on
data from the Kharkiv depot.

TOP-5 Critical Areas (FMEA-lite for Traction Electric Motors, Kharkiv Dep

432

Contamination / Moisture

Overloads / Frequent Starts

Bearings

Commutator-Brush Unit

Armature Winding & Cables

0 100 200 300 200
RPN (Risk Priority Number)

Fig. 2. Results of FMEA-lite analysis for traction electric motors of urban electric transport
(Kharkiv depot)

As shown by the diagram (Fig. 2), the highest FMEA-lite values were obtained for
contamination/moisture (432) and overloads/frequent starts (360), which are external operational
factors. Among the components, cable connections and windings remain critical (336 and 324
respectively), along with bearings (320). The commutator—brush assembly (280) ranks lower in terms
of risk but still requires scheduled monitoring. This confirms that, under urban operating conditions,
maintenance priorities should focus on protection against moisture, reduction of starting overloads, and
improvement of insulation and contact reliability.
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Thus, the greatest risks are posed by external operational factors (moisture, overloads), not only by
component defects. This highlights the need to account for operating conditions alongside structural
features. Among the components, windings, cable connections, and bearings remain critical, which is
consistent with global research [1 — 3]; the commutator—brush assembly is lower in risk but requires
regulatory control (turning, brush pressure checks). The diagram confirms that depots should prioritize
maintenance and modernization measures toward mitigating moisture, reducing starting overloads,
improving winding and contact insulation, and performing regular vibration monitoring of bearings.

The conducted FMEA analysis enabled a quantitative assessment of failure risks for individual TEM
components and the determination of their criticality using the integrated FMEA-LITE indicator.
However, this method alone has certain limitations: it is based on expert judgments and modeling,
whereas practical operation often shows a different concentration of failures, influenced by route
profiles, seasonal factors, and rolling stock specifics.

To incorporate real statistics, it is advisable to apply the Pareto method, which identifies which
groups of vehicles account for the majority of failures. Combining the results of FMEA and Pareto
provides a comprehensive perspective: the first method answers “what and why fails ”, while the second
explains “where these failures are concentrated under real operating conditions.” Such integration
forms the foundation for developing a practically oriented Action Plan in urban electric transport.

The Pareto method (80/20 rule) is a classical analysis tool that identifies a limited number of critical
factors causing the majority of system problems. Its essence is that about 20 % of causes generate 80 %
of effects. This means that, to improve reliability management efficiency, attention should be focused
not on all potential failures, but on those that account for most breakdowns and downtime.

Algorithm for applying the Pareto method:

1. collect TEM failure data (e.g., depot statistics over 3 —5 years): number of failures by
component, their consequences, downtime, repair costs.
2. group failures by categories (bearings, commutator—brush assembly, windings, cables, cooling
system, etc.).
calculate the relative weight of each category in the total number of failures or costs (%).
4. construct a Pareto chart:
o X-axis — failure categories arranged in decreasing order of frequency;
o Y-axis (left) — number or share of failures (%);
o Y-axis (right) — cumulative share (%).
5. identify the «vital 20 %»: categories that together account for ~70 — 80 % of failures are
considered critical.

Slgnlﬁcance for TEM reliability analysis:

the Pareto method quickly identifies which components are the main problem generators in the
depot.

— in combination with FMEA, it refines priorities: if a component has a high FMEA-LITE value
and is also within the Pareto “top 20%,” it requires priority control and modernization.

— this enables efficient resource allocation: focusing 80 % of efforts on the 20 % of components
that truly determine reliability.

For example, according to urban electric transport statistics, bearings, the commutator—brush
assembly, and terminals/cables may account for up to 70 — 75 % of all traction motor failures. These
three groups, therefore, fall into the “Pareto critical zone” and should become the focus of enhanced
diagnostic control (vibration monitoring, thermography, scheduled inspections).

To validate the results of FMEA-lite, Pareto analysis was applied, based on depot failure statistics:

— X-axis — distribution of components or groups of rolling stock;
—  Y-axis — cumulative number of failures;
— the «80/20» rule determines which 20 % of components generate ~80 % of all problems.

The combination of FMEA-lite and Pareto results ensures a comprehensive identification of critical
risk points across the entire power equipment set, not only in TEMs.

98]
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Pareto Chart by RPN for Traction Motor Components
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Fig. 3. Pareto diagram by RPN for TEM components/factors

The Pareto diagram (Fig. 3) presents the distribution of traction motor failures across ten operating
groups of rolling stock. The bars represent the actual number of failures in each group, while the
cumulative curve shows their accumulated share.

Data analysis indicates that failures are distributed unevenly: the most problematic groups were 6, 7,
3, 5, 4, and 2, which together account for more than 70% of all failures. Adding group 8 brings the
cumulative share to over 80 %, whereas the remaining three groups (1, 9, 10) together represent only
about 20% of the total number of incidents.

To substantiate priority directions for improving the reliability of traction electric motors, two
complementary methods were applied: FMEA-lite as a model-based risk assessment tool and Pareto
analysis based on actual failure statistics from the trolleybus depot.

According to the results of FMEA-lite, the five most critical factors include: the impact of moisture
and contamination (FMEA-LITE =432), overloads and frequent starts (360), terminal-cable
connections (336), armature winding (324), and bearing assemblies (320). These elements determine
the highest probability of critical failures and require primary attention in the development of a
maintenance program.

The results of the Pareto analysis, based on actual failure statistics (620 incidents), confirmed the
uneven distribution pattern: six groups of rolling stock (Nos. 6, 7, 3, 5, 4, 2) account for more than 70 %
of all failures, and adding group 8 raises the cumulative share to 80 %. This corresponds to the classical
80/20 rule and indicates that the vast majority of failures are concentrated within a limited number of
operating groups that work under increased loads and complex route profiles.

A comparison of the two approaches revealed both similarities and differences. Both methods
demonstrated that a small number of factors account for the majority of failures, and that bearings,
windings, and terminal—cable connections remain the most critical components (Table 4). At the same
time, FMEA-lite provides a more detailed reflection of the causes (moisture, overloads, thermal cycles),
whereas Pareto analysis clearly identifies the points of concentration of problems in real operation
(specific groups of rolling stock).
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Table 4. Comparison of FMEA-lite and Pareto analysis results for TEM failures

Criterion FMEA-lite (model-based risk analysis) Pareto analysis (failure statistics)
Object of TEM components and failure factors (b_e arngs, Groups of rolling stock/routes where
windings, terminals, commutator, moisture, .
assessment failures are recorded
overloads)
. 1 0
Mail | p\EACLITE = S x O x D (integral risk index) | +ctual number of failures, % of
indicator cumulative share

Top critical

Moisture (FMEA-LITE = 432), overloads
(360), terminals/cables (336), armature winding

Groups 6, 7, 3, 5, 4, 2 (together >70%

: : ; : ~R00
elements (324), bearings (320) of failures); adding group 8 — >80%
Details what fails and why; accounts for Shows where problems are |
Strengths . . . concentrated; based on real statistical
operational factors; supports action planning data
Requires expert evaluation and statistics to Does not 1dgn tify spec1ﬁc. )
Weaknesses . S components or failure mechanisms;
calibrate S/O/D; subjectivity of scores
does not account for latent factors
Ranking of components and factors by FMEA- (Identification of the «critical 20%» of]
Result LITE; identification of priority directions for | rolling stock groups that generate
maintenance and modernization 80% of failures
. Formation of an Action Plan (maintenance, Optimization of maintenance
Practical . .
value modernization, control measures) at the resources at the level of operating

component level groups/routes

Thus, the combination of FMEA-lite and Pareto analysis provides a comprehensive view of the
structure and distribution of failures: the first method reveals the mechanisms of defect occurrence at
the component level, while the second identifies groups with the highest concentration of problems in
real operation. This creates a foundation for developing targeted maintenance and modernization
programs aimed at reducing the share of emergency failures and improving the overall reliability of
urban electric transport.

To validate the results of risk analysis (FMEA-lite and Pareto analysis), a model was developed in
the MATLAB/Simulink environment to reproduce the process of vibration signal generation in traction
motor bearings with characteristic defects.

During model construction, operational data were taken into account: shaft rotational speed
(1500 rpm), bearing geometry parameters (number of rolling elements, rolling element diameter, pitch
circle diameter), as well as the frequency range of local housing resonances (2,5 — 5 kHz). The model
generates a signal consisting of the following components:

— rotor harmonics (1xfr, 2xfr);

— high-frequency carrier corresponding to the local resonance of the assembly;

— impulse sequences simulating defects of the outer or inner ring (BPFO, BPFI), rolling elements
(BSF), or cage (FTF);

— random noise disturbances.

Signal processing is implemented through band-pass filtering (2,5 — 5 kHz), Hilbert transform, and
envelope extraction, in accordance with modern approaches to bearing diagnostics.

The conceptual scheme of the Simulink model is shown in Figure 4.
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Sine Wave
(Carrier f_res) \
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(BPFO) ) \ a \
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(1+mad)

Sum FIR Bandpass Hilbert Abs Scope
(An) 2.5-5 kMz Transform (Envelope) Envelope

Sine Wave
1xfr

Sine Wave
xfr

Scope:
Raw x(t)

Fig. 4. Example of a Simulink model for vibration simulation of a bearing with a defect

The model consists of the following blocks:

— Signal sources (yellow): Pulse Generator (simulates bearing defect impulses at BPFO frequency),

Sine Wave (rotor harmonics: 1xfr, 2xfr), Noise (models random disturbances), Sine Wave (Carrier

£ res) (local resonance of the assembly).

— Processing (blue): Gain and Sum (1+mod) form amplitude modulation of the carrier; Product AM

combines the impulse sequence with the carrier; Sum (All) adds rotor harmonics and noise; FIR

Bandpass isolates the resonance region (2,5-5 kHz); Hilbert Transform and Abs generate the signal

envelope.

— Outputs (green): Scope: Raw x(t) — displays the total vibration signal; Scope: Envelope — shows

the envelope with characteristic peaks at BPFO, 2xBPFO, etc.

Simulation results demonstrated:

1. In the spectrum of the raw signal, defect harmonics are masked by rotor components and noise,
making their identification difficult.

2. Using the envelope after Hilbert transform allows clear identification of BPFO, BPFI, BSF, and
FTF frequencies, which match theoretical calculations.

3. The model confirms the high effectiveness of envelope analysis for early detection of bearing
defects.

4. The developed scheme can be used as a digital testbed for verifying automatic fault detection
algorithms, setting sensitivity thresholds, and training Al-based systems.

Thus, the Simulink model is an important tool for verifying FMEA analysis results and for explaining
the mechanism of characteristic harmonics in vibration signals under bearing defects. It provides the
foundation for the practical implementation of condition monitoring systems for traction electric motors
in urban electric transport.

To verify the diagnostic capabilities of the model, an analysis of vibration signal spectra from
bearings with an outer ring defect was performed. Two approaches were considered: classical spectral
analysis of the raw signal and the envelope method.

In the spectrum of the raw signal (Fig. 5a), dominant rotor harmonics are observed at the shaft
rotational frequency (1xfr) and its multiples (2xfr). At the same time, characteristic defect frequencies
(BPFO and its harmonics) are almost completely masked by noise components and mechanical
vibrations, making their identification difficult.

The application of the envelope method (Fig. 5b), implemented through band-pass filtering of the
signal in the resonance zone (2,5-5 kHz) followed by Hilbert transform, allowed low-frequency
modulations caused by defects to be extracted. In the envelope spectrum, distinct peaks appear at BPFO
and 2xBPFO frequencies, which fully coincide with the theoretically calculated values.
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Comparison of raw signal and envelope spectra
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Fig. 5. Comparison of spectra of the raw signal (a — BPFO not visible) and the envelope (b —
BPFO clearly revealed) for a bearing with an outer ring defect.

Thus, the analysis confirmed that the envelope method significantly increases the sensitivity of
bearing diagnostics to early defects compared to the classical approach. This makes it an effective tool
for monitoring the condition of traction electric motors in urban electric transport and allows integration
of modeling results into the overall reliability management system of power equipment.

Table 5. Calculated and experimentally detected bearing defect frequencies

Calculated Detected frequency (envelope
Defect type Frequency formula frequency, Hz specg'um),yliz P
BPFO (outer n d
. —-f,-|1-—-cos
ring) 2 ' ( D ¢j 97,5 78
n d
BPFI (inner ring) 5 f, (1+ D COS¢) 122,5 — (not modeled)
2
BSF (rolling D d
— . f {1—| =-cos —
clements) g = ¢ 47,5 (not modeled)
1 d
FTF (cage) > f, -(1— D COS¢) 12,2 — (not modeled)

The analysis of the data presented in Table 5 shows that the defect frequencies calculated from the
geometric parameters of the bearing practically coincide with the experimentally detected peaks in the
envelope spectrum. In particular, for the outer ring defect (BPFO), the theoretical value is 97,5 Hz, while
the spectrum clearly shows a peak at 98 Hz. This confirms the validity of the developed model and the
effectiveness of the envelope method for diagnostics. For other defect types (BPFI, BSF, FTF), only
theoretical values were provided; however, the proposed model allows parameter variation to reproduce
corresponding scenarios, making it a universal tool for testing fault detection methods in traction motor
bearings.

Unlike traditional time-based maintenance, the Action Plan enables a risk-oriented approach:
resources are directed primarily to those components and rolling stock groups that account for the largest
number of failures (based on Pareto results) and to those factors with the highest integral risk indices
(according to FMEA-lite).

The logic of Action Plan development includes:

1. Identification of critical components and factors (bearings, commutator—brush assembly,
windings, terminal—cable connections, moisture, overloads).
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2. Formulation of specific actions: scheduled inspections, vibration monitoring, thermography, IR
tests, housing sealing, modernization of the brush assembly, monitoring of starting currents, etc.

3. Establishment of time frames (monthly, quarterly, pre-winter season).

4. Assignment of responsible units (diagnostic service, maintenance electricians, depot mechanics).

5. Definition of expected effects through KPIs expressed in quantitative indicators: reduction of
failures by 20 —40 %, extension of component lifetime by 25 %, reduction of downtime by 30 %,
decrease of peak currents by 10 %, etc.

Practical significance for the depot

Implementation of the Action Plan provides a comprehensive effect:
o Technical: extension of TEM service life, reduction of emergency failures, stable operation under
challenging seasonal conditions;
e Economic: optimization of maintenance costs, reduction of expenses for emergency repairs and

spare parts;

¢ Organizational: clear distribution of responsibilities, transparent control of measure effectiveness;
e Social: increased safety and comfort of passenger transportation, improved public trust in urban

transport.

Table 6. Action Plan for the power equipment of urban electric transport

Component /

brush assembly

grinding; brush replacement

km

Subsystem Procedure / Measure Frequency Expected Effect
Traction electric Bearlr.lg vibration d1agnostlcs; | Quarterly / Early Qefect detection,
current signature analysis (MCSA); . prevention of emergency
motor (TEM) .o during TO-2
winding thermography shutdowns
Commutator— Spark inspection, commutator  |Every 20-25,000 Reduction of sparking,

extension of assembly
lifetime

TEM windings

Insulation resistance measurement;
impulse tests

Once per year

Prevention of inter-turn
short circuits

Inverter / power
electronics

IGBT module checks (AT, thermal
cycles); capacitor ESR

Semi-annually /
during TO-2

Lower risk of sudden
breakdowns, stable
operation

Inverter capacitors

ESR measurement, visual
inspection for swelling

Semi-annually

Failure prevention,
extension of service life

EMI filters and Integrity check, inductance Stable system operation,
Once per year . .
chokes measurement reduction of malfunctions
Cables. and Thermography, tightening, Semi-annually / Ehmn’}atlon of “hot
terminal . . . spots,” reduced fire
. corrosion cleaning after washing
connections hazard

Cooling system

Cleaning of ducts from dust/leaves;
fan and pump inspection

Every 3 months /
summer—autumn

Prevention of power
module overheating

Reduced stress on power

before/after

Power supply and Voltage monitoring, surge Continuous .
. . . components, increased
EMI protection filters; grounding control|  monitoring o
reliability
MTRBEF, failures per 100,000 km, Annually (depot Evaluation of measure
General KPIs |downtime percentage, FMEA-LITE rep(}), ) POUI e ffectiveness and Action

Plan updates

As shown in Table 6, the proposed Action Plan covers all major subsystems of the power equipment
and provides for a combination of condition-based maintenance procedures, preventive measures, and
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modernization actions. To evaluate the practical effect, it is advisable to compare the RPN values of
critical components before and after the implementation of the proposed measures (Table 7).

Table 7. RPN before/after Action Plan

Component / Risk factor |RPN before implementation RPN after measures/Reduction, %
TEM bearings (defects) 320 200 —37%
Cable—terminal connections 336 210 —38%
Inverter IGBT modules 300 180 —40%

The results presented in Table 7 demonstrate that the implementation of the Action Plan significantly
reduces failure risks: for TEM bearings, the RPN decreases from 320 to 200 (—37 %); for cable—terminal
connections, from 336 to 210 (—38 %); and for inverter IGBT modules, from 300 to 180 (—40 %). Thus,
an average risk reduction of 25 —40% is achieved, confirming the effectiveness of the developed
methodology and its practical value for transport depots.

The obtained results prove that the integrated approach—from data collection and FMEA-lite to Pareto
analysis, process modeling in Simulink, and the development of an Action Plan—ensures systematic
reliability management of power equipment. This approach not only identifies critical components but
also predicts the effectiveness of preventive and modernization measures, providing a solid foundation
for practical implementation in urban electric transport.

Practical Application of the Results. Thus, the Action Plan acts as a bridge between analytics and
practice: it transforms the results of FMEA and Pareto into concrete actions, understandable for depot
personnel. This makes it possible to move from the mere recognition of problems to their systematic
management, thereby increasing maintenance efficiency and the competitiveness of urban electric
transport.

Main directions of implementation:

— prioritization of maintenance. Identification of critical components (bearings, windings, terminal—
cable connections, commutator — brush assembly) that account for more than 80 % of failures allows
resources to be concentrated on 20 % of the equipment with the greatest impact.

— transition to condition-based maintenance. Application of Predictive Maintenance elements—
monthly vibration monitoring of bearings and quarterly thermography of cable connections on critical
routes.

— reduction of emergency downtime. Through implementation of measures (housing sealing,
terminal tightening, winding IR tests, commutator machining), the integral risk of failures decreases by
40 — 60 %, directly reducing the number of emergency stoppages.

— cost optimization. Instead of evenly distributing resources, the depot gains clear priorities,
enabling savings in financial and labor resources.

Benefits for the depot:

— technical — extension of TEM service life, reduction of critical failures, increased fleet
availability;

— economic — optimization of maintenance costs, reduced expenses for emergency repairs, savings
on spare parts and labor;

— organizational — introduction of a transparent prioritization system, ability to plan maintenance
based on data and risk justification;

— social —increased passenger safety and trust, fewer complaints about transport downtime.

Therefore, the application of the FMEA methodology in combination with Pareto analysis allows a
shift from problem recognition to systematic management under depot conditions, forming a
scientifically grounded and economically viable program for improving the reliability of traction electric
motors.

Experiments conducted in Matlab with a Simulink model showed that polling of discrete information
sensors and processing of measurement data, as envisioned by the conceptual model of integrated
reliability management of power equipment in urban electric transport, took between 37 and 56 seconds.
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To improve computational responsiveness and obtain results within shorter time intervals, it is important
to provide for real-time parameter testing, focusing only on those values that exceed permissible
variation limits. Such an approach will enable both accelerated and thorough testing of the entire set of
power equipment. Its implementation within an Al-based system will evidently surpass the efficiency
of similar testing performed using specialized instruments and trained depot personnel.

Conclusions and Scientific Contributions. A comprehensive reliability analysis of the power
equipment of urban electric transport has been carried out, covering traction electric motors, inverters,
cable—terminal connections, and cooling systems. Unlike most previous studies, this research included
all major subsystems of the electric drive, not only the TEM.

The application of the FMEA-lite methodology and Pareto analysis made it possible to identify
critical components and risk factors. The highest RPN values were found for the influence of moisture
and contamination (432), overloads and frequent starts (360), overheating of cable connections (336),
TEM bearing defects (320), and IGBT module breakdowns (300).

The developed MATLAB/Simulink model reproduces the process of vibration signal generation in
bearings with defects and confirms the effectiveness of envelope analysis for early diagnostics. Peaks
detected in the envelope spectrum at BPFO and 2xBPFO frequencies fully match the theoretically
calculated values.

The formulated Action Plan, including specific maintenance procedures (vibration diagnostics,
thermography, preventive measures, component modernization) and corresponding KPIs (MTBEF, failure
rate, downtime percentage), enables the reduction of RPN values of critical components by an average
of 25-40 %, extension of inverter and TEM service life, and reduction of depot operating costs.
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KomnuiexkcHuii aHasi3 4y TJIMBOCTI i KpUTHYHOCTI €JIeMEHTIB CHJI0BOT0 00JIaTHAHHS MiCbKOT0
€JIeKTPOTPAHCHOPTY /10 eKCILTYaTaliiHuX (P AKTOPIiB HA OCHOBI CTPYKTYPHO-(YHKIIOHAJHHOTO
PaHKyBaHHSA

Anomauia. Y cmammi npogedeno KOMRIEKCHUL AHaNi3 HAOTUHOCII CUN08020 00NAOHAHHSA MICbKO20
€IeKMPOMPAHCNOPMY 3 YPAXYEAHHAM MA208UX €LEeKMPOOGUSYHIG, [HEEepmOopis, KAOEenbHO-KIeMHUX
3’€0HaHb ma cucmem 0xon00xceHHs. Ha ocHoei 02nady cyyacHux 00CHiONCeHb BUOKPEMIEHO CUNbHI
CMOPOHU (PO36UMOK OE3IHBA3USHUX MEMO0i8 JIAeHOCMUKU, 3ACMOCYBAHHS AN20PUMMIE MAUWUHHO20
HABUaNHSA, POpMYBAHH KOMOIHOBAHUX CIpameziil MeXHIYHO20 00CNY208y68aHHs) ma C1aOKi CMOpoHU
(obmedrcenicmo cmamucmuky came 051 MiCbKO20 MpPAHCROPMY, YYMAUGICIb AN2OPUMMIE 00 ULYMOBUX
Gaxmopis, nedocmamus iHmezpayis 3 YAPAGNIHHAM PUSUKAMU). 3aNponoHOBAHO KOHYENMYanbHy
MOOelb IHMe2po8ar020 YNPAGIiHHA HAOIHICMIO, WO NOEOHYE OA2AMOKAHANbHUY 301D OAHUX, MEMOOUKY
FMEA-lite, Ilapemo-ananiz ma @opmysanus Action Plan. Pezynomamu awnanizy nokazan, ujo
Haubinbwi snavenns RPN matomo 306Hiumi hakmopu (80102a, nepesanmantcerHs), a makodc KpUmuiHi
8Y31U — NIOWUNHUKU, oOMOmKU ma KabenvHi 3’eOnanns. Illobyoosana modenv y cepedoguuyi
Matlab/Simulink niomeepouna epexmusnicme 6iopayitinoi diacHOCMUKYU 051 PAHHLO2O BUSLGTICHHS
Oeexmie niowunnuxis. Pospobnenuii Action Plan 0o3601nué snusumu cepeoni snauenns RPN na 25—40
%, wo niomeepodHcye NPakmuuny YiHHICMb Memoouku 0as mparcnopmuux deno. Ocobnusa yeaza
NPUOLNAEMbCS MONCIUBOCMSAM 8nposadicenns enemenmis Predictive Maintenance, siki 3a6e3neuyioms
nepexio 6i0 KaieHOapHo20 00 CMAH-OPIEHMOBAH020 00Cay208y8ants. Ompumani pesyromamu
CMBOPI0IOMb NIOTPYHMS 0151 PO3POOKU D0820CPOKOBUX NPOSPAM RIOBUUeHHA HadTUHOCMI ma Oe3nexu
MICLKO20 eneKmpOmpaHcnopmy.
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Study of the impact of route parameters on fuel consumption by buses in urban
conditions

The work is devoted to improving the efficiency of passenger transport by studying the impact of
route parameters on bus fuel consumption in urban conditions. Bus fuel consumption is a major
component of transport costs and has a significant impact on fare setting, so the results obtained also
have economic and social implications. It was found that one of the main technological indicators
affecting bus fuel consumption is the number of stops on the route, since during acceleration and
braking, more than 50% of fuel is spent on overcoming inertia. Based on the fuel balance equation, a
mathematical model was developed to investigate the impact of the number of stops on bus fuel
consumption, taking into account the number of passengers in the cabin. The results of the modelling
(using the example of a typical city bus route in Dnipro) allowed us to draw conclusions about the nature
of the impact of the number of stops per 1 km of route and the average length of the journey on bus fuel
consumption. An empirical relationship was also obtained, which allows establishing a correlation
between these parameters and information about the basic linear fuel consumption rate of vehicles. The
presented results also allow assessing the technological and economic benefits of introducing more
efficient bus modes of operation (e.g., express) in urban conditions.

Keywords: bus route, fuel consumption, transportation cost, mathematical model, fuel balance,
stop, speed of connection, traffic mode

Introduction. In modern conditions, most cities in Ukraine are experiencing significant problems
related to the growth of transport costs for the population due to the unbalanced development of transport
systems and their inconsistency with the existing needs of the urban community and the economy. In
this regard, the urgent tasks of sustainable urban development include improving transport planning
methods and technologies [1].

One effective way to increase the efficiency of passenger transport is to organise more productive
traffic modes on urban bus routes, such as express modes. Implementing such a measure reduces the
time passengers spend travelling, increases bus utilisation and the level of transport service to the
population without increasing the number of buses. Since express buses make fewer stops along the
route, they brake and accelerate less, which significantly reduces fuel and lubricant costs, routine repairs
and maintenance, and also reduces harmful emissions into the city's atmosphere [2-3]. Despite these
advantages, express bus service has not been widely adopted on bus routes in Dnipro and most other
cities in Ukraine, unlike in European Union countries [4-6].

Fuel costs are the main component of the cost of urban passenger transport. Currently, the Ministry
of Infrastructure of Ukraine recommends calculating bus fuel consumption using a method based on
information about the basic linear fuel consumption rate of a vehicle and a number of adjustment factors.
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This approach does not fully take into account the possible operating modes of vehicles on the route,
nor does it allow for an assessment of the economic benefits of introducing an express bus service from
the point of view of fuel efficiency. This problem can be solved by creating mathematical models that
take into account the operational fuel costs of buses under real operating conditions on city bus routes.

Analysis recent research and problem statement. Existing methods for determining vehicle fuel
consumption are divided into the following groups: experimental; computational-statistical; analytical.
The experimental method allows determining the fuel consumption rate for a specific vehicle in
accordance with certain operating conditions. It requires lengthy testing and measurements, the results
of which are used to obtain empirical correction coefficients [7]. It is labour-intensive due to the need
to take measurements on different routes. The experimental method is only effective for determining
individual route norms.

When using the calculation-statistical method, fuel consumption rates are established based on an
analysis of statistical data on actual specific fuel consumption, as well as factors affecting changes in
normal operating conditions. Multiple regression models are used as the mathematical apparatus. In
practice, this method is widely used, but the need to simultaneously take into account several different
operating factors significantly limits its use. The calculation-statistical method is convenient for
developing group fuel consumption standards.

In modern conditions, the most advanced method is the analytical method using mathematical (or
simulation) models of vehicle movement on individual sections of the route. It provides quick results
and involves determining fuel consumption by calculation based on individual components of the
transport process and operating conditions [8]. The accuracy of the method depends on the completeness
of the model, which takes into account road, transport and climatic conditions. Despite the fact that the
developed models require experimental verification, it is analytical methods that are necessary for
practical use by ATP employees due to the absence of the need for lengthy and laborious experiments.
Over the past decade, numerous works by such domestic scientists as Bodnar M.F. [9], Volkov V.P.
[10], Gorbunov A.P. [11], Grubel M.G. [12], Dembitsky V.M. [13], Demyanuk V.A. [14], Kravchenko
O.P. [15], Krivoshapov S.I. [16], Melnichuk C.V. [17], Rudzinsky V.V. [18], Sakhno V.P. [8], Firsov
O.D. [19], Fornalchik E.Yu. [7], Chuiko S.P. [20], Yakunin M.E. [21] and others. However, the
influence of bus movement mode on fuel consumption was not considered.

An analysis of studies [7-21] also showed that the fuel consumption of city buses is determined by a
number of factors related to design, technology, operation, organisation, and natural and climatic
conditions. According to the authors, one of the main indicators affecting bus fuel consumption is the
number of stops on the route, because during acceleration and braking, more than 50% of fuel is spent
on overcoming inertia.

The purpose and tasks of the study. The aim of this work is to study the influence of route
parameters (primarily the number of stops) on bus fuel consumption in urban conditions using a
mathematical model based on the vehicle fuel balance equation.

Materials and methods of research. The main indicator of energy efficiency for urban bus transport
in most countries around the world is fuel consumption in litres per 100 km travelled (fuel consumption),
which is determined on the basis of bench and road tests, or according to the following analytical
relationship [8]:

Q Qe - Ne

—_ y 1
®36-vep @
where g, — specific fuel consumption of the engine, g/(kW-h);

N, — power developed by the engine in steady-state driving mode;

V —vehicle speed, m/s;
p — fuel density (the density of diesel fuel is 860 kg/ m?).
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When fuel burns in the engine cylinders, gas pressure builds up p;, which, when it hits the pistons,
creates indicator torque M, the value of which is directly proportional to the average gas pressure in
the engine cylinders and its working volume i -V, . The indicator torque is spent on overcoming all types
of losses in the car: mechanical losses in the engine P,, (friction of the pistons against the cylinder
walls, pump drives and gas distribution system, etc.); losses in the drive of auxiliary equipment P_ (fan,
compressor, generator, etc.); losses in the transmission P, ; tyre rolling resistance P; ; aerodynamic
drag P,, . The remaining part A is the reserve of traction that can be used to overcome inclines P,
and inertial forces P;. The above indicators, applied to the wheels of the bus, form its power balance
[10]:

pi-i-V, u

T _
. r__PM+Pr+PT+Pf+PW+Pj+Pa! 2)

w

where i —number of cylinders;

V|, —working volume of one cylinder, m?

U, — transmission ratio;

r,, —Wwheel rolling radius, m;

Py +P +Pr+P;+P,+P;+P, =P, —sum of forces resisting the movement of the vehicle, which is

transferred to its wheels, N.
Fuel consumption at a constant speed is determined by the following formula:

QS:%-(PM+PT+PT+Pf+PW+Pj+Pa), 3)

where g;; — current specific fuel consumption (SFC) value (g/N-100 km).

Introducing the value P,, into the power balance of the bus simplifies the calculation of fuel
consumption when driving in different gears, as well as its acceleration during engine braking. Based
on (3), it is possible to construct a fuel balance for the bus, which can be used to study the mechanism
of fuel consumption changes depending on the driving mode on the route. The calculated dependencies
of the components of equations (2-3) are presented in [22].

The developed model was tested on city bus routes in Dnipro. During the simulation, the dynamic
change in the additional mass of passengers (based on a survey of passenger flows) in the bus interior
during route segments (4) was taken into account:

Gjju=G+Hjj.-m,. (4)

where G; ;,; — total weight of the bus between j, j+1 stops on the route, kg;

G — unladen weight of the bus, kg;
H; ;.1 —bus occupancy between j, j+1 stops on the route;

m, — conditional weight of one passenger (m, =68 kg).
Additional stops at traffic lights were determined using Bernoulli's distribution [23]:
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R.(€)=C;-p*-q"° =(ﬁ'_e),j pe-q" ", 4)

where U — number of traffic lights on the route;
e — number of bus delays;
p — probability of free passage through a traffic light;

q — probability of delay at a traffic light.
The weighted average number of bus delays at traffic lights M (e) when travelling along the route
was determined according to the following relationship:

M(e)=2e-Pu(e). (5)

e u

Bus delay times at traffic lights were modelled based on the average duration of red and yellow signal
phases according to a normal distribution.

When surveying passenger flows on route No. 34, which is operated by Bogdan A09204 buses
running in route taxi mode, the number of bus stops during a trip varied from 20 to 58. Mathematical
modelling of the transport process was performed for the following number of stops: 45 and 67 stops,
corresponding to the conditions of bus operation in route taxi mode; 26 stops — operation of buses in
normal (fixed) mode; and 14, 8 and 4 stops — operation of buses in express mode. The simulation results
are presented in Table 1 and Fig. 1.
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Fig.1. Fuel consumption of Bogdan A09204 buses depending
on the number of stops on route No. 34

The simulation results show that fuel consumption on route No. 34 varies from 18.91 1/100 km (at
Ngop =4) 10 52.95 /100 km (at ny,, =67, and the effect of the number of stops on fuel consumption

in 1/200 km is linear and can be approximated by equation (6) with a confidence level of R?=0.999 (Fig.
1):
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QEeosian 409204 17,144+ 0.538 Ny 6)

Table 1. Results of modelling bus traffic patterns on route No. 34

Indicator _ Bus service mode
Routetaxi | Regular | Express
Route length, km 12.7
Number of stops on the route 67 45 26 14 8 4
Average length of a run, km 0.19 0.29 0.51 0.98 | 181 | 4.23
Number of stops per 1 km of the route 5.3 3.5 2.0 1.1 0.6 0.3
Flight duration, min. 38.13 | 32.75 28.05 25.05| 23.38 | 21.67
Service speed, km/h 20.0 23.3 27.2 304 | 32.6 | 35.2
Operating speed, km/h 14.3 16.0 17.7 19.0 | 19.9 | 20.8
Fuel consumed during the flight, | 6.724 | 5.263 4.025 3.149| 2.710| 2.402
Average parameter values
Fuel consumption, 1/100 km 52.95 | 41.44 31.69 24.79| 21.34| 18.91
Effective power, hp 40.4 35.5 30.3 249 | 218 | 199
Cylinder pressure, MPa 0.58 0.55 0.51 047 | 045 | 0.44
Engine speed, rpm 1296 1311 1345 1375 | 1398 | 1439
Engine speed, rpm/km 3561 | 3046 2628 2360 | 2217 | 2088
Indicated efficiency, % 43.7 44.3 45.1 459 | 464 | 47.0
Positive torque on half-shafts, kKN-m 3.04 2.32 1.6 1.04 | 0.73 | 0.53
Negative torque on half-shafts, kKN-m -0.21 | -0.18 -0.16 -0.16 | -0.15| -0.15
Power consumed for braking, kW 16.05 | 12.74 9.29 581 | 3.80 | 1.82
Number of gear changes 403 298 199 132 96 72
Ratio of total transmission time to total operating time, %
Neutral 36.2 31.2 24.1 177 | 132 | 6.8
1st gear 7.4 5.8 3.9 2.3 1.3 0.6
2nd gear 4.6 3.6 2.5 15 0.9 0.4
3rd gear 10.5 8.2 5.5 3.3 1.9 0.9
4th gear 12.6 9.6 6.4 3.8 2.2 1.1
5th gear 9.0 5.3 3.7 2.2 13 0.6
6th gear 19.7 36.3 53.9 69.2 | 79.2 | 89.6
Ratio of total distance travelled in gear to total distance travelled, %
Neutral 13.4 9.4 5.6 2.9 14 0.8
1st gear 1.6 1.1 0.6 0.3 0.2 0.1
2nd gear 2.8 1.9 1.1 0.6 0.3 0.1
3rd gear 11.1 7.3 4.2 2.2 1.2 0.5
4th gear 19.5 12.7 7.3 3.8 2.1 0.9
5th gear 15.6 8.5 5.2 2.7 15 0.6
6th gear 36.0 59.1 76.0 875 | 933 | 97.0
Components of fuel balance consumption, %
Aerodynamic drag 2.8 4.3 6.7 99 | 126 | 156
Tyre rolling resistance 6.3 8.3 11.2 154 | 19.2 | 22.7
Transmission resistance 1.8 2.1 2.6 3.3 3.8 4.4
Mechanical resistance in the engine 18.8 21.2 25.1 30.8 | 35.7 | 405
Road gradient resistance 3.8 3.9 4.1 4.2 4.3 4.3
Resistance to overcoming inertia 66.5 60.2 50.3 364 | 244 | 125
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The nature of the linear influence of the number of additional stops on vehicle fuel consumption is
explained in [24]: "... vehicle fuel consumption consists of the costs of acceleration — Q, , braking — Q,

, idling — Q; and driving at a constant speed — Q, .
Q:Qa+Qb+Qi+Qv OrQ:Qv+qstop'nstopv (7)

where g, — additional fuel consumption per stop, litres/stop.

Work [24] also presents the results of experimental studies to determine dg,, for vehicles with diesel
engines whose working volume and power are similar to those of the Bogdan A09204 bus engine. They
range from 0.06 1 to 0.10 | per stop (depending on the final acceleration speed from 40 to 60 km/h), with
an average of 0.078 I. Fig. 1 shows the calculated values qg,, obtained for the Bogdan A09204 bus,

which vary from 0.063 litres (at ny,, = 67) to 0.077 litres (at ny,, =4 ), with an average value of 0.070

litres. The insignificant variation (within 10%) in the values sy is explained by the difference in the
final acceleration speeds of buses on sections of different lengths and coincides with the results of studies
presented in [24].

Currently, the Ministry of Infrastructure of Ukraine recommends calculating fuel and lubricant
consumption (FLC) for buses using method [25], which is based on information about the basic linear
fuel consumption rate for the vehicle H; , and a number of correction factors (8). According to [25],

the basic linear fuel consumption rate for Bogdan A09204 buses is H g, =16.1 1/100 km; the correction
factors that take into account operation in urban conditions K, =15%; operation that requires frequent
stops Ky =10%; and the age of the bus K =9%. Thus, the standard operating fuel consumption of
Bogdan A09204 buses when operating on urban routes is:

QrueL =0,01-Hyy -S-(1+0,01-[K; + Kg + K¢ ])

(8)
Qrue. =0.01-16.1-100 - (1+0.01-[15+10 +9]) = 21.6 1/100 km.

Fig. 2 shows a joint analysis of the standard operating fuel consumption for Bogdan A09204 buses
and the fuel consumption obtained from the simulation results.
Analysis of the information presented in Fig. 2 shows that the fuel consumption of buses operating

in normal mode (Ng,, =26, lspay =0.51 km) exceeds the standard values by 36%; and in route taxi

mode (Ng,, =46, lspay =0.28 km) by 86%. This fact can be explained, firstly, by the fuel balance

structure of the Bogdan A09204 bus (Fig. 3), in which the costs of overcoming inertia forces when
stopping account for more than 50%. Secondly, it is due to the distribution of the ratio of the total
operating time in gear to the total engine operating time (Fig. 4), which shows that the operation of
buses in normal mode and in route taxi mode involves prolonged driving in 1st to 4th gears (from 18.3
to 35.1%), which consume significantly more fuel than when driving in the higher 5th or 6th gears.
Thus, the introduction of express mode on the route will reduce fuel consumption by 30% thanks to
a reduction in additional fuel costs, which are equal to Qg - Ny, and a reduction in the duration of

driving in 1st to 4th gear.

To test the resulting model (6), experimental studies were conducted (after each trip, when passenger
traffic was surveyed, the bus tank was filled to capacity) on fuel consumption on route No. 34, which are
marked in Fig. 2 with the symbol A. The results obtained show sufficient correspondence between the
calculated and experimental values and have a spread of values within 10%.
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Fig. 2. Joint analysis of operational fuel consumption standards for Bogdan A09204 buses and
fuel consumption obtained from modelling results
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Fig. 3. Fuel balance structure of the Bogdan A09204 bus
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Fig. 4. Distribution of the ratio of total operating time in i-th gear to the total operating time of
the Bogdan A09204 bus engine

It should be noted that the dependence of fuel consumption of Bogdan A09204 buses on the number of
stops on route No. 34 (6), QIB/‘;gga’:( mA°92°4 =17,144+0,538 - n,, obtained as a result of modelling, is
specific in nature and therefore cannot be used for other routes. Thus, dependence (6) needs to be converted
to a form that excludes the link to the length of route No. 34. The number of vehicle stops per 1 km of
mileage was chosen as such a generalised indicator:

ptin Do (©)

stop — L
R

1km

sop Was obtained based on the information

The dependence of bus fuel consumption as a function of n
presented in Fig. 2 and is as follows:

QBogdanA09204 =17.144 + 6.835 - nlkm (10)

17200 km stop *

Given the relationship between ni

expression (10) in a form that is convenient for assessing the energy efficiency of transport on any route
when using different bus operating modes:

and the average length of the route I,y , it is advisable to present

QBogdanA09204 =17.144 + 6.835 - (LR_'_—ISPANJ . (11)

1/100 km Lg -Ispan

The reliability of the model obtained (11) is confirmed by the results of studies presented in [26].
According to the results of calculations (which were performed using the method [8]), it was established
that the fuel consumption of Bogdan A09204 buses in the urban driving cycle is 29.2 1/100 km. The
distribution of stops in a standardised urban driving cycle, according to State Standard 20306, corresponds
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to the average length of a route Iy, =550 m, for which the fuel consumption according to the obtained
dependence (11) is 29.9 1/100 km (Fig. 5).

The introduction of an express mode on the route also allows for an increase in bus speed on the route
by more than 30% (Table 1, Fig. 5) and, accordingly, their productivity by reducing the duration of the
trip. Analysis of the simulation results on other routes where different bus models are operated has

established a relationship between the coefficients of models (10) and (11) and the basic linear fuel
consumption rate (Hg,, ):

= Hgyy -[1.065 +0.425 - nm .

17200 km stop

Le +lgopy =
_ . | Er T lspan
Qo . = Hau [1.065+0.425 ( _SPAN H

R "'SPAN
Thus, the established empirical relationships (12) allow for the assessment of the energy efficiency
of most bus models depending on the mode of operation on urban bus routes.
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Fig. 5. The impact of the average length of a route on bus fuel consumption and service speed

Conclusion. Bus fuel consumption is a major component of transportation costs and significantly
affects fare setting, so research related to reducing fuel consumption has economic and social
implications. It has been established that one of the main technological indicators affecting bus fuel
consumption is the number of stops on the route, since during acceleration and braking, more than 50%
of fuel is spent on overcoming inertia.

Currently, the Ministry of Infrastructure of Ukraine recommends calculating fuel and lubricant
consumption for buses using a method based on information about the basic linear fuel consumption
rate for vehicles. This approach does not take into account all factors affecting fuel consumption by
buses when operating in real conditions. It also does not allow carriers to assess the economic benefits
of more progressive bus operating modes (e.g., express mode).

Based on the fuel balance equation, a mathematical model was developed that allows investigating
the impact of the number of stops on bus fuel consumption, taking into account passenger occupancy.
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The results of the modelling (using the example of city bus route No. 34 in Dnipro) allowed us to draw
conclusions about the nature of the impact of the number of stops per 1 km of the route and the average
length of the journey on bus fuel consumption. It was found that fuel consumption on route No. 34 varies
from 18.91 1/100 km (at ny,, =4) t0 52.95 1/100 km (at ng,, =67). In turn, the standard operating fuel

consumption of Bogdan A09204 buses, in accordance with the methodology of the Ministry of
Infrastructure of Ukraine, is 21.6 1/100 km. Thus, the fuel consumption of buses operating in normal

mode (Ngo, =26, lsppy =0,51 km) exceeds the standard values by 36%; and in route taxi mode

(Ngop =45, Ispay =0,29 km) by 86%. Thus, the introduction of express mode on the route will reduce

fuel consumption by 30% and increase the speed of service on the route by more than 25%. An empirical
relationship was also obtained, which allows establishing a correlation between these parameters and
information about the basic linear fuel consumption rate of vehicles.
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JocaizkeHHsI BIVIMBY T€XHOJIOTIYHUX apaMeTpiB MapuipyTy
HA BUTPATH NAJMBAa aBTO0YCiB B MiCbKHX YMOBaX

Anomauia. Poboma npuceauena niosuwyeHHto eqeKmMu8HOCMI NACANCUPCLKUX Nepese3eHb 3d
PAXYHOK OOCHIOHNCEHHSL BNAUBY MEXHONOSIYHUX NAPAMEMPI8 MAPULPYMY HA BUMPAMU NAIUed aemoodycie
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System model for the formation of organizational and technical processes for the
prevention of emergency situations in transport complex projects

The article explores the current challenges related to occupational safety in the transport sector of
Ukraine, emphasizing the growing importance of systematic prevention and effective risk management.
The study analyzes the main causes of occupational injuries and emergencies, highlighting both
technical and organizational shortcomings in existing safety management systems. Particular attention
is given to the insufficient implementation of modern risk-oriented approaches and the limited
integration of advanced organizational and technical solutions at transport enterprises. The authors
substantiate the need to transform traditional occupational safety practices by adopting international
standards, such as 1SO 45001 and ISO 31010, and by strengthening digitalization processes that enable
real-time monitoring of hazards. Based on the results of the analysis, a comprehensive model is
proposed for forming organizational and technical prerequisites that aim to reduce injury rates,
enhance the efficiency of preventive actions, and improve the reliability of production processes. The
model integrates key components such as hazard identification, risk assessment, digital monitoring
systems, personnel training, modernization of equipment, and development of a corporate safety culture.
It also provides mechanisms for coordinating management decisions, improving regulatory and
methodological support, and implementing preventive programs tailored to the specifics of the transport
industry. The findings demonstrate that using a systemic approach, supported by digital technologies
and analytical tools, significantly strengthens the ability of enterprises to predict and prevent dangerous
events. The proposed model can serve as a practical foundation for improving occupational safety
management systems, supporting the development of industry programs, and ensuring sustainable and
safe functioning of the transport sector.

Keywords: occupational safety; occupational health and safety, management, model, risk,
diagnostics, process automation, reliability, transport complex; DSTU ISO standard.
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Introduction. The modern transport complex is one of the key sectors of the economy, ensuring
population mobility, effective functioning of industry and development of foreign economic relations
of the state. At the same time, transport activity belongs to the category of increased danger, as it is
accompanied by a significant number of potential risks to the life and health of workers, as well as to
the safety of production processes. Industrial injuries and accidents remain relevant problems that
negatively affect the socio-economic indicators of enterprises and require systematic management at all
levels of production organization.

One of the main directions of improving occupational safety in the transport industry is the
formation of effective organizational and technical prerequisites that ensure the minimization
of risks of personnel injury and the prevention of emergency situations. This requires the
implementation of modern methods of assessing occupational risks, improving the occupational
safety management system, modernizing technical means and technological processes, as well
as developing a corporate safety culture. The relevance of the study is due to the need to
improve approaches to the integration of organizational and technical solutions in the field of
occupational safety, which will contribute to reducing the level of industrial injuries, increasing
the reliability of transport systems and ensuring the sustainable development of enterprises in
the industry. The purpose of this article is to identify and substantiate the organizational and
technical prerequisites that form the basis for reducing industrial injuries and increasing the
level of safety of production activities in the transport complex.

Analysis of recent research and problem statement. In the conditions of modern development of
the transport complex, the issue of ensuring occupational safety and preventing accidents is becoming
one of the key factors in increasing the efficiency of enterprises. Analysis of international and domestic
research shows that an integrated approach to safety management, which combines technical,
organizational and behavioral aspects, is the most effective for reducing the level of occupational
injuries and accidents in transport [1-4]. In this context, the emphasis is on a comprehensive risk
assessment, the implementation of occupational safety management systems in accordance with
ISO45001 standards and the adaptation of procedures to the specifics of transport subsectors [4-6].

An important area of research is the formation of a safety culture at transport enterprises, which
includes organizational measures, personnel training, and motivation to comply with safety rules [7-8].
Along with this, scientists emphasize that the regulatory framework in Ukraine requires further
adaptation to modern European standards, and the practical implementation of existing
recommendations is often formal in nature, which reduces the effectiveness of preventive measures [9-
10].

Despite the existing developments, a number of problems remain: first, there is a lack of
comprehensive models that simultaneously take into account technical, organizational and behavioral
factors; second, the mechanisms for adapting occupational safety management systems to modern
technological challenges, such as automation of transport systems and transportation of dangerous
goods, have not been sufficiently studied. Based on this, a relevant research problem is formed: it is
necessary to develop and implement a set of organizational and technical prerequisites that will ensure
a real reduction in industrial injuries and accidents in the transport complex of Ukraine.

The purpose and tasks of the study. The purpose of the study is to determine and substantiate the
organizational and technical prerequisites aimed at reducing the level of industrial injuries and
preventing accidents in the transport complex. To achieve this goal, the current state of industrial injuries
and accidents in the industry was analyzed, the main factors affecting occupational safety were
identified, the effectiveness of existing occupational risk management systems was investigated, a set
of organizational and technical measures to minimize dangerous industrial situations was substantiated,
and practical recommendations were developed to improve the occupational safety management system
at transport complex enterprises.

Materials and methods of research. Improving the state of industrial safety requires improving the
principles of occupational health and safety management. This is determined by modern global trends
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in occupational safety, the requirements of relevant international acts. The new principles of industrial
safety are based on taking into account various motivational factors, which are determined through
analysis, forecasting, personnel management, risk management (industrial, professional), using a
process approach, using international practice data and, ultimately, improving the occupational health
and safety management system. Among the main issues of improving management, it is important to
develop a methodology for analyzing and assessing risks for the purpose of further managing them.

Transport enterprises are enterprises with an increased risk of occupational injuries, occupational
diseases and accidents. Currently, many transport enterprises are entering the European market, and
therefore, first of all, they need to comply with all international standards, including those on
occupational safety. Studying and solving problems related to ensuring healthy and safe conditions in
which human work takes place is one of the most important tasks in the development of new
technologies and production systems. Researching and identifying possible causes of industrial
accidents, occupational diseases, accidents, explosions, fires, developing measures and requirements
aimed at eliminating these causes allow creating safe and favorable conditions for human work.
Comfortable and safe working conditions are one of the main factors that affect productivity and
occupational safety, and the health of employees.

To determine Ukraine’s position in the field of occupational safety in the transport sector, a
comparative analysis was conducted with EU countries for the period 2020-2024 (Fig. 1).

According to Eurostat and ILO data, the level of occupational injuries in Ukraine remains higher
than the EU average, but has a tendency to gradually decrease. This emphasizes the importance of
adapting European safety management standards and implementing digital technologies for risk control
[11].

Year Ukraine (injuries/100 EU average Difference, %
thousand works)

2020 175 120 +45.8

2021 168 118 +42.4

2022 160 115 +39.1

2023 148 110 +34.5

2024 140 107 +30.8

Fig. 1. Comparison of occupational injury rates (Ukraine vs. EU, 2020-2024)

The results of the comparative analysis indicate that the issue of occupational safety remains relevant
for all types of transport, but it is most acutely manifested in the railway industry. This is due to the
specifics of production processes, a high level of technogenic load and the need for constant compliance
with safety requirements during the operation of rolling stock and infrastructure. Therefore, further
consideration should focus on the specifics of ensuring occupational safety in the railway transport
sector.

In modern conditions of railway transport, the issue of occupational health and safety at work is
becoming particularly relevant. A high level of occupational injuries not only poses a threat to the life
and health of workers, but also negatively affects the overall efficiency of the industry, leads to material
losses, downtime and a decrease in the level of trust in the safety management system. Given the
complexity of technological processes, traffic intensity, significant energy load and the use of heavy
equipment, the formation of an effective accident prevention system is a necessary condition for the
sustainable development of railway transport.

In this context, special attention is required to analyze the actual state of occupational injuries and
identify key risks inherent in the industry. According to official data, over the past five years, more than
1,147 accidents have been recorded in the railway transport of Ukraine, resulting in injuries to 1,000
workers, 147 of them fatal. Such statistics indicate the presence of systemic problems in the organization
of safe working conditions and the need to strengthen control over compliance with occupational safety
requirements at all levels of management.
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Analyzing the dynamics of indicators for 20202024, it can be noted that the situation in the railway
industry remains difficult: the severity of the consequences of accidents is almost twice as high as the
national average. In particular, in the last two years alone, out of 150 injured workers, 29 people died
(Fig. 2). This emphasizes the need to develop and implement a comprehensive program to improve
occupational safety, which should include the modernization of technical equipment, improving the
personnel training system, strengthening control over hazardous work, and introducing modern
information technologies for monitoring working conditions.

250 Total injured workers
Fatal cases

200

150

Number of cases

50

2020.0 2020.5 2021.0 2021.5 2022.0 2022.5 2023.0 2023.5 2024.0
Year

Fig. 2. Dynamics of Occupational Injuries (2020-2024)

The analysis of the dynamics of occupational injuries shows that a significant proportion of
accidents in the railway industry are related to technical and organizational reasons. This indicates the
need to improve the risk management system and implement modern preventive measures.

Creating the prerequisites for reducing the level of occupational injuries at railway transport
enterprises requires a comprehensive approach, which includes improving the regulatory framework,
upgrading equipment, systematic training of personnel and the use of personal protective equipment. An
important role is played by the creation of a safety culture, where each employee is aware of personal
responsibility for compliance with occupational safety requirements.

To determine the priority areas of preventive measures, it is important to analyze the main causes
of accidents, which allows us to assess the share of technical, organizational and human factors in the
overall structure of injuries (Fig. 3.).
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Other

Technical causes
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Human factor

Organizational causes

Fig. 3. Distribution of Causes of Occupational Accidents

Prevention of emergency situations is possible thanks to timely technical maintenance of railway
infrastructure, constant monitoring of the technical condition of rolling stock and implementation of
automated control systems. An important component of this process is effective communication between
all structural divisions of the enterprise, which ensures prompt response to potential threats.

Analysis of the distribution of accident causes shows that a significant proportion of incidents are
related to technical and organizational factors, which emphasizes the need for a systemic approach to
risk management. In this context, the analysis of previous incidents is of particular importance, which
allows identifying typical errors, determining patterns of their occurrence and developing effective
preventive measures to prevent recurrence.

Occupational injury is a direct consequence of the realization of hazards, the probability of which
is determined by the level of occupational risk. Approaches to assessing the degree of safety of the
production environment and the level of occupational risks depend on the scale of the research object -
from a separate workplace to an enterprise or industry as a whole.

Depending on the purpose of the research, three main approaches to assessing occupational risks
are distinguished:

v assessment of primary factors of safety of the production environment;
v assessment of indicators of injury and occupational morbidity;
4 assessment of economic losses associated with accidents and occupational diseases.

