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Abstract: In power systems, nonlinear loads cause harmonic distortion, adversely affecting sensitive
equipment such as induction motors, power electronics, and variable-speed drives. This paper
presents a novel control strategy that integrates with existing hierarchical control systems to mitigate
voltage imbalances and harmonic disturbances in AC-islanded microgrids. The proposed method
utilizes selective harmonic order filtering through multiple second-order generalized integrators
(MSOGI) to extract negative, positive, and harmonic order components. The distributed generation
(DG) unit control mechanism is designed to immediately correct voltage imbalances and harmonic
disruptions, distributing the compensatory load evenly to rectify real and reactive power imbalances
and harmonic disturbances. The microgrid’s control architecture primarily includes droop controllers
for real and reactive power of positive sequences, voltage and current regulation inner control
loops, an additional loop for correcting imbalances and harmonics, and secondary controllers to
maintain voltage magnitude and frequency at nominal levels, ensuring high-quality voltage at
the point of common coupling (PCC). The effectiveness of this approach is demonstrated through
simulation results on the MATLAB/Simulink platform, proving its ability to effectively mitigate
voltage imbalances and harmonic issues with the total harmonic of voltage reduced to approximately
THDv = 0.5% and voltage unbalance factor (VUF) within approximately 0.1%.

Keywords: negative sequence cancellation; voltage unbalances compensation; harmonics compensation;
multiple microgrids; distributed generation (DG)

1. Introduction

Microgrids are essential for developing next-generation clean energy systems, focusing
on enhancing their information technology for scalable, reliable, and automated energy
control. These systems are compact networks of distributed energy resources (DERs)
in various configurations, considered crucial for transitioning from traditional, one-way
power grids. Microgrids offer significant improvements in power quality for all loads and
boost system efficiency and stability. The trend towards decentralized power generation
is emphasized by the increased adoption and implementation of microgrid technologies,
motivated by the limitations of centralized power systems. Consequently, microgrid
stations are being widely deployed and tested worldwide to refine their operation and
are especially useful in remote and islanded areas, underlining their broad application
potential [1-5].

Microgrid configurations typically include generation units with renewable and tradi-
tional energy sources like solar panels, wind turbines, hydropower, and biofuel systems.
The energy storage part, critical for grid resilience and cost optimization, often involves
batteries or a mix of batteries and supercapacitors. These are crucial for ensuring power
quality, frequency control, and smoothing out renewable energy supply fluctuations. Mi-
crogrids are increasingly recognized in North America, Europe, and Asia Pacific. They
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are expected to expand in remote, industrial, or islanded areas, thanks to their ability to
manage various operational challenges [5-9].

Voltage imbalances in energy systems can lead to significant losses and instability,
potentially harming equipment like induction motors and electronic devices. Addressing
total harmonic distortion (THD) and VUF limits is essential to avoid damage and ensure
system performance [10]. The International Electrotechnical Commission (IEC) sets a
voltage unbalance limit of 2% to prevent such issues [11]. Strategies to manage these
challenges include regulating positive-sequence voltage, eliminating negative-sequence
voltage, and managing peak currents to protect equipment and maintain voltage stability
during network disturbances [12-15].

Microgrid research encompasses foundational studies and addresses specific design
and control challenges, including for small satellites [2], secure energy management in
hybrid systems [3], economic assessments [4], and advanced protection and operation
strategies [5,6]. The research extends to decision-making for microgrid adoption [7], renew-
able energy integration [8], autonomous voltage control [9,10], advanced control methods
for voltage stability [11], and voltage and harmonics management [12,13]. The signifi-
cance of simulation tools for educational purposes in microgrid control is noted [16], along
with the evaluation of solar microgrids in emerging markets [17] and protective strategies
for hybrid AC/DC microgrids [18], This comprehensive research highlights microgrid
technology’s dynamic and evolving field, emphasizing its importance in energy systems
engineering. Reference [19] offers a thorough analysis, optimization tactics, and microgrid
control methods. Individual customers can save money in a microgrid settlement through
energy management, which pools renewable energy resources integrated with buildings.
Bend control is one of the most popular control strategies in microgrid systems because
it is inexpensive and can function without a communication link. The study builds a
master-slave-based Pl-based integrated under-discharge control strategy to protect micro-
grids against unintentional post-islanding conditions and guarantee stable operation. A
microgrid storage system is part of the disposal strategy, which allows the loads to be
extended for a predetermined amount of time once the frequency is within the operational
stability and maximum [20-24].

