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ON THE ISSUE OF MICROGRID CONTROL WITH WIND ENERGY SYSTEMS AND PV
USING AN LC FILTER

Abstract. This paper addresses the problem of improving power quality in a microgrid that
integrates renewable energy sources, specifically wind energy systems (WES) and photovoltaic
(PV) installations, through the application of an LC filter at the output of an inverter-based
distributed generation unit. The study examines the fundamental physical principles of LC filter
operation, including its frequency response characteristics and its role in mitigating high-frequency
harmonics generated by power electronic converters. Special attention is given to the influence of
the LC filter on the overall stability and dynamic performance of the microgrid under varying load
conditions.

An engineering design and calculation of LC filter parameters are carried out for a 220 V
microgrid with a rated power of 3 kW and a pulse-width modulation (PWM) frequency of 10 kHz.
The results demonstrate that appropriately designed filter parameters ensure attenuation of high-
frequency harmonics exceeding 50 dB, significantly reducing the total harmonic distortion (THD)
of the output voltage. Furthermore, the proposed approach contributes to improved voltage
waveform quality and enhanced reliability of the microgrid. The findings confirm the effectiveness
and practical applicability of LC filters in distributed generation systems based on renewable
energy sources.

Keywords: microgrid, LC filter, wind energy system, photovoltaic system, inverter,
harmonics, power quality, THD, distributed generation.
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JKEJI DJIEKTP CTAHIIUACHI )KOHE ®OTOSJIEKTPJIK )KYWEJIEPI (PV) BAP
MHUKPOXEJIIHI LC-CY3I'T APKBLJIBI BACKAPY MOCEJIECIHE

Anoamna. Makanaoa canapmeliamoln SHepeus KeO30epiH, aman aumkaHoa dcei
anepeemuxacwyl dwcyuenepin (KIXK) owcone gpomoanexmpnix xounowvipeviiapowvr (PV) oOipikmipemin
MUKpOdICcenioezi 21eKmp IHePeUACHIHbIY CANACbiH JHCAKCAPMY Maceneci UH8epmopibl MapamulieaH
2eHepamop KOHObIPEbICbIHbIY  wbleblicbinoa LC  cys2icin KOonoaHy apKwlibl Kapacmulpblidobl.
3epmmey CKJ[ cy3eiciniy sHcymbiCbiHbIY He2i32l (U3UKANbIK NPUHYUNIEDIH, COMbIY [UiHOe OHbIH
HCULNIK CUNAMMAMANAPBIH HCIHE KYUIMIK 2NeKMPOHObl MypaeHOIpeiuimep myoblpamvlH HOEapbl
HCULTIKMI 2apMoHUuKansl bacyoazvl penin xapacmuipaovl. CKJ] cyseiciniy apmypni scykmemenep
Ke3iH0e MUKPOXMCENIHIH HCAINbl MYPAKMbLIbIRL MEH OUHAMUKATLIK CURAMMAMANAPLIHA dcepine
epexuie Ha3ap ayoapviiaobl.
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Homunanoor kyamer 3 xBm oicone eni-umnyrvcmix mooynayus (PWM) ocuiniei 10 kly
oonamuin kepueyi 220 B muxpooicenice apuanzan LC-cyseiniy napamempiiepin MeXHUKAIbIK
Jrcobanay dcane ecenmey opviHOan0bl. Homuoicenep oypvic manoanean cysei napamempiepi 50 ob-
O0eH acamvlH JHCOAPLL HCULLIKMI 2APMOHUKAHBIY 2NCIPEYIH KAMMAMACyL3 ememinin kopcemeoi, Oy
Ivizvic KepHeyiniy JHcaanvl eapmonuxkanvlk oypmaranyvin (THD) aiimapavikmatl memenoemeoi.
Convimen Kamap, YCblHbII2AH MACII KepHEY CUCHANLIHBIY —CANACHIH  HCAKCAPMY2A  JHCIHE
MUKPOJICENIHIY CeHIMOinicin apmmubipyea Kemekmeceodi. Homuoicenep oicanapmoiiamvln 3Hepeus
Ke30epine Hecizoencen mapamvlizan 2enepayus xcyuenepinde CKJ[ cyseinepiniy muimoiniei men
NPAKMUKAILLK, KOJLOAHBLIYbIH PACMAUObL.

