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Dolzarbligi: Ushbu maqolada akkumulator batareyalari (AKB) va superkondensatorlarning integratsiyalashgan
gibrid energiya saqlash tizimi asosida ishlovchi quyosh—dizel elektr stansiyalarida elektr energiyasi sifati va
barqarorligini oshirishga qaratilgan. Gibrid elektr stansiyalarida asosiy muammo — invertor chiqgishidagi
kuchlanishning tez o‘zgarishi, yuklamaning dinamik tebranishlari, qayta tiklanuvchi manbalar (quyosh
radiatsiyasi) o‘zgaruvchanligi, hamda nochiziqlik yuklamalar ta’sirida yuzaga keluvchi garmonik buzilishlardir.
Bu omillar THD oshishi, fazaviy xatolar va o‘rtacha kvadrat kuchlanishning barqaror emasligiga olib keladi;
natijada iste’molchilarning uskunalari ish rejimida uzilishlar, energiya samaradorligining pasayishi va dizel
generatorning ortiqcha ishlash sikllariga sabab bo‘ladi

Magsad: kuchlanishning tez o‘zgarishlari, pik yuklamalar va garmonikalarni yumshatish orqali tarmogka
beriluvchi elektr energiyasining sifatini yaxshilashdir (THD kamayishi, fazaviy xato va amplituda barqarorligi).
Usullari: xalqaro tajriba va talabni boshqarishning qiyosiy tahlil usullaridan foydalaniladi.

Natijalar: Akkumulyator batareyalari va superkondensatorlarni integratsiyalashgan holda qo‘llash gibrid elektr
stansiyalarida:kuchlanish barqarorligini oshirish,garmonik buzilishlarni kamaytirish, AKB xizmat muddatini
uzaytirish,dizel generator sarfini kamaytirish kabi muhim afzalliklar beradi. Bu yechim zaif tarmogqlar, avtonom
qishloq elektrlashtirishi, sanoat ob’ektlari va Smart Grid tizimlarda qo‘llash uchun juda samarali hisoblanadi.
Kalit so‘zlar: Smart grid tizimi, SCADA, oqilona energiya iste’'moli, quyosh-dizel elektr stansiyasi, avtomatik
tartibga solish, energiya manbalarini almashtirish, Arduino mikrokontrolleri, gibrid energetik tizim.

IloBbllIeHHE Ka4eCTBA BHIXOAHOI'0 HATIPSIZKCHUS HA
THOPUAHBIX YJIEKTPOCTAHIUAX € HCIOJIb30BAHUEM
UHTETPUPOBAHHON CHCTEMbI AKKYMYJISITOPOB H

cyﬂepKOH)IeHcaTOpOB
Xycuust U. U6paramosa |, Kamosuanun 1. Kagupos®

! Accuctent HaBouiickoro rocyaapcTBEHHOTO TOPHO-TEXHOJOTMYECKOro yHHMBepcuTeTa, T. Hapowm, 210109, Y36exucran
ikhusniya@list.ru , https://orcid.org/0009-0006-4131-9992

) DSc, mpod.,IHCTHTYT dHepreTHYecKux mpo6iem, TalIKeHT,
https://orcid.org/0009-0001-5806-5048