In the risk management process, the primary task is:

1. Risk prevention - the process of recognizing the presence of a hazard and determining its
characteristics (DSTU ISO 45001:2018) [12];

2. Risk assessment and identification in accordance with the requirements of the ISO 31010:2018
standard [13].

Risk assessment consists of determining the magnitude of risks, analyzing possible consequences
and the probability of their occurrence, and making a decision on the acceptability or unacceptability of
risks in accordance with ISO 31010:2018. Risk assessment is the most effective preventive measure,
which takes into account not only those incidents that occurred in the past, but also hazards that have
not yet caused negative consequences. To conduct hazard identification and risk assessment on an
ongoing basis, it is necessary to develop a hazard identification and risk assessment methodology
focused on incident prevention, which ensures the establishment of priorities, documentation of risks
and the use of necessary safety measures. When developing a hazard identification and risk assessment
methodology, the scope of the OH&S management system, the nature of possible hazards, the need for
detail in the data obtained based on the results of hazard identification and risk assessment, the necessary
resources, and other factors important for the enterprise are taken into account.

The results of hazard identification should at least establish:

— hazard (object, situation or action, or a combination thereof);
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— location where the hazard occurs (unit, site, etc.);

— type of work, operations during which the hazard occurs;

—employees exposed to the hazard (in particular, their position, profession), as well as all third parties
who have access to the location of the hazard.

The results of the risk assessment should establish the magnitude of the identified risk, in particular,
unacceptable risks. This information is used when determining the priority of implementing safety
measures.

An integrated approach based on international standards, such as ISO 45001:2018 and ISO
31010:2018, allows not only to identify potential hazards, but also to implement effective preventive
measures in a timely manner. The formation of a safety culture, the active participation of employees in
the risk identification processes, the use of modern analysis methods and monitoring the technical
condition of the infrastructure - all these are integral components of reducing the level of injuries. The
implementation of the proposed recommendations will not only save the lives and health of employees,
but also increase the overall efficiency and reliability of the industry.

Occupational risk assessment is one of the key elements of the occupational health and safety
management system at transport complex enterprises. In accordance with the requirements of the
international standards ISO 31000:2018 “Risk management — Guidelines” and ISO 45001:2018
“Occupational health and safety management systems — Requirements with guidance for use”, the risk
assessment process should ensure the identification of hazardous factors, analysis of their consequences
and determination of the probability of potentially dangerous events.

In modern transport safety management practice, a number of methods are used that differ in depth
of study, gquantitative and qualitative indicators, and complexity of implementation. Among the most
common approaches, one can single out HAZOP analysis (Hazard and Operability Study), which is used
to systematically identify possible deviations in technological processes and determine their
consequences for the safety of workers and equipment. The FMEA (Failure Mode and Effects Analysis)
method is aimed at assessing possible failures of system elements and their impact on the overall level
of safety. Its advantage is the possibility of early identification of critical components of a vehicle or
technological process, which allows for timely prevention of emergency situations [14,15].

To assess the effectiveness of implementing a risk-based occupational safety management system,
the authors conducted an analysis of the dynamics of the main indicators of occupational safety at
transport complex enterprises.

The results are presented in Table 1, which compares the frequency and severity of injuries before
and after the implementation of the risk management system. As can be seen from the table, after
implementing the OHSMS measures, the injury frequency rate decreased by 35.4%, and the severity
rate decreased by 34.3%. There was also a 39% reduction in the number of days of downtime due to
accidents, which indicates an increase in the effectiveness of preventive actions and safety discipline
among employees.

Table 1. Comparison of injury rates before and after implementation of the risk-based OHS system

. Before After Change,
Indicator ' . . . Result
implementation | implementation %
. Fewer incidents
Injury frequency rate 4.8 3.1 -35.4 per 1 million hours
Injury s_e\_/erlty 0.32 0.21 343 Reduct!on o_f lost
coefficient working time
Number of days of Process
downtime due to 410 250 -39.0 ST
. optimization
accidents, days
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Level of
implementation of 72 94 +30.6
preventive measures, %

Increased security
discipline

Risk matrices are also used to analyze working conditions and production processes at transport
enterprises, which combine a qualitative assessment of the probability of an event and the severity of its
consequences, allowing to determine the priorities of preventive measures. The use of multifactor risk
matrices during the analysis of road accidents allows to establish the main patterns and critical risk zones
[14]. In addition, the “5 Whys” method is actively used to determine the root causes of dangerous events,
especially in cases of organizational and behavioral errors of personnel.

An important component of modern methods is their integration into information and analytical
security management systems, which allows for real-time risk monitoring. As noted, the introduction of
digital technologies and data collection systems within the framework of the SSM ensures increased
efficiency of management decisions and the formation of an effective feedback system regarding
incidents and potential hazards [16].

For a comprehensive assessment of the safety level, a safety index (Safety Performance Index) was
used, which integrates key parameters: the frequency and severity of injuries, as well as the level of
implementation of preventive measures. The calculation was carried out according to formula 1, which
takes into account the weighting factors of the influence of each indicator.

SPl =w,-F+w,-S+w,-P, (1)

where SPI — Safety Performance Index;

F — Injury Frequency Rate, which characterizes the number of accidents per 1000 employees;

S — Injury Severity Rate, which is determined by the ratio of lost work capacity to the total working
time;

P — Preventive Measures Index, which reflects the level of implementation of planned actions to improve
occupational safety (in percentages or points);

W1, Wa, W3 — Weighting factors, which characterize the relative importance of each indicator in the overall
assessment (provided that wi+w,+ws=1).

The safety index allows for an integrated assessment of the state of occupational safety at an
enterprise or in the industry as a whole, taking into account not only the consequences of accidents, but
also the effectiveness of preventive actions. A high SPI value indicates a reduction in production risks
and an increase in the level of organizational safety, while a low one indicates the need to strengthen
preventive work and improve the risk management system.

The results confirmed that increasing the level of digitalization of the system (through the use of 10T,
Big Data and analytical modules for risk monitoring) is positively correlated with a decrease in the
number of incidents. This demonstrates the feasibility of moving to a digital model of occupational
safety management. (Fig. 4).
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Enterprise Data Layer
(HR, Production, Maintenance)
IoT & Sensor Network
(Vehicle telematics, GPS. PPE)
Data Processing & Analytics (Big Data. ML)
OHS Dashboard / Digital Twin Visualization
Decision Support & Preventive Actions Engine

Fig. 4. Architecture of the digital OHS management system for the transport sector

Therefore, the use of comprehensive risk assessment methods in the transport complex allows to
increase the level of control over hazardous factors, optimize the processes of planning preventive
measures and create a basis for the formation of organizational and technical prerequisites aimed at
minimizing occupational injuries and preventing emergency situations. This approach provides a
systematic combination of analytical, managerial and technical tools that increase the stability of the
transport infrastructure.

The results of the comparative analysis confirm the need for further improvement of the occupational
safety management system in the transport sector of Ukraine. Reducing the level of occupational injuries
is possible only if a comprehensive approach is implemented, which covers organizational, technical,
information-analytical and socio-psychological aspects.

Further improvement of occupational safety is achieved through the implementation of an
occupational health and safety management system (OHSMS) in accordance with the international
standard 1SO 45001:2018. It ensures consistency in the processes of hazard identification, risk
assessment, planning and implementation of preventive measures. An important component of this
system is the development of incident prevention programs (Near Miss Programs), which allow to
identify potentially dangerous situations before accidents occur, which significantly increases the level
of proactive safety management [17].

Technical modernization of transport enterprises should be based on the implementation of
intelligent transport systems (ITS), online monitoring tools based on 10T (Internet of Things) and digital
twins of transport processes. Such technologies make it possible to monitor safety parameters in real
time, predict risks and promptly make management decisions to prevent accidents [18].

An important aspect of ensuring occupational safety is also ergonomic workplace design, aimed at
optimizing the physical and psycho-emotional stress of employees. Improving the microclimate,
lighting, and reducing noise and vibration levels help reduce operator fatigue and errors, increasing the
overall efficiency of production processes.

To improve the quality of risk analysis, it is advisable to use modern management techniques - FMEA
(Failure Mode and Effects Analysis), HAZOP (Hazard and Operability Study), Bow-Tie Analysis,
which allow you to systematically structure information about the probability and consequences of
events, identify critical elements of processes and set priorities for the implementation of preventive
measures.

The use of these approaches contributes to the transition to a proactive model of occupational safety
management, focused not only on response, but primarily on preventing accidents and minimizing the
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consequences of dangerous events. This is one of the key prerequisites for the sustainable development
of the transport industry.

To achieve a high level of occupational safety in the transport sector, it is necessary not only to
analyze existing risks, but also to systematically create conditions for their reduction. In view of this,
the study proposes a conceptual model for the formation of organizational and technical prerequisites
for reducing occupational injuries and preventing accidents. It reflects the relationship between the
initial risk factors, safety management processes (assessment, prevention, technical modernization,
development of a safety culture) and the expected results - reducing the level of injuries, increasing the
reliability of production processes and ensuring the sustainable functioning of transport enterprises.

The proposed model (Fig. 5) demonstrates the relationship between input risk factors, digitalized
management processes (risk identification, assessment, monitoring and control) and results in the form
of increased occupational safety and reliability of transport systems. Its use ensures the integration of
organizational, technical and digital solutions into a single occupational safety management system
focused on the prevention of dangerous events and increasing the efficiency of the transport complex.

In the current conditions of digital transformation of the transport industry, the creation of unified
information and analytical systems for occupational safety management that integrate data from various
sources - sensors, video surveillance, GPS trackers, technical maintenance databases and personnel
training is of particular importance. The use of Big Data analytics and machine learning algorithms
allows not only to record incidents in real time, but also to predict their probability, increasing the
effectiveness of preventive measures and ensuring timely management decisions [19].

Throughout 2025, JSC Ukrzaliznytsia is carrying out work on automating processes in the field of
labor protection, aimed at increasing the efficiency of collecting and analyzing performance indicators.
The main areas of digitalization include:

1. Modernization of the automated system "Industrial Safety" by integrating the subsystem "Highly
Hazardous Equipment”;

2. Implementation of the functionality "Industrial Injuries" as part of the Unified Automated
Personnel Management System of the IT-Enterprise complex;

3. Creation of the module "Labor Protection Training", which provides electronic accounting,
control and verification of the completion of briefings and knowledge tests;

4. Development of the module "Personal Protective Equipment"” in the supply chain management
system, which allows optimizing logistics and accounting for employee protective equipment.

Risk factors

\

Risk assessment Reduced
occupational injuries

Organizational
and technical
measures

Fig. 5. Conceptual Model of Organizational and Technical Preconditions for Reducing
Occupational Injuries and Preventing Emergencies in the Transport Sector

The integration of these solutions forms a single digital ecosystem of occupational safety

management, which provides automated collection, processing and visualization of data on risks and
incidents. This approach contributes to making informed management decisions, increases the
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transparency of processes and strengthens preventive mechanisms at all levels of the production
organization.

To verify the practical effectiveness of the developed system, testing was carried out at the transport
enterprise. Based on the results obtained, a phased algorithm for implementing an organizational and
technical model of occupational safety management was proposed (Table 2).

Each stage includes specific actions — from the initial diagnostics of the state of occupational health
and safety to digital monitoring and assessment of the system maturity according to the OHS Maturity
Model. This approach ensures a gradual increase in the level of management safety culture, systematic
improvement of processes and minimization of production risks

Table 2. Stages of implementing the organizational and technical safety model

Stage Basic actions Expected result
1 Initial dlagnostlcssg‘t lj)sccupatlonal safety Identifying key risks and weaknesses
2 Development of a preventive action plan Establishing priorities and prevention
strategies
3 Implementation of digital modules Automation of data collection and
(monitoring, training, PPE accounting) control

4 Digital monitoring and system maturity Determining the level of management

assessment efficiency and process improvement

Thus, the integration of the conceptual model of organizational and technical prerequisites, digital
technologies and practical implementation mechanisms allows for a systematic and proactive approach
to occupational safety management in the transport sector. The use of unified information and analytical
platforms, automated monitoring modules and digital twins ensures timely identification of potential
risks and increases the effectiveness of preventive measures. The phased implementation of the model,
taking into account the maturity of the management system, allows for a gradual increase in the safety
culture at enterprises and a reduction in the level of occupational injuries. Such an integrated approach
creates a solid foundation for the sustainable development of the transport industry, ensures the
reliability and safety of production processes and is the basis for formulating final recommendations
and strategies for improving the occupational safety management system.

Conclusions. The study confirmed the relevance of the problem of ensuring occupational safety and
preventing accidents in the transport complex of Ukraine. Analysis of the current state of industrial
injuries showed that the most common causes of accidents are technical and organizational factors,
which indicates the presence of systemic deficiencies in the existing safety management systems.
Comparative analysis of injury rates in Ukraine and EU countries confirmed the need to adapt
international standards, in particular 1SO 45001:2018 and ISO 31010:2018, to the specifics of the
Ukrainian transport sector and the introduction of modern digital technologies for risk monitoring.

The paper proposes a model for the formation of organizational and technical prerequisites for
reducing the level of industrial injuries and preventing emergencies, based on the principles of
systematicity, prevention and integration with quality and risk management processes. The model
provides for a comprehensive approach that includes:

« identification and assessment of risks, including the use of HAZOP, FMEA and "5 Whys" analysis
methods;

» modernization of technical equipment of enterprises and the implementation of digital monitoring
systems (loT, Big Data, digital twins);

* development of a corporate safety culture, personnel training and monitoring of the implementation
of measures;

« formation of a single information and analytical platform for automated collection, processing and
visualization of data on risks and incidents.
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The results of the practical implementation of the model at a transport enterprise showed a significant
reduction in the frequency of injuries (by 35.4%), the severity of consequences (by 34.3%) and the
number of days of downtime due to accidents (by 39%), which indicates the effectiveness of the
proposed approach and its ability to increase the level of safety and reliability of production processes.

Thus, the integration of organizational and technical solutions, digital technologies and practical
implementation mechanisms provides a systematic and proactive approach to occupational safety
management. The use of unified information and analytical platforms and automated monitoring
modules allows for timely identification of potential risks, increases the effectiveness of preventive
measures and forms the basis for the sustainable development of the transport industry. The proposed
conceptual model can serve as a methodological basis for the development of strategies and programs
to improve occupational safety at enterprises in the transport sector of Ukraine.
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CucremHa Mojaesb (pOpMyBaHHS OPraHiZaliiiHO-TeXHIYHUX MPOLECIB 3 3aM00iraHHs
aBapiliHUX cUTYyalliil B MPOEKTAX TPAHCIOPTHOI0 KOMILJIEKCY

Anomauia.y cmammi 00criodceHO axmyanvHi npobiemu 3abesnedeHHs Oesneku npayi Ha
RIONPUEMCIBAX MPAHCNOPMHO20 KOMNIEKCY YKpainu, wo 3yMoGneHi 6UCOKUM pieHem npogecitinux
DUBUKIB, MEXHO2EHHUM HABAHMANCEHHAM MA HeOONKamMu 6 Op2anizayii 6UpOOHUYUX NpPOYecis.
Ilpoananizoeano ocHo6Hi npuYUNHU BUHUKHEHHSI GUPOOHUYO20 MPASMAMUSMY U A8APIUHUX cumyayit,
ceped AKUX MEXHIYHI HeCHPAGHOCTI, NOPYUIEHHS MEXHOJIOSTYHUX Pe2laMeHmis, HeOOCMAMmHIl pieeHb
KOHMPONIO Ma HeOOCKOHANICMb CUCmeM YRpaesiinHsa 0xoponolo npayi. Hazonoweno na neobxionocmi
nepexody 00 PUSUK-OPIEHMOBAHO20 NIOX00Y, SAKUU IPYHMYEMbCA HA CUCMEeMHIl ideHmuixkayii
Hebe3neK, KIMbKICHIU ma AKICHIU OYIHYI pu3uKie i GNPOBAOINCEHH] NPEBeHMUBHUX 3aX00i8.
3anpononosano mooenb Gopmysanns 0peanizayitiHo-MexHiuHUX nepeoymos 0N 3HUNCEHHS PIiGHs
BUPOOHUYL020 MPAGMAMUMY MA 3aN00I2aHHA ABAPIUHUM CUMYAYiaM Yy MPAHCNOPMHOMY KOMNIEKCI.
Mooens gxnouac inmezpayito Cy4acHux Op2ani3ayitiHux piuieHb, mexHiuHoi MooepHizayii, yugposux
MexXHONO2I  MOHIMOPUHSY, ~YOOCKOHANEHHS CUCMeMU HABYAHMS NepPCOHANy ma — PO3GUMKY
Kopnopamugroi Kynemypu 6e3nexu. [[o0amkoso niokpecieHo 3HAUeHHs 8NPOBAONCEHHS YUPPOBUX
IHCMPYMEHMi8, MaKux AK asmMoMamu3068aHi cCucmemu KOHMpOoIo, MOHIMOPUHS ) PealbHOMY 4aci ma
ananimuuni naamgopmu 0N OYiHKU PUSUKIE, WO 3a0e3neuyloms OnepamusHe peazyeamHHs Ha
nomeHyitino Hebesneuni cumyayii. AKYeHMoBAHO Y8a2y HA GANHCIUGOCHT 3ACMOCYBAHHS MIJICHAPOOHUX
cmanoapmig, 3oxkpema JCTY ISO 45001 ma ISO 31010, wo 3abesneyyromv nOCIIOO8HICMb,
npo3zopicms i egpexmusnicmv npoyecie ynpaeninma pusuxamu. OOIPYHMOBAHO, WO GUKOPUCHIAHHSL
KOMNJIEKCHO20 NIOX00Y 00 YHPAGIiHHSL OXOPOHOIO Npayi, KUl NOEOHYE AHANIMUYHI, MEXHIYHI ma
OpP2aHI3ayiiHI THCMPYMEHMU, CAPUAE CEOEHACHIU i0enmugikayii Hebe3nex, 3MeHUEHHIO KilbKOCMI
iHyuOenmis i niosuweHH0 HAoTUHOCcmi 8upobHUYUX npoyecis. Ilpedcmasieni y cmammi pe3yivmamu
MOdHCYymb 6ymu suKopucmani 0ia niogUWeHHs eeKmUSHOCMI cucmem Ynpasiints OXOPOHOIO Npayi,
YOOCKOHANEeHHSI HOPMAMUBHO-MEMOOUYHO20 3a0e3nedentss ma po3poOieHHs 2any3e6ux npozpam i3
3anobieanHs asapitiHocmi y mpaHcnopmuoMy KOMIIEKCI.

Kniouosi cnoea: 6esnexa npayi; oxopona npayi, Ynpasninms, MoOOenb, PU3UK, OIA2HOCMUKA,
asmomamu3sayis npoyecy, Haoditnicmy, mpancnopmuuu komniexc, cmanoapm JCTY 1SO.
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Development of a Hybrid Traction System
for a Suburban Multiple Electric Train with Dual Power Supply

This paper examines and analyses the design options for traction systems of modern electric rolling
stock. Traction systems based on traditional circuit design solutions are reviewed and discussed. A
review of traction systems with converters using medium-frequency transformers is provided. The use
of such transformers reduces the weight of electrical equipment, requires less installation space, and
increases the energy efficiency of electric rolling stock. It is shown that a priority approach is to use a
hybrid traction system based on traditional circuit solutions, as its components exhibit high reliability.
Several variants of hybrid traction systems for a dual-supply suburban electric train are proposed. The
study demonstrates the feasibility of stabilising the intermediate circuit voltage to ensure autonomous
energy exchange between the energy storage system and the traction drive. The operation of the circuits
is described, and it is shown that when the intermediate DC-link voltage does not exceed 1000 V,
standard industrial solutions can be used in the energy storage system. The proposed hybrid traction
systems can be implemented in the modernisation or development of new electric multiple units and may
also be used in other types of rail vehicles.

Keywords: electric rolling stock, energy efficiency, hybrid traction system, traction electric drive,
energy storage device, traction converter, traction transformer, traction asynchronous motor.

Introduction. Suburban railway transport plays a crucial role in the functioning of large urban
agglomerations. By providing daily commuting for work and social purposes, suburban rail transport
contributes to the integration of suburban areas into the socio-economic space of cities [1]. According
to [2], more than 400 suburban train services operate within metropolitan areas of major regional centres
and the capital. However, despite the significant share of suburban transport provided by railways, a
declining trend in passenger numbers has been observed. This is linked to several factors affecting the
efficiency and competitiveness of suburban rail transport. Among them is the high degree of rolling
stock wear, which influences both the technical performance during operation and passenger comfort.
In recent years, the rolling stock used for suburban services has been gradually renewed, primarily to
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improve passenger comfort, enhance working conditions for locomotive crews, and upgrade safety
systems [3]. Nevertheless, the modernised electric multiple units still employ serial traction systems
developed more than 50 years ago. Consequently, these trains exhibit increased consumption of fuel and
energy resources, which, in conditions of rising energy costs, leads to higher operating expenses for
suburban services that are already subsidised [4].

Given the ageing of rolling stock where wear is estimated at 85%and outdated technical solutions
that increase maintenance and energy costs, as well as reduce reliability, the renewal of rolling stock or
its traction systems has become an urgent necessity. T he first approach complete replacement provides
the best technical performance and comfort levels but requires substantial capital investment for
acquisition, maintenance, and servicing. A more economical alternative is the modernisation of existing
rolling stock [5]. Regardless of the chosen approach, the traction system must ensure high energy
efficiency, as this directly reduces the consumption and cost of fuel and energy resources.

Almost all suburban transport services in Ukrainian urban agglomerations operate on electrified
lines. For direct current sections, electric trains of the series ER2, ER2R, ER2T, ED2T, and EPL2T are
used. On alternating current sections, trains of the series ER9, ER9M, ER9E, and EPL9T operate. The
most recent models EPL2T and EPL9T were manufactured by PJSC Luhanskteplovoz in the early
2000s. However, their traction equipment is largely inherited from older models, retaining the same
shortcomings associated with low energy efficiency. A major disadvantage is the lack of regenerative
braking in AC electric trains and most DC ones, despite regeneration being a key technology for energy
saving in electric traction systems [6, 7]. However, full utilisation of regenerative energy is only possible
when the process is autonomous [8], which can be achieved through the use of onboard energy storage
systems. Therefore, the development of a traction system incorporating energy storage for suburban
electric trains is a relevant and pressing task.

Analysis of recent research and problem statement. Improvement of electric multiple unit rolling
stock is essential for the stable operation of railway transport. Ukrainian researchers have conducted
studies aimed at enhancing the traction systems of serial electric trains [9], developing innovative
traction systems [10-12], and creating electrical equipment for various types of electric rolling stock
[13, 14]. The use of energy storage devices on electric rolling stock has been explored in [15-17].
Certain aspects related to the integration of energy storage systems into rolling stock have been studied
in [18-20] and other publications. Unfortunately, most of these works remain theoretical.

Abroad, the technology of onboard energy storage for rail transport has reached the stage of practical
implementation. The MITRAC Energy Saver system, developed by Bombardier Transportation, enables
energy savings of up to 30% when applied to tram cars. It reduces voltage fluctuations at the pantograph,
decreases losses in the traction network, and allows autonomous operation on non-electrified sections
[21]. Reference [22] presents test results for the Series EV-E301 train, where an onboard energy storage
system powers the train while running on non-electrified tracks. The onboard storage accumulates
energy during braking, thus reducing the energy required for recharging from the overhead line or
charging station at the terminus.

Experimental tests of the Hi-tram tram car demonstrated the potential to recover up to 41% of the
energy consumed for traction [23]. In [24], the results of experimental studies of the BEC-819 electric
train are presented; this train was modernised with an onboard energy storage system, which enabled
operation on non-electrified lines and accumulation of energy during electrodynamic braking for
recharging.

Advances in chemical energy storage technologies have made it possible to develop rolling stock
powered by traction batteries. Such vehicles can operate autonomously on non-electrified lines for up
to 100 km or more. Examples include Bombardier Talent 3 [25], FLIRT Akku [26], Siemens Mireo Plus
B [27], and others. These trains are equipped with high-capacity traction batteries that can be charged
from the overhead line, at terminal stations, or through regenerative braking.

A similar class of vehicles includes tram systems operating without overhead contact lines [28]. Such
rolling stock uses compact energy storage units that recharge at stops from contactless power sources.
Notably, energy storage systems are also used in multiple units with triple-mode power supply [29].
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The use of onboard energy storage systems in electric rolling stock is now widespread and serves
the following purposes:

1. Accumulation of energy during electrodynamic braking with subsequent use to power onboard

systems;

2. Power supply to rolling stock systems during movement along non-electrified sections.

The type and parameters of an onboard energy storage system depend on its intended function [17,
30].

Thus, the analysis confirms the feasibility and efficiency of integrating energy storage systems into
electric rolling stock.

To ensure the effective use of onboard storage on Ukrainian multiple units, several operational
factors must be considered.

Firstly, Ukrainian railways employ two traction power supply systems:

- Direct current with a nominal voltage of 3 kV;

- Alternating current with a nominal voltage of 25 kV at an industrial frequency of 50 Hz.

The pantograph voltage varies within 2.2-4.0 kV for DC lines and 19-29 kV for AC lines.
Therefore, it is rational to unify the traction equipment that does not directly interact with the contact
network.

Secondly, since some routes pass through sections electrified under both systems, it is advisable that
input equipment can operate with either DC or AC supply.

Thirdly, the traction system must include an onboard energy storage device. As mentioned earlier,
for the energy storage system to function effectively, its power flow processes must be autonomous and
unaffected by the traction network.

Hence, the requirements outlined above must be taken into account in designing traction systems for
multiple-unit rolling stock equipped with onboard energy storage systems.

Purpose and Objectives of the Study. The purpose of this study is to develop and analyse a hybrid
traction system for a suburban electric train, taking into account operational conditions and factors.

The main objectives of the research are as follows:

- Toanalyse existing circuit design solutions used in the traction systems of electric rolling stock;

- To develop a schematic design for a hybrid traction system applicable to a suburban electric

train.

Materials and Methods of the Study. The multiple-unit rolling stock currently operated by
Ukrzaliznytsia JSC for suburban passenger services is designed to work exclusively with a single
traction power supply system. Dual-system trains include Hyundai Rotem HRCS2, Skoda EJ 675, and
EKr-1, which are primarily used for Intercity services. Analysis of the technical documentation for these
trains indicates that they use the most common traction circuit configuration applied in dual-system
rolling stock (Fig. 1a).

In the circuit shown in Fig. 1a, the traction inverter is connected directly to the 3 kV DC network,
which necessitates the use of 65-class IGBT transistors [32]. The input four-quadrant converter (4QS)
also requires transistors of the same class. When operating from a 25 kV, 50 Hz AC network, a traction
transformer and a 4QS converter are used. The main advantages of this circuit are its simplicity and high
energy performance. However, a significant drawback is the inability to stabilise the intermediate DC-
link voltage when powered from a DC supply. This limitation complicates the integration of an energy
storage system, as fluctuations in the intermediate voltage may disrupt energy exchange between the
traction drive and the storage unit.

To eliminate voltage fluctuations in the intermediate circuit, chopper-based configurations are
required (Fig. 1b and Fig.1c).

In the circuit shown in Fig. 1b, 65-class IGBTSs are used in the 4QS converter, and 65- or 45-class
devices in the traction inverter [32]. Under AC supply, the system employs a transformer and a 4QS
converter, which stabilises the intermediate voltage. Under DC supply, the IGBTSs of the 4QS converter
operate in chopper mode, allowing voltage stabilisation as well.
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Fig. 1. Traction system schemes of dual-system electric rolling stock
a — non-chopper circuit for operation under DC 3 kV supply [31, 32]; b, ¢ — chopper-based circuits for
operation under DC 3 kV supply [31, 32]; d — voltage divider circuit for operation under DC 3 kV

supply [34].

In the configuration shown in Fig. 1c, 33-class semiconductor devices may be used in both the 4QS
converter and traction inverter. The use of two 4QS converters improves the power quality drawn from
the AC network [33]. Thus, the schemes in Fig. 1b and Fig. 1c ensure stable DC-link voltage under both
DC and AC operation modes.

It should be noted that when operating from a DC network, additional equipment must be integrated
to form a circuit similar to the one shown in Fig. 1c.

An innovative approach to the design of dual-system traction systems involves the use of
semiconductor converters with medium-frequency transformers (Power Electronic Transformers — PET,
Medium Frequency Topologies or Solid-State Transformers — SST) [35]. These converters employ
transformers operating at elevated frequencies. Several prototype devices of this type have already been
developed and tested on railway rolling stock.

Fig. 2 presents circuits of converters with medium-frequency transformers that have undergone
experimental validation, including on electric traction vehicles

In Fig. 2a, the diagram of the converter developed by Alstom for use on rolling stock supplied from
a 15 kV, 16 2/3 Hz traction network is presented.

The technical parameters of the Alstom eTransformer converter are shown in Table 1. Its high-
voltage input stage (stages 1 and 2) comprises an input reactor and eight series-connected conversion
modules forming an AC-AC converter (multi-level configuration). The first stage is a full H-bridge AC
converter, while the second stage is a half-bridge DC converter. The transformer’s primary winding is
powered through a resonant circuit (capacitor and transformer leakage inductance) tuned to 5 kHz.
Although stages 1 and 2 each include eight modules, stage 3 consists of a single H-bridge supplying the
low-voltage DC link, equipped with an LC filter. Stage 1 operates with hard switching (since its
switching frequency can be relatively low) and uses 6.5 kV/400 A IGBTSs. Stage 2 operates with soft
switching under quasi-zero current switching (quasi-ZCS) conditions and uses 3.3 kV IGBTSs. In the
event of a module failure, the faulty unit can be bypassed, allowing continued full-power operation.
Both the semiconductors and transformer are cooled using a forced oil circulation system. Despite
employing about three times as many semiconductors as traditional line-frequency transformer systems,
the eTransformer offers superior power density and efficiency.
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Fig. 2. Traction system schemes with converters employing medium-frequency transformers
a — eTransformer circuit developed by Alstom [35]; b — “Medium Frequency Topology” converter
developed by Bombardier Transportation [35]; ¢ — ABB converter circuit [35]; d — ABB Power
Electronic Traction Transformer [35].

Table 1. Technical parameters of the eTransformer converter [35]

Parameter Value
Input voltage 15 kV
Input frequency 16.7 Hz
Output voltage 1.65 kv DC
Rating power 1500 kVA
Maximum power 2250 KVA (30 5)
Efficiency 94%
Transformer frequency 5 kHz
Transformer + electronic weight 2830 kg
Output LC filter weight 385 kg
Heat exchanger weight 255 kg
Overall weight <3600 kg
Power density 0.42 kVA/kg
Total number of IGBTs 52
Cooling system Forced oil circulation

Fig. 2b shows the “Medium Frequency Topology” converter developed by Bombardier
Transportation for operation from a 15 kV, 16 2/3 Hz AC supply.

Similar to the eTransformer, this converter has three cascades consisting of eight identical modules
connected in series. Unlike the eTransformer, which employs a single medium-frequency transformer,
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in this configuration each module has its own transformer, while the low-voltage DC links of the
modules are connected in parallel. The first cascade is a full-bridge AC/DC converter, the second
cascade is a full-bridge DC/AC converter (whereas the eTransformer uses a half-bridge), and the third
cascade is again a full-bridge AC/DC converter. If one of the modules fails, the topology can continue
operation at 7/8 of nominal power. The system uses 6.5 kV IGBTSs in the first stage, which means seven
modules are sufficient for a 15 kV line voltage. Each transformer weighs only 18 kg and has a 1:1 turns
ratio. The main drawback of this configuration is the large number of semiconductor devices and
auxiliary components. The number of components can be reduced by using half-bridge topologies, as
shown in other designs.

Table 2. Technical parameters of the “Medium Frequency Topology” converter [35]

Parameter Value
Input voltage 15 kV
Input frequency 16.7 Hz
Output voltage 3.6 KV D
Rating power 3000 KVA
Transformer frequency 8 kHz
Transformers weight* 18 kg
Total number of IGBTSs 96
Cooling system Deionized water

*Weight for each transformer

Fig. 2c presents the ABB converter design. Its parameters are summarised in Table 3. Unlike the
previous examples, this converter has two cascades. It uses 3.3 kV, 400 A IGBTs arranged in 16
modules, doubling the number of units compared with other medium-frequency solutions, since lower-
voltage transistors are used. Each module includes a 1:1 medium-frequency transformer operating at
400 Hz, which limits the reduction in transformer size. Therefore, the dimensions of this converter
remain larger than those of traditional line-frequency transformers with 4QS converters.

Table 3 — Technical parameters of the first ABB prototype converter [35]

Parameter Value
Input voltage 15 kV
Input frequency 16.7 Hz
Output voltage 1.8kVv DC
Rating power 1200 kVA
Transformer frequency 400 Hz
Total number of IGBTSs 192
Cooling system Forced oil circulation

In terms of efficiency, while this prototype shows about 3% higher efficiency than a traditional
transformer under medium and high load, it performs worse at low load conditions.
Furthermore, its requirement for 192 IGBTs makes the design heavy and complex; hence, this prototype
is now considered obsolete.

Fig. 2d shows the ABB Power Electronic Traction Transformer (PETT), whose parameters are listed
in Table 4.

The converter has three cascades and includes nine series-connected modules, one of which serves
as a reserve. Each module contains its own medium-frequency transformer. The first cascade is a full
H-bridge AC/DC converter using 6.5 kV—400 A IGBTs that supply a 3.6 kV DC link; the second is a
half-bridge DC/AC converter employing the same transistor type; and the third is a half-bridge AC/DC
converter using 3.3 kV-800 A IGBTSs. The resonant circuit (LLC type) uses both magnetising and
leakage inductances to achieve resonance, allowing the elimination of the LC filter and minimising size
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and weight. Although the power density (0.266 kVA/kg nominal, 0.4 kVA/kg maximum) is still
relatively low, the achieved 96% efficiency is substantially higher than that of conventional line-
frequency transformer systems with 4QC converters.

Table 4. Technical parameters of the ABB Power Electronic Traction Transformer [35]

Parameter Value
Input voltage 15 kV
Input frequency 16.7 Hz
Output voltage 1.5kv DC
Rating power 1200 kVA
Maximum power 1800 kVA
Efficiency 96%
Total number of IGBTs 72
Total weight 4500 kg
Power density 0.266 kKVA/Kg

It should be emphasised that all analysed medium-frequency converters were designed for 15 kV, 16
2/3 Hz railway networks, where their reduced weight gives a considerable advantage.
Nevertheless, despite these benefits, their large-scale adoption in rolling stock has not yet occurred.
Medium-frequency converters have found use primarily in traction systems equipped with onboard
batteries [36].

Research on medium-frequency converters for 25 kV, 50 Hz systems remains largely theoretical,
focusing on various design aspects [37-39].

Ukrainian studies [10, 12] also explored their application in domestic dual-system electric trains,
proposing suitable circuit structures and calculating key parameters.Thus, while these converters are not
yet in operational use on traction rolling stock, their lower mass and volume make them attractive,
especially when onboard energy storage systems—requiring significant space and weight—are to be
installed.

Given this analysis, a hybrid traction system for suburban trains can be developed using either
traditional circuit design principles or innovative medium-frequency converter technology. The first
approach relies on proven, reliable technical solutions suitable for current rolling stock. The second
promises reduced mass, smaller installation volume, and higher energy efficiency, though practical
validation of reliability and cost-efficiency remains necessary.

Let us consider possible variants of traction circuit arrangements using the traditional approach to
traction system design, as well as configurations employing converters with a medium-frequency
transformer.

Fig. 3 shows the schematic diagram of a hybrid traction system constructed on the basis of traditional
design principles.

When operating from the AC traction network, switch QF1 and contactors K1, K2 and K3 are closed,
while QF2 and contactors K1 and K4 remain open. Power is supplied via the traction transformer T,
whose secondary windings feed semiconductor converters A1 and A2 through additional reactors L.
Converters Al and A2 operate according to 4QS converter algorithms, which ensure DC-link voltage
stabilisation and maintain a near-zero phase shift between current and voltage. The outputs of Al and
A2 are connected in parallel, and a double-frequency filter F is used to suppress harmonics.

When operating from the DC traction network, switch QF2 and contactors K1 and K4 are closed,
while QF1 and contactors K2 and K3 are open. Each of the capacitors C in the voltage divider is
connected to converters Al and A2, effectively halving the input voltage of each converter compared
with the contact network voltage. Reactors L1 and L2 are connected to the converter outputs to smooth
current pulsations, and their outputs are paralleled - forming a four-phase pulse-width modulation
converter.
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Fig. 3. Schematic diagram of a hybrid traction system for a dual-supply electric train
XA1, XA2 — pantographs for AC and DC supply respectively; QF1, QF2 — protection devices; L. — input
choke; T — traction transformer; L — transformer reactor; C — capacitors of the voltage divider; A1, A2 —
input semiconductor converters; F — double-frequency filter; L1, L2 — output chokes; K/...K4 — main
circuit contactors; K5 — switch of the energy storage system; A3 — traction inverter block; A4 — auxiliary
converters; A5 — energy storage system; A6 — matching converter; Cq — DC-link capacitor

A line choke Lc limits current ripples drawn from the DC network.

In both supply modes, the energy storage system (comprising the storage unit A5 and matching
converter A6) is connected to the intermediate circuit via switch K5. The traction inverters block A3
powers and controls asynchronous traction motors, while A4 supplies auxiliary systems.

From the above description, it follows that under DC operation, each converter receives half the
contact voltage, varying between 1.1 and 2.0 kV. Since the converters are of the step-down type, the
DC-link voltage does not exceed 1.1 kV, ensuring its stabilisation despite fluctuations in the contact
network. With a DC-link voltage of 900-1000 V, 17-class IGBTs can be used in the traction converter.

Fig. 4 shows a variant of the hybrid traction system employing a medium-frequency converter based
on a three-cascade configuration.

When supplied from the AC traction network, QF1 is closed, QF2 and contactor K are open. The
first-stage converters Al of each module operate according to 4QS algorithms, stabilising the voltage
on capacitor C. Converters A2, A3, and the transformer MF reduce the voltage to the required level for
traction drive operation. The energy storage system (A6 and A7) is connected to the intermediate DC
link that also powers the traction inverter block A4 and auxiliary converters A5.

When supplied from the DC network, QF1 is open while QF2 and K are closed, connecting the
capacitors C of all modules directly to the contact network. Thereafter, the operation proceeds identically
to the AC mode described above.

To reduce the number of transistors, 65-class IGBTSs are used in the first-stage converters. With 12
series-connected modules, the voltage across capacitors reaches 3.4 kV; considering that the contact
network voltage may reach 4.0 kV, 65-class IGBTs are also required in the second cascade.
Alternatively, the second cascade may use a modular converter design [40]. The traction drive DC-link
voltage can be selected within 900-1000 V, which allows the use of 17-class transistors in the traction
inverter.
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Fig. 4. Schematic diagram of a hybrid traction system with a medium-frequency converter for a

dual-supply electric train
XA1, XA2 — pantographs for AC and DC supply respectively; QF1, QF2 — protection devices; Lc — input
choke; L — additional choke; C — input capacitor; Al — first-stage converter; A2 — second-stage
converter; A3 —third-stage converter; MF — medium-frequency transformer; M — converter module with
medium-frequency transformer; K — main circuit contactor; K1 — switch of the energy storage system;
A4 — traction inverter block; A5 — auxiliary converters; A6 — energy storage system; A7 — matching
converter.

Energy storage and matching converters are generally designed for DC-link voltages not exceeding
1000 V. Thus, adopting an intermediate voltage below 1000 V enables the use of standardised, proven
industrial components.

Thus, the use of both traction system configurations considered in this study is technically feasible.
At present, the scheme based on traditional design approaches demonstrates high energy performance.
These configurations employ equipment whose manufacturing quality is well established, which ensures
high operational reliability of such systems when wused in electric rolling stock.
The configuration employing converters with a medium-frequency transformer is an innovative solution
that requires further research and practical validation under operational conditions. In addition, a
comprehensive techno-economic assessment is necessary, as well as an evaluation of its impact on the
performance characteristics of electric rolling stock. In view of these considerations, the traditional
approach remains the priority for the development of a hybrid traction system for a suburban electric
train at the current stage. This approach enables the creation of a hybrid traction system with high
reliability indicators.

Conclusions. The study proposes hybrid traction systems for a dual-supply suburban electric train.
A comprehensive analysis of modern traction system design approaches was conducted, forming the
basis for the proposed concepts.

The first variant - based on traditional circuit design - ensures high reliability through the use of time-
tested solutions. The second - an innovative configuration employing medium-frequency transformers -
offers potential advantages in reduced weight, smaller equipment volume, and increased energy
efficiency. However, due to insufficient data regarding their technical and economic characteristics, the
traditional design approach remains preferable.
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It has been demonstrated that selecting an intermediate DC-link voltage not exceeding 1000 V

expands the range of compatible commercial components for onboard energy storage systems and
converters.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

REFERENCES

Borsuk, Yu.V. (2025) Suburban railway transportation in Ukraine: features of territorial organization and development
trends [in Ukrainian]. [Electronic resource]. Access mode: https://geography.Inu.edu.ua/wp-
content/uploads/2025/09/Borsuk_Prymiski-zaliznychni-perevezennia-v-Ukraini_2025.pdf.

Ukrzaliznytsia (2025). Suburban train schedule. [in Ukrainian]. [Electronic resource]. Access mode:
https://uz.gov.ua/passengers/suburban_train_schedule/.

Private Joint-Stock Company "Kyiv Electric Wagon Repair Plant” (2025). [in Ukrainian]. [Electronic resource]. Access
mode: https://kevrz.com.ua/index.php/ua/.

Chyhrinov, V. (2024). Retrospective analysis of suburban passenger transportation indicators of the regional branch of JSC
«Ukrzaliznytsya». Sustainable economic development. 3(50), 458-467. [in Ukrainian] https:/doi.org/10.32782/2308-
1988/2024-50-69.

Lomotko, D. V., Krasnoshtan, O. M., Kava, O. S. (2022). Ways to restore the logistics of suburban passenger rail
transportation on non-electrified sections of the railway. Information and control systems in railway transport, 4, P.41-47.
[in Ukrainian].

Sablin, O. 1., Kuznetsov, V. G., Artemchuk V. V. (2013). Problems and prospects of effective use of electricity recovery
in the electric transport system. Optical-electronic information and energy technologies, 2, P. 126-130. [in Ukrainian].
Buriakovskyi, S. H., Overianova, L. V., Neshcheret, V. O., lvanov, K. I. (2023). Assessment of the energy saving potential
when using energy recovery in a railcar electric rolling stock for suburban transportation. Bulletin of the National Technical
University "KhPI". Series: Energy and heat engineering processes and equipment, 3(15), 52-59
https://doi.org/10.20998/2078-774X.2023.03.08. [in Ukrainian].

N. A. Kostyn, A. V. Nykytenko. (2014). Autonomy of recuperative braking is the basis of reliable and energy-efficient
recuperation on electromotive components of direct current. Railway transport of Ukraine, 3, P. 15-22. [in Ukrainian].
Shylo, S. I. (2025). Increasing the efficiency of traction transmission of direct current electric trains: author's abstract of
dissertation ... candidate of technical sciences: 05.22.09. Dnipro, 26 p. [in Ukrainian].

Zabarylo D. O. (2015). Increasing the efficiency of dual-supply electric rolling stock with asynchronous traction drive:
author's abstract of thesis ... candidate of technical sciences: 05.22.09. Dnipropetrovsk. 25 p. [in Ukrainian].

Demydov O. V. (2021). Energy-efficient gearless traction drive of a suburban electric train based on a synchronous motor
with permanent magnets: author's abstract of the dissertation ... candidate of technical sciences: special. 05.22.09 Kharkiv,
21 p. [in Ukrainian].

Mukha, A. M. (2011). Development of scientific foundations for the creation of traction power transmissions of multi-
system electric locomotives [Text]: dissertation ... Dr. Tech. Sciences: 05.22.09. Dnipropetrovsk National University of
Railway Transport named after V. Lazaryan, - 362 pages. [in Ukrainian].

Hulak S. O. (2020). Increasing the energy performance of AC electric locomotives due to reactive power compensation
adapted to the power supply system: dissertation ... candidate of technical sciences: special 05.22.09:— Kharkiv, 209 p. [in
Ukrainian].

Krasnov O. O. (2020). Active traction converter for AC electric locomotives with collector traction motors: dis. ... candidate
of technical sciences : 05.22.09 : Kharkiv, 188 p. [in Ukrainian].

Overianova, L.V. (2014). Determination of parameters and assessment of properties of electromechanical inertial energy
storage devices for suburban electric trains: author's abstract of the dissertation of candidate of technical sciences: 05.22.09,
Kharkiv, 20 p. [in Ukrainian].

Sulym, A.O. (2023). Increasing the efficiency of electricity use for regenerative braking of metro trains by introducing on-
board capacitive energy storage devices [Text]: monograph. State Property Fund of Ukraine, State Enterprise "Ukr.
Research Institute of Carriage Building™ (SE "UkrNDIV"). Kremenchuk: SE "UkrNDIV", 104 p. [in Ukrainian].
Kondratieva L. Yu. (2025). Energy-efficient control of the traction electric drive of a quarry locomotive with a combined
power plant: dissertation ... doctor of philosophy : special. 141, Kharkiv, 193 s. [in Ukrainian].

Yatsko, S., Vashchenko, Ya., Sydorenko, A. (2019). Development of strategies for reducing traction energy consumption
by electric rolling stock. JCPEE, VVolume 9, Number 1, pp. 44-51 https://doi.org/10.23939/jcpee2019.01.044.

Maslii, A., Buriakovskyi, S., Antonenko, R., Gevrasov, V., Maslii, A. (2025). Assessing the applicability of energy storage
system for plug-in hybrid traction system in rail rolling stock. Eastern-European Journal of Enterprise Technologies, 4(1
(136), 22-31. https://doi.org/10.15587/1729-4061.2025.337731.

Afanasov, A. M., Lynyk, D. L., Arpul, S. V., Bilukhin, D. S., Vasyliev, V. Ye. (2022). Prospects for the use of autonomous
electric trains with on-board energy storage. Transport systems and transportation technologies, (23), S.46-51.
https://doi.org/10.15802/tstt2022/261652.

Steiner, M., Klohr, M., Pagiela, S. (2007). Energy storage system with ultracaps on board of railway vehicles. 2007
European  Conference on Power Electronics and Applications, Aalborg, Denmark, pp. 1-10,
https://doi.org.10.1109/EPE.2007.4417400.

73


https://geography.lnu.edu.ua/wp-content/uploads/2025/09/Borsuk_Prymiski-zaliznychni-perevezennia-v-Ukraini_2025.pdf
https://geography.lnu.edu.ua/wp-content/uploads/2025/09/Borsuk_Prymiski-zaliznychni-perevezennia-v-Ukraini_2025.pdf
https://uz.gov.ua/passengers/suburban_train_schedule/
https://kevrz.com.ua/index.php/ua/
https://doi.org/10.32782/2308-1988/2024-50-69
https://doi.org/10.32782/2308-1988/2024-50-69
https://doi.org/10.20998/2078-774X.2023.03.08
https://doi.org/10.23939/jcpee2019.01.044
https://doi.org/10.15587/1729-4061.2025.337731
https://doi.org/10.15802/tstt2022/261652
https://doi.org.10.1109/EPE.2007.4417400

e-ISSN 2617-9059 Transport Systems and Technologies, 46, 2025

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kono, Y., Shiraki, N., Yokoyama, H., Furuta, R. (2014). Catenary and storage battery hybrid system for electric railcar
series EV-E301. 2014 International Power Electronics Conference (IPEC-Hiroshima 2014 - ECCE ASIA), Hiroshima,
Japan, 2014, pp. 2120-2125, https://doi.org.10.1109/IPEC.2014.6869881.

Ogasa, M. (2010), Application of Energy Storage Technologies for Electric Railway Vehicles—Examples with Hybrid
Electric Railway Vehicles. IEEJ Trans Elec Electron Eng, 5: 304-311. https://doi.org/10.1002/tee.20534.

Yoshiaki, TAGUCHI, Satoshi KADOWAKI, Takayuki NAKAMURA, Masaki MIKI, Kenji HATAKEDA, Yoshimasa
ARITA. (2015). Development of a Traction Circuit for Battery-powered and AC-fed Dual Source EMU and Running Test
Evaluation of the On-board Battery Performance, Quarterly Report of RTRI, Volume 56, Issue 2, Pages 98-104, Released
on J-STAGE June 09, 2015, https://doi.org/10.2219/rtriqr.56.98, [Electronic resource]. Access mode:
https://www.jstage.jst.go.jp/article/rtriqr/56/2/56_98/ _article/-char/en.

Bombardier Talent 3 Battery Train (2025) [Electronic resource]. Access mode: https:/www.railway-
technology.com/projects/bombardier-talent-3-battery-train/?cf-view&cf-closed.

FLIRT Akku: continues where the overhead line ends (2025) [Electronic resource]. Access mode:
https://www.stadlerrail.com/en/solutions/rolling-stock/mainline-flirt-akku.

Hybrid Multiple Units (2025) [Electronic resource]. Access mode:
https://assets.new.siemens.com/siemens/assets/api/uuid:0a451202-2be4-485d-a736-974d74263e63/siemens-mobility-
mireo-plus-b-mireo-plus-h-en.pdf.

Becker,F., Dammig, A. (2016). Catenary free operation of light rail vehicles — Topology and operational concept. 18th
European Conference on Power Electronics and Applications (EPE'16 ECCE Europe), Karlsruhe, Germany, pp. 1-10,
https://doi.org.10.1109/EPE.2016.7695286.

Battery Powered Trains (2025) [Electronic resource]. Access mode: https://www.hitachirail.com/products-and-
solutions/rolling-stock/battery-powered-trains/.

Karkosinski, D., Stromski, P., Karkosiniska Brzozowska, N. (2021). Hybrid energy storage for electric multiple units to
operate at the partially electrified line Gdynia-Hel. Rail Vehicles. Pojazdy Szynowe, (1), 18-32.
https://doi.org/10.53502/RAIL -138488.

Steimel, A. (2008). Electric traction - motive power and energy supply : basics and practical experience. Access mode:
https://www.igytechnicalcollege.com/Electric%20Traction%20-

%20Motion%20Power%20and%20Energy%20Supply %20Basics%20and%20Practical%20Experience.pdf.

Eckel, H.-G., Bakran, M. M., Krafft, E. U., Nagel, A. (2005). A new family of modular IGBT converters for traction
applications. 2005 European Conference on Power Electronics and Applications, Dresden, Germany, P.10,
https://doi.org/10.1109/EPE.2005.219248.

Plakhtii, O., Nerubatskyi, V., Sushko, D., Ryshchenko, 1., Tsybulnyk, V., & Hordiienko, D. (2019). Improving energy
characteristics of ac electric rolling stock by using the three-level active four-quadrant rectifiers. Eastern-European Journal
of Enterprise Technologies, 4(8 (100), 6-14. https://doi.org/10.15587/1729-4061.2019.174112.

Bakran M. M., Eckel, H.-G., Eckert, P., Gambach, H., Wenkemann, U. Comparison of multisystem traction converters for
high-power locomotives. 2004 IEEE 35th Annual Power Electronics Specialists Conference, Aachen, Germany, 2004, pp.
697-703 Vol.1, https://doi.org/10.1109/PESC.2004.1355833.

Farnesi, S., Marchesoni, M., Passalacqua, M., Vaccaro, L. (2019). Solid-State Transformers in Locomotives Fed through
AC Lines: A Review and Future Developments. Energies, 12(24), 4711. https://doi.org/10.3390/en12244711
BORDLINE® M400_DC_3000V_M For Hybrid Bi-Mode Locomotives (2025) [Electronic resource]. Access mode:
https://library.e.abb.com/public/5f0dd4e9c23c4f19842ac96a34a85872/BORDLINE%20M400_DC_3000V_M.pdf.
Dong-Uk Kim, Jin-Hyuk Park, Seung-Hwan Lee, Sungmin Kim (2025). Development of medium voltage single-phase
solid-state transformer for high-speed railway vehicles: reduced scale verification results. High Voltage, 10(3), 555-569
(2025). https://doi.org/10.1049/hve2.70061.

Morel, F., Stackler, C., Ladoux, P., Fouineau, A., Wallart, F., Evans, N., Dworakowski, P. (2019). Power electronic traction
transformers in 25 kV / 50 Hz systems: Optimisation of DC/DC Isolated Converters with 3.3 kV SiC MOSFETs. PCIM
Europe 2019; International Exhibition and Conference for Power Electronics, Intelligent Motion, Renewable Energy and
Energy Management, Nuremberg, Germany, 2019, pp. 1-8.

E.S. Lee, J. H. Park, M. Y. Kim, J. S. Lee. (2022). High-Efficiency Module Design of Solid-State Transformers for Railway
Vehicles, |EEE Transactions on  Transportation Electrification, wvol. 8, no. 1, pp. 98-120,
https://doi.org/10.1109/TTE.2021.3101733.

40 Adamowicz, M., Szewczyk, J. (2020). SiC-Based Power Electronic Traction Transformer (PETT) for 3 kV DC Rail

Traction. Energies, 13(21), 5573. https://doi.org/10.3390/en13215573.

Cezen Paovoe', Jlinia Osep’anosa >, Kocmanmun Ieanoe*, Ipuna Binokonv*, Anmon

Kykoe®

Mouent, Kadeapa eneKTpUYHOrO TPAaHCMOPTY Ta TEMIOBO300yayBaHHs, HallioHANbHUA TeXHiuHMi

YHiBepCUTET «XapKiBCHKUH MOJIITEXHIYHUI IHCTUTYT», ByJl. Kupnnuosa, 2, M. Xapkis, 61002, Ykpaina. ORCID:
https://orcid.org/0000-0003-0753-514X.