Current control strategies feature a system that enables remote passive sequencing
and consistent voltage compensation across all nodes in an AC microgrid powered by
inverters. These strategies focus on adjusting the negative-sequence output voltage of the
inverters to address voltage imbalances at remote nodes. For instance, the target might
be to mitigate the negative-sequence output of the inverters or to intentionally reduce the
voltage at specific transformers to affect their operation. This adjustment strategy involves
decreasing local loads while increasing those on other inverters. The previously proposed
controller achieves the following dual objectives: reducing the negative-sequence voltage at
distant nodes and providing equitable compensation through the inverter. This controller
design incorporates built-in parallel functionality, making it practical and plug-and-play
compared to other passive sequence controllers. Prior research also introduced a control
scheme to limit current flows in the inverter network. Unlike other systems, this approach
effectively reduces load voltage imbalances, even during line-to-line short circuits, and
supports linear and nonlinear loads without prior load-specific information [24-26]

Additionally, the study addresses the impact of unbalanced and nonlinear loads on
microgrid performance and device aging. Nonlinear loads create non-sinusoidal current
waveforms, leading to higher-order harmonic distortions in the voltage output and poten-
tially decreasing device efficiency and lifespan. Techniques to adjust the voltage output and
minimize these harmonics are proposed, along with a new control approach for balanced
voltage compensation in inverter-based AC microgrids, ensuring the system’s efficient
and reliable function [27,28]. This approach reflects the ongoing initiatives to improve
renewable energy integration, enhance grid stability, and ensure fair power distribution in
varied operational scenarios.
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The primary goal of this study is to fully offset unbalanced voltage by removing

the opposing sequence and suppressing harmonics, particularly the -5th, 7th, -11th, and
13rd orders, in inverter-based microgrids. This comprehensive strategy also addresses
power quality issues from unbalanced and nonlinear loads, as shown in Figure 1. This
is achieved through a novel control scheme that integrates with the existing hierarchical
control strategy at the primary level, eliminating the need for communication.
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Figure 1. Typical structure of MG with multiple parallel-connected DG units.

The key contributions of this paper, which outperform the current strategies found in

the literature, include the following;:

1.

2.

The development of a novel control scheme for neutralizing voltage imbalances and
harmonics in AC-islanded microgrids.

The strategy mitigates unbalanced voltage and harmonics, nearing zero levels, sur-
passing the performance of existing strategies.

The proposed loop for mitigating the negative sequence and harmonics sequence uses
one gain to compensate for both the negative sequence and harmonics sequence (I;,,,)
to reach a balanced system with fundamental frequencies, unlike the reference [13].
In reference [13], two gains are used, one for negative and another for harmonics,
which must be tuned and concisely between them according to the variable load.
In addition, in this reference, the complex control structure compensates for the
harmonic and unbalanced voltage in primary and secondary layers, implying the



Electronics 2024, 13, 3719

4 of 25

need for communication service. This paper does not need communication issues; the
proposed loop is used in the local control layer.

This paper begins with the introduction, followed by Section 2, which describes the
problem. The Section 3 details the proposed control scheme. Then, the Section 4 offers
stability analysis, and the Section 5 provides simulation results. In the end, the main
conclusions of the research are provided.

2. Problem Formulation
2.1. System Description

Distribution networks face challenges from single-phase loads, leading to unbalanced
voltages and synchronization issues. These loads cause harmonics and voltage imbalances,
resulting in losses, system instability, and equipment damage. Adhering to THD and VUF
standards is crucial [10,11].

The IEC sets a 2% voltage unbalance limit to address these problems. Improving device
performance under unstable conditions involves regulating the voltage’s positive sequence,
canceling the voltage’s negative sequence, and using peak current limiters [14,15].