100095, V30ekucran, kamoliddin.8484@mail.ru

AKTyalbHOCTb: B JJaHHOH CTaTh€ PAacCMaTPUBACTCS MOBBINICHNE KAdeCTBA M CTAOMIBHOCTH AIIEKTPUYECKOH
SHEPrHH B COJIHEYHO-AM3ENBHBIX THOPHIHBIX JJIEKTPOCTAHIMAX 32 CYET NPUMEHEHHS WHTErPUPOBAHHOM
TMOPHUIHON CHCTEMBI XpaHEHHUs! SHEpPrHH Ha OCHOBE akKyMyJsiTopHbIX Oatapeil (AKB) u cynepkoHmeHcaTopoB.
OCHOBHOIT Npo6IEMOl THOPUIHBIX AJIEKTPOCTAHIMI SBISIOTCS OBICTpBIE KOJIEOAHUS BBIXOTHOTO HANPSDKEHUS
MHBEpTOpa, IMHAMUYECKHE H3MEHEHMs Harpy3KH, BapHaTHBHOCTb BO30OHOBISIEMBIX HCTOYHHKOB SHEPrHU
(conmHeYHOH pajfuaIyn), a TakXKe FapMOHHYECKHE MCKaKCHHS, BOSHUKAIOMINE I10]] BO3EHCTBHEM HEIMHEHHBIX
Harpy3ok. OTH (akTOpbI IPUBOAAT K YBEJIMUESHHUIO K03 duimenTa rapmorndecknx uckaxennit (THD), dha3oBsmm
OImMOKaM M HEeCTaOWILHOCTH CPETHEKBAIPATHIHOTO 3HAUCHUS HANPSDKEHUS; B Pe3yJbTaTe BO3HHKAIOT cOOHM B
paboTe mOTpeOUTEILCKOTO 000PYJOBAHUS, CHIDKAECTCS SHepreTHdeckas 3()(eKTHBHOCTD U YBEIUIUBACTCS YUCIIO
M30BITOYHBIX pabOYNX IIMKIIOB AU3ENb-TE€HEPATOPA.

Ilesib: MOBBILICHHE Ka4YeCTBa JJICKTPOIHEPrHH, MOJAaBAEMOM B CETh, 3a CUET CHIKEHMsI OBICTPBIX KoyeOaHuit
HANpsDKEHHUS], THKOBBIX Harpy30K M rapMOHHUK (CHIDKEHHE KOG (HIMeHTa TApMOHUIECKUX UCKKeHUH, (ha30Boil
HOTPEIIHOCTH M CTAOMIBHOCTH aMIUIUTYbI).

MeToabI: HCHONB3yeTCs MEXTyHAPOJHBIN OIIBIT M CPABHUTEIBHBIN aHAIN3 METOIOB YIIPABICHUS CIIPOCOM.
Pe3ynbTaThl: KOMIUIEKCHOE HCIIONB30BAaHUE AKKYMYJSITOPHBIX OaTtapei W CyNepKOHAEHCATOPOB B THOPHIHBIX
SNIEKTPOCTAHIMAX OOecrneynBaeT 3HAYMTENbHBIC IIPEMMYIIECTBA, TaKHe KaK IIOBBINICHHE CTAOMIFHOCTH
HaIpsDKEHHs], CHIDKEHHE TapMOHUYECKHX MCKa)KEHMH, yBEINUCHNE CPOKa CIIyXKOBI aKKyMyJISITOpDHOH OaTapeu n
CHI)KEHHE MOTPEONeHUsT JJIEeKTPOIHEPTUH JHU3eNb-reHepaTopoM. JlaHHoe perieHne BecbMa 3(PQEKTHBHO s
MCIOJIb30BaHUSl B CIa0OTOYHBIX CETSAX, aBTOHOMHOI DJIEKTPOCHAOKEHUH CENBCKHX PaiOHOB, MPOMBIIIICHHBIX
obbekTax u cucremax Smart Grid.

KmroueBbie ciaoBa: curema smart grid, SCADA, paruoHanbHOE JHEPronoTPeOSICHHE, COJIHEYHO-AHU3ENIbHAS
9JIEKTPOCTAHIMS, aBTOMAaTHYECKOE PEryJIHpOBaHUE, NMEPEKIIOUCHHE HCTOYHHKOB JHEPTHH, MHKPOKOHTPOJLIED
Arduino, rubpuHas SHeprocucTeMa.
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Relevance: this article examines improving the quality and stability of electrical energy in solar-diesel hybrid
power plants through the use of an integrated hybrid energy storage system based on batteries and
supercapacitors. The main challenges of hybrid power plants include rapid fluctuations in inverter output voltage,
dynamic load changes, variability in renewable energy sources (solar radiation), and harmonic distortion caused
by nonlinear loads. These factors lead to increased total harmonic distortion (THD), phase errors, and RMS
voltage instability. These factors lead to malfunctions in consumer equipment, reduced energy efficiency, and
increased diesel generator over-runs.

Aim: improving the quality of electrical energy supplied to the grid by reducing rapid voltage fluctuations, peak
loads and harmonics (reducing the harmonic distortion coefficient, phase error and amplitude stability).

