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Abstract. Problem. The quality of transport services for the urban population largely depends on the
coordination of the operation of different modes of urban passenger transport (UPT) at transfer nodes and
on common sections of the route network. As a result of excessive route duplication, uneven transport supply,
and operational constraints in urban electric transport, disruptions in service regularity, rolling stock
accumulation, and additional passenger time losses occur. Goal. The aim of this paper is to develop a
formalized approach to the adaptive coordination of UPT operations across different modes based on
a network-dynamic model. Methodology. The study combines a literature review of coordination in
UPT, transfer node operation, service headway regularity, and synchronization models with the
adaptation of the Kuramoto model of coupled oscillators to coordinate inter-route interactions in the
UPT system. Each route is represented as a phase oscillator. The coupling matrix is constrained by the
structure of the route network graph; that is, route interactions are considered only on common sections
and at transfer nodes. Results. A network-dynamic model for coordinating the operation of different
UPT modes is proposed. The Kuramoto order parameter is shown to be an indicator of the coordination
component of transport service quality. The role of urban electric transport as a backbone oscillator
with a fixed phase, relative to which the coordination of intermodal interaction of UPT is proposed to
be carried out, is formalized. Three phase states of the system are distinguished: phase drift, chimera
state, and phase locking. Originality. Unlike the classical Kuramoto model, the proposed approach
accounts for the topological constraints of the route network via spatial-technological coupling and the
specific features of intermodal coordination in UPT. It is substantiated that the target state of the system
is not complete synchronization, but phase locking with regular service headways. Practical value. The
model can be used to form an integrated system of adaptive dispatching control, allowing control actions
to be differentiated by the system's current phase state, coordinating the arrival of rolling stock at
transfer nodes, and reducing passenger time losses.

Keywords: urban passenger transport; intermodal interaction; coordination; Kuramoto model; order
parameter; dispatching control; network-dynamic model; transfer node; backbone phase; urban
electric transport.

Introduction and Analysis of publications interaction among different UPT modes is a key
factor in improving the quality of transport
services, as it ensures coordination of traffic
regimes, service headways, and the arrival times
of rolling stock at transfer nodes. The
consequences of uneven transport supply are
most clearly manifested at transfer nodes, where

The urban population is determined by the ability
of the transport system to ensure the coordinated,
regular, and accessible operation of different
modes of urban passenger transport (UPT) under
conditions of variable demand and limited
resources. In this context, technological
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passenger flows are concentrated, and vehicles of
different UPT modes and ownership forms
interact. Under conditions of excessive route
duplication, when several routes of different
modes of UPT have common sections of
movement and stopping points, the regularity of
service headways is disrupted, the probability of
simultaneous or closely timed vehicle arrivals
increases, and the phenomenon of rolling stock
accumulation (*bunching”) is formed [1], which
causes passenger time losses, overloading of
transfer nodes, and a decline in the quality of
transport services.

Existing approaches to solving the problem of
route operation coordination and the interaction of
different modes of UPT can be divided into two
main areas: static or tactical timetable
optimization [2-5] and dynamic real-time traffic
control [6, 7-9]. In addition, researchers have paid
considerable attention to the problem of transfer
coordination in public transport systems [10].
Transfer coordination at the tactical planning level
primarily aims to increase connectivity within the
route network, reduce passenger waiting time, and
ensure more seamless trips. At the same time, the
authors of the systematic review note that most of
the approaches considered are focused on planned
parameters of transport system operation:
timetables, standard headways, predetermined
transfer connections, and stable demand
characteristics. This limits their application in a
dynamic urban transport network, where actual
vehicle movements often deviate from planned
schedules, and interactions among different modes
of transport require operational adjustments.

In [11], the main emphasis is placed on the
organization of technological interaction in
transport within transfer nodes, the concept of the
functional stability of infrastructure facilities is
substantiated, and slot coordination of the
timetable and the permissible duration of vehicle
stay at nodes are proposed. This approach ensures
coordination through static planning of resource
characteristics, but it does not account for the
dynamic interactions among routes in real time.
Further development of the problem of
coordinating transport operations at transfer
nodes is presented in [12], which focuses on
timetable synchronization and the minimization
of passenger transfer time. The analyzed
approaches make an important contribution to the
study of improving the quality of transport
services; however, they do not fully take into
account the conditions of simultaneous operation
of different modes of urban passenger transport,
the degree of route duplication, and the

accessibility of different modes of transport, as
well as the need for operational adjustment of
rolling stock interaction in real time.