Managing harmonic voltage distortion and power distribution challenges includes
maintaining energy supply and voltage quality while considering environmental and
economic factors. Distributed generation (DG) aims to ensure reliable supply, improve
power quality, reduce emissions, and minimize losses, leading to small MGs that operate in
grid-connected or islanded modes. Islanded MGs are more prone to power quality issues,
requiring the management of harmonics and voltage imbalances. Balanced systems have
electrical phases shifted by 120 degrees, maintaining consistent frequency and voltage
waveforms, and can be expressed mathematically as follows:

va = Vycos(wt) (1)
vp = Vycos (cut — 1200) (2)
ve = Vycos (wt + 120°> 3)

2.2. Problem Identification

Unbalanced and nonlinear loads significantly impact power systems and MG by caus-
ing voltage imbalances and generating harmonics [12,13]. These issues lead to inefficient
operation, increased losses, and potential damage to equipment due to overheating and
excess stress. Poor power quality results from these imbalances, affecting the stability and
reliability of the entire system. Additionally, the performance of protective devices can be
compromised, increasing the risk of unsafe conditions. Effective mitigation strategies are
crucial to maintaining system stability, reducing losses, and ensuring reliable operation in
the presence of such loads.

2.3. Objective

The aim is to address the issues of voltage imbalance stemming from imbalanced
loads and to mitigate voltage harmonics arising from nonlinear loads simultaneously.
The subsequent mathematical equations illustrate that addressing the imbalance involves
diminishing the negative sequence in the voltage. Concurrently, harmonic compensation is
accomplished by extracting harmonic voltages and reducing distortion in the output power,
ultimately achieving a stable state. This paper uses MSOGI to extract negative, positive,
and harmonic order components. The proposed unbalanced and harmonics compensation
mathematics equations for output power can be presented as follows:

Prms =P — P (4)

Grms = — 4 5)
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The power distortion can be calculated as follows:

Hp = \/ p%ms + q%ms (6)

The conductance used to calculate the current compensation is indicated in
Equation (7):
G = kuvhc * Hp (7)

where, kijypc is the compensation gain.
Finally, the current equation used to eliminate negative sequences and harmonic
voltage is presented in Equation (8).

Teomp = G- (g + L 5711127 ®)

where v 8 and UZ p are the negative and harmonic voltages, respectively, that are extracted by
filtering-based SOGI and h denotes harmonics orders, especially —5, 7, —11, and 13, while
G is the estimated conductance. From (4) to (7), Hp is the distortion power, and prus and grus
are the RMS active and reactive powers, respectively.

The following section explains the proposed control scheme for eliminating unbal-
anced and harmonic voltages.

3. Proposed Control Scheme

The proposed control scheme addresses harmonic and unbalanced voltages in multiple
MG. The core of this system is the MSOGI. The MSOGI is an advanced signal-processing tool
used in microgrids to detect and mitigate harmonic distortions in electrical signals. MSOGI
can isolate and extract various harmonic components by employing multiple integrator
blocks tuned to different frequencies. This enhances the microgrid’s stability, efficiency,
and power quality by ensuring cleaner, more stable voltage and current waveforms. Its
ability to handle multiple harmonics in real-time makes it essential for maintaining high
performance in modern energy systems [27]. MSOGI obtains the total harmonic distortion,
estimated capacitance-voltage, and zero sequence component, allowing fast detection with
a low computational burden. It has been demonstrated that the previously suggested
methods have identified and isolated faults at various points within the network during
fault types with various fault resistance locations.

Furthermore, this approach proved the most effective since it outperforms the tra-
ditional differential relay protection system regarding accuracy and response time. To
estimate the fundamental and harmonic components of the network, MSOGI depends on
several parallel SOGIs operating concurrently in parallel, as shown in Figure 2. MSOGI
uses a cross-feedback cancellation network to eliminate superfluousness. Additionally,
there is some ability to filter out harmonics in the system input voltage using the adaptive
SOGI introduced earlier. However, the filter performance will be subpar for harmonics
close to the SOG resonance frequency. The static gain in SOGI (k) can be changed to a lower
value to counteract this effect, but doing so will slow down the system response. Adding
a harmonic decoupling network (HDN) to the system, as shown in Figure 2, solves this
problem. The HDN provides a cross-feedback network that enables each parallel branch
(PB) SOGI to be tuned to its frequency to provide input to other PB SOGIs. The filtered
components are processed through positive and negative sequence (PNSC) to separate and
compute the positive and negative sequence components. A simulation was set up using
the same harmonics used in this paper’s verification part to verify the operation of the
HDN. The input voltage (vaff) included harmonics at the 5th, 7th, 11th, and 13th and the
resonance frequency of SOGI was called w'’ to differentiate it from the input frequency w.
Also, v’ and qv’ represent output signals in the quadrature of the adaptive filter [26].
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Figure 2. MSOGI structure for fundamental and harmonic extraction.

