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Purpose. To derive mathematical expressions that, using the available information, will allow forecasting the levels of electric-
ity consumption by the city’s outdoor lighting network in the main possible scenarios for several years ahead, as well as when de-
veloping an energy-efficient smart control system for the electrotechnical complex of lighting complex.

Methodology. Creating an effective intelligent outdoor lighting control system involves the use of the following methods. First,
using the empirical measurement method, information on illumination, electricity consumption, car and pedestrian traffic is ob-
tained. Statistical methods are used to identify patterns and relationships between the measured values, as well as to make subsequent
forecasts. For intelligent control of outdoor lighting, a decision-making method based on fuzzy inference is used, which allows one,
based on information about the operating conditions of the outdoor lighting network, to determine the recommended value of the
current or value of lighting devices and the required power source. This approach will ensure maximum system efficiency.

Findings. The obtained analytical dependencies for forecasting the electricity consumption, which are based on data from differ-
ent time intervals, have determination coefficients of 66.8 and 88.1 %, respectively. The simulation of the operation of a fuzzy control
system for the electricity consumption of outdoor lighting on the example of an operated part of the road operated and illuminated
by ten 100 W LED lamps for summer and winter nights with different discrete control steps confirms the possibility of achieving the
efficiency of outdoor lighting when using the proposed controllability option. The combined-powered control system is more effi-
cient, reducing electricity consumption in summer and winter by more than 70 % compared to traditional control schemes.

Originality. A fuzzy control system for the electrical complex of outdoor lighting in cities is improved, which takes into account
the electricity tariff in addition to the level of illumination and the car or pedestrian traffic when generating the control action for
the LED driver and determining the rational power source (grid or grid/battery) for lighting devices.

Practical value. The architecture of the system for controlling electricity consumption by electrical receivers of lighting net-
works based on the fuzzy inference algorithm is developed, which is recommended for use to ensure an increase in the energy ef-

ficiency of this class of municipal consumers.

Keywords: street lighting, power consumption, forecasting, fuzzy control, modeling

Introduction. In Ukraine, lighting electric networks are
structurally integrated into the national energy system and
represent an important segment in the formation of levels of
electricity consumption and, logically, as active consumers of
this type of energy, they should be among the creative actors in
solving the problem of increasing energy efficiency in the
country in general [1].

However, with a careful analysis of the possible ways of
achieving the expected effect in the energy efficiency of out-
door lighting (OL), nevertheless, from a number of general-
ized problems that need to be solved in the structure of the
technology of operation of the analyzed types of electric power
systems, the primary — basic task of these complexes (for
which they exist) comes to the fore — ensuring the quality of
lighting to the maximum possible reach of this indicator [2].

However, this problem is supplemented with new, addi-
tional factors over time.

Thus, as of January 1, 2022, the total length of OL power
grids in populated areas of Ukraine is more than 100,000 km,
the number of light points is about 2 million units, with a trend
of further growth [3].

Based on the official data, from literary sources available to
the author, it can be determined that the existing (general) state,
such as: technical and technological indicators of OL complex-
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es of most cities, district centers and villages of Ukraine, from
the standpoint of modernity, need to be improved [4].

Among such positions that exist today, and are odious for
Ukraine, a special place among the indicators inherent in OL
systems is occupied by the problem of the need to improve the
electrical energy of these complexes, since external lighting
systems in Ukraine are more than twice as energy-intensive
and consume almost twice as much electricity as needed light-
ing than in the developed countries of the world [5, 6].

The necessity of permanence as a process of increasing ef-
ficiency, including the energy efficiency and quality of OL of
cities and settlements in Ukraine, results in a problem, the so-
lution of which is absolutely necessary both for the economy of
local budgets and for the approximation of the state of compli-
ance with the desired modern level of comfort of residents —
the respective settlements citizens.

At the same time, an important addition to the above is the
fact that the components of the modern perception of the format
of the comprehensive efficiency of OL cities, today, have been
supplemented by a number of additional and very influential
components, the solution of which is no less important, both in
time and as a final option, than prefect existing problems.