Therefore, the synchronization of rolling
stock arrival times should be considered not as an
isolated task of transfer optimization, but as a
component of a unified system for coordinating
the operation of different modes of urban
passenger transport, capable of adapting to real
disturbances in the transport system.

The problem of route duplication is often
analyzed separately from transfer
synchronization, although in real urban networks
these processes are interconnected [13-15].

To address UPT route duplication, the authors
of [13] demonstrate that duplication can have both
positive effects, such as increased coverage and
reliability, and negative effects, including
increased operating costs, network complexity,
and inefficient resource use. For Ukrainian cities,
this problem is of particular importance, since
route duplication often arises not as a result of
planned capacity redundancy, but as a
consequence of the fragmented organization of
transport services, the operation of transport
service market participants with different forms of
ownership, namely municipal and private carriers,
and the absence of a centralized system for
managing transport supply. Closely related to
route duplication is the problem of its perception
by passengers in the context of interactions among
different transport modes in multimodal networks.
The authors of [14] study passenger route-choice
models and emphasize that route duplication
affects not only the spatial characteristics of the
transport network but also passenger behavior, the
distribution of origin—destination flows, and the
assessment of trip alternatives due to the added
complexity of choice.

This indicates that excessive duplication
cannot be assessed solely by the length of
common sections or the number of routes. It
should be related to traffic intensity, passenger
demand, service headways, transport mode, and
the quality of transfer connections.

In [15], the authors propose a combined bus
scheduling approach that includes both all-stop
and stop-skipping services. This approach allows
for the consideration of passenger flow
imbalances between stops and overlapping
intervals. However, its application to urban
electric transport is limited, since trolleybus
routes offer less flexibility for route changes,
skipped stops, or redistribution of operational
work. Therefore, for the coordination of
trolleybus and bus transport, a model is needed
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that accounts not only for route duplication but
also for the operational differences between the
transport modes.

A separate research area is formed by real-
time transfer synchronization models. The
authors of [6] systematize operational control
tools, including vehicle holding at a stopping
point, speed regulation, stop skipping, short-
turning, operational rescheduling, route changes,
and boarding restriction. These methods are
important for improving transfer reliability;
however, they are primarily considered in the
context of bus routes or transport networks
operated by a single operator. For urban networks
in which municipal buses and electric transport
operate alongside buses of private carriers, this
assumption is simplified, since different modes
of transport have distinct operational constraints,
levels of controllability, and economic
motivations for operators.

The problem of operational traffic regulation is
also considered in the study by the authors of [9],
who proposed a holding model for UPT vehicles
with short service headways that accounts for
system dynamics. This approach has practical
significance for stabilizing service headways and
reducing bunching. At the same time, such
operational control cannot always be directly
applied across different modes of urban transport,
since the control actions for trolleybuses, buses,
and fixed-route taxis differ in terms of their
technological and organizational nature. In
addition, vehicle holding at a stopping point, by
itself, does not solve the problem of excessive
duplication of transport supply on common
sections of the network, since this tool affects only
the local coordination of arrival times.

Instead, overcoming the consequences of
excessive route duplication requires adaptive
coordination of service headways, distribution of
transport work across modes, determination of
the priority of backbone routes, and application
of mechanisms to regulate carriers' participation
in the transportation process.

One such mechanism is economic motivation
and contractual relations. Under conditions in
which private carriers are economically interested
in maintaining passenger flow and high service
frequency on profitable sections of routes, even if
such supply duplicates municipal transport
operations, contractual models of interaction
between transport authorities and private operators
may create a conflict of interest [16].

Therefore, an important aspect of
coordinating the operation of different modes of
UPT, in addition to technical or mathematical

algorithms, is a mechanism for aligning the
interests of all participants in the service process
through the introduction of a mechanism for
compensating carriers for the transport work
actually performed [17] and for ensuring carriers’
compliance  with  contractual  obligations
regarding the established level of transport
service quality and environmental standards.

The authors of [18] emphasize the need to
determine compensation for the provision of
socially important transport services in integrated
passenger transport systems, thereby providing a
methodological  basis for including a
compensation mechanism in the transport supply
management system.

However, in most studies, the compensation
mechanism is considered mainly a financial and
organizational tool rather than a component of
adaptive real-time coordination of transport
operations, which complicates its use based on
transport service quality indicators.

