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Abstract. The work aims to study the potential for efficient use of distributed generation in the small urban power
supply system and its feasibility in modern urban microgrids. The work used statistical data analysis, mathematical
simulation using the PSCAD software suite, and simulations of a distributed generation facility based on a battery-
type electrical energy storage and photovoltaic plant. The mains network of the facility located in the small residential
estate of Tashkent, Republic of Uzbekistan is accepted as the object of the study. The results calculated using an
urban grid simulation model showed that the use of various distributed generation sources improves the reliability
of power supply and reduces the burden on medium- and high-voltage electrical networks. Moreover, this activity in
the shown example improves load balancing in low-voltage networks: power loss in network cells and voltage drop
were reduced by 5 and 3%, respectively. Thus, the use of distributed generation in the urban power supply system
was scientifically justified using the example of a real microgrid located in Kokand. A detailed mathematical analysis
of the technical and economic indicators of the urban electrical supply system was performed to formulate the
comprehensive model of the system state. In parallel, a simulation model was developed based on detailed models
to reflect the layout of the considered electrical network and dynamics of the distributed generation facility. Further
research will include the feasibility study of direct current microgrids for urban power supply, taking into account the
active introduction of renewable energy sources.
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Ucnonb3oBaHUe pacnpeAen€éHHOU reHepaLuuu AnA obecnevyeHus
HenpepbIBHOIO 3NEKTPOCHa0)XeHUA B rOpOACKUX pauoHaXx
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Pe3rome. Llenb — M3yueHne noteHunana adGeKTUBHOIO UCMOAL30BAHMA PAacNpPeAEAeHHON reHepaLmm B cUCTEME
3NEKTPOCHABXEHUSI MAAOrO TOPOACKOrO paloHa M HayuyHoe 060CHOBaHWE ee MPUMEHEHUSA B paMKax COBPEMEHHbIX
MWKPOCETEN rOPOoAOB. B paboTe 6biAM MCMOAL30BaAHbI CTATUCTUYECKMI aHaAU3 A@HHbIX, MaTeMaTUYecKoe MOAEAUPO-
BaHWE C UCMOAb30BAHUEM MpPOrpaMmMHoOro komnaekca PSCAD M MMUTALMOHHOE MOAEAMPOBaHKWe 0bbeKTa pacnpe-
AEAEHHON reHepaLun Ha OCHOBE HaKOMUTEAS AAEKTPUUECKOM SHEPTMU aKKYMYASTOPHOIO TUNa U GOTOINEKTPUUECKOW
yCTaHOBKW. B kauecTBe 06beKTa MCCAEAOBAHUA NPUHATA IAEKTPUYECKAs CETb 0ObEKTa, PACMOAOXKEHHOTO B HEOOAL-
LLIOM MWKpoparoHe ropopa KokaHa, Pecnybanka Y3beknctaH. PacueTHble pedyAbTaThl, MOAYYEHHbIE HA OCHOBE pas-
paboTaHHON MMWUTALMOHHOW MOAEAU FTOPOACKOM IAEKTPUUECKOW CETH, NMOKAa3bIBAtOT, YTO UCMOAb30BAHUE PA3AUUHbIX
MCTOYHUKOB pacrnpeAeNeHHON reHepaLmmn NoBbliIAeT HAAEXHOCTb IAEKTPOCHABXEHUS U CHUXAET Harpy3Ky Ha aAekK-
TPUYECKME CETU CPEAHETO U BbICOKOTO HaMpsiXXeHus. Kpome Toro, AaHHOE MepOonpusTMe B MPeACTaBAEHHOM Npumepe
€noco6CTBYET BblpaBHWBAHMIO Fpaduka Harpy3ku B CETAX HU3KOTO HamnpPsXXEHUs: CHU3MAO MOTEPU INAEKTPOIHEPTUN B
ceTeBbIX aAeMeHTax Ha 5%, a Takxe Ha 2,9% YMEHbLLMAO YPOBEHb MAAEHWA HaNpPsXeHUs. Takum 06pa3oM, BbINMOAHE-
HO Hay4yHOoe 060CHOBaHWE UCMOAL30BAHMWSA PacNpPeAEAEHHON reHepaLMmn B TOPOACKON CUCTEME INEKTPOCHABXEHUS Ha
npvMepe pearbHON MUKPOCETU, PACNOAOXEHHOW B ropoae KokaHA. BbiMOAHEH NOAPODOHbLIM MaTeMaTUUECKUIA aHaAU3
TEXHUKO-9KOHOMMYECKHMX MOKa3aTeAEN CUCTEMbI SNEKTPOCHABXEHMA FrOpoAa, B pe3yAbTate yero bbira chopMyAMpoBa-
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Ha KOMMAEKCHanA MOAEAb COCTOSIHUS CUCTEMbI. [TapaareAnbHO paspaboTtaHa MMUTALMOHHAA MOAEAb C MCMOAb30BaAHU-
€M AeTaAbHbIX MOAEAEN, OTPaXatoLLlas KOHOUIypaLMIO pacCMaTpMBaeEMON SAEKTPUUYECKON CETU U AUHAMKKY PaboTbl
06beKTa pacnpepeneHHOW reHepauun. AanbHENLLIME UCCAEAOBAHMA ByAYT HaMpaBAEHbl HA TEXHUKO-3KOHOMMUUYECKOE
obocHOBaHWe NPUMEHUMOCTHU MMKpOCGTeVI Ha NOCTOAHHOM TOKEe AAA SAeKTpOCHaG)KeHVIH roOpoAOB C y4ETOM aKTUBHO-
ro BHEAPEHUA BO30OHOBASEMbIX MICTOUHWUKOB QHEPIUn.