The MSOGI extracts both the positive and negative sequences and the harmonic
voltage components. By leveraging the MSOGI, the system can effectively separate the
desired fundamental frequency components from the undesired harmonic distortions in
the voltage waveform. Subsequently, the estimated conductance (G) is determined using
the distortion power, denoted as Hp, as shown in Figure 3, which represents the proposed
control scheme. This conductance value is multiplied by a harmonic gain specified in
Equations (7) and (8). This step is vital as it calculates the compensating current necessary
to rectify the voltage waveform. The setup illustrated in Figure 3 processes the amended
harmonic and negative-sequence voltages and modifies them as emphasized. These modi-
fications produce a compensation current that aligns precisely with a specified reference
current. The reference current and compensation current are then compared with the
corresponding inverter current (i7). This alignment guarantees that the system’s output
adheres to compliance standards, a frequently essential aspect in power systems.
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Figure 3. Block diagram of the proposed control scheme for the islanded microgrid.

3.1. Primary Control

This level is the interface with local inverters in MG, which is crucial for regulating
power through voltage and frequency adjustments. Droop control facilitates the syn-
chronous operation of generators by adjusting the frequency to distribute the load as
network power increases. It integrates feedback mechanisms with voltage and frequency
regulation. Due to the need for extensive communication infrastructure and the risk of
single-point failure, droop control is preferred over secondary configurations. Primary con-
trol uses voltage source inverter (VSI) controllers. Unlike traditional systems with inherent
inertia, these systems use electronic connections, requiring rapid response capabilities for
stability. Droop control has limitations, causing voltage and frequency variations under
different loads. Thus, the secondary layer adjusts voltage and frequency to their normal
values, as seen in Figure 4.

The basic equations for the primary layer based on the droop method are expressed in
Equations (9) and (10).

w; = w" —m;p; €
v; = 0" —ng; (10)
where m; and n; are the droop coefficients, p; and g; are the active and reactive powers,
respectively, and w* and v* are the nominal values of the DG angular frequency and

voltage magnitude. At the same time, v; represents reference voltage amplitude and w; is
the frequency of the inverter.
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The active and reactive power in Equations (9) and (10) can be calculated as follows:

p= (Uozxioa + Uoﬁioﬁ) (11)

q= (Uoﬁiozx - Uozxio‘B) (12)

where p and g are the harmonics’ active and reactive powers and can be calculated with
the same Equations (11) and (12) but processed by a low-pass filter (LPF).

Von and v,p, iop and ioy, the measured DG voltage and current, are at fundamental
frequency in the stationary reference frame. The DG units share power using the positive-
sequence reactive power-voltage droop control method and the positive-sequence active
power-frequency control method.

The positive- and negative-sequence components must be extracted to calculate the
active and reactive power. For this, the SOGI is employed in Figure 5. SOGI filters are
capable of extracting harmonic components from complex electrical signals. By effectively
separating these harmonics, SOGI helps identify and quantify individual harmonic orders,
which are critical for analyzing power quality and are used in the control strategy to
compensate or mitigate them to ensure compliance with regulatory standards.

As shown in Figure 5, the microgrid control uses the SOGI bandpass filter for voltage
and current sequence extraction. The diagram shows both voltages vi and current ii 8
signals are being processed through parallel branch (PB) SOGI filters to derive multiple
signal components for both magnitudes. These filtered components are then processed
through positive and negative sequence calculation (PNSC) blocks to compute the positive
and negative sequence components. The final stage involves calculating the sequence
power, which is essential for monitoring the power quality and ensuring balanced power
distribution within the microgrid. This setup highlights the critical role of robust filtering
and sequence analysis in managing power dynamics in isolated grid systems. Using the
identified voltage components of the positive DG output can be computed as follows:

pt = (vjai;; + v;rﬁijﬁ) (13)
7 = (v5pich — viisy) (14)