Such additions include continuity and the need for adaptive
control of the level of illumination in the hours of the day and as
a function of a number of other non-trivial input parameters,
which are provoked by the circumstances of the current situa-
tion both in cities specifically and in the country in general.
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For real, in the conditions of modern perception, and visi-
ble and realistically achievable horizons, expected levels of en-
ergy efficiency, it is advisable to “disengage” from the existing —
purely canonical vision of the ways to implement this process —
exclusively by reducing the amount of electricity consumption,
and to the extent necessary to concentrate on solving the con-
trollability problem for this process with an emphasis on the
possibility of not only reducing the amount of electricity con-
sumption, although this remains a priority task in any option for
solving the problem of increasing energy efficiency, as much as
in restraining the growth rates of this indicator.

However, when forming a “road map” of such a poten-
tially effective solution option, one must understand that
managing the levels of electricity consumption over time for
such complex technologically complex and aggregatively
structured systems as lighting networks is a complex multi-
criteria process with a number of unpredictable and often con-
tradictory system-forming factors both in number and in terms
of their influence on the modes of operation of the analyzed
electric power complex |7, 8].

The above “logic of contradictions” can, to a large extent, be
minimized in accordance with the algorithm of the electricity
consumption process, according to a number of criteria and, in-
cluding, the function of the variability in time of the levels of light
emitted by the lamps. That is, the very process of electricity con-
sumption in lighting networks, in this version, can be character-
ized as transit — unclear, as a function of the level of illumination.

In this version, the control of OL is significantly changed,
with the transition from a single-functionality option to a mul-
tifunctional one. At the same time, both the functional capa-
bilities of these complexes — the limits of the use of technical
potential, and the efficiency of their functioning as a whole —
are expanding.

Literature review. Currently, street lighting is managed us-
ing fairly simple algorithms. As a rule, after sunset, with the
onset of dusk, lighting devices are turned on at 50 % power,
with the onset of night, OL light points begin to work at full
power. After that, the outdoor lighting works without changing
the mode of operation until 11 p.m., after which it is turned off
until dawn. At the same time, this is a generalized regime that
may change depending on the city or town, the intensity of
traffic and pedestrian traffic, etc. [9].

For example, in the city of Kyiv, 50 % of light points are
turned off between 11:00 PM and 6:00 AM [10]. This partial
shutdown is explained by the high pace of life in this city. In the
Poltava community, the streets along the trolleybus routes are
illuminated from 11:00 p.m. to 12:00 a.m., after which the out-
door lighting is turned off until morning [11]. In the city of
Kryvyi Rih, for the same period of time, which is indicated
above, from 11:00 p.m. to 5:00 a.m., the lighting network is
turned off almost completely, and at 5 o’clock in the morning it
is turned on again until dawn [12]. This is due to the fact that
the city is industrial and the end of the night shift or the start of
the day shift in factories starts very early, that is, workers need
to get to the workplace or go home. Of course, all the work
schedules described above correspond to peacetime, during
martial law they are usually not observed for obvious reasons.

Such an approach to outdoor lighting control can be con-
sidered manual, which limits and even makes impossible the
use of technological potential, which a priori can be achieved in
the field of control of the efficiency of the OL complex, because
special means, such as remote control and others are used in
this case only during switching on/off lighting devices, and en-
ergy consumption regulation as such does not occur at all.

In this format, the management of OL networks is carried
out, as a rule, centrally and remotely by dispatchers from con-
trol points using switchgear-contactors. Telecontrol systems
are also used with discreteness when transmitting commands
and continuity — in the mode of monitoring the technical con-
dition of OL networks [13].

To summarize, the realities of the manufacturability of the

functions of the existing automated control systems (ACS) for
settlements outdoor lighting complexes in Ukraine are mostly
limited to “on — off” operations, according to the hours of the
day: evening — night. At the same time, there are certain posi-
tive practical developments in the field of intelligent control of
outdoor lighting networks [14], but they are mostly inherent in
foreign studies, where various variants of ACS are actively
implemented among the known and practically implemented
modern technologies in the field of outdoor lighting [15, 16].

Based on the results of a preventive search and taking into
account the existing, significant in scope, variability and un-
certainty of the limits and levels of influencing factors on the
energy efficiency of OL networks and, in accordance with a
certain, but permissible level of bias in the assessment of the
modern vision of the directions for solving the stated problem,
it should be emphasized that the development of such com-
plexes, with controllable modes of their functioning, can and
should rely on options that are as close as possible in terms of
the technology of their functioning to the intellectual one.
This, accordingly, requires a careful study of the state and for-
malization of modern tasks and ways of solving them, which
should and can be assigned to new, comprehensively effective
types of electric power systems OL of cities and settlements.