Methods: international experience and methods of comparative analysis of demand management are used.
Results: the combined use of batteries and supercapacitors in hybrid power plants offers significant benefits,
including improved voltage stability, reduced harmonic distortion, extended battery life, and reduced diesel
generator power consumption. This solution is highly effective for use in low-voltage grids, autonomous power
supply for rural areas, industrial facilities, and Smart Grid systems..

Keywords: EPS, energy transition, wind and solar generation, demand response, deficit modes, mode balancing,
contractual relations, consumer-regulators.

1. Introduction

In the modern world, electricity is one of the most essential resources, supporting every sphere of
human activity. Like any other commodity, electricity is subject to quality requirements. However, it
has unique characteristics: its parameters can vary over time, and in case of complaints, it cannot be
returned or exchanged. Furthermore, the quality of electricity may depend on the requirements of the
specific consumer [1].

The main goal of the Concept is to meet the growing demand for electricity at competitive prices

and to ensure the dynamic development of the country's power sector through the modernization and
reconstruction of existing power plants, the construction of new generation facilities based on high-
efficiency technologies, the improvement of electricity metering systems, and the diversification of
fuel and energy resources, including the development of renewable energy sources (RES).
In most developed countries around the world, renewable energy sources are increasingly being used
for electricity generation, with their share exceeding 20% in some countries. In this context, the study
of power quality parameters and dynamic characteristics of operating modes of photovoltaic power
plants (PVPPs), when operating in parallel with traditional power systems, is highly relevant.

To achieve a reliable control system for the entire electricity generation process, it is essential to

integrate all components responsible for energy production, transmission, and distribution into a uni-
fied system - up to the end consumers. Such integration is necessary to ensure data synchronization
and thorough analysis of all possible processes. This requirement is addressed by the concept of Smart
Grids.
The essence of a Smart Grid lies not only in the delivery of electricity to various categories of con-
sumers but also in data collection. Based on the collected data, the system allows for real-time tariff
accounting, forecasting, and planning of electricity consumption and generation [2]. The intelligent
control system also facilitates the integration of traditional energy sources with non-traditional renew-
able energy sources. This includes the hybrid operation of thermal power plants (TPPs), hydroelectric
power plants (HPPs), nuclear power plants (NPPs), and diesel power plants (DPPs) with solar power
plants (PVPPs), wind power plants (WPPs), and other renewable energy sources (RES) [3].

2. Methods and materials

In the context of the global transition to sustainable energy sources, the integration of solar-diesel
hybrid systems (SDHPPs) into smart grids is becoming increasingly important. The combination of
photovoltaics, diesel generators, and energy storage systems ensures energy supply reliability and
flexibility in remote and unstable regions. A Smart Grid is an intelligent energy infrastructure that
provides two-way communication between energy producers and consumers. The implementation of
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SDHPPs into such systems not only decentralizes power generation but also enables adaptive resource
management. Hybrid solar-diesel power plants represent an increasingly viable solution for ensuring
reliable electricity supply in remote or off-grid areas. By integrating photovoltaic (PV) systems with
conventional diesel generators, these plants leverage the advantages of both renewable and traditional
energy sources. This combination enables consistent power generation while reducing fuel consump-
tion, operational costs, and greenhouse gas emissions.

In typical operation, solar energy is prioritized during daylight hours, powering the load directly
and, when integrated with battery storage systems, charging them for later use. When solar irradiance
is insufficient—due to weather conditions or during nighttime—the diesel generator compensates for
the shortfall, ensuring uninterrupted energy supply. The use of advanced energy management systems
allows for the intelligent coordination of energy flows between the solar PV array, diesel generator,
storage systems, and the load. These systems monitor energy production and consumption in real
time, optimizing the plant's efficiency and minimizing the runtime of diesel generators[3].

Structure of a Solar-Diesel Hybrid System

. A typical SDHPP includes:

. Photovoltaic panels (PV)

. Diesel generator

. Energy storage system (batteries and/or supercapacitors)
. Inverter and controller

. SCADA system for monitoring and contromlcm

Fig.1 A simulation model of the inverter device of a solar-diesel power plant assembled in the
Matlab/Simulink software package

The energy balance can be described by the equation:

Pload(t) = Ppv(t) + Ppg(t) + Poar(t) £ AP(1); )
where Pioaq(t) is the load at time t, Ppy(t) is the power from the solar plant, Ppg(t) is the power from the
diesel generator, Ppa(t) is the power from the battery, and AP(t) represents energy losses.