KaroyeBble cAOBa: CHUCTEMA INEKTPOCHAOXEHMWS, pacrnpeAeAeHHan reHepauusi, COAHEUHbIE MaHeAU, cucTeMa
XpaHEeHWUs1 3HEPruK, TpaHcPopMaTopHasi NOACTaHUMSA, NOTEPU IAEKTPUUYECKON IHEPTUU, TPpadUK Harpy3Ku, TEXHUYE-
CKO-3KOHOMMWYECKMI NoKasaTeAb, UMUTALMOHHAA MOAEAb

Ana untupoBaHusa: MennkysneB M.B., Tacaumos A.A., AckapoB A.B. MicnoAb3oBaHWe pacnpeAereHHOW reHepa-
UMK AAA oBecneyeHns HeENpPepbIBHOO 3AEKTPOCHabXeHMA B TOPOACKMX parioHax // iPolytech Journal. 2026. T. 30.

Ne 1. C. 85-99. (In Eng.). https://doi.org/10.21285/1814-3520-2026-1-85-99. EDN: MTEKHL.

INTRODUCTION

Currently, ensuring the high-quality, reli-
able, and uninterrupted supply of electrical en-
ergy that fully meets regulatory requirements
has become a globally pressing issue due to
the expansion and development of city areas,
the formation of new infrastructure, and the
increasing number and diversity of electrical
consumers. In both developed and develop-
ing countries, measures taken to generate,
transmit, and distribute electrical energy while
preserving the environment are proving to be
effective. Given the high population density
and electrical load concentration in city areas,
planned efforts to reduce environmental im-
pact are essential*’ [1, 2].

The continuous power supply in city areas
can be achieved by maintaining the normal
operating conditions of local electrical grids
through the integration of distributed gener-
ation. Distributed generation sources can be
integrated into low voltage (0,4 kV) and me-
dium voltage (10 kV) electrical grids. In many
city areas, the excessive loading and aging of
low voltage local electrical grids load to addi-
tional energy losses and an increased number
of faults. Considering this, it is advisable to
utilize distributed generation sources, such as
photovoltaic solar power stations and energy
storage systems, in proximity to electricity con-
sumers in low voltage grids* [1, 3-19].

As a result, the integration of distributed
generation in cities represents a promising
direction for the development of the power
sector and helps to mitigate the challenges as-
sociated with the intensive growth of electrical
loads, which is particularly relevant for city ar-
eas. This approach also enables a reduction in
electricity flow through transmission and distri-
bution networks operating at 10 kV, 35 kV, and
220 kV voltage levels®"8 [7-24].

It should be noted that the utilization of
distributed generation contributes to reducing
the technical and economic costs associat-
ed with upgrading and replacing local power
generation sources and transmission lines, as
well as transformer substations (TS) and cable
lines in city areas that were installed 40-50
years ago. Moreover, due to the high popula-
tion density and the compact layout of build-
ings, modernizing and replacing city electrical
networks is a complex and challenging task®®
[7, 10]. In this article, the sequential process
of developing a comprehensive system for the
integration of distributed generation sources,
specifically photovoltaic solar power stations
and energy storage systems, into local electri-
cal grids is examined. This approach is based
on promising plans for the development of Uz-
bekistan’s energy sector and aims to enhance
the technical and economic efficiency of low
voltage electrical grids. The study focuses on

40n measures to improve the effectiveness of reforms aimed at transitioning the Republic of Uzbekistan to a “green” economy
by 2030: Resolution of the President of the Republic of Uzbekistan of 2 December, 2022 No. PP-436./ O mepax no noBbILLEHWIO
30 dEeKTUBHOCTU pedopM, HanpaBAEHHbIX Ha nepexoa Pecnybankn Y3beknctaH Ha «3eneHyto» akoHomuKy po 2030 ropa: MocTa-
HoBAeHUe MpeaunaeHTa Pecnybanku Y36ekucTaH o1 02.12.2022 r. Ne MM1-436.

5Concept for providing the Republic of Uzbekistan with electricity for 2020-2030. Access mode: uz-concept-energo-2020.pdf (date
accessed: 15 September 2025). / Available from: uz-concept-energo-2020.pdf [Accessed 15th September 2025]. / KoHuenuus
obecneueHus PecnybAnkin Y3bekncTaH aneKTprueckoi aHepriei Ha 2020-2030 roabl. Pexium poctyna: uz-concept-energo-2020.
pdf (aata obpalleHus: 15.09.2025).

%Development strategy for electric distribution networks of the Republic of Uzbekistan until 2025. / Available from: https://
www.het.uz/uploads/e2dff98e-6eb9-2¢89-3ff6-2bc23943bbe7_media_.pdf [Accessed 15th September 2025]. / Crpaterua
pa3BUTUSA PaCTPEAEAUTEAbHBIX IAEKTPUUECKMX ceTel Pecnybanku Y3bekuctaHn A0 2025 ropa. Pexum poctyna: https://www.het.
uz/uploads/e2dff98e-6eb9-2¢89-3ff6-2bc23943bbe7_media_.pdf (aata obpatierus: 15.09.2025).
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constructing technical and economic models
for these systems and optimizing the param-
eters of electrical networks through a unified
model. The PSCAD (Power Systems Computer
Aided Design) 4.6 simulation software was uti-
lized due to its extensive component library,
ease of electrical circuit design, and the abil-
ity to efficiently generate and analyze output
waveforms. For a real application, a systemat-
ic approach was employed to determine and
compare key influence parameters, ensuring
improved energy efficiency and reliability of
power supply.