To calculate the negative sequence in order to show the effectiveness of the proposed
control scheme in eliminating the negative sequence, the negative sequence can be calcu-
lated as follows:

7= (i) + (i) 15
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where i}, and i;?g (i, and i;ﬁ) are the fundamental positive (negative) sequence current.

pT and g7 is the fundamental positive sequence of active and reactive power. g~ is the
negative reactive power.
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A virtual impedance loop is also used in primary control. Without causing any power
losses, a virtual resistance is added to the system to dampen its oscillations further. To
guarantee the decoupling of p and g, the MG is primarily inductive by adding a virtual in-

ductance. The virtual voltage V' P canbe represented as follows in Equations (16) and (17):

V% = Ryit, — wLVijl5 (16)

vk = Roijy + wLyig, (17)

where Ry and Ly are virtual resistance and inductance, respectively.

After creating the voltage reference, a voltage controller regulates the output ca-
pacitor’s voltage. Furthermore, it controls the inverter’s inductor current and a current
controller. These two controllers, which control the voltage and current of the inductor and
capacitor, are stated as follows:

ki 2shi wyoms
§2 + 2shiwnoms + W3,

Gv(s) = kpv + (18)
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k;; 2shi wyoms
2 2shi 2
§% + 25hiwnoms + Wi o

Gi(s) = kpi + (19)
where K,v and ki are the proportional gain and k;, and k;; are the parameters of the reso-
nant coefficient at wyp = 2 m x 50 rad/s. Based on the above equations, this paper’s main
objective is to eliminate negative and harmonic sequence voltages caused by unbalanced
and nonlinear loads and achieve balanced power sharing with high synchronization of
multiple microgrids.

3.2. Secondary Control

Figure 3 depicts a novel control scheme to achieve two goals: optimal power distri-
bution and synchronization and neutralizing voltage imbalance and harmonic distortion.
However, maintaining stable voltage and frequency with fluctuating loads is challenging.

The control framework integrates an MGCC as the primary regulatory layer to ad-
dress this. The MGCC regulates voltage and frequency within operational parameters
by monitoring and adjusting the microgrid’s performance to established norms, ensuring
stability and reliability in the electrical supply.

Aw = kp(w] — w;) + k; /(wg; ~wp)dt (20)

Av = k(0] —v;) +k; /(v;‘ —v;)dt (21)

In Equations (20) and (21), w; represents the target nominal angular frequency and w;
signifies the angular frequency of the i inverter. Additionally, v} refers to the reference
voltage for the i inverter, while v; indicates its actual output voltage. The terms k, and k;
are the proportional and integral gain coefficients.

4. Stability of the System

Figure 6 depicts the control architecture for inverter-based microgrids as a power
stage and outlines associated control loops. It begins with a desired voltage reference, v*,
derived from droop control equations. This reference is compared to the actual voltage to
produce an error signal. This error is then managed by a control system incorporating PR
controllers, which address steady-state and oscillatory discrepancies. Inputs to the control
system are obtained by subtracting the output voltage v, and the product of i, x r,L,S
from v*. This difference is processed by the PR controller, which is optimized with tuning
parameters k,y and k, by trial and error to eliminate steady-state error, while a resonant
controller leverages the system’s natural frequency, w,, to counteract specific frequency
disturbances. The resultant signal is converted into a pulse width modulation (PWM)
command, which regulates the power stage comprising a constant voltage source (V) and
filtering components like an inductor and a capacitor.

A current feedback loop is also integrated, where the inductor’s current 7j, is monitored
and compared with the commanded compensating current Icomp. This feedback refines
the PWM signal, allowing dynamic adjustments in response to load changes or system
disturbances. The primary objective of this control strategy is to sustain the output voltage,
v,, at the designated reference, ensuring consistent power quality and system stability
despite variations within or external to the system. Stability is further reinforced by
selecting a compensation gain, kijygc = 0.004, based on system analysis using transfer
function techniques and pole placement methods at various gain levels. This gain is critical
in Equation (7) for calculating the conductance that suppresses negative and harmonic
sequences, thereby maintaining complete system stability.
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Figure 6. Power and control stages diagram.