Tyiiinoi ce3oep: muxpooiceni, LC-cysei, acen snekmp cmanyuscol, omosiekmpiix Jucylie,
UHBEPMOp, 2APMOHUKANLAD, 2eKMp dHepauscuiHbly canacsl, THD, mapamuvinzan eenepayusi.
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K BOITPOCY YIIPABJIEHUSA MUKPOCETBIO C BETPOBBIMU
SHEPTETUYECKHUMHU YCTAHOBKAMMU U PV C UCITIOJIb30BAHUEM LC-
OUJIBTPA

Annomayun. B Oannoii cmamve paccmampusaemcs npooiema YiyyuleHus: Kavecmed
INEKMPOIHEPSUU 8 MUKPOCEMU, KOMOpas 00veOuHsiem 60300HO8IseMble UCMOYHUKU IHepeUll, 6
yacmuocmu eemposuepeemuyeckue cucmemvl (BOC) u pomosnekmpuueckue yemanosxu (PV), 3a
cuem npumenenus LC-¢unempa ma 6vixode uHeepmopHoUu pacnpedenenHoll 2eHepamopHoll
yemanosku. B uccrnedosanuu paccmampugaromces GynoamenmanvHvle Quauieckue NpUHYUnvl
pabomovl JKK-unvmpa, exnouas e2o uacmomHvle Xapakmepucmuku U e20 poib 6 NoO0asleHul
BbICOKOYUACTOMHBIX 2APMOHUK, 2€HEPUPYEMBbIX CUTOBLIMU INEKMPOHHbIMU NPeodpazo8amesimu.
Ocoboe snumanue yoensemcs enuanuto XKK-¢unompa na obwyro cmabunoHocms u OuHamudeckue
XapakmepucmuKku MUKpocemu npu paziuiHvlx Hacpy3Kax.

Buvinonneno mexnuueckoe npoexmuposanue u pacuem napamempos LC-purbmpa ons
mukpocemu Hanpsicenuem 220 B ¢ HomuHanvHou mowHocmoio 3 kKBm u wacmomou wiupommo-
umnynscrhot  mooyuayuu (LLIUM) 10 «xly. Pezyremamvl nokaszvieaiom, 4mo NpAsUIbHO
nooobpanHvle napamempsl Guibmpa odecnevusaom ociadieHue 8blCOKOUACMOMHBIX 2APMOHUK,
npesviuarowux 50 0B, umo 3nauumenvno cnudicaem obwee eapmonuyeckoe uckadxicenue (THD)
8bIX00H020 Hanpsicenus. Kpome moeo, npednazaemviii no0xo0 cnocoocmeyem YiydueHuo
Kauecmeda CUCHANA HANPAJdCeHUst U NOGbIUEHUI0 HadedcHocmu mukpocemu. Ilonyuennvie
pe3yibmamsl NOOMEepHcOaom 3pGHexmusHocms u npakmuyeckyio npumenumocms KK-gunompoes
8 cucmemax pacnpeoeieHHoll 2eHepayu Ha 0CHO8e 80300HOBNAEMbIX UCTIOYHUKOS IHEPSULL.

Knwuesvie cnosa: muxpocemv, LC-gunomp, eemposas smnepeemuueckas ycmauoska,
gomoanekmpuueckas cucmema, UHBEPMOP, 2APMOHUKY, Kauecmeo dnekmposnepeuu, THD,
pacnpeoenénnas ceHepayusi.

INTRODUCTION

The modern electric power industry is developing towards decentralization and digitalization,
which is associated with the active introduction of renewable energy sources, energy storage
systems and intelligent control algorithms (Guerrero et al., 2022). One of the most promising forms
of distributed generation organization is microgrids, which are local power systems capable of
operating both as part of a centralized network and autonomously (Memon et al., 2024).
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Microgrids with wind power plants and PV provide environmental friendliness, flexibility and
reliability of energy supply, especially in remote areas and facilities with high demands on
electricity quality (Memon et al., 2024) . However, the use of inverter sources leads to the
appearance of high-frequency harmonics, an increase in the coefficient of nonlinear distortion and a
deterioration in the dynamic stability of the system (Kim et al., 2024).

One of the effective solutions to this problem is the use of passive LC filters installed at the
output of the inverter (Rohit & Kishor, 2024). Their use makes it possible to smooth the shape of
the output voltage and ensure compliance with electricity quality standards (Rohit & Kishor, 2024).