When implementing such a “project”, it should be taken
into account that the structuring of project formats of OL
schemes, as a rule, is carried out situationally, in accordance
with the landscape, architecture of a particular city or settle-
ment, as well as in accordance with and based on existing
norms and standards [17], including in accordance with [18].
According to [18], “in cities and towns, industrial enterprises
should provide for centralized control of outdoor lighting”.

In the list of current trends in the field of increasing efficiency
in general and energy efficiency and reliability of OL in particu-
lar, a special place is occupied by the latest variants of the struc-
tures of their power supply systems (PSS) with distributed gen-
eration of electrical energy [19]. Such PSS provide both autono-
mous power supply to the electrical complexes of outdoor light-
ing |20, 21] and parallel power supply to the city grid [22, 23].

Nevertheless, for more correctness of the above interpreta-
tion, we note that, analyzing the results of the implementation
of these types of PSS structures in the practice of a number of
industrial and utility companies [6, 24], it is obvious that the
technologically “bare version” of such PSS potentially energy
efficient and synergistic in structure, in its final solution format,
is not able to provide an opportunity to achieve the level of their
energy efficiency to its maximum achievability, without the use
of electricity control elements in their functioning technology.

According to the established practice of building OL
structures existing in Ukraine, their PSS is carried out with a
TN-S grounding system through power points from trans-
former substations of general PSS of a specific city or settle-
ment. OL networks, having different execution structures,
nevertheless consist of a number of sequentially connected
sections — cascade variants [25].

The construction of OL networks today, as cascade op-
tions, provides for the practical possibility and what is imple-
mented — regulation of the consumed electrical power of these
complexes by turning them on in the evening (part of the light-
ing is turned off) and night (all lighting is turned on) modes of
operation, for which the cascades have phases night and eve-
ning modes of operation.

In accordance with [25], urban outdoor lighting should be
controlled from one central control center, but in large cities
with obstacles in the terrain, it is possible to provide district
control centers. In turn, outdoor lighting control systems should
ensure that it is turned off within no more than 3 minutes.

Thus, it is obvious that the format of tasks for the search
and development of new, modernly aimed at achieving the ef-
ficiency of outdoor lighting systems in settlements should logi-
cally be integrated into the basic standards of the relevant cri-
teria-requirements for these electrical complexes.
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Main material presentation. Substantiation of the methods
used. Creating an effective intelligent outdoor lighting control sys-
tem requires a thorough study that covers a wide range of meth-
ods. The initial stage involves collecting data related to the opera-
tion of the outdoor lighting network, such as energy consumption
levels, traffic and vehicle data, and weather conditions. Then,
using statistical methods, the data is analyzed to identify patterns,
trends, and relationships, as well as to make further forecast. For
intelligent control of outdoor lighting, a decision-making method
based on fuzzy logic inference is used, which allows one, based on
information about the operating conditions of the outdoor light-
ing network, to generate control of the current of lighting devices
that will ensure maximum system efficiency.

Results and discussion. Networks of OL complexes of cities
and settlements of the state are formats of related, or close to
this definition, variants of structures [10, 11]. However, a num-
ber of cities have their own system, which forms a variable spec-
ificity of the structuring of OL networks. Often, it is this speci-
ficity that determines difficult additional problems and, first of
all, regarding the energy efficiency indicators of OL as electric
energy complexes, as well as the development of their control
systems. One of the most difficult options in the queue for the
formation of the structure and management system of OL sys-
tems is the city of Kryvyi Rih (Dnipropetrovsk region) [12].

In connection with this interesting moment, according to
the complexity and scope of the expected research, as a scien-
tific search, in the direction being analyzed, there is an analysis
of the state of development of the OL structure, PSS parame-
ters and levels of power consumption by the lighting complexes
of this city, with its complexity and the peculiarity of the struc-
tures OL.

Analyzing the state of performance indicators of the func-
tioning of the OL networks on the example of the city under
consideration, it is reasonable and realistic to assert that over
the past ten years, the system-forming operational parameters
of the functioning of lighting complexes in the city have sig-
nificantly improved due to the constant work on this issue by
the relevant city structures. At the same time, taking into ac-
count the world experience, it is appropriate to state that the
potential for further growth of the efficiency of the OL remains
and should be realized.