Reduction of harmonic effects between inverter and diesel generator.
Vsys () = Vpy (£) + Vg (£) — AVipss (1) - (2)
The output signal of the automatic regulator for voltage stabilization is determined according to
the following law:

de(t
Uoeri(t) = Ky, - e(6) + K; [ e(E)dt + Ky =2 ; 3)
where:e(t) = Vyof — Vsys(t)- error,K,K;K,- proportional, integral and differential coefficients of the

controller.
Integrating SDHPPs into the Smart Grid requires:
e frequency and voltage synchronization with the grid;
e implementation of intelligent control (e.g., predictive regulation);
e capability to store and inject energy into the grid.
Example of Energy Flow Control Algorithm. The control algorithm can be implemented as fol-
lows:
Monitor parameters: Ppy, Pioad, SOC;
If Ppv > Pioad, the excess goes to charge the battery;
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If Ppv+ Ppat < P_10ad, the diesel generator is started;
If SOC is low, the system switches to economy mode.

Parameters, inputs

State = IDLE

Measure
PQ

Measure grid,
DC, 1

State = SOFT
START

Protections
State = RUN | |
State = RUN
State = RUN
i ! + 4
Boost Vdc vsC PLL Fault?
control control control 2kHz
500Hz 1kHz Sfsw
IncCond PI Pl
+integra 1 (m;)
= Yoo i)
* m.
[ 2 |[md]
50Hz mig Q/Hz

A
State = FAULT \ _Stop, discharge ( Stop,
Staut discharge

Fig.2 An algorithm for the operation of a solar-diesel power plant integrating batteries and superca-
pacitors

Remote control algorithm. The control system operates in two modes:
1. Auto Mode:
The controller decides on the BESS, inverter and diesel generator mode based on sensor data; For
example, if the output power from the solar panels is low, the diesel generator or battery is activated.
2. Manual Mode:
The operator controls each device separately via SCADA (for example, turning on/off the diesel, es-
tarting the inverter).
Control law (for automatic voltage adjustment):

Uref = UO + kp(Pset - Pmeas) + kl f(Pset - Pmeas)d"L . (4)

Through this formula, voltage is automatically corrected for power deviations. Generation suitable
for covering peak loads should have other "useful" properties:

be dispatched, that is, controlled by a person;

to be as maneuverable as possible, that is, capable of delivering energy to the network in minutes,
and sometimes even seconds, and not fail with an equally rapid shutdown;

have minimal capital costs.

While intermittent alternative generation is a fraction of a percent of the dispatched generation, its
saw is simply lost in the general "noise". This does not mean that the harm from intermittent alterna-
tive generation is absent at its small fraction, it means that the harm is so small that it can be neglect-
ed, but only in this case, any possible "help" from intermittent alternative generation is also so small
that it can also be neglected.

i Vo RV

NS S N N SN
" N N, g

1/ Vit ]

Fig.3 Parameters of the simulation model of the inverter device of a solar-diesel power plant assem-
bled in the Matlab/Simulink software package.

There are a number of methods that can be used to solve intermittent alternate generation prob-
lems, i.e. methods of balancing an emerging production saw: overproduction of alternative energy;
expansion of networks; demand management; energy storage; duplication of traditional generating
energy.
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3. Results and discussion
To evaluate the efficiency of different operating modes of a Solar-Diesel Hybrid Power Plant
(SDHPP), a comparative analysis was conducted for four configurations: diesel-only mode, solar-

diesel mode, SDHPP with battery storage, and SDHPP with both battery and supercapacitor.