In the context of the active development of distributed generation and the growing share of
power electronic converters in the structure of local power systems, the task of ensuring the quality
of electricity is becoming one of the key ones (Kim et al., 2024). The most vulnerable from this
point of view are microgrids, in which energy sources based on wind power plants and photovoltaic
systems are connected to the load via inverter interfaces (Memon et al., 2024). Pulse width
modulation, being an effective way of energy conversion, simultaneously causes the appearance of
higher harmonics, an increase in electromagnetic interference and a deterioration in the sinusoidal
output voltage (Kim et al., 2024).

In this regard, the use of an LC filter at the output of the inverter is an engineering justified
solution that allows for a pronounced smoothing effect with a relatively simple structure (Rohit &
Kishor, 2024). Scientific interest in this task is due to the need to reconcile conflicting
requirements: on the one hand, the filter should effectively suppress high—frequency harmonics, and
on the other, it should not introduce unacceptable phase distortions in the fundamental frequency
region of the network and worsen the dynamics of the microgrid (Kim et al., 2024).

The scientific novelty of this study lies in the fact that LC filter analysis is not considered in
isolation, but in the context of microgrid management with two types of renewable energy sources —
wind and photovoltaic (Memon et al., 2024). The practical significance of the work lies in the
possibility of using the proposed calculation ratios and structural solutions in the design of low-
power 220 V microgrids with an inverter interface and distributed generation.

The aim of the work is to analyze the effect of the LC filter on the quality of electricity and
the stability of the microgrid with wind power plants and PV (Guerrero et al., 2022).

It should be noted that in microgrids, the quality of electricity is determined not only by the
parameters of the sources themselves, but also by the nature of the interaction between converters,
lines, energy storage devices and loads (Guerrero et al., 2022). In real-world conditions, microgrid
loads are often nonlinear: consumers include switching power supplies, frequency-controlled
electric motors, power electronics, and other devices sensitive to voltage distortion (Kim et al.,
2024). Therefore, the problem of harmonics in microgrids is of a dual nature: some of the distortion
occurs from the source side, and some from the load side (Kim et al., 2024).

Of particular difficulty is the fact that the power of wind power plants and PV is stochastic in
nature (Memon et al., 2024). The wind speed and the level of solar insolation change over time,
which causes fluctuations in the active power at the input of the inverter (Memon et al., 2024). In
the absence of a properly selected filter, such fluctuations can increase current and voltage
fluctuations, which negatively affects the stability of the entire microgrid (Kim et al., 2024).

In this regard, the use of an LC filter should be considered not only as a means of suppressing
harmonics, but also as an element influencing the dynamic behavior of the system (Rohit & Kishor,
2024). Its parameters should be selected in such a way as to ensure a compromise between the
filtration depth, the permissible dimensions and mass of the inductance, the reactive load on the
source, as well as stability under various operating modes (Kim et al., 2024).

To achieve this goal, the following tasks are being solved:

» analyze the physical basis of the LC filter functioning as part of a microgrid;

+ define engineering criteria for selecting filter parameters;

» calculate the inductance and capacitance for the specified parameters of the microgrid;

* investigate the frequency characteristics of the filter;

* evaluate the effect of the filter on harmonic suppression and stability of the system.
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RESEARCH MATERIALS AND METHODS

With the global energy transition towards low—carbon energy sources, special attention is
being paid to distributed energy systems - microgrids (Guerrero et al., 2022). Microgrids are
capable of efficiently integrating renewable energy sources such as wind turbines and solar
photovoltaic (PV) panels, providing a sustainable, autonomous or semi-autonomous energy supply
(Memon et al., 2024).

The concept of microgrids is based on the creation of local power systems capable of
operating both as part of a large power grid and autonomously (Guerrero et al., 2022). This is
critical for remote areas, island territories, industries with stable electricity supply requirements, and
structures with critical infrastructure (Memon et al., 2024). A microgrid is an electric power system
with distributed energy sources, control systems, energy storage elements and consumers, which
can operate in two modes: inside the main grid (grid-connected mode); offline (island mode) —
when disconnected from the external network infrastructure (Kim et al., 2024). Microgrids are
designed taking into account energy consumption, generating elements, and balancing mechanisms.
Through intelligent load management, energy generation and storage are optimized in real time
(Guerrero et al., 2022).