OBJECTS AND RESEARCH METHODS

The research object is the electrical grids of
the city power supply system. To implement and
integrate distributed generation sources within
city areas, it is essential to comprehensively ex-
amine and analyze their types® [11, 17].

Types of distributed generation technology:

1. Renewable energy technologies include:

- fuel cells;

- solar photovoltaic;

- Wind & Wave Energy;

- hydro electric energy.

2. Commercial energy technologies include:

- IC engines;

- gas turbines;

- micro turbines;

- energy storage technologies.

The integration of distributed generation
into the city’s power supply system can have
a significant impact, affecting factors such as
voltage regulation, power flow, reliability, and
more. Installing distributed generation chang-
es the traditional characteristics of the distri-
bution system, which is typically designed for
unidirectional power flow. With the addition of
distributed generation, an extra power source
is introduced. If its capacity exceeds consumer
demand, the power flow reverses. At a certain
point between the substation and the distribut-
ed generation, the actual power flow becomes
zero, as excess power flows back into the sys-
tem® [4, 11, 20].

Rules have been developed to manage re-
verse power flow, reduce losses by determining
the optimal location of distributed generation,
and assess the impact of distributed genera-
tion on overload protection systems. The mod-
eling of the impact of distributed generation
and the analysis of the zero point have been
outlined in current scientific literature. The
IEC 61727 standard series, consisting of six
parts, provides the criteria and requirements
for connecting distributed generation sources
to the power supply system. These standards
set the benchmarks for integrating distributed
generation into electrical power systems. The
effects of distributed generation installations
on voltage, losses, and the reliability indices of
residential distribution networks are studied
based on various criteria® [2, 5, 10, 23].

The research object is the residential and
public buildings in a small microdistrict of Ko-
kand city. Initially, the condition of the existing
electrical networks in the area was analyzed.
The following indicators of these electrical net-
works were obtained:

- the existing electrical load and load den-
sity of the area;

- the electrical energy losses in the net-
works;

- the annual loading condition of the trans-
former substations;

- voltage loss and variation in the electri-
cal networks;

- the number of interruptions occurring in
the power supply system.

Based on the conducted research, collect-
ed statistical data, and measurement results,
the following real situation was observed. The
object of the study includes 10/0,4 KV trans-
former substations and 0,4 kV cable lines.
The layout diagram of this object is provided
in Fig. 1, presenting the full structure. Through
this diagram, the addresses, brands, and pa-
rameters of the electrical networks at four re-
search points can be obtained. Based on the
provided geodetic data, this diagram has been
developed, and the value indicators are pre-

"Electrical installation rules (EIR). All current sections of EIR-6 and EIR-7. / Available from: https://en-res.ru/wp-content/
uploads/2020/02/pue.pdf?ysclid=mktzwurn5u530900880 [Accessed 15th September 2025]. / MNpaBuAa yCTPOMCTBA IAEKTPH-
UECKMX YCTaHOBOK. Bce aenctBytoLme padaenbl MY3-6 v MY3-7. Pexum poctyna: https://en-res.ru/wp-content/uploads/2020/02/
pue.pdf?ysclid=mktzwurn5u530900880 (aata obpatleHus: 15.09.2025).

8Renewable power generation costs in 2022. Available from: https://cdssolar.com/renewable-power-generation-costs-in-2022/
[Accessed 18th September 2025]. / 3aTtpathl Ha NPOU3BOACTBO BO30OHOBASEMOM IAEKTPO3HEPTM B 2022 roay. Pexum poctyna:
https://cdssolar.com/renewable-power-generation-costs-in-2022/ (pata obpaluerus: 15.09.2025).
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sented in tabular form (“Regional Electric Net-
works” JSC, Uzbekistan, 2024). The object of
this study is a real case based on a small mi-
crodistrict located in Kokand, Republic of Uz-
bekistan. The theoretical scientific approach
developed in this research aims to enhance
the energy efficiency of the system*©,

The primary objective of the authors’ re-
search is to ensure the reliability and conti-
nuity of the power supply for buildings and
structures within the city electrical grid. In this
regard, the study considers medium voltage
power distribution through two main trans-
mission schemes utilizing domestically manu-
factured Allsl1yr (AXRh) cables (it is a power
cable with aluminum conductors, XLPE insu-
lation, reinforced polyethylene outer sheath,
without an armored protective layer), while
low voltage networks employ ABBr (APPu) alu-
minum conductor cables (it is a power cable
with aluminum conductors, PVC insulation,
PVC outer sheath, and without an armored
protective layer). Additionally, oil filled TM type
power transformers have been selected for in-
tegration into the comprehensive transformer
substation to optimize the overall system per-
formance® [1].

For TS No. 421 (160 kVA), 6 buildings are
connected; for TS No. 419 (100 kVA), 4 build-
ings are connected; for TS No. 420 (100 kVA),
2 buildings are connected; and for TS No. 422
(160 kVA), 5 buildings are connected. The pa-
rameters of the transformer substations and
connection lines for these buildings were ob-
tained from the local electrical network enter-
prise.

Allslyr (AXRh)

ISSN 2782-6341 (online)

The values of the performance indicators
for the electrical networks in the area were
calculated based on the current situation. The
results of these calculations are presented in
Table 1. The overall analysis indicators of the
principle diagram are included in the table for
the aforementioned object.

Through the analysis of the condition of lo-
cal electrical networks in the reviewed scenario,
the need for the implementation of distributed
generation sources in this system is substanti-
ated. Integration is achieved through the con-
struction of a simulation model for the electrical
grid of this power supply system [6, 10, 14].