The root locus plot depicted in Figure 7 demonstrates that the system is stable, as all
the poles persist in the left half of the complex plane for all gain values. No poles extend
into the right half-plane, which is the region where instability could happen. The poles can
shift towards more negative values along the real axis or extend into the complex plane
while remaining on the left side. This behavior indicates that the system will maintain
stability if the gain falls within the range examined in the plot.
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Figure 7. Root locus of the transfer function of the inverter.
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Imaginary Axis

The Nyquist plot in Figure 8 exhibits a solitary loop that does not encircle the critical
point,—1 + j0, signifying the system’s stability. The loop is significantly far from this critical
point, indicating that the system has a substantial margin of stability in both gain and phase.
If there are no encirclements of the point —1 + j0, the closed-loop system will not have any
poles in the right half-plane. This further supports the conclusion that the system is stable
under the given conditions. The dashed lines depict constant gain and phase contours,
providing additional evidence of the system’s robustness in its response.
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Figure 8. Nyquist diagram of the inverter.

5. Simulation Results

The system was tested concurrently under challenging conditions, such as plug-and-
play operations with unbalanced and nonlinear loads. The system specifications and the
power and control stage parameters are given in Table 1 with nonlinear and unbalanced
loads. The results show that the experiment was conducted on MG composed of two DGs
under different loading scenarios, including nonlinear and unbalanced resistive loads, as
illustrated in Figure 9, by displaying the efficacy of the proposed control strategy when
implemented on these microgrids. The performance of the proposed compensation method
was tested in a plug-and-play situation, with a timeline from 0 to 1 s, where the second
microgrid was deactivated, as shown in Figure 10, and the DG1 was activated during
the period 0-1 s facing nonlinear and unbalanced loads with total power compensation.
In this case, DG1 exclusively managed the load, and the DG2 unit was activated at 1 s,
encountering unbalanced and nonlinear loads. The consumption rate of the DG1 was
reduced to half due to the ideal compensation of the DG2. The energy consumption
was shared between the two DGs in an ideal manner, where each DG shared half the
compensation power. This led to the optimal distribution of actual power.
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Table 1. Parameters of power system and controller [16].

Parameter Name Acronym Value Units
Nominal AC voltage Viom 230 \
Nominal frequency Srom 50 Hz
Nominal angular frequency Whom 27T riom rad/s
DC-link voltage Whom 800 \
Load resistance RL 22 Q
Nonlinear resistance load RNL 50 Q
Nonlinear capacitance load CNL 10 uF
Load inductance LL 5 mH
Inverter output inductance Lol 5 mH
Inverter output resistance Ror 0.5 Q
Inverter LC filter capacitance Ci/l 10 uF
Inverter LC filter damping resistor Ry 20 Q
Inverter Line inductance L 1 mH
Inverter Line resistance R 65 mQ)
Frequency droop parameter mp 130 prad/Ws
Frequency droop derivative parameter mpp 10 urad/W
Voltage droop parameter nq 1 mV /VAr
Droop method virtual impedance Lv 1 mH
Droop method virtual resistance Ro 0 mH
Proportional gain PRES voltage compensator kpo 0.1 A/V
Integral gain PRES voltage compensator kiv 0.1 A/(Vs)
Damping coefficient PRES voltage compensator shi 0.01

CNL

—I F Nonlinear load

1

ZnL= Rynp— 57—
2nfC,

vV, Wy T

vy —

<V —i—

*
<—w;
vV R — i Zi=Rytmfl
z! 5
HS S =3
2 = =
] X '
Vabc.Iabe L ] St .
Zy1 = Ry +2nfL, Zpy =

DG1

-i. 5
2

Figure 9. Two microgrid systems under simulation study.
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Figure 10. Power sharing performance in microgrids under unbalanced and nonlinear load.