The main task of microgrid management is to ensure a balance between energy generation
and consumption.

The issues of filter design for distributed generation systems have been discussed in numerous
studies in recent years. For example, Chen et al. analyzes various types of passive filters, including
LC and LCL filters, and compares their characteristics under unstable load conditions (Chen et al.,
2023). The authors emphasize that LC filters provide acceptable efficiency at moderate cost and
ease of implementation (Lim et al., 2025).

Zhang and Lee's work examines the effect of LC filters on the dynamic characteristics of
microgrids with a high proportion of solar panels. It shows that optimizing the filter parameters
reduces voltage fluctuations and improves the stability of the system with rapid changes in
generation and load (Rodriguez et al., 2023).

The review by Kumar et al provides a comparative analysis of passive and active harmonic
compensation methods. The authors conclude that with limited resources, passive LC filters remain
an effective solution due to the absence of complex electronics and the need for control (Lim et al.,
2025).

Other studies, such as Smith & Patel, focus on modeling LC filters taking into account the
parasitic parameters of the elements, which is critical at frequencies typical of modern energy
converters (Agelidis et al., 2021).

The paper uses methods of theoretical analysis of second-order linear electrical circuits,
frequency analysis, and engineering calculation of LC filter parameters (Miura, 2021).

he LC filter consists of an inductance L and a capacitance C, which are fundamental elements
of passive power conditioning systems (Kim et al., 2024).

The inductance stores energy in a magnetic field:

Wy ==L (1)
A capacitor stores energy in an electric field:
We=-CU? (2)
The reactants of the elements are determined by the expressions:

XL=(,I)L XC=_ (3)
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Where
w=2nf (4

The resonant frequency of the circuit:

fo=smm  ©®

Transfer function of an ideal second-order LC filter:

1
LCs2+1

H(s) = (6)

For the engineering calculation, the initial data is taken:

* the voltage of the microgrid is 220 V;

* load capacity — 3 kW,

* Network frequency — 50 Hz;

* The frequency of the pulse width modulation of the inverter is 10 kHz.

The cutoff frequency is set to 500 Hz to ensure separation between fundamental and
switching harmonics (Kim et al., 2024).

As part of the engineering analysis, we will additionally introduce an equivalent load
resistance. For an active load with a power of 3 kW at a voltage of 220 V, its approximate
resistance can be estimated by the expression:

U? _ 2207

Rload = ? = m ~ 16.13 Q (7)
The corresponding load current is:
P 3000
Iload = E = E ~ 13.64 A (8)

These values are important for ensuring correct filter behavior under real operating conditions
(Chen et al., 2023).

The choice of the cutoff frequency f. is based on two engineering requirements. On the one
hand, it should be significantly higher than the fundamental frequency of 50 Hz, so as not to
weaken the useful harmonic and not introduce noticeable distortions into the operating range. On
the other hand, the cutoff frequency should be significantly lower than the pulse width modulation
frequency frpwm = 10 kHz to ensure effective suppression of switching harmonics. The 500 Hz
value satisfies both conditions and allows us to obtain the ratio:

frwm _ 10000 _ »g (9)
fe 500
For a second—order filter, the theoretical attenuation in the region significantly higher than the
cutoff frequency is proportional to the square of the frequency ratio, and on a logarithmic scale
corresponds to a slope of 40 dB per decade.
Let's define the product LC from the cutoff frequency selection condition:

1

LC =
¢ @rfe)?

(10)

Substituting fc= 500 Hz, we get:
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_ 1 ~ -7
LC = G0z 1.013 x 10 (11)

If we accept the inductance:
L=2ME=2x%x10"3Tn, (12)
then the capacity will be:

¢ =L - L30T 5665 % 10~5 F = 50.65 UF  (13)

L 2x1073

Reactance analysis:

At 50 Hz, inductive impedance is low and capacitive impedance is high, allowing
fundamental frequency passage (Miura, 2021).

At 10 kHz, inductive impedance increases significantly while capacitive impedance
decreases, enabling harmonic suppression (Agelidis et al., 2021).