These indicators are considered the key fac-
tors influencing energy efficiency and the reliabil-
ity of the power supply. Since numerous modern
foreign studies have already analyzed these as-
pects, a detailed examination of each factor is
not provided in this research [12, 17-19].

In the city area, the electrical load densi-
ty in the transformer substations and the low
voltage cable lines coming from them is taken
as the main indicator. In this case, the elec-
trical load density is calculated based on the
specified area, where the active load (MW) cor-
responding to 1 km2 of the area is determined.
Based on the research and measurement re-
sults conducted at the site, it is observed that
due to the aging of lines and transformer sub-
stations in the area, as well as the variable
seasonal nature of the electrical load of ener-
gy consumers, the losses and various interrup-
tion conditions in the electrical networks are
significantly high. For the low voltage object,
the use of distributed generation systems,

TS No. 419 TS No. 420

No. 3

No. 1 No. 2

No. 4

TS No. 421 TS No. 422
= =
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Fig. 1. The layout diagram of the electrical networks of the object located in a small microdistrict of Kokand city
Puc. 1. Cxema pacrnorOXeHUs IAEKTPUHECKUX CEeTEM 0ObEKTA, PaCMOAOKEHHOI0 B HEO0ALLLIOM MUKPOparioHe ropoAa KokaHaa
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Table 1. Collected statistical data of the electrical networks located in the small microdistrict of Kokand city, 2024

Tabamua 1. CobpaHHble CTAaTUCTMUYECKME AAHHbIE MO IAEKTPUUECKMM CETAM, PACMOAOXEHHbIM B HEOOAbLIOM
MWKpoparoHe ropoaa KokaHp 2024 .

The address of the The annual share Annual 'I|'1huemabnenru:fl
electrical networks Electrical of losses in the overload in Voltage loss in interruptions
No. (transformer load density, transformer the electrical | the electrical occurrinpg in the
substations and cable MW/km? substations and networks, networks, % ower suppl
line complexes) outgoing lines, % hours p pply
system
1 TS No. 419 2 10,5 4400 5 27
2 TS No. 420 1.6 8 3400 4 12
3 TS No. 421 3 12 5100 5.5 36
4 TS No. 422 2.2 11,4 4900 5.2 32
such as solar panels and energy storage sys- PV - Photovoltaic .
tems, as well as their management systems in — —_>
operational conditions, is considered. Current- PV aJ; Eer '
ly, based on global statistical data, it can be : — !
seen that the economic costs of solar panels , '
and energy storage systems are decreasing ESS-I | = j: E
year by year. This justifies the payback period " £
' BAT

for these systems. Technically, their advantag-
es require the development of advanced pa-
rameters and control systems [9, 15, 16].

For the reviewed object, the following is-
sues are addressed by applying distributed
generation in the city area: optimizing the elec-
trical load profiles, constructing a mathemati-
cal model of the electrical network considering
its technical-economic indicators, and forming
an automatic control system. Optimization,
mathematical modeling, and control methods
are used to solve these problems. Initially, suit-
able distributed generation models are select-
ed for the given object. In Fig. 2, we consider
the model constructed for the integrated use
of solar panels and energy storage systems. In
this study, the use of a Deye brand inverter has
been considered in the model, taking into ac-
count the current conditions in Uzbekistan*>.

The key components, as mentioned earlier,
include medium voltage cable lines, a 10/0,4 kV
transformer substation, and low voltage cable
lines in the city area. The total cost of solar pho-
tovoltaic stations and energy storage systems
has been decreasing year by year. According to
international statistical data, it is expected that
by 2030, the cost will decrease by more than
30%. The main components used in these sys-
tems are illustrated in Fig. 2. A distributed gener-
ation source control system has been developed,
with control primarily based on power extraction
from the solar photovoltaic station, charging, and
discharging energy storage systems®® [14].

https://ipolytech.elpub.ru

ESS -Energy Storage System

Fig. 2. Overall photovoltaic (PV) battery system connected to
equivalentvoltage source: ESS - energy storage system, BAT -
battery

Puc. 2. KomnaekcHas CUCTEMaA COAHEYHbIX NaHeAed U
aKKyMYASTOPOB, MOAKAOUEHHaS K AKBUBAAEHTHOMY UCTOUYHMKY
HanpsxeHus: ESS - cuctema Hakonaewus aHepruu, BAT -
batapesi

The operation of these two types of dis-
tributed generation sources shown in Fig. 2
is interdependent. The operation mode of the
solar photovoltaic station and the energy stor-
age system complement each other. In devel-
oped countries, the experience of complex
use of these two systems has proven effec-
tive by regulating electrical energy tariffs. In
global practice, the tariff formation system is
applied by dividing the daily period into 3 and
5 parts. For the lowest, i.e., cheapest tariff pe-
riod, energy storage systems are charged by
taking power from the electrical grid. During
the highest price period, i.e., when the tariff
increases, electricity is returned to the grid,
generating profit. This approach allows en-
ergy storage systems to recover part of their
operating time and cover their costs over the
years [12, 13, 19].

As shown in Fig. 2, the integration of dis-
tributed generation sources, such as solar
panels and energy storage systems, with local
low voltage electrical networks in a complex
system is depicted. By installing these systems
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in proximity to electricity consumers, it is pos-
sible to positively alter the technical and eco-
nomic indicators. By constructing the model in
a system format, the condition of each electri-
cal network is analyzed. The complex system
created is analyzed for each scenario and com-
pared with the real state of the electrical grid’
[1, 5, 24]. There are several advantages and
opportunities in using this software for power
supply systems. Table 2 below presents a com-
parison of the advantages and disadvantages
of PSCAD and MATLAB [13].