Table 1. Comparison of SDES operating modes

Fuel Consumption Diesel Operation Time o
Mode (L/day) (h/day) Battery Wear (%)
Diesel Only 40 24 0
Solar-Diesel 20 12 5
SDHPP with Battery 10 6 10
SDHPP with Battery and
. 6 4 3
Supercapacitor
NAA AN NANANANNAAANNANANAANNRR AQ A AN NA NN A A
JAVATAVATAYAYAVAVAVAYAVATAYAVAYAVAVAVAVATAY AVATATAVAVAVAYAVATAVATATAVAVAY AVATATATAVATA

Fig.4 Graph comparing different operating modes of a solar-diesel hybrid power plant (SDHPP) on
three parameters: fuel consumption (I/day), diesel runtime (hrs/day) ,battery wear (%)

Fuel Efficiency: The best performance is shown by the system with both a battery and a superca-
pacitor, reducing fuel consumption by 85% compared to the diesel-only mode.

¢ Diesel Generator Runtime: Significantly reduced operation time extends the equipment’s service
life and lowers maintenance costs.

¢ Battery Longevity: Integrating a supercapacitor reduces the load on the battery, minimizing deg-
radation and increasing its lifespan.

e Thus, the most efficient and reliable configuration is the combined use of batteries and superca-
pacitors, which ensures high energy efficiency and stable power supply performance.
In this table, a comparative analysis of the basic indicators of the hybrid system with integrated AKB
and supercapacitors is introduced.

Table 2. Comparative analysis of controllers without filtration and use of AKB and supercapacitors

Indicator Without Monitoring With Monitoring Percentage Change
Downtime 4,2 h/m 1,3 h/m 1 69%
Response time 90 ¢ 25¢ 1 72%
Energy efficiency 83 % 92 % 1 9%

4. Conclusion

Hybrid solar-diesel power plants offer a practical and effective approach to addressing the chal-
lenges of energy access, fuel dependency, and environmental sustainability in off-grid locations. By
combining the strengths of solar power and diesel generation, these systems ensure a reliable power
supply while minimizing environmental and economic costs. With ongoing advancements in technol-
ogy and decreasing costs of solar components, hybrid energy systems are poised to play a key role in
the future of decentralized and sustainable energy infrastructure. Analysis of information on this topic
showed that there are a number of requirements for the quality of electrical energy, which are deter-
mined by the increasingly high level of use of high-tech industries in various sectors of agriculture.
This is especially important for alternative generation at wind turbines, biogas stations (internal com-
bustion engine generation) and solar power plants. There are a number of ways to improve the quality
of electricity to increase the efficiency of energy supply to consumers, such as reactive power com-
pensation devices, synchronous compensators, inverter devices, etc. It should be noted that the use of
these devices is individual in each case and the choice should be made on the basis of a feasibility
study. The main indicators of power quality are parameters such as voltage, frequency and harmonic
distortion.

145

Version 12026 PROBLEMS OF ENERGY AND SOURCES SAVING https://energy.tdtu.uz/index.php/journal




Version 1 2026 PROBLEMS OF ENERGY AND SOURCES SAVING

References

1. Ibragimova X.I., Baranova M.P. IIporHo3upyeMble SHepreTHYecKue XapaKTepUCTUKU
(boTOdIEKTpHYECKUX MpeoOpa3oBaTeneii B aBTOHOMHBIX CHCTEMax 3JIEKTPOCHAGKEHHUS MPU TTOMOIIN
uHBepTopHOTO ONOoKa. (2024), Journal of Advances in Engineering Technology Vol.1(13), 2024
January-March, 2024.

2. Bhattacharyya S. C. (2013). Rural electrification through decentralized off-grid systems in de-
veloping countries. Springer. https://doi.org/10.1007/978-1-4471-5016-1.

3. International Renewable Energy Agency (IRENA). (2015). Renewable power generation costs
in 2014. International Renewable Energy Agency. Retrieved from https://www.irena.org/publications.

4. Dursun B., & Alboyaci B. (2010). Determination of the optimum hybrid renewable power gen-
erating systems for selected locations in Turkey. Renewable and Sustainable Energy Reviews, 14(5),
1402-1410. https://doi.org/10.1016/j.rser.2009.11.006.

5. Rehman S., Bader M. A., & Al-Moallem S. A. (2007). Cost of solar energy generated using PV
panels. Renewable and Sustainable Energy Reviews, 11(8), 1843-1857.
https://doi.org/10.1016/j.rser.2006.03.005.

6. Gupta A., & Saini R. P. (2020). Modeling of hybrid energy system—Part I: Problem formula-
tion and model development. Renewable Energy, 145, 297-311.
https://doi.org/10.1016/j.renene.2019.05.073.