Therefore, it is relevant to address the issue of
ensuring effective interaction among different
modes of transport on routes by integrating
adaptive models to coordinate UPT mode
operations and a carrier compensation
mechanism  within  contractual obligations,
thereby developing an integrated adaptive system
to coordinate UPT mode operations.

Purpose and Tasks

The purpose of this study is to develop a formalized
approach to the adaptive coordination of the
operation of different modes of urban passenger
transport based on a network-dynamic model, with
the aim of improving the quality of transport
services for the urban population under conditions
of excessive route duplication. To achieve this aim,
it is necessary to analyze scientific approaches to
the coordination of urban passenger transport and
synchronization models; to adapt the Kuramoto
model to the task of coordinating inter-route
interaction; to formalize routes as phase oscillators;
to substantiate the Kuramoto order parameter as an
indicator of the coordination component of
transport service quality; and to determine the phase
states of the system.

Methodology for coordinating the operation of
different modes of urban passenger transport
based on a network-dynamic model

The integrated adaptive coordination system
(IACS) for the operation of different UPT modes
should be based on principles of self-regulation
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and synchronization of vehicle arrivals at transfer
nodes through operational responses to external
disturbances, using current GPS data in a
centralized dispatching system.

The formalization of coordination processes,
especially in dynamic management tasks under
conditions of excessive route duplication on
common sections of the route network [11] and
vehicle accumulation at transfer nodes [1, 19],
requires a specific mathematical apparatus that
makes it possible to simultaneously take into
account the structural characteristics of the route
network and the dynamics of temporal
parameters of route operation. The mathematical
apparatus of the theory of synchronization of
coupled oscillators in complex networks [20],
adapted in this study to the specifics of inter-route
interactions at transfer nodes, is used to solve this
task. This interaction involves temporal and
spatial events, including the simultaneous or
sequential presence of vehicles from different
routes at common points along the route network.
To provide a mathematical description of the
adaptive coordination system, the study proposes
integrating a dynamic approach based on the
Kuramoto model with spectral analysis [21].

Based on the conducted analysis of
publications, the parameters for assessing inter-
route interaction can be grouped into three
characteristic groups: structural parameters that
characterize the spatial configuration of
interaction, such as the number of routes passing
through a transfer node and the number of route
pairs with a significant intensity of transfer
passenger flow; flow parameters that characterize
the intensity of interaction during peak-load
periods, such as the hourly intensity of transfer
passenger flow between pairs of routes and the
total hourly transfer passenger flow at the node;
and temporal parameters that characterize the
dynamics of interaction, such as headways
between the arrivals of vehicles of different
routes, actual service headways on routes, and
their coefficients of variation.

The structure of inter-route interaction at a
transfer node is formalized as a weighted
undirected graph

G=(M,EW), (1)

where M - the set of vertices (routes passing
through the transfer node), M ={1,2,...m};
E — the set of edges (pairs of routes i—j with a
significant intensity of transfer passenger flow),

E={(i,j):i,jeM,i=jp;>0}; W —the edge

weight function, determined by the intensity of
transfer passenger flow between pairs of routes,
w(e)>0.

Unlike the traditional approach, in which the
vertices of the graph are stopping points, and the
edges are route sections, in the proposed model,
the vertices are route oscillators, while the edges
are pairs of routes interacting at the transfer node.

The proposed interpretation of the graph
corresponds to the Kuramoto model [19], in
which interactions between route oscillators are
described, and the graph's structure determines
the model's coupling matrix.

The inter-route interaction graph G should be
algebraically represented by an adjacency matrix
of size mxm, the elements of which are defined
as a normalized matrix of the total transfer
passenger flow

A=[a]a PP a0, @

» Hhj i
Prnax

where p;, p;;— transfer intensity between pairs of

routes i—j, pass. per hour; p,.. — the maximum

value of the total transfer passenger flow among
all route pairs at the transfer node, pass. per hour.

Normalization of the matrix by the maximum
value of the total transfer passenger flow ensures
the range a; € [0;1], which meets the
requirements of the Kuramoto model with the
standard coupling coefficient K. The need to
transform the asymmetric matrix of transfer
passenger flow data into a symmetric form is
substantiated by the fact that the coordination
effect between routes is realized regardless of the
direction of transfers.