From the comparison of advantages and
disadvantages in the table, it can be seen that
using PSCAD for the power supply system is
considered efficient [13, 171].

In the process of designing the city power
supply system, the problems associated with
selecting optimal values for the nominal pa-
rameters of electrical grids can be addressed
by ensuring the optimal condition of the tech-
nical and economic indicators of the power
supply system® [14].

In practice, to achieve energy efficiency in
city power supply, it is necessary to calculate
energy efficiency indicators through the appli-
cation of distributed generation sources and
use methods for optimizing the nominal pa-
rameters of the electrical grids. The following
indicators have been established to achieve
energy efficiency:

- reduction of the relative cost of electrical
energy;

- reduction of electrical energy loss;

- minimization of environmental impact.

ISSN 2782-6341 (online)

The technical-economic indicators of each
electrical grids involved must be calculated
individually. Each electrical grids that partici-
pates in the system has its own technical-eco-
nomic indicators’ [2-4, 9, 11].

In the integrated distributed generation
based, power supply system under consid-
eration, the technical and economic indica-
tors of each electrical network are analyzed.
In this process, the parameters influencing
the technical and economic performance of
each part of the electrical network are iden-
tified® [18].

Below, we present the expressions for cal-
culating the technical-economic indicators of
each network.

In this case, the given line costs (1) for a
specified cross sectional area F, normalized to
1 km of its length, as a function of the calculat-
ed current /, can be written as follows:

CL= K- (pL+ EN) +3-F-R T- CW' 10_3, (1)

where C, - the normalized line costs, UZS MM
(millions of UZS); K, - the cost of building the
line, UZS MM/km; p. - deductions for depreci-
ation, repair and maintenance of the line; Ey -
regulatory efficiency factor; R - line resistance,
Ohm/km; Cy - costs of covering electrical en-
ergy losses, UZS MM/kW-h; T - maximum loss
usage time, h.

The considered normalized costs (2, in mil-
lion soums) as a function of the maximum load
of the transformers:

Table 2. Comparison of the capabilities of the proposed simulation software package
Tabaunua 2. CpaBHeHME BO3MOXHOCTEN NPeAraraeMoro nporpaMmMHOro naketa AA MOAEAMPOBaHUS

Criteria PSCAD

MATLAB (Simulink)

Primary purpose

Simulation and analysis of power systems

Modeling and simulation of various systems

Interface Intuitive and simplified

Complex with extensive functionalities

Specialization

Strong in electrical networks and power electronics

Versatile: electronics, mechanics, Al, etc.

Accuracy

High precision for time-dependent simulations

Wide-range precise modeling capabilities

Flexibility Limited to power systems

Highly adaptable for various domains

Coding support Primarily graphical interface

Allows MATLAB scripting and automation

Learning curve Easier to grasp

Requires advanced learning

Integration Limited compatibility with other software Easily integrates with MATLAB toolboxes
Cost Relatively affordable Expensive, especially the full version
:&T{f::igg INPOWET 1) ess advanced, mainly voltage and current analysis | Strong support for power electronics

Parallel computing

Limited capabilities

Supports multi-core and cloud simulations

Real-time simulation

Can be used with PSCAD for real-time applications

Dedicated toolboxes for real-time systems
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Crr = K¢ (per + En) +
+ APpo—i * Tsw " Cwno—1. + (2)

+ (S;nﬁ)z "APgp " T CW.sh.c,

where K - the cost of the transformer (capital
investment), UZS MM; AP, APsn.. — the pow-
er losses of no-load and short-circuit modes
of the transformer under nominal operating
conditions, respectively, kW; T, T - annual
operating time and losses, h; Cwnoi, Cwshe —
the cost of electrical energy losses in no-load
and short-circuit modes over the durations T,
and T, respectively, UZS MM/KkWh; p;, - the to-
tal percentage of deductions from the trans-
former’s cost.

The total constituent costs of a solar pho-
tovoltaic power station consist (3) of the fol-
lowing:

CPV = CModule + Clnverter + Clnstallation

+ CMaintenance.

The total constituent costs of electrical
energy storage systems consist (4) of the fol-
lowing:

CESS = CBatterv + COther additional costs +

+ Clnstallation + CMaintenance.

The technical-economic indicators of
each component forming the city power
supply system are calculated through the
mathematical expressions presented above.
For each case, the internal structure of the
parameters to be determined must be ex-
plained in more detail. In this case, cable
lines are used for medium, low voltage elec-
trical grids as the power transmission lines
[17, 22]. The calculations take into account
the allowable limitations in relation to the
cross sectional, area of the cable line. In the
transformer substation, the optimal value
of the rated full capacity of the power trans-
former is determined, considering the limita-
tions. In the solar photovoltaic station, each
component should be divided into individual
nodes. The same approach is applied in en-
ergy storage systems [4-8].

Based on this, the total costs of the areas
(5) taken as an object for the city power supply
system are determined as follows:

https://ipolytech.elpub.ru

CTOTAL = CMV.L + CTR + CLV.L +

5
+ Cpy + Cgss. ©)

It is evident from the general expression
that the technical-economic indicators, taken
as the nominal value of each power grid com-
ponent, are crucial for the system. The total
value of all expenses incurred for the system
is related to the parameters of the electrical
grids that need to be optimized®’ [2, 4, 17].
The parameters to be optimized in this case
include the following [24]:

- cross sectional area of the medium volt-
age power network;

- length of the medium voltage power grid;

- rated capacity of the transformer substa-
tion;

- cross sectional area of the low voltage
power grid;

- length of the low voltage power grid;

- rated capacity of the solar photovoltaic
station;

- storage capacity of the energy storage
system.