At the same time, we should note that the structuring of
the lighting scheme in the city of Kryvyi Rih is much more
complicated than in most settlements of Ukraine. This is re-
lated both to the length of the city’s streets, some of which
reach several tens of kilometers, and to its landscape. The lat-
ter is difficult to format into a clear system or scheme, because
the landscape of the city is interspersed with a lot of man-
made disturbances.

The city has and is implementing a plan of measures to
modernize the PSS complexes of the city’s OL. Unfortunately,
the fullness of these measures, although necessary and still lim-
ited local solutions, are not able to provide an opportunity to
achieve the desired and at the same time achievable level of
complex efficiency in general and energy efficiency in particular.

To confirm this postulate, we will conduct an analysis of
the electrical and energy state of the OL of the same city of
Kryvyi Rih, based on statistical materials obtained over the last
10 years. At the same time, we will assume, not without rea-
son, that the forecast, based on the statistics of the forecasting
values of such indicators and, most importantly, the develop-
ment of appropriate solutions based on the received data, with
their subsequent implementation in the practice of OL func-
tioning, will allow one, by determining the variability of the
construction of the corresponding schemes, to significantly
affect the level energy efficiency OL.

Table 1 provides the values of the indicators of the levels of
electricity consumption by street lighting in the city of Kryvyi
Rih (Dnipropetrovsk region) in the period from 2014 to 2023.

Next, we will approximate the information presented
graphically in order to highlight the trend — Fig. 1.

In the option being analyzed, there is obviously the use of
an approximating polynomial of the second degree, which re-
flects the trend of the process development and is equal to

Y=-415,898x>+4 - 10°% + 10, (1)

Obviously, the polynomial meets the requirements of ad-
equacy, because the coefficient of determination is 88.1 %.

Therefore, the resulting analytical dependence (1) can be
applied to further determine the forecast.

We can also obtain the values of the forecast of electricity
consumption levels by street lighting by using the correspond-
ing program according to Table 2.

In this case, we get the calculated and visualized data —
Fig. 2.

Table 1
Power consumption by street lighting
I. Installed electric capacity of the city lighting network (kW)
2014 38,566.1 2019 45,755.5
2015 41,222.3 2020 45,755.5
2016 44,568.5 2021 45,755.5
2017 45,755.5 2022 45,755.5
2018 45,755.5 2023 45,755.5
I1. Levels of electricity consumption by street lighting (kWh)
2014 14,980,000 2019 17,331,494
2015 17,833,900 2020 18,030,988
2016 18,593,842 2021 17,475,465
2017 18,692,374 2022 8,686,635
2018 20,705,598 2023 7,634,690
I11. Length of lighting networks (km)
2014 1,582.7 2019 1,837.59
2015 1,622.4 2020 1,837.59
2016 1,733.3 2021 1,837.59
2017 1,835.56 2022 1,837.59
2018 1,837.59 2023 1,837.59
IV. Number of electrical substations in the network (pcs.)
2014 541 2019 562
2015 552 2020 562
2016 552 2021 566
2017 512 2022 566
2018 562 2023 566
25000000
20000000 N
§ 15000000
10000000
y =-415898x2 + 4E+06x + 1E+07
5000000 R?=0,8808
0
A
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Fig. 1. Trend of power consumption by outdoor lighting in
Kryvyi Rih in 2014—2023
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It is easy to note that there is a tendency to decrease the
values of the indicators. This is explained by the realities of
today. It should also be noted that the forecast is a probabilistic
indicator, the values of which may change depending on the
relevant information.

It is appropriate, in today’s realities, to compare the values
of the forecast of the levels of electricity consumption by street
lighting, using information until 2022, considering it as force
majeure (Fig. 3).

By grouping the data, we visually note the decrease in elec-
tricity consumption by outdoor lighting.

Accordingly, we will get an analytical dependence on the
trend. We have a polynomial of the second degree (Fig. 3)

Y=-250,169x+2 - 10°% + 10, (2)

The coefficient of determination is 66.8 %, respectively.

That is, there is the expediency of building a forecast with
the appropriate bindings from the Table 3 (Fig. 4).

We note the growth of forecast indicators, therefore it is
logical to determine the comparison of forecast values with the
initial information — 2014—2021 and 2014—2023 (Table 4).