To assess the structural properties of the inter-
route interaction graph, it is necessary to use the
Laplacian matrix [21]

L=D-A, 3)

where D — the diagonal matrix of vertex degrees
of the graph d =Zau ,
j

The second smallest eigenvalue 7>(L) known
as the spectral gap or the Fiedler value,
characterizes the algebraic connectivity of the
interaction graph, determines the system’s ability
to achieve phase locking [22], and serves as a
criterion for the rate of coherence attainment in
cases of strong coupling K=>1. The
determination of algebraic connectivity A, for a
transfer node is carried out by numerically
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computing the spectrum of the Laplacian matrix
using standard linear algebra libraries, such as
NumPy for Python, MATLAB, or R. According
to synchronization theory and within the
application of the Kuramoto-type model, a higher
value of 2, indicates a high degree of system
connectivity and its greater ability to reach a
synchronous state under a fixed level of noise and
dispersion of natural frequencies, whereas lower
values correspond to partially coordinated or
uncoordinated interaction.

Each i-th route (i=1,2,..m) is modeled as a
phase oscillator with its natural frequency w, , rad/s

©,=—, (4)

where h, —the scheduled service headway on the

i-th route, min. For consistency of measurement
units, minutes should be converted into seconds.

The time elapsed since the last arrival of a
vehicle on the i-th route at the transfer node is
converted to a phase angle within the range of the

trigonometric circle[0;27z). Accordingly, the

current phase of the i-th route is determined by
the formula, rad/s

_ 2n(At) )
0= sy A0<027]

where At; —the time elapsed from the last arrival

of a wvehicle of the i-th route to the current
moment, min.

The phase describes the vehicle's position on
the i-th route in the current operating cycle and is
automatically updated at the frequency of GPS
data updates to the vehicle's current coordinates,
namely every 30 s in the centralized dispatching
system. If GPS data for the i-th route is not
updated in the system within the specified time
interval, its phase is extrapolated based on the
vehicle's last recorded position on the route and
the average travel speed along the section from
the control point to the transfer node.

The proposed formalization of the current phase
parameter builds on the general idea of representing
periodic processes via a phase variable [19] and is
consistent with the approach in [23], which uses bus
arrival times at stopping points to describe the
synchronization dynamics of routes.

When developing the model, it is proposed to
coordinate the interaction around the electric
transport route with the maximum intensity of
transfer passenger flow as a backbone oscillator

with a fixed phase. Taking into account the
operational constraints on the maneuverability of
rolling stock, the trolleybus route is adopted as
the reference phase of synchronization

Ot)=w,-t+¢,, (6)

where 6(t) — the phase of the electric transport
route (trolleybus route), rad/s; wo— the own
frequency of the trolleybus route, rad/s; ¢o — the
initial phase, rad/s.

The coordination effect is implemented by
adjusting the phases of bus routes relative to the
trolleybus phase 6(t). This approach fully
corresponds to the priority of environmentally
friendly electric transport within the modern
concept of sustainable urban mobility and
integrated urban development. This hierarchy
fully corresponds to the idea of system
synchronization in the presence of a leading
oscillator. Under such a configuration, urban
surface electric transport routes act as leading
oscillators that, owing to their higher passenger
capacity and movement stability, impose the target
dynamic rhythm on the entire transfer node. The
entire bus segment aligns with the electric
transport timetable: high-capacity municipal buses
provide synchronized support for main corridors,
while the flexible phase trajectories of bus routes
operated by private operators are aligned with the
feeder network principle. This will enable more
even distribution of resources, reduce vehicle
accumulation at the transfer node, and minimize
passenger transfer time.

The adaptation of the model consists of
selecting the moment of arrival, specifically at
the transfer node, as the phase reference point,
which reflects the coordination task: the phases
of routes of different transport modes are aligned
with respect to their presence at the point of
interaction of vehicles of different routes, where
passenger transfers take place.

To describe the dynamics of inter-route
interaction, it is proposed to use an extended
classical Kuramoto model [19-23], adapted to the
specifics of inter-route interaction at transfer
nodes with a phase shift in the interaction function

dt
x[s,in(ej -6, —5] +& (1)

LIZONSSNLI SPN
R ™

where 6 - the phase shift parameter, which
specifies the target phase difference between
neighboring route oscillators in the phase-locking
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state. For a transfer node with m routes, the
optimal value of the phase shift
6 =2x1m,rad/s, corresponds to the uniform
distribution of route phases along the phase circle
and ensures uniform time headways between
vehicle arrivals at the transfer node; K - the
coupling coefficient, which characterizes the
strength of mutual influence between routes
through the control actions of the dispatching
system; £& (t) — random fluctuations that model

variations in service headways and fluctuations in
passenger flows, making it possible to take into
account the real operating conditions of UPT.

