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ANNOTATSIYA

Maqolada quyosh elektr stansiyalari elektr tarmoq tizimlariga integratsiyasi va tegishli
yechimlar bilan bog'lig muammolarni ko'rib chigadi va muhokama giladi. Qayta tiklanuvchi
energiya manbalarini sanoat korxonalari elektr tarmog‘ida elektr energiya sifat
ko rsatkichlari, kuchlanish chastota va reaktiv quvvat balansiga ta’siri ko ’rib chigilgan.
Shuningdek, u dolzarb ijtimoiy-igtisodiy, ekologiya va elektr energiyasi bozoriga oid
masalalarni ham hal giladi. Nihoyat, u muhokama gilingan muammolarga garshi kurashish
uchun to'g'ri yechimlar metodologiyalarini, shu jumladan energiyani saglash tizimlari va
gayta tiklanadigan energiya manbalaridan foydalanish istigbollari keltirilgan.

Kalit so‘zlar: Elektr energiyaasi sifati, qayta tiklanuvchi energiya manbalari,
kuchlanish va chastota og ‘ishi, energiya siyosati, energiya saqlash tizimlari.

AHHOTAIIUA

B cmamve paccmampusaromes u oocysxcoaromes npoobiemvl, c8sa3anHble ¢ uHmezpayuer
COJIHEYHbIX aﬂekmpocmanuuﬁ 6 JJleKmpocemesble CUCmemvl U C6A3AHHbLE C IMUM PEeULEeHUAL.
PaccmompeHo AUAHUE 60300HOBNIAEMBIX UCTMOYHUKOS JHEpcUU Ha noxkasameiu xKavecmeda
JJIEKMPOIHEpcUUL, yacmomvl  HANpPAJICeHUus U banamnca peaxmueuoﬁ MowHocmu 6
IJIEKMPOCcemMsX nPpOMbIULIEHHbIX npe()npuﬂmuﬁ B nem maxorce pacemampuearomci mekyuue
COYUAIbHO-OKOHOMUYeCKUue, IKojlocudecKkue np05ﬂ€Mbl u np06JZeMbl PUIHKA 2JIEKMPOIHEPCUU.
HaKOHeI/;, 6 HéM npedcmaeﬂe%l npaesujibHovle Memooono2uu peuteHus 06cy9fc0ae/vzblx
np06ﬂ€ﬂ/l, BKJIrouast nepcneKkmuesl UCNOJ1b306AHUA cucmem  XpaHeHus IHepcuu u
680300HOBNAEMbIX UCOYHUKOG OHepcUl.

KiaroueBnle cioBa: Kavecmeo JJIEKMPOIHepaUU, 80300H086/1AeMble UCHOYHUKU IdHepcuu,
OMKIJIOHEHUE HANPANCEHUS U YACnmOonmbl, IHepcemuvyecKas noaumuxKda, cucmemvl XpPAaHeHUs
IHepcuu

ABSTRACT

The article examines and discusses the problems associated with the integration of
solar power plants into electrical grid systems and related solutions. The influence of
renewable energy sources on the power quality indicators, voltage frequency and reactive
power balance in the power network of industrial enterprises was considered. It also
addresses current socio-economic, environmental and electricity market issues. Finally, it
presents the right solution methodologies to combat the discussed problems, including the
perspectives of using energy storage systems and renewable energy sources.
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Key words: Power quality, renewable energy resourses, voltage and frequency
deviation, energy policy, energy storage systems.

Introduction

In 2020-2030, special attention will be paid to the production of electricity from
renewable energy sources, especially the development of solar energy. These projects are
implemented only at the expense of investors - independent electricity producers. In order to
achieve the development indicators of renewable energy, the target parameters of the annually
commissioned capacities of QTEMs are set, with the construction of 3 GW of wind and 5 GW
of solar power plants planned for 2020-2030. In wind energy, the main focus is on the
establishment of large wind power plants with a capacity of 100-500 MW each, most of
which will be located in the North-West region (the Republic of Karakalpakstan and Navoi
region). Figure 1 below shows the structure of energy production based on RER until 2030, in
MW [1].
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Figure 1. Structure of energy production based on RER until 2030, MW

The modular nature and declining price of solar PV and wind energy technologies drive
their comparatively faster growth over other RER [2]. In addition, technological advancement
due to continuous investments in research plays a vital role in reducing the Levelized Costs of
Energy (LCOE) and their integration into the electric grids. However, the intermittent nature
of wind speed and solar irradiation due to climactic conditions can create a wide range of
operational and protection challenges for electricity grids. Besides, the networks’ power
quality, reliability, and stability may be hampered due to the bulk intermittent energy
integration if timely appropriate measures are not taken [3,4]. Furthermore, load demand and
RER power generation compatibility, transmission infrastructure and congestion, grid
flexibility and resiliency, electricity market mechanism, and policies may lead to curtailment
of installed RER.