The Sequential Quadratic Programming
method was selected to minimize the given
objective function. This method is highly accu-
rate and exhibits fast convergence when solv-
ing constrained optimization problems, and is
distinguished by the following advantages:

- it performs effectively when the objec-
tive function and constraints are smooth and
differentiable;

- the presence of well-defined boundaries
for technical parameters justifies its applica-
tion;

- at each iteration, a quadratic approxima-
tion enables rapid convergence toward the op-
timal solution.

The developed mathematical expressions
represent the technical and economic indica-
tors of the constituent elements of the object
under consideration, and the data obtained
through these expressions are presented in
Table 3.

The optimal values of the parameters list-
ed above provide the possibility to minimize
the value of the costs incurred by the system.
The problem of minimizing the total costs is
accepted as the objective function, and the
parameters are calculated based on this. The
technical constraints to be included in the opti-
mization process are of significant importance.
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Table 3. Resulting values of technical and economic indicator calculation
Tabauua 3. 3HaueHus1, MOAYYEHHbIE B pe3yAbTaTe PAaCUYETOB TEXHUKO-3KOHOMUUYECKKX NOKa3aTenew

Calculation Value

No. Network Component Parameters X Unit
Expression | (Example)

1 | Electric Transmission Line (Cable) | F, I, R, T, Cw, K, pi, En (1) 14.5 millions of UZS/km

2 | Transformer Substation APy, APshc, Tow, T, Cwinot, Cwishc, Kis (2) 36.4 millions of UZS.sum

3 | Solar PV Power Station Capacity, inverter, panels, 3) 63.5 | millions of UZS.sum
installation costs

4 | Energy Storage System Storage capacity, system (4) 42.8 millions of UZS.sum
components

5 | Total Costs Sum of all component costs (5) 152.4 millions of UZS.sum

The value of the constraints for each parame-
ter must lie within the allowable range [3, 12,
23]. The developed comprehensive mathe-
matical model is used for optimization purpos-
es. It is advisable to apply modern methods for
determining optimal parameters.

RESEARCH RESULTS AND DISCUSSION

Looking at the analysis of the necessary
indicators for the use of distributed genera-
tion in the city power supply system, it is cru-
cial to enhance the technical and econom-
ic indicators for each electrical network. In
the complex scenario, for the area analyzed
as the object, the integration of distributed
generation, such as solar photovoltaic sta-
tions and energy storage systems, into low
voltage electrical networks is achieved [17,
20]. The simulation model created in the
PSCAD 4.6 software package is depicted in
Fig. 3. In this study, the external network is
considered at a medium voltage of 10 kV,
while the low voltage side operates at 0.4
kV. A photovoltaic solar power station and
an energy storage system are connected
to the common low voltage busbar. For the
system’s electrical load, two public buildings
have been selected. The schematic diagram
presented in Fig. 3 covers a portion of the
overall city area object shown in Fig. 1. In
this case, only one of the four TS and its cor-
responding load from Fig. 1 - namely, TS2
(No. 420) - is considered.

The selection of TS2 (No. 420) was based
on its typical load characteristics and central
location within the studied area. By focusing
on a single transformer substation, the simu-
lation allows for a more detailed and accurate
assessment of distributed generation impacts.
Furthermore, the integration of distributed
sources at the low voltage level enables the
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evaluation of load balancing effects and ener-
gy loss reduction in a real world, city context.
The simulation results also provide insights
into voltage stability and peak load mitigation.
This setup forms the foundation for further
comparative analysis with traditional central-
ized power supply systems.

In the model, the structure of each electri-
cal grid starting from the TS No. 420 transform-
er substation and the integration of the distrib-
uted generation are considered. The medium
voltage grid is represented by a 10 kV cable
line. The low voltage electrical grid includes
cable lines leading to buildings 1 and 2, along
with the distributed generation consisting of a
photovoltaic solar station and an energy stor-
age system. An inverter, which converts direct
current to alternating current, is used for both
systems. Technically, these could be installed
separately depending on economic efficiency
[14, 17].

In the proposed system, the transformer
substation a hominal capacity of 100 kVA. To
meet the electrical load, a hybrid setup has
been implemented, featuring a 50 kW Jinko
solar (Tiger Neo N-type JKM590N-72HL4-V)
panel and an energy storage system (SUN-
50K-SGO1HP3-EU-BM4, Deye ARK 9-3,2 kWh
HV), installed based on the spatial conditions
of the buildings*®”.

The SUN-50K-SGO1HP3-EU-BM4 model
presented below is a three-phase, high-capaci-
ty hybrid inverter designed for converting solar
energy into electrical energy and for integra-
tion with energy storage systems. This device
is primarily intended for use in large facilities,
commercial centers, and industrial applica-
tions. Its technical specifications are compre-
hensively provided in Table 4.

The Tiger Neo N-type JKM590N-72HL4-V
model presented below is a high efficiency,

https://ipolytech.elpub.ru
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Fig. 3. The simulation model of the distributed generation connected to the transformer substation No. 420 in the research

object

Puc. 3. mutaumoHHasi MOAEAb PacrnpeAENEHHOM reHepauum, NOAKAKUEHHOM K TpaHCcpopmaTtopHou noactaHumm Ne 420 B

MccAeAyeMoM 006beKTe

high capacity monofacial solar panel designed
for large-scale PV power plants. This solar mod-
ule demonstrates both high output power and
performance efficiency, maintaining stable
operation even under high-temperature condi-
tions. Due to its low power loss coefficients, it
ensures effective energy generation. Its tech-
nical specifications are provided in Table 5.
This panel is considered an ideal solution for

0-1 Jan Feb Mar Apr May Jun
1-2
2-3
3-4
4-5
5-6
6.7 0.402 0772
7.8 0.037 4
8.9 0.291 2773
10 3.830 6.129 9.856
9 11.023 13.161 16733
10-11 16.145 18.338 22.436
11-12 19.342 22.238 26,058
12-13 20.991 24.891 27910
13-14 20,099 24,938 127.488
14-15 16.265 19.978 22000
15-16 10.868 14.436 16.146 18.883 ; 23.533
16-17 2974 7.860 9.915 12221 14.424 16.378
17-18 0.840 3.142 5.419 7.129 8.710
18-19 0.036 0.591 1.794 2747
19-20 0.035 0.347
20-21
21-22
22-23
23-24
sun 122 153 185 221 252 273

large industrial facilities and solar power sta-
tions.