Numerical integration is performed using the
Euler method with a fixed step size min,
corresponding to the GPS data update frequency
in the system.

The adaptation of the Kuramoto model
consists in replacing the classical form, in which
all oscillators are connected by a complete graph
with equal weights, with a coupling matrix ajj
determined by the intensity of passenger flows
between pairs of routes. This defines the
network-dynamic type of the model, in which
phase dynamics are constrained by the structure
of the inter-route interaction graph constructed
from empirical or simulated parameters of
transfer passenger flows.

For graphs with a symmetric structure and a
uniform distribution of frequencies, the critical
value of the coupling coefficient is determined on
the basis of the spectral characteristics of the
graph [21]

K~ , (8)

where Aw - the width of the range of natural
frequencies of route oscillators, defined as the
difference between the maximum (e, ) and

minimum (w,;,) frequencies of the routes at the
transfer node.

The ability of the system to reach the state of
synchronization, or phase locking, is determined
by the relationship between the coupling
coefficient K and the critical value of the coupling
strength Kc. However, the operating mode of the
UPT system is determined not only by the ratio of
coupling strength but also by the controllability
structure of the route network, which arises when
a share of bus routes operated by private operators
is not integrated into the centralized dispatching
system. The combination of these two factors
determines three qualitatively different states of
the UPT system: the state of phase drift — when

K < K¢ the system is in a state of low coordination
or absence of coordination; the chimera state [24],
which is characterized by the corresponding ratio
for the subset of controlled routes (M. = M), which
is characterized by the corresponding ratio for the
subset of controlled routes, which includes
municipal passenger transport routes, namely
electric transport and high-capacity buses, as well
as bus routes of private operators integrated with
the centralized dispatching system through the
GPS monitoring system, and K~0 by another
ratio for the subset of uncontrolled routes operated
by private operators; and K > K¢, the state of phase
locking, when the entire set of m routes forms a
global dynamic structure with regular phase shifts
between adjacent elements. In the mathematical
description of this mode, a phase-shift parameter
is introduced that specifies the target phase
difference between neighboring route oscillators
in the phase-locking state. This is the target state
of adaptive control, characterized by a sharp
increase in the order parameter [21]. Thus, the
coupling strength determines the minimum level
of coherence and control influence of the
dispatching system at which stable stabilization of
service headways is possible.

An increase in the spectral gap A, reduces the
required coupling strength K¢, thus, in strongly
connected networks, synchronization is achieved
with smaller dispatcher control actions. An
increase in the frequency range Aw, on the
contrary, raises the required coupling strength,
since different degrees of route controllability
according to scheduled service headways
complicate their coordination.

Unlike the classical Kuramoto model with a
fully connected topology, the matrix aj in the
proposed adaptation of the model is determined
by the structure of the transport network: inter-
route interactions occur only on common sections
and at transfer nodes. The degree of route
synchronization is quantitatively assessed using
the Kuramoto order parameter

R0 = 2 ©

The order parameter R(t) integrates three
established aspects of the coordination
component of transport service quality (service
regularity, passenger waiting time, and the
absence of vehicle accumulation at stopping
points) into a single quantitative indicator with
an analytically defined range of values
R(t) €[0;1]. It is proposed to consider the order
parameter R(t) as an indicator of the
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coordination component of transport service
quality, characterizing the system's ability to
form a coordinated operating mode across
common sections of the route network and at
transfer nodes. Unlike aggregated quality
criteria  based on passenger time-loss
assessments, the parameter R(t) directly
describes the internal consistency of route-
oscillator operation and enables detection of
coordination disruptions before they manifest
as passenger time losses while waiting at a
transfer node.