Methodology & empirical analysis. Rigorous research in the enhancement of PV cell
efficiency, reduction of PV panel cost, and maximum power extraction from the PV systems
pave the way for the rapid growth ofPV power generation [5]. due to the climatic conditions
pose operational challenges for PV integration into the grid [6]. Therefore, accurate prediction
of PV power has become an essential task for safe and stable power system operation.
Prediction can focus on PV power or energy output or their rate of change.

Results. To obtain a flat voltage profile with minor deviations, a con-stant source of
power that is adaptable to the changes in the network is required. Unfortunately, solar PV
plants do not possess the necessary characteristics, as the average hours (average peak sun-
hours) under perfect conditions are from three to six hours [7]. Many studies investigated this

e
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issue and suggested solutions. Widen et al. [8] presented a stochastic methodology for
simulating PV-system impacts on low-voltage distribution grids via detailed generation and
demand models. The authors concluded that there would be an unacceptable voltage
variability if the PV penetration level goes beyond a certain threshold. Gaunt et al. [9]
analyzed the impact of a PV system on a residential distribution feeder. The adopted
probabilistic approach showed that a certain percentage (i.e., 25%) penetration of solar PV in
low voltage feeders recommended by the South African grid code could lead to substantial
voltage problems. In [10], the optimal penetration level of solar PV power into the Nigerian
power system considering voltage stability was addressed. Ref. [11] proposed a three-layer
voltage/var control strategy to enhance voltage stability with large-scale PV penetration.
Battery energy storage systems (BESS) were used to optimize active and reactive powers for
voltage stability [12]. Researches of the three modes of microgrid operation have been
conducted. The values of voltage fluctuations, frequency deviations and voltage harmonic
composition are investigated. Microgrid operation modes are described by the following
equations:
Pg + Pcon £ Psp = Pegn + Ppe 1)
Qp + Qcon * Qrps = Qcen + Qpc (2)
where P, Q — active and reactive power; indexes: B —ballast load, C — consumers load,
SB — storage battery, CEN —centralized electrical network, DG — distributed generation,RPC
— reactive power compensation.
It has been established that in modes 2 and 3 a brief imbalance of power is possible.
This leads to short-term increases in current in modes 2 and 3 - up to 70% of the parameters
of the normal mode; and increases in voltage — up to 11.5% of the nominal value (Fig. 2) [49].
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Fig.2. Oscillograms of current and voltage at the connection point ofconsumer to the
microgrid at the start of power output from the DG [49]

The suitability of various flexible AC transmission systems (FACTS) devices for
optimal voltage profiles was investigated in [14]. However, voltage stability with bulk PV
penetration remains a prime concern, necessitating further studies to quantify the impact and
develop appropriate solutions [14].
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The integration of PV systems into the grids increases the probability of an imbalance
between generation and demand due to their intermittent nature. This mismatch may lead to
frequency fluctuations, causing partial or total loss of electrical supply. It was found that
increased PV share accelerates the rate of change of frequency (ROCOF), potentially leading
to system collapse during natural overloads [14]. Additionally, studies on IEEE benchmark
transmission networks showed that more than 40% penetration of solar PV generation can
lead to system collapse during the worst contingency case due to the loss of inertia [15]. The
frequency response of a 20 kV distribution grid due to the incorporation of PV generation was
investigated, suggesting that more than 20% PV generation integration leads to network
collapse [16]. This can be clearly seen from actual frequency event occurred in the Irish
power system in 2017 as shown in Fig. 3. During the event displayed a 379 MW synchronous
generator tripped resulting in a frequency nadir of 49.4 Hz in which the system experienced
large RoCoF of 0.42 Hz/s [48].
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Fig. 3. Frequency services in the Irish power system [48]

The study also explored using energy storage systems (ESS) to enhance system
frequency response under bulk PV penetration. As future intermittent renewable energy
resource (RER) penetration increases, system inertia will decrease, making impact analysis
and control strategies for frequency response improvement crucial. Therefore, further
investigation for proper mitigation in this field is necessary [14].

PV power is produced as direct current (DC) and lacks the capability to provide reactive
power, a characteristic of AC sources [17]. Innovative technologies are needed to provide
reactive power capability. It was indicated that variable generation plants like wind and solar
could contribute to the reactive power capability of the network [18]. One of the two APS
units is activated to provide both active and reactive power support as illustrated in Fig. 4a
and Fig. 4b, respectively[50].