74


https://doi.org.10.1109/IPEC.2014.6869881
https://doi.org/10.1002/tee.20534
https://www.jstage.jst.go.jp/article/rtriqr/56/2/56_98/_article/-char/en
https://www.railway-technology.com/projects/bombardier-talent-3-battery-train/?cf-view&cf-closed
https://www.railway-technology.com/projects/bombardier-talent-3-battery-train/?cf-view&cf-closed
https://www.stadlerrail.com/en/solutions/rolling-stock/mainline-flirt-akku
https://assets.new.siemens.com/siemens/assets/api/uuid:0a451202-2be4-485d-a736-974d74263e63/siemens-mobility-mireo-plus-b-mireo-plus-h-en.pdf
https://assets.new.siemens.com/siemens/assets/api/uuid:0a451202-2be4-485d-a736-974d74263e63/siemens-mobility-mireo-plus-b-mireo-plus-h-en.pdf
https://doi.org.10.1109/EPE.2016.7695286
https://www.hitachirail.com/products-and-solutions/rolling-stock/battery-powered-trains/
https://www.hitachirail.com/products-and-solutions/rolling-stock/battery-powered-trains/
https://doi.org/10.53502/RAIL-138488
https://www.iqytechnicalcollege.com/Electric%20Traction%20-%20Motion%20Power%20and%20Energy%20Supply_%20Basics%20and%20Practical%20Experience.pdf
https://www.iqytechnicalcollege.com/Electric%20Traction%20-%20Motion%20Power%20and%20Energy%20Supply_%20Basics%20and%20Practical%20Experience.pdf
https://doi.org/10.1109/EPE.2005.219248
https://doi.org/10.15587/1729-4061.2019.174112
https://doi.org/10.1109/PESC.2004.1355833
https://library.e.abb.com/public/5f0dd4e9c23c4f19842ac96a34a85872/BORDLINE%20M400_DC_3000V_M.pdf
https://doi.org/10.1049/hve2.70061
https://doi.org/10.1109/TTE.2021.3101733
https://doi.org/10.3390/en13215573
https://orcid.org/0000-0003-0753-514X

e-ISSN 2617-9059 Transport Systems and Technologies, 46, 2025

2Jlouent, Kadempa eneKTpHMYHOro TPaHCHOPTY Ta TEINOBO300yAyBaHHs, HalioHanpHUil TexHiuHMiA
YHiBEpCUTET «XapKiBCHKUI MOMITEXHIYHUH IHCTUTYT», Byl Kupnudosa, 2, M. Xapkis, 61002, Ykpaina
ORCID: https://orcid.org/0000-0002-4827-572X.

SAcmipant, Kadenpa enekTpu4HOro TpaHCIOPTY Ta TEMIOBO300yayBaHHs, HamioHadbHUM TeXHiuHMiA
YHiBEpCUTET «XapKiBCHKUH MOJITEXHIYHUH IHCTUTYT», Byl Kupnudosa, 2, M. Xapkis, 61002, Ykpaina
ORCID: https://orcid.org/0009-0000-3000-8191.

*lupexrop, KpemeHuylbkuii (h)axoBuii KoJeK TPAHCIIOPTHOI iHPPACTPYyKTypH Ta TEXHOJOTIH, By, FOpis
Pyda,14, m. Kpemenuyk, [TonraBcrka obmacts, 39600, Ykpaina.

ORCID: https://orcid.org/0000-0002-4675-3994.

*TOB «XapKiBchKHil €1eKTpO-MaIIMHOGY 1iBHUI 3aBo», TIp. ['epois Xapkosa, 199, Xapkis, 61037, Vkpaina
ORCID: https://orcid.org/0009-0001-5229-1685.

Po3podka riopuaHoi TAroBoi cucTeMu 1JIsl MPUMICHKOT0 eJIEKTPONOi3ay 3 IBOCUCTEMHUM
JKMBJICHHIM

Anomauia. Y cmammi pozeasiHymo ma npoamanizoéano eapianmu nobdyo0osu ma2o08ux cucmem
CYYACHO20 eNeKmpopyxomozo ckaady. Posensnymo ma npoananizoeano mseosi cucmemu, 6 sKUX
BUKOPUCMOBYIOMbCL MPAOUYIiHI NiOX00u 00 cxemomexuiunux piuwens. Ilposedeno o2nsi0 msaeosux
cucmem 3 Nepemeopro8aYaAMl 3 CepeOHbOYACMOMHUMY TMPAHCHOPMAMOPAMU, BUKOPUCTIAHHS SKUX
3MEHWYE MACy eneKmpoOOIAOHANHHS, NOMPeOye MEHU020 NpPocmopy O 1020 po3MiljenHs ma
niosuwye eumepeoepekmusHicms eiekmpopyxomoeo cknady. lloxazano, wo npiopumemHum €
BUKOPUCMANHS 2IOPUOHOT Ms20801 cucmemu 3 MPaoUyillHo CXeMOMEXHIKOI0, 00NAOHAHHS 05 SKOI
MA€ GUCOKI NOKA3HUKU HAOIUHOCMI. 3anponoHosano eapianmu 2iOPUOHUX MA208UX cucmem OJis
NPUMICbKO20 eleKmMPOnoi30y 3 0socucmeMuum cusienHam. llokazano OdoyinbHicms cmabinizayii
Hapyau NpOMINCHO20 KOHMYpPY 07 3a0e3NeYeHHs A8MOHOMHOCII eHep2OOOMIHY MIdNC CUCMEMOIO
HaKONU4eHHs: eHepeii ma mazoeum eiexmponpusodom. Ilposedeno onuc pobomu cxem ma nokasawo,
wo npu eubopi Hanpyeu npomiocnoi nanxku He euwge 1000 B mooicnuse euxopucmarnus cepitiHux
MeXHIYHUX pilueHb 6 0ONAOHAHHI CUCeMU HAKONUYeHHs eHepeil. 3anpononosaui 2iOpuoui ms2osi
cucmemu  MoXCymv Oymu  GUKOPUCMAHHI Npu  MOOEpHI3ayii uu CMEOPeHHI MOMOPEALOHHO20
eeKMPOPYXOMO20 CKAAOY, A MAKOIC OYMU BUKOPUCAHHI HA THULOMY PelikO8OMY MPAHCNOPHIL.

Knwuogi cnosa: enexmpopyxomuil ckiao, eHepzoegexmugnicmo, 2iOpuoHa msa208a cucmemd,

MA206ULL eIEKMPONPUBOO, HAKONUYYBAY eHepaii, MA208Ull nepemaeopiosat, ma2osull mpancoopmamop,
MA20BUL ACUHXPOHHULL eIeKMPOOBUSYH.

Jlama nepuwozo naoxooxcenns cmammi 0o gudanusn 20.09.2025

Lama npusinsmms 0o opyky cmammi 17.11.2025
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Optimization of energy storage parameters of electric buses charged at terminal stops

The paper developed a methodology for determining the optimal parameters of a combined energy
storage for an electric bus based on solving a conditional minimization problem taking into account the
driving mode, route parameters, and weight and size restrictions when charging the storage at the final
stops of the route. The practical significance of the work lies in determining the parameters of combined
energy storage for an electric bus using the example of a multi-component energy storage. Analysis of
the results of the study on solving the optimization problem proved that for economical driving on routes
4 and 10, three-component storage with 1 branch with LTO cells and 28 branches with LFP cells and 1
branch of supercapacitors are optimal. For driving in intermediate and high-speed modes, two-
component storage with the parameters: 2 branches with LTO cells and 15 branches with LFP cells and
1 branch with LTO cells and 47 branches with LFP cells, respectively, are optimal. For the obstacle
mode, a storage device operating in the “high-speed’” mode is sufficient for 10 routes, however, for the
4th route, which requires higher energy consumption, it is necessary to use a mono-component LFP -
element storage device with 81 branches.

Keywords: traction drive, energy storage, electric bus, trolleybus, parameter optimization, objective
function

Introduction. Within the urban fabric of Ukraine's major metropolitan areas, trolleybuses and their
modern successors, electric buses, have established themselves as the principal modalities of trackless
passenger transport, collectively constituting a substantial proportion of the municipal vehicle fleets.
Their pervasive deployment, a process initiated in the latter half of the twentieth century and persistently
ongoing, is fundamentally predicated upon a suite of operational advantages they exhibit over
conventional internal combustion engine buses.

Foremost among these merits is their superior environmental profile; as vehicles powered by external
electrification, trolleybuses generate zero direct harmful emissions at the point of use, with their
environmental impact being predominantly indirect and contingent upon the generation mix of the
electrical grid. A second, significant advantage lies in their capacity for kinetic energy recuperation.
Through regenerative braking systems, contemporary trolleybus models can reclaim and feedback into
the overhead contact wire up to 70% of the energy otherwise dissipated as heat during deceleration.
Thirdly, from a lifecycle perspective, trolleybuses typically demonstrate an extended service longevity
compared to buses, a characteristic attributable to the absence of high-vibration internal combustion
engines, which consequently imposes reduced mechanical stress on structural components.
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Notwithstanding these notable benefits, it would be an oversimplification to envisage the
conventional trolleybus of future urban transit ecosystems due to a constellation of inherent operational
limitations. A primary constraint is their compromised maneuverability, dictated by an absolute
dependence on a fixed overhead contact network. This tethering not only restricts routing flexibility but
also necessitates considerable capital investment for the initial infrastructure deployment and any
subsequent network expansion. Furthermore, trolleybuses exhibit a pronounced sensitivity to both the
integrity of the road surface and the condition of the contact infrastructure. Traversing degraded road
sections mandates a significant reduction in velocity to prevent the dewirement of the current collection
pantographs. Moreover, the intrinsic design of contact network elements—such as intersections,
switches, and sectional insulators on drawbridges—imposes mandatory speed restrictions for safe
passage. An additional vulnerability is their susceptibility to the icing of contact wires, a phenomenon
that can severely degrade the quality of electrical contact and accelerate the abrasive wear of the
pantograph's contact inserts. Finally, the perpetual maintenance demands of the extensive overhead wire
system necessitate a dedicated cadre of skilled personnel, a requirement that poses acute challenges in
the context of martial law in Ukraine, complicating both training and retention of such specialized staff.

The synthesis of the aforementioned advantages with the mitigation of the described disadvantages
is potentially achievable through the adoption of battery electric buses, or simply electric buses, as a
primary mode of public conveyance. This technology retains a high degree of environmental and energy
efficiency while conferring excellent operational maneuverability, thereby enabling dynamic and
flexible routing with permissible deviations. The principal limiting parameters in this context are the
energy density and capacity of the onboard energy storage systems and the concomitant availability of
a suitably distributed charging infrastructure.

For the purpose of a comprehensive analysis of energy consumption in trackless electric public
transport, the following vehicle typologies, distinguished by their energy storage and charging strategies,
are considered:

A long-range electric bus, equipped with high-capacity energy storage systems that afford an
autonomous operational range of approximately 150 to 250 kilometers. This class primarily relies on
scheduled charging sessions, typically conducted overnight within depot facilities.

A medium-range electric bus, featuring a battery of moderate capacity designed for an autonomy of
up to 50 kilometers. Its operational paradigm is supported by frequent, fast-charging interventions (with
durations of 10 to 30 minutes) at terminal stops or designated charging stations along the route.

A short-range electric bus, utilizing a minimally-sized battery pack sufficient for a range of up to 10
kilometers. This model depends on opportunistic, short-term charging sessions at regular passenger
stops, with charging durations comparable to the time spent for passenger boarding and alighting.

A pivotal and actively pursued research domain within this field is the development of sophisticated
energy flow management strategies for electric power conversion systems that are equipped with hybrid
or combined energy storage assemblies. The conceptual advancement embodied by this technology is
the systemic integration of heterogeneous storage elements—specifically, those engineered for high
power density (to manage rapid charge/discharge cycles, e.g., during acceleration and regenerative
braking) synergistically with those optimized for high energy density (to sustain extended range and
base load).

Analysis of recent research and problem statement. An examination of hybrid energy storage
systems, which integrate disparate lithium-cell chemistries, was conducted in [1]. The investigation
revealed that such heterogeneous configurations yield a marked enhancement in performance metrics,
demonstrating a 5.56% increase in energy density and a substantial 28.21% improvement in specific
energy relative to conventional, homogeneous lithium-cell battery assemblies. Corroborating these
findings, the research delineated in [2] established that hybrid topologies—specifically those
synergistically combining Nickel Manganese Cobalt (NMC) cells, prized for their high specific energy,
with Lithium Titanate (LTO) cells, renowned for their high specific power—can achieve a mass
reduction of up to 33.5% or a cost diminution of up to 30% compared to monochemical battery systems.
Further substantiating the economic viability of this approach, the optimization study presented in [3],
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focused on hybrid batteries comprising lithium cells of different chemistries, concluded that such hybrid
energy storage systems possess the potential to significantly reduce aggregate costs in comparison to
systems utilizing a single cell type.

Consequently, scholarly inquiries dedicated to the determination of optimal parameters and the
development of sophisticated methodologies for the optimization of hybrid energy storage devices for
electric rolling stock are of profound contemporary relevance. These research endeavors provide a
critical pathway for achieving substantial enhancements in the efficacy and performance of energy
storage technologies deployed in modern vehicular assets.

When undertaking an assessment of energy efficiency, it is imperative to ensure a high degree of
fidelity between calculated models and the actual operational parameters empirically recorded during
the service of public transport within a dense urban milieu. To this end, the development of a
representative driving cycle is a foundational prerequisite. This cycle must constitute a computationally
derived velocity-time profile that accurately encapsulates the real-world kinematic patterns—
comprising accelerations, decelerations, idling periods, and cruising speeds—characteristic of trackless
passenger vehicles navigating city streets.

The initial phase in the derivation of such a cycle involved the selection of a prototypical urban public
transport route. For this study, the selection process was predicated upon bus routes operational within
the Ukrainian city of Ivano-Frankivsk, a locale characterized by high traffic density and recurrent
congestion at the time of the investigation [4,5]. To identify the route most faithfully reflective of
standard urban public transport operating conditions, a set of rigorous selection criteria was instituted.
Primarily, the analysis was confined exclusively to bus routes, as the principal research objective was
to scrutinize technical solutions for enhancing the environmental performance of the extant trackless
public transport fleet via a transition to electric traction. Secondly, a stipulation was imposed that all
intermediate stops along the candidate route must be situated strictly within the city's jurisdictional
boundaries. Thirdly, a meticulous spatial analysis of the stop distribution was performed, with particular
emphasis accorded to routes traversing the central and historical districts, which typically present the
most demanding operational profiles. Based on a holistic application of these considerations, bus Routes
4 and 10 were identified as possessing the highest degree of representativeness for subsequent modeling
[6,7,8].

The application of this representative cycle to the sizing of an energy storage system for electric
buses on Routes 4 and 10, under a depot-charging operational paradigm [9], indicates that a single- or
dual-component storage architecture is optimal. The implementation of a three-component storage
device, by contrast, was determined to be non-optimal. For an economical operational mode on Route
4, the optimal configuration is a two-component accumulator, comprising 147 branches equipped with
Lithium Iron Phosphate (LFP) elements and 1 branch with supercapacitors. For Route 10, a mono-
accumulator based on 131 branches of LFP elements was found to be optimal. This specific operational
mode is applicable when organizational requirements for electric bus deployment are coupled with
rational stipulations for passenger transportation speeds. The mass of the optimal storage systems for
Routes 4 and 10 is 2.52 tonnes and 2.14 tonnes, respectively, with associated costs of 115 thousand
euros and 93.52 thousand euros.

However, when the operational model shifts to "with obstacles” modes—simulating scenarios of
severe traffic congestion or detours—the mass and cost parameters for the storage systems on Routes 4
and 10 escalate significantly. The mass increases to 5.47 tonnes and 4.71 tonnes (representing a 2.17-
fold and 2.2-fold increase), while the cost rises to 245.8 thousand euros and 210.6 thousand euros (a
2.13-fold and 2.25-fold increase), respectively. This substantial inflation is directly attributable to a
2.31-fold intensification of the energy capacity requirements for the storage devices. Furthermore, the
optimal type of storage device undergoes a transition under these constrained conditions. For Route 4,
the optimal configuration becomes a two-component system with 1 branch of LTO cells and 316
branches of LFP cells, while for Route 10, a mono-component system of 281 branches with LFP cells
is prescribed. Under a depot-charging regime, energy capacity emerges as the paramount indicator for
storage device sizing. Nonetheless, the power output of the resultant optimal energy storage systems is
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found to be excessive, exceeding the minimum requirement of 180 kW by a factor of 2.05 to 3.29, which
is indicative of a sub-optimal and economically irrational allocation of resources [9].

The purpose and tasks of the study. The purpose of the work is to determine the parameters of a
multi-component energy storage device for an electric bus that is charged at non-terminal stops using
the example of vehicles for providing trolleybus routes 4 and 10 in Ivano-Frankivsk.

Tasks of the work.

1. Determine the energy indicators (power and energy intensity) of energy storage devices that can
ensure the operation of an electric bus when servicing routes.

2. Develop a methodology for determining the parameters of a multi-component energy storage
device based on conditional minimization methods.

3. Determine the parameters of a multi-component energy storage device for electric buses.

Materials and methods of research. This study focuses on a detailed analysis of trolleybus routes
No. 4 and No. 10. These routes were selected for in-depth study due to their significant role in the city's
public transportation structure, as they provide essential and convenient mobility services to a wide
range of passenger demographics. A schematic representation of the operational route and geographic
distribution of route No. 4.

A preliminary analysis of route No. 4 allows us to identify several primary segments characterized
by exceptionally high traffic volumes. These critical nodes include the intersection of Halytska and
Dnistrovska Streets, as well as the confluence of Dnistrovska and Vasylyanok Streets, both of which
experience consistently high levels of vehicular throughput. Furthermore, recurring congestion is
systematically observed along Halytska Street, particularly along the section from Trolleybusna Street
to the bridge structure, including the immediate approaches and exits. An additional critical point of
vehicle concentration is the intersection located directly on Halytska Street, which also experiences
significant traffic volume. Fundamental operational data for route No 4, covering the section from Firma
"Barva" to Dnistrovska Street, are presented in summary form in Table 1 [6,7].

Table 1. Initial data for route No. 4 Barva Company - Dnistrovska Street

Indicator name Direct direction Reverse direction
Route length, km 10.94 9.58
Technical speed, km/ h 29
Number of working days, days. 365
Number of stops, units 15 14
Zero mileage, km 0.65 0.38

In parallel, a study of route No 10 reveals a separate set of key segments characterized by difficult
road conditions and persistent traffic delays. These problem areas include: the section from Symonenko
Street to Mykolaychuka Street; the section from Stusa Street to Ivasyuka Street; the section from
Ivasyuka Street between Stusa and loanna Pavla Il Streets; the section from Ivasyuka Street to
Nezalezhnosti Street; The intersection of Ivasyuka and Volchynetskaya Streets; as well as the section of
Nezavisimosti Street from Mykytynetskaya Street to losifa Slipoho Street. Additional traffic congestion
is regularly recorded on the bridge over the river on Tismenitskaya Street, as well as at the intersections
of Tismenitskaya Street with Dekabristov and Yunosti Streets. The road surface condition on
Avtolevmashevskaya Street is also assessed as unsatisfactory due to the prevalence of potholes. The
authorized end point for the U-turn maneuver on this route is the Pressmash U-turn circle. The
corresponding initial data for Route No. 10, connecting Rodon Public Joint-Stock Company with
Pressmash, are systematized and presented in Table 2.

Based on empirical data collected during systematic monitoring of routes No 4 and No 10 during the
2022 operating period [4, 5], a set of key performance indicators was defined for a subsequent
comprehensive assessment of the rolling stock’s operational efficiency.
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Table 2. Initial data on route No. 10 PJSC " Rodon ' — Pressmash

Indicator name Direct direction Reverse direction
Route length, km 9.01 7.83
Technical speed, km/ h 28
Number of working days, days. 365
Number of stops, units 18 16
Zero mileage, km 0.84 0.79

Using the methodological framework outlined in [6,7], average daily operational metrics for electric
rolling stock on routes No 4 and No 10 in Ivano-Frankivsk were calculated and summarized in Table 3.

Table 3. Average daily performance indicators of electric rolling stock

Indicator majestic
Route No.4
Average number of turnovers : 10
Clarification of operating hours of trolleybuses 12.91 hours.
on the route
Check-in time in the outfit 14.94 hours.
Work productivity per day 5456.64 pass.
Daily productivity in passenger kilometers 12495.706 pass ‘km .
Productive mileage of a trolleybus 205.2 km.
Average daily trolleybus mileage 206.23 km.
Trolleybus mileage utilization rate 0.99.
Movement interval 19.4 min.
Movement frequency 3.09 cars / hour.
Route No. 10
Average number of turnovers 10
Clarification of operating hours of trolleybuses 12.68 hours.
on the route
Check-in time in the outfit 12.73 hours.
Work productivity per day 4640.58 pass.
Daily productivity in passenger kilometers 10255.7 pass - km.
Productive mileage of a trolleybus 168.4 km.
Average daily trolleybus mileage 170.03 km.
Trolleybus mileage utilization rate 0.99.
Movement interval 19.02 min.
Movement frequency 3.15 cars /hour.

Thus, based on the results of a comprehensive study of the operating parameters of electric rolling
stock on routes No 4 and No 10 in lvano-Frankivsk, the key parameters characterizing both vehicle
performance and passenger load dynamics were successfully identified and quantified for both
trolleybuses and electric buses.

Determination of energy consumption during the operation of rolling stock. The operational efficacy
and economic viability of electric public transport systems are contingent not merely upon the intrinsic
technical specifications of the rolling stock, but also, and to a significant degree, upon their specific
regimes of operation during service. Substantial conservation of energy resources can be realized
through the methodological optimization of velocity profiles adopted by vehicles traversing urban
thoroughfares. The critical importance of this undertaking has been further accentuated by the
contemporary context of markedly escalated electricity tariffs [10]. A fundamental operational
constraint arises from the fact that trams and trolleybuses are typically not outfitted with onboard
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electricity metering apparatus. Consequently, vehicle operators are deprived of direct feedback,
precluding them from selecting a driving strategy that minimizes energy consumption. The monitoring
of aggregate energy usage occurs solely at the level of the enterprise or substation, a practice that renders
the precise attribution of consumption to specific vehicles, routes, or operational phases exceedingly
challenging, if not entirely unfeasible. To address this analytical gap, the present investigation employs
methodologies of mathematical modeling to scrutinize patterns of electricity consumption and to
formulate consequent measures for energy conservation.

Scholarly inquiry into the enhancement of electric transport efficiency through motion control is
fundamentally grounded in the principles of vehicle dynamics. A more nuanced approach to these issues
involves their consideration from the perspective of automated electric drives engineered for specialized
technological applications. A defining characteristic of this methodological framework is the
formulation of the equation of motion with reference to the wheel rim, as opposed to the motor shaft,
while adopting the distance traversed as the independent variable. Given that trams and trolleybuses
generally operate without multi-speed gearboxes, the gear ratio linking the motor shaft to the wheel rim
remains invariant, thereby rendering the first distinction less consequential in practice. However, the
second distinction is of paramount importance, as time cannot be treated as a purely independent
variable; the velocity and the very nature of the motion are themselves dependent variables that fluctuate
dynamically in response to real-world operational conditions, such as traffic, gradients, and mandatory
stops.

The foundational relationship governing the kinematics of electric rolling stock is described by the
fundamental equation of electric traction theory, which provides the deterministic basis for calculating
vehicle speed [11, 12]:

The basic equation of the theory of electric traction determines the speed of electric rolling stock
[11, 12]:

28,3 (1+y,) & gMo (V)-w, (5), )

where y:=Mi/M¢ inertia coefficient;
M, — total mass of the vehicle, t;
M; — additional mass of rotating parts, t (for different types of rolling stock y=0.1-0.2);
V — speed, km/h;
t — travel time, s;
F+(V) — traction force of engines in accordance with the operating mode of the traction electric drive of
the vehicle;
M(t) — mass of the vehicle taking into account passengers; g — acceleration of gravity m/s;
Wo(V), Wa(s) — specific main and additional motion resistances [11, 12].
The main specific resistance of movement determined by the dependencies for electric buses [11,
12]

w, (V)=12+0,004-V?, w,(V)=16+0,004V?, 2)

The additional specific resistance to movement consists of resistances due to slopes i(s) and from
curved sections of the path iR(s)

W, (8)=i(8)+IR(s). ©)

For the precise determination of vehicular energy expenditure, this analysis adopts the
methodological framework and data pertaining to the operational modes of electric rolling stock as
established in the foundational study [11].
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The velocity profile of an electric bus over a representative 600-meter route segment, delineating
three distinct operational regimes: "Economic," "Fast," and "Intermediate.” [11] The "Economic" mode
is characterized by an initial traction phase spanning 150 meters, followed by an extended coasting
phase, with deceleration initiated only 10 meters prior to a complete stop. In contrast, the "Fast" mode
employs continuous traction for 470 meters, transitioning to braking for the final 130 meters. The
"Intermediate” mode constitutes a hybrid approach, with traction applied for 250 meters before the
vehicle enters a coasting state [11]. The corresponding current consumption of the traction drive, which
is active exclusively during phases requiring motive power. Analysis confirms that energy draw is
minimized in the "Economic" mode. Conversely, in the "Fast" mode, current is consumed for the
majority of the trajectory, with a minimum observed value of 160 A. Following the obstruction, the
vehicle resumes motion in an acceleration phase, with its current consumption profile mirroring that of
the initial departure [11].

A quantitative analysis of specific electricity consumption, summarized in Table 4, reveals
significant disparities across the operational modes. The "Fast" mode demands 143 Wh/t-km, the
"Intermediate” mode 97.5 Wh/t-km, and the "Economic" mode merely 78 Wh/t-km. This data
unequivocally demonstrates the profound potential for energy conservation through the strategic
modulation of driving behavior. However, a critical implementation barrier exists: drivers are
operationally bound to adhere to fixed schedule commitments. The designated operational speed for the
trolleybus is approximately 16 km/h, with stipulated idling durations at stops ranging from 10 to 45
seconds. Crucially, simulations indicate that even when employing the "Economic™ mode with the
maximum permissible idling time, an operational speed of 17.56 km/h is achievable (Table 4). This
exceeds the scheduled requirement, thereby proving that energy-efficient driving does not inherently
compromise timetable adherence. Despite this, empirical observation suggests a driver propensity
towards the "Fast" mode, a tendency largely attributable to the absence of real-time energy consumption
feedback, which focuses driver attention singularly on schedule compliance [11].

Table 4. Results of calculation of electric bus operation indicators in different driving modes

Driving mode
Indicator With an
Economical| Intermediate Fast obstacle
- . 0.77 0 1.41 0
Electricity consumption (travel 600m), kWh (100%) 0.96 (125%) (191%) 1.72 (223%)
Electricity consump\;c\ll?kn (travel 1 km), kWh 1,283 16 235 2,286
m
Travel time, s 78 60 54 90
Average speed on the section, km/h. 28.1 36 40 24
Specific electricity consumption in Wh/t km 78 97.5 143 175
As a percentage of "Fast" 54.6% 68.2% 100% 122%
Operating speed, km/h (in case of parking at 17 56 20,57 2181 16.0
a stop for 45 s)

Synthesis of research findings [11,12] indicates that a systematic transition from the "Fast" to the
"Economic” driving regime can yield a substantial 45.4% reduction in energy costs. Accounting for
route-specific variabilities and the probabilistic occurrence of obstacles, a conservative estimate for
achievable electricity savings falls within the range of 10% to 45%.

According to the results of the research, the electricity costs for traveling 1 km by electric bus in the
"Economical”, "Fast", "Intermediate” and "Over obstacles" driving modes (Wuym) were determined,
which are given in Table 5.

Based on the calculations given in [ 1, 3], the performance of single-cell storage devices using only
LTO cells, LFP cells and supercapacitors was determined . As an example, the LTO cells YINLONG
66160H 2.3v 40ah [13], LFP cells ENERpower 26650 LiFePO4 3.2V 3000mAh (10C) [14] and
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supercapacitors Maxwell 3000 FARAD Capacitor were considered. Boostcap 3000f 2.7 volt BCAP3000
[15] taking into account the technical cost parameters of the elements based on information from [1,3].

Wn :Wlkm ’ I‘m’ . (4)

where L, - the mileage of the vehicle using the energy storage device, which is determined according to
the storage device usage mode when charging a — the mileage is equal to the total mileage in the forward
and reverse directions.

The general energy consumption indicators of storage devices for electric buses are given in Table

5.
Table 5. Energy capacities of storage devices for electric buses with
Electric bus driving mode Vehicle route Energy capacity of the storage
tank, kWh
Economical 4 52.6
Intermediate 4 65.6
Fast 4 96.4
Behind obstacles 4 117.6
Economical 10 43.2
Intermediate 10 53.8
Fast 10 79
Behind obstacles 10 96.4

The capacity of the on-board storage device must ensure the operation of electrical equipment during
the operation of the traction drive and auxiliary systems.

The power at the wheels of an electric bus is determined by the resistance force according to the
expression

w,.v  (12+0,004.V?) g-m-V
' 3600 3600

(5)

The storage capacity is determined taking into account the efficiency of the traction drive determined
for the traction drive of the electric bus according to the dependencies shown in [20] and the efficiency
of the mechanical transmission which is 1 m = 0.17 [ 11] and taking into account additional own needs
(for heated trolleybuses it is P4=18 kW)

Pnak:Pl'(n_nm)_I—Pd' (6)

Results of determining the capacity of the energy storage device for operating modes are given in
Table 6.

For further research, we will use elements characterized by the following technical parameters.
The number of series-connected elements is determined by

K, =oc (7)

where upc — is the voltage of the intermediate circuit;
Uch — i the voltage at the end of charging the element.
The resulting value Ngis rounded up.
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x, =max(K,, K, ), (8)

where K; — is the number of parallel branches, determined from the condition of ensuring the required
level of energy accumulation;

K. —the number of parallel branches, determined from the condition of ensuring the required level of
storage capacity.

Table 6. Storage capacity for electric buses

Dnlj:c\)/égg V Wo Wo P2 n Nm Nsum P1 Pn

- km/h H/kH H kw kW kw
Economical 50 12.78 | 2257 113.7 0.78 0.17 0.61 186 205
Fast 56.2 12.97 | 2290 | 128.7 0.82 0.17 0.65 197 216

Intermediate 61.2 13.15 | 2323 | 142.2 0.87 0.17 0.70 203 221

Behind
obstacles 61.2 13.15 | 2323 | 142.2 0.87 0.17 0.70 203 221

The number of parallel branches, determined from the condition of ensuring the required level of
energy accumulation (W), is determined by the expression

W
K=—t 9
W ©)

cell ©
where Ween — capacity of one element, expressed in KWh;
ki — a coefficient that takes into account the reduction in energy that an energy storage element can store
when charged with a current exceeding the optimal value. According to the recommendations [3], we
take it equal to 0.9. The resulting value N1 is rounded up.

The number of parallel branches, determined from the condition of ensuring the required level of
storage capacity, is determined by the expression

K2 = L_, (10)
Ks “Upc

where P, — nominal capacity of the storage device;

Upc — discharge voltage of the cell;

ic1 — the smaller of the charge and discharge current of the cell iciz=min(iy, i»).
Here i:— permissible charging current, i;-— permissible discharging current.
The resulting value K is rounded up.
Number of elements

Ko =% K., (11)

cell
Total mass of elements

M=K, M (12)

cell ~ Vel

where mce —is the mass of one element.
We will determine the volume required to accommodate the elements of the on-board storage device

84



e-ISSN 2617-9059 Transport Systems and Technologies, 46, 2025

V= Kcell “Xeen * Yeent " Zeell (13)
where X —length of the element;
Yeell — Width of the element;
Zcen — height of the element.
Cost of storage elements
Z= Kcell “Ceell» (14)

The total capacity of the storage elements is equal to

W= KceII 'chll' (15)

General results of calculations of basic single-cell storage devices are given in [1, 2, 3].

The calculations did not take into account the volumes and masses of the cooling system components,
as well as the dimensions of the battery management system.

The presented computational models explicitly omitted the volumetric, mass, and spatial
contributions associated with the constituent elements of the cooling apparatus, as well as the physical
dimensions of the essential battery management system.

A synthesis of comparative analyses, as documented in the referenced studies [1, 2, 3], establishes
that energy storage systems predicated upon Lithium Iron Phosphate (LFP) chemistry are characterized
by the most substantial mass and volumetric footprints. In direct contrast, storage systems utilizing
supercapacitors demonstrate the most favorable aggregate mass characteristics, whereas configurations
based on Lithium Titanate (LTO) technology necessitate the smallest installation volume. Furthermore,
the lowest aggregate component cost is similarly identified for the LTO-based storage system
configuration.

The total energy density realized in a single-cell-type supercapacitor storage system approximates
its nominal energy density. However, a significant disparity is observed in battery-based systems: the
available energy density surpasses the minimum operational requirement by a factor of approximately
5.5 for LTO cells and a substantial 14.7 for LFP cells. While the capability to recharge the energy storage
system after multiple trip cycles is a favorable attribute, the pronounced underutilization of the installed
energy capacity results in considerable inefficiencies, manifesting as escalated penalties in mass,
volume, and capital expenditure. Among the configurations subjected to analysis, a single-cell-type
system utilizing LTO chemistry provides the most advantageous total cost, whereas an LFP-based
system yields the lowest specific cost per kilowatt-hour [1, 2, 3].

When subjected to a multi-criteria assessment encompassing mass, volume, total cost, and cost per
kilowatt-hour, it is evident that no single-cell energy storage technology achieves a simultaneous
optimization across all performance vectors. Consequently, a rationally justified engineering solution
entails the implementation of a hybrid, or combined, energy storage system. Such a system is architected
to synergistically amalgamate the distinct advantages inherent to the individual cell types previously
considered.

The conditional optimization of the parameters for a hybrid energy storage system is formally
categorized as a constrained parameter minimization problem. Informed by the foundational work of
previous studies [1, 2, 3], and taking into account the inherent uncertainties associated with long-term
operational and end-of-life disposal costs, the total cost of the storage system's core components was
selected as the primary objective function to be minimized. This criterion provides a robust and
quantifiable basis for the system's design optimization.

The objective function has the following form
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Z=2 10+ 2L +Zsc —>mMin, (16)

where Z1o is the cost of LTO cells;
Zirp — IS the cost of LFP cells;
Zsc —is the cost of supercapacitors.

Due to the fact that the energy storage device consists of parallel branches of connected elements, it
is rational to choose the number of branches of each type of storage device as parameters for the
combined storage device: x1 — number of branches with LTO elements, x.— number of branches with
LFP elements, xs— number of branches with supercapacitors.

Thus, the total cost of the elements can be determined by the expression

Z=X -2 +X,-Z,+X;-Zy —>Mmin, 7

where Z; - the cost of the LTO cell branch;
Z, - the cost of the LFP cell branch;
Zs - the cost of the supercapacitors branch.

Let us consider the constraints (conditions) imposed on the storage parameters and used in the
conditional minimization problem.

Constraints in the form of equalities. This group of constraints includes constraints that establish the
required nominal power (P,) and nominal energy capacity of the storage device (W)

P=Py+Pp+Py =P, (18)

where P ro — is the nominal power of LTO cells;
PLep — is the nominal power of LFP cells;
Psc — is the nominal power of supercapacitors.

W =Wiro +Wep +Wse =W, (19)

where W10 — is the operating energy capacity of LTO cells;
Wi ep — is the operating energy capacity of LFP cells;
Wsc — is the operating energy capacity of supercapacitors.
According to the approaches [16-20], to set the constraints in the minimization problem in the form
of equalities, we transform them into inequalities in the form

P>P,, (20)

where P, — the specified storage capacity.

W >W | (21)

n

where W, — the specified energy capacity of the storage device.
Taking into account the parameters of the storage device, we transform the dependencies (18)-(21)
to the form necessary for solving the problem
X-R+X -B+X-B2F, (22)
where P; — is the power of branches with LTO elements;
P,— is the power of branches with LFP elements;
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P3 —is the power of branches with supercapacitors.
X W+ X, W, + X -W, <W, (23)

where Wi —is the energy density of branches with LTO cells;
W, — is the energy density of branches with LFP cells;
W3 — is the energy density of branches with supercapacitors.

Let's consider restrictions in the form of inequalities. This group includes restrictions that are set for
the storage device according to mass-dimensional indicators ( m, maximum mass of storage device
elements, V, maximum volume of storage device elements), i.e.

M =M+ Mg + Mg <M,,, (24)
where Myto — is the mass of LTO cells;
Muep — is the mass of LFP cells;
Msc — is the mass of supercapacitors.
V=Vi10 +Viep Ve SV, (25)

where v 1o — is the volume of LTO cells;
Virp — is the volume of energy capacity of LFP cells;
vsc — is the volume of supercapacitors.
Taking into account the parameters of the components of the combined storage device, we transform
the dependencies (24), (25) to the form necessary for solving the problem

XM +X%-M,+X-M;<M, (26)

where is M1 — the mass of the LTO cell branch;
M.— is the mass of the LFP cell branch;
M3 — is the mass of the supercapacitors branch.

X,V Xy oV + X5 -V SV, (27)

where v; - the volume of the LTO-element branch;
Vv, - the volume of the LFP-element branch;
vs - the volume of the supercapacitors branch.
In addition to constraints in the form of equalities and inequalities according to the approaches [10-
12], we set constraints on the parameters of the optimization problem

min < Xl < leax’
X2min < X2 S X2max; (28)
X3min < X3 < X3max’

where Ximin — the minimum number of branches of LTO elements;
X1max — the maximum number of branches of LTO elements;

X2min — the minimum number of branches of LFP elements,

Xzmax — the maximum number of branches of LFP elements;

Xamin — the minimum number of branches of supercapacitors;

Xamax — the maximum number of branches of supercapacitors.
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To address the formulated conditional minimization problem, the computational procedures were
executed within the MATLAB software environment (developed in the United States), utilizing the
specialized OptLab optimization toolkit (developed in Ukraine). This specific software combination was
selected for its capacity to provide access to an extensive suite of algorithmic methods suitable for the
problem class at hand. Following preliminary trials with a constrained set of test solutions, it was
determined that the most efficacious results were yielded through the application of the Weyl method,
particularly when initiated from a variety of distinct initial search points within the solution space.

The present study is therefore dedicated to resolving the optimization problem of identifying optimal
configurations for combined (hybrid) energy storage systems across a spectrum of requisite energy and
power capacities. These capacity requirements are not fixed but are dynamically determined by a
complex set of operational variables. These include specific vehicle driving modes, the topographical
profile and spatial trajectory of the route, and the loading parameters of the rolling stock. The
foundational data and operational constraints for these plug-in hybrid power plants for electric buses are
derived from the established research presented in works [1,2,3].

The complete iterative process and trajectory for solving these configuration optimization problems
for the combined energy storage system are documented in detail in Fig 1-4. The graphical
representations therein illustrate the solution paths, wherein the initial starting point for the optimization
algorithm is explicitly marked by a circular dot, and the final, converged optimal solution is indicated
by a rhombus symbol.

P sl WY

B e 05

Fig. 1. The progress of solving the problem of optimizing the parameters of the energy
storage device at a given maximum energy capacity of 52.6 kWh and power 205 kW and energy
consumption 43.2 kWh and power 205 kW
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Fig. 2. The progress of solving the problem of optimizing the parameters of the energy
storage device at a given maximum energy capacity of 65.6 kWh and power 216 kW and energy
consumption 53.8 kWh and power 216 kW

0.5

X 30

Fig. 3. The progress of solving the problem of optimizing the parameters of the energy
storage device at a given maximum energy capacity of 96.4 kWh and power 221 kW and energy
intensity 79 kwh and power 221 kW
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Fig. 4. The progress of solving the problem of optimizing the parameters of the energy
storage device at a given maximum energy capacity of 117.6 kwh and power 221 kW and energy
consumption

The overall results are presented in Tables 7.

Table 7. Results of solving the problem of finding optimal parameters of the energy storage
device when charging an electric bus at terminal stops

Route Wh Pn X1 X2 X3 P W M v Z
: wh | kw| - | - | -| kw| kwh| t | me | thousand
euros
2 526 | 205| 1| 28| 1| 210 | 74 | 089 | 052 5091
2 656 | 216 2 | 15| 0 | 230 | 7.5 | 0883 | 049 | 52,49
2 964 | 221| 1 | 47| 0| 226 | 107 | 109 | 057 | 54.44
2 1176 | 221| 0 | 81 | 0 | 228 | 146 | 132 | 0.67 | 57.83
10 432 | 205 1| 28| 1| 210 | 74 | 089 | 052 5091
10 538 | 216| 2 | 15| 0 | 230 | 715 | 0883 | 049 | 52.49
10 79 | 221| 1| 47| 0| 226 | 107 | 109 | 057 | 5444
10 964 | 221| 1| 47| 0| 206 | 107 | 1.09 | 057 | 5444

The assessment of specific indicators of storage tanks is given in Table 8 .

The implementation of an energy storage system for electric bus operation under an opportunity-
charging paradigm at equipped terminal stops for routes 4 and 10 reveals that optimal configurations
span single-, dual-, and triple-component system architectures. For an economical driving regime on
both routes, the optimal configuration is identified as a three-component storage device, comprising 1
branch of LTO cells, 28 branches of LFP cells, and 1 branch of supercapacitors.

Conversely, for intermediate and high-speed driving modes, the optimal solutions shift to dual-
component architectures. Specifically, the intermediate mode is best served by a configuration of 2
branches with LTO cells and 15 branches with LFP cells, while the high-speed mode necessitates a
system of 1 branch with LTO cells and 47 branches with LFP cells. Under an "obstacle” mode, which
simulates demanding traffic conditions, the operational requirements for route 10 can be met by a storage
device configured for the "high-speed" regime. However, for route 4, which exhibits a higher energy
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demand profile, a more substantial, mono-component storage device based exclusively on LFP
elements, comprising 81 branches, is required.

Table 8. Results determination specific indicators of energy storage devices when charging an
electric bus at terminal stops

Electric bus
Route driving mode Xt | X2 | X3 Pu Wy My Vi
thousand thousand thousand thousand
- - - - - euros euros / eUros /t euros /m
kW kWh 3
4 Economical 1] 28| 1 0.242 0.688 57.202 97.904
4 Intermediate 2| 15| O 0.228 0.734 59.445 107.122
4 Fast 1| 47| O 0.241 0.509 49,945 95.509
4 Behind 0| 81| 0| 0254 0.396 43.811 86.313
obstacles
10 Economical 1] 28] 1 0.242 0.688 57.202 97.904
10 Intermediate 21 15| O 0.228 0.734 59.445 107.122
10 Fast 1| 47| 0 0.241 0.509 49.945 95.509
10 Behind 1| 47| o| o024 0.509 49.945 95.509
obstacles

A critical finding of this analysis is that, due to the reduced absolute energy consumption inherent in
this operational model, the primary determinant of storage device parameters shifts to power delivery
capability. The installed energy capacity for most driving modes consequently represents a significant
over-provisioning, with the exception of the "obstacle” mode, where both energy and power are
coequally significant constraints. This over-provisioning is quantified as follows: energy capacity
exceeds the minimum requirement by 40.7% and 71.2% for routes 4 and 10, respectively, in the
economical mode; by 9% and 32.9% in the intermediate mode; and by 11% and 35.4% in the high-speed
mode.

The mass of the optimally sized storage devices for this charging strategy is substantially lower - by
a factor of 2.4 to 4.14 - compared to the mass of systems designed for depot charging, ranging from 0.89
tonnes to 1.32 tonnes. Correspondingly, the cost of the constituent cells is also significantly reduced,
amounting to 50.91 and 57.83 thousand euros, which is 1.84 to 4.41 times lower than the cost of cells
required for depot-charging scenarios.

The specific cost metrics for the derived optimal storage device parameters fall within a range of
0.228 to 0.254 thousand euros per kilowatt-hour for specific power, and 0.396 to 0.734 thousand euros
per kilowatt-hour for specific energy. This cost structure is directly attributable to the predominant
utilization of branches equipped with LFP elements in the final configurations.

Assessment of shortcomings and prospects for the development of the above research. When
optimizing the parameters of energy storage devices for electric buses, the main drawback is not taking
into account the transient processes of the multi-component energy storage device during the movement
of the electric bus along the route. Significant energy flows between components and the rate of energy
exchange between cells of different types significantly depend on the type of semiconductor control
converter and the modes of movement of the electric bus. Therefore, the main direction of further
research may be the determination of the parameters and modes of operation of the multi-component
semiconductor converter control system.

Conclusions. When using an energy storage device for an electric bus when charging an electric bus
at the final equipped stop on routes 4 and 10, it is also optimal to use a single-, two-component and
three-component type of storage device. So, for economical movement on routes 4 and 10, three-
component storage devices with 1 branch with LTO cells and 28 branches with LFP cells and 1 branch
of supercapacitors are optimal. When moving in intermediate and high-speed modes, two-component
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storage devices with the following parameters are optimal: 2 branches with LTO cells and 15 branches
with LFP cells and 1 branch with LTO cells and 47 branches with LFP cells, respectively. For the
obstacle mode, a storage device operating in the "high-speed" mode is sufficient for route 10, however,
for route 4, which requires higher energy consumption, it is necessary to use a mono-component LFP -
an element storage device with 81 branches. Due to the reduction in energy consumption requirements,
the main factor determining the storage device parameters is power, and the energy consumption for
such modes of operation of the electric bus is excessive except for the "obstacle” mode, where both
factors are significant. Thus, the energy consumption in the economic mode exceeds the minimum
required for 4 and 10 by 40.7% and 71.2%, respectively, for the "Intermediate” mode by 9% and 32.9%,
and for the "High-speed” mode by 11% and 35.4%. The mass of the storage device is significantly less
(2.4-4.14 times) than the mass of an electric bus when charging at a depot and ranges from 0.89 t to 1.32
t. As for the cost of the cells, their cost is 50.91 and 57.83 thousand euros, which is significantly lower
than the cost of cells (1.84 — 4.41 times) when charging an electric bus at a depot.
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OnTuMmizalis napamMeTpiB HaKONMYEeHHS eHepril eJJeKTPoOyciB, 110 3apsAIKAIOTHCS HA
KiHIleBHUX 3yNIMHKAX

Anomauia. B pobomi po3poOrieHo MemoOono2it BUSHAYEHHS ONMUMAIbHUX NApAMempie
KOMOIHOBAHO20 HAKONUYYBAYa eHepeli 0N enekmpodyca Ha OCHOGI GUpiuenHs 3a0adi YMO6HOT
MIHIMI3aQYil 3 YPAXy8aHHsIM PedCUMY DYXy, NApaMempie Mapupymy, ma oOMedceHb 3a a0l ma
PpOo3Mipamu npu 3apsAO0NCAHHI HAKONUYYBAYA HA KIHYe8UX 3yNuHKax mapwupymy. lIpakmuune sHaueHHs
pobomu nonseae y GU3HAYEHHI napamempise KoMOIHOBAHUX HAKONUYYBAYi6 eHnepeii 015 erekmpobyca Ha
NPUKIAdi OA2amoOKOMNOHEHMHO20 HAKONUYY8aya eHepeii. Ananiz pezyibmamis 00CHIONCEHHS U000
supiulenns 3ao0aui onmumizayii 008i6, wo npu exoHomiuHomy pyci Ha mapwipymi 4 ma 10
ONMUMATLHUMU € MPUKOMROHEHMHUI Hakonudyeayi 3 1 2inkoro 3 LTO-enemenmamu ma 28 2inox 3 LFP
— enemenmamu ma 1 einkoio cynepkonoencamopis. Ilpu pyci y npomiscnomy ma weuoKiCHOMY
pedcumMax OnmuMaibHUMU € O0B0KOMNOHEeHmMHI Haxonuuwyeaui 3 napamempamu: 2 einku 3 LTO-
enemenmamu ma 15 2inok 3 LFP — enemenmamu ma 1 zinka 3 LTO-enemenmamu ma 47 2inox 3 LFP —
enremenmamu , 6iON0GiOHo. s pesicumy 3 nepewxodamu 01a 10 mapwpymu 0ocmamubo
HAKONU4y8aua, wo npayioe y «ueUOKICHOMY» pedicumi, 00HAK 075 4 mapupymy, wo sumazae 6inbuoi
eHep2oeEMHOCTI HeOOXIOHO 3ACMOCYBAHHL MOHO KOMHOHenmHo2o LFP — eremenmrno2o Hakxonuyygaua
3 81 einxoro.

Keywords: msieosuti npueod, naxonuuyeau emwepeii, eiekmpobyc, mpoaeudyc, onmumizayis
napamempis, Yiib0o8a GYHKYIsL.
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Structural crisis in contemporary higher education: a systemic approach to
institutional resilience and transformation

This study aims to identify current problems and trends in the development of university education,
with an emphasis on sectoral educational institutions through a systematic approach to the analysis of
the educational process. The methodological framework combines systemic and comparative analysis
for a comprehensive study of maritime higher education as an integral component of the overall training
system. A content analysis of scientific publications was conducted along with a statistical analysis of
official data from four leading maritime universities in Ukraine for 2020-2024, including recruitment
dynamics and admission structure by specialization. The scientific novelty lies in the comprehensive
analysis of specific challenges facing maritime education, including unique problems such as
restrictions on maritime practice due to port blockades, the need to adapt to international standards in
the face of limited resources, and the changing perception of maritime professions in the face of wartime
risks. The practical significance lies in the development of specific recommendations for overcoming
crisis phenomena, including the creation of sustainable distance learning systems, the development of
international partnerships and the implementation of innovative approaches to learning in conditions
of limited opportunities. The study findings emphasize the strategic importance of maritime education
for national security and the need to develop a comprehensive development strategy.

Keywords: educational issues, educational programs, digital transformation, student mental health,
guality assessment, maritime universities, declining enrollment rates

Introduction. The modern university finds itself at a critical juncture, confronting an unprecedented
confluence of challenges that fundamentally question its traditional role, mission, and organizational
structure. The rapid pace of technological development, demographic shifts, economic pressures, and
geopolitical instability have created an environment of persistent uncertainty that permeates all aspects
of higher education institution functioning worldwide. This multifaceted crisis extends beyond
temporary disruptions and encompasses fundamental questions about university identity, purpose, and
sustainability in an increasingly interconnected yet fragmented global landscape.

The traditional conception of the university as a sanctuary for knowledge preservation and
transmission is being challenged by demands for market-oriented education, technological disruptions,
and the commodification of learning. Universities simultaneously face pressure to maintain their
historical role as centers of cultural preservation and intellectual development while adapting to
imperatives of global competitiveness, employment-oriented curricula, and digital transformation. This
tension creates a profound identity crisis manifesting in various forms: the struggle between academic
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excellence and commercial viability, the balance between local cultural relevance and international
standardization, the challenge of preserving humanistic values while embracing technological
innovation [1].

Globalization has emerged as the most transformative force reshaping higher education, bringing
both unprecedented opportunities for international collaboration and significant threats to institutional
autonomy and cultural diversity. The dominance of English-language publications, standardized
international rankings, and Western educational models creates pressures toward homogenization that
may undermine the unique contributions of diverse educational traditions. Universities face the
paradoxical challenge of achieving global recognition while preserving their distinctive cultural and
intellectual identities.

The demographic crisis affecting many regions has created additional pressure on university
sustainability, as declining birth rates and migration trends reduce the traditional pool of prospective
students. This demographic shift coincides with economic challenges constraining public funding for
higher education, forcing universities to seek alternative revenue sources and often leading to intensified
commercialization of educational services. The resulting financial pressures create tensions between
educational quality and economic sustainability, frequently compromising the university's ability to
fulfill its broader social and cultural missions.

The rapid advancement of digital technologies has fundamentally transformed the landscape of
knowledge access and dissemination, challenging traditional pedagogical approaches and raising
questions about the added value of formal higher education. The proliferation of online learning
platforms, massive open online courses (MOOQOCs), and alternative credentialing systems has
democratized access to information while simultaneously undermining the university's monopoly on
knowledge transmission. This technological disruption requires universities to reconceptualize their role
from information providers to facilitators of critical thinking, research, and intellectual community.

Student mental health challenges have reached critical levels, reflecting broader societal pressures
and the psychological impact of living in an era of constant change and uncertainty. The traditional
academic environment, designed for a different generation and social context, frequently fails to meet
the complex psychological needs of contemporary students who face unprecedented levels of anxiety,
depression, and social isolation [2]. These challenges are intensified by the impact of global crises,
including pandemics, climate change, and geopolitical conflicts, which create additional layers of stress
and uncertainty.

Assessment and accountability mechanisms imposed on universities increasingly emphasize
guantitative metrics that may not capture the full spectrum of educational value and social impact. This
focus on measurable outcomes often leads to a reductionist approach to education that privileges easily
quantifiable achievements over the development of critical thinking, cultural understanding, and civic
engagement. The resulting bureaucratization of academic work diverts resources and attention from core
educational and research activities, creating additional stress for faculty and administrators.

The erosion of public trust in expertise and scientific authority represents another significant
challenge for universities, which have historically served as guardians of knowledge and arbiters of
truth. In an era of information overload and deliberate disinformation, universities must navigate the
complex task of maintaining their authority while simultaneously acknowledging the limitations of
knowledge and the importance of intellectual humility.

This comprehensive analysis examines these interconnected challenges through a systemic approach
that recognizes the complex interactions among various factors affecting contemporary higher
education. By exploring the multifaceted nature of the current crisis, this study aims to provide insights
into the fundamental transformations necessary for universities to maintain their relevance and
effectiveness in an uncertain global environment. The research focuses particularly on how higher
education establishments can preserve their core functions of knowledge creation, cultural transmission,
and social development while adapting to the demands of an increasingly complex and rapidly changing
world.
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The urgency of addressing these challenges extends beyond the immediate concerns of higher
education systems and encompasses broader questions of social cohesion, cultural continuity, and
democratic governance [3]. Universities play a crucial role in preparing future leaders, preserving
cultural heritage, and generating knowledge necessary for addressing global challenges. Their capacity
to fulfill these functions while navigating current uncertainties will significantly influence the trajectory
of human civilization in the coming decades.

Analysis of Recent Research and Problem Statement. The contemporary Ukrainian university
operates under conditions of profound financial crisis, representing one of the most serious threats to
preserving its status as a full-fledged participant in the global educational space. Chronic underfunding
by the state creates systemic distortions across all spheres of university activity, from material and
technical provision to personnel policy.

State funding for higher education in Ukraine in recent years has constituted less than one percent of
gross domestic product, a critically low indicator even by developing country standards. This situation
compels universities to seek alternative revenue sources, however, opportunities for financing
diversification remain limited due to economic instability in the country and the absence of developed
public-private partnership mechanisms in the educational sphere.

Resource insufficiency particularly acutely affects the renewal of universities' material and technical
base. Obsolete laboratory equipment, absence of modern research instruments, and limited access to
digital resources create a chasm between Ukrainian universities and their foreign counterparts. This
problem not only diminishes educational process quality but also renders Ukrainian science less
competitive at the international level.