It is easy to note that 2022 and 2023 contribute to the for-
mation of the trend, as indicated by the difference in the values
of the corresponding forecast indicators. Meanwhile, returning
to the previous conclusions, we note that the indicators of 2022
and 2023, as well as the future year 2024, are not typical, since
the mode of operation of the analyzed complexes was far from
established by years until these periods. The “blame” for this

2021
2020
2019
2018
&2017

2016

ar

2015

= -350169x2 + 2E+06x + 1E+07
2014 I R® = 06685
0 5000000 10000000 15000000 20000000 25000000
KWh

Fig. 3. Trend of power consumption by outdoor lighting in
Kryvyi Rih in 2014—2021

Table 2
Forecast of levels of electricity consumption by street lighting

5 Low Binding is
E = Value, Forecast, probability high
g § kWh kWh binding, probabilities,
2 kWh kWh
2014 | 14,980,000 - - -
2015 | 17,813,900 - - -
2016 | 18,692,374 - - -
2017 | 18,692,374 - - -
2018 | 20,705,598 - - -
2019 | 17,331,494 - - -
2020 | 18,030,988 — — —
2021 17,475,465 - - -
2022 | 8,686,635 - - -
2023 | 7,634,690 | 7,634,690 | 7,634,690.00 | 7,634,690.00
2024 - 6,777,469.1 | 675,434.70 | 12,879,503.46
2025 - 5,920,248.2 | —904,764.78 | 12,745,261.09
2026 - 5,063,027.2 | —2,417,890.23 | 12,543,944.70

25000000

20000000

15000000

§ 10000000
e

5000000

0

-5000000
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
year

—Data —Forecast — Low probability binding —— High probability binding

Fig. 2. Forecast of power consumption by street lighting in
Kryvyi Rih

Table 3
Forecast of levels of electricity consumption by street lighting
g _ Value, Forecast pro%ggl(lity Blriggﬁg °
£ s kWh KWh. binding, probabilities,
£z KWh. kWh
2014 | 14,980,000 - — -
2015 | 17,813,900 - - -
2016 | 18,692,374 - - -
2017 | 18,692,374 - - -
2018 | 20,705,598 — - -
2019 | 17,331,494 - — -
2020 | 18,030,988 - - -
2021 | 17,475,465 | 17,475,465 | 17,475,465.00 | 17,475,465.00
2022 — 17,879,421 | 14,582,592.48 | 21,176,249.16
2023 — 18,077,403 | 13,954,388.74 | 2,220,0417.48
2024 — 18,275,385 | 13,464,381.97 | 23,086,388.85
2025 - 18,473,368 | 13,059,624.20 | 23,887,111.20
2026 — 18,671,350 | 1,271,4180.96 | 24,628,519.03
30000000
25000000
20000000
E 15000000
10000000
5000000

0
2014201520162017 201820192020 2021 2022 2023 2024 2025 2026

year

——Data — Forecast — Low probability binding — High probability binding

Fig. 4. Forecast of power consumption by street lighting in
Kryvyi Rih

reduction is the introduction of curfews, during which the street
lighting systems did not function, and the disabling of signifi-
cant areas of these complexes due to their damage as a result of
the corresponding actions of the aggressor country. It should
also be noted that forecasts are probabilistic indicators, the val-
ues of which may change depending on relevant information.

However, even with such limited information, there is ob-
viously a fact that with the constant length of power transmis-
sion lines, electric capacities and other parameters of lighting
networks in the analyzed city, the levels of electricity con-
sumption by OL complexes have a tendency to fluctuate,
which can be characterized as stochasticity.
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Table 4

Comparison of forecast values of electricity consumption
levels for outdoor lighting in Kryvyi Rih (Dnipropetrovsk
region) in 2014—2021 and 2014—2023

Foreon Period | »014-2021 | 2014-2023 A
2024 18,275,385 | 6,777,469.1 | 11,497,916.33
2025 18,473,368 | 5,920,248.2 | 12,553,119.54
2026 18,671,350 | 5,063,027.2 | 13,608,322.76

Thus, the difference between the levels of electricity con-
sumption by the city’s OL complexes in 2019, compared to
2018, amounted to (—) 17.3 %, and in 2020 to 2019 — about (+)
4 %, and in 2021 to 2020 — about (-) 3 %.

Such fluctuations, even at insignificant levels, lead to in-
consistency in the plan-fact allocation of funds from local bud-
gets for the payment of electricity consumed for street lighting.

Fig. 5 shows a fuzzy outdoor lighting control system
(FOLCS).