At a basic frequency of 50 Hz:

X, =2m-50-0.002 ~0.62802 (14)

1
C ™ 21-50-50x1076

~63.660  (15)

This means that at the fundamental frequency, the inductance has a relatively small resistance,
and the capacitor has a large one. Consequently, the useful harmonic passes to the load practically
without significant attenuation (Rustamov et al., 2025).

At a frequency of pulse width modulation of 10 kHz:

X, = 2m-10000-0.002 ~ 125.66 2  (16)

1
~ 27m-10000-50x10~6

Xc ~ (0.318 2 a7

Here the situation is reversed: the inductance creates a large resistance, and the capacitor
easily shunts the high-frequency component. This explains the filtering effect of the LC chain with
respect to the harmonics of pulse width modulation.

Additionally, we note that the dynamics of the LC filter can be described by a system of
differential equations:

Ld_iL = Ujpy — Uc (18)
d . .
C% =1 — lioad (19)

where uinv IS the output voltage of the inverter, uc is the voltage across the capacitor, and iL is
the current through the inductor. This system shows that the filter is a dynamic link of the second
order and is capable of both smoothing high-frequency components and influencing transients in the
microgrid (Wang et al., 2023).

In practical design, it is necessary to take into account that too small values of L and C lead to
insufficient harmonic suppression, and too large values lead to an increase in mass, cost, and
possible resonance phenomena. Therefore, the choice of filter parameters is an engineering
optimization task between the quality of electricity, dynamic stability and cost-effectiveness of
implementation (Agelidis et al., 2021).
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Figure 1. Simulation model of a microgrid with an LC filter in the MATLAB/Simulink
environment.

To confirm the analytical calculations, a simulation model of a microgrid in the
MATLAB/Simulink environment has been developed (Figure 1). The model includes a pulse-width
voltage modulation source, an LC filter, and a load. A frequency analysis of the system was carried
out, confirming compliance with theoretical calculations.

When constructing the model in MATLAB/Simulink, the inverter source was set as an
equivalent voltage generator with pulse width modulation, forming a high-frequency pulse sequence
followed by smoothing with an LC filter. This approach makes it possible to reproduce the real
structure of the output stage of a distributed generation source without unnecessarily complicating
the model (Kim et al., 2024).

The load in the model was considered as an equivalent active load, which corresponds to the
basic engineering scenario for evaluating the filter (Chen et al., 2023). At the same time, the
proposed approach can be extended to the case of active-inductive or nonlinear load, which is
especially important for industrial microgrids (Eldeeb et al., 2022).

Frequency analysis was performed to determine the amplitude-frequency and phase-frequency
characteristics of the filter, as well as to assess the level of suppression of harmonic components in
the frequency range of pulse width modulation. Such an analysis is important because it allows not
only to obtain numerical values of the filter parameters, but also to understand its effect on the
stability of the system and the phase reserve.

RESULTS AND DISCUSSION
The calculation showed that the product LC is:

LC ~ 1.01 x 1077

When choosing the inductance L =2 MH, a capacitance C = 50 Uf was obtained.

The ratio of the pulse width modulation frequency to the cutoff frequency is 20. Since the LC
filter is a second-order system, the attenuation of high-frequency harmonics is proportional to the
square of the frequency ratio (Kim et al., 2024):

202 = 400

this corresponds to a suppression of about 52 dB.

In order to analyze the frequency properties of the filter, the amplitude-frequency
characteristics of the second-order system were constructed. Figure 2 shows the amplitude-
frequency response of an LC filter calculated for a cutoff frequency of 500 Hz. The graph allows
you to visually evaluate the behavior of the system in the area of the main frequency of the network
(50 Hz), near the resonant frequency and in the area of suppression of high-frequency harmonics
(Eldeeb et al., 2022).
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Figure 2. Amplitude-frequency response of the LC filter.

Thus, the filter effectively suppresses the harmonics of pulse width modulation, reduces THD
and improves the shape of the output voltage (Rohit & Kishor, 2024).
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Figure 3. Phase-frequency response of a second-order LC filter.

Figure 3 shows the phase-frequency response of the LC filter. It can be seen that at low
frequencies the phase shift is close to zero, which ensures the transmission of the fundamental
harmonic without distortion. A phase change is observed in the region of the cutoff frequency, and
at high frequencies the phase shift tends to -180°, which is typical for a second-order system
(Miura, 2021).