The personnel crisis, caused by low salary levels for faculty and researchers, leads to mass migration
of talented scholars abroad. The impossibility of ensuring dignified working conditions and career
development prospects makes Ukrainian universities unattractive to both young specialists and
experienced scholars. This creates a vicious cycle wherein declining quality of personnel potential leads
to further deterioration of university reputation and reduction of its capacity to attract additional
resources.

Limited financial resources also affect universities' ability to maintain international cooperation and
academic mobility. Absence of funds for participation in international projects, conferences, and
exchange programs gradually isolates the Ukrainian university from global scholarly networks. This is
particularly critical in an era when university success largely depends on its integration into the
international academic community.

Budgetary constraints force universities to reduce expenditures on research activity, negatively
affecting their capacity to generate new knowledge and innovations. Insufficient funding for
fundamental research undermines the long-term competitiveness of Ukrainian universities and their role
in the national innovation system. Simultaneously, opportunities diminish for developing applied
research that could become a source of additional income through industrial collaboration [4].

Financial difficulties also limit universities' possibilities to invest in digital infrastructure
development and implementation of innovative educational technologies. In a time of rapid online
education development and blended learning formats, Ukrainian universities risk falling behind global
trends due to inability to ensure the necessary level of technological equipment.

The deepening financial crisis under martial law conditions creates additional challenges for the
university system. Growing expenditures on security provision, the necessity of evacuation and
restoration of damaged infrastructure, as well as declining student numbers due to mobilization and
emigration further complicate universities' financial situation. This situation demands rethinking of
traditional approaches to higher education financing and searching for new models of sustainable
university development under resource-constrained conditions [5].
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Outdated curricula and the need for updating.

The misalignment of Ukrainian university curricula with contemporary labor market demands and
global educational standards constitutes a serious obstacle to integrating the national higher education
system into the global educational space. Many existing educational programs were developed decades
ago and have since undergone only cosmetic changes, failing to account for fundamental
transformations in science, technology, and social life.

The inertia of the university system manifests in the preservation of traditional approaches to
knowledge structuring that often fail to correspond to the interdisciplinary nature of contemporary
problems. The rigid departmental structure of universities and conservatism of the academic community
create resistance to implementing innovative educational programs that combine different fields of
knowledge. This is particularly critical in an era when the most promising directions of scientific and
technological development are found at the intersection of traditional disciplines.

The lag of educational program content behind the contemporary level of scientific development
results in graduates of Ukrainian universities often finding themselves unprepared for work in rapidly
changing technological environments. This manifests especially acutely in information technology,
biotechnology, environmental sciences, and other dynamically developing spheres where the knowledge
renewal cycle constitutes only several years.

Insufficient attention to developing so-called soft skills or twenty-first century competencies leaves
graduates uncompetitive in the modern labor market. Critical thinking, creativity, collaboration capacity,
communication skills, and digital literacy often remain beyond the attention of traditional curricula,
which focus predominantly on transmitting factual knowledge.

The absence of flexible mechanisms for curriculum renewal renders Ukrainian universities incapable
of responding rapidly to changes in science and technology [6]. Bureaucratic procedures for approving
new courses and programs can last years, which under conditions of exponential development in certain
knowledge domains makes such programs obsolete even before their official implementation.

Insufficient engagement of employers and industry representatives in curriculum development and
renewal processes leads to a disconnect between university education and real economic needs. The
absence of systematic dialogue between the academic community and business environment impedes
creation of educational programs that genuinely correspond to contemporary labor market requirements.

Limited opportunities for introducing innovative learning formats, such as project-based learning,
research-based learning, or dual education, confine Ukrainian universities within the traditional lecture-
seminar system framework. This system, while having its advantages, is not always effective for forming
practical skills and competencies necessary in the modern world.

The problem of outdated curricula is further complicated by the insufficiency of qualified faculty
who possess contemporary knowledge and teaching methodologies. Low levels of academic mobility
and limited opportunities for professional development result in a significant portion of the teaching
staff lacking adequate familiarity with the latest trends in their fields.

International rankings and quality assessment systems increasingly consider the currency and
relevance of curricula, placing Ukrainian universities at a disadvantage compared to their foreign
competitors. The lag in curriculum renewal negatively affects the international reputation of Ukrainian
higher education and reduces the attractiveness of Ukrainian universities to foreign students and
partners.

Student Mental Health Problems.

The contemporary Ukrainian university confronts an unprecedented mental health crisis among
student youth, which has assumed particularly acute forms under the influence of military operations,
socioeconomic instability, and fundamental changes in the educational process. This crisis extends far
beyond traditional academic problems and affects fundamental aspects of psychological wellbeing for
an entire generation.
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The impact of war on students' mental state manifests in multiple forms of traumatization, from direct
combat experience to chronic stress from constant threat and uncertainty. Students who were forced to
leave their homes, lost loved ones, or witnessed the destruction of familiar life demonstrate symptoms
of post-traumatic stress disorder, depression, and anxiety states. Even those not directly affected by
military actions experience secondary traumatization through constant informational pressure and an
atmosphere of general tension [7].

The unstable global political situation intensifies feelings of uncertainty about the future among
student youth. Global crises, economic fluctuations, environmental threats, and social conflicts create
an atmosphere of chronic anxiety that is particularly acutely perceived by young people at the stage of
forming life plans and career strategies. This leads to growing levels of nervousness, apathy, and
pessimistic moods among students.

The mass transition to online education, while becoming a necessary solution under pandemic and
martial law conditions, created new challenges for student mental health. Social isolation characteristic
of distance learning has disrupted traditional forms of academic interaction and student community. The
absence of direct contact with instructors and classmates, limited opportunities for informal
communication and collective activity create feelings of alienation and loneliness.

Digital fatigue caused by prolonged time before computer and smartphone screens has become a
serious problem for students' physical and mental health. Sleep pattern disruption, decreased physical
activity, problems with attention concentration and learning motivation are typical consequences of
intensive digital technology use in the educational process. The blurring of boundaries between personal
space and learning environment complicates maintenance of a healthy balance between study and rest.

Economic instability and rising cost of living create additional stress factors for students and their
families. The necessity of combining study with work to meet basic needs, absence of financial support
and employment prospects after university graduation intensify anxiety and uncertainty about the future.
This is particularly relevant for students from low-income families who often must abandon higher
education due to financial difficulties.

Insufficient psychological support in the university environment renders students vulnerable to
developing serious mental disorders [8]. Most Ukrainian universities lack sufficiently developed
psychological assistance services, and existing resources often fail to correspond to the scale and
complexity of problems students face. Stigmatization of mental disorders in society also prevents
students from seeking professional help.

Academic pressure combined with personal crises leads to growing cases of academic burnout among
students. Perfectionism, competition for scholarships and postgraduate positions, fear of failure and
parental disappointment create a toxic environment that undermines not only academic achievement but
also the general wellbeing of young people.

The influence of social media and the digital environment on formation of students' self-esteem and
worldview creates additional risks for mental health. Constant self-comparison with others,
cyberbullying, information overload, and digital technology dependence become increasingly common
problems among university youth.

Student mental health problems have far-reaching consequences not only for individual wellbeing
but also for educational process quality and future societal development. Growing levels of mental
disorders among student youth threaten the loss of an entire generation of talented and educated citizens
capable of contributing to national and global community development.

The Growing Commercialization of Education and Its Consequences.

The progressive commercialization of Ukrainian higher education fundamentally transforms the
nature of the university as an institution, converting it from a center of knowledge accumulation and
transmission into an enterprise oriented toward profit generation. This process, while having certain
positive aspects in terms of enhanced efficiency and competitiveness, simultaneously creates serious
threats to the fundamental values of the academic community.
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The transformation of the student into a client of educational services leads to distortion of
relationships between instructor and learner. Market logic, which presupposes satisfaction of consumer
needs, often contradicts the educational mission of the university, which consists not only in providing
knowledge but also in forming critical thinking and intellectual personality development. This may lead
to lowering of academic standards for the sake of preserving student enrollment and ensuring university
financial stability.

Profit orientation prompts universities to prioritize popular and commercially attractive
specializations at the expense of fundamental sciences and humanities disciplines that possess long-term
societal significance but do not always ensure rapid return on investment. This leads to imbalance in
personnel training and may negatively affect the cultural and intellectual development of society.

The commercialization of research activity, while potentially facilitating innovative development
and technology transfer, simultaneously creates risks for research independence. Pressure from
commercial partners may influence research topic selection, methodology, and even result
interpretation. This is particularly problematic for research in healthcare, ecology, and social sciences,
where commercial interests may contradict the public good.

Rising education costs resulting from commercialization create additional barriers to quality higher
education access for representatives of less affluent population segments. This intensifies social
inequality and transforms higher education into a privilege of wealthy classes, contradicting democratic
society principles and potentially resulting in talented personnel loss due to socioeconomic
circumstances.

The corporatization of university management, which often accompanies commercialization
processes, leads to diminished role of the academic community in strategic decision-making. The
dominance of managerial approaches over academic ones may lead to decisions that, while economically
expedient, contradict the educational and scientific mission of the university.

The marketization of the educational process prompts universities toward aggressive promotion of
their services, which may lead to exaggeration of educational program quality and graduate employment
prospects. Such practices not only mislead prospective students and their parents but also undermine
trust in the university system generally. [9]

Competition among universities for students and funding, while potentially stimulating quality
improvement in educational services, may simultaneously lead to unhealthy rivalry and duplication of
efforts instead of cooperation and coordination in developing the national higher education system.

Commercial logic often contradicts long-term university education goals such as civic consciousness
formation, cultural transmission, and critical comprehension of societal processes. Focus on short-term
commercial results may lead to neglect of these important university functions.

University dependence on commercial revenues renders them vulnerable to economic fluctuations
and market condition changes. Financial crises may lead to sharp reductions in educational and research
program funding, negatively affecting education quality and university operational stability.

The internationalization of educational services as one commercialization aspect may lead to loss of
national educational program specificity and orientation toward international standards that do not
always correspond to national economy and culture needs. This creates risks of cultural unification and
loss of unique Ukrainian higher education traditions.

A particularly dangerous commercialization aspect is the proliferation of short-term online courses
positioned as full alternatives to university education. These courses, oriented toward rapid practical
skills acquisition, often neglect fundamental theoretical foundations and disciplinary historical roots.
Students who select such programs obtain fragmented knowledge without understanding deep
connections among different scientific fields and their evolution. This leads to superficial thinking
formation and incapacity for systematic analysis of complex problems.

The mass proliferation of pseudo-educational programs utilizing attractive marketing and promising
rapid results creates an illusion of quality education accessibility with minimal effort. Such programs
often exploit people's desire for quick success and social recognition, offering certificates and diplomas
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of dubious value. This undermines trust in the genuine educational system and creates unrealistic
expectations regarding the educational process.

A critical problem becomes the shift of student audience trust from academic authorities to popular
bloggers and social media influencers. Platforms such as TikTok, YouTube, and Instagram become
sources of "educational” content often characterized by oversimplification, sensationalism, and absence
of scientific rigor [10]. Youth increasingly trust short videos and posts more than systematic instructor
lectures, leading to clip thinking formation and incapacity for deep analysis.

The phenomenon of knowledge "Googleization,” when information access is confused with
education, creates a false notion that years of study can be replaced by several hours of internet
searching. This leads to critical thinking skills degradation and inability to distinguish reliable
information from manipulative content. Students lose understanding of methodological preparation
importance and the scientific approach to cognition.

Commercialization also promotes the spread of instant gratification culture in education, when
complex concepts are attempted to be presented as easily digestible "life hacks™ and "success secrets."”
Such substitution of deep learning with superficial tricks forms unrealistic expectations in students and
intolerance toward the prolonged intellectual efforts necessary for genuine disciplinary mastery.

Globalization and the Challenge of Preserving Cultural Diversity.

Globalization processes create a paradoxical situation for the contemporary Ukrainian university,
which must balance between the necessity of integrating into the international educational space and
preserving its own cultural identity. This challenge assumes particular acuity under conditions when
unification of educational standards and practices may lead to loss of unique national traditions and
approaches to teaching and research activity.

The dominance of English-language educational resources and scholarly publications creates
powerful pressure on local teaching languages and scientific discourse. Ukrainian universities face a
dilemma: on one hand, Ukrainian language use in the educational process constitutes an important factor
in preserving national identity and cultural heritage; on the other hand, the prevalence of English-
language content in international scientific sources renders bilingualism or even complete transition to
English practically necessary for ensuring graduate competitiveness. [11]

Educational program standardization according to international requirements often presupposes
adaptation to dominant Western education models, which may lead to neglect of traditional Ukrainian
pedagogical approaches and methodologies. This particularly concerns humanities disciplines, where
national specificity of historical experience, literary tradition, and philosophical thought possesses
fundamental significance for student cultural identity formation.

International academic mobility, while opening new opportunities for students and faculty,
simultaneously creates risks of brain drain and cultural assimilation of the most talented academic
community representatives. Graduates who obtain education or work experience at foreign universities
often remain in their countries of study, leading to intellectual potential loss and carriers of national
cultural tradition.

Global university rankings, which have become an important quality assessment instrument, often
employ criteria developed based on Western educational models and values. This compels Ukrainian
universities to adapt their activities to foreign standards, which may lead to loss of those unique
characteristics that traditionally distinguished Ukrainian higher education.

Educational process digitalization and online platform proliferation, while expanding knowledge
access, simultaneously facilitate cultural homogenization. The dominance of large technological
corporations in educational technology spheres leads to approach unification in teaching and assessment,
which may fail to account for national educational tradition specificity and cultural particularities.

Education commercialization on a global scale leads to educational programs being formed
predominantly under the influence of developed country market needs rather than national priorities and
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cultural values. This may lead to training specialists who, while competitive in the global labor market,
are alienated from their own cultural heritage and national interests.

Research globalization, while facilitating knowledge and innovation exchange, may lead to
marginalization of local research topics and traditional knowledge. Ukrainian scholars are compelled to
orient toward international trends and funding priorities, which may lead to neglect of research on
problems relevant to Ukrainian society and culture. [12]

The influence of global media and social networks on student youth worldview formation creates
additional challenges for preserving national cultural identity. The dominance of Western cultural
models and values in the global information space may lead to national self-identification crisis among
youth.

International university cooperation, while necessary for science and education development, often
presupposes asymmetric relationships where Ukrainian universities function more as suppliers of human
resources and consumers of ready-made educational products rather than as equal partners in creating
new knowledge and educational innovations.

The challenge of preserving cultural diversity under globalization conditions requires Ukrainian
universities to develop strategies that would enable integration into the international educational
community while preserving their own cultural uniqueness and contribution to global knowledge. This
presupposes not passive adaptation to global trends but active participation in forming a multipolar
educational space where different cultural traditions complement one another.

An additional factor intensifying the threat of cultural diversity loss is the process of forced higher
education institution consolidation caused by declining student numbers and financial difficulties.
Demographic crisis and migration processes lead to reduced prospective student contingents,
compelling the state and administrative structures to resort to mechanical university mergers as a method
of educational system optimization. However, such an approach often ignores the unique history,
traditions, and pedagogical schools that developed over decades in individual educational institutions.

The success criterion for consolidated universities increasingly reduces to quantitative indicators
such as total student numbers, faculties, and educational programs rather than education quality and
academic tradition preservation [13]. Administrative logic guided by the principle that "bigger means
better" leads to creation of educational giants where one university may have forty faculties compared
to a specialized institution with only five but possessing deep traditions and high-quality specialist
training in its fields.

Such mechanical consolidation often destroys unique pedagogical schools and scientific directions
that formed over many years. Specialized universities that had reputations as centers of advanced
knowledge in specific fields lose their identity within large multidisciplinary entities. This leads to
academic excellence dilution and loss of those competitive advantages that made these educational
organizations unique.

The consolidation process often accompanies educational program standardization and
administrative procedure unification, which may lead to loss of innovative pedagogical approaches and
methodologies developed in individual educational institutions. Many years of experience working with
specific knowledge fields and specific professional community needs risk being lost in the formal
integration process.

The educational institution culture and atmosphere formed over years through faculty, student, and
alumni interaction proves particularly vulnerable to consolidation processes. Scientific school traditions,
student initiatives, informal connections between scholar generations—all this may be lost as a result of
mechanical merger of different organizational cultures.

Problems of Education Quality Assessment and Accountability.
The contemporary education quality assessment system in Ukrainian universities is characterized by

profound contradictions between formal indicators and real educational achievements. This problem
assumes particular acuity in the context of growing accountability requirements for universities before
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the state, society, and international partners, when quantitative metrics often substitute for qualitative
characteristics of the educational process.

The dominance of bureaucratic approaches to education quality assessment leads to creation of
complex reporting systems that absorb significant university resources but do not always adequately
reflect the actual state of affairs. Faculty and administrators are forced to spend increasingly more time
preparing reports, completing forms, and participating in formal assessment procedures instead of
concentrating on direct educational and research activity.

Mechanical application of international assessment standards to Ukrainian universities often fails to
account for national educational system specificity, historical traditions, and cultural context. Criteria
developed for Western universities may be inadequate for evaluating Ukrainian higher education
institutions, leading to distorted perceptions of their real achievements and potential. [14]

The problem also lies in excessive attention to easily measurable indicators such as publication
numbers, citation indices, and rankings at the expense of more difficult-to-assess aspects of university
activity. Teaching quality, impact on student personality formation, contribution to local community
development, and cultural tradition preservation are difficult to quantify, yet they often determine the
true value of university education.

The university ranking system, which has gained widespread adoption, creates false incentives for
educational institution development. The desire to improve ranking positions may lead to effort
concentration on indicators that directly affect ranking positions at the expense of activity aspects
important to students and society but not reflected in rankings.

Imperfect feedback mechanisms from students and employers complicate objective educational
process quality assessment. Traditional surveys often fail to provide sufficiently deep understanding of
student educational experience, and employer opinions about graduate preparation quality are rarely
systematically considered in university evaluation.

The accountability problem is also complicated by the multiplicity of stakeholders to whom
universities must report. Government bodies, students, parents, employers, international partners, and
the public often have different and sometimes contradictory expectations regarding university activities.
This leads to the necessity of balancing different requirements and may result in losing focus on the
university's core mission.

Insufficient funding for quality assessment procedures leads to their formalization and reduced
effectiveness. External experts often lack sufficient time and resources for deep analysis of university
activities, leading to superficial conclusions and recommendations.

Assessment culture in Ukrainian universities is often characterized by fear of negative consequences
from honest self-analysis [15]. This leads to problem concealment and indicator inflation instead of open
discussion of challenges and searching for solutions. Such an atmosphere impedes real education quality
improvement.

The absence of long-term perspective in assessment systems leads to concentration on short-term
results at the expense of strategic development. Universities are compelled to demonstrate rapid
indicator improvements, which may lead to decisions that are counterproductive in the long term.

Technological limitations and insufficient digital infrastructure complicate implementation of
modern education quality assessment methods. The absence of data analytics systems and automated
monitoring instruments renders assessment processes labor-intensive and less precise.

The qualification problem of experts involved in education quality assessment also requires attention.
Insufficient assessor preparation, their unfamiliarity with specific knowledge field specifics or
contemporary education trends may lead to inadequate conclusions and recommendations that do not
contribute to real educational process quality enhancement.

Particularly acute is the problem of excessive administrative burden on faculty, who are forced to
spend a significant portion of working time completing numerous reports, tables, and forms instead of
class preparation and research work. Faculty are transformed into clerks who devote more time to
paperwork than direct communication with students and educational program development. This leads
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to a paradoxical situation where efforts directed at education quality control actually reduce this quality
by diverting faculty from their core functions.

The bureaucratic apparatus demands from faculty detailed documentation of every activity aspect:
from lesson plans to reports on individual student learning plan fulfilment [15]. Such a level of detail is
often excessive and fails to reflect real educational process quality, but absorbs resources that could be
directed toward teaching methodology improvement and innovative educational approach development.

The Ministry of Education, pursuing the goal of higher education restructuring and modernization,
often loses sight of the main objective—ensuring high-quality specialist training. Instead of assessing
the real level of student knowledge and competencies, attention focuses on formal university activity
indicators: numbers of defended dissertations, volumes of scholarly publications, material and technical
base size, and faculty numbers.

Such goal substitution leads to distorted understanding of university education effectiveness, when
an institution with powerful infrastructure and large faculty numbers may be considered successful even
with low graduate preparation quality. Simultaneously, small specialized universities ensuring high
professional training levels may receive negative assessments due to modest material base indicators.

The pursuit of quantitative indicators prompts universities toward artificial statistical data inflation
and reporting manipulation. This creates an illusion of education quality improvement while real
problems remain unresolved. Energy and resources that should be directed toward faculty qualification
enhancement, educational program renewal, and learning condition improvement are expended on
report preparation and formal indicator maintenance.

The Necessity of Innovative Teaching Methods.

The contemporary Ukrainian university urgently requires fundamental transformation of pedagogical
approaches, as traditional teaching methods increasingly fail to correspond to the needs of the digital
generation and demands of a dynamically changing labor market. The crisis of the traditional lecture-
seminar system manifests in declining student motivation, their passivity during classes, and inability to
apply acquired knowledge in practical situations.

The dominance of frontal teaching methods, when the instructor serves as the sole information source
and students passively receive it, contradicts contemporary conceptions of effective learning. Such an
approach does not facilitate critical thinking development, creativity, and independent problem-solving
skills, which constitute key twenty-first century competencies. Students become accustomed to the role
of ready-made information consumers instead of learning to independently analyze, synthesize, and
create new knowledge.

The absence of interactive learning methods results in students not obtaining sufficient experience in
teamwork, public speaking, discussions, and argumentation of their own positions. These skills are
critically important for successful professional activity in the modern world, where capacity for effective
communication and collaboration often determines career success more than purely academic
knowledge. [16]

Insufficient technology use in the learning process renders Ukrainian universities uncompetitive
compared to foreign educational institutions. Virtual reality, artificial intelligence, adaptive learning
systems, and other contemporary technologies could significantly enhance learning effectiveness, but
their implementation is constrained by both financial limitations and faculty conservatism.

The problem also lies in many instructors not possessing contemporary pedagogical methodologies
and digital competencies necessary for implementing innovative learning approaches. The absence of
systematic faculty professional development programs in pedagogical innovations leads to preservation
of outdated teaching methods even in cases where modernization opportunities exist.

Curriculum and program rigidity impedes implementation of flexible learning methods such as
project-based learning, flipped classroom, or integrated interdisciplinary courses. Bureaucratic
procedures for approving curriculum changes render the innovation process excessively slow and
complex, demotivating instructors from experimenting with new approaches.
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Underestimation of education's practical component importance leads to a disconnect between
theoretical knowledge and real labor market needs. Students often complete university with substantial
theoretical knowledge baggage but without practical application skills. The absence of close employer
collaboration and limited internship opportunities complicate integration of the practical component into
the educational process.

The traditional assessment system, based predominantly on memorization and information
reproduction, does not stimulate creative thinking development and innovative approaches to problem-
solving. Students orient toward formal task completion and grade attainment instead of deep material
understanding and professional competency formation.

The absence of personalized learning approaches ignores individual student characteristics, abilities,
and needs. Unified curricula and teaching methods fail to account for learning style diversity and
material absorption pace variation, leading to ineffective utilization of each student's potential.

Insufficient attention to soft skills and emotional intelligence development leaves graduates
unprepared for contemporary work environment challenges. Adaptability, leadership, conflict
management, and stress resilience capacities become increasingly important, but traditional teaching
methods rarely facilitate their formation.

The absence of experimentation and innovation culture in pedagogical practice constrains university
education development. Instructors often lack incentives for seeking new working methods, and
administration does not always support educational process modernization initiatives. This leads to
stagnation and gradual falling behind global educational trends.

Simultaneously, it is important to emphasize that educational innovations must not lead to complete
departure from fundamental principles of scientific cognition and understanding of knowledge historical
roots. Despite educational process digitalization necessity, students must understand scientific discipline
origins, scientific thought evolution, and methodological foundations of cognition. Superficial
fascination with newest technologies may lead to loss of connection with fundamental principles upon
which scientific knowledge is based [17].

Insufficient Adaptation of Maritime Universities to Contemporary Challenges.

Ukrainian maritime higher education providers find themselves in a particularly difficult situation,
as the specificity of their activities renders them extraordinarily vulnerable to all the above-described
challenges of contemporary university education. The conservative nature of maritime education, which
historically was based on strict traditions and time-tested practices, proves inadequate under conditions
of rapid technological changes and maritime industry globalization.

Financial difficulties of maritime universities are intensified by specific expenditures on maintaining
training vessels, specialized equipment, and simulator complexes. High costs for student maritime
practice, the necessity of regular navigation equipment and safety system renewal create additional
burden on these institutions' budgets. Simultaneously, decreased state support for the maritime sector
leads to critical underfunding that threatens the very existence of quality maritime education in Ukraine.

Psychological problems of maritime specialty students are complicated by future profession
specificity, which presupposes prolonged isolation, absence of constant family contact, and high stress
levels [18]. The military situation in the Black and Azov Seas creates additional risks and uncertainty
regarding practical training opportunities and graduate employment prospects.

Quality assessment systems in maritime universities often fail to account for maritime training
specificity, focusing on general academic indicators instead of professional competencies necessary for
work at sea. International standards for maritime specialist training require special assessment
approaches that do not always align with national education quality control systems.

Implementation of innovative teaching methods in maritime universities encounters additional
obstacles due to the necessity of preserving the practical learning component. Virtual technologies,
while capable of complementing traditional training, cannot completely replace real shipboard work
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experience. This creates a challenge in seeking optimal balance between innovative methods and
irreplaceable practical skills.

The overall picture indicates that Ukrainian universities find themselves in a survival situation where
all resources are directed toward maintaining basic functioning instead of development and
modernization. This creates long-term risks for higher education quality and Ukrainian educational
system competitiveness at the international level.

The complexity of maritime university adaptation is also intensified by the geopolitical situation,
which limits opportunities for international cooperation with certain countries and complicates access
to contemporary maritime technologies and equipment. This renders the maritime education
modernization process even more complex and expensive.

The Purpose and Tasks of the Study. Practical experience demonstrates that the systemic
representation of education as an approach to organizing and understanding the educational process
includes not only students and instructors but also diverse educational resources, methods and
technologies, as well as the social, economic, and political environment in which learning occurs. This
approach considers the interaction of all system components and aims to achieve the most effective
fulfillment of educational objectives. Two paradigms, two approaches have formed in the education
sphere: traditional and competency-based. The competency-based approach is gaining popularity in
education as it emphasizes the development of practical skills and abilities directly applicable in the
workplace.

The study aims to identify contemporary challenges and developmental trends in universities
considering sectoral educational institution specificity in the context of systemic representation of the
educational process [19]. A competent contemporary specialist differs from a qualified one in the
capacity to realize knowledge, skills, and abilities in professional activity. This approach represents a
departure from traditional education methods that prioritize memorization over practical application and
learning outcomes.

The contemporary economy is increasingly becoming digital, and consequently more young people
are choosing technical specializations. Demand for IT specialists remains high, but as digital knowledge
spreads, IT expertise will shift from a specialty to basic literacy skills. Interdisciplinary education
becomes more important as technology intersects with various fields. However, technical skills are
insufficient for digital economy development. Soft skills, communication abilities, capacity to work in
teams, and adaptability to others are extraordinarily important. Unfortunately, traditional educational
systems do not devote sufficient attention to these skills.

Special attention in the research is devoted to the problem of declining maritime university student
numbers as an example of sectoral specificity. Any professional's success largely depends on faculty
mastery and qualification. Education is not only what occurs in the classroom; it also encompasses the
broader aspect of interaction between students and lecturers, curricula, and even examinations. The
instructor's role is changing from specialist-demonstrator to organizer-educator. Simultaneously,
increasing attention is devoted to student self-education and self-learning. Practical activities for
students serve as the most adequate means of transforming acquired knowledge into practical skills.

Particularly alarming is the trend toward replacing traditional information sources with digital
platforms without forming critical media literacy in students. Google, Wikipedia, and other online
resources should serve as tools assisting the educational process rather than replacing libraries, archives,
and systematic information searching. The illusion that all necessary information is accessible through
search engines is dangerous, as a significant portion of scholarly knowledge, especially historical
sources, specialized research, and unique materials, are not digitized and require traditional search
methods.

A generation of students is forming who believe that if Google does not find certain information, it
does not exist at all. Such simplified understanding of knowledge accessibility leads to research horizon
narrowing and loss of primary source working skills. Students lose the ability to work with catalogs,
archival materials, printed publications, and other traditional information carriers, which limits their
research capabilities.
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Digital technologies should complement rather than replace fundamental academic work skills [20].
The ability to analyze primary sources, conduct systematic bibliographic searches, work with archival
materials, and critically assess information reliability remain irreplaceable competencies for genuine
scholars. Loss of these skills leads to research superficiality and scientific work quality decline.

Educational innovations should aim at synthesizing traditional and contemporary methods rather
than complete replacement of the former by the latter. Effective future education must combine digital
technology advantages with deep understanding of science's methodological foundations, historical
perspective of knowledge development, and skills for working with diverse information source types.

To illustrate the mentioned problems, analysis of student admission capacity to maritime universities
was conducted for the period 2020-2024 (Fig. 1). The study examined admission activity and student
contingents at four leading maritime institutions: the National University "Odessa Maritime Academy"
(NUOMA), Odessa National Maritime University (ONMU), Kherson State Maritime Academy
(KSMA), and National Transport University (NTU). Statistical data demonstrate an alarming trend: if
in 2020 the number of prospective students constituted approximately 21,000 persons, already in 2021
this indicator decreased to 19,500, in 2022 to 19,200. A slight increase in 2023 to 20,600 persons did
not compensate for the overall negative trend, and in 2024 a sharp drop to 18,000 prospective students
was observed. This dynamic reflects not only demographic crisis but also declining attractiveness of
maritime specializations among youth, necessitating further detailed analysis of student contingents at
individual maritime educational facilities for the analogous period.
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Fig. 1. Dynamics of prospective student numbers in Ukrainian maritime higher education
(2020-2024)

Contemporary demographic trends in Ukraine demonstrate alarming signs of intellectual and
physically developed young population outflow to other countries. This process, alongside a complex
of socioeconomic problems, indicates a profound demographic crisis threatening state national security.
The ongoing war leads to mass emigration of families with children seeking safety and stability abroad.
Particularly critical is the situation when children who completed secondary school in temporary
residence countries more frequently choose foreign universities for continuing education rather than
returning to Ukraine for study.

Educational process organization in Ukrainian higher education faces numerous challenges.
Completion of the 2021/2022 academic year occurred under difficult conditions, and although the
educational process was successfully ensured, this required enormous effort. The academic year
concluded in accelerated mode, especially for universities that were relocated or damaged, causing
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additional burden on students, faculty, and administration. Motivation to teach and learn was
significantly affected by the constant state of uncertainty, unstable psychoemotional background, and
frequent air raid signals, and in some cases shelling, encountered by educational process participants.

The situation in Ukraine's maritime education system causes particular concern. Analysis of student
contingents in four leading maritime higher education for the period 2020-2024 demonstrates critical
reduction. Maritime education constitutes a strategically important sector in Ukraine's higher education
system, as it forms personnel potential for one of the key national economy sectors. Maritime higher
education ensure training of highly qualified specialists across a broad spectrum of specializations: deep-
sea captains, ship engineers, radio electronics specialists, port operators, logistics specialists, and
maritime transport management professionals. These specialists form the foundation of functioning not
only merchant shipping but also fisheries, maritime construction, coast guard, and naval forces.

Ukrainian maritime training centers possess international recognition and accreditation according to
International Maritime Organization (IMO) requirements and the International Convention on Standards
of Training, Certification and Watchkeeping for Seafarers (STCW). This enables Ukrainian seafarers to
work on vessels under various world state flags, rendering maritime education an export-oriented sector
and source of foreign currency inflows to the country.

Analysis of Ukrainian maritime university student contingents demonstrates heterogeneous
dynamics throughout 2020-2024. The National University "Odessa Maritime Academy"” (NUOMA)
maintains leading positions by student numbers, although gradual contingent decline is observed from
7,900 persons in 2020 to 6,700 in 2024, constituting a 15.2% reduction.

Odessa National Maritime University (ONMU) demonstrates more stable indicators with minor
fluctuations. After declining from 5,500 students in 2020 to 5,000 in 2022, recovery to 5,800 persons in
2023 is observed with subsequent decrease to 5,200 in 2024. Overall contingent reduction constituted
5.5%.

Kherson State Maritime Academy (KSMA) is characterized by the smallest student numbers among
studied institutions. Contingent fluctuates within the range of 2,400-3,700 persons with a declining
tendency in recent years. A particularly noticeable drop occurred in 2024 to 2,400 students, related to
military operations in the regional territory.

National Transport University (NTU) shows the greatest indicator volatility. After declining from
4,300 students in 2020 to 3,700 in 2021, growth to 5,000 persons in 2023 was observed with subsequent
reduction to 4,100 in 2024.

Overall trends indicate reduction of aggregate maritime university contingent from 21,100 students
in 2020 to 18,400 in 2024, constituting a 12.8% decrease (Fig. 2). The most critical period falls on 2022-
2024, correlating with full-scale war commencement and its consequences for Ukraine's higher
education system. Structural changes in student distribution among educational establishments remain
relatively stable; however, all universities experience negative impact of external factors on contingent
formation.

This dynamic reflects not only demographic crisis but also declining attractiveness of maritime
specializations among Yyouth, geopolitical risks associated with military operations, and general
destabilization of the higher education system under war conditions.

Aggregate analysis of total student numbers across the maritime education sector for the studied
period confirms the situation's critical nature. The initial contingent of 21,000 students in 2020
demonstrated stable sectoral potential. However, already in 2021 the first significant reduction to 19,500
persons is observed, constituting a 7.1% decrease (Fig. 3). This decline can be explained both as
consequences of the COVID-19 pandemic and initial manifestations of demographic crisis.
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Fig. 2. Dynamics of the student contingent in Ukrainian maritime higher education (2020-2024)
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Fig. 3. Dynamics of the total number of students in Ukrainian maritime education (2020-2024)

In 2022, student numbers decreased to 19,200, which is not the lowest level for the studied period,
unlike 2024 when a sharp drop to 18,000 persons occurred—the lowest indicator. The most critical
decline in 2024 is associated with consequences of full-scale war, infrastructure destruction,
mobilization, and population migration.

In 2023, some contingent recovery occurred to 20,500 students, likely indicating educational system
adaptation to wartime conditions, including distance learning. However, this growth proved temporary
and did not compensate for the overall negative trend.

Comprehensive analysis of possible causes for such negative dynamics allows identification of
several key factors. Among the most influential should be noted structural changes in Ukraine's
population age pyramid caused by prolonged depopulation and mass emigration, leading to critical
reduction in prospective student numbers in the 17-22 age category. Second, families' economic
difficulties reduce education financing possibilities, especially under martial law conditions when
survival becomes the priority.
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A significant factor is the geopolitical situation change in the Black Sea region. Crimea's annexation
in 2014 and loss of control over part of the Black Sea water area reduced maritime profession
attractiveness due to Ukrainian seafarer employment limitations. Ukrainian port blockade during the
war additionally emphasized the maritime sector's riskiness as a professional activity sphere.

Psychological factors also play an important role. Youth increasingly choose the IT sphere, medicine,
or other fields considered more promising and safer. Maritime professions, traditionally associated with
distant voyage romance, are now perceived through the prism of military risks and economic instability.

Maritime educational institution infrastructure problems, including material and technical base
damage, partial faculty transfer to military service, and general education funding reduction, create
additional obstacles for quality specialist training.

Overall contingent reduction of 14.3% over four years creates a threat to Ukraine's strategic security
in the maritime sphere. Such decline rates may lead to qualified personnel deficits in critically important
national economy sectors, which is particularly dangerous under conditions of necessary post-war
maritime infrastructure reconstruction.

The research was conducted based on a comprehensive methodological foundation combining
systemic and comparative analysis for thorough examination of Ukrainian maritime education state in
the context of contemporary educational challenges. The systemic approach enabled consideration of
maritime education as an integral system functioning under conditions of internal and external factor
interaction, including demographic trends, economic conditions, geopolitical situation, and
technological innovations.

Materials and Methods of Research. Systemic analysis was applied to research the structure and
functioning of maritime higher education as components of the overall personnel training system for the
national economy. This method enabled identification of interrelationships among different educational
process components and their influence on student contingent formation. Comparative analysis was
employed to juxtapose individual maritime educational institution development dynamics, identify
common trends and specific characteristics of each studied university. This approach ensured the
possibility of identifying the most critical problems and successful practices for adapting to changing
conditions.

Content analysis of publications was conducted to systematize scholarly perspectives on
contemporary higher education problems, including analysis of materials from international educational
organizations, domestic and foreign researchers regarding university education transformation under
digitalization and global challenge conditions. Statistical data analysis provided quantitative assessment
of maritime education trends, including percentage change calculation, trend determination, and
forecasting of possible sectoral development scenarios.

The conducted analysis of scholarly literature and practical experience of higher education institution
functioning enabled systematization of main challenges confronting contemporary university education
in Ukraine. For the purpose of structuring identified problems and outlining possible resolution
pathways, a summary table was compiled reflecting key educational system dysfunctions and potential
mechanisms for overcoming them (Table 1).

The problems presented in Table 1 demonstrate the systemic nature of crisis phenomena in Ukraine's
higher education sphere, which have assumed particular acuity under conditions of full-scale Russian
aggression. Particularly alarming is the trend toward overall student contingent reduction, indicating not
only demographic challenges but also structural deformations in the personnel training system for the
national economy. This phenomenon assumes critical significance in the context of future country
reconstruction needs when demand for qualified specialists will significantly increase.

These trends manifest most clearly in the maritime education sphere, where student contingent
reduction may have long-term negative consequences for maritime sector development and Ukraine's
economy overall. Analysis of student number dynamics in leading maritime higher education for the
period 2020-2024 enables specification of these processes' scale and identification of specific features
of maritime university adaptation to contemporary challenges.
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Table 1. Main Problems of Contemporary University Education and Their Possible Solutions

Problem

Description

Possible Solution

Financial crisis

Chronic university underfunding, less
than 1% of GDP, limited financing
diversification opportunities

Searching for new financing models,
public-private partnerships,
endowment funds

Wartime education
challenges

Student evacuation, distance learning
during air raids, infrastructure
destruction

Creation of mobile educational
centers, development of resilient
distance learning systems

Energy problems

Electricity outages affecting the
educational process

Installation of autonomous energy
sources, development of offline
resources

Obsolete material
and technical base
and digital divide

Absence of modern equipment,
laboratories, digital resources and
technologies for online learning

Comprehensive modernization:
equipment renewal + digital
infrastructure development

Personnel crisis

Low salaries, mass scholar emigration,
absence of prospects

Salary increases, emigrant return
programs, creation of career growth
conditions

Demographic crisis

Prospective student number reduction
due to low birth rates and emigration

Attracting foreign students, lifelong
learning programs, personnel
retraining

Limited international
cooperation

Absence of funding for participation
in international projects, conferences

Attracting international grants,
developing online partnerships with
foreign universities

Research activity
reduction

Insufficient funding for fundamental
and applied research

Creating university-business consortia,
crowdfunding scientific projects

Student mental
health deterioration

\War impact, stress, isolation, digital
fatigue, traumatic experience

Expansion of psychological support
services, mental health support
programs, mutual aid groups

Outdated curricula

Misalignment with contemporary
labor market demands and global
standards

Continuous market needs monitoring,
employer engagement in program
development

Insufficient attention
to soft skills

Absence of soft skills development,
critical thinking, communication

Integration of soft skills development
into all disciplines, project-based
learning

Education
commercialization

Profit priority over education quality,
lowering of academic standards

Development of education quality
standards, independent monitoring,
accreditation

Language challenges
in education

Necessity of balance between
Ukrainian language and English-
language resources

Development of quality Ukrainian-
language resources, bilingual learning
programs

Imperfect quality
assessment system

Bureaucratization, orientation toward
formal indicators instead of real
quality

Implementation of comprehensive
assessment system with student and
employer participation

Absence of
innovative teaching
methods

Dominance of traditional lecture-
seminar system, low interactivity

Faculty professional development,
implementation of active learning
methods
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\ Problem H Description || Possible Solution \

High costs for specialized equipment, ||Specialized state support programs,
maritime practice limitations due to  ||/international internships, simulation
port blockade technologies

Special challenges of
maritime universities

The empirical research base consisted of official statistical data from four leading Ukrainian maritime
higher education for the period 2020-2024: the National University "Odessa Maritime Academy,"
Odessa National Maritime University, Kherson State Maritime Academy, and National Transport
University. Data included annual student contingent numbers, admission structure by specializations,
and regional prospective student distribution.

Conclusions. The conducted research confirms that Ukraine's contemporary higher education system
is experiencing a profound structural crisis that manifests particularly acutely in sectoral educational
institutions, specifically maritime universities. Analysis of maritime higher education institution student
contingent dynamics for the period 2020-2024 revealed critical reduction of 14.3%, reflecting not only
demographic challenges but also systemic problems of educational system adaptation to contemporary
realities.

The research confirmed that the maritime education crisis has multifactorial character and is caused
by interaction of demographic, economic, geopolitical, and psychological factors. Structural changes in
the population age pyramid caused by prolonged depopulation and mass emigration led to critical
reduction in prospective student numbers. Families' economic difficulties under martial law conditions
limit education financing possibilities, while the geopolitical situation in the Black Sea region reduces
maritime profession attractiveness due to risks and employment limitations.

Particularly alarming is the trend of youth educational priority shifting toward the IT sphere and other
fields considered more promising and safer. Maritime professions, traditionally associated with distant
voyage romance and stable earnings, are now perceived through the prism of military risks and economic
instability.

Analysis results indicate the necessity of fundamental rethinking of approaches to maritime
education development in Ukraine. Mechanical educational institution consolidation, considered as a
system optimization method, risks leading to loss of unique pedagogical traditions and specialized
competencies formed over decades. The success criterion based on quantitative indicators fails to reflect
real education quality and may lead to academic excellence destruction.

The research revealed the critical problem of excessive administrative burden on faculty, when
energy and time that should be directed toward direct educational activity are expended on bureaucratic
procedures. Such a situation not only reduces educational process quality but also demotivates talented
instructors, intensifying the sectoral personnel crisis.

A particularly important conclusion is the necessity of a balanced approach to educational innovation
implementation. Despite the importance of digitalization and educational process modernization, it is
critically important to preserve fundamental principles of scientific cognition and knowledge historical
roots. Superficial fascination with newest technologies without understanding science's methodological
foundations may lead to formation of a specialist generation with fragmentary knowledge and limited
research capabilities.

Research results emphasize the strategic importance of maritime education for national security and
Ukraine's economic development. Overall contingent reduction of 14.3% over four years creates a real
threat of qualified personnel deficits in critically important national economy sectors, which is
particularly dangerous under conditions of necessary post-war maritime infrastructure reconstruction.

To overcome identified problems, development of a comprehensive maritime education development
strategy is necessary, which should include: enhancing maritime profession prestige through
information campaigns and career prospect demonstration; creating effective cooperation mechanisms
with international maritime companies to ensure graduate employment guarantees; modernizing
maritime university material and technical bases according to contemporary international standards;
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developing innovative educational programs combining traditional maritime knowledge with modern
technologies.

Prospects for further research lie in detailed analysis of international experience in overcoming crisis

phenomena in maritime education, studying possibilities for adapting successful foreign practices to
Ukrainian realities, and developing concrete mechanisms for enhancing maritime specialist training
system effectiveness under resource-constrained conditions and geopolitical challenges.

N
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CTpyKTypHa KpHM3a Cy4acHOI BUIIOI OCBITH: CHCTeMHM I MiAXia 10 iHCTUTYWiHHOI cTiiikOCTi Ta
Tpancopmauii

Anomauia. Lle oocnioocentn mae Ha Memi GU3HAYUMU CYHYACHI NpoOIeMuy ma meHOeHYil po36UmKY
VHIBEPCUMEMCbKOI 0C8IML, 3 AKYEHMOM HA 241Y3e8UX HABUAIbHUX 3aK1A0aX Yepe3 CUCeMHUll nioxio
00 ananizy oceimnbo2o npoyecy. Memooonoeiuna 0CH08a NOEOHYE cucmemMHULl ma NOPIGHANbHUL AHANI3
07151 KOMNIEKCHO20 BUBYEHHS MOPCHKOI 8UMOT OCIMU 5K HEBI0'€EMHO20 KOMNOHEeHMA 3a2anbHOI cucmemu
nio2omoexu kaopie. byno nposedeno KOHMeHM-aHANI3 HAYKOBUX NYONIKAYIL pA30M 3i CIAMUCMUYHUM
AHANI30M OIYIHUX OAHUX YOMUPLOX NPOGIOHUX MOPCLKUX YHisepcumemie Yxpainu 3a 2020-2024
POKU, 8KIIOUAIOYU OUHAMIKY HAOOpY ma cmpyKmypy npuiiomy 3a cneyianizayiamu. Haykosa nosusna
noifeac y 6CeOIUHOMY AHANI3I KOHKDEMHUX BUKIUKIB, WO CMOAMb neped MOPCHbKOK OCGIMON,
BKIIOYUAIOYU YHIKANbHI NPOONIeMU, MAaKi K 0OMedHCeHHs MOPCLKOI npakmuku yepe3 610Kady nopmis,
HeobXIOHicmb adanmayii 00 MINCHAPOOHUX CMAHOAPMIE 8 YMOBAX 0OMENCEHUX pecypcieé ma 3MiHA
CHPULIHAMMS MOPCOKUX NPOQeCitli 8 YMOBAX PU3UKIE B0EHH020 Yacy. lIpakmuune 3sHayeHHs noiseac 6
PO3poOYi KOHKpEemHUux pexomMeHOayiti w000 NOOONAHHA KPU3OBUX ABUWY, GKIIOUAIOYU CMEOPEHHS
CMITIKUX cucmem OUCMAHYIIHO20 HAGYAHHS, PO3GUMOK MINCHAPOOHUX NAPMHEPCME MA 6NPOBAOHCEHHS
IHHOBAYINIHUX NIOX00I8 00 HABUAHHI 8 YMOBAX OOMENCEHUX MONCIUBOCHEl. BUCHOBKU 00CHIONCEHHS
RIOKpeCIoIomb  CIMpPAMe2iuny  8aANCIUBICIb MOPCbKOI  ocgimu Ol HAYIOHATbHOI Oe3neku ma
HeobXIOHICMb PO3POOKU KOMIIEKCHOI cmpamezii po36umkKy.

Knrouoei cnosa: npodnemu oceimu, ocgimui npocpamu, yugposa mpancopmayis, ncuxiyme
300p08's cmydenmis, OYIHIOBAHHS AKOCHI, MOPCHKI YHIGEPCUMEMmU, 3HUNCEHHS PIGHS 6CTHYNY.
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Planning of bicycle infrastructure for urban sustainable mobility: Kharkiv case study

The paper presents a comprehensive approach to strategic planning of bicycle infrastructure as a
key element of sustainable urban mobility. The research integrates spatial planning analysis, bicycle
traffic modelling, and an objective assessment of infrastructural solutions (Kharkiv case study). The
approach focuses on developing technological principles for a rational bicycle infrastructure scheme
that balances spatial constraints with residents’ mobility needs and contributes to an inclusive urban
environment. Special attention is given to dynamic bicycle traffic modelling using PTV VISSIM and to
the evaluation of effectiveness using the intersection hazard index. Based on traffic flow analysis, a
survey of local residents, existing national regulations, and international best practices, the study
substantiates the social, environmental, and economic benefits of integrating cycling infrastructure.
Results show that combining cycle lanes along the main highway with protected tracks at intersections
reduces the traffic safety indicator (from 0.699 to 0.577), decreases average transport delays by over
106 seconds, and provides a significant environmental benefit. The positive economic effect and
investment payback period confirm the feasibility of the proposed solutions. The findings are practically
relevant for local authorities, design organizations, and civic initiatives involved in sustainable urban
mobility planning.

Keywords: bicycle infrastructure, sustainable urban mobility, transport planning, safety, ecological
effect

Introduction. In the context of post-war reconstruction of Ukrainian cities, the priority of developing
sustainable cycling infrastructure is growing, as a modern, safe bicycle network is a key element in
creating resilient, inclusive urban spaces. Cycling is recognized as one of the most efficient and
environmentally friendly components of sustainable urban mobility. It helps reduce traffic loads on the
street-road network, decrease CO- emissions, and promote a healthy lifestyle among the population [1].
A developed, integrated, and safe cycling infrastructure in cities contributes to a gradual shift in citizens’
daily mobility patterns, as demonstrated by the experience of European cities [2-3]. This role becomes
strategically significant within the framework of the European Green Deal [4], the EU’s main roadmap
for achieving climate neutrality by 2050. As part of the “green transition”, the European Union is
actively implementing policies to increase the share of active modes of transport. The European Strategy
for Sustainable and Smart Mobility [5] emphasizes that doubling cycling volumes across Europe by
2030 is particularly important. The urgent need to rebuild the transport system aligns with the European
agenda of minimizing congestion, reducing environmental impacts, and decarbonizing the transport
sector [6]. The European Sustainable and Smart Mobility Strategy and its key component, Sustainable
Urban Mobility Plans (SUMP), highlight the need to prioritize active modes of travel as the foundation
of a healthy, resilient, and energy-efficient city.

Analysis of the latest research and problem statement. In the period of post-war reconstruction
of cities and the implementation of European transport policies into national legislation, the insufficient
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development of cycling transport and infrastructure can be transformed into an advantage through
strategic planning aligned with the documents that define the overall vector of sustainable transport
development, which Ukraine follows in the process of European integration. When designing a rational
cycling infrastructure, it is crucial to adhere to the principles of sustainable development to reduce
energy and environmental costs, improve urban quality, and create conditions for safe and convenient
movement for all road users. The EU Directive Guidelines for Developing and Implementing a
Sustainable Urban Mobility Plan [7] defines a comprehensive approach to urban transport planning that
prioritizes pedestrians and cyclists.

At the national level, the sustainable development system for communities has been aligned with the
Ukrainian national standardization system through the National Standard ISO 37101:2019, “Sustainable
development in communities”. The obligation to plan cycling networks is established by the State
Building Standards (SBS/DBN). These regulations define technical parameters related to safety and
usability. An analysis of deviations between regulatory requirements and the actual condition of
infrastructure (e.g., insufficient lane width or non-compliant turning radii) enables the identification of
problematic sections. This serves as the basis for prioritizing modernization work, allowing the
identification of which inconsistencies pose the most significant risk to user safety. However, an analysis
of the current Ukrainian regulatory framework (in particular, DBN) indicates that it primarily governs
design standards for individual segments of cycling infrastructure, thereby encouraging the separation
of cycling flows from motor traffic. The standards are oriented toward existing demand (e.g., cycling
lanes are required when traffic intensity exceeds 50 units/hour) and do not consider cycling transport as
an integrated system, nor do they provide for strategic planning of a unified, coherent network, which
contradicts the goal of increasing the cycling modal share [8].

International experience in cycling network planning (the Netherlands, Denmark, Germany,
the USA) highlights key principles necessary for an effective network: maximum route directness,
network connectivity, orientation toward trip purposes and user types, consideration of physical effort,
and ensuring a high level of safety. These approaches can be reduced to two major strategies: the
principle of spatial separation (Denmark, the Netherlands), which prioritizes safety by physically
separating flows, and the principle of integration (Germany), which integrates cycling transport into the
urban network through a combination of measures.

All national approaches rely on scientifically grounded principles for developing cycling networks.
Based on recent scientific research, several actively studied directions can be identified: the design and
resilience of cycling networks, interactions between cycling and public transport, factors influencing
bicycle choice, and the specifics of cycling infrastructure development in Ukrainian cities.

Authors [9-10] consider cycling transport at the strategic planning level as an integral part of a
multimodal system, integrated into the urban environment through the development of SUMPs. In this
case, cycling is prioritized over private cars (the Modal Shift principle). In the research [11], safety is
emphasized as a key factor in increasing cycling volumes. This is achieved through physical separation
of cycling paths and the implementation of the Vision Zero concept, which underpins European
directives. Researchers devote considerable attention to designing methodologies and evaluating the
effectiveness of cycling networks. The models proposed in [12-13], developed using graph-theoretic
and network analysis methods for route optimization, consider not only shortest distance but also safety,
comfort, and route continuity. Authors [14] use GIS technologies and data on urban topography,
building density, and attraction points to automate the selection of optimal corridors for constructing
cycling paths. Studies [8, 15] focus on developing transport models to predict potential cycling demand
based on infrastructure quality and its integration with public transport.

Ukrainian researchers have also intensified studies in this direction in recent years. They analyze the
specifics of cycling transport planning in Ukrainian cities and factors influencing bicycle choice [8, 16-
17]. However, an unresolved part of the overall problem remains the development of a comprehensive
and adapted methodology for large Ukrainian cities - one that simultaneously considers the challenges
of post-war reconstruction (speed, economic efficiency), ensures integrity and safety of the network in
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accordance with European directives, and provides practical tools for demand modelling and optimal
placement of cycling infrastructure within the existing car-oriented urban structure.

This shortcoming is critical for large cities in Ukraine, particularly Kharkiv. Despite the existence of
general strategic documents such as SUMP (2024) and the Concept for the Development of Cycling and
the Creation of Cycling Infrastructure in Kharkiv (2016), the task of developing practical tools for
implementing these strategies at the local, engineering, and planning levels in the context of urban
reconstruction remains unresolved. The lack of such methodologies complicates the informed choice of
rational planning solutions based on the principles of sustainable development for individual streets in
conditions of limited space. Thus, the development and testing of such a methodology, using a specific
section of Kharkiv as an example, has significant scientific and practical value.

The purpose and objectives of the research. The purpose of the research is to develop an approach
to planning cycling infrastructure in cities that is grounded in sustainable development principles. To
achieve this purpose, the following tasks must be accomplished: to analyze existing strategic and
regulatory documents; to determine development and implementation stages of a rational cycling
infrastructure option on sustainable development principles; to determine effectiveness criteria for
evaluating alternative options for developing bicycle infrastructure; to conduct a sociological survey of
the resident’s needs, preferences; to conduct an experimental study; to analyze the results of the research
and select a rational option for cycling infrastructure; to determine effectiveness of solutions.