It contains the power part, which is represented by lighting
devices with LED drivers, two power sources — the power grid
and batteries (the latter are shown in general, since they can be
both group and individual) and a switching device that switch-
es one or another source to lighting installations; the measur-
ing part, which includes illuminance sensors (IL) near each
LED lamp and traffic intensity sensors (TR) near traffic lights
at both ends of the road; the control part, which is represented
not only by the fuzzy inference (FIS) Mamdani system, but
also by the units of generalization of information about illumi-
nation (UGII) and road traffic (UGIRT) coming from sen-
sors, the database of electric energy tariffs (DEET) and the
unit of battery charge estimation (UBCE).

FOLCS works like this. The illuminance and traffic inten-
sity values measured by the corresponding IL and TR sensors
are submitted to the UGII and UGIRT summarization blocks,
which are then, together with the electricity tariff for the given
hour from the relevant database (DEET), transferred to the
Mamdani FIS system. FIS is carried out, which gives the value
of PWM switching for LED drivers of lighting devices and a
recommendation for the use of one or another power source.
If it is recommended to connect the battery, then the battery
charge evaluation unit (UBCE) determines the state of charge,

Fig. 5. Fuzzy outdoor lighting control system:

UGII — illumination generalization unit; UGIRT — traffic inten-
sity generalization unit; DEET — electricity tariff database; UBCE
— battery charge evaluation unit; IL — illuminance sensor; TR —
vehicle traffic intensity sensor

if it is sufficient to power the lighting devices, then the battery
is connected, if not, the FIS recommendation is ignored.

The data obtained during simulation of the FOLCS with
ten LED lamps operation in summer and winter are shown in
Table 5. The operating schedules of the Mamdani FIS system
in winter and summer are shown in Figs. 6—9. In the power
source selection diagrams, if the value is below 0.5, then the
power supply of outdoor lighting devices is provided by the
battery and the grid, otherwise — only from the grid.

The use of combined power supply for lighting devices sig-
nificantly reduces electricity consumption. On winter nights,
when powered only by the grid, consumption is reduced by
0.09 and 0.07 kWh at intervals of 5 and 10 minutes between

Table 5
Results of simulation of FOLCS operation
Electricity consumption, kWh
Period | Existing | Existing | FOLCS with FOLCS with
power supply
system/ | system/ | power supply from the grid/
cutoff 0.5P from the grid &
solar power plant
_ _ A5 A10 A5 A10
min min min min
Summer 4.03 5.53 2.57 | 2.61 1.39 1.37
Winter 8.03 11.03 7.94 | 7.96 2.46 2.16
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Fig. 6. Simulation of FOLCS with 10 LED lamps on a winter
night (step 5 min)
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Fig. 7. Simulation of FOLCS with 10 LED lamps on a winter
night (step 10 min)
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Fig. 9. Simulation of FOLCS with 10 LED lights on a summer
night (step 10 min)

generating controls, respectively, compared to a system without
controls, where the lighting network is turned off for 6 hours. If
during these 6 hours the lighting installations consume only
50 % of the power, the reduction is 3.09 and 3.07 kWh. When
powered by the grid or a solar power plant, the reduction
reaches 5.57 and 5.87 kWh and 8.57 and 8.87 kWh.

In summer, the situation is similar. Power supply only
from the grid can reduce electricity consumption by 1.46 and
1.42 kWh, respectively, compared to an uncontrolled system
and turning off the lights for 3 hours. Compared to 50 % elec-
tricity consumption, the reduction is 2.96 and 2.92 kWh. With
the combined power supply, the reduction is 2.64 and
2.66 kWh, and 4.14 and 4.16 kWh.

The reduction of energy consumption in winter in the
FOLCS system with grid power supply is small compared to
the uncontrolled system and complete disconnection of out-
door lighting. This is because the interval of operation without
energy consumption by lighting installations in winter is longer
than in summer. Although the savings are insignificant, they
are there. Therefore, the FOLCS can be applied.

The study of the impact of the discrete step on the power
consumption of the FOLCS showed that it usually does not have
a significant impact. For example, when powered only by the
grid, the difference in power consumption in winter is 0.02 kWh
and in summer about 0.04 kWh. In summer, with a combined
power supply, the difference for the analyzed steps was 0.02 kWh.