Based on the formulated indicator for the
coordination component of transport service
quality, the objective function of the
dispatching control loop of the IACS for
different UPT modes is formalized. Its
mathematical task is to minimize the deviation
of the current state of system coherence from
the optimal value R™ and to stably maintain the
phase trajectory within the admissible region of
the phase-locking state

min,. ](R‘S(t) ~R')2dt,  (10)

under the constraints of the system state space
and operational constraints

Umin < Ui* (t) < Umax

Rmin < Ra‘ (t) < Rmax

C(t) < N,

@ =2 O <y,

(11)

where v, U — the maximum permissible

speeds of specific modes of UPT on the route
section from the control point to the transfer
node, km per hour; T — the total simulation time,
namely the duration of the calculation period for
assessing the states of the UPT system, s;
C(t) - the actual number of vehicles

simultaneously present at the stopping point,
units; N, —the number of bays in the bus stop

lay-by, units; 1, (t) — the total load current on

the feeder section of the overhead contact
network, A; I, (t)— the current consumed by

trolleybus k at time t, A; 1, — the maximum

m

permissible total current of the traction
substation protection setting, A,
. ®800-1200 Aat the nominal network
voltage of 600 V.

It should be noted that, when solving the

problem of UPT coordination, the tendency of the
classical Kuramoto order parameter toward unity
(R—1)is acritically inadmissible condition. This
means complete synchronization and complete
“merging” of phases, leading to the accumulation
of vehicles at the transfer node and along
common sections of routes, known as the
bunching effect.

In order to prevent phase “merging” and
ensure stable clock-based separation of trips,
the target mode of adaptive control for a system
with mmm routes is assessed using the
modified order parameter R(t), adapted to a
fixed shift step (5).

The proposed network-dynamic model for
coordinating the operation of different modes of
UPT has the following limitations: 1) the model
does not take into account unplanned closures of
route sections and road traffic accidents as
random external disturbances; 2) the model is
intended to be applied under peak-load
conditions; its application during the off-peak
period is a subject of further research; 3) the
model assumes the possibility of controlling the
phases of bus routes through the dispatching
system, provided that a “dispatcher—driver”
communication channel is available; in the
absence of such a communication channel, in
particular for private operators not integrated into
the centralized dispatching system, the
corresponding  routes are  modelled as
uncontrolled oscillators, which forms the
conditions for the emergence of the chimera state
described in the study.

Promising directions for further research
include: conducting experimental studies to
substantiate the boundaries of admissible regions
of the order parameter R(t) values using the
developed model for different states of the UPT
system and different types of inter-route
connections at a transfer node; developing a
control algorithm for the integrated adaptive
system for coordinating the operation of different
modes of transport according to the criterion of
the order parameter R(t) as the boundary of the
passenger-acceptable level of coordination of the
UPT system, below which the parameter value
will indicate deterioration of the coordination
component of quality and may be interpreted as
an indicator of an increased risk of passengers
refusing to use public transport services [1].
Solving these tasks will enable the dispatching
control loop to differentiate its control actions
based on whether the system's current phase state
lies within the defined regions.

Conclusions
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An approach to coordinating the operation of
different modes of urban passenger transport
under conditions of excessive route duplication
on common sections of the route network and at
transfer nodes has been substantiated. The
proposed network-dynamic model is an
adaptation of the classical Kuramoto model for
route coordination, in which each route is
represented as a phase oscillator and interactions
between routes are constrained by the route
network graph. This allows consideration not
only of the temporal consistency of rolling stock
arrivals but also of the spatial structure of route
interactions at common points in the transport
network.

The Kuramoto order parameter is proposed as
an indicator of the coordination component of
transport service quality, characterizing the level
of consistency in system operation. The model
proposes that urban electric transport serves as a
backbone oscillator with a fixed phase, relative to
which adaptive coordination of bus routes and
fixed-route taxis can be carried out, while
accounting for the operational constraints of
electric transport.

The classification of phase states of coupled
oscillators has been adopted to coordinate the
operation of urban passenger transport, and three
states have been distinguished: phase drift,
chimera state, and phase locking. It is
substantiated that the target state of the system is
not complete synchronization, but phase locking,
which ensures regular service headways,
coordinated arrivals at transfer nodes, reduced
passenger time losses, and improved transport
service quality. The objective function of the
dispatching control loop of the UPT coordination
system has been formalized, enabling
differentiation of control actions based on the
system's current phase state and directing its
dynamics toward the phase-locking region.
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®opmanizanis mnponecy koopauHanNii podoTH
pi3HuX BUIB MicbKOT0 NMAaCaAKUPCHKOT0
TPAHCNIOPTY HA OCHOBi MepeskeBO-THHAMIYHOI
moxaeai