Strategies for injecting reactive power into the grid from PV power plants were
investigated, including various control methods [19]. A proposed reactive power
compensation technique enhanced the system voltage profile, minimized voltage variation,
and reduced total harmonic distortion of the PV power plant connected to the grid [108].
Additionally, a distributed reactive power compensation scheme was developed to enhance
the voltage profile by reducing voltage imbalances in an unbalanced distribution grid [109].
Efficient management of reactive power in electricity grids improves network voltage
profiles, enhances system stability, and reduces power quality issues. Therefore, different
control strategies for reactive power management and the deployment of FACTS and ESS
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devices for reactive power support require further attention for sustainable integration of
renewable energy resources (RER). Moreover, Pereira et al. [22] introduced a dynamic
approach to offset harmonic currents caused by nonlinear loads by utilizing power electronic
converters utilized for integrating PV systems as additional services. They suggested that
system operators offer incentives to PV system owners utilizing inverters to enhance power
quality via harmonic compensation. However, the multifunctional nature of PV inverters
could potentially compromise overall system efficiency [23]. Consequently, further in-depth
examination and analysis in this domain are warranted.
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Fig. 4. Active (a) and reactive (b) power for the existing distribution network generator

Large solar PV projects are usually located in deserts, mountainous areas, or places far
from the city center, necessitating significant investment in new transmission lines [24].
Remote monitoring and control solutions are also required for their efficient integration into
the grids. The high concentrations of rooftop PV systems in distribution grids result in
network congestions [25], potentially causing malfunctioning and unwanted curtailment of
PV generation. Various series of compensated FACTS devices were proposed to enhance
power transfer capability in response to congestion issues [26]. In [27], the PV inverter was
transformed into a STATCOM to improve network power transfer capability, also enhancing
power system stability under contingency cases. To address communication challenges, the
use of the internet of things (IoT) for system monitoring, fault diagnosis, event forecasting,
and preventive maintenance was suggested [28]. Finally, Qi et al. [28] proposed a holistic
attack-resilient framework to protect grid-integrated RER and overall grid infrastructure from
cyberattacks, emphasizing the need for further exploration of methodologies to ensure safe
and secure grid operation amidst transmission, communication, and security challenges.

This section summarizes critical and advanced technologies in grid-integrated PV
systems. Techniques for power fluctuation smoothing were reviewed [29], including
geographical dispersion, principal component analysis, fuzzy wavelet filtering, ramp-rate
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control, GA-based feedback control, wavelet transform based ANN, Elman neural network,
and deep neural network [30]. Two control strategies with and without ESS received attention
for providing primary frequency response [31], while frequency control strategies without
ESS were proposed as de-loading techniques [32]. Frequency control strategies with ESS
were presented [33], along with other strategies such as active power control, fuzzy logic
control, and adaptive neuro-fuzzy inference system (ANFIS) [34]. Various voltage control
strategies were proposed, including decentralized and centralized techniques [35].
Researchers also explored ESS, tap changing transformers, and FACTS devices for voltage
profile enhancement [36].

Advanced control strategies for optimal reactive power dispatch were proposed,
classified into graphical, analytical, numerical, heuristic, and dynamic planning methods [37].
Ansari et al. presented a Holonic architecture-based reactive power control strategy [38],
while a PI controller was illustrated for reactive power capability control [39]. Other
strategies included adaptive droop control, index-based reactive power control, prosumer-
owned control, fuzzy-based reactive power control, and system of system-based control [40].
Al-Shetwi reviewed control approaches to enhance grid-integrated PV systems' FRT
capability [41], including external devices and improved controller-based strategies [42.].
However, these strategies are still in their early stages and require further investigation for
effective, intelligent, and robust control techniques.

As discussed earlier, integrating renewable energy resources (RER) into the grid poses
operational challenges due to their lack of dispatchability, which can be addressed through the
deployment of energy storage systems (ESS) [43]. ESS technology aids in integrating
intermittent RER, reducing peak load demand, and stabilizing electricity prices in competitive
markets. While pumped hydroelectric ESS (PHESS) and compressed air ESS (CAESS) are
the most deployed large-scale systems, they only represent 3% of global electricity generation
capacity [44]. Battery ESS (BESS) has gained attention for its cost reduction and improved
efficiency [45]. Other technologies such as flywheel ESS (FESS), super-capacitor ESS
(SCESS), and superconducting magnetic ESS (SMESS) have also garnered interest.
Additionally, hydrogen fuel cell ESS (FCESS) offers emission-free electricity generation and
finds applications in the power system.

Conclusions

This paper reviewed such grid integration challenges of PV systems along with
available solution technologies. The reviewed significant challenges are the accurate voltage,
frequency, angular stabilities, injection of harmonics, and system fault ride-through
capability. Other reviewed challenges include the up-gradation of the protection schemes of
the traditional power systems, transmission congestion management, penetration into the
electricity markets, and socio-economic and environmental issues due to the incorporation of
PV systems into the grids. Finally, this article discussed available methodologies investigated
and explored by the researchers and scientists to combat the reviewed challenges.
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