A significant difference in consumption is observed only
when powered by a solar panels or the grid in winter, when the

difference is 0.3 kWh when comparing 5 and 10 minute incre-
ments. These data were obtained by comparing the FOLCS
with an uncontrolled and completely disconnected lighting
system for 6 hours. For an uncontrolled system with 50 % of
the lighting devices turned off, the electricity consumption at
different steps is not very different. This is due to the fact that
during the analyzed steps, the illumination and traffic do not
change dramatically.

Based on the research, it can be concluded that FOLCS is
an energy efficient system. At the same time, specialized utility
companies of cities and settlements, responsible for lighting
networks, are recommended not only to think about replacing
light sources with more energy-efficient ones, but also about
introducing alternative power sources, such as solar panels.
This, in combination with FOLCS, will provide an opportu-
nity to save on electricity costs, which is an urgent issue in
modern conditions.

Conclusions. The existing structures and modes of opera-
tion of electric networks of outdoor lighting of cities and settle-
ments of Ukraine in the modern vision of the complex of nec-
essary and possible levels of achievement of their operation are
examples of electric power systems with insufficient electric
energy efficiency and a low level of reliability both in trivial
modes and, what is especially relevant, in current conditions
in the country.

Forecasting of electricity consumption until 2026 in the
main possible scenarios: stabilization, gradual increase or
gradual decrease. If the length of power transmission lines,
electric capacities and other parameters of lighting networks in
the analyzed city remain constant, the levels of electricity con-
sumption by outdoor lighting complexes have a tendency to
fluctuate, which can be characterized as stochasticity.

An improved fuzzy control system for the electrical com-
plex of outdoor lighting in cities and settlements, which, in ad-
dition to the level of illumination and traffic intensity, also
takes into account the electricity tariff when generating the
control voltage or current (depending on the type of LED
driver) of the lighting installation. The system also provides a
recommendation on the choice of a power source for the light-
ing installation from the grid or simultaneously from the grid
and from batteries charged by the solar panels.

Simulation of the outdoor lighting system, which was car-
ried out on the example of an operational part of the road il-
luminated by ten LED lamps with the power of 100 W for sum-
mer and winter night with different discrete control steps, con-
firms the possibility of achieving the efficiency of outdoor
lighting when using the proposed control option. The con-
trolled system with a combined power supply is more efficient,
as it allows for a significant reduction in electricity consump-
tion by the outdoor lighting network in summer and winter
nights compared to the existing options.
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Meta. OTprMaHHSI MAaTEMAaTUYHUX BHUpa3iB, KOTPi, BUKO-
PUCTOBYIOUM HasBHY iH(dOpMallito, 103BOJISATh TPOrHO3YBATU
Ha JIeKiJIbKa pOKiB Harepe piBHi CIIOKUBAHHS €JIeKTPOEeHEPTil
eJIEKTPUYHOIO MEepekel0 30BHIIIHBOIO OCBITJIIEHHSI MicTa B
OCHOBHUX MOXJIMBUX CLIEHAPIsIX 11 PO3BUTKY, a TAKOX Y PO3-
poOl11i eHeproeeKTUBHOI iHTeJIEKTyaIbHOI CUCTEMU KEPYBaH-
HSI eJIEKTPOTEXHIYHUM KOMITJIEKCOM OCBITIIIOBAJILHUX MEPEXK.

Meroauka. CTBOpeHHS €(DEeKTUBHOI iHTEJIEKTYyaIbHOI CUC-
TEMU KEePyBaHHsI 30BHIIIIHIM OCBITJIEHHSIM Iependavae 3acTo-
CYBaHHsI HacTYMHMX MeTomiB. CroJatKy, BUKOPHUCTOBYIOUM
EeMITIpUYHUI METOJ BUMIpIOBaHHSI, OTPUMYEThLCS iH(OpMaLiist
PO OCBITJIEHICTb, PiBHi CIIOXXWBAHHSI €JIEKTPOSHEPrii, aBTO- i
mimoximHuit Tpadik. s BUSBIEHHSI 3aKOHOMIpHOCTEH i
B3aEMO3BI3KiB MixK BUMIpPSIHUMU BEJIMYMHAMM, a TaKOX Ha-
CTYITHOTO ITPOTHO3YBaHHSI, 3aCTOCOBYIOThCSI CTATUCTUYHI METO-
nu. JUts iHTeIeKTyalbHOrO KepyBaHHS 30BHIIIHIM OCBITJIEH-
HSIM BUKOPHMCTOBYETBCSI METOM MPUIHSTTS PillleHb, 110 6a3y-
€ThCSI HA HEYiTKOMY JIOTIYHOMY BUCHOBKY. BiH 103BOsIsIE, CIIN-
parouuch Ha iHhOopMallilo ITPo YMOBU POOOTH MepeXKi 30BHilI-
HBOTO OCBITJIEHHSI, BW3HAUUTH PEKOMEHIOBaHEe 3HAYECHHS
cTpyMy ab0 Hampyru (3ajleXKHO Bil TIPUHLIMITY KepyBaHHS)
OCBITJIIOBAJIbHUX MIPUJIA/IIB i TOTPiOHE Kepesio XXKuBJaeHHs. Ta-
KU TTixin 3a06e3rneynTh MaKCUMaJIbHY €(heKTUBHICTb CUCTEMMU.