Anomayin. Ilpobénema. fxicmv mpaHcnopmuozo
00C1y208y8aHHA HACENEHHA MICH 3HAYHON MIPOI0
3anedxcums 8i0 y32002ceHocmi pobomu pisHUX 6udie
Micbkoeo nacadxcupcokozo mpancnopmy (MIIT) y
nepecadouHux 8y3nax i Ha CRUbHUX — OLISIHKAX
mapwpymnoi  mepexci. Hacniokamu Haomiprozo

0yoOn108anHs mapwpymis, HepigHOMIpHOCMI
MPAHCROpmMHOI  Npono3uyii ma exkCcniyamayitiHux
obMmedsicens MICbKO20 €/1eKmpOmpPaHcRoOpmy
BUHUKAIOMb — NOPYWIEHHSL  PecyIApHOCMi  pYXY,
CKYNYeHHs PYXOMO020 CK1ady U 000amKos8i 4acosi
empamu nacasicupis. Mema. Pospoora
Gopmanizoeanoco  nioxody 0o  adanmusHoi

Koopounayii pobomu piznux eudie MIIT na ocnogi

Mepedicego-ounamiunoi  mooeni.  Memoodonozis.
Memooonoziunolo  ocno8ol0  00CHiONCEHHA €
aoanmayis Mooeni Kypamomo 38 "SA3aHUX
OCYUIAMOpI6 0o 3adaui Koopounayii

midemapupymuoi 83aemo0ii' y cucmemi MIIT. Koowcen
Mapwpym npeocmagnenHo K asoeutl ocyursmop,
Gaza K020 GUIHAYAEMbCST MOMEHMAMU NPUOYMMs
MPAHCNOPMHUX 3AC00I8 00 CRIILHUX MOYOK MePEiCL.
Mampuyio 36’53Ky 06MmedceHO cmpyKkmyporw epaga
mapwpymuoi mepedci. Pesynomamu. 3anpononosarno
Mepesce8o-OUHAMIYHY MO0elb KOOpOUuHayii pobomu
piznux eudie MIIT. Ilapamemp nopsaoky Kypamomo
00TPYHMOBAHO  AK — THOUKAMOP  KOOPOUHAYIUHOT
CKA0080i AKOCMI MPAHCNOPMHO20 00CIY208)8AHHSL.
Dopmanizo8ano pob MICbK020 eleKmpoOmpaHcnopmy
AK ONOPHO20 ocyunamopa 3 ¢pikcosarnoio ¢hasoro,
BIOHOCHO  AKO20  3ANPONOHOBAHO  30IUCHIOBAMU
KoopouHayito  Midceudosoi  ezaemooii  MIIT.
Buoxpemneno mpu ¢hazoei cmanu cucmemu. ghazoeuti
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Opeu¢h, cman xumepu ma @hazose 3aXONJEHHSL.
Opucinansuicms. Ha eiominy 6i0 knacuunoi mooeni
Kypamomo,  3anponomosanuii  nioxio  epaxosye
MONONIO2IUHI  0OMENCEeHH MAapupymHoi mepedici
uepe3  NPOCMOPOBO-MEXHONO2IUHULL 36 30K  ma
cneyughiky — miowceuooeoi  koopounayii  MIIT.
Ob6rpyHmosano, wo YinbosuUM CIMAHOM CUCIEMU € He
NOBHA CUHXPOHI3ayisa, a ¢hazose 3axonjieHHs 3
peeynsapnumu  inmepgaramu  pyxy. Ilpakmuune
3Hauennsn. Mooeno moodice Oymu GUKOPUCMAHA OISl
Gopmysanns iHmezposanoi cucmemu a0anmueHO20
OUCNem4epCcbKo20  YNPAGIIHHA, W0  00380UNb
Oougbepenyioeamu Kepyoui GnIUSU 3aleHCHO BI0
nomoyHo20 pazosoco cmany cucmemu,
y32000iCy8amu npuOYymms  pyxomozo Ckaady 0o
nepecacouHux 8y31i6 i 3MeHULy8amu 4acosi empamu
nacasicupie.

Kniouosi cnoeéa. MicbKu nacasicupCcoKuil
Mpancnopm,; Mixnceudosa 63aemodis; KOOpOUHAYis,
Mooeb Kypamomo; napamemp NnopsoKy;

oucnemuepcoke YIPAGIIHHSL, MePetce80-OUHAMIYHA
MOOenb, nepecadounuli 8y307, ONOpHA Pasza, MiCbKull
€1eKmpPOmMpPaHcnopm
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