Fig. 4 presents the annual electrical energy
generation and load profile. From this graph,
the average production capacity for annual
consumption can be determined [15, 21]. The
purpose of presenting this graph is to high-
light that achieving a completely stable oper-
ating condition for the system is not feasible.

Jul Aug Sep Oct Nov Dec
0.384 0.034
0.109
4401 0.765
13133 7.698 4083
20,283 14.281 10.765
25,541 18.939 15.337
28406 21.602 17.946
E 22.088 18.780
19,637 17.034
21372 15.054 13.288
21701 14.432 8924 8018
17.574 13182 5943 1777 1.350
9.443 3.978 0.347
2893 0.095
0.252
276 273 253 191 131 107

Fig. 4. Annual variation of electrical energy generation for a 50 kW, distributed generation system (JKM590N-72HL4-V)
Puc. 4. [oaoBble KorebaHUS BbIpabOTKM IAEKTPOIHEPTMN AASI PACTPEAEAEHHOM CUCTEMbI reHepaummu MOLLHOCTbH 50 KBT

(JKM590N-72HL4-V)
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Table 4. Technical characteristics of a three-phase hybrid inverter used for converting solar energy into electrical

energy and integrating it with storage systems

Tabauua 4. TexHUUECKME XapakTepPUCTUKN TPexpa3HOro rMbpUAHOTO MHBEPTOPA, UCMIOAL3YEMOTO AAA NPeobpasoBaHus
COAHEUHOW SHEPTUM B SAEKTPUUECKYIO U €€ MHTEerpaLmmn ¢ CUCTEMaMMU HAaKOMAEHWUA SHEPrn

Model | SUN-50K-SGO1HP3-EU-BM4
Battery Input Data
Battery Type Li-lon
Battery Voltage Range (V) 160-800
Max. Charging Current (A) 50
Max. Discharging Current (A) 50
Number of battery input 2
Charging Strategy for Li-lon Battery Self-adaption to BMS
PV String Input Data
Max. DC Input Power (W) 6500
Max. DC Input Voltage (V) 100
Start-up Voltage (V) 180
MPPT Range (V) 150-850
Full Load DC Voltage Range (V) 450-850
Rated DC Input Voltage (V) 600
PV Input Current (A) 36+36+36+36
Max. PV s (A) 55+55+55+55
No. of MPP Trackers 4
No. of Strings per MPP Tracker 2
AC Output Data
Rated AC Output and UPS Power (W) 50000
Max. AC Output Power (W) 55000
AC Output Rated Current (A) 75.8/72.5
Max. AC Current (A) 83.3
Max. Continuous AC Passthrough (A) 150
Generator input/Smart load / AC couple current (A) 75.8/ 150/ 75.8
Power Factor 0.8
Output Frequency and Voltage 50/60 Hz; 3L/N/PE 220/380; 230/400 Vac
Grid Type Tree Phase
DC injection current (mA) <0.5% 1n
Efficiency
Max. Efficiency [97.60%

General Data

Weight (kg)

75

Size (mm)

527Wx894Hx294D

Table 5. Technical specifications of high-efficiency monofacial solar panels used in large-scale photovoltaic
Tabaunua 5. TexHMUYeCcKne xapaKTePUCTUKN BbICOKOIDDEKTUBHbBIX OAHOCTOPOHHUX COAHEUHbIX MAHEAEN,
NPUMEHSAEMbIX B KpyNHOMACLUTAOHbIX COAHEYHbIX AAEKTPOCTAHLMAX

Module Type Tiger Neo N-type JKM590N-72HL4-V
Standard test conditions (STC) Nt(; Tnlgglaciﬁ?éa(tlllré)gc?re)”

Maximum Power (Pmax) 590 Wp 445 Wp

Maximum Power Voltage (Vi) 43.71V 41.05V

Maximum Power Current (/) 13.50A 10.83 A

Open-circuit Voltage (Voc) 52.63V 4999V

Short-circuit Current (Isc) 1413 A 11.41 A

Module Efficiency STC (%) 22.84%

Operating Temperature -40~+85

Maximum system voltage 1000/1500 VDC (IEC)

Power tolerance 0~+3%

Temperature coefficients of Ppax -0.29%

Temperature coefficients of Vi -0.25%

Temperature coefficients of /s 0.045%

NOCT 4542
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To address this limitation, the development of
systematic control devices will be necessary in
the future.

The load condition applied to the local elec-
trical network is regulated. In cases of low load,
the energy storage system operates in charging
mode, while in overload situations, it functions
in discharging mode. The performance of the
model in simulation mode is analyzed, and the
results are presented in Table 1 for the state
analysis after integrating the distributed gen-
eration. The analysis for a single TS No. 420
transformer substation is shown in Table 6.