7. International Energy Agency (IEA). (2022). World Energy Outlook 2022. Retrieved from
https://www.iea.org/reports/world-energy-outlook-2022

8. Lahmeyer International. (2016). Hybrid power generation systems — A technology review.
Deutsche Gesellschaft fiir Internationale Zusammenarbeit (GIZ) GmbH.

9. Liserre M., Timbus A. V., & Piegari L. (2008). Power quality improvement in hybrid systems
combining wind power and diesel generators. IEEE Transactions on Industrial Applications, 44(4),
1391-1399. https://doi.org/10.1109/T1A.2008.924045.

10. Bobur Narzullayev; Javokhir Boboqulov, Improving reliability based on diagnostics of the
technical condition of electric motor stator gutters, AIP Conf. Proc. 3331, 030032 (2025).
https://doi.org/10.1063/5.0305735.

11. Turdibekov K. et al. Experimental and statistical methods for studying the modes of electric
power systems under conditions of uncertainty /E3S Web of Conferences. — EDP Sciences, 2023. —
T. 452. — C. 04002. https://doi.org/10.1051/e3sconf/202345204002.

12. Tursunova A. et al. Researching localization of vertical axis wind generators //E3S Web of
Conferences. - EDP Sciences, 2023. - T. 417. - C. 03005.
https://doi.org/10.1051/e3sconf/202341703005 .

13. Boboqulov J., Narzullayev B. Development of a model for diagnosing rotor conditions in the
parallel connection of synchronous generators with the network // E3S Web of Conferences. — EDP
Sciences, 2024. — T. 525. — C. 06001. https://doi.org/10.1051/e3sconf/202452506001.

14. Amirov S.F., Ataullayev N.O., Ataullayev A.O., Muxammadov A.O., Majidov B.Q., A.U.
Methods for reducing the temperature components of magnetomodulation DC converter errors. E3S
Web of Conferences, 417, 03011 (2023). https://doi.org/10.1051/e3sconf/202341703011.

15. Amirov S.F., Ataullayev A.O., Sayidov M.K., Togayev [.B. Methods of reduction of interfer-
ence signals in electromagnetic conductors that measure fluid flow Journal of Physics: Conference
Series, 2094(5), 052053 (2021) 10.1088/1742-6596/2094/5/052053.

16. Bakhodir Ramazonov, Shakhzodbek Sayfiev, Khasan Muradov, Mathematical modeling and
research of high capacity lead-acid stabilized accumulator battery, AIP Conf. Proc. 3268, 020043
(2025) https://doi.org/10.1063/5.0257860.

17. Khasan Murodov, Askarbek Karshibayev, and Shukhrat Abdullayev, Analysis of the process of
balanced charging of the battery group with high capacity, E3S Web of Conferences 548, 03012
(2024) https://doi.org/10.1051/e3sconf/202454803012.

18. Muzaffar Xolmurodov, Shaxzod Hakimov, Umida Oripova, Improving energy efficiency in
public buildings: Modern technologies and methods, AIP Conf. Proc. 3331, 040060 (2025)
https://doi.org/10.1063/5.0306935.

146

Version 12026 PROBLEMS OF ENERGY AND SOURCES SAVING https://energy.tdtu.uz/index.php/journal



https://doi.org/10.1007/978-1-4471-5016-1
https://www.irena.org/publications
https://doi.org/10.1016/j.rser.2009.11.006
https://doi.org/10.1016/j.rser.2006.03.005
https://doi.org/10.1016/j.renene.2019.05.073
https://www.iea.org/reports/world-energy-outlook-2022
https://doi.org/10.1109/TIA.2008.924045
https://doi.org/10.1063/5.0305735
https://doi.org/10.1051/e3sconf/202345204002
https://doi.org/10.1051/e3sconf/202341703005
https://doi.org/10.1051/e3sconf/202452506001
https://doi.org/10.1051/e3sconf/202341703011
https://doi.org/10.1088/1742-6596/2094/5/052053?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.1063/5.0257860
https://doi.org/10.1051/e3sconf/202454803012
https://doi.org/10.1063/5.0306935