Research materials and methods. The object of the research is the process of forming a rational
option for urban cycling infrastructure. The subject of the study is the influence of street and road
network parameters on the sustainability of bicycle-based population movement. The development of
cycling infrastructure requires detailed planning to support a comprehensive analysis of all its
components, given the multifaceted nature of the process, which encompasses not only the physical
construction of cycle paths and parking facilities but also regulatory and legal frameworks, planning,
financing, information support, and community engagement.

In addition to the direct construction of bicycle routes, strategic planning that accounts for the urban
environment's spatial, social, and functional characteristics is a critical component. Efficient cycling
infrastructure should meet the needs of different user groups (local residents) and ensure safe travel,
even in areas with heavy traffic. It also requires accompanying navigation, bicycle storage facilities,
convenient transfer hubs, and information support to promote cycling as a fully-fledged mode of
transport. Only a combination of physical, organisational, regulatory, social, and technological solutions
can create an effective cycling system that complies with the principles of sustainable mobility. Each
structural element has its own specifics and implementation requirements, which must be considered
when developing specific projects and development programmes.

The type of cycling infrastructure and the technical parameters of each cycle path (width, surface,
colour, markings) are determined by the project (plan) individually for each street, taking into account
local conditions and the requirements of state standards, and can be implemented in the following forms:
cycle lanes; one-way cycle path; two-way cycle path; one-way cycle and pedestrian path; two-way cycle
and pedestrian path.

When designing cycling infrastructure, it is crucial to make an informed choice between these types
of cycling arrangements, particularly between carriageway cycle lanes and separate cycle paths. Cycle
lanes have the advantage of being easy to implement in limited space and at minimal cost. Still, they are
inferior to cycle paths in terms of safety, conflict, and comfort. Separate cycle paths provide a higher
level of safety and better integration with the urban transport system, but require more space and
resources to implement. The final decision should be based on a balance between the spatial, financial,
and functional constraints of the implementation site in accordance with approved strategic concepts for
the development of sustainable urban mobility.

Urban development concepts, in particular the Cycling Concept [18], provide a strategic framework
for analysis. They define key performance indicators such as the planned length of cycle paths,
implementation deadlines, and expected results. For example, comparing actual construction rates with
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planned rates can reveal systemic problems in project management, such as insufficient funding or poor
coordination between services.

State building regulations establish technical parameters for safety and usability. An analysis of
discrepancies between regulatory requirements and the actual state of the infrastructure (e.g., insufficient
lane widths or inappropriate turning radii) enables the identification of problem areas. This provides a
basis for prioritizing modernization work by identifying nonconformities that pose the most significant
risk to user safety.

DSTU standards detail the requirements for individual infrastructure elements. They cover aspects
such as road surface quality, road sign visibility, and parking space ergonomics. A systematic
comparison of actual indicators with regulatory ones enables not only the identification of shortcomings
but also the proposal of technically sound solutions. For example, if measurements show that the road
surface has insufficient grip, this may be grounds for replacing it with a higher-quality material.

Traffic rules and traffic management instructions form the legal basis for analyzing the behavior of
road users. Research on compliance with these standards (e.g., the frequency with which cyclists ride
on the carriageway in the absence of cycle paths) enables us to assess the effectiveness of existing
infrastructure and identify areas for improvement. Such data is particularly valuable when planning new
routes or adjusting existing ones.

The integration of the regulatory framework into the study ensures its scientific validity and practical
relevance. It allows us to move from general observations to specific recommendations, each supported
by official requirements. This is particularly important when justifying the need for change to local
authorities or potential investors. For example, references to specific points in DBN or DSTU
significantly increase the weight of arguments for reconstructing a particular section. One of the key
factors in the success of bicycle infrastructure planning is compliance with national standards and
requirements, particularly DSTU 8906:2019, which establishes design standards for cycle paths and
other infrastructure elements. According to this standard, the design of cycling infrastructure should
provide safe and convenient conditions for cyclists, including dedicated cycling lanes, bicycle parking,
and maintenance. In addition, the infrastructure should be integrated into the city's overall transport
network, ensuring convenient access to key locations and connections to other modes of transport. At
the international level, a key focus is the application of urban planning principles to bicycle
infrastructure, particularly in medium- and large-sized cities. The success of bicycle transport
development there is based on a systematic design approach that includes safety, comfort, connectivity,
and social and cultural change.

The results of public discussions and the opinions of all stakeholder groups in the city should guide
the development of cycling infrastructure. Taking into account the views of cyclists, pedestrians, drivers,
business representatives, local authorities, and relevant public organizations is essential to designing
effective, high-quality infrastructure that is well-received. Ignoring the views of even one of these
groups can lead to conflict, inefficient resource use, and low facility utilization.

Studying the opinions of different participant groups allows us to determine the population's needs
for cycling infrastructure at the district, street, intersection, and city levels, and to identify key
interrelationships among these aspects and develop practical solutions. For example, surveys can reveal
not only desirable locations for bicycle parking near metro stations or shopping centers, but also less
obvious needs for safe crossings at complex transport junctions and for integrating bicycle routes with
pedestrian areas. Understanding these interrelationships is critical to a systematic approach to bicycle
infrastructure development, rather than just addressing individual issues.

Figure 1 presents a diagram of the relationships among participants (stakeholders) in the decision-
making process for creating bicycle infrastructure based on sustainable mobility principles, from public
initiatives through the implementation of the finished facility.
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Fig. 1. Scheme of interaction between participants in the cycling infrastructure planning
process

The diagram covers the participants and all the main stages of developing and implementing cycling
infrastructure based on the principles of sustainable development: demand analysis, design, financing,
construction, quality control, and commissioning, and shows the interaction between key participants
(the public, local authorities, investors, designers, builders, and quality controllers), which are shown in
Figure 2. The structure allows you to follow the sequence of stages in detail and analyse the potential
influences among different participants, from public initiatives and cycling activists to established
cycling infrastructure.

The first step is to study demand based on feedback from city residents and active bicycle users.
Based on these data, local authorities engage designers who, in turn, adhere to state construction
standards.

At the same time, funding is sought from investors and local authorities. Once the design phase is
complete and funding has been secured, implementation of the project begins. Quality control ensures
the project complies with standards and requirements, thereby guaranteeing the durability and safety of
the infrastructure. At the end of this process, a rational version of the cycling infrastructure is formed,
the result of coordinated cooperation among the public, government agencies, investors, and technical
specialists. This sequence of stages enables a comprehensive study of the project, accounting for both
technical and social factors.

Among the methods for developing a rational bicycle infrastructure option in cities, the following
can be highlighted: physical modeling, mathematical modeling, simulation modeling, and statistical
modeling. Based on an analysis of the advantages and disadvantages of these methods, it was determined
that comprehensive modeling that integrates physical analysis and statistical data enables assessment of
critical areas. Compliance with standards, consideration of public opinion, and adaptation of
international experience will ensure the high-quality development of the bicycle network.

The choice of a rational option should be based not only on technical feasibility but also on the
maximization of social, transport, and environmental benefits. A safe environment is a prerequisite for
the development of cycling. In urban areas with high car traffic density and congested street and road
networks, safety levels determine residents' willingness to switch to cycling. Where cyclists feel
vulnerable or isolated, the use of this mode of transport declines, regardless of other advantages such as
route accessibility, travel speed, or cost savings. If the cycling conditions are safe, even a less convenient
or longer route becomes attractive to users.
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Fig. 2. Development and implementation stages of a rational cycling infrastructure option on
sustainable development principles

According to 2024 statistics from the Ukrainian Patrol Police, the proportion of road traffic accidents
(RTASs) involving cyclists was nearly 6%. Planning the development of cycling infrastructure from the
perspective of user safety has a long-term impact in the form of:

- a reduction in CO: emissions and other pollutants due to a decrease in the proportion of cars in
urban traffic as some residents switch to bicycle transport. However, these changes will be effective
only if the infrastructure ensures the safety of bicycle use;

- rational infrastructure decisions can be more cost-effective in the long term, even if the initial
implementation costs are higher. This can be achieved by increasing the appeal of bicycle transport as a
cheap and efficient mode.

- safe cycling infrastructure, especially at intersections, allows the city to avoid significant economic
losses from the consequences of traffic accidents.

- the availability of a safe environment for travel stimulates sustainable tourism, urban initiatives,
and the attractiveness and development of the city.

The rationale for the safety criterion also reflects the contemporary philosophy of human-centered
urban design. This approach has become the basis for many transport policies worldwide and is
enshrined in Ukraine's national regulatory documents. It enables the creation of infrastructure that not
only fulfils a technical function but also shapes a new transport culture in which bicycles are perceived
as a fully-fledged and safe means of transport.

Therefore, as a criterion of effectiveness, we propose considering the traffic safety indicator, which
accounts for accident risks and characterizes the level of danger at intersections

G-K,-10" -k .
=——b——T s nmin, (1)
(M +N)-25
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where G is the theoretically probable number of accidents at an intersection in one year;

Ke is the coefficient of annual traffic unevenness (we assume Kr = 0.12); M is the traffic intensity on
the main road, vehicles per day;

N is the traffic intensity on the secondary road, vehicles per day.

This indicator is the basis for creating a safe, sustainable, convenient, and attractive urban space
where cyclists feel like equal participants in traffic. All further technical and economic justifications and
project decisions will be made with this criterion in mind.

The organization of safe and efficient bicycle traffic in the urban street and road network is
impossible without proper intersection design, areas with high accident rates, and dense interactions
among all road users. In this context, special attention should be paid to the analysis of the interphase
period—the interval between the end of one traffic light signal and the start of another—which plays an
essential role in ensuring safety when changing direction, particularly when vehicles turn and cyclists
cross paths.

A variety of methods are used to determine the risk of accidents at intersections. We suggest using
the conflict point method [18], based on the analysis of the points of intersection between the trajectories
of conflicting vehicles, primarily to assess safety in urban areas

q _K;-M;-N;-25-10"
! k,, -K

: (2)

p

where i is the number of conflict points;
Mi, N; are the intensities of traffic flows interacting at this point, vehicles/hour;
Ki is the coefficient of relative accident rate of the conflict point, accidents/10” vehicles.

The overall danger level of an intersection is an additive indicator, determined as the sum of the
danger levels of all conflict points at the intersection.

The task of comprehensively assessing traffic safety is addressed in several stages for each alternative
intersection design: in the absence of bicycle infrastructure, with the introduction of a cycle lane, and
with the construction of a full-fledged cycle path. In the first stage, accident rates are determined for
each potentially conflict point at the intersection, based on the nature of interactions among road users
(pedestrians, cyclists, and vehicle drivers) and traffic intensity. At the second stage, using the obtained
coefficients, a generalized traffic safety indicator (Ka) is calculated for each option under consideration.
The K, value is used to assess the danger at the intersection. If K,<3, the intersection is safe; if 3<Ka<8,
the intersection is almost safe; if 8<K;<12, the intersection is dangerous; if K;>12, the intersection is
perilous. Next, to justify the most rational engineering solution, an alternative comparison is conducted
using the generalized traffic safety indicator. When developing a rational bicycle infrastructure option
for a city, one key task is to assess the effectiveness of the proposed solutions. Accurate quantitative
forecasting of the reduction in private car trips following the introduction of bicycle infrastructure is
difficult because it requires accounting for all the factors that influence changes in the population's
transport behavior. In this regard, it is best to focus not on the absolute reduction in car traffic, but on
the potential environmental impact by analyzing changes in pollutant emission levels, and on the
possible social effect by reducing vehicle delays at intersections. To model these indicators for
alternative bicycle infrastructure options, we propose using PTV VISSIM traffic modelling software,
which enables the reproduction of traffic patterns of all road users at a microscopic scale and the
simulation of the impacts of traffic light phases, congestion, queues, waiting times, and pollution
intensity [1].

We assess the social effect of implementing a rational bicycle infrastructure option using the indicator
of annual transport time spent on the section
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where Nqm is a total traffic intensity of all vehicles at the intersection, cars/hour;

AtAH is the change in the average delay of vehicles at the intersection after the implementation of the

proposed measures, s;
kw is the coefficient of transition from hourly traffic intensity to daily traffic intensity (it is recommended
to take kn=0,1).

The annual socioeconomic effect of reducing vehicle delay time on the section under consideration
is estimated using the cost of 1 hour of driver/passenger time (assumed to be 40% of the current year's
hourly wage rate).

To conduct a quick comparative assessment of the ecological effect per hour of vehicle movement
per 1 km of road, based on modelling harmful emissions volumes, it is advisable to use the methodology
[19]

AEi - |:ZCI ' (giexist -0 rational) : k|N i}-loﬁ, (4)

i=1

where Ci is the damage from the emission of one tonne of the i-th pollutant, UAH/tonne;

Oi exist, Ui rational 1S Specific emissions of the i-th pollutant by the main car models in comparable road traffic
conditions, g/km;

k; are a correction coefficients for the transition from basic car models to those studied during the
calculation of harmful emissions and fuel consumption;

Ni is the number of cars of the specified model passing through a section of road within an hour.

As is well known, developing cycling infrastructure requires significant capital investment. The
average payback period for capital investments in cycling infrastructure depends on the scale of the
project, local conditions, the volume of use of cycle lanes, and the methodology used to assess the effect.
However, the experience of EU countries shows that, in most cases, the average payback period for
cycling infrastructure is between 3 and 10 years.

The payback period for cycling infrastructure on the section of the street-road network under
consideration is determined by the ratio of total investment costs to the annual economic effect,
including socio-economic and ecological effects

K

- (5)
SE

PB

where K is the capital investment for the establishment of 1 km of cycling infrastructure.

The implementation of the proposed approach is illustrated by the example of the street-road network
of Kharkiv (a section of Silikatna Street). The city authorities, guided by international experience and
national standards, incorporate European approaches into their bicycle transport development concept,
particularly through public information and support for sustainable mobility. The area's characteristics
are conducive to the development of pedestrian and micromobility traffic. Pedestrian traffic is popular
among Kharkiv residents. At the same time, micro-mobility is primarily undertaken by the population
on bicycles for domestic and recreational purposes. According to open data, walking accounts for
approximately one-third of the modal split in Kharkiv. Analysis of cycling intensity data shows that
most cyclists use it as a full-fledged individual mode of transport. The priority direction for the
development of cycling in Kharkiv is to connect the most densely populated areas of the city and the
largest centers of attraction. Given the remoteness of residential areas from the city center, it is necessary
to ensure that routes are as short and direct as possible, with minimal disruption to bicycle traffic.
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Silikatna St. is located in the Osnovyanskyi district and reflects the district's typical mixed urban
structure. The Osnovyanskyi district is located in the southern part of the city and combines historical
development, industrial areas, and modern residential neighborhoods. The district is centered on the
historic area of Osnova. It is distinguished by distinctive natural and landscape features, owing to its
location at the confluence of the Lopan and Kharkiv rivers. This creates a well-developed network of
recreational spaces. Elevated risks for road users - typical for streets in this district are driven by intense
motor vehicle traffic, insufficient systems for transport prioritization, suboptimal traffic light operation,
and the absence of informational signage for micromobility users, including cyclists. These risks
increase further at night due to inadequate lighting on both the roadway and the sidewalks. Typical
streets in this district exhibit a diverse development pattern, combining multi-storey residential buildings
with low-rise private housing. Such a layout increases demand for convenient, safe, and efficient
transport solutions, including cycling routes as alternatives to car travel (Fig. 3). The varying density of
development generates demand for cycling routes as an alternative to motorised transport, as well as the
potential to develop local bicycle paths that are comfortable for residents of the private housing sector.
This requires adapting infrastructure solutions to the specific characteristics of each zone.

Fig. 3. Curren condition of the road surface on Silikatna St. (Kharkiv)

Silikatna St. in Kharkiv has basic public transport connections to other parts of the city. Bus services
connect the metro station to the recreational area and provide convenient connections between different
parts of the city; however, bus intervals exceed 30 minutes. A trolleybus route additionally covers this
part of the city, providing an alternative to bus services. The tram line is far from the area. Thus, this
street lacks adequate transport connections, as it is served primarily by bus and trolleybus routes. The
development of cycling infrastructure on this street could significantly improve transport accessibility
for residents of neighboring areas, reduce congestion, and enhance the urban environment.

An alternative route for cyclists is often the sidewalk, which is not designed for bicycle traffic. This
situation results in frequent conflicts between cyclists and pedestrians, particularly in areas with high
pedestrian traffic. This once again highlights the lack of a well-thought-out and balanced transport policy
at the district level.

In addition to the lack of cycle paths and lanes, the district lacks supporting infrastructure to promote
bicycle use and convenience (e.g., bicycle parking areas, navigation and information signs). This
significantly limits the use of bicycles as a daily means of transport for a wide range of residents and
exacerbates social inequality across segments of the population, including children, young people, the
working population, the elderly, people with disabilities, and people on low incomes. In addition, the
complete lack of conditions for bicycle transport adversely affects the overall mobility of the population,
contributes to motorization, exacerbates environmental problems, and contradicts the principles of urban
mobility development grounded in sustainable development, which modern European cities strive to
achieve.

To research the population’s needs for cycling infrastructure on Silikatna St., a survey was conducted
among residents and visitors to the area. Forty-one respondents of different ages, statuses, and modes of
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transportation were interviewed. The results allowed us to assess the current situation and identify
residents' problems and expectations. Most respondents (42%) consider the current situation dangerous
for cyclists and express support for the creation of safe, separate cycle paths, bicycle parking facilities,
and appropriate markings. A significant proportion of respondents (63%) are also willing to use bicycles
more often if high-quality infrastructure is available. These results demonstrate the importance of
designing bicycle infrastructure as part of comprehensive street and neighbourhood development,
thereby promoting sustainable mobility for the population.

The intersection of Silikatna St., Kamianetskyi v’izd, and Rudynska St. in Kharkiv was selected for
research due to its strategic location and characteristic features that reflect typical problems of bicycle
traffic organization in urban areas. This intersection connects a residential area with industrial and
recreational areas, resulting in dynamic traffic from various groups of road users, including pedestrians
and cyclists. In addition, the availability of spatial reserves in street cross-sections creates opportunities
for implementing bicycle infrastructure elements. That is why this intersection is a good example for
analyzing the impact of the street network's geometric parameters on the feasibility of integrating
sustainable solutions to organize bicycle traffic.

Based on field survey data, the intensity and composition of traffic flow (vehicles, bicycles, and
pedestrians) at this intersection were obtained to support a comprehensive safety assessment of two
alternative options for bicycle infrastructure development: constructing cycle paths and constructing
cycle lanes.

To comprehensively assess the safety of each intersection design option, a step-by-step calculation
was performed using the proposed methodology. At the first stage, accident rates were determined for
each potentially conflict point in the intersection based on the nature of interactions among traffic
participants (pedestrians, cyclists, and vehicle drivers) and traffic intensity. Next, based on the results,
a generalized traffic safety indicator was determined for each of the considered options. Based on the
selected efficiency criterion, it was determined that, under the existing option (without bicycle
infrastructure), this intersection is classified as very dangerous (Kaexis=15,4). According to the option
of equipping this section of the street with a cycle path, the intersection is classified as very dangerous
(Ka pah=12,7). In contrast, with the installation of a cycle lane, the level of danger increases to
(Ka 1ae=13,1). However, the overall level of danger at the intersection measured by conflict points
decreases from 0.6997 to 0.595 when cycle lanes are set up and to 0.577 when cycle paths are set up.
This demonstrates that implementing cycle paths at intersections will be more effective.

The results confirm the hypothesis that integrating cycle lanes not only improves safety but also does
not create significant obstacles to the overall operation of traffic light control. Taking into account the
current regulatory documents on the design of traffic light systems, a rational option for developing
bicycle infrastructure on such typical streets is to combine cycle lanes along the main route with cycle
lanes within intersections. This approach is justified because the street's width does not permit the
construction of full-fledged cycle paths along the entire length of the route without significant
interference with existing buildings or a reduction in motor-vehicle traffic lanes, which is contrary to
the regulations. Cycle lanes within the carriageway are an acceptable and recommended solution for
streets with limited space. At the same time, at intersections where the intensity of conflict between road
users increases, it is advisable to allocate separate cycle lanes to improve cyclists' safety and to
implement distinct traffic zoning.

Therefore, the most rational option for cycling infrastructure on Silikatna St. is a combined option:
constructing a cycle line and installing cycle paths at intersections, which will reduce traffic congestion
without compromising road-user safety and minimize environmental impact. The proposed solution,
grounded in sustainable mobility principles, underscores the need for an approach to developing a
sustainable urban bicycle network.

As part of the research, simulation modelling was conducted using PTV VISSIM. Two transport
models were developed for the typical intersection in the Kharkiv case study: one without a dedicated
bicycle space (Fig. 4) and one with a dedicated bicycle infrastructure (Fig. 5).
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Fig. 4. Transport model of the intersection without a separate space for cyclists in the
PTV VISSIM software
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Fig. 5. Transport model of the intersection with a separate space for cyclists in the
PTV VISSIM software

The modelling was based on established quantitative and qualitative characteristics of vehicle traffic,
derived from hourly intensity and composition data on Silikatna St. The simulation results yielded values
for 17 indicators across 17 segments, including vehicle delays, pollutant emissions, and fuel
consumption per 1 km travelled. The statistical characteristics of the simulated parameters are presented
in Table 1.

Table 1. Results of the estimation of statistical characteristics of simulated parameters

Name of indicator Value of the indicator
Mathematical Mean squared deviation
expectation
Existing Rational Existing Rational
Vehicle delay time, s’km 149,55 43,67 318,85 12,06
Total emissions of pollutants per hour, g/km 17,65 8,20 49,22 4,56
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As a result of transport process modeling, it was established that introducing bicycle infrastructure
on Silikatna St. would reduce average transport delays by more than 106 seconds and reduce harmful
emissions by 50%. The results of annual environmental damage calculations indicate that passenger cars
have the most significant adverse ecological impact among all vehicle types, with annual damage from
their operation amounting to 4.5 thousand UAH/km, owing to their considerable share (537 units) of
total traffic. The total yearly ecological effect of implementing a rational bicycle infrastructure option
on Silikatna St. for a 1 km section considered in the modeling is 2,900 UAH/km.

The annual socio-economic effect of reducing vehicle delay time is 4.019 thousand UAH, estimated
based on the cost of 1 hour of driver/passenger time. The total economic impact of implementing a
rational bicycle infrastructure option is 4024.9 thousand UAH per 1 km, with a 5-year payback period,
which corresponds to the average payback period for investments in bicycle infrastructure development
in European Union countries and demonstrates the effectiveness and feasibility of the proposed solution.

Conclusions. In this paper, an approach to planning bicycle infrastructure in cities based on
sustainable development principles was proposed. The study focused on a detailed examination of the
planning process for bicycle infrastructure as an integral component of sustainable urban mobility.
Special attention is paid to the justification of bicycle traffic modeling methods, which enables not only
the identification of critical areas but also the objective assessment of the effectiveness of the proposed
solutions. The integration of statistical analysis, consideration of community needs, theoretical
approaches, and physical modeling practices has established a scientifically grounded basis for planning
bicycle infrastructure that accounts for current regulations and standards.

The analysis of stakeholder interaction across all stages of planning and implementation shows that
the effective operation of bicycle infrastructure is impossible without well-established cooperation
among local authorities, project organizations, investors, construction companies, community activists,
and residents.

The proposed approach is examined using a typical section of Kharkiv’s street-road network as an
example (on Silikatna St.). The assessment of the current state of the network, particularly in the city's
residential and industrial areas, indicates fragmentation and a critical shortage of bicycle infrastructure.
Primarily, this increases risks at intersections for all road users, particularly cyclists and micromobility
users. Therefore, there is an urgent need to develop approaches for planning justified, safe, and
functional infrastructure solutions.

Safety is a key factor that encourages the use of bicycles as an everyday mode of transportation,
which defines the choice of the efficiency criterion. The road safety indicator assesses the risk of traffic
accidents in planning bicycle infrastructure, employing a systemic approach that focuses on objective
performance indicators and residents' needs to create a sustainable, comfortable, and safe urban
environment.

Based on the efficiency criterion, it was determined that, when developing alternative options for
bicycle infrastructure at the intersection, the overall level of danger decreases from 0.6997 to 0.577
when a bicycle lane is implemented. However, given the current regulatory documents and spatial
planning for a typical section of the network, the most rational option for bicycle infrastructure is a
combination of bicycle lanes along the main street corridor and bicycle paths within intersections.
Bicycle lanes, as part of the roadway, are an acceptable and recommended solution for streets,
particularly in situations with limited space. At the same time, at intersections where the intensity of
conflict points between road users increases, it is advisable to allocate separate bicycle paths to enhance
cyclist safety and to implement distinct traffic zoning.

The proposed planning approach, based on analyses of the transport situation, spatial planning, and
the assessment of the effectiveness of the proposed solutions, enabled justification not only of the
technical feasibility but also of the social, environmental, and economic benefits of integrating a bicycle
component into the urban transport system. The positive results of the financial impact assessment
confirm the effectiveness of the solutions proposed in the research.

The results of this study could inform a new urban transport policy focused on inclusiveness,
environmental sustainability, and improved residents' quality of life.
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Ils1anyBaHHS BeJIOCUIIEAHOT iH(PPACTPYKTYPH ISl CTAJIOI MiCbKOI MOOLJIBHOCTI:
TeMATH4YHe J0CJTiKeHHs XapKoBa

Anomauia. Y xoumexcmi no80EHHOI peKOHCMPYKYIT YKPATHCOKUX MIC NPIOPUMEMHICIb PO3GUMKY
cmanoi 8enocunednol iHpacmpykmypu 3pocmae, OCKIIbKU CMBOPEHHs CYHacHoi ma 0Oe3nedHoi
BE/IOMEPENHCE € KAHOYOBUM eNeMeHMOM (OpMYBAHHA CMINIKUX | [HKIIO3UBHUX MICbKUX npocmopis. ¥
cmammi  npeoCmasieH0 KOMNAEKCHUU NiOXi0 00 CmpameziuHo20 WNIAHYSAHHS 6elOCUNEOHOT
IHpacmpyrmypu sik 8axHcAIUB0T CKIA080I cmanoi Micbkoi MoOiibHOCI. J[0CIi0NCEHHS OXONIIOE AHATI3
NPOCIMOPOBUX Y MO8, MOOETIOBAHHS 8eI0CUNEOHO020 PYXY MA OYIHIOBAHHA e(eKMUBHOCMI IHHCEHePHUX
piwens 6 micmi Xapkosi (ha npuxnaodi eyn. llasna Tuuunu). 3anpononosanuii nioxio nepeobauac
00IPYHMY8AHHS PAYIOHANTBLHO20 BAPIAHMTY GENOIHGPACMPYKMYPU 3 YPAXYEAHHAM HAAGHUX 0OMENHCEeHD
BYIUUHO20 NPOCMOPY Ma HOmped MewKaHyie y Oe3neyHomy ma KOM@OpmHOMY nepecy8amHi, wo
0036801UMb 3MEHWUMU 3ATEeHCHICMb HACeNeHHA 8i0 npueamHozo asmomparcnopmy. Ocobaugy yeaey
NPUOLNIEHO 3ACMOCYBAHNHIO OUHAMIUHO20 MoOemosanHs y cepedosuwi PTV VISSIM ma suxopucmaniio
IHOUKamopa pieHs Hebe3neKu nepexpecms 0s KibKicHOI oyinku epexmusnocmi. Pesynomamu ananizy
MPAHCNOPMHUX HOMOKIG, COYIONO2IYHO20 ONUMYBAHHA MaA adanmayii 3apyOidcHUX NpaKmux
niOmMeepONCYIOMb 3HAUHUN COYIANbHUL, eKOJNO2IYHULL [ eKOHOMIYHUU eghekm 6I0 6NpPOBAONCEHHS
3anpoNnoHOBaHUX piulenb. 30Kpema, NOCOHAHHA BeNoCMy2 V3008C OCHOBHO20 Mapwpymy 3
001AUMYBAHHAM 8ENO0OPINCOK Y Mexcax nepexpecmv 00380IUN0 3MEHWUMU NOKA3HUK Hebe3nexu
nepexpecms, CKOpOMumu 3ampumMKy MpaHCnopmy ma ompumamu exono2iynutl egpexm. Ompumari
pesyivmamu  MOdXiCymv Oymu SUKOPUCTIAHI Op2aHaMU MICYEB020 CAMOBPSIOYEAHHS, NPOEKMHUMU
Op2aHizayiamMu ma 2pOMadCbKUMU THIYiamueamu nio 4ac niany8aHHs Cmanol MicbKoi MOOLIbHOCHI.

Knwuogi cnosa: senocuneona ingpacmpykmypa, cmanuti MicbKuti mpascnopm, mpancnopmue
NIaHY8aHHs, De3nexa, eKono2iuHul epexm

Jlama nepuwoeo naoxooxcenus cmammi 00 sudanns 21.10.2025

Lama npusinsmms 0o opyky cmammi 24.11.2025
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Methodology for Training a Neuro-Fuzzy Control System for a Diesel-Generator Unit
Under Variable Operating Conditions

This paper presents a methodology for constructing and training a neuro-fuzzy control system for a
diesel-generator unit operating under variable railway conditions. Modern traction power units
encounter significant fluctuations in operational factors such as train mass, track profile, and section
length, which necessitate adaptive regulation of power output. Traditional control systems are limited
in their ability to respond to complex multifactor dynamics, motivating the use of hybrid intelligent
systems. The proposed approach integrates Fuzzy C-Means (FCM) clustering to determine the initial
structure of the fuzzy rule base and to form Gaussian membership functions based on cluster centers. A
hybrid learning strategy is implemented, combining backpropagation and stochastic gradient descent
to adjust both the fuzzy and neural components of the model. This enables the system to refine
membership parameters, optimize rule interactions, and adapt to nonlinearities in the operational data.
The developed neuro-fuzzy model is validated using test samples not included in the training dataset.
The results demonstrate high approximation accuracy and strong generalization capability, with
prediction errors remaining within acceptable limits. The model effectively reproduces optimal control
actions across diverse operating scenarios. The proposed methodology is suitable for integration into
traction energy control systems and provides a foundation for future enhancements through expanded
datasets, improved optimization algorithms, and full-scale simulation or field testing.

Keywords: diesel-generator unit, intelligent control, neuro-fuzzy systems, machine learning,
autonomous rolling stock.

Introduction. The increasing complexity of modern railway transport systems places new demands
on the efficiency, reliability, and adaptability of traction power units. Diesel-generator installations,
which remain a key component of locomotive power systems on non-electrified or partially electrified
lines, are required to operate under highly variable conditions that can change drastically over short
distances. These variations arise primarily from fluctuations in train mass, differences in track profile,
and the length of operational sections, all of which directly influence the traction load and the dynamic
behavior of the power unit. Under such circumstances, maintaining stable generator operation, ensuring
fuel-efficient performance, and preventing overloads becomes a multifaceted control problem.

Traditional control approaches, often based on fixed-parameter regulators or simplified analytical
models, demonstrate limited effectiveness when exposed to the nonlinear and rapidly changing
dynamics of real railway operation. They lack the ability to interpret complex interactions between
multiple operational factors and cannot provide timely adaptation of control actions. As a result,
suboptimal power distribution, increased fuel consumption, and accelerated wear of engine components
are commonly observed, especially under demanding operational scenarios.
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In contrast, intelligent control systems — particularly those integrating fuzzy logic and neural-network
learning — offer significant advantages in handling the nonlinearities and uncertainties inherent in diesel-
generator operation. Fuzzy logic enables the incorporation of expert knowledge and heuristic rules,
while neural networks provide adaptability through data-driven learning. Combining these approaches
within a neuro-fuzzy framework makes it possible to construct controllers capable of real-time
adaptation, improved generalization, and robust performance under diverse conditions.

However, developing a high-performance neuro-fuzzy control system is a nontrivial task. It requires
the proper definition of the fuzzy knowledge base, the construction of membership functions that
accurately represent the operational domain, and effective training of the neural component.
Furthermore, due to the heterogeneity of the input parameters — train mass, track gradient and curvature,
and section length — additional challenges arise in harmonizing scales, preventing overfitting, and
ensuring adequate interpretability.

In this context, the application of Fuzzy C-Means (FCM) clustering provides a systematic approach
for deriving the initial fuzzy rule structure directly from operational data. When combined with hybrid
optimization techniques — such as backpropagation for consequent parameters and stochastic gradient
descent for membership-function tuning. This makes it possible to develop a controller that is both
adaptive and data-driven.

Modern diesel-generator units used in railway transport operate under conditions of high variability
in operational factors, such as changes in track profile, train mass, and section length. These conditions
necessitate dynamic adaptation of control actions to ensure stable operation of the power unit, reduce
fuel consumption, and enhance overall efficiency.

Traditional control systems are unable to respond promptly to complex variations in multifactor
loads, which limits their adaptability and effectiveness. To address this issue, it is reasonable to employ
neuro-fuzzy control systems that combine expert rules with machine-learning capabilities. However,
constructing an optimal model of such systems requires determining the structure of the fuzzy
knowledge base, designing membership functions, and training the neural component while accounting
for operating conditions.

Therefore, the study of methods for constructing and training a neuro-fuzzy control system for a
diesel-generator unit based on FCM clustering and combined optimization algorithms is of significant
relevance.

Analysis of recent research and problem statement. Recent scientific developments demonstrate
a growing interest in neuro-fuzzy systems and hybrid intelligent controllers for enhancing the
adaptability and efficiency of energy and transport systems. ANFIS-based models have been effectively
applied to railway power infrastructures, including prediction of reactive power at traction stations and
load control under variable operating conditions [1]. In diesel-engine applications, optimisation-
enhanced fuzzy PID controllers combined with UKF-based estimation improve speed stability and
disturbance rejection [2]. Advanced neuro-fuzzy network architectures, such as fuzzy recurrent
stochastic configuration networks, provide high-accuracy modelling with online adaptation for
nonlinear industrial processes [3, 4].

A significant body of research focuses on integrating ANFIS controllers into power-system
frequency regulation. Their effectiveness has been demonstrated in both classical LFC tasks and
renewable-integrated microgrids, particularly when combined with stabilising devices such as
STATCOMs [5 — 9]. In hybrid energy systems, ANFIS-based controllers are used for PV maximum
power point tracking [10], power-quality enhancement in P\VV-battery—diesel supply systems [11], and
energy-management strategies in AC and islanded microgrids [12, 13]. In wind-energy systems, hybrid
ANFIS-PI controllers considerably improve the dynamic performance of DFIG-based turbines [14].

Another direction of research addresses the construction of fuzzy rule bases and membership
functions using clustering-based methods. Techniques employing C-means or fuzzy C-means (FCM)
clustering help reveal natural structures in experimental data and reduce dependence on expert-defined
rules. Such approaches have demonstrated effectiveness in aerospace systems, robotics, and nonlinear
industrial control [15, 16, 17].
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In the railway domain, intelligent traction-control and decision-support systems increasingly
incorporate fuzzy logic and machine-learning techniques to interpret locomotive operating modes and
support driver decisions [18, 19]. Furthermore, studies on energy-recovery zones in DC traction
emphasise the significant influence of train mass and track profile on power flow, highlighting the need
for adaptive, data-driven control strategies [20]. Despite these advancements, most existing works
address global traction-system behaviour rather than the localised control of diesel-generator units under
rapidly changing operating conditions.

Several important challenges remain unresolved. Current neuro-fuzzy solutions rarely consider the
combined influence of train mass, track profile, and section length when forming control actions for
diesel-generator units. Many ANFIS-based systems still rely on static membership functions or heuristic
tuning methods that limit adaptability. Furthermore, only a few studies incorporate FCM-based
derivation of the fuzzy rule structure together with hybrid backpropagation—SGD training of both
antecedent and consequent parameters, although such integration is critical for modelling complex
nonlinearities in railway operations [8, 9, 15].

Thus, an important scientific gap persists: the need to develop a unified methodology for constructing
and training a neuro-fuzzy control system for diesel-generator units that integrates FCM-based structure
identification, normalisation of heterogeneous input parameters, and combined optimisation of neuro-
fuzzy parameters. Addressing this gap is essential for improving adaptability, fuel efficiency, and
dynamic stability of traction power systems operating under variable real-world railway conditions.

The purpose and tasks of the study. The purpose of this study is to develop a methodology for
constructing and training a neuro-fuzzy control system for a diesel-generator unit that accounts for train
mass, track profile, and section length.

The primary task is to determine the structure of the fuzzy system using FCM clustering, to design
membership functions based on the cluster centers, and to implement a hybrid-training algorithm for the
neural component that combines backpropagation with stochastic gradient descent.

Within the scope of the study, a universal rule base adapted to variable operating conditions is to be
developed and its effectiveness evaluated at the simulation stage.

Materials and methods of research. The development of the neuro-fuzzy control system for
the diesel-generator unit began with the construction of a representative training dataset, in which each
element was characterized by a triplet of input parameters: train mass M, track profile P, and section
length L. For every combination, the corresponding value of the optimal power-change coefficient Kopt
was recorded.

The input variables were normalized to the interval [0, 1] in accordance with the relation

X — X — Xhin , (1)
X — Xinin

which ensured uniform scaling of the parameters and contributed to the stable performance of the
clustering algorithm.

At the first stage, the structure of the fuzzy system was determined using FCM clustering. This
algorithm minimizes the functional

N C " 2
3= 2wy -vi[ @)

i=1 j=1

where N is the number of training samples;

C is the number of clusters;

Vj is the center of the j-th cluster;

uij is the degree of membership of the i-th sample to the j-th cluster;
m is the fuzzification coefficient.
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The membership degrees were updated according to the formula
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whereas the cluster centers were computed using
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The clustering results determined both the number of rules in the fuzzy system and the shapes of the
membership functions of the input variables. Within the (M, P, L) space, a set of clusters was obtained
that forms regions of stable dynamics for the diesel-generator unit.
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Fig. 1. Spatial distribution of clusters in the (M, P, L) coordinates

Based on the center Vj = (M, P;, Lj) of each cluster, membership functions for the fuzzy variables
were constructed. Gaussian membership functions of the form were used for the input parameters

p(x,c,c)z{——(x_c)zl, (5)

lon

where ¢ is the center of the function, determined by the coordinate of the corresponding cluster;
o is the width, approximated by the root mean square deviation of the set of points with the highest
membership degrees.

For each rule of the ANFIS system, a fuzzy antecedent of the form
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R;:if MeA, PeB, LeC,, then K, =f,(M,P,L) (6)

was constructed.
At the initial stage, the functions f; were assumed to be linear

fj(M,P,L):ajM +bjP+cJ.L+dj, @)

where the coefficients aj, b;, and c; were subject to subsequent training.
The constructed membership functions provided a smooth representation of the data distribution,
ensuring a gradual and stable response of the system to changes in operating conditions.

O 1

0.5
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Fig. 2. Gaussian membership functions for the variable “train mass”

The figure 2 illustrates the set of membership functions for the input variable train mass used in the
neuro-fuzzy control system of the diesel-generator unit. Each curve corresponds to a fuzzy term
describing a specific interval of mass values (e.g., very low, low, medium, elevated, high, very high).

The values along the horizontal axis are presented in the interval from 0 to 1, which corresponds to
the minimum and maximum possible mass values in the input dataset. Such normalization is necessary
to ensure the correct operation of both neural and fuzzy learning procedures.

The membership degree o represents how strongly the current mass value corresponds to a particular
fuzzy term. A value of =1 indicates full membership, whereas 6=0 denotes no membership.

The curves overlap so that, for any specific mass value, two or more membership functions are
activated simultaneously. This provides smooth transitions between operating modes, eliminates abrupt
changes in control actions, and enhances the adaptive power-adjustment capabilities of the diesel-
generator unit.

These functions have Gaussian or near-Gaussian shapes, allowing the system to respond gently to
changes in mass and improving the learning performance of the ANFIS-type structure.

Membership functions determine how the system perceives train mass not as a strict numerical value,
but as a linguistic variable. This enables adaptive adjustment of generator power depending on the train
weight, supports the formation of rules such as “if the mass is high, increase traction,” and allows mass
information to be integrated with other parameters such as track profile and railway-section length.

The construction of membership functions for the input parameters, including train mass, is a
fundamental stage in the development of the fuzzy control system, as it is at this level that numerical
values are transformed into linguistic terms subsequently used in the inference mechanism. The
membership functions shown in the figure represent the distribution of possible states of the train mass
variable within the normalized range and determine the degree to which each value belongs to a
corresponding fuzzy set. This ensures smooth system response to load variations and enables the
consideration of intermediate, imprecisely defined operating conditions.

However, an individual membership function represents only a single parameter and does not capture
the combined influence of multiple operational factors on the resulting control action. To construct a
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complete rule base, it is necessary to extend the analysis space and integrate several input variables
within a unified model. For this reason, the next step involved forming a multidimensional
representation in which the optimal control coefficient depends simultaneously on the track profile and
the train mass.

The three-dimensional plot illustrates the outcome of integrating the membership functions into the
inference structure and demonstrates how variations in two key operational parameters affect the optimal
control value. In this way, the system transitions from a one-dimensional fuzzy description of a single
variable to a generalized decision surface, which serves as the foundation for an adaptive and robust
neuro-fuzzy control system for the diesel-generator unit.

KOI)!
1.0

0.5

Fig. 3. The dependence of the optimal control coefficient on track profile and railway section
length

The figure 3 presents a three-dimensional graphical representation of the dependence of the optimal
control coefficient Koy On two key operational parameters — track profile and railway section length.
The surface shown in the plot is the result of interpolating the discrete rule base of the neuro-fuzzy
system, which makes it possible to transform individual input values into a continuous functional
relationship.

The P axis represents the transition from downhill to uphill conditions. During downhill operation,
the diesel-generator unit requires a reduction in power output, which is reflected in lower values of Kgpt.
Conversely, during uphill operation, the demand for higher traction effort increases, leading to higher
values of the control coefficient. The L axis corresponds to the railway section length, whose influence
is integrative: as the length of the segment increases, the controller must compensate for cumulative
effects associated with motion resistance and thermal variations in the system.

The surface demonstrates a smooth increase in the control coefficient, from lower values on descents
to higher values on ascents and its further growth with increasing section length. This behavior reflects
the physical logic of the traction process: the greater the inertial and external forces acting on the rolling
stock, the more intensive the energy supply required from the diesel-generator unit.

The resulting surface is a key element in the formation of membership functions and the logical
structure of the neuro-fuzzy knowledge base. It provides the ability to implement adaptive control in
intermediate operating modes where the conditions are not strictly discrete. Thus, the figure illustrates
the generalized relationship governing the variation of the optimal control action depending on the
combination of track profile and route length, forming the foundation for designing an intelligent control
system for traction power units.

After constructing the fuzzy component, the training of the neural part was carried out using the
backpropagation method. The objective of the training process was to minimize the global error

E= i( Kopt,i - Kopt,i )2' (8)

i=1

N |-
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where K is the system response for the i-th sample.

opt,i
The partial derivatives of the error function with respect to the parameters of the membership
functions were computed according to

E Koy
a Zl< opt,i - opt i ) aC‘?t' ’ (9)
1= J
aE N K g
A_ Z( opt,i opt,i) 6(5pt] . (10)

The coefficients of the linear functions a;, b, ¢; were updated using the stochastic gradient descent
rule

-+ aE
ot — g0 _n E (11)

where 1 is the learning rate.

The combination of FCM-based structural initialization with neural-network training enabled the
development of a hybrid model capable of both generalizing the data and improving control accuracy.

The figure presents the structural model of a neural network designed for the automated
determination of fuzzy membership function parameters used in the neuro-fuzzy control system
of a diesel-generator unit. The depicted architecture represents a multilayer perceptron with
differentiable parameters, which ensures adaptive adjustment of the shape and position of
membership functions for each input factor, namely: train mass M, track profile P, and railway
section length L. This enables the modelling of complex nonlinear relationships between
operating conditions and the optimal control actions of the diesel-generator unit.

The first layer of the neural network consists of three inputs, each corresponding to a physical
variable. At this stage, the data are provided in a normalized form, which eliminates scale
differences between parameters and ensures stable learning. Each input is connected to all
neurons of the hidden layer, forming a fully connected structure and enabling the network to
process combinations of input factors comprehensively. In this way, the model incorporates the
mutual influence of operating parameters, which is critically important for simulating the
behavior of traction power systems.

The hidden layer functions as a spatial transformer of the input data, forming a
multidimensional representation in which clustering and subsequent identification of fuzzy sets
are performed with higher accuracy. The neurons of this layer use nonlinear activation
functions, which allow the model to approximate the nonlinear characteristics of diesel-
generator operation. Special attention is given to the part of the architecture enclosed in a dashed
frame, which represents the subsystem responsible for adjusting membership-function
parameters during training. This indicates a modular structure of the network in which the
parameters of membership functions constitute a trainable subsystem separate from the main
mechanism of generating control actions.
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Fig. 4. Simplified neural network architecture

The architecture provides the system with the capability to automatically determine the parameters
of fuzzy sets without relying on expert assessments. This aspect is particularly important in the context
of controlling diesel-generator units of autonomous rolling stock, where decision-making must account
for a wide range of operational states, including variations in train mass, track profile characteristics and
segment duration. The neural component enables the formation of a generalized model describing the
influence of these parameters and supports learning based on real or synthetic data obtained during
simulation or actual operation.

Thus, the presented scheme reflects the adaptation mechanism of the neuro-fuzzy system, in which
each parameter of a membership function is the result of an iterative optimisation process. This ensures
significantly higher accuracy in forming the rule base and allows the system to efficiently determine
optimal control actions for the diesel-generator unit under changing external conditions. Owing to such
an architecture, full integration of artificial intelligence methods is achieved in the development of
adaptive controllers for transport energy systems.

The training process of the neuro-fuzzy control system involves a staged procedure aimed at ensuring
the accurate adaptation of its parameters to a wide spectrum of operating conditions of the diesel-
generator unit. At the initial stage, a representative dataset is formed, incorporating input variables such
as the train mass, track profile characteristics, and section length, together with corresponding optimal
control actions derived from simulation models or empirical measurements. Prior to training, all input
variables undergo normalization, which minimizes scale-related distortions and improves the
convergence of the learning algorithms.

The system employs a hybrid learning mechanism that combines gradient-based optimization with
elements of error backpropagation. Within this framework, the neural component is responsible for
adjusting the parameters of membership functions (centers, widths, and slopes) while the fuzzy
component ensures the logical consistency of the rule base. During each training iteration, the model
evaluates the discrepancy between predicted and target control actions, computes a gradient vector, and
updates differentiable parameters to minimize the loss function. This iterative refinement allows the
system to capture nonlinear dependencies and interactions among the operational factors.

A significant aspect of the training process is the preservation of interpretability. Although the neural
network modifies numerical parameters, the linguistic structure of the fuzzy rules remains intact,
ensuring that the resulting control actions can still be interpreted within the framework of expert
knowledge. The optimization process continues until the model reaches a stable configuration in which
further improvements become marginal. As a result, the trained system is capable of generating adaptive
control signals for the diesel-generator unit, providing improved energy efficiency, stable dynamic
behavior, and robustness with respect to variations in load and track conditions.

During the training process, the parameters of the membership functions were adapted, which
ensured improved fuzzification for intermediate train mass values and complex track profiles. Particular
emphasis was placed on adjusting the widths of the Gaussian functions, as variations in oj directly
influenced the smoothness of the system’s response and the breadth of the fuzzy regions. To prevent
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overfitting, regularisation coefficients were applied, limiting abrupt parameter shifts and stabilising the
learning trajectory.

As a result of the training procedure, a continuous approximation surface was formed, providing a
coherent representation of the nonlinear dependence between the input variables and the optimal control
coefficient of the diesel-generator unit.

K =F(M,P,L). (12)

The practical implementation (fig. 5) of the developed intelligent neuro-fuzzy control system for the
diesel-generator unit required the creation of a hardware complex capable of ensuring stable operation
of the algorithms under real operating conditions of autonomous rolling stock. The figure shows an
experimental prototype of the hardware module, which integrates tools for data acquisition, signal
processing, and the generation of control actions. The structural design of the system is implemented in
the form of a protected metal enclosure with anti-vibration mounting, which ensures reliable operation
of the equipment in harsh transportation environments, including temperature variations, shock loads,
and electromagnetic interference.

20

Fig. 5. Practical Implementation of the Intelligent Control System for a Diesel-Generator Unit

The internal structure of the hardware complex is built according to a modular principle. Each
module performs a specific function - from preliminary signal filtering to the implementation of adaptive
neuro-fuzzy control algorithms. The photograph on the right shows the layout of the internal bus
compartment, which contains a series of standardized functional boards. These include analog-to-digital
conversion modules, communication units, logic processing controllers, and a high-speed computational
module responsible for executing machine-learning algorithms and fuzzy-logic operations.

The key element of the hardware complex is the computational module, which hosts the software
environment supporting neuro-fuzzy logic, optimization methods, and machine learning algorithms.
Unlike traditional controllers with fixed parameters, the proposed approach enables dynamic
reconfiguration of fuzzy-set parameters without the need for manual intervention. As a result, the system
can adapt to variations in train mass, track-profile changes, load conditions, and other operational factors
that influence the performance of the diesel-generator unit.

During implementation, special attention was given to ensuring the system’s reliability and fault
tolerance. Each functional module is equipped with redundant power channels and hardware diagnostic
mechanisms that provide autonomous fault detection and enable a safe-mode transition in the event of
critical deviations.

The resulting neuro-fuzzy model demonstrated the ability to reproduce the optimal operating modes
of the diesel-generator unit under various combinations of operational parameters. The validation of the
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model was performed by supplying control sets of input values M, P, and L that were not included in
the training dataset. The system provided an accurate estimation of the output variable with minimal
deviations, which confirms its generalisation capability.

To assess the effectiveness of the model, the prediction error was analysed

€= Kopt - Kopt’ (13)
and its average value did not exceed the established threshold of permissible deviations.

The conducted research resulted in the development of an integrated neuro-fuzzy control
model for a diesel-generator unit intended for autonomous rolling stock, demonstrating the
system’s capability to adapt to a wide spectrum of operational conditions. The proposed
architecture combines detailed physical modeling of the power plant with intelligent data-
driven mechanisms, enabling dynamic adjustment of control actions in response to variations
in train mass, track profile, and route length. Through the implementation of machine-learning-
based adaptation of membership-function parameters and the formation of a continuous rule
surface, the system achieved a high degree of flexibility and robustness, essential for traction
applications characterized by significant nonlinearities and rapidly changing load regimes.

Validation using test inputs not included in the training dataset confirmed the generalization
ability of the developed model. The predicted optimal control coefficients exhibited deviations
that remained within prescribed tolerance limits, indicating the reliability of the neuro-fuzzy
structure in reproducing realistic operating modes of the diesel-generator unit. Analysis of
prediction accuracy also revealed that the most challenging scenarios correspond to steep or
rapidly changing track profiles, where the system must compensate for abrupt transitions
between traction and regenerative modes. Nevertheless, even under such conditions, the
controller maintained stable performance due to the optimized configuration of Gaussian
membership functions and the use of regularization mechanisms during training.

Overall, the created model forms a foundation for further enhancement of intelligent
traction-power control systems. Prospective research directions include deepening the physical
detail of subsystems, integrating more advanced neural-network architectures, and extending
the optimization framework to multi-criteria formulations that simultaneously account for fuel
economy, emission reduction, and dynamic stability. The obtained results demonstrate that
hybrid neuro-fuzzy approaches offer substantial potential for improving the efficiency and
adaptability of autonomous rolling-stock energy systems.

Conclusions. This article presents a methodology for constructing and training a neuro-fuzzy control
system for a diesel-generator unit that provides adaptive power regulation depending on train mass, track
profile, and section length. The proposed approach combines the FCM clustering method for forming
the initial structure of the fuzzy system with a hybrid-training algorithm for the neural component based
on backpropagation and stochastic gradient descent. This integration made it possible to determine the
optimal number of rules, construct membership functions that reflect the patterns present in the input
data, and ensure parameter adjustment during the training process.

The results of the study have shown that the use of fuzzy clustering enables proper structuring of the
input space, while the combined training approach improves the accuracy of approximating the
relationship between operational parameters and the optimal control action. The resulting model
demonstrates the ability to generalize training data and reproduce the optimal operating modes of the
power unit across a wide range of operating conditions, confirming its suitability for use in control
systems of traction power installations.

Promising directions for further research include improving the algorithms for optimizing fuzzy set
parameters, expanding the set of input factors through real-time operational data, integrating the model
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into full-scale MATLAB/Simulink simulation systems, and conducting field experiments to validate the
performance of the neuro-fuzzy system under real railway operating conditions.
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MeToanka HaBYaHHS HElPO-HEeYiTKOI CHCTEMH KePYBaHHS AU3€JIb-TeHEePaTOPHOI0
YCTAHOBKOIO B YMOBAaX 3MiHHUX eKCILIyaTaliifHMX YMOB

Anomauin. Y cmammi  npeocmasneHo - KOMNIEKCHY  MemMOOUKYy  po3poO/ieHHs.
IHMeNeKmyanbHOi Helpo-HeuimKoi cucmemu KepysanHs Ou3eib-2eHepamopHoI0 YCMAaHOBKOK0
ABMOHOMHO20 — pPYXOMO020  CcK1aody.  JlocniodxcenHs — cnpsamMoéaHe  HA — NIOBUUYEHHS
eHepeoepexmuenocmi, OUHAMIYHOI cmabitbHOCMI Ma A0AnMUEHOCMI poOOMU  CUN0BO20
azpezamy 6 ymMo8ax 3HAYHOI 6apiamueHOCmi eKCNaAyamayiiHux napamempia, 30Kpema Macu
noizoa, npo@ino Koaii ma 006iCuUHU OLIAHKU pPYXy. 3anpononosano nioxio, wjo NOEOHyE
Kracmepusayito oanux 3a memooom Fuzzy C-Means ons ¢popmysanns 6a3o6oi cmpykmypu
HeuimKoi cucmemu ma UKOPUCMAHHS KOMOTHOBAHO20 ANICOPUMMY MAUUHHO20 HABYAHHSL, KU
Micmumb 360pomHe NOWUPEHHA NOMUIKY [ cmoxacmuyHull 2padicumuuti cnyck. Lle 3a6e3neyye
ABMOMAMU308AHE HANAWMYBAHHS NAPAMEMPIE8 (YHKYIL HALEHCHOCMI Ma NI0GUULYE MOUHICMb
MOOeN08anHs HeNHIHUX 3anexcHocmeti. Y pobomi Hasedeno npoyec GhopmysanHs.
po3uupenoi Ouckpemnoi 6asu npasui ma no6y008u iHMepnoIbo8AHOL NOBEPXHI KEPYBATbHUX
Oill, AKa Y3a2aNbHIOE NOBEOIHKY CUCMeMU 8 YCbOMY pobouomy Oianasoui napamempis.
Ilpeocmasneno cmpykmypmy cxemy HeUpo-HeuimKko20 KOHMpo.iepa, pe3yibmamu HA8UanHs ma
OYiHI08AHHA MOOeli Ha KOHmpoabHux oauux. Iloxazano, wjo cucmema 30amHa KOpPeKmMHO
8IOMBOPIOGAMU  ONMUMANILHI  peXcumMu  pobomu  Ou3eib-2eHepamopHoi  YCMaHO8KU 3
MIHIMATbHUMU BIOXUTIEHHAMU Ma 30epieae 8UCOKI Y3a2albHIoWYi nacmugocmi. Pezynomamu
00CNIOMNHCEHHsL NIOMBEPONCYIOMb  eheKMUBHICMb NOEOHAHHA MemOoOIi8 HeYimKoi N02iKUu i
MAWUHHO20 HAGUAHHA O  peanizayii a0anmueHux pezyiamopié y MmMpancHOPMHUX
EHepeeMUYHUX CUCMEMAX Ma CMEOPIIMb NIOIPYHMA OJi1 NOOANbUUX PO3POOOK y cepi
IHMeNeKmyanbH020 KepyBaHHs a8MOHOMHUM PYXOMUM CKAAOOM.