In this study, several parameters affecting
the normal operating condition of the system
have been considered, including energy losses,
peak overload periods, voltage drops in electri-
cal networks, and the annual number of system
losses. Reducing the values of these parameters
contributes to improving the technical and eco-
nomic performance of the system and enhanc-
ing the reliability of the power supply [16, 17].

A comparative analysis has been conduct-
ed by utilizing existing methods for these elec-
trical networks. Based on this analysis, Table
7 has been developed to compare the specific
values of the parameters presented in Table 6
[2,9, 18, 21].

From Table 7, it can be observed that ap-
plying the proposed approach using a PSCAD
-based model for low voltage electrical net-
works can enhance energy efficiency and pow-
er supply reliability [2, 7, 23].

As a logical continuation of this approach,
the implementation of control systems and the
optimization of energy efficiency parameters
will contribute to minimizing the overall envi-
ronmental impact in a comprehensive manner
[9, 16, 18].

The electrical load graph of the existing
state and the analysis of the electrical load
graph after adjusting the model to the load
condition have been carried out. The change
characteristics of the electrical load graph for
the given condition are illustrated in Fig. 5.
During the 24 hour period, the electric load
profile reaches a steady state condition. This
is achieved through the optimal control of dis-
tributed generation sources [3, 6, 11].

From this chart, it can be observed that
by integrating a photovoltaic solar power sta-
tion and an energy storage system into the
low voltage electrical networks, the energy
storage systems charge during periods of
low load, while the local electrical networks
are supplied with power through distributed

Table 6. Values of parametric indicators in the electrical network obtained after constructing a model of the
distributed generation electrical supply system for the transformer substation No. 420

Tabamua 6. 3HaueHWA NapaMeTPUUYECKMX MOKasaTeAel B INEKTPUUECKOW CETU, MOAYYEHHbIE MOCAE MOCTPOEHUS
MOAEAM CUCTEMbI AINEKTPOCHABXEHUSA C pacnpeAeAeHHON reHepaLmnen AN TpaHCHOPMATOPHOM NoacTaHLmMm Ne 420

Electrical grid The annual share The annual number
g _— of losses in the Annual overload Voltage loss . .
address Building . . . N of interruptions
. transformer in the electrical | in the electrical s
(TS and cable line number bstati ids. h ids. % occurring in the power
complex) substations grids, hours grids, % supply system
and outgoing lines, %
TS No. 420 No. 1 and 2 5 2700 2.9 8

Table 7. Comparative values of parametric indicators in the electrical grid after constructing the distributed
generation-based power supply system model for transformer substations No. 420

Tabauua 7. CpaBHUTEAbHbIE 3HAUEHUSA NapaMeTPUUECKMX NOKa3aTenel B INEKTPUUECKOM CETU NMOCAE MOCTPOEHUS
MOAEAW CUCTEMbI SAEKTPOCHABXEHNA HA OCHOBE PaCNpPEAEAEHHON reHepaumnn AAst TpaHCHOPMATOPHOM MOACTAHLIMK

Ne 420
The annua! share Annual Voltage loss The annual number
. of losses in the . . . . .
Comparison of the developed overload in the in the of interruptions occurring
R transformer . . . .
scientific approach . electrical grids, electrical in the power supply
substations and hours rids, % system
outgoing lines, % grids, % ¥
Yalues obtalr_1ed before model 8 3400 4 12
implementation
Results obtained from the 5 2700 29 8
developed model
Results obtained in the control
system using classical optimization 6.3 3300 3.6 11
and the model built in Simulink
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generation during peak load periods. As a re-
sult, the electrical load graph becomes more
balanced. Due to the growing demand for
“Green energy” in the Republic of Uzbekistan,
the use of distributed generation is justified.
Research findings indicate that in some elec-
trical networks, the values of energy losses
and voltage drops exceed the permitted val-
ues. The use of distributed generation in city
areas, with automatic adjustment based on
load fluctuations, can reduce energy losses
by up to 2.9%. By leveling the electrical load
graphs, it is possible to extend the reliable op-
eration period of high voltage electrical net-
works [11, 18].

There are technical limitations in the con-
ducted research. In this study, the nominal volt-
age is considered as a system with U<1000 V
(Ii<lyc). The model primarily focuses on technical
and economic indicators, while long term opera-
tion and discounted costs are not taken into ac-
count. The system, in its comprehensive state,
forms a multi approach function. For medium
voltage, it is advisable to consider 10<U<35 kV
(Ii<ly), as introducing high voltage networks ex-
ceeding 35 KV into small city areas may lead to
construction constraints [19, 22].

CONCLUSION

Based on the research conducted to scien-
tifically justify the use of distributed generation
in the city small district power supply system,
the following conclusions can be drawn for this
article:

1. The indicators for the use of distribut-
ed generation were analyzed to ensure the
continuous supply of high-quality and reliable
electricity to consumers in the small district of
the city.

2. The operational modes of the electri-
cal networks and the mathematical models
of their technical-economic indicators in the

ISSN 2782-6341 (online)
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Fig. 5. Expected load variation chart for the daily electrical
load in the case assigned to transformer substation No. 420
Puc. 5. [paduk OXuAaemMbiX WM3MEHEHWI Harpy3ku ANS
CYTOYHOM IAEKTPUUYECKOM Harpy3ku TpaHCHOPMAaToOpHOM
noacraHumu Ne 420

small district power supply system were an-
alyzed.

3. An imitation model was developed for
the use of distributed generation in the elec-
trical networks of the existing object in the city
area, and the adjustment of the electrical load
graph to a steady state was considered.

4. As a result of using distributed genera-
tion in the electrical networks of the existing
object in the city area, the potential to increase
the efficiency of the parametric indicators and
reduce electricity losses in these networks by
up to 2.9% was created.
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