PesynbraT. OTpriMaHi aHaTiTUYHI 3aJI€KHOCTI UIS1 IPO-
THO3YBaHHS PiBHIB CIIOXWBAaHHS €JIEKTPUYHOI €Heprii, 110
OymytoThcsl, 6a3yI0UnCh Ha MAHWX Pi3HUX YaCOBUX TTPOMiXK-
KiB, MalTh, BiIMOBiZHO, KoedilieHTH merepMmiHaiii 66,8 i
88,1 %. 3nilicHeHe MOIETIOBaHHS pOOOTH HEUiTKOI CHCTEMH
KEpYyBaHHSI €HeProcroXXUBAaHHSIM 30BHIILIHLOTO OCBIiTJICHHS
Ha TIPUKJIalli YaCTUHU TOPOTH, IO eKCTUTYaTYEThCS Ta OCBIT-
moeTbes aecsatbMa LED-cBiTMIIBHUKAMU 3 iHAMBIIyaIbHOIO
notyxHicTtio 100 Bt my1s AiTHROI Ta 3MMOBOI HOUi 3 Pi3HUMU
IHUCKPETHUMU KpoKaMu KepyBaHHs. Lle minTBepmkye MoxX-
JINBOCTi JOCSATHEHHSI €(heKTUBHOCTI 30BHILLIHBOTO OCBITJIEH-
HSI TIPY 3aCTOCYBaHHi 3alTPpOINIOHOBAHOTO BapiaHTy KepoBa-
HocTi. EdbekTuBHilIOW € KepoBaHa cucTeMa 3 KOMOiHOBa-
HUM XKMBJICHHSIM, KOTpa MO3BOJISIE 3HU3UTU CIIOXMBAHHS
eJIEKTPOCHEPTii B JIITHIO i 3MMOBY HOYi GiybIT Hixk Ha 70 % y
MOPiBHIHHI 3 TPAAULIIMHUMU CXeMaMU KePyBaHHSI.

HaykoBa HOBU3HA. Y TOCKOHAJIeHA HEUiTKa CUCTEMa Kepy-
BaHHS €JIEKTPOTEXHIYHUM KOMITJIEKCOM 30BHIIITHBOTO OCBIT-
LED-npaiiBepa it BU3HaUE€HHI palliOHAJIbHOTO JIKepeia KUB-
JIEHHS (eJIeKTpoMepexa ado Mepexa Ta aKyMyJIsiTOp) OCBIT-
JIIOBAJIbHUX MPUJIAIiB, OKPIM piBHS OCBITJICHOCTI i1 BETUMUMHU
aBTOTpaiKy, ypaxoByeThCs Tapu( Ha eJIeKTPOEHEPTilo.

IIpakTiyna 3HaunmicTe. Po3pobiieHa apxiTekTypa cucre-
MU KepyBaHHSI CITOXWBAHHSIM eJIEKTPOSHEePTii eIeKTPOTIPUii-
MadyaMy OCBITJIIOBaJIbHUX MepeXkX Ha 0a3i aJropuTMy HediT-
KOTO JIOTIYHOTO BUCHOBKY, KOTPa PEKOMEHIYETHCS IO 3aCTO-
CyBaHHs I 3a0e3MevyeHHsT MiABUILEHHSI eHeproeeKTUB-
HOCTI IIbOTO KJIACY KOMYHAJIBHUX CITOXXWBAYiB.

KurouoBi ciioBa: gyauune oceimaents, eHepeoCnoNCUants,
NPOCHO3YBAHHSL, HeYIMKe KepyB8anHs, MOOeNI08AHHS
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