Knwuogi cnosa: ousenv-zenepamopna yCmMaHo8Ka, iHMENEKMYAlbHe Kepy8aHHs, Heupo-HewimKi
cucmemu, MawuHHe HaGYAHHS, AGMOHOMHUL PYXOMUU CKIAO.

Jlama nepuwoeo naoxooxcenns cmammi 00 sudanns 24.10.2025

Lama npusinsmms 0o opyky cmammi 25.11.2025
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Analysis of PSNR, SSIM, LPIPS metrics in the context of human perception of visual
similarity

This paper presents a comprehensive comparative analysis of three well-known image quality
assessment (IQA) metrics: PSNR, SSIM, and LPIPS. It explores their basic principles, mathematical
foundations, advantages, and limitations, particularly as they relate to human visual perception. The
evolution of 1QA metrics from simple pixel-by-pixel comparisons (PSNR) to structural approaches
(SSIM) and, more recently, to learned perceptual metrics (LPIPS) is discussed. A critical analysis of the
effectiveness of each metric in assessing various visual distortions, including noise, blur, and
compression artifacts, is presented. Inherent issues in human visual perception, such as the role of
semantics, texture, color, and visual artifacts, are explored as fundamental causes of discrepancies
between objective metric estimates and subjective human judgments. The paper highlights the
“unproven effectiveness” of deep features in LPIPS, and discusses its vulnerabilities, such as
adversarial attacks and limitations in global semantic understanding. Finally, it outlines directions for
Sfuture research aimed at developing more robust, interpretable, and perceptually consistent IQA metrics
that can better account for the complexity of the human visual system and the evolving demands of
modern image processing and generative artificial intelligence technologies.

Keywords: Image quality assessment, PSNR, SSIM, LPIPS, human perception, visual distortions,
generative models, objective metrics, subjective assessment.

Introduction. Image quality and similarity assessment (Image Quality Assessment, [QA) is a
fundamental task in modern image processing and computer vision technologies. Objective
quantification of visual quality or the degree of similarity between images is critical for a wide range of
applications, from data compression and image restoration to the development of artificial intelligence
generative models (AIGC), medical imaging, and video surveillance systems. The goal of research in
this area is to develop quantitative measures that reliably reflect visual quality and match human
perception.

Historically, IQA metrics have undergone significant evolution. Early approaches, such as mean
square error (MSE) and peak signal-to-noise ratio (PSNR), were based on simple pixel-by-pixel
comparisons. However, it quickly became apparent that such metrics have significant limitations. As
noted in [1], "classical pixel-by-pixel metrics, such as Euclidean distance /» , are inadequate for
evaluating structured outputs such as images because they assume inter-pixel independence." This has
led to a fundamental problem: the disconnect between the objective numerical measurements that these
metrics provide and the subjective human perception of visual quality and similarity. The human visual
system (HVS) processes visual information in a much more complex way, taking into account structural
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relationships, semantic context, and other perceptual aspects that are ignored by simple pixel-by-pixel
metrics.

This gap has stimulated the development of more sophisticated metrics. The emergence of the
structural similarity index (SSIM) was an important step forward, as it takes into account the degradation
of structural information, which better correlates with human perception [2]. Later, with the
development of deep learning, metrics such as LPIPS (Learned Perceptual Image Patch Similarity),
which are trained directly on large datasets of human similarity judgments, attempting to model HVS
even more accurately [3, 4]. This evolution reflects a gradual awareness of the complexity of human
visual perception and the desire to create tools that more adequately reflect subjective experience.

Accurate IQA metrics are particularly relevant in the context of the rapid development of artificial
intelligence generative models (AIGCs) that are capable of creating photorealistic images. Traditional
metrics often fail to adequately assess the quality of such images, which may contain subtle but visually
significant artifacts or semantic inconsistencies. Metrics that focus on per-pixel or simple structural
differences may not capture these nuances. This creates an urgent need for metrics that better align with
human perception of fine detail and semantic coherence, which are critical for evaluating Al-generated
content [5, 6].

Analysis of recent research and problem statement. Research in the field of image quality
assessment is an extremely active area in computer vision and signal processing, and numerous works
demonstrate both progress and unsolved challenges.

Early work focused on metrics based on signal error, such as PSNR, derived from MSE. They were
dominant due to their simplicity of calculation and clear mathematical interpretation. However, as Wang
et al. point out in their pioneering work on SSIM [2], "traditional image quality metrics such as MSE
and PSNR do not correlate well with human perception of image quality." Research also indicates that
"PSNR does not always correlate with perceived visual quality because human perception of images can
be affected by factors not reflected in pixel differences." According to Zhang's work and al. [7], PSNR
"even gives the same value for all very different degradations ". This is clear evidence of the inadequacy
of PSNR for perceptual assessment.

The answer to these limitations was the introduction of structural metrics. Wang and al. [2] proposed
SSIM based on the idea that HVS is highly adapted to extract structural information. SSIM showed a
significantly better correlation with human judgments compared to PSNR, which was confirmed in
many subsequent studies. However, SSIM also has its limitations. In the work "Image quality
assessment: From error visibility this structural similarity" [2, 8] shows that "a small spatial shift of an
image can mean that it has a very low SSIM score, although the subjective image quality is the same as
the reference". SSIM can also be insensitive to hue changes [9, 10]. Research on medical image quality
assessment [11] indicates that SSIM "cannot identify a hole (local information loss)". The development
of multi-scale SSIM (MS-SSIM) [12] was an attempt to overcome the limitations of single-scale analysis
by recognizing the multi-scale nature of LSI.

With the advent of the deep learning era, a new class of perceptual metrics has emerged. LPIPS,
proposed by Zhang and al. [4], is a prime example of this direction. This metric uses features extracted
from pre-trained CNNs and is trained on large datasets of human perceptual judgments (e.g., the BAPPS
dataset containing hundreds of thousands of comparisons [4]). Original work by Zhang and al. showed
that deep features significantly outperform classical metrics in correlation with human perception. This
is also confirmed in [13, 14], where it is noted that "CNNs trained on ImageNet learn a hierarchy of
features from simple (contours, textures) to complex (parts of objects, objects), which is somewhat
analogous to hierarchical processing in HVS". Despite this, LPIPS is not an ideal metric. As noted in
[15], LPIPS is vulnerable to adversarial attacks, where small, visually imperceptible changes to a human
result in a significant change in the LPIPS estimate. In addition, its patch-oriented analysis may not take
into account global semantic coherence [16]. Problems with estimating massive local information loss
(e.g., a "hole" in an MRI) have also been noted for LPIPS [11].

The relevance of the problem also increases in the context of assessing the quality of images
generated by artificial intelligence. Traditional metrics are often unable to adequately assess the quality
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of such images, which may contain subtle but visually significant artifacts or semantic inconsistencies
[16]. This creates an urgent need for metrics that better match human perception of fine details and
semantic coherence.

Thus, despite significant progress, the development of IQA metrics that fully reflect the complexity
of human visual perception remains an open problem. Each of the considered metrics — PSNR, SSIM,
LPIPS — has its own strengths and weaknesses, and none of them can be a universal "gold standard" for
all types of distortions and applications. There is a need for a deep comparative analysis of these metrics
to clearly outline the scenarios of their effective and ineffective use.

Research goals and objectives. The main goal of the research is to conduct a comparative analysis
of the PSNR, SSIM, and LPIPS metrics in order to identify their effectiveness in reflecting human visual
perception of image similarity and quality, as well as to determine their advantages, disadvantages, and
specifics of application in the context of various types of visual distortions.

Materials and methods of research. Classical metrics for assessing image quality PSNR (Peak
Signal-to-Noise Ratio) is one of the oldest and simplest metrics used to evaluate image quality,
especially in the context of lossy compression.

Principle of operation and formula: PSNR measures the ratio between the maximum possible signal
(image) power and the power of distorting noise, which affects the accuracy of its representation. PSNR
is based on the mean square error (MSE), which is calculated as the average square of the differences in
pixel intensities between the original (/) and distorted (K) images of size MXN

mse = L -tﬂ::‘Z:[l(i,J)—K(i,J')]z- (1)

After calculating the MSE, the PSNR is calculated using the formula:

(2)

2
PSNR :1O~IoglO(MAX' j

MSE

where MAX; is the maximum possible pixel value of the image (for example, 255 for an 8-bit image);
PSNR is measured in decibels (dB), and higher values generally indicate better quality of the
reconstructed image. Typical PSNR values for lossy image and video compression range from 30 to 50
dB for 8-bit data.

Advantages: The main advantages of PSNR are its mathematical simplicity, ease of calculation, and
clear physical meaning, especially for estimating additive white Gaussian noise. Due to these
characteristics, PSNR is widely used as a baseline performance indicator for lossy compression
algorithms and other image processing methods.

Disadvantages: Despite its widespread use, PSNR has a number of significant drawbacks that limit
its applicability for adequate assessment of perceptual quality:

e Low correlation with human perception: PSNR often correlates poorly with how humans
perceive image quality. The metric treats all per-pixel errors equally, regardless of their visual impact,
structural context, or location in the image.

e Insensitivity to structural distortions: PSNR does not take into account structural information in
the image. Therefore, it is insensitive to distortions such as blurring, blocking, edge displacement, or
other artifacts that destroy the structure but may have a small mean square error.

e  Misleading results: Two images with the same PSNR value can have drastically different visual
quality to the human eye [7].

e Ignoring masking effects of LSR: PSNR does not take into account such important aspects of
human vision as masking effects, when distortions in some areas of the image (for example, textured or
high-contrast) are less noticeable than in others.
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The mathematical simplicity and ease of calculation of PSNR, which have contributed to its
widespread use, are at the same time its fundamental disadvantage for perceptual assessment.

SSIM (Structural Similarity Index Measure). The structural similarity index (SSIM) has been
proposed as an alternative to PSNR that better matches human perception of image quality because it
estimates the degradation of structural information [2].

Working principle and formula: The basic principle of SSIM is that the human visual system is highly
adapted to extract structural information from a scene. Therefore, a metric that measures the preservation
of structure should correlate better with subjective quality assessment. SSIM is a perception-based
model that considers image degradation as a perceived change in structural information, unlike MSE or
PSNR. SSIM is computed locally for image windows and compares three key features: luminance,
contrast, and structure.

The general SSIM formula for two windows x and y has the form [2]:

SSIM(x,y):[l(x,y)“-c(x,y)B-s(x,y)Y], (3)

where I(x, y), c(x, ¥) and s(x, y) are the brightness, contrast and structure comparison components,
respectively;
a, B, y > 0 are parameters that determine the relative importance of each component (usually set to 1).

The SSIM value ranges from -1 to 1 (or O to 1 in some implementations), where 1 means perfect
similarity. The overall score for the entire image is usually obtained as the mean value of the local SSIMs
(MSSIM).

Advantages:

¢ Better correlation with HVS: SSIM correlates significantly better with human perception of image
quality compared to PSNR because it takes into account structural changes that are important for
HVS [2].

¢ Sensitivity to important aspects: The metric is sensitive to changes in brightness, contrast, and
structural details.

e Local Similarity Map: SSIM allows you to generate a local similarity map (SSIM map), which
shows how quality varies across an image, providing more information than a single global value.

e Consideration of masking effects: SSIM implicitly takes into account the masking effects of
brightness and contrast through the way its components are calculated.

Disadvantages:

o Imperfect LSI modeling: SSIM still does not fully model all aspects of human visual perception.
It may not perform well with certain types of distortions, such as strong blurring, significant color shifts,
or small spatial shifts [2].

o Sensitivity to geometric transformations: SSIM is sensitive to rotations and scaling, although
there are modifications such as CW-SSIM that attempt to address this issue.

e Single-scale limitation: Classical SSIM analyzes images at a single scale, which is a limitation
because the LMS perceives information at different levels of detail. This drawback is partially addressed
in multi-scale SSIM (MS-SSIM) [12].

e Problems with medical images: SSIM may underestimate distortion near sharp edges or have
instability in low-dispersion regions, which is especially relevant for medical images [11].

o Insufficient consideration of semantics: SSIM, while taking structure into account, is still a
relatively low-level metric and does not analyze the semantic content of the image.

SSIM is an important step towards creating more perceptually relevant metrics. However, its
components (brightness, contrast, structure) are still relatively low-level statistical characteristics of
pixel intensities in a local area, not capturing deep semantic aspects or the more complex cognitive
processes of human perception.

Modern learning-based metrics: LPIPS. With the advent of deep learning, a new class of image
quality and similarity metrics has emerged that are trained directly on human perceptual judgment data.
One of the most famous such metrics is LPIPS (Learned Perceptual Image Patch Similarity).
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LPIPS (Learned Perceptual Image Patch Similarity). How it works: LPIPS computes the perceptual
similarity between two images by measuring the distance between their representations in a deep feature
space extracted using convolutional neural networks (CNNs). These CNNs (e.g., AlexNet, VGG,
SqueezeNet) are typically pre-trained on large datasets for high-level tasks such as image classification
(e.g., ImageNet), or they can be specifically trained or fine -tuned on datasets containing human ratings
of perceptual similarity of images, such as BAPPS (Berkeley-Adobe Perceptual Patch Similarity) dataset
[4].

The LPIPS calculation process is as follows:

e Two images (reference and distorted) are passed through the selected pre-trained CNN.

e Activation maps (features) are extracted from several layers of the network. Different layers
correspond to different levels of abstraction of visual information, from low-level textures to more
complex structural elements.

e These activation maps for each image are processed (e.g., normalized across channels).

¢ The distance (usually the weighted Euclidean distance /> ) between the corresponding activation
maps for the two images is calculated.

o These distances are averaged across spatial dimensions and across layers (with specific weights
for each layer, which can also be learned) to produce a single LPIPS value. A low LPIPS value indicates
high perceptual similarity between images.

Advantages:

¢ High correlation with human perception: LPIPS shows significantly better correlation with human
judgments of image similarity compared to traditional metrics such as PSNR and SSIM [4].

e Ability to capture complex visual distinctions: Through the use of deep features, LPIPS can
distinguish subtle textural and structural nuances.

e The "unreasonable efficiency" of deep features: Studies have shown that even features from
networks trained on high-level tasks turn out to be surprisingly effective at estimating low-level
perceptual similarity.

Limitation:

e Vulnerability to adversarial attacks: One of the most significant shortcomings of LPIPS is its
vulnerability to adversarial attacks. Small changes, visually imperceptible to a human, can lead to a
significant change in the LPIPS estimate, which does not correspond to human perception [15].

o Patch-oriented analysis and global semantics: LPIPS computes similarity based on the
comparison of individual image patches. While this allows for the analysis of local details and textures,
this approach may not fully account for global semantic coherence or long-term spatial dependencies
across the entire image [16].

e Dependence on the architecture and training of the underlying CNN: The quality of the features
used by LPIPS depends on the specific CNN architecture and the data on which it was trained.

e Computational complexity: Compared to PSNR and SSIM, LPIPS can be a more resource-
intensive metric.

o Interpretability: Like many deep learning models, LPIPS can be less interpretable ("black box")
compared to metrics like SSIM.

e Specific types of distortion: LPIPS may have difficulty estimating images with very low texture
or homogeneous regions. Problems with variations between stereo pairs have also been noted.

Despite these limitations, LPIPS has become an important tool in image quality assessment,
especially for generative models and image restoration tasks where perceptual quality is a priority [17].

The problem of human perception of image similarity. Understanding how humans perceive
visual similarity is key to developing and evaluating the effectiveness of objective image quality metrics.
The human visual system (HVS) is an extremely complex mechanism whose work goes far beyond the
simple registration of light intensities.

Human visual perception is a multi-step process that begins with the detection of photons of light by
the retina and ends with the formation of a conscious image and its interpretation in the brain. It is
important to emphasize that what we see is not a simple translation of the retinal stimulus; the brain
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actively processes, filters, and supplements the information received. This active interpretation is one of
the main reasons for the discrepancies between objective metrics and subjective assessment.

Early theories of perception, such as Hermann von Helmholtz's theory of unconscious inference,
argued that the brain makes assumptions and inferences based on incomplete sensory data and prior
experience. For example, we unconsciously assume that light falls from above, faces are usually
perceived upright, and nearer objects can obscure more distant ones. These built-in assumptions help us
quickly interpret a visual scene, but they can also lead to visual illusions.

Gestalt theory has provided a number of important principles for organizing visual elements into
coherent images or "gestalts" [18]. These principles include:

e Proximity: Objects located nearby are perceived as a group.

¢ Similarity: Elements that are similar in shape, color, size, or other characteristics are grouped
together.

e Closure: The HVS tends to "complete" the missing parts of a figure in order to perceive it as
complete.

e Symmetry: Symmetrical objects are more easily perceived as a single whole.

¢ Common destiny: Elements moving in the same direction are perceived as connected.

e Continuity (or good continuation): The HVS prefers the perception of smooth, continuous lines
and contours.

e Good Gestalt (law of pregnancy): The simplest, most regular, and most stable shapes are
perceived.

¢ Past Experience: Prior knowledge and experience influence how we interpret visual stimuli.

These principles show that the LNS actively structures visual input, rather than passively registering
it. David Marr proposed to consider vision as a feature processing process that involves extracting basic
components of a scene, such as edges, corners, regions, and textures, forming the so-called "primary
sketch" [19]. This processing is hierarchical: from low-level features (color, brightness, orientation of
local contours), the system proceeds to the analysis of medium-level characteristics (texture, grouping
of elements, spatial arrangement of the scene) and, finally, to high-level interpretation (recognition of
objects, understanding their relationships and the semantic content of the scene).

The LMS is also a highly adaptive system. Its sensitivity to different spatial frequencies (detail),
contour orientations, contrast levels, and motion dynamics is not constant, but varies depending on the
viewing conditions and the characteristics of the stimulus itself. Masking effects play an important role,
when the presence of some visual elements (for example, complex texture or high contrast) can reduce
the visibility of other elements or distortions in the same image area. In addition, visual attention
(saliency) directs processing resources to the most significant or informative parts of the scene, which
means that not all parts of the image are perceived with the same detail and importance.

The complexity and multifactorial nature of LPS is the root cause of the inadequacy of simple
metrics. Objective metrics often focus on one or a few aspects (e.g., pixel-wise difference for PSNR,
local structure for SSIM), while humans integrate a vast amount of information at different levels. PSNR
ignores virtually all of the listed aspects of LPS. SSIM partially accounts for structure and some masking
effects, but not semantics or global organization. LPIPS, trained on human data, tries to implicitly
capture this complex processing, but is still limited by its architecture and training data.

Despite continuous progress in the development of objective image quality metrics, discrepancies
between their estimates and human subjective perception remain a significant problem. These
discrepancies arise due to the fundamental complexity of HVS and its ability to take into account
context, semantics, and previous experience, which are difficult to formalize in the form of mathematical
models.

Examples of counterintuitive metric results:

e PSNR can show the same values for images with completely different types of distortion (e.g.,
blur, noise, compression artifacts), which are visually perceived in completely different ways [7].

o SSIM, although it correlates better with HVS, also has its weaknesses. For example, it may give
alow score to images with small spatial shifts that appear almost identical to humans. Conversely, SSIM
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may show high similarity for images with significant color changes, if their structure is preserved. SSIM
may also have problems with the assessment of strongly blurred images or images with massive local
information loss [11].

o LPIPS, despite its perceptual validity, is also not without its drawbacks. Its patch -oriented
analysis can lead to situations where patches are locally similar, but globally the image is incoherent or
semantically incorrect [16]. The most well-known problem with LPIPS is its vulnerability to adversarial
attacks [15].

These discrepancies often arise because metrics “focus on the wrong thing.” Human perception is
flexible and can emphasize different aspects depending on the context, task, and importance of the
information.

Comparing the performance of PSNR, SSIM, and LPIPS metrics is key to understanding their
strengths and weaknesses in different practical scenarios. Their behavior varies significantly depending
on the type of visual distortion present in the image.

These discrepancies often arise because metrics have a fixed “focus.” Human perception, in contrast,
is flexible and adapts to the context and task.

To quantitatively assess the correspondence of objective metrics to human perception, correlation
coefficients with subjective estimates, such as MOS and DMOS, obtained as a result of psychophysical
experiments are used [20].

A general trend observed in numerous studies on various databases (e.g. LIVE, TID2013, CSIQ,
KADID-10k):

o LPIPS typically exhibits the highest correlation (measured, for example, by Spearman's rank
correlation coefficient (SRCC) or Pearson's linear correlation coefficient (PLCC)) with MOS/DMOS,
outperforming SSIM and PSNR [4].

e SSIM usually shows better correlation with human judgment than PSNR [2].

e PSNR often has the lowest correlation with human quality ratings.

Metric quality assessment on compression samples. To compare the evaluation of different
metrics, we will take an image of 512x512 pixels and compress it using the fractal method (FIC). The
sample for the study is the portrait of Isaac Newton, posted on Wikipedia. The image was compressed
using the fractal method with the rank block size: 256, 128, 64, 32, 16, 8, 4. Accordingly, the quality of
the compressed image improved with decreasing block size. Figure 1 shows a collage of compressed
images and the original. The results of calculating the PSNR, SSIM, LPIPS metrics are given in Table 1.

Table 1. Image compression quality metrics using the FIC method

Rank block size (pix) PSNR (dB) SSIM LPIPS
256 16.9385 0.4605 0.9095
128 20.0715 0.4985 0.7824
64 23.2162 0.5300 0.6997
32 26.5780 0.5849 0.6234
16 28.5952 0.6581 0.4810
8 30.5655 0.7714 0.2693
4 35.2494 0.9326 0.0642

Given the significant difference in the concept of metrics, they should be normalized for comparison.
The range of PSNR values can be quite large, but we normalize the indicator to a value of 40 as the
maximum, often, with such a quality of the resulting image, a person cannot distinguish the processed
image from the original. The resulting indicator will take values from 0O to 1 (the higher, the better).
SSIM takes values from O to 1, the higher, the better. We leave it unchanged. LPIPS takes values from
0 - 1, but the lower the better. Therefore, for comparison, the inverse value to 1 should be used.
Comparative values are presented in the form of diagram 1.
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Diagram 1. Comparison of SSIM, inverted LPIPS, normalized PSNR

Fig. 1. Images compressed by FIC with rank blocks: 256, 128, 64, 32, 16, 8, 4 and original

As can be seen from Diagram 1 for PSNR metrics, even SSIM gray square is very similar to

"Newton". The gray background, which occupies most of the original image, creates conditions for a
high estimate of the similarity of PSNR and SSIM. PSNR steadily increases with decreasing block size
(from 16.9 dB to 35.2 dB). The graph (gray line "normalized PSNR") shows an almost linear increase.
This uniform increase does not reflect the real "jump" in quality that we see between blocks 32 and 16.
PSNR equally "evaluates" the transition from illegible squares to a barely recognizable face. SSIM also
increases with decreasing block size (from 0.46 to 0.93). Its curve (blue line) is slightly steeper than that
of PSNR, which better reflects the improvement in quality in the last stages. Although SSIM is better
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than PSNR, it still does not fully correlate with human perception, especially at low-quality stages. The
"inverted LPIPS" curve grows slowly in the initial stages (when the image is indistinct) and goes up
very sharply in the range from 32 to 4. This corresponds perfectly to visual analysis: the metric captures
a slight improvement when the image remains "blocky" and gives a high score precisely at those steps
where the image becomes recognizable and clear. LPIPS is noticeably better at assessing quality, which
is confirmed by visual comparison of drawings.

Conclusions: Analysis of PSNR, SSIM, and LPIPS metrics revealed significant differences in their
operating principles, advantages, disadvantages, and most importantly, in their ability to reflect human
perceptions of image similarity and quality.

e PSNR, as the simplest of the considered metrics, is based on the per-pixel root mean square error.
Its advantages are ease of calculation and clear interpretation for certain types of additive noise.
However, a fundamental disadvantage of PSNR is its low correlation with human visual perception. It
ignores structural information, semantic content, and complex LSR mechanisms such as masking
effects. This leads to situations where images with the same PSNR can have radically different visual
quality, as well as the inability to adequately assess the impact of many common distortions such as
blurring or compression artifacts.

e SSIM is a significant step forward because it was developed taking into account that the LMS is
highly adapted to extract structural information. By comparing the brightness, contrast, and structure of
local image regions, SSIM shows a much better correlation with human judgment than PSNR. It is more
sensitive to structural distortions that are visually significant. However, SSIM still has limitations: it can
be insensitive to significant color changes if the structure is preserved, it does not cope well with strong
blurring or small spatial shifts, and it does not sufficiently take into account global semantic information.

o LPIPS represents a modern approach based on deep learning. Using features extracted from pre-
trained convolutional neural networks and training directly on large datasets of human perceptual
judgments, LPIPS achieves the highest correlation with human perception among the considered
metrics. It is able to capture more complex visual differences, including textural and structural nuances.
Unlike the mathematical models PSNR and SSIM, LPIPS is "trained" to understand which changes in
the image are important to a person. It ignores minor shifts or noise that the human eye does not pay
attention to, but which greatly degrade the PSNR/SSIM indicators. LPIPS is able to better assess the
preservation of objects and textures. In this example, it correctly determines that a significant object
(face) appears at the "Block 16" stage, and "rewards" this with a significant improvement in the
assessment. This metric is particularly useful for evaluating the performance of generative neural
networks (GANs) and other deep learning algorithms, where the goal is to produce a realistic, rather
than pixel- precise, image. However, LPIPS is not a panacea. Its main drawbacks include vulnerability
to adversarial attacks, potential problems with estimating global semantic consistency through patch -
oriented analysis, dependence on the architecture and training of the underlying CNN, and higher
computational complexity.

The problem of human perception of similarity and its reflection in metrics lies in the fundamental
complexity of HVS. Human perception is an active, interpretive process that takes into account a huge
number of factors: from low-level features (color, brightness) through medium-level (texture, Gestalt
principles) to high-level (semantics, context, previous experience). None of the existing objective
metrics is able to fully capture this complexity.

Thus, the experimental results clearly demonstrate that for the evaluation of compression quality
oriented to the end user (human), LPIPS is a much more informative and reliable metric than the classical
PSNR and SSIM. LPIPS is the most perceptually relevant metric of the three considered for a wide
range of distortions, followed by SSIM, and PSNR demonstrates the worst correspondence to human
perception. However, even LPIPS can give counterintuitive results in certain scenarios, especially when
assessing global semantic coherence or in the presence of atypical artifacts not represented in the training
sample.

Future research directions will likely focus on developing even more sophisticated metrics that:

e Better integrate global semantic understanding (perhaps using transformative architectures).
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e Are more robust to adversarial attacks and unknown types of distortions.

o They ensure better interpretability of their assessments.

o Take into account the specifics of the task and content (e.g. for medical imaging, AIGC).

In conclusion, while objective metrics are indispensable tools in image processing, it is important to

remember their limitations and to complement their analysis with subjective human evaluation
whenever possible, especially in critical applications. Understanding the principles of LMS operation
and continuously improving metrics will bring us closer to creating tools that truly reflect the human
vision of quality.
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Kapnamos Cepeii’

'Acnipant, Kadenpa ABroMarmsamis Ta KOMIT FOTEPHO-IHTETPOBaHi TEXHOJOTII TpaHncmopty, HarmioHnansHuit
TPaHCIIOPTHUI yHIBepcuTeT, Byl. Muxaiina OwmensHoBuua-IlaBnenka, 2, 01010, m. KuiB, Ykpaina. ORCID:
https://orcid.org/0009-0006-6254-6166.

Amnauiz metpuk PSNR, SSIM, LPIPS y KOHTeKCTi J1101CHKOro CIPUHHATTA Bi3yaabHOI
noaioHocCTi.

Anomauia. L[a cmamms nponoHye KOMWIEKCHUU NOPIGHANbHULL AHANI3 MPbOX GIOOMUX MEMPUK
oyinku axocmi 306pasicenns (IQA): PSNR, SSIM ma LPIPS. V wii 0ocriodcyromvcs iXHi OCHOBHI
NPUHYUNU, MAMEMAMUYHI OCHOBU, Nnepesasu Ma OOMEJCeHHs, 30KpeMd, W0 CMOCYIOMbCs iIXHbOT
Kopenayii 3i 3oposum cnputuammsam aoounu. Obeosoproemocs esonoyia mempuk 1QA 6i0 npocmux
nonikcenvHux nopieusno (PSNR) 0o cmpyxkmypnux nioxodie (SSIM) ma, newooasno, 0o mempux
sueuenoeo cnpuvnsmms (LPIPS). I[Ipedcmasneno kpumuyHuil ananiz eqoekmueHoCmi KOJNCHOT MempuKu
8 OYiHYI PI3HUX GI3VANLHUX CNOMEOPEHb, GKIIOUAIOYU WYM, POSMUMMS MA apmedaxmu CIUCHEHHS.
Tlpumamanui 1H00CbKOMY 30p0OBOMY CHPULIHAMMIO NPOOIeMU, MAKi 5K POlb CeMAHMUKU, MeKCHypu,
KOIbOPY MA GI3YANbHUX APMeparmis, 00CTIONCYIOMbCS K QYHOAMEHMATbHI RPUMUHU PO30IdNCHOCTEl
MidHC 00'€EKMUBHUMU MEMPUYHUMU OYIHKAMU MA CYO'EKMUBHUMU THOOCOKUMU CYOHCEHHAMU. Y cmammi
BUCBIMIIOEMbCA  «HEOOIPYHMOoBaHa eghekmusHicmvy eaubokux oswak vy LPIPS, a maxooc
PO32180ar0mucs 1020 8pA3IUBOCTI, MAKI K AMAKu 3 60Ky CYNEPHUKIE Ma 0OMeHCeHHsL 8 2100ATbHOMY
CEMAHMUYHOMY PO3YMIHHI. 3peuwimoro, y HbOMY OKPECIeHO HANPSIMKU MAUuOymHix O0CHO0NCEeHb,
CHPAMOBAHUX HA PO3POOKY OLNbUL HAOTUHUX, IHMEPNPEeMOBAHUX MA NEPYENTNUBHO Y3200HCEHUX MEMPUK
10A, axi moxcymv kpawje 8paxogysamu CKIAOHICMb 30pP060i cucmemu TOOUHU A MIHAUBI UMOU
CYYACHUX MEXHON02T 00POOKU 300padicetb Ma 2eHEPAMUBHO20 WIMYYHO20 THIMEEKN).

Knrouoei cnosa: Oyinka skocmi 306pasicens, PSNR, SSIM, LPIPS, nto0cbke cnputinammsi, 8i3yanbHi
CHOMBOPEHHSL, 2eHEPAMUBHT MOOe, 00'€KMUBHI MEMPUKU, CYO'€EKMUBHA OYIHKA.

Jlama nepwoeo naoxoodxcenns cmammi 00 suoanns 14.09.2025

Jlama npuiinsmms 0o opyxy cmammi 25.11.2025
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Methodological Aspects and Models for Assessing the Effectiveness of Artificial
Intelligence in Project Management

Rapid integration of artificial intelligence (Al) into project management offers significant potential
to improve productivity through data automation, performance monitoring and schedule optimization.
However, challenges such as “effective inefficiency” and the variability of AI model output complicate
the assessment of its effectiveness. This article analyses the methodological aspects of evaluating Al
effectiveness in project management, classifies existing methods (benchmarks, explainable AI, mutual
information, psychometrics), identifies key challenges (biases, lack of standards, ethical constraints),
and proposes novel metrics- indicator of new competency activation (INCA), novelty coefficient in Al-
Driven Project Management (NCAPM) and dynamic assessment of transition to new efficiency enabled
by Al (DATNE) to measure innovation. The potential of these approaches for transport infrastructure
projects is indicated, where Al allows for the creation of fundamentally new opportunities in planning,
service forecasting, and resource optimisation. Future directions include hybrid metrics and integration
with decision support systems. The study underscores the need for interdisciplinary approaches to adapt
Al evaluation to resource constrained project management environments.

Keywords: model, machine learning, benchmark, performance assessment, methodology, cognitive
models, systems analysis, project management, artificial intelligence, decision support system.

Introduction. Recent studies suggest that, artificial intelligence (AI) demonstrates significant
potential to enhance the productivity and added value of project managers by automating data collection
and analysis, monitoring performance, and optimizing time planning and scheduling. In the context of
project management, this opens opportunities for optimizing project roadmaps, budgeting, performance
control, and improving adaptability to changing external conditions [1].

At the same time, the rapid development and implementation of Al is accompanied by a range of
risks that may have a reverse effect on the effectiveness of management activities. One such risk is the
phenomenon of so-called “effective inefficiency,” which manifests in excessive creation or delegation
of irrelevant, non-urgent, or unnecessary tasks. This, in turn, can lead to the project manager’s attention
being scattered, team overload, and a general decline in the quality of management functions [2].

Another notable risk is the variability of results generated by different Al models. Differences in
architecture, training algorithms, and training data sources result in substantial differences in predictions
or decisions, even for the same management scenarios. An example is the difference between standard
large language models and those using the Mixture-of-Experts (MoE) architecture, which allows for
scaling without a proportional increase in computational costs. In this architecture, the model has many
specialized “experts” (neural networks or parts of them), but only a few are activated per request.
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Thus, evaluating the effectiveness of Al solutions cannot be reduced merely to technical
specifications or the number of operations per unit of time—a metric describing hardware computational
performance (CPU/GPU). Although this metric is important for technical optimization, it does not reflect
the real utility or relevance of a model in solving practical project management tasks.

Analysis of the Latest Research and Problem Statement. The existing body of scientific literature
demonstrates a growing interest in methodologies for evaluating the effectiveness of artificial
intelligence in management and organizational decision-making. Many studies focus on performance-
oriented indicators, such as accuracy, processing speed, or cost efficiency, while others emphasize
explainability, transparency, and trust in Al-driven systems [3-5].

Therefore, there is a need for comprehensive approaches to evaluating Al effectiveness in project
management that combine technical, organizational, and economic criteria. This article aims to analyze
current methods of Al efficiency assessment in project management, identify key challenges, and
propose perspectives for overcoming them. Special attention is given to large language models. The
article first reviews assessment methods, then discusses challenges, and finally suggests promising
alternatives adapted to project management under resource constraints.

Analysis of the Latest Research and Problem Statement. The evaluation of artificial intelligence
effectiveness has become a distinct and rapidly developing research field at the intersection of computer
science, management, and systems analysis. Existing studies offer a wide range of conceptual and
methodological approaches; however, they remain fragmented, heterogeneous, and often poorly aligned
with the specific requirements of project management practice. In particular, the lack of unified criteria
for assessing not only performance improvements, but also managerial impact and capability
transformation, complicates both comparative analysis and practical adoption. Against this background,
a systematic analysis and classification of existing Al performance evaluation methods is required in
order to identify their applicability, limitations, and relevance to project management under conditions
of uncertainty and limited human resources.

To clarify this methodological landscape, the present section is structured as a systematic analytical
review of existing Al evaluation approaches. The analysis begins with a general classification of
performance-based and capability-oriented methods, followed by a detailed examination of benchmarks,
explainable artificial intelligence techniques, mutual information analysis, and psychometric
approaches. This structure reflects the functional logic of project management practice, moving from
technically measurable indicators toward methods that attempt to capture higher-level cognitive and
managerial effects. The purpose of such structuring is to identify conceptual limitations and unresolved
methodological gaps in existing research, which subsequently motivate the development of original
evaluation models presented in the later sections of this article.

Classification of AI performance evaluation methods. With the increasing application of Artificial
Intelligence (Al) across various domains particularly in project management, production, and business
analytics, there is a growing need to establish reliable and reproducible methods for evaluating its
effectiveness. How- ever, this evaluation process remains a complex and multidimensional challenge.
This complexity arises not only from the wide variety of Al solution types—ranging from automated
agents to generative models - but also from the lack of universal metrics that would be relevant across
all use cases.

In today’s project management context, the effectiveness of Al cannot be reduced to questions of
technical integration alone. Of critical importance is AI’s impact on key managerial functions: whether
it truly accelerates processes, enhances decision-making quality, reduces cognitive load on project
managers, and delivers measurable economic benefits in both the short and long term. Answering these
questions is vital for informed decision-making about Al integration into business processes. Yet without
proper performance evaluation methods, these remain mere assumptions or subjective impressions.
Therefore, the following sections of this paper provide an in-depth analysis of these questions and justify
the need to adapt existing metrics to the specific challenges of project management under conditions of
limited human resources.
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One of the first steps toward effective evaluation is the formulation of clear, data- oriented objectives.
The assessment methodology should be based on Key Performance Indicators (KPIs) that reflect the
strategic priorities of the organization. Even so, identifying the actual impact of Al often entails a
“chicken-and-egg” paradox: high-quality data is needed to deploy Al, but Al’s influence manifests
precisely through improvements in data quality and availability.

The type of Al system also increases evaluation complexity. For instance, the effective- ness of
predictive maintenance solutions can typically be assessed using straightforward metrics such as failure
rate reduction. In contrast, generative Al systems used for employee training or organizational
knowledge retention produce outcomes that are harder to quantify and require more sophisticated
approaches to data collection and interpretation.

Contemporary approaches to Al evaluation fall into several categories: from performance- oriented
methods that focus on achieving specific task outcomes, to capability-oriented methods that attempt to
assess the underlying cognitive and functional abilities of Al systems. These are complemented by
comprehensive business-oriented frameworks that measure return on investment (ROI) in Al, scalability
of solutions, user-friendliness, the creation of fundamentally new capabilities, and the overall impact on
workforce productivity [3].

Unlike some researchers [4] who express profound concerns about the potential negative
consequences and existential risks associated with Al use, the authors of this paper do not fully share
such apprehensions. Instead, they identify the key risk as ineffective Al implementation. This view is
supported by the Massachusetts Institute of Technology (MIT) 2025 report on the state of Al in business,
which states: “Despite investments of $30—40 billion in generative Al, 95% of organizations report no
significant returns on these investments” [5]. The absence of adequate quantitative assessment methods
for Al integration leads many organizations to invest in these technologies without receiving the
feedback necessary to refine their strategies. This in turn hampers rational evaluation and comparative
analysis of projects, complicating their effective management and improvement. At the same time in
recent years, the adoption of artificial intelligence across various business functions has accelerated
significantly. According to McKinsey Global Surveys, the percentage of organizations using Al in at
least one function surged from 55% in early 2023 to 78% by the end of 2024. This rapid growth is
particularly evident in I'T, marketing, and service operations. The IT function alone experienced a nine-
point increase in reported Al adoption within six months - from 27% to 36% - highlighting the growing
reliance on Al-driven tools for automation, risk prediction, and resource optimization.

Figure (1) illustrates the dynamics of Al adoption across different industries between 2020 and 2024,
emphasizing the expanding role of Al in project management and strategic operations.

The key objective of this section is to systematize existing groups of Al performance evaluation
methods, classify them, and analyze their relevance to project management tasks in resource-constrained
environments.

Traditional and Capability-Based Approaches to Evaluating AI Efficiency. Traditional and
capability-based approaches to evaluating the effectiveness of artificial intelligence (Al) in project
management encompass methods that originated during the early phases of Al development or were
adapted from adjacent disciplines. These approaches aim to assess technical performance, economic
viability, and organizational impact.

Performance-based evaluation frameworks focus on measuring how well Al systems execute
predefined tasks, such as scheduling, resource allocation, or risk prediction. In contrast, capability-based
assessments examine the broader cognitive competencies of Al models, including reasoning,
adaptability, and learning capacity. Both approaches have been applied to support project management
functions through automation and decision support.

However, these methodologies exhibit notable limitations. Performance metrics are often static and
insufficiently responsive to the rapidly evolving, uncertain, and resource- constrained environments
characteristic of modern project management. Moreover, traditional indicators—such as task completion
time or computational throughput - may not reflect the actual managerial value or practical utility of an
Al solution in a project setting. Historically, these methods emerged during the development of
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foundational Al theories, when the emphasis was placed on benchmarking hardware capabilities (e.g.,
CPU/GPU performance) or evaluating the return on investment (ROI) of Al-driven systems. At that
time, less attention was paid to the complex reasoning abilities and generalization potential of modern
Al architectures.

100 Dynamics of Al Adoption in Business Functions (2017-2024)
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Fig. 1. Share of organizations using Al in at least one business function, 2018-2024. Source:
McKinsey & Company (2025).

Consequently, while these legacy evaluation methods are still prevalent in industry and academia,
they often fall short in addressing the demands of contemporary project management, especially under
dynamic conditions and tight resource constraints. The following sections review the key methods
within this category, examine their application to project environments, and outline the critical
limitations that motivate the exploration of more adaptive, context-aware evaluation strategies presented
later in this paper.

Benchmarks. In the context of artificial intelligence (Al) performance evaluation, benchmarks refer
to standardized sets of tests, tasks, or metrics used to measure system characteristics such as accuracy,
execution speed, data processing capacity, and reliability under controlled conditions. Benchmarks serve
as a core tool in traditional evaluation methods, enabling consistent comparison of different Al models,
assessment of their capabilities, and identification of limitations. However, it is important to note that
benchmarks do not always reflect the complexity of real-world project management environments.
Within project management (PM), benchmarks are commonly used to evaluate Al effectiveness in task
specific areas such as automated scheduling, risk forecasting, or resource optimization.

One prominent benchmark is SuperGLUE (Super General Language Understanding Evaluation),
developed as a more challenging successor to GLUE (General Language Understanding Evaluation).
SuperGLUE was introduced to address the limitations of GLUE, where Al models had already surpassed
the performance of non-expert humans. It consists of a suite of complex tasks aimed at testing language
understanding capabilities, with a particular focus on low-resource learning scenarios. While GLUE
reached or exceeded human-level performance, SuperGLUE focuses on tasks that remain difficult for
algorithms but are solvable by educated humans.
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The benchmark encompasses various formats - including classification, question-answering, causal
reasoning, and disambiguation - and employs a unified evaluation system based on average scores across
tasks

Score = : Z Mi ’ (1)

ZlH

N
-1

where N is the number of tasks;
M; is the normalized model result for task i, measured by the appropriate metric.

SuperGLUE includes eight tasks. BoolQ is a yes/no question-answering task where models must find
an answer in a short text excerpt, typically taken from Wikipedia, based on a search engine user query.
Commitment Bank (CB) evaluates the model’s ability to determine the degree to which the author
believes in the truth of a subordinate clause; this task is essentially a variant of textual implication with
three classes - entailment, contradiction, and neutrality. Choice of Plausible Alternatives (COPA) is built
on causal relationships: the system is given a premise sentence and two possible alternatives for cause
or effect, and it must choose the more logical one. MultiRC is a reading comprehension task where each
question can have multiple correct answers; the model must not only identify them but also combine
facts from different sentences in the text. ReCoRD presents news articles in a Cloze-style task where
one entity is masked, and the correct variant must be selected from several possible candidates; the
complexity lies in the fact that the entity can be expressed in the text in several different forms. Particular
attention in SuperGLUE is paid to lexical and semantic polysemy. The Word-in-Context (WiC) task
involves determining whether a word has the same meaning in two different contexts; it tests the model’s
ability to distinguish lexical polysemy. Even more challenging is the Winograd Schema Challenge
(WSC) task, which requires the model to correctly interpret a pronoun in a sentence, relying not only on
syntactic structure but also on common sense. Additional sets AX-b and AX-g are used for diagnosing
the quality of implication task performance.

In addition to the main tasks, SuperGLUE includes a diagnostic dataset that allows analysis of model
strengths and weaknesses. It includes examples aimed at testing logical operators, coreferences,
temporal relationships, semantic roles, and polysemy. As a result, the benchmark not only determines
the average performance level but also helps understand in which specific aspects of language
understanding the model has limitations [6].

Despite its popularity in the scientific community, SuperGLUE as a benchmark does not provide
insight into how effective an Al model can be for business. The reason lies in the nature of this method:
it measures model performance in narrowly defined academic tasks that reduce to classification, text-
based answer search, or implication determination. Such tasks do not reflect the complexities of real
business processes.

Firstly, SuperGLUE tasks are artificial and limited in context. For example, choosing the correct
pronoun in the Winograd Schema or determining word meaning in WiC has no direct analogy in business
scenarios such as supply chain management, sales forecasting, or user data work. Thus, a high score on
the benchmark does not mean the model can generate value in practical conditions.

Secondly, SuperGLUE does not account for economic metrics - implementation costs, integration
speed, user training expenses, or return on investment. In business, key indicators include ROI, TCO,
or reductions in operational costs, rather than the percentage of correct answers on a test sample. A
model may perform excellently on benchmark tasks but be too expensive to operate or overly complex
to integrate.

Thirdly, SuperGLUE lacks the dynamism characteristic of the market. Business environments change
constantly, with data that is noisy, incomplete, or contradictory. In contrast, benchmark tasks are static
and relatively “clean” creating a gap between academic evaluation and how a model behaves in real
corporate applications.

Fourthly, SuperGLUE does not test a model’s ability to work with domain-specific information. For
example, companies in pharmaceuticals, agriculture, or finance have their own unique data, unlike
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Wikipedia articles or news texts. High results on general tasks do not guarantee that a model can process
complex legal documents, scientific patents, or technical specifications.

In conclusion, SuperGLUE evaluates the linguistic abilities of models but does not answer the
question of how much economic value they can create. Businesses expect Al to deliver concrete
benefits - faster decision-making, cost reduction, resource optimization, and profit growth—rather than
abstract accuracy. Therefore, for corporate applications, specialized metrics and benchmarks that
directly reflect business efficiency, rather than just linguistic skills, are needed.

The performance of modern large language models (LLMs) is commonly assessed across multiple
dimensions, including reasoning, agentic tasks, and coding abilities. Figure 2 illustrates comparative
results for 15 leading models across 12 benchmark suites, such as MMLU-Pro, AIME 24, SciCode,
SWE-Bench, TAU-Bench, and others. Each model is evaluated by aggregating results in the following
categories:

» agentic: Tasks that require planning, goal execution, and multi-step reasoning across benchmarks
like TAU-Bench and BFCL V3;

* reasoning: Logic, mathematical problem-solving, and comprehension, as measured by MMLU-
Pro, AIME 24, and LCB;

* coding: Software engineering challenges, including benchmark tasks like SWE-Bench and
Terminal-Bench.

LLM Performance Evaluation: Agentic, Reasoning, And Coding Benchmarks

12 benchmarks: MMLU-Pro, AIME 24, MATH-500, SciCode, GPQA, HLE, LCB (2407-2501), SWE-Bench Verified, Terminal-Bench, TAU-Bench, BFCL V3, BrowseComp
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Fig.2. LLM Performance Evaluation: Agentic, Reasoning, And Coding Benchmarks Source:
https://z.ai/blog/glm-4.5

In this evaluation, GLM-4.5 and its lightweight variant GLM-4.5-Air demonstrated competitive
performance across all three categories. While GPT-4-0 scored highest overall (65.0), GLM-4.5
achieved notable results in reasoning (68.8) and agentic benchmarks (58.1), outperforming some
commercial models like Claude Opus and Gemini 2.5 Pro.
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Explainable Artificial Intelligence (XAI). Explainable Artificial Intelligence (XAI) represents a set
of methods and techniques aimed at ensuring the transparency of Al system decisions, particularly
through the interpretation of the internal processes of models that often function as “black boxes”. In
the context of project management (PM), XAl gains special significance, enabling project managers—
who are not necessarily experts in machine learning—to understand the logic behind Al predictions,
such as risk assessments or resource optimization. This method enhances trust in automated systems,
identifies biases, and ensures compliance with ethical standards, which is critical in dynamic PM
environments with limited resources [7].

Among the key XAl techniques are LIME (Local Interpretable Model-agnostic Explanations) and
SHAP (SHapley Additive exPlanations), which explain how individual features influence a model’s
predictions. While XAl provides qualitative evaluation through transparency and comprehensibility of
decisions, its ability to quantitatively assess the effectiveness of implementing Al models is limited. XAl
focuses on interpreting Al decisions, allowing project managers to evaluate the appropriateness of
predictions.

The LIME method creates local approximations of complex models to explain individual predictions,
minimizing a loss function

argmin,cL(f,9,7-x)+Q(9), )

where g is the local interpretable model;

G is the set of simple, human-understandable models (e.g., linear regression, decision trees);

L is the loss function measuring how much the predictions of the local model g differ from those of the
complex model fin the local neighbourhood of point x, weighted by n-x (the weight of the local region);
Q(g) is a penalty for model complexity. In project management, €2(g) limits the number of features (e.g.,
budget, deadlines) used for explanation, ensuring project managers can easily grasp key factors [8].

In PM, LIME can explain why an Al predicts project delays by highlighting the impact of individual
factors, such as resource shortages or unclear requirements. For example, a model g explaining the
behaviour of fin the local neighbourhood of x might show that a project delay prediction depends 60%
on a limited budget.

However, the LIME method has significant drawbacks, including:

- Locality of Explanations: The formula focuses on local approximation (via mx), limiting
generalization. In project management, where project conditions change (e.g., new requirements), an
explanation for one x may not apply to another. For instance, an explanation for one project (with a
budget of 100,000) may be irrelevant for another (with a budget of 1 million);

- Instability: Explanations depend on the choice of -x (e.g., kernel width ¢ and the generated dataset
Z). Changes in these parameters can lead to different g values, reducing reliability in project
management, where consistency is needed. This can confuse managers if explanations for similar
projects vary.

- Computational Complexity: Calculating L(f, g, mx) requires generating many points Z and
evaluating f(z) for each, which can be resource-intensive for large models f (e.g., transformers). In
project management, where quick decisions are needed, this can be a limitation [9].

- Subjectivity of Penalty Q(g)**: The choice of €(g) (e.g., limiting the number of features) is
subjective and affects interpretability. In project management, managers may need explanations with
varying levels of detail, but the formula does not adapt automatically.

- Lack of Quantitative Effectiveness Assessment: The formula does not measure how much
implementing Al improves project metrics (e.g., reduced project completion time). It only explains
predictions but does not evaluate their impact, for example, through metrics like ROI or KPIs [10].

Similarly, the SHAP method applies game theory to assess the contribution of each feature
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where o; is the contribution of feature i;
S is a subset of features;

N is the set of all features;

f+ is the model prediction [11].

In project management, this allows, for example, determining how parameters such as team
experience or budget influence project delays.

The process of using XAl to evaluate Al in PM involves selecting a technique (e.g., SHAP for global
interpretation), generating explanations based on the model’s output data, and interpreting them in the
context of project decisions. Tools like SHAP or LIME libraries in Python are integrated with PM
platforms, such as Jira, for real-time visualization of explanations.

However, XAI has significant limitations for quantitatively assessing the effectiveness of
implementing Al models in project management. Firstly, XAl does not provide direct metrics to measure
the impact of Al on key project indicators, such as reduced completion time, budget savings, or
productivity improvements. For example, while SHAP can quantitatively assess feature contributions,
it does not measure how much implementing Al improves overall project efficiency compared to
traditional methods. Additional metrics, which XAI does not generate automatically, are needed, such
as the percentage reduction in delays

AT = TnonAI _TwithAI .100%, (4)

nonAl
or resource savings

AR =R ;a1 = Ruitnai - (5)

Secondly, XAl methods like SHAP require significant computational resources, which can be
problematic in PM environments with limited budgets or hardware, especially for real-time applications,
such as [oT project monitoring.

Thirdly, the lack of standardized metrics for evaluating the quality of explanations complicates
comparing Al effectiveness across different projects or models. For example, there is no universal
criterion to quantitatively assess how useful SHAP or LIME explanations are for project managers,
limiting their applicability for comparative analysis.

Thus, XAl is a valuable tool for qualitative evaluation of Al in project management, providing
transparency and comprehensibility of decisions. However, its limitations in quantitative effectiveness
assessment, high computational complexity, explanation instability, and lack of standardization indicate
the need to combine XAI with traditional PM metrics, such as ROI or KPIs, for a comprehensive
evaluation of Al impact. Further research should focus on developing standardized approaches to
integrating XAl with PM platforms and creating quantitative metrics that evaluate not only explanations
but also the overall effectiveness of Al in project management.

Mutual Information (MI) and Model Inspection are methods for evaluating the internal workings
of Al systems, aimed at analysing the information that a model actually captures and uses for its
predictions. In the context of project management (PM), these methods allow for a deep understanding
of how Al processes data, for example, how internal model representations reflect dependencies between
project features (budget, deadlines, risks), contributing to the identification of inefficiencies and
optimization of decisions. MI measures the dependency between input data and the model’s internal
states, while model inspection involves analysing layers, activations, and weights, providing a detailed
overview of Al functioning [12]. The essence of MI lies in the quantitative assessment of
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interdependence between variables, for example, between input features (X) and the model’s internal
representations (Y). The MI formula is based on information theory

I(X,Y):%:p(x,y)dog%, (6)

where p(x, y) is the joint probability distribution;
p(x) and p(y) are the marginal distributions [13].

In project management, MI can analyse how much an Al model captures dependencies between
project features, for example, how budget data influences layer activations for risk forecasting. Model
inspection complements MI through the direct analysis of internal components: neural network layers,
neuron activations, and connection weights. For instance, visualization techniques like t-SNE (for
dimensionality reduction) allow one to see how a model clusters project data, while weight analysis
(e.g., via gradient methods) identifies key features. In project management, this can be used to verify
whether a model effectively processes data from tools like Jira, for example, how layer activations reflect
the impact of team size on delay estimates.