Physically, the LC filter acts as an energy buffer, accumulating the pulsed energy of the
inverter and transferring it to the load in a smoothed form. This is especially important when using a
microgrid with wind power plants and PV, where the generation capacity is subject to rapid changes
(Memon et al., 2024).

In practical implementation, it is necessary to take into account the parasitic resistances of the
elements, the ESR of the capacitor and possible resonant phenomena that occur when the filter
interacts with the load (Agelidis et al., 2021).

The calculated results allow us to draw several important engineering conclusions. Firstly, the
selected parameters L=22 MH and C=50 UF ensure the required selectivity of the filter without
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excessive growth of reactive currents at the fundamental frequency. This means that the filter is able
to perform two functions simultaneously: to transfer the useful energy of the fundamental harmonic
and effectively attenuate the high-frequency components associated with the switching of the
inverter.

Secondly, the suppression depth of about 52 dB indicates a significant decrease in the
harmonic amplitude of pulse width modulation in the output voltage. In practice, this means
improving the sinusoidal nature of the load voltage, reducing equipment heating, reducing
electromagnetic interference, and increasing the life of sensitive consumers.

Thirdly, the frequency response analysis shows that the effect of the filter on the phase in the
operating range remains acceptable. This is important not only for a single load, but also for the
case of a microgrid operating as part of a more complex control system, where phase reserves and
dynamic delays determine the stability of regulation.

From an engineering point of view, the chosen LC filter structure is justified for a low-power
microgrid. Compared to more complex LCL filters, the classical LC structure is easier to set up, less
sensitive to parametric variations, and does not require the mandatory introduction of active
damping. This is a significant advantage for autonomous and semi-autonomous microgrids, where
reliability and simplicity are often more important than maximum efficiency.

However, the limitations of the approach under study should also be taken into account. An
idealized transfer function:

1
LCs?+1

H(s) = (20)

It does not explicitly take into account active losses in inductance, ESR of the capacitor and
load resistance. In a real system, the presence of these parameters leads to attenuation of vibrations
and a change in the shape of the frequency response near the resonant frequency. Therefore, when
switching from a design scheme to a full-scale implementation, it is necessary to use a refined
model with active resistances.

In addition, in conditions of variable power by wind power plants and PV, the issue of filter
adaptability becomes important. Although the passive LC filter does not require a separate control
system, its parameters are selected based on a certain nominal mode. With a significant change in
the composition of the load or the generation power, the frequency properties of the system may
shift, which requires either a compromise choice of parameters or a transition to more complex
filtering structures.

Nevertheless, for the considered 220 V, 3 kW, 50 Hz microgrid with pulse width modulation
of 10 kHz, the results show that the LC filter provides the required output voltage quality and can
be recommended as an effective means of improving the quality of electricity in distributed
generation systems based on wind power plants and PV.

CONCLUSION

The paper analyzes the application of an LC filter in a microgrid with wind power plants and
PV. It is shown that the LC filter is an effective means of suppressing the high-frequency harmonics
of the inverter and ensuring the required quality of electricity (Kim et al., 2024).

For a 220 V microgrid with a power of 3 kW at a pulse width modulation frequency of 10
kHz, the rational filter parameters are:

L=2 MH C=50 UF
The use of an LC filter ensures a reduction in the coefficient of nonlinear distortion, an
increase in the dynamic stability of the system and reliable integration of renewable energy sources.

The prospects for further research are related to optimizing the filter parameters under
variable load, analyzing LCL structures, and developing adaptive microgrid control algorithms.
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Thus, the study shows that even a relatively simple passive LC structure can significantly
improve the quality of electricity in a microgrid with distributed generation. This is especially
important for local power supply systems, where it is required to ensure stable load operation with
minimal complexity and cost of technical implementation.

The main practical result of the work is to determine the rational filter parameters for a
specific class of low-power microgrids and to confirm that a correctly selected cutoff frequency
simultaneously preserves the useful harmonics and suppresses the high-frequency components of
the inverter output signal.

The results obtained can be used in the design of autonomous and networked microgrids with
wind power plants and photovoltaic systems, as well as in the further development of more complex
filtration and quality management systems for electricity. In subsequent studies, it is advisable to
take into account the active losses of elements, the imperfection of the inverter, the influence of
energy storage devices, as well as experimental verification of the model under conditions of real
load and variable generation.
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