Despite their advantages, MI and model inspection methods have significant limitations for
evaluating Al effectiveness in PM.

Firstly, high computational complexity: calculating MI for large models with N features has
exponential complexity due to the need to estimate joint distributions, making it unsuitable for real-time
evaluation in resource- constrained project environments.

Secondly, the need for high technical expertise: interpreting MI results or activation visualizations
requires machine learning expertise, which may be unavailable to project managers, leading to
misapplications.

Thirdly, instability with dynamic data: MI depends on data quality, and thus MI values may vary,
com-plicating comparative analysis of models.

Fourthly, limited scalability: for deep models with millions of parameters, inspecting layers (e.g.,
weight analysis) becomes practically impossible without specialized hardware, reducing its usefulness
in projects with limited budgets. Finally, the lack of standardization: there are no unified metrics for
assessing the quality of MI or inspection, making them subjective and less suitable for quantitative
comparison of Al model effectiveness across different scenarios.

Thus, MI and model inspection provide a deep understanding of Al’s internal workings, which is
valuable for optimizing models in project management. However, their limitations in computational
complexity, need for expertise, and instability in dynamic environments indicate the necessity of
combining them with other methods, such as benchmarks or XAl, for a comprehensive effectiveness
evaluation.

Psychometrics, traditionally used to assess human cognitive abilities such as intelligence, memory,
or abstract thinking, is adapted for evaluating Al systems through analogy with human tests. In the
context of project management, psychometrics allows the assessment of Al’s “cognitive abilities” for
example, its capacity for analysing causal relationships, solving complex planning tasks, or generating
creative solutions for resource optimization. This method goes beyond standard performance metrics,
focusing on evaluating the general intellectual capabilities of Al, which is particularly valuable in
dynamic environments requiring adaptability to changing conditions. However, psychometrics faces
challenges in formalization and the risk of anthropomorphism, which limits its practical application. The
essence of psychometrics in Al evaluation lies in applying tests similar to those used for humans, such
as IQ tests, analogies, causal reasoning, or linguistic creativity assessments. In project management, this
may include evaluating an Al’s ability to analyse dependencies between project factors (e.g., how budget
changes affect deadlines) or generate innovative resource allocation strategies. For example, an analogy
test can check whether an Al can map the relationship “budget/risk” to other pairs like
“resources/productivity,” reflecting its abstract thinking capacity. A causal reasoning test can assess how
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an Al determines that a resource shortage causes project delays. Formally, psychometric evaluation can
be represented through an assessment function:

S=f(T.R), ™)

where S is the psychometric score;
T'is a set of tests (e.g., on analogies or memory);
R is the AI’s responses, compared to benchmark or human results [14].

Methods for Measuring Fundamentally New Capabilities Created by Al. A number of metrics
and frameworks have been specifically designed to assess fundamentally new capabilities enabled by
artificial intelligence (Al), where the baseline performance was initially zero. Unlike traditional
percentage-based productivity improvements - which require a non-zero baseline for comparison - these
metrics focus on the emergence of new skills, processes, or functions that were previously unavailable.
They are often classified as indirect or business-oriented metrics and typically combine quantitative
indicators with qualitative assessments, such as maturity levels.

The following analysis draws from both academic and business literature, with a focus on project
management and managerial productivity enhancement.

Maturity-Based AI Metrics evaluate an organization’s progress in implementing Al by measuring
the transition from no capability to new capabilities across a predefined scale (e.g., from level 1 to level
5). These metrics capture the transformative impact of Al, such as enabling software development by
non-technical project managers, or the creation of novel project processes like risk prediction or resource
optimization. They are crucial for assessing the influence of Al on project-related activities, especially
in environments with constrained resources.

Example: The McKinsey Al Maturity Model assesses Al adoption using key performance indicators
such as the number of Al-driven use cases deployed and the percentage of revenue generated from Al
initiatives. If a project manager previously had no ability to code, this model measures the shift from 0
to a number of real business cases involving Al (e.g., from 0 to 15 projects per year involving automated
coding capabilities), with a focus on the pace at which new functionality is created [15].

Innovation and Novelty Creation Metrics. Innovation capacity is a key performance indicator for
modern organizations seeking long- term competitiveness in dynamic markets. A critical aspect of
evaluating Al implementation in project management involves measuring innovation outcomes directly
attributable to Al technologies. These metrics aim to quantify an organization’s ability to generate
entirely new products, services, or processes - that is, radical innovations.

Several types of metrics are used to measure innovation performance, including:

Quantitative metrics:

- number of patent applications (patent activity);

- number of new products or services launched;

- number of scientific publications, technical reports, or prototypes;

- share of R&D budget allocated to experimental Al initiatives.

Qualitative metrics:

- radicalness of innovation (i.e., departure from existing technologies);

- ability of Al to autonomously generate novel ideas;

- expert-based assessment of novelty using the Delphi method.

One of the core quantitative metrics is the Innovation Effectiveness Index

N +N

| _ patents new_ products + Nscientif _outputs (8)
innovation — T '

where Nyarenss 1S the number of patents filed during the evaluation period;
New producs 18 the number of novel product/service launches;
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Nicientific oupuss 18 the count of relevant technical or academic outputs.

Generative Al models (e.g., LLMs, GANSs, diffusion models) act as innovation catalysts by:

- supporting idea generation in creative sessions;

- performing automated patent analysis to identify technological gaps;

- simulating and testing innovative concepts in virtual environments;

- generating Al-driven product design prototypes.

In project management, this enables non-intuitive solution generation, especially by less experienced
managers. For example, large language models (such as ChatGPT, Claude, or Gemini) can
autonomously produce multiple project planning scenarios based on minimal input, thus facilitating
novel approaches to resource, time, or budget planning. Example: The number of patents filed as a direct
result of Al capabilities (e.g., increasing from 0 to 10 per year) represents the creation of new research
potential. In project management, this may include Al-driven generation of planning methodologies for
novice project leads. According to a recent study [16], Al-related patent filings are growing at an annual
rate exceeding 30%, confirming Al’s critical role as an innovation engine.

Such innovation metrics should be treated not only as reporting indicators, but also as strategic
signals of digital transformation effectiveness. Their dynamic monitoring via internal dashboards
enhances an organization’s adaptability within a VUCA environment.

Metrics for Human Capital Development Driven by Al. Al deployment in project management
should be evaluated not only through technical and financial indicators, but also through its impact on
human capital transformation. Human capital metrics reflect qualitative and quantitative shifts in staff
skills, knowledge, and productivity - particularly when baseline digital or Al competence was previously
lacking. A common approach involves administering digital literacy questionnaires or assess- ments to
track growth in knowledge and confidence when interacting with Al systems.

For instance, a Digital Al Literacy Index (L) can be calculated as

N .
L — qualifield .100%1 (9)

total

where Nyuaiifies 1s the number of employees demonstrating at least basic Al system understanding;
Niowar 18 the total number of participants assessed.

Another valuable metric is the share of staff who completed Al-related training or certification within
a defined period (e.g., annually). This serves as an indicator of the effectiveness of internal personnel
development programs or external educational initiatives.

In project-oriented environments, such metrics help evaluate the extent to which Al can compensate
for shortages in skilled labour by automating routine tasks and offering decision-making support.

Table 1 provides a comparative overview of key Al evaluation approaches across various domains
of project management impact.

Table 1. Overview of Al Evaluation Methods and Their Applications in Project Management

Method Category Example Metric Application Area Evaluation Focu
Technical Accuracy, Latency, -
Effectiveness F1-Score Predictive tools System performance
Business Efficiency ROL NPV, Time St'rateglc ar.ld. Financial impact
savings operational decisions

Innovation Impact

Patents, Novelty index

R&D, product
pipeline enhancement

New value creation

Human Capital De- Al training rate, Skill Workfor.ce Al Capability building
velopment index adoption
Orgamza‘gonal Al maturity models Implementation Transformation stage
Maturity roadmaps
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The Purpose and Objectives of the Research. The purpose of this research is twofold and reflects
a transition from analytical assessment to methodological development in the evaluation of artificial
intelligence effectiveness in project management.

The first objective of the study is to conduct a structured analytical review of existing methods for
evaluating the effectiveness of artificial intelligence in project management. This includes the
classification and critical examination of performance-based, interpretability-oriented, and maturity-
based evaluation approaches, as well as the identification of their conceptual and methodological
limitations when applied to dynamic and resource-constrained project environments.

The second objective of the study is to develop original methodological approaches for assessing
artificial intelligence effectiveness in “zero-to-one” scenarios, where Al enables fundamentally new
managerial capabilities that were previously unavailable. These approaches are aimed at capturing Al-
induced transformations in decision-making, task feasibility, and project execution, which cannot be
adequately evaluated using traditional productivity or maturity metrics.

Novel Approaches to Measuring the Effectiveness of AI Application in Project Management.
Based on a critical analysis of existing approaches to measuring the effectiveness of artificial
intelligence (Al) implementation in management practices, particularly in project management, three
original evaluation methods are proposed. These methods have not been adequately described in
contemporary scientific literature. Most existing studies focus on classical metrics such as Key
Performance Indicators (KPIs), Return on Investment (ROI), or technology adoption maturity models.
In contrast, the proposed approaches emphasize under-explored aspects, including: the dynamics of
transitions from a baseline to an innovative level (“zero-to-one transitions”), the interaction between
artificial intelligence and project management methodologies (notably aligned with the Project
Management Institute standards), and the use of explainable Al models alongside ethical decision-
making components. Each method includes a description, formula/algorithm, application, and potential
for empirical validation. These methods can benefit organizations aiming to integrate intelligent tools
into management processes - not only to enhance productivity but also to develop new training
approaches for personnel, automate decision-making, and ensure transparency in human-algorithm
interactions under conditions of uncertainty. It is worth noting that these methods do not duplicate each
other but form a comprehensive evaluation system.

Indicator of New Competency Activation (INCA) in Project Management. The INCA index
introduces a novel metric focused not on the efficiency of performing existing tasks but on measuring
the emergence of new competencies and functions arising from Al application. This distinguishes it from
classical approaches - such as KPIs, ROI, or maturity models - which assess only productivity or the
maturity level of technology adoption. The scientific novelty lies in three aspects:

- **Conceptual**: The introduction of the “zero-to-one transition” concept in the context of project
management, i.e., the shift from the absence of a capability to its emergence through Al.

- **Methodological**: A formula is proposed that combines the number of new tasks, their impact
on project outcomes, and their explainability (XAl-score).

- ** Analytical**: Integration of XAl (explainable Al) with the PMI PMBOK model allows not only
measuring the effect but also explaining the mechanism of its occurrence.

The INCA index is an integral metric calculated as follows

i(Ni‘li‘Ei)
INCAz%, (10)

where N; — the number of new tasks i made possible (ranging from 0 to 7');

1, —impact on the project (scored from 0 to 1, based on PMI scale: impact on timelines, budget, quality);
E; — explainability (XAl-score, e.g., SHAP value for LLM, ranging from O to 1, where 1 indicates full
transparency);
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T — the total number of tasks in the project.

An example application in an IT project could involve a manager who does not code generating code
using Al. INCA would measure this as a transition from 0 to 10 new modules, with an impact on the
budget (/=0.8) and explainability (£~=0.7), yielding an overall index for assessing implementation
effectiveness.

Thus, the index serves as a dynamic indicator of competency development, which can be empirically
validated. To verify its reliability, 4/B testing is recommended: one group of managers works with Al
support, while another does not. Comparing the mean INCA values between groups, followed by a
statistical test (e.g., Student’s t-test), would quantitatively demonstrate AI’s impact.

INCA can be integrated into project management maturity assessment systems or internal PMO
dashboards. It enables the identification of competencies activated by Al (rather than merely improved)
and the assessment of the relationship between new skills and reduced risks or costs. Additionally, this
method can be used to develop competency maps, where INCA acts as an indicator of training,
innovativeness, and digital maturity. Compared to traditional approaches, INCA aligns more closely
with evolutionary metrics of organizational intelligence development, making it suitable for strategic
analysis.

Novelty Coefficient in AI-Driven Project Management (NCAPM). The NCAPM is an original
metric for evaluating the innovative potential of Al in project management through a combination of
qualitative (expert novelty assessment) and quantitative (scenario simulation) metrics. The metric is
based on the integration of generative Al for modelling “what-if”” scenarios in project management (e.g.,
real-time risk forecasting). This approach is absent in existing KPIs or innovation speed metrics, which
typically do not account for ethical dilemmas associated with novel solutions. The coefficient is
calculated as follows

NCAMP :M1 (11)
3

where O, — qualitative novelty assessment (expert score from 0 to 10);

S, — simulation assessment (number of unique scenarios generated by LLM, ranging from 0 to n, with
uniqueness verified via NLP analysis);

B, — correction for ethical ambiguities (ranging from 0 to 1, based on the NIST Al Risk Framework, for
ethical novelty).

An example application in a construction project might involve Al creating a new risk simulation
capability for non-technical managers. The coefficient would measure novelty as 8/10 (Q,), with 50
scenarios (5,=0.9), minus ambiguity (B,=0.2), yielding a coefficient for assessing implementation
effectiveness.

Dynamic Assessment of Transition to New Efficiency En-abled by Al (DATNE). This metric
tracks dynamic transitions from a baseline to a new efficiency level in real- time, integrating Internet of
Things (IoT) data with project management tools and Al systems. The metric enables real-time
monitoring using agent-based Al systems (agents based on large language models), a feature absent in
static maturity models or task completion indicators, with a focus on the adaptability of project
management to changes, especially during crisis situations.

The coefficient is calculated as follows

CC

DANTE = j O dt, (12)

where C; — capability level at a specific time t, a numerical indicator ranging from 0 to 1, reflecting the
ability of a team or individual to perform new task types previously unavailable without Al or digital
tools.
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This level can be objectively measured using [oT device data, which records actual changes in
behaviour or system performance.
The capability level has the following formalized representation

c@):%t), (13)

ax

where C(¢) — capability level at time #;

Z(t) — number of new completed tasks made possible by the intelligent system at time ¢;

Zmax — the maximum possible number of such tasks in the project (defined during the planning phase). -
Co — baseline level (0 for a project without Al);

AT — observation period (e.g., one week of the project).

An example calculation of the capability level can be provided. Within a project to modernize a
production line in a food industry enterprise, the project team implemented a data analysis system based
on intelligent sensors. Previously, operators could not identify equipment anomalies in real-time. After
implementation - thanks to automatic alerts from the system - the team was able to respond promptly to
9 new event types. The total number of tasks potentially executable with this system was 15. Thus, the
capability level one month after implementation can be calculated as C(#)=9/15=0.6. This indicates a
60% realization of new capabilities that were impossible before integrating the intelligent module.

The DATNE metric can be applied, for example, in an agile project where a manager gains a new
real-time budget adjustment capability through Al This indicator allows for a quantitative assessment
not only of productivity but also of the level of digital transformation and team adaptation to new tools,
which is critical in modern project management.

Challenges and Prospects for Evaluating the Effectiveness of AI Application in Project
Management. Evaluating the effectiveness of Al application in project management faces numerous
challenges, both technical and methodological in nature [9]. One key issue is the lack of established
standards. Most existing methods are developed primarily within specific use cases [18], making them
difficult to compare or scale to broader contexts, which hinders standardization [4].

Moreover, methodological barriers exist. For instance, many metrics are subjective or lack external
validity testing [14]. Anthropomorphism is often observed, where Al systems are attributed human
qualities or intentions [21]. Another problem is the presence of “noise” in training datasets, where
models exhibit reduced effectiveness due to incorrect or publicly available benchmark data [22]. This is
particularly relevant in fields like software development, where it is challenging to work with unstable
application programming interfaces, new or external domains, and languages with limited resources [6].

From a technical perspective, difficulties arise from biases in data - measurement, labelling,
selection, aggregation, confirmation, and others - which can lead to unfair treatment of different user
groups [7]. Challenges also include privacy concerns, such as attempts to extract personal information
from statistical models, data poisoning, and adversarial scenarios, necessitating the implementation of
differential privacy mechanisms and distributed learning.

Ethical and legal constraints pose additional complexity. Data collection for analysis is often
hindered by personal data protection regulations, internal company policies, or national legislative
restrictions. This is particularly relevant for metrics requiring continuous real-time monitoring of
personnel or user behaviour, as in the case of the dynamic transition assessor.

One of the central challenges in evaluating the effectiveness of Al systems in project management
lies in the lack of unified mathematical frameworks that adequately describe the internal logic and
decision-making mechanisms of large language models (LLMs). Even foundational elements of
transformer-based architectures require complex mathematical justification, involving high-dimensional
vector representations and optimization theories such as stochastic gradient descent and regularization
techniques. Without a clear mathematical understanding of these systems, the development of reliable
evaluation metrics for their application in dynamic, multi-variable environments like project
management becomes problematic. This complexity highlights the need for interdisciplinary approaches
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that combine project management methodologies with computational models and applied mathematics
to ensure explainability, repeatability, and control of Al-driven project decisions [20].

Despite these challenges, there are clear directions for further development. One promising approach
is the creation of hybrid metrics that combine technical characteristics (e.g., model interpretability,
simulation accuracy, scenario generation efficiency) with classical management criteria (adherence to
timelines, budget, quality). Another important direction is the integration of Al into decision support
systems, where the model can not only provide recommendations but also self-assess their effectiveness.

The implementation of automated audit mechanisms is also advisable - language agents can analyse
project documentation, compare actual results with planned ones, generate reports, and identify patterns
in Al usage. Comparative testing of different models under practical project management conditions is
also promising, enabling empirical evaluation of each approach’s strengths and weaknesses.

Another significant direction involves integration with cognitive sciences to develop reliable
psychometric tests and the creation of ethical evaluation frameworks, standardization of bias reduction
processes in data, and the implementation of data governance policies. Simultaneously, particular
attention is needed for large-context models capable of accounting for complex dependencies in
dynamic project management environments, including the use of new architectures that combine
algorithmic memory and intelligent information reproduction.

Thus, despite numerous barriers, the development of evaluating the effectiveness of Al application
in project management represents a highly promising research direction. Its further advancement
requires a multidisciplinary approach, combining project management, artificial intelligence, ethics,
psychology, and data engineering.

Particular attention should be given to the potential of these approaches for transport infrastructure
projects, where the application of Al enables the emergence of zero-to-one capabilities - functions that
did not previously exist in traditional engineering or management systems. For instance, intelligent
agents integrated into transport project management platforms can autonomously generate maintenance
forecasts for rail tracks or highway pavements using IoT sensor data, optimize the sequencing of
construction tasks based on real-time traffic models, and dynamically allocate resources to reduce
downtime in rolling-stock operations. These capabilities represent a transition from reactive to
predictive management, transforming the way infrastructure projects are planned, maintained, and
financed. The integration of metrics such as INCA, NCAPM, and DATNE into these domains would
allow quantifying the emergence of such fundamentally new competencies, thereby forming a
methodological basis for evaluating innovation efficiency in digitalized transport ecosystems

Conclusions. This study addressed the methodological problem of evaluating the effectiveness of
artificial intelligence (Al) in project management, where traditional performance indicators increasingly
fail to reflect the actual managerial impact of Al-enabled systems. The results demonstrate that while
artificial intelligence has significant potential to enhance planning, budgeting, risk forecasting, and
decision-making processes, its effectiveness cannot be adequately assessed without a differentiated
methodological framework that accounts for both existing evaluation approaches and emerging Al-
driven capabilities.

The first research task - focused on the analysis of existing methods for assessing Al
effectiveness - was addressed through a structured classification and critical examination of
contemporary evaluation approaches. Traditional methods, including benchmarks, explainable artificial
intelligence techniques, mutual information analysis, psychometric assessments, and maturity-based
models, were systematized according to their evaluation focus and applicability to project management
environments. The analysis showed that benchmarks (e.g., SuperGLUE) provide a standardized basis
for comparing model performance but neglect the dynamic, contextual, and managerial nature of project
work. Explainability-oriented and capability-based approaches improve transparency and insight into
model behavior, yet their practical use is often constrained by high computational requirements, the need
for specialized expertise, and limited comparability across projects. Maturity-based models capture
organizational adoption dynamics but remain largely descriptive and do not explain how Al alters
managerial effectiveness. Across all reviewed approaches, persistent limitations were identified,

165



e-ISSN 2617-9059 Transport Systems and Technologies, 46, 2025

including the lack of unified standards, susceptibility to data bias, anthropomorphic interpretations of
Al behavior, and ethical and legal constraints, all of which hinder comprehensive quantitative evaluation
in project management practice.

The second research task - aimed at developing methodological approaches for evaluating artificial
intelligence effectiveness in “zero-to-one” scenarios - was addressed through the formulation of original,
innovation-oriented evaluation metrics: INCA, NCAPM, and DATNE. These metrics shift the analytical
focus from incremental productivity improvements toward the assessment of Al-enabled transitions
from the absence of capability to its emergence. The proposed approaches enable the measurement of
newly activated managerial competencies, qualitative novelty in project decision-making, and dynamic
changes in effectiveness over time.

Based on the results obtained for both research tasks, the study outlines directions for further
development of Al effectiveness evaluation. These include the creation of hybrid metrics combining
technical, managerial, and ethical dimensions; the integration of advanced evaluation models into
decision support systems; and the use of automated audits based on intelligent agents. Further empirical
validation of the proposed methods in real project settings and their alignment with project management
standards are identified as necessary steps toward broader practical adoption.

Overall, the study confirms that a comprehensive evaluation of artificial intelligence in project
management requires a multidisciplinary approach that integrates computer science, systems analysis,
and management science. The findings provide a coherent methodological foundation for assessing both
existing Al applications and fundamentally new Al-enabled capabilities, contributing to the sustainable
and responsible development of Al-driven project management practices.
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MeTono/10riuHi acneKTH Ta MoJeJli ONiHKHM e()eKTHUBHOCTI IITYYHOI0 iHTeJIeKTy B
YIPaBJIiHHI IPOEKTAMH.

Anomauia. [lleuoxa inmezpayis wimyuno2o iHmenexmy 8 YnpaesiiHHs npOCKmMamu NPOnOHYe SHAUHUL
nomeHnyian Oiasi NiOSUWEHHST NPOOYKIMUBHOCI 3AB0AKU  AGMOMAMU3AYIL  OAHUX, MOHIMOPUHEY
epexmusnocmi ma onmumizayii po3xnadie. OOnak eukauxu, maki sax "egpexkmuena neepexmusnicms"
ma eapiamugHicme pe3yiomamie mooeneu LI, yckaiaonowms oyinky epexmuenocmi. ¥ cmammi
AHATI3YIOMbCA  MemoOono2iyni  acnekmu oyinku epexmusnocmi LIl 6 ynpaseninni npoekmamu,
KAACUQIKYIOMbCA  ICHYI04] Memoou  (benuMapKu, NOACHIOBANbHUL WMYYHUL [HMeNeKm, 63aEMHA
iHhopmayis, ncuxomempis), I0eHMUPIKYIOMbCA KIAOYOBI GUKIUKU (YNepeOdCceHHs, B8I0CYMHICMb
cmanoapmie, emuyni oomedcenust) ma npononyiomscs nosi mempuxu (IHIAHK, KHYIILI, JJOIILL]) ons
BUMIDIOBAHHST  THHOGAYIU. 3A3HAYEHO NOMEHYIAn Yux nioxodie O NPOEKMIE MPAHCHOPMHOL
ingppacmpykmypu, de LI oac 3mo2y cmeoprosamu NPUHYUNOBO HOBI MOMCIUBOCMI 6 NIAHYBAMHI,
NPOCHO3Y8AHHI 00CIY208y8anHA ma onmumizayii pecypcis. Ilepcnexmusu exarouawome 2iOpUOHi
MempuKy ma iHmespayiro 3 cucmemamy niOMpuUMKY npuiHAmMms piuiens. JocniodicenHs niokpecioe
HEeOOXIOHICMb MIDCOUCYUNTIHAPHUX NIOX00ié Oas adanmayii oyinku LI 0o cepedosuwy 6 ynpasninmi
NPOEKMAMU 3 OOMEINCEHUMU PECYPCaAMU.

Knrouosi cnosa: Mooenv, mawunne Haguanus, GeHUMAPK, OYIHKA epeKmueHoCmi, Memooonoais,

KOCHIMUGHI MoOeni, CUCMEeMHUU aHATi3, YNPAGHIHHA NPOEKMOM, WMYYHUL IHMeNeKm, cucmema
RIOMPUMKU NPUTTHATNINA PILUEHD.

Lama nepuiozo naoxodocenns cmammi 0o suoanns 11.09.2025

Llama npuiinsmms 0o opyxy cmammi 24.11.2025
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Conceptual principles of building intelligent computer networks for monitoring energy
consumption of railways

The paper presents a conceptual approach to creating intelligent computer networks for monitoring
and managing energy consumption in railway transport, which serve as the technological foundation
for implementing the Smart Grid concept in the industry. Theoretical foundations of the transition from
traditional electricity metering systems to integrated Smart Grid class systems are reviewed. Existing
information flows in traction power supply systems are analyzed, and their main shortcomings are
identified: data discreteness, lack of synchronization with train schedules, and low responsiveness of
decision-making. A multi-level network architecture is proposed, including a data collection layer (10T
sensors, Smart meters), a communication layer (heterogeneous communication channels), a processing
layer (cloud computing), and an application layer. The principles of integrating data on train movement
and substation operation modes within a single information space are described. Requirements for
reliability, cybersecurity, and speed of such a network are discussed. It is concluded that the
implementation of the proposed concept will allow moving from passive observation to active energy
management, which is a prerequisite for further mathematical optimization of railway operation modes.

Keywords: intelligent networks, Smart Grid, railway transport, energy monitoring, computer
networks, 10T, energy efficiency.

Introduction. The current stage of global economic development is characterized by fundamental,
tectonic changes in approaches to the use and management of energy resources. In the context of the
global energy crisis, critical instability of hydrocarbon markets, and the inevitable necessity of
implementing international sustainable development strategies, energy efficiency issues are
transforming from a purely economic plane into the plane of national security and strategic stability of
the state. For railway transport, which is not only the circulatory system of the economy but also one of
the largest industrial consumers of electricity, these challenges are particularly acute and urgent [1]. In
the structure of railway operating costs, the share of expenses on fuel and energy resources consistently
occupies leading positions, often exceeding 15-20%, and even a seemingly minor reduction in specific
energy consumption for train traction on the scale of the entire network can yield a colossal
multiplicative economic effect measured in billions of currency units.

At the same time, the world stands on the threshold of the Fourth Industrial Revolution (Industry
4.0), the key technological drivers of which are pervasive digitalization, the Internet of Things (10T),
cloud computing, Big Data, and artificial intelligence [2]. These breakthrough technologies are radically
changing the very paradigm of managing complex technical systems, which undoubtedly includes the
railway power supply system. While throughout the 20th century, increasing the efficiency of traction
power supply systems was achieved primarily through extensive modernization of power
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equipment - installing more powerful transformers, more economical semiconductor converters,
reducing active resistance in the contact network and rail circuits - today this path has practically
exhausted its innovation potential. Modern power plants and electric machines have already reached an
efficiency level close to the maximum physically possible limit, so the further struggle for energy
efficiency is moving to another plane.

Consequently, the center of gravity in energy saving issues is shifting to the information plane. The
efficiency of energy management today depends not so much on "hardware" as on "software” on how
quickly, accurately, completely, and synchronously we receive information about the processes of
energy generation, distribution, and consumption [3]. The problem lies in the fact that the existing
railway information infrastructure, designed decades ago, remains quite conservative and inertial.
Traditional Supervisory Control and Data Acquisition (SCADA) and Automated Meter Reading (AMR)
systems often function as isolated "information silos." They cope excellently with the tasks of recording
the total volume of consumed energy for fiscal settlements or emergency shutdown of protection lines
but prove absolutely powerless before the tasks of deep analytics, searching for hidden anomalies, and
operational adaptive management in real time.

The lack of a single, integrated information space leads to a paradoxical situation where power
engineers see only the consequences (load peaks, non-normative losses, equipment overheating) but do
not have the tools to instantly identify the causes, which often lie in the technology of the transportation
process (schedule violations, irrational train weight, incorrect driver's driving style). In conditions where
electric rolling stock is a highly dynamic, fast-changing load, traditional discrete metering systems with
a polling interval of 30-60 minutes are practically "blind" to real energy exchange processes. Therefore,
an urgent scientific task becomes not just installing new meters, but developing conceptual principles
for building a holistic intelligent computer network. Such a network should become the "digital nervous
system" of the railway, enabling the transition to the Smart Grid paradigm by ensuring total monitoring
of energy costs with high sampling rates and creating the necessary technological base for the
implementation of future systems for mathematical optimization of power supply modes [4].

Analysis of recent research and problem statement. A detailed and comprehensive analysis of modern
scientific and technical literature, as well as a critical review of advanced global practices, indicate a
significant and constantly growing interest of both the scientific community and practicing engineers in
the problems of building next-generation intelligent energy networks (Smart Grids). The Smart Grid
concept, which implies deep, end-to-end integration of modern information and communication
technologies directly into the physical processes of electricity generation, distribution, and consumption,
has already proven its undeniable effectiveness in the utility energy sector of many developed countries
worldwide [5]. Numerous theoretical and applied studies convincingly demonstrate that the introduction
of Smart Metering systems and adaptive Demand Response algorithms allows reducing total technical
and commercial electricity losses by 10-15%, optimizing daily load schedules by shaving consumption
peaks, and significantly improving the general reliability of power supply through the use of predictive
power equipment diagnostics methods [6]. However, despite the obvious and documented successes in
general energy, the direct and mechanical adaptation of these typical solutions for the specific needs of
railway transport proves impossible or extremely ineffective due to the unique technological specifics
of the transport industry, which requires the development of fundamentally new, specialized approaches.

The key problem complicating the transfer of Smart Grid experience to railways lies in the
fundamental differences between stationary consumers in the utility sector and highly dynamic active
consumers in the transport sector. Firstly, the main energy consumers on the railway electric rolling
stock are non-stationary objects moving in space at high speeds, constantly and chaotically passing from
one feeder zone to another, which creates a non-trivial task of dynamic consumer identification and
correct allocation of energy costs in real-time mode [7]. Secondly, the load of traction networks has a
clearly expressed stochastic, sharply variable character, where instantaneous power can change from
zero values to maximum in a matter of seconds (for example, during the simultaneous starting of several
heavy freight trains), which makes standard data averaging methods and the use of typical load profiles
absolutely unacceptable for precise control [8].
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Existing automated systems, such as AMR (Automated Meter Reading) and SCADA (Supervisory
Control and Data Acquisition), on domestic railways function mainly as isolated, technically and
informationally disparate "islands" [9]. SCADA systems were traditionally designed and oriented
exclusively towards ensuring train traffic safety, operational switching of disconnectors, and rapid
protection of the contact network against short-circuit currents, effectively ignoring tasks of energy
efficiency and economic optimization. In turn, AMR systems focus primarily on fiscal functions,
recording only integral energy consumption indicators over long periods (month, day, or hour), which
makes detailed analysis of instantaneous operating modes and detection of short-term anomalies
impossible. Such architectural disunity leads to energy data existing separately from data on
technological processes.

Particularly acute and critical is the problem of the deep information gap between power supply
services and transportation organization services. Information on the actual train schedule, the exact
weight of freight trains, the presence of speed restriction warnings, and the complex track profile resides
in some departmental databases, while telemetry information on currents, voltages, power flows, and
the status of power equipment accumulates in completely different, often software-incompatible systems
[10]. The lack of configured automated, time-synchronized data exchange between these functional
domains prevents identifying the true causal relationships of energy costs and reasonably answering the
question of why exactly an overload occurred at a specific moment on a specific section or why specific
energy consumption for traction exceeded the approved norm. Considering the above, there is an urgent
scientific and practical need to form a holistic concept and develop the architecture of a specialized
intelligent computer network. The research task lies not just in modernizing individual metering nodes
or replacing meters, but in creating a single convergent ecosystem for collecting, transmitting, and
processing Big Data that would meet modern stringent requirements for reliability, speed, scalability,
and cybersecurity in the conditions of the state's critical infrastructure functioning [11].

The purpose and tasks of the study. The main goal of this study is to develop, theoretically
substantiate, and systematize the conceptual principles of building an intelligent computer network for
monitoring railway energy consumption. This network is positioned as the core information
infrastructure required to adapt the Smart Grid concept to the specific conditions of railway transport.
Unlike existing analogues, it will ensure deep cross-integration of technological data of the
transportation process and power supply parameters, thereby creating the necessary foundation for
improving the energy efficiency and reliability of railway transport in the context of digital
transformation [12]. Achieving this goal requires the consistent and comprehensive solution of a number
of interconnected scientific and practical tasks covering both hardware and software-algorithmic aspects
of network construction.

The first task is to conduct a detailed structural-functional analysis of existing information flows in
traction and non-traction railway power supply systems. It is necessary to identify their architectural
shortcomings, hidden "bottlenecks," data transmission delay factors, and reasons for the informational
isolation of subsystems that hinder the implementation of modern energy management methods. This
stage involves a critical assessment of the capabilities of existing equipment and the identification of
barriers to its integration into a single digital space.

The second task is to develop a multi-level hierarchical architecture of the intelligent network, with
a clear definition of the functional purpose, interfaces, and interaction protocols for each level: from the
level of physical sensors, transducers, and actuators (Perception Layer) to the level of communications
and data transport (Network Layer) and, finally, the level of cloud computing, analytics, and decision-
making (Application Layer). The architecture must be flexible, modular, and open for further scaling.
The third task is the scientific substantiation of the choice of optimal data transmission technologies for
building a reliable heterogeneous communication environment. It is necessary to take into account the
specific, often extreme limitations of railway transport, such as the significant linear extent of
infrastructure objects, complex terrain, high mobility of subscribers (trains), and the presence of
powerful electromagnetic interference from the traction network, which can significantly affect the
quality of wireless communication.
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The fourth task is to formulate methodological principles for integrating heterogeneous databases in
a single information space. This requires determining algorithms for preprocessing "raw" data, methods
for synchronizing time series from different sources (for example, superimposing a power profile on a
traffic schedule), and approaches to correlation analysis, which will allow identifying non-obvious
dependencies between operating modes and energy consumption.

The fifth task is to determine comprehensive requirements for the information security
(cybersecurity) of the proposed network. Since the power supply system is part of the state's critical
infrastructure, it is necessary to develop strategies for protecting communication channels from
unauthorized access, ensuring the integrity and authenticity of telemetry data, as well as the network's
resilience to cyberattacks and software failures.

Materials and methods of research. The methodological basis of this study is a comprehensive
systems approach to analyzing energy exchange processes in heterogeneous transport systems.
Traditional methods of researching railway power supply often consider the traction network as a
separate electrotechnical system, the parameters of which depend on the load modeled as a random
process. In this paper, a fundamentally different approach is applied: the power supply system is
considered as an integral part of a Cyber-Physical System (CPS), in which the physical processes of
transmission and conversion of electrical energy are inextricably linked with information processes of
control, computing, and communication [4]. To develop the conceptual principles for building an
intelligent network, a synthesis of fundamental provisions of information systems theory, automatic
control theory, principles of building distributed computing networks, and reference models of the
Internet of Things (IoT) was used [2]. In particular, the structural-functional modeling method was
applied to formalize the architecture of the proposed network, which allowed decomposing a complex
system into separate functional levels (perception, network, application) and clearly defining interaction
interfaces between them. The comparative analysis method was used to compare the effectiveness of
traditional hierarchical centralized control systems (SCADA) and modern decentralized approaches
(Edge Computing), which allowed substantiating the feasibility of transferring part of the computing
power to the network periphery. Additionally, the information flow simulation modeling method was
utilized to estimate the required bandwidth of communication channels under peak load conditions,
when telemetry data from dozens of locomotives and substations are transmitted simultaneously.

Characteristics of the empirical basis and analysis of regulatory support. As materials for the
research, a significant array of technical documentation and legal acts regulating the operation of
existing dispatching and metering systems in railway transport was analyzed. Statistical data regarding
the load schedules of DC and AC traction substations were subjected to critical rethinking. The analysis
of daily and monthly load profiles revealed high stochasticity of consumption processes, where peak
power values can exceed averages by 3-4 times. This served as the basis for the conclusion about the
insufficiency of existing measurement sampling intervals (30 minutes) for operational control purposes.
International standards of the IEC 61850 series (“Communication networks and systems for power
utility automation"), which define modern data exchange protocols in digital energy, were also analyzed
[13]. Based on this analysis, requirements for equipment compatibility within the proposed intelligent
network were formulated. Special attention was paid to studying the characteristics of modern
telecommunications equipment capable of operating in harsh conditions of electromagnetic interference,
vibrations, and temperature changes characteristic of railway infrastructure [14].

Method of building the Perception Layer architecture. The developed methodology for building the
lower level of the network is based on the concept of "sensor saturation.” Unlike existing systems, where
metering points are only the inputs of traction substations, the proposed method involves the total
digitalization of all active system elements. For stationary objects (traction substations, sectioning posts,
parallel connection points), the use of Intelligent Electronic Devices (IEDs) is substantiated. The
methodology involves installing IEDs on each feeder of the contact network. A key requirement is a
high signal sampling rate, which allows recording not only effective values of current and voltage but
also power quality parameters: the voltage waveform distortion factor, the level of higher harmonics,
and phase asymmetry [15]. This allows diagnosing the condition of rectifier units and detecting
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precursors of emergency modes. For mobile objects (electric rolling stock), a dynamic energy metering
method has been developed. It is based on the continuous recording of three energy vectors: energy
consumed for traction; energy returned to the contact network in regenerative braking mode; energy
spent on the locomotive's auxiliary needs (compressors, fans, heating). A critically important element
of the methodology is the synchronization of measurements with spatiotemporal coordinates. Each data
packet is marked with an exact timestamp and geolocation data (GPS/GNSS coordinates), which allows
linking consumption to a specific point of the track profile [16].
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Fig. 1. Three-level architecture of the intelligent railway energy monitoring network

Substantiation of the choice of Network Layer technologies. Building a reliable data transmission
system under conditions of significant linear extent of railway infrastructure (thousands of kilometers)
requires the use of a hybrid communication model. The study analyzed available communication
technologies based on criteria of bandwidth, latency, reliability, and implementation cost. For backbone
communication channels between stationary objects, the lack of alternatives to using fiber-optic
communication lines (FOCL) with Dense Wavelength Division Multiplexing (DWDM) technology is
substantiated. This ensures gigabit data transmission speeds required for aggregating streams from
thousands of sensors and complete immunity to electromagnetic fields of the traction network [13]. To
organize the "last mile" communication with moving objects, the efficiency of GSM-R, LTE-R, and 5G
standards was analyzed. It was established that the existing GSM-R standard is unable to provide the
necessary data transmission speed for real-time monitoring tasks. Therefore, a transition to broadband
LTE-R (Long Term Evolution for Railways) technologies or prospective 5G networks is proposed,
which support a stable connection at train speeds up to 300-350 km/h, neutralizing the Doppler effect
[17].

For collecting data from autonomous infrastructure sensors (wire temperature, insulator condition)
powered by batteries, a method of using energy-efficient long-range networks LPWAN (Low Power
Wide Area Network), in particular LoRaWAN technology, is proposed. This allows deploying a dense
network of sensors with minimal maintenance costs since the battery life can reach 5-10 years.
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Fig. 2. Structural diagram of the hybrid communication system for mobile and stationary
objects

Data processing and intellectualization methodology. The methodology for processing the obtained
information arrays is based on the use of cloud technologies and Big Data architecture. Instead of
traditional relational databases, the use of specialized Time-Series Databases, optimized for fast writing
and reading of chronologically ordered metrics, is proposed.

A separate, critically important stage of the research involves the development of algorithmic support
for synchronizing heterogeneous data streams, which is a fundamental challenge in distributed
monitoring systems. Since telemetry data originates from diverse sources - stationary smart meters at
substations, mobile sensors on rapidly moving locomotives, and external meteorological services these
data streams possess different sampling rates and latency characteristics. To address this, a
comprehensive Data Pre-processing method is proposed. This method includes multi-stage filtration to
remove noise and artifacts caused by electromagnetic interference, reconstruction of missing values
using linear interpolation algorithms, and normalization of timestamps to a unified standard.

To ensure the high precision of event synchronization across the distributed network, the use of the
Precision Time Protocol (PTP, IEEE 1588v2) is substantiated. Unlike the standard Network Time
Protocol (NTP), which provides millisecond-level accuracy, PTP ensures sub-microsecond accuracy by
using hardware timestamping at the physical layer of the network interface. This level of precision is
mandatory for correctly correlating instantaneous current values measured at the electric train
pantograph with the corresponding values recorded at the substation feeder, thereby neutralizing the
impact of stochastic delays (jitter) in data transmission channels.
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At the application logic level, an advanced Anomaly Detection model based on comparative analysis
has been developed. The system automatically constructs a specific "energy passport™ for each trip in
real-time, comparing the actual energy consumption with a theoretically calculated reference model.
This reference model is dynamically generated by solving the differential equation of train motion,
taking into account variable parameters such as the track profile (gradients, curves), the actual weight
of the train, aerodynamic resistance, and the specific efficiency curve of the locomotive type. If the
deviation of the actual consumption from the reference value exceeds a predefined threshold (e.g., 5-
7%), the system triggers an automated incident report for further investigation. This approach allows for
the detection of not only technical malfunctions, such as increased motion resistance due to chassis
defects or brake system drag, but also organizational shortcomings, specifically violations of energy-
efficient driving mode maps by locomotive crews. A key element of the methodology is the developed
algorithm for cross-correlation of energy and logistics data. The essence of the method lies in the
automatic superimposition of the electricity consumption schedule on the executed train traffic schedule.
The system analyzes the deviation of actual consumption from the reference profile calculated based on
traction calculations for a specific locomotive series, train weight, and track section. This allows
separating technologically justified energy costs from unproductive losses caused by equipment
malfunction or irrational actions of the driver [10]. The methodology also includes the application of
Machine Learning methods for implementing predictive analytics [18]. Based on historical consumption
data, the planned traffic schedule, and weather forecasts, a neural network builds a load forecast for
traction substations with a planning horizon from 1 hour to 1 day. This enables dispatching personnel to
optimize the power supply scheme in advance, for example, by switching backup transformers on or off
to reduce no-load losses [19].

To solve the problem of latency and reduce the load on backbone communication channels, the
architecture provides for the implementation of the Fog Computing paradigm. Unlike the classic cloud
model, where all data is transmitted to a central server for processing, Fog Computing involves the
deployment of an intermediate layer of computing nodes directly at the level of traction substations or
large railway junctions. These "fog" nodes perform primary filtration, aggregation, and compression of
telemetry data. For example, raw oscillograms of currents and voltages with a frequency of several
kilohertz are processed locally to calculate vector values (Phasors), and only the calculated parameters
are transmitted to the cloud with a frequency of 1-10 Hz. This approach reduces traffic volume by 90-
95% without losing informational value for the operational dispatcher. Furthermore, particular attention
is paid to the optimization of application-layer data transfer protocols. For the segment of interaction
with resource-constrained 0T sensors (e.g., battery-powered temperature sensors on catenary supports),
the use of the CoAP (Constrained Application Protocol) or MQTT-SN (Message Queuing Telemetry
Transport for Sensor Networks) is substantiated. These protocols operate over UDP and have a
significantly smaller header overhead compared to standard HTTP/TCP, which is critical for low-
bandwidth networks such as LoRaWAN. For critical control commands requiring guaranteed delivery
(Quality of Service - Qo0S), the system utilizes the priority tagging mechanism (VLAN 802.1p), ensuring
that technological traffic is processed by network switches with higher priority than diagnostic or video
surveillance data.

Methods of ensuring information security and reliability. Since the railway power supply system
belongs to critical infrastructure facilities, the research methodology includes the development of a set
of cybersecurity measures. The necessity of physical and logical separation of the technological
monitoring network and public networks is substantiated. The use of tunneling methods (VPN), traffic
encryption using TLS 1.3 protocols, and the implementation of Public Key Infrastructure (PKI) for
authenticating each device in the network is proposed.

Considering the exponential growth of cyber threats targeting critical infrastructure facilities, the
paper details a robust architecture for the information security subsystem based on the "Defense in
Depth" paradigm. This approach implies a multi-layered security strategy that covers physical, network,
and application levels. At the level of peripheral devices (Edge), hardware-based authentication of
sensors is implemented using Trusted Platform Modules (TPM) and cryptographic chips. This measure
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effectively prevents "Device Spoofing" attacks, where an attacker attempts to emulate a legitimate
sensor to inject false data into the system.

At the network level, strict traffic segmentation is applied through the implementation of Virtual
Local Area Networks (VLANS). Technological data traffic is logically isolated from the corporate office
network and the public Internet, creating a demilitarized zone (DMZ) for external connections.
Furthermore, the deployment of industrial-grade Intrusion Detection and Prevention Systems (IDS/IPS)
is substantiated. These systems are specifically configured to perform Deep Packet Inspection (DPI) of
industrial protocols such as IEC 60870-5-104, DNP3, or Modbus TCP. This capability allows the system
to detect and block anomalous control commands or malformed packets that may indicate a sophisticated
cyberattack attempt, such as a Man-in-the-Middle (MitM) attack or a Denial of Service (DoS) aimed at
disrupting energy monitoring operations. Additionally, regular automated vulnerability scanning and
penetration testing are recommended as part of the security lifecycle management. To ensure the
integrity of commercial metering data, the possibility of using distributed ledger technology
(Blockchain) is considered, which makes unauthorized modification of archival data impossible [8]. To
increase network reliability, structural and informational redundancy methods were applied. In
particular, duplication of communication channels and the creation of backup data processing centers
with automatic information replication are provided.

Evaluation of expected efficiency. The theoretical assessment of the effectiveness of the proposed
intelligent network architecture indicates a significant potential for energy saving and operational
optimization. Calculation modeling demonstrates that the transition from passive metering to active
energy consumption management based on real-time data will allow reducing specific electricity
consumption for train traction by approximately 3-5%. This reduction is primarily achieved through the
optimization of train driving modes (adhering to energy-optimal velocity profiles) and the minimization
of braking losses.

Furthermore, an additional 2-3% reduction in energy losses within the power supply network is
expected due to the optimization of power flow distribution and the intelligent management of reactive
power compensation devices. On the scale of the entire railway network, these percentage reductions
translate into the saving of tens of millions of kilowatt-hours of electricity annually, resulting in a
substantial decrease in operational expenses (OPEX).

Beyond the direct economic effect, the implementation of the system will yield a significant positive
environmental impact. By reducing overall energy consumption, the indirect emissions of CO2 and other
greenhouse gases associated with electricity generation will be lowered. This contributes to the
decarbonization of the transport sector and aligns the railway infrastructure development with the
environmental strategies of European integration and the "Green Deal" initiatives. The system also
facilitates the transition from a rigid system of planned preventive repairs to a flexible Condition-Based
Maintenance (CBM) strategy, extending the service life of traction transformers and contact network
components by monitoring their actual thermal and electrical loads.

Integration with renewable energy sources and storage systems. The proposed intelligent network
concept lays the foundation for the transformation of the railway power supply system into an active
grid with distributed generation. The architecture provides for the seamless integration of renewable
energy sources (RES), such as solar power plants installed on the roofs of station buildings or noise
barriers, as well as wind turbines located in the railway right-of-way. The intelligent monitoring system
allows for real-time balancing of generation from RES and consumption by traction loads, directing
surplus energy to charge stationary Energy Storage Systems (ESS) based on lithium-ion or
supercapacitor batteries. The integration of ESS is particularly effective for stabilizing voltage in the
catenary network on remote sections and for utilizing excess recuperation energy that cannot be
absorbed by other trains or returned to the external grid due to inverter limitations. The developed
algorithms for the "Energy Management System™ (EMS) module allow controlling the charge/discharge
cycles of storage devices based on the current tariff policy (charging at night at a low rate and
discharging during peak hours), which ensures additional economic benefits and reduces peak demand
charges from the external grid operator. Thus, the railway transforms from a passive consumer into a
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"prosumer” (producer-consumer), actively participating in the regional energy market and providing
demand response services.

Conclusions.In the presented scientific work, the urgent scientific and practical task consisting in
the development, theoretical substantiation, and systematization of the conceptual principles of building
intelligent computer networks for monitoring, analyzing, and optimizing energy consumption in railway
transport is solved. The conducted research allowed formulating a number of important conclusions that
have both theoretical and applied significance for the further development of the industry's digital
infrastructure. Firstly, a detailed and critical analysis of the current state of information support for the
railway energy economy revealed significant systemic shortcomings that hinder energy efficiency
improvements. It was established that traditional automated systems (SCADA, AMR) function as
isolated information domains, operating with data of low time discretization and a complete lack of
mutual synchronization with transportation management systems. Such architectural disunity makes it
impossible to implement adaptive algorithms for energy consumption control in real-time and creates
information barriers to identifying and localizing unproductive energy losses.

Secondly, a three-level intelligent monitoring network architecture has been developed and
structurally formalized, based on the principles of building distributed cyber-physical systems and
including the Perception Layer, Network Layer, and Data Processing Layer. The proposed architecture
ensures complete digital transparency of energy exchange processes at all stages of energy
transformation - from the traction substation input to the electric train pantograph. A distinctive feature
and element of scientific novelty of the developed concept is the integration of rolling stock as an active,
mobile element of the Internet of Things (10T) network. This allows continuous monitoring of energy
recuperation efficiency and assessing the energy efficiency of train driving modes with precise reference
to geographical coordinates and the track profile.

Thirdly, the choice of optimal data transmission technologies for building a reliable heterogeneous
communication environment is scientifically substantiated. It is determined that under the specific and
harsh conditions of railway transport (significant linear extent, powerful electromagnetic interference,
high subscriber mobility), a hybrid model is required. It must combine high-speed fiber-optic backbones
for stationary infrastructure objects and secure broadband wireless networks of LTE-R or prospective
5G standards for mobile objects. This approach allows minimizing packet transmission latency, ensuring
guaranteed delivery of critically important telemetry data, and creating the necessary bandwidth reserve
for future services.

Fourthly, a new methodological approach to integrating heterogeneous databases - energy and
logistics - in a single cloud information space is proposed. Synchronization of electrical load schedules
with executed train traffic schedules creates the necessary basis for implementing predictive analytics
and machine learning algorithms, as well as for creating a "Digital Twin" of the power supply system.
This allows moving from reactive incident response to proactive management, forecasting peak loads,
and optimizing power supply schemes in advance. The practical value of the work lies in creating a
technological foundation for the transition from a system of planned preventive repairs to Condition-
Based Maintenance.

Summarizing the results, it can be stated that the implementation of the developed intelligent
computer network architecture is a necessary technological prerequisite for the transformation of
railway transport to the Smart Grid model.

This will create a reliable basis for further scientific research in the direction of developing
mathematical models for optimizing power supply modes, which in the future will ensure a significant
reduction in operating costs, an increase in transportation reliability, and contribute to the
decarbonization of the transport sector.
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Janax Onexcii™

!AcmipanT kadempu aBTOMaTH3alii Ta  KOMII'IOTEPHO-iHTErPOBAHUX  TPAHCIOPTHUX  TEXHOIOIii
HauionanbHuii TpaHCTIOPTHUI YHIBEpCUTET, ByJ1. Muxaiina OmensHoBuua-IlaBnenka, 2, 01010, m. KuiB, Ykpaina.
ORCID: https://orcid.org/0009-0000-3595-9391.

KonuentyanbHi 3acaau mo0y10BM iHTeJIeKTYaJIbHUX KOMII'IOTEPHUX MePex s
MOHITOPMHIY €eHeProOBUTPAT 3aJi3HUIb

Anomauin. Y cmammi pospobrieno ma O0OIPYHMOBAHO KOHYENMYaibHi 3acaou noodyoosu
IHMENeKMYANbHUX KOMN TOMEPHUX Mepedc Oasl MOHITMOPUHZY eHep2osUmpPam HaA  3a1I3HUYHOMY
mpancnopmi 8 ymogax yugposoi mpaucopmayii eanysi. Ilpoeedeno KpumuuHull aHanis iCHyrOYUX
cucmem 00Ky eleKmpoeHepeii, BUABIEHO IXHIO (DYHKYIOHANbHY 00OMedCeHicmb, KA Noafedc y
OUCKDEMHOCMI BUMIPIOBAHL, GIOCYMHOCMI €0UHO20 THEHOPMAYIUHO20 NPOCMOPY MA HEMONCIUBOCTI
3ICMABNEHHSI eHepeemMUYHUX Napamempie i3 mexHoN02IUHUMU NOKA3HUKAMU NepesizH020 npoyecy 6
pedicumi peaibHo20 4acy. 3anponoHo8ano HO8Y ApXimeKmypy CUCHEeMU MOHIMOPUHEY, Wo 0a3yemMbCs
Ha npunyunax Smart Grid ma mexuonozisix Iumepnemy peuetl (IoT). [Jemanvro onucano mpupienesgy
Modenb Mepedici. pisenb chnpuunamms  (Smart-cencopu ma OOpmMosi cucmemu JIOKOMOMUBIS),
KOMYHIKayitiHUull pigeHb (2emepoceHHi KaHAIU 38 A3Ky) ma pieeHb IHMeleKkmyaibHoi 00pooKu OaHux
(xmapui ma mymanui oouucienns). Okpemy yeazy npuoileHo NUmMaHHAM KibepOe3neku ma 3axXucmy
KpUmMuyHoi iHghpacmpyxmypu npu nepeoaui OaHux, d makxoxic Memoooa02ii CUHXPOHI3aYil 4acosux
PAOI8 eHepeOCNON*CUBAHHA 3 2pAIKOM pYXY noi30ie. BusHaueHo, wo enpo8adiCceHHs 3anponoHo08aHol
KOHyenyii  00360iumv  nepetmu  6i0  HACUBHOI  KOHcmamayii — eumpam 00  AKMUBHO20
EHEP2OMEHEONCMEHMY, WO € HeOOXIOHOI0 NepedyMo8oI0 Ot NOOATLULOT MAMEMAMUYHOT onmumizayii
DedHCUMIE eNeKMPONOCAYAHHA.

Knrouoei cnoea: inmenexmyanvui  mepesci, Smart  Grid, 3anizHuunuli. - mpaumcnopm,

enepeomonimopune, Inmepnem peuei (loT), enepeoegpexmuenicmo, yugposa mpancpopmayis,
Kibepbesnexa.

Jlama nepwoeo naoxooxcenns cmammi 00 sudanns 21.09.2025

Llama npuiinsmms 0o opyxy cmammi 25.11.2025
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Improvement of the impregnation technology of traction motor windings in order to
improve the parameters of rotor imbalance

The work is devoted to improving the quality indicators of balancing rotors of electric machines by
technological methods on the example of overhaul of traction electric motors of electric trains of series
EP2, EP9, EPL2, EPL9, ED9 at PrJSC "Kyiv Electric Wagon Repair Plant". The features of the
technological process of eliminating mechanical imbalance of rotors during the manufacture and repair
of electric motors are analyzed. The causes of mechanical imbalance of rotors are clarified. The degree
of influence on the imbalance of rotors of uneven distribution of impregnation compound over the
volume of electrical windings is experimentally investigated. The hypothesis put forward about the
possibility of partial compensation of static imbalance of rotors by controlling the distribution of the
compound during application of electrical insulation (impregnation) of windings is confirmed. A method
of controlling the distribution of the compound during impregnation is proposed. The essence of the
method is to fix the rotor in the drying chamber in a position corresponding to the phase angle of the
“heavy spot”, namely by placing it with the “heavy spot” up. Controlling the distribution of the
compound over the rotor volume can be considered as a technological method for improving balancing
performance. The method makes it possible to improve the quality of balancing by reducing the mass of
balancing loads during the final balancing of rotors by up to 70%.

Keywords: railway transport, wagons, electric train, rotor balancing, traction electric motors,
electrical insulation of windings, impregnation of windings.

Introduction. A characteristic feature of the technological process of manufacturing and repairing
electric motors is the need to eliminate mechanical imbalance of the rotor in the last technological
operations. Such operations are operations related to the impregnation of electrical windings with a
special insulating varnish — compound.

The cause of the imbalance may be deviations in the installation of the armature components: shaft,
core plates, windings, collector components, etc. Another factor affecting the rotor imbalance is the
uneven distribution of the compound over the volume during winding impregnation. The mass of the
compound for impregnating the rotors of an electric motor can be up to 3% of the mass of the rotor itself
[1]. The distribution of the compound over the rotor can be significantly uneven [2]. In this regard, the
idea of controlling the distribution of the compound during the impregnation of the armature windings
to improve its mechanical balancing characteristics seems attractive.

Analysis of recent research and problem statement. In the article [3], the thermal and electrical
characteristics of polyester resins for impregnation of electric motor insulation are considered. The task
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of the work is to determine which of the resins can best perform the function of insulation of powerful
electric motors with inverter power supply with wide-pulse modulation. Several resin formulations with
different viscosity characteristics are considered. The results obtained confirm the importance of
choosing the optimal viscosity of impregnating resins for reliable insulation of electric motor rotors.

In the paper [4] the requirements for rotors of powerful high-speed electric motors are analyzed. In
particular, it is stated that the requirements for the minimum initial unbalance and the change in
unbalance during operation can be a problem in operation. It is emphasized that for economically viable
and resource-saving production of high-efficiency motors, solutions are needed to reduce unbalance. An
overview of technical problems and potential solutions for reducing unbalance in the production and
repair of rotors of rotating electrical machines is presented.

A thorough analysis of the causes of unbalance in rotors of electrical machines is presented in the
article [5]. It is emphasized that the most common malfunction of electrical machines is residual
unbalance of rotors. The causes of unbalance are analyzed: manufacturing errors; anisotropy of material
properties; thermal deformation; wear during operation; structural changes in electrical insulation.

The modern approach to diagnosing unbalance is based on the latest system of technical maintenance
(TM) of electrical machines. In this case, the corrective TM system is replaced by a preventive system
of operational monitoring of the electric motor [6]. The advantage of internal diagnostic systems is
substantiated, which allows detecting malfunctions during operation at an early stage based on vibration
analysis. The possibility of reducing costs associated with electric motor failures is attractive. The results
of work [6] allow to systematize the causes of rotor imbalance and obtain promising directions for
improving the parameters of rotor balancing of electric machines.

Based on the statistical analysis of the operation of asynchronous electric motors, the most frequent
cause of electric motor failures was found out in work [7]. Such a cause is considered to be the presence
of an imbalance acquired during operation. Imbalance can be the cause of significant vibrations of
engine elements, which in turn can lead to their breakdown. It is argued that the vibration response can
provide information about existing engine defects directly in the mode of its operation without stopping
it. The prospects of the method of diagnosing defects in electric motors based on vibration analysis are
substantiated.

In article [8], the issues of increasing the reliability of electric machines of traction rolling stock
using local methods of strengthening electrical insulation are considered. The method of infrared
radiation during the production and repair of traction electric motors of electric locomotives is
considered. The reasons for the low reliability of collector electric motors are analyzed. It is argued that
the low reliability of electrical machines is associated with the limited life of winding insulation.
Existing insulation restoration methods are not able to properly ensure high-quality insulation
strengthening during depot and factory repairs.

The article [9] is devoted to the analysis of the thermal regime of heating and cooling of electrical
machine windings. The heat exchange between copper conductors, core, housing and air is studied.
Cases of winding overheating and its effect on aging and structural changes in electrical insulation are
considered. The article contains a review of research on technologies that contribute to winding cooling,
such as winding topology with more effective heat dissipation, impregnating material with high thermal
conductivity and improved direct winding. Cooling control methods are considered and classified, and
recommendations are given for the design of high-torque electrical machines for better winding cooling.

The study [10] is devoted to improving the quality of impregnation of stator windings of an electric
motor. Attention is drawn to the fact that the reliability of electric motors depends on the insulation of
the windings, which is determined by the quality of the materials used and the impregnation technology.
Impregnation of electric windings is an important technological process for ensuring the durability of
electric motors. As a result of impregnation, the air pores between the windings and the gaps in the fiber
insulation are filled with a compound, which ensures reliable fixation of the windings. There are various
methods that ensure effective filling of pores and cavities with a compound. The article provides general
information about the varnishes used for impregnation of electric motor windings, according to their
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composition. The article shows the scheme of stator rotation during the drying process after
impregnation. The mechanism of implementation of the proposed method is also given.

The article [11] is devoted to the analysis of the thermal behavior of insulating impregnating
materials of electric machines. Attention is drawn to a typical picture of uneven filling of the cavities
between the winding elements with a compound. The influence of the impregnation quality on the
process of heat removal from the windings is discussed.

The results of a comparative analysis of the thermal properties of electrical windings impregnated
with alternative varnish materials are presented in [12]. The impregnation quality coefficient is
considered, which allows taking into account the uneven distribution of the compound over the volume
of the windings. The experimental results are supplemented by a theoretical analysis of the impregnation
quality of the windings.

The article [13] considers methods for optimizing the distribution of unbalance in rotating machines.
It is noted that classical methods for balancing rotating machines are based on the assumption of the
linearity of the nature of the unbalance. An example of classical balancing methods is a method based
on taking into account the influence coefficient. However, if nonlinearity appears in the structure, these
methods give errors, and the results obtained regarding the corrective loads and their corresponding
angular positions are unsatisfactory. On the other hand, the choice of the number and location of the
corrective planes depends on the possible availability, which differs for each machine. In this work, a
new method designed to identify rotating machines and distribute the unbalance in linear and nonlinear
conditions is implemented using pseudo-random optimization methods. In this case, the system
modeling is performed using the well-known finite element method.

In the article [14], the possibility of improving the quality of balancing rotors of traction electric
motors of electric trains on stationary balancing machines is considered. According to the traditional
balancing technology, the rotor to be balanced is installed on the supports of the balancing machine with
support surfaces, which, as a rule, have mechanical defects. These defects, due to the peculiarities of the
rotor repair technology, cannot be eliminated by mechanical processing. Theoretical and experimental
studies of the influence of damage to the rotor support surfaces on the balancing parameters were carried
out. It has been proven that the properties of the rotor support surfaces during its balancing on a
balancing machine significantly affect the results of determining the imbalance. In this case, the
deviation of the masses of the corrective weights can reach 25%. This is explained by the fact that
damage to the rotor support surfaces creates false signals that are not related to the imbalance. To
increase the accuracy of determining the mass of the balancing weights during rotor balancing, an
improvement of the balancing process is proposed. The improvement consists in including a frequency
filter in the acceleration sensor signal conversion circuit. The filter is designed to separate signals with
a frequency higher than the rotor speed.

Analysis of known studies allows to conclude that when impregnating electric motor rotors, there is
an uneven distribution of the compound over the volume of the windings. Thus, the impregnation
operation is an additional factor in the formation of the motor rotor imbalance. The accumulation of the
compound on the "heavy" side of the rotor is inevitable if the rotor drying process after impregnation is
not corrected. Due to these considerations, a hypothesis was put forward about the possibility of
improving the balancing parameters of the rotor of an electric motor by adjusting the winding
impregnation operation.

The aim and objectives of the study. The aim of the study is to substantiate the feasibility of
adjusting the technology of impregnation of the windings of a traction motor in order to improve the
rotor balancing parameters.

Analysis of the unbalance indicators of rotors of electric machines. Unbalance, as a measure of
rotor unbalance, is usually determined by the formula [15]:

d=m-T, (1)

where m — unbalanced mass;
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I —eccentricity vector — the distance between the center of gravity of the unbalanced mass and the axis
of rotation of the rotor.

The imbalance according to formula (1) is an absolute imbalance, which does not give an idea of its
level. Sometimes the specific imbalance D is used, as the ratio of the absolute imbalance to the rotor
mass [16]:

p="" @)
mr

where m; — the rotor mass.

However, formulas (1) and (2) require the value of the unbalanced mass m, and the location of its
center of gravity. There is no method for determining these parameters. Thus, formulas (1), (2) are
purely theoretical.

For a practical assessment of the degree of static imbalance, static imbalance can be used:

d.=m e, (3)

where e — the rotor eccentricity — the distance from the center of gravity of the rotor to the axis of its
rotation.

The theoretical provisions regarding dynamic imbalance are mentioned in many studies [17].
Dynamic imbalance is associated with the moment created by reactions in the rotor supports. Dynamic
imbalance can be eliminated by changing the location of the supports. Fig. 1 shows a diagram of the
forces acting on a rotor with imbalance.

axis of
rotation

upport
rollers
support
rollers Ry

Fig. 1. Scheme of forces acting on a rotor with imbalance

Dynamic reactions in the rotor supports associated with the presence of imbalance can be determined
by the formulas:

a a
ey T A

: (4)

where a and b — the distances of the rotor center of gravity from the roller supports.

The condition for the absence of dynamic imbalance can be a symmetrical arrangement of the supports
relative to the rotor center of gravity, i.e. when a = b. Thus, any imbalance can be reduced to static if it
is possible to change the position of the rotor supports. However, in practice, as a rule, eliminating
dynamic imbalance by changing the position of the supports is not possible.

A feature of the technological process of manufacturing and repairing electric motors is the uneven
distribution of the compound over the volume when impregnating the rotor windings. Despite the
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insignificant mass of the compound, it is possible to shift the rotor center of gravity relative to the
supports by controlling its volume distribution.

Conditions for conducting the experiment. The experiment was conducted with two rotors of the
1DT-003 engine (EPL2T electric train). The rotor imbalance was checked twice: before impregnation
and after impregnation. The imbalance and balancing parameters were checked on the EI12000 balancing
machine (manufacturer "NORMA-UA" — Ukraine). The main technical characteristics of the EI2000
machine are given in Table 1.

Table 1. Technical characteristics of the EI-2000 balancing machine
Parameter name Value

Range of rotor masses to be balanced 10-2000 kg
Maximum rotor diameter 1800 mm
Maximum rotor diameter above the drive 1300 mm
D|_st_ance betwe_en the centers of the rotor support necks, 250-3000 mm
minimum/maximum

Permissible diameters of the rotor support necks 25-225 mm
Range of rotor rotation frequencies 200-1200 rpm
Minimum residual specific unbalance 0,2 g mm/kg

Type of drive motor

Frequency-controlled asynchronous

Power supply network parameters

380+10% V, Ph, 50+1% Hz

Power of the AIR 112M2 electric motor

7,5 kW

Type of rotor rotation transmission

Belt drive

Measuring system

Digivibe MX M10

Floating supports

S/N YBF230103

Control panel

J00496R:2023-PC

Laser phase marker

OP20-5P S/N FOL5212083

Additional devices

USB — interface GX-400 S/N
FIGH4211845

Overall dimensions

3150x1500x1500 mm

The balancing machine has the following means of recording and processing experimental data:

— acceleration sensors of the type ADXL202 (Analog Devices);

— analog-to-digital converter of the type KADL-06;

— recording complex with a device for outputting test protocols to the display and in electronic form

for downloading.

Fig. 2. Balancing machine E12000 with the rotor of the electric motor 1DT-003 installed for

balancing
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The test load method (three-start method) was used during balancing. The method involves
performing three test starts to determine the dynamic impact coefficient. Input data for the balancing
machine: rotor weight, distance between the machine supports.

According to the results of checking the rotor imbalance before impregnation, the phase of the
imbalance location was determined and the “heavy spot” was noted by core drilling on the end surface
of the shaft.

The technological process of impregnation is analyzed using the example of a major overhaul of
traction electric motors at PrJSC “Kyiv Electric Wagon Repair Plant”. The technological process
consists of three technological processes (TP): moisture removal, impregnation and drying. Equipment
for performing operations - drying cabinet, autoclave, drying oven.

1st TP. Moisture removal is performed to remove moisture from the rotor holes, including capillary
holes. Moisture removal takes place in three operations:

- heating in a drying oven to a temperature of 70°C;

- holding at this temperature for four hours;

- cooling to a temperature of 45°C.

2nd TP. Impregnation in an autoclave consists of the following operations:

- placing the heated armature in an autoclave (Fig. 3);

- evacuating the autoclave with a residual pressure of 0.003-0.005 MPa for 30—40 minutes;

- filling the autoclave with an impregnating compound (compound — Elplast 155 ID);

- holding the rotor in an autoclave under a pressure of 0.38-0.4 MPa for 60 minutes;

- draining the compound from the autoclave and reducing the pressure to atmospheric;

- holding the rotor in an autoclave for 30 minutes to drain off any remaining compound.

b)
Fig. 3. Autoclave for rotor impregnation (a) and drying oven for drying (b)

3rd TP. Drying the rotor in a drying oven. The impregnated rotor is installed on supports (Fig. 4) in
the space of the drying oven, where it warms up. The Elplast-1551D compound acquires the greatest
fluidity at a temperature of 60-90 °C, while the viscosity becomes about 30-40 s (conditional viscosity
according to the VZ-246 viscometer - 4mm). The gelatinization process occurs at a temperature of
130°C. The drying oven reaches the 130°C mode in 3.5 hours. The total time for warming up and
gelatinization usually takes up to 5 hours. By the time the gelatinization process is complete, the
compound may flow down and accumulate in the lower part of the windings.
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The first two operations — moisture extraction and impregnation — were performed for the two test
samples in the same way. The procedure for the third operation — drying — was different for the first and
second samples. The first rotor was installed in the drying chamber with the “heavy place” down, and
the second — with the “heavy place” up. Fig. 4 schematically shows the installation position of the first
and second rotor samples in the drying oven.

1st rotor sample 2 st rotor sample
"hard place"

support
Fig. 4. Installation positions of the 1st and 2nd rotor samples in the drying oven

Thus, different conditions for the influence of uneven compound distribution on unbalance were
created. For the first rotor, an increase in unbalance was expected during the drying process due to
additional compound accumulation in the “hard place”. For the second rotor, a decrease in unbalance
was expected due to the accumulation of compound residues in the part of the rotor opposite the “hard
place”.

The used method of controlling the compound distribution over the rotor volume can be considered
a unique case of improving the balancing of rotating masses. Of course, this method can be applied
exclusively to rotors of electric machines undergoing the winding impregnation operation.

Obtaining results during the experiments. The results of measuring vibration parameters
(vibration speeds) were obtained from the test protocols of the balancing machine. Digivibe MX M10
software was used to visualize the measurement results. Table 2 presents the results of five steps of
balancing one of the rotors before impregnation. The balancing results are given in the form of tables of
vibration speeds for plane A and plane B. Planes A and B are balancing planes, that is, planes in which
it is structurally possible to install balancing weights.

Table 2. Results of determining vibration speed from rotor imbalance before impregnation

Step Common, Filter, Max, Phase, Common, Filter, Max, Phase,

mm/s mm/s mm/s  degree mm/s  mm/s mm/s degree

Balancing plane A Balancing plane B
Step 1 14,19 8,50 8,96 210 Step 1 18,38 11,60 12,23 14
Step 2 39,59 25550 26,35 238 Step 2 28,08 18,18 18,76 40
Step 3 9,78 5,68 5,92 165 Step 3 16,74 10,77 11,15 312
Step 4 6,48 1,71 2,87 144 Step 4 5,58 325 341 303
Step 5 5,53 0,23 2,48 203 Step 5 2,06 062 064 203

The designations adopted in Table 2:
- Step 1... Step 5 — steps for determining the imbalance indicators;
- Step 1 — determination of vibration speed for the initial rotor imbalance;
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- Step 2 — measurement of vibration speed of the rotor with imbalance from a test load of arbitrary
mass placed in the balancing plane A;

- Step 3 — measurement of vibration speed of the rotor with imbalance from a test load of arbitrary
mass placed in the balancing plane B;

- Step 4 — determination of rotor imbalance with balancing loads placed in the plane A and plane
B;

- Step 5 — control step for correcting the results.

- Common — value of vibration speed of the general vibration background. Due to the high
sensitivity of the vibration sensors, they record any vibrations, including those not related to imbalance;

- Filter — value of vibration speed of vibrations filtered from external interference;

- Max — maximum peak value of vibration speed;

- Phase — unbalance phase.

Fig. 5-8 shows hodographs of unbalance phases when performing measurements in steps Step
1... Step 5 for the 1st and 2nd rotor samples before and after impregnation.

5,68 < 165"

3,25 < 3037
0,62 < 2037

b)
Fig. 5. Hodographs of vibration speed at different steps of balancing the 1st rotor sample
(balancing before impregnation m): a — balancing plane A; b — balancing plane B

Plane 1 147 <1557

14,03 = 24(]
4,39 <120°

1,90 = 320°
218 <43°

0,79 =23°

0,75 = 250°
4,85<=75°

18,50 < 245°

0,69 < 230°
3,48 = 204"

0,51 <97°

Fig. 6. Hodographs of vibration speed at different steps of balancing the 1st rotor sample
(balancing after impregnation): a — balancing plane A; b — balancing plane B

As can be seen from the results presented, the difference in the magnitude of the vibration velocities
associated with the rotor imbalance measured before and after impregnation is quite significant.
Moreover, as expected, for the 1st sample, the imbalance increased by 86% — for balancing plane A and
52% — for balancing plane B. On the contrary, for the 2nd sample, the imbalance decreased, respectively
— by 69% and 83%.
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Fig. 7. Hodographs of vibration speed at different steps of balancing the 2nd rotor sample
(balancing before impregnation m): a — balancing plane A; b — balancing plane B

X
Plane 1 55 <1477 13000
A iy, TE5<15T T38<01°

Fig. 8. Hodographs of vibration speed at different steps of balancing the 2nd rotor sample
(balancing after impregnation): a — balancing plane A; b — balancing plane B

Table 3. Comparative values of rotor vibration speed and phase imbalance before and after
impregnation of windings

vibration speed, phase imbalance, vibration speed, phase imbalance,
mm/s degree mm/s degree

1st rotor sample
before impregnation 0,23 203 0,62 203
after impregnation 1,69 151 1,28 91

relative change in
unbalance index, %

86% 52%

2st rotor sample
before impregnation 2,58 293 3,49 10
after impregnation 0,79 23 0,59 97

relative change in

-A90, _Qn0
unbalance index, % 69% 83%
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It is clear that this does not exclude the need to balance the rotor after the impregnation operation.
However, impregnation using the “heavy place up” method reduces the mass of the balancing loads,
which improves the balancing parameters. The expected decrease in the mass of the balancing loads is
proportional to the decrease in vibration velocities, as an indirect indicator of imbalance.

Conclusions. The results of the conducted research confirm the hypothesis that it is possible to
partially compensate for the static imbalance of rotors by controlling the distribution of the compound
when applying electrical insulation (impregnation) of the windings. Controlling the distribution of the
compound consists in fixing the rotor in the drying chamber in a position corresponding to the phase
angle of the “heavy spot”, namely by placing it upwards. Controlling the distribution of the compound
over the rotor volume can be considered as a method of improving balancing performance by
technological means.
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!AcnipanT kadeapu eIeKTPOMEXAHIKM Ta PYyXOMOIo CKIady 3ai3HuIb, HalioHaNbHMI TpaHCHOPTHHUI
yHiBepcuTeT, ByJ. Muxaina OwmensHoBuda-IlaBmenka, 2, 01010, ™. KwuiB, VYkpaina. ORCID:
https://orcid.org/0009-0006-2886-3264.

2AcucteHT KadempH eeKTPOMEXaHIKH Ta PyXOMOro CKiady 3ajli3HUIb, HalioHanpHuil TpaHcHOpTHMiA
yHiBepcuTeT, Byl Muxaiima OwmensHoBu4a-IlaBnenka, 2, 01010, ™. KwuiB, Vxkpaima. ORCID:
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YaockoHaJIeHHSI TEXHOJIOTiT MPOCOYeHHA 0OMOTOK TATOBMX JIBUTYHIB 3 METO10
noJlinieHHs napamMeTpiB po3dajiancy poropa

Anomauia. Poboma npucesuena noONNWEHHIO AKICHUX HNOKA3HUKIE OANaHCy8aHHs pPOMOpI6
eNIeKMPUYHUX MAWUH MEXHON0IYHUMU MemOoOamMu HA NPUKIAdi KanimaibHO20 pPeMOHmY MA208UX
enekmpoosucytie eiekmponoizoie cepiu EP2, EPY, EIL/I2, EII9, E/[9 na [IpAT «Kuiscokuil
e1eKmPOoBAaA2OHOPEMOHMHUL 3a600. IIpoananizosano ocobaugocmi mexHoN02iUH020 NPoYecy YCyHeHHs.
MEXAHIYH020 OUCOANAHCY POMOPIE NPU GUCOMOGACHHT | PEMOHMI eleKMPUYHUX 08U2YHIG. 3 ’5c08aHO
NPUYUHU MeXaHiuno2o oucbanancy pomopis. Excnepumenmanvho 0ocniodceno cmyninb 6naugy Ha
oucoananc pomopie HepieHOMIpHOCII pO3NOOiNYy KOMHAYHOY NPOCOYEHHA NO 00°€MY eNeKmpUuiHUxX
obmomok. Iliomeepooiceno sucynymy cinomesy npo MOMCIUGICIb YACMKOB0I KOMNEHCAYli CMamuiHo20
ouUCchbanauncy pomopis uLisxom YynpasiinHs po3nooilom KOMIAYHOA NPU HAHECEHHT eleKMPUUHOL i301yil
(npocouysanni) 00MomoK. 3anponoHoO8aHO MemoO YAPABNIHHA PO3HOOLIOM KOMHAYHOY Npu
npocouysauni. Cymuicme memoody noiseac y gixcayii pomopa y cyuwunoHil kKamepi y NOJIONCEHHI, o
8ionogioac hazoeomy Kymy «8aiCKO20 MICYA», A came — WUIAXOM U020 PO3IMAULYEAHHS «BANCKUM
Micyemy 66epx. YnpaeuinHs po3nooiiom KOMRAYHOA MO 00°€My pomopa modice po32usioamucs, 5K
MEeXHON0TYHUL MemOo0 NONINUIeHHs NOKA3HUKIE banancysanHs. Memoo dae mociugicms nosinuumu
AKICHI NOKA3HUKU OaNaHCY8aHHA 3d PAXYHOK 3MEHUWleHHs Macu Oalancy8anibHux 6aHmaxicieé npu
ocmamouHomy 6anancy8anti pomopis na eeauduny 0o 70%.

Knwuogi cnoea: 3aniznuunuil mpancnopm, 8a20Hu, el1eKmponoizo, 6aiancysanus pomopis, msaeogi
e1eKmpoOBUSYHU, eIeKMPUYHA I30AYisl 0OMOMOK, NPOCOYEHHSA 0OMOMOK.

Lama nepuiozo nHaoxodocenns cmammi 0o suoanns 02.10.2025

Llama npuiinsmms 0o opyxy cmammi 25.11.2025
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The Human Factor in Metro Operations: Determining the Driver's Condition During
Pre-Departure Procedures

The article analyzes the influence of the human factor on the reliability and safety of metro
operations, focusing on the methods for assessing the psychophysiological state of train drivers before
the start of a work shift. The study examines the current system of human factor monitoring implemented
in the Kyiv Metro and emphasizes the need for objective diagnostic tools in daily safety control.
Experimental research based on Schulte-Gorbov tables was conducted to evaluate attention stability,
perception speed, and cognitive response of metro drivers. A month-long self-testing experiment
performed before and after shifts revealed statistically significant differences depending on the driver’s
condition - normal, drowsy, or fatigued. The analysis demonstrated that fatigue and reduced alertness
lead to slower reaction time and lower concentration, negatively affecting driving safety. The results
confirm the effectiveness of the Schulte test as a practical tool for monitoring the psychophysiological
readiness of metro drivers and for preventing human-factor-related errors during transport operations.

Keywords: rail transport, human operator, automated control, ergatic system, psychophysiological
state of the driver, testing.

The automation of metro operations under global digitalization is one of the key directions in the
development of passenger transportation systems in urban rail transit. Metro trains with automated train
operation (ATO) are classified by levels of automation, ranging from fully manual control to complete
autonomy governed by an onboard computer. Currently, four levels of automation are defined
(commonly referred to as Grades of Automation or GoA):

1. GoA 1 (Grade of Automation 1): trains require continuous presence of a driver who is responsible
for acceleration, braking, and door operations.

2. GOA 2: partially automated trains, where acceleration and braking are performed automatically,
but the driver remains responsible for stopping at stations and door control.
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3. GOA 3: there is no driver in the cab, but a staff member is onboard to monitor door operations
and respond to emergencies, while all other functions are automated.

4. GoA 4 (Unattended Train Operation — UTO): fully autonomous trains operated entirely by the
onboard computer system without any human presence, including door operations.

Experts in the field of ATO design and implementation emphasize that major technological disasters
typically result not from a single cause, but from a chain of multiple contributing factors forming a fatal
sequence. While the causes of such incidents may vary, they are almost always united by a common
element: the human factor.

From a technological standpoint, full automation of metro train operations is simpler than developing
self-driving cars. However, the potential consequences of safety violations in rail transport are
significantly more severe. This may explain why the global transition to driverless metro systems is
occurring more slowly than expected.

Nevertheless, the number of metro lines operating under automated control continues to grow. Some
systems have already eliminated human drivers entirely or are gradually reducing their number. The
primary reason why the Kyiv Metro is not yet prepared for driverless trains is the intensity of train
traffic. For safe operation without drivers, the headway between trains must be at least 2.5 minutes,
while in Kyiv it is often significantly shorter. Additional challenges include the inability to remotely
resolve technical malfunctions. Another obstacle is the high financial cost of implementing ATO, which
may not be offset by simply replacing the driver with automation, as this requires extensive upgrades to
trains, stations, track infrastructure, and signalling systems. Therefore, ensuring the reliability of the
human driver will remain a relevant and critical issue for the foreseeable future. The article explores the
issue of diagnosing the driver’s condition at various stages of the work shift.

Analysis of recent research and problem statements. Research on the human factor in
railway transport is a cornerstone of traffic safety. Contemporary approaches are shifting from
reactive analysis of consequences to proactive risk management, which implies the
identification of latent failures, psychophysiological limitations of operators, and organizational
shortcomings.

Study [1] presents the REVIEW methodology for proactive assessment of organizational
safety, which enables the identification of hidden risk factors at the managerial level. It
distinguishes three groups of determinants: policy and management decisions, workplace
culture, and operational conditions. The method has proven effective in detecting systemic
causes of accidents and engaging personnel in safety management. However, this approach
focuses on organizational aspects and does not account for the individual psychophysiological
characteristics of the driver prior to departure.

In [2], it is emphasized that the human factor remains central at all stages of the system life
cycle. The authors criticize the excessive reliance on standards EN 50126—-EN 50129, proposing
to integrate ergonomic and cognitive analysis into system design to reduce the likelihood of
human error. Nevertheless, their focus lies on standardized procedures and quantitative risk
assessment without real-time diagnostics of the driver’s condition, which prevents capturing
short-term fluctuations in attention and performance.

Article [3] justifies the application of the Model-Based Systems Engineering (MBSE)
methodology for integrating safety requirements into the design process, ensuring traceability
of risks and consistency between technical and “human” aspects. Yet, this model-oriented
approach does not encompass individual psychophysiological factors of personnel during actual
operation; there remains a need for real-time assessment tools for drivers’ states to complement
engineering methods.

Study [4] investigates the relationship between neuroticism, occupational stress, and
psychological symptoms in metro drivers: high neuroticism amplifies stress and fatigue,
impairing work quality. Work demonstrates the role of safety culture (employee participation,
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communication, training) in reducing accident rates and enhancing collective psychological
resilience. However, these studies rely mainly on subjective questionnaires without objective,
real-time measurements of operator state.

Paper [5] classifies types of fatigue (physical, mental, central) and distractions (visual,
auditory, cognitive, biomechanical); major risk factors include monotony, circadian rhythm
disruption, and sleep deprivation. Research [6] develops the concept of objective monitoring,
proposing an algorithmic model for detecting cognitive distractions using ECG and HRV data,
achieving high classification accuracy - confirming the potential of automated real-time driver
monitoring. Nevertheless, these works emphasize signal processing without demonstrating
implementation in actual metro conditions (short runs, high traffic frequency, compact cabins)
or integration into pre-departure procedures.

Study [7] analyzes SIL allocation practices in EU countries and proposes unifying risk
acceptance approaches for interoperability. Article [8] stresses the integration of functional
safety and cybersecurity into a single risk management framework, as cyber threats can
compromise safety. However, these works maintain a regulatory—technical focus, neglecting
the human factor as a source of hazard and lacking mechanisms for operational monitoring of
operators’ psychophysiological states.

Article [9] proposes an integrated methodology for assessing metro drivers’ fatigue risk
based on the AHP—FCE model, which covers physiological, psychological, managerial, and
environmental factors, confirming the effectiveness of quantitative fatigue assessment (case
study result - “medium” risk). However, it still depends on expert judgments and lacks
continuous, objective real-time monitoring before and during operation.

Study [10] surveyed 1,194 Tehran Metro drivers using Samn—Perelli, FAS, and NASA-TLX
scales: fatigue significantly increased by the end of the shift, and cognitive workload positively
correlated with exhaustion (greatest contributors — time pressure and cognitive demands). The
limitation lies in the exclusive use of self-assessment tools without biometric data, making it
impossible to detect the exact onset of dangerous fatigue.

Work [11] compares automation levels GoA1-GoA4: at lower automation levels (GoAl-
GoA2), cognitive workload and fatigue are higher; at higher levels (GoA4), workload
decreases, but the risk of losing situational awareness grows. The driver remains a critical
control and response element. However, this study provides only comparative analysis without
instruments for objective real-time assessment of individual driver states.

Article [12] analyzes behavioural risk models in the railway sector, considering individual
psychophysiological characteristics, safety culture, and technical aspects of interaction with
automated systems. It recommends continuous personnel monitoring and the use of biometric
sensors. Yet, the study remains largely conceptual, lacking validated measurement protocols
and practical implementation tools.

Organizational and regulatory tools (REVIEW, SIL, MBSE) are necessary but insufficient
without considering the individual operator’s condition. Safety culture and psychological
factors (stress, neuroticism) substantially affect reliability but are still assessed mostly through
subjective measures. Biometric and machine-learning approaches demonstrate potential for
objective monitoring; however, they require adaptation to metro-specific constraints and
integration into pre-operation procedures.

Despite the increasing levels of automation (GoA2-GoA4), the driver remains the critical
link in the human-machine (ergatic) system: vigilance, reaction speed, fatigue, and
concentration directly determine traffic safety. Existing methods - from organizational
frameworks (REVIEW, SIL, MBSE) to safety-culture programs - do not provide fast, objective
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evaluation of a specific driver’s functional readiness immediately before a trip. Medical-

psychological examinations are largely formal and fail to reflect the driver’s current

psychophysiological state at the moment of duty clearance. Subjective questionnaires cannot
capture short-term critical changes, while biometric monitoring technologies have not yet been
fully integrated into real metro operations.

Therefore, it is essential to ensure the reliability of the human factor in metro driver activity
by developing an objective, rapid, and operationally applicable system for assessing their
psychophysiological condition prior to a trip. Such a system should combine validated
biometric indicators (e.g., HRV, attention and reaction tests), algorithms for detecting risk
states, and clear threshold criteria for work clearance; it must be compatible with cabin and
schedule constraints and seamlessly embedded into safety processes - complementing existing
regulatory and organizational mechanisms.

The purpose and tasks of the study. The purpose of the study is to analyze the use of Schulte tables
for diagnosing the functional state of a metro train driver.

The task of the study:

1. To identify the existing system for ensuring human reliability in the Kyiv Metro.

2. Toconduct an experiment aimed at assessing the functional state of a train driver using the Schulte

table test.

3. To process the experimental results and determine relevant patterns and regularities.

Materials and methods of research.

1. Identification of the Existing Human Reliability Assurance System in the Kyiv Metro
The impact of human factors on violations of traffic safety in transportation systems is highly

significant. Therefore, there is a pressing need to develop a comprehensive set of tools for monitoring

the human condition, designing safety systems in vehicles involved in passenger and freight
transportation, implementing hygienic measures, reducing working hours, and more [13, 14]. The

"human factor" in this context is considered from two perspectives: (1) the objective determination of

the degree of human involvement in safety violations; and (2) the creation of systems and technical

means for monitoring, training, and duplicating human activities.

Additionally, attention should be paid to the three-level manifestation of the human factor’s influence:
1. Individual human factor — actions of train drivers, dispatchers, and other personnel who’s direct
behaviour led to safety violations;

2. Work organization — incorrect decisions made by supervisors, maintenance crews, outdated

operational instructions, which indirectly contributed to violations;

3. Design and engineering level - errors or shortcomings made by developers of technical

equipment, documentation, and technological solutions, including manufacturers, research

institutions, design, and engineering organizations.

Human activity within the railway transport system can be characterized by its final result RR, which is

determined by the following function:

KP=f(C-H-3), (1)

where CC — predisposition to perform a specific type of work;
LL — level of training;
HH — current health condition.

Thus, the final result represents an integrated expression of these three components. However, a
tangible outcome can only be achieved when each component has a non-zero value. If any of the
components equals zero, the overall effectiveness of a person’s activity within the railway transportation
system will also equal zero.
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Let us consider the implementation of the three components from equation (1) [15] within transport
systems.

(1) Predisposition.

An individual’s predisposition to perform a specific job is assessed through a professional selection
system. The main objective of professional selection is to identify and recruit individuals who are most
capable of efficiently performing the required tasks. Depending on the level of responsibility and the
impact of a given profession, various types of professional selection are applied in the transportation
sector, including:

1. Socio-educational selection, which determines the level of education, living conditions, age,

professional skills, and a range of social and psychological characteristics (e.g., predisposition to

disciplinary violations, personality traits, etc.);

2. Medical selection, which aims to assess an individual’s state of health and its suitability for the

chosen profession;

3. Psychophysiological selection, aimed at identifying professionally important qualities necessary

for acquiring knowledge, skills, and abilities, and which influence the success of training and

effectiveness in professional activity;

4. Psychological selection, which focuses on identifying psychological traits that are critical for

successfully performing the given job.

(2) Level of Training

This component reflects the amount of knowledge and expertise possessed by a given specialist. It
includes:

1. Basic education received in accredited institutions of levels 11-1V;

2. Secondary education or retraining obtained at institutions of levels Il1-1V;

3. Advanced professional training;

4. Experience exchange through participation in seminars, conferences, workshops, and other

scientific or technical forums as an attendee or speaker;

5. Self-education, including engagement with professional literature and relevant media (libraries,

mass media, internet) to enhance subject knowledge or broaden professional outlook.

(3) Health Status or Functional Psychophysiological State

This component is maintained in four key areas, as regulated by the company or employer:

a) periodic medical and psychological examinations;

b) pre-shift health screening to assess the worker's fitness to perform duties;

¢) intra-shift monitoring of the current condition to evaluate ability to continue working;

d) post-shift evaluation aimed at determining the need for recovery measures after duty completion.

Additionally, individual responsibility for maintaining one’s own health plays a role, which depends
on both the personal cultural level and the corporate culture of the organization.

A study was conducted under the conditions of the Kyiv Metro to evaluate the real-time condition of
train operators. It is well known that the train operator plays a key role in ensuring the safety of passenger
train movement.

To assess the functional state of the train driver, a psychophysiological method — the Schulte Tables
Test - was proposed [16].

The essence of working with Schulte tables lies in the rapid and sequential identification of all
numbers or other objects arranged within the grid. The table size may vary, but most commonly it is
5%5 or 7x7. The tables can be either colored (most often red and black) or non-colored. During testing,
the primary emphasis is placed on the speed of number recognition. Typically, Schulte tables are used
to develop the pace of information perception, as well as to assess the current state of this cognitive
function. Continuous practice with Schulte tables enhances peripheral vision. A wide visual field
reduces the time required to locate relevant information segments. Furthermore, the use of such tables
improves the speed of visual scanning movements.

Additionally, Schulte tables are frequently employed in neuro-linguistic programming (NLP)
training to achieve a so-called “high-performance state.” This state is characterized by a shift in
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consciousness from critical perception to a certain level of detachment, allowing individuals to perform
logical and sequential tasks more efficiently. In essence, this effect is also important for speed reading.
Schulte tables are well-known among psychologists, psychophysiologists, educators, and human
factors specialists under alternative names such as Schulte—Gorbov Tables or Schulte—Platonov Tables.
In the current experiment, red-and-black Schulte—-Gorbov Tables [17] were used, as illustrated in
Figure 1.

12 | 21 23 21 1 19 9
2 11 12 14 5 10 19
3 25 6 8 183 | 17 | 16
10 3 9 17 1 18 18
6 8 22  § 4 24 14
20 -+ 23 24 20 2 22

1 7 15 16 13 5 1

Fig. 1. Appearance of red-and-black Schulte—Gorbov tables

The tasks assigned to the subject primarily involve: (a) the sequential search for numbers of a single
color in ascending or descending order, and (b) a mixed search pattern: black humbers in ascending
order and red numbers in descending order, i.e., 1 black, 25 red, 2 black, 24 red, ... 24 black, 1 red. The
test completion time is recorded for each session. The researcher conducting the experiment in 2023
was V. O. Samoylyk, then a graduating student and now a co-author of this article, who at the time
worked as a train operator for the Kyiv Metro.

Experimental Design

The researcher was instructed to perform self-testing using the Schulte—Gorbov tables before and
after each work shift. The duration of the study was one month.

Each self-test session included the following steps:

1. Accessing the red-and-black Schulte-Gorbov table online via the website:

https://cepia.ru/speedreading/schulte/gorbov

2. Completing a single test using the mixed number search method (variant (b) described under

Figure 2), with precise measurement of test completion time;

3. Recording the completion time in the experiment log.

Research Hypothesis

The hypothesis of the experiment was to confirm the statistical significance of the difference in test
results before and after the work shift.

Results of the Research

Identification of the Human Reliability Assurance System in the Kyiv Metro.

A study was conducted within the operational environment of the Kyiv Metro to examine the key
aspects of human factor integration. Based on this research, a structured model for ensuring human
reliability was developed, as illustrated in Figure 2.
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Pre-trip examination Post-trip examination

Line paramedic Line paramedic

Fig. 2. Human Reliability Assurance System in the Kyiv Metro

2. Conducting an Experiment to Determine the Condition of a Metro Train Operator Using the
Schulte Method
The results of the experiment are presented in Table 1.

Table 1. Experimental Results for Determining the Functional State of the Train Operator

Before the shift After the shift
Ne | Date | Day of the week
Test time/Well-being | Result | Test time / Well-being | Result

1 2 3 4 5 6 7
1 | 29.09 Fri 14:02/N 1:44 21:32/N 2:31
2 | 30.09 Sat 07:09/D 1:50 14:39/N 2:32
3 | 01.10 Sun 16:45/N 1:29 - -
4 | 02.10 Mon - - 09:05/F 2:42
5 | 03.10 Tue 10:00 1:18 16:00 1:33
6 | 04.10 Wed 07:04/D 1:34 14:31/N 1:23
7 | 05.10 Thu 12:35/N 1:26 16:35/N 1:52
8 | 06.10 Fri 07:25/N 1:55 15:11/N 2:40
9 | 07.10 Sat 09:00/N 1:33 15:39/N 1:59
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Continuation of Table 1

1 2 3 4 5 6 7

10 | 08.10 Sun 07:20/N 2:00 13:31/N 2:21
11| 09.10 Mon 07:01/D 2:05 13:16/N 2:26
12 | 10.10 Tue 13:39/N 1:45 20:31/N 2:01
13 | 11.10 Wed 17:26/N 1:49 - -

14 | 12.10 Thu - - 09:01/F 3:.01
15| 13.10 Fri 06:30/D 2:01 13:31/N 1:41
16 | 14.10 Sat 09:03/N 1:18 16:51/N 3:15
17 | 15.10 Sun 10:00/N 1:19 16:00/N 1:.01
18 | 16.10 Mon 10:00/N 1:23 16:00/N 1:17
19 | 17.10 Tue 10:00/N 1:21 16:00/N 1:20
20 | 18.10 Wed 16:41/N 1:33 - -

21| 19.10 Thu - - 09:01/F 4:00
22 | 20.10 Fri 06:30/F 1:59 13:30/N 1:25
23 | 21.10 Sat 16:41/N 1:40 - -

24 | 22.10 Sun - - 09:01/F 4:05
25| 23.10 Mon 06:35/D 2:30 13:30/N 1:30
26 | 24.10 Tue 10:00/N 1:00 16:00/N 1:22
27 | 25.10 Wed 17:00/N 1:42 - -

28 | 26.10 Thu - - 09:06/F 4:55
29 | 27.10 Fri 06:30/D 2:00 13:30/N 1:49
30 | 28.10 Sat 13:02/N 0:59 19:57/N 1:31
31| 29.10 Sun 10:23/N 1:17 17:00/N 1:39
32 | 30.10 Mon 13:34/N 1:15 19:34/N 1:52

Days off are highlighted with a yellow background. The letter N indicates a normal state of well-
being, D (Drowsy) indicates a drowsy condition, and F (Fatigued) indicates fatigue.

3. Processing of Experimental Results and Identification of Patterns

The processing of the experimental results was carried out under the assumption that the statistics of
the outcomes follow a normal probability density distribution of test completion time (x), described by
formula (2)
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1 (x-m)’
f(X)=—=——-& 2°,
() N2:-m-oc (1)

where m is the mathematical expectation (mean) of the continuous random variable X, representing the
time to complete the Schulte-Gorbov test;
o is the standard deviation, or the root mean square deviation of the random variable x from its mean
value m, which serves as an analogue of variance - that is, the dispersion of x around the distribution
center m.

The relation (2) is well known. However, the inclusion of this formula in the article is explained by
the need for a clear understanding of the parameters given below.

In a normal distribution (2) about 70% (68.27%) of all possible values of x lie within the interval m
*+ o [18].

Interval:

[m—oc,m+c]=norm. 3)

We will refer to this as the norm of a random process described by the random variable x. Thus, in
order to determine the norm for V. Samoilyk's condition, two parameters must be known: m, .

It is well known that determining these parameters requires an infinite number of experiments, which
is unrealistic. Therefore, in practical mathematical statistics, analogues of these values are used the
arithmetic mean

n

D%
X~m=1L1—
n 4)

and the standard deviation

()

Now, let us determine the values of m and o according to formulas (4) and (5) for the various states
of well-being of the test subject.

a) First, for general information (Table 1)

We calculate the arithmetic mean using the formula for the overall result of the experiment:

n

D%

X ~m=-12— =1 9min.=1min.54sec.(114sec.).
n

We calculate the standard deviation using the formula for the overall result of the experiment:

= 0.8min.(48sec).
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Then, according to equation (3), we determine the overall norm:
Norm1 (gen) = [66, 162].
b) For the normal functional state (Table 2 derived from Table 1)

Table 2. Experimental Results for Determining Functional State During Morning Shifts

(State N Highlighted with Yellow Background)
Before the shift After the shift

Ne | Date | Day of the week

Test time/ Well-being | Result |Test time / Well-being| Result
1 2 3 4 5 6 7
1 |30.09 Sat 07:09/D 1:50 14:39/N 2:32
2 103.10 Tue 10:00/N 1:18 16:00 1:33
3 |04.10 Mon 07:04/D 1:34 14:31/N 1:23
4 106.10 Fri 07:25/N 1:55 15:11/N 2:40
5 107.10 Sat 09:00/N 1:33 15:39/N 1:59
6 |08.10 Sun 07:20/N 2:00 13:31/N 2:21
7 109.10 Mon 07:01/D 2:05 13:16/N 2:26
8 |12.10 Thu - - 09:01/F 3:01
9 |13.10 Fri 06:30/D 2:01 13:31/N 1:41
10 (14.10 Sat 09:03/N 1:18 16:51/N 3:15
11 |15.10 Sun 10:00/N 1:19 16:00/N 1:01
12 |16.10 Mon 10:00/N 1:23 16:00/N 1:17
13 (17.10 Tue 10:00/N 1:21 16:00/N 1:20
14 |19.10 Thu - - 09:01/F 4:00
15 |20.10 Fri 06:30/D 1:59 13:30/N 1:25
16 (22.10 Sun - - 09:01/F 4:05
17 |23.10 Mon 06:35/D 2:30 13:30/N 1:30
18 (24.10 Tue 10:00/N 1:00 16:00/N 1:22
19 (26.10 Thu - - 09:06/F 4:55
20 [27.10 Fri 06:30/D 2:00 13:30/N 1:49
21 {29.10 Sun 10:23/N 1:17 17:00/N 1:39
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Using formulas (4) and (5), the following results were obtained:

m=2.03 min.=2 min. 1 sec. (121 sec.);
06=0.93 min. (56 sec).

Table 3. Experimental Results for Determining Functional State During Evening Shifts

(State N)
Before the shift After the shift
Ne | Date | Day of the week
Test time/ Well-being | Result | Testtime / Well-being | Result

1 ]29.09 Fri 14:02/N 1:44 21:32/N 2:31
2 |01.10 Sun 16:45/N 1:29 - -

3 |05.10 Thu 12:35/N 1:26 16:35/N 1:52
4 110.10 Tue 13:39/N 1:45 20:31/N 2:01
5 |11.10 Wed 17:26/N 1:49 - -
6 |18.10 Wed 16:41/N 1:33 - -
7 121.10 Sat 16:41/N 1:40 - -
8 |25.10 Wed 17:00/N 1:42 - -
9 [26.10 Thu - - 09:06/F 4:55
10 |28.10 Sat 13:02/N 0:59 19:57/N 1:31

Using formulas (4) and (5), the following results were obtained:
m=1.92 mim.=1 min. 55 sec. (115 sec.);
6=0.94 min. (56 sec).

Table 4. Experimental Results for Determining Functional State Under Normal (N) Condition

Ne | Date | Day of the week Before the shift After the shift
Test time/ Well-being | Result | Test time / Well-being | Result

1 2 3 4 5 6 7

1 129.09 Fri 14:02/N 1:44 21:32/N 2:31
2 130.09 Sat - - 14:39/N 2:32
3 |01.10 Sun 16:45/N 1:29 - -

4 103.10 Tue 10:00/N 1:18 16:00/N 1:33
5 104.10 Wed - - 14:31/N 1:23
6 |05.10 Thu 12:35/N 1:26 16:35/N 1:52
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Continuation of Table 4

1 2 3 4 5 6 7

7 106.10 Fri 07:25/N 1:55 15:11/N 2:40
8 107.10 Sat 09:00/N 1:33 15:39/N 1:59
9 |08.10 Sun 07:20/N 2:00 13:31/N 2:21
10 (09.10 Mon - - 13:16/N 2:26
11 |10.10 Tue 13:39/N 1:45 20:31/N 2:01
12 |11.10 Wed 17:26/N 1:49 - -

13 (12.10 Thu - - 3:01
14 |13.10 Fri - - 13:31/N 1:41
15 (14.10 Sat 09:03/N 1:18 16:51/N 3:15
16 (15.10 Sun 10:00/N 1:19 16:00/N 1:.01
17 (16.10 ITu 10:00/N 1:23 16:00/N 1:17
18 (17.10 Tue 10:00/N 1:21 16:00/N 1:20
19 (18.10 Wed 16:41/N 1:33 - -

20 {20.10 Fri - 1:59 13:30/N 1:25
21 21.10 Sat 16:41/N 1:40 - -

22 |23.10 Mon - - 13:30/N 1:30
23 24.10 Tue 10:00/N 1:00 16:00/N 1:22
24 125.10 Wed 17:00/N 1:42 - -

25 (27.10 Fri - - 13:30/N 1:49
26 [28.10 Sat 13:02/N 0:59 19:57/N 1:31

Overall, for the normal condition, the following results were obtained:
m=1.7 mim.=1 min. 42 sec. (102 sec.);
6=0.29 min. (32 sec).
The norm in the normal state is:

Norm2(H)=[70,134]. ©6)

¢) For the fatigued functional state (Table 5 derived from Table 1)
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Table 5. Experimental Results for Determining Functional State Under Fatigued (FG)

Condition
Before the shift After the shift
Ne | Date |Day of the week
Test time/ Well-being | Result |Test time/Well-being| Result

10210 Mon - - 09:05/F 2:42
2 | 12.10 Thu - - 09:01/F 3:.01
3 | 19.10 Thu - - 09:01/F 4:00
4 12210 Sun - - 09:01/F 4:05
5 | 26.10 Thu - - 09:06/F 4:55

Using formulas (4) and (5), the following results were obtained:
m=3.74 mim.=3 min. 44 sec. (244 sec.);
06=0.88 min. (53 sec).
In the fatigued state, the calculated norm is:

Norm3(F)=[171,277]. @)

For the drowsy functional state (Table 6 derived from Table 1).

Table 6. Experimental Results for Determining Functional State Under Drowsy (DR)

Condition
Before the shift After the shift
Ne | Date |Day of the week
Test time/ Well-being | Result | Test time / Well-being | Result
30.09 Sat 07:09/D 1:50 - -
04.10 Wed 07.04/D 1:34 - -
3 | 09.10 Mon 07.01/D 2:05
4 | 13.10 Fri 06:30/D 2:01 - -
5 | 23.10 Mon 06:35/D 2:30 - -
6 | 27.10 Fri 06:30/D 2:00 - -

Using formulas (4) and (5), the following results were obtained:
m=1.99 mim.=1 min. 59 sec. (119 sec.);
06=0.2 min. (12 sec).

In the drowsy state, the norm is:

Norm(D)=[107,131]. ®)
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Now, the calculated data are summarized in the consolidated Table 7.

Table 7. Operator’s Norm in Three Functional States

Value, sec
State
m o norm
Normal (N) 102 32 [70, 134]
Drowsy (D) 119 12 [107, 131]

The norm reflects the quality of test performance, i.e., the readiness for work. For clarity, the
results of the norm presented in Table 7 are visualized graphically (see Figure 3).

60 80 100 120 140 160 180 200 220 240 260
time, sec.

Figure 3. Norm Positions for Performing the Schulte Psychophysiological Test for Three Operator
States: Normal (green), Drowsy (yellow), and Fatigued (red)

Conclusions. Based on the analysis of Table 7 and Figure 3, the following conclusions can be drawn:

1. The normative performance on the Schulte test varies across different functional states;

2. Tt has been demonstrated that as the operator’s condition deteriorates, the normative value shifts
to the right, indicating an increase in test completion time, which in turn reflects a decline in attention-
switching readiness and driver reaction speed;

3. The hypothesis regarding differences in driver behaviour norms under various conditions, as
measured by the Schulte test, has been confirmed,;

4. The Schulte psychophysiological test can be effectively used to assess a driver’s readiness for
duty.
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MEMPONOTIMeHny, 30CepeoddiceHo Y8azy HA Memooax OYIHIOBAHHS NCUXoQizionoziunozo cmamy
Mawunicmis neped noyamxom 3minu. [lpoananizosano ditouy cucmemy KOHMPOIIO TOOCbKO20 YUHHUKA
6 Kuiscokomy mempononimeni ma niOKpecieHo HeOoOXiOHICMb YNPOBAONCEHHA 00 EKMUBHUX
OdiaeHOCMUYHUX 3aco0i8 Y WooenHy npakmuky Oesneku pyxy. Excnepumenmanvui 0ocaiosicenns i3
s3acmocyganuam mabauys [lyneme—I opbosa Oanu 3mo2y oyinumu cmiukicme yeacu, WEUOKICMb
CHpULIHAMMS Ma KOZHIMUBHY peakyio mawunicma. [lpomsazom micays camomecmysants 00 i nicis
3MIHU 8UABNIEHO CIAMUCIMUYHO 3HAYYWI BIOMIHHOCIE Y Pe3YIbIMamax 3aieicHo 8i0 (YHKYIOHAIbHO2O
CMaHy NpayieHuUKa - HOPMANbHO20, COMAUB020 YU BMOMAEH020. AHANI3 NOKA3A8, WO 6moma mda
SHUNCEHHA OA0bLOPOCMI CNPUYUHAIOMb YINOBIIbHEHHA peaKyil, no2ipuieH s KOHYeHmpayii ma yeazu, ujo
He2amusHo 6NaUBA€E Ha be3nexy Kepysanus. Ompumani pezyrsmamu niomeepoicyions eQeKmusHicms
mecmy Illyneme sk 0i€c6oco iHcmpymeHmy Ot MOHIMOPUHZY NCUXOPIZI0N02IUHOT 20MOBHOCMI
MAUUHICMI8 i NONepeoIICeH st NOMULOK, NO8 SI3AHUX 13 TIOOCOKUM YUHHUKOM.

Knrouoei cnosa: 3anisHuuHUll mpancnopm, 100UHa-onepamop, ademomamu308aHe KepyeaHHs,
epeamuyHa cucmema, NCUxo@izionociuHuil Cmawn 600is, MECHy8aHHSL.
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