Figures 11a and 12a show the effect of the proposed control strategy on recovering the
output voltage and frequency deviations of the first and second inverters of DG modules
with the proposed compensation strategy under unbalanced and nonlinear load conditions.
It can be seen that the voltage values were quickly and successfully compensated when the
control scheme was activated at 2.5 s, as shown in Figures 11b and 12b. The output voltage
is regulated within the islanded microgrid, eliminating deviations caused by droop control.
Moreover, the primary controller recovers the voltage successfully. Figure 11 shows the
voltage output of inverter 1, with a zoomed section highlighting the changes before and
after activating the proposed control loop. This figure likely demonstrates the control loop’s
impact on stabilizing the output voltage of the inverter, where the zoomed section provides
a detailed view of how quickly and effectively the control loop responds to fluctuations,
leading to a more stable voltage output. Figure 12 depicts the voltage output of inverter 2,
with a similar zoomed-in section as in Figure 11. This figure would compare and contrast
with inverter 1’s performance, indicating how both inverters behave under the same control
conditions. The effectiveness of the control loop in maintaining voltage stability across
different inverters can be analyzed here.

Figure 13 shows the negative reactive power value from (0-2.5 s) for DG1 DG2 and
how it was reduced or treated optimally at (2.5 s) to eliminate the negative sequence to
reach zero. This figure highlights the control loop’s ability to detect and correct imbalances
in the power system, reducing the negative sequence to achieve a more balanced and
efficient power flow.

Figures 14 and 15 show the negative voltage from (0-2.5 s) due to nonlinear loads for
each inverter. At (2.5 s), the proposed control action was activated to cancel the negative
voltage in the first and second inverters and bring it closer to zero to obtain the best stable
voltage. It has been observed in Figures 13-15 that the control action reduces the negative
sequence without eliminating it. Subsequently, at 2.5 s, harmonic compensation is added
to the balanced voltage, resulting in the complete cancellation of both harmonics and the
negative sequence, as illustrated in the exact figures.



Electronics 2024, 13, 3719

15 of 25

Voltage output of Inverter(V)

400

300

200

100

-100

—200

-300

—-400

Voltage output of Inverter(V)

I

|

0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time (Sec)
(a)
400 T T T T T ﬁ T T T T T
i Va
300 ¢ n 114
p V8,
200 ” n
100 8 1
0r - |
-100 =
-200
-300
— 400 | 1 | | | E | | | 1 |
24 242 244 246 248 2.5 252 254 256 2.58 2.6
Time (Sec)
(b)

Figure 11. The proposed compensation method will be performed at 2.5 s in an electrical network
with an unbalanced and nonlinear load. (a) Voltage output of inverter 1, (b) zoomed section before
and after activating the proposed control loop.

The findings indicate that the implemented control loop effectively regulates the out-
put from two inverters, specifically targeting negative sequence and harmonic distortions.
The observations revealed a notable reduction in negative reactive power and harmonic se-
quence voltage when the control loop was activated, as depicted in Figures 16-19. Moreover,
the application of harmonic compensation beyond 2.5 s completely neutralizes negative
sequences and harmonics, illustrating the control loop’s capacity to ensure voltage sta-
bility and enhance power quality, as shown in these figures. Figures 16-19 elaborate on
the individual harmonic voltages (5th, 7th, 11th, and 13th harmonics) for the inverters.
These figures presumably demonstrate the control loop’s effectiveness in eliminating or
mitigating specific harmonic frequencies, affirming the system’s ability to manage diverse
harmonic distortions and thus improve overall power quality and system functionality.
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The thorough examination provided by Figures 16-19 emphasizes the effective reduc-
tion of negative-sequence voltages and different harmonic intensities (5th, 7th, 11th, and
13th), highlighting the proposed system’s strong performance in promoting power system
stability and efficiency.

400 ‘
Va

m

|

AR | |

-
o
o

Voltage output of Inverter(V)
1
>
o o

—200

—300 ‘

—400 \ ! | !

0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time (Sec)
(a)
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£ 200" .

O "

> .

£ 100 .
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5 0 "

= ;

g -100 | ;

>

8 -200 -

S -300

_ 400 | : 1 ]
2.45 2.5 2.55 2.6
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(b)

Figure 12. Performance of the proposed compensation method at 2.5 s in an electrical network with
unbalanced load and nonlinear load (a) The voltage output of inverter 2, (b) zoomed section before
and after activating the proposed control loop.
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Figure 13. Negative sequence reactive powers.
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Figure 15. Negative sequence voltage of inverter 2.
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Figure 17. 7th harmonic voltage (a,b) inverter 1, (c,d) inverter 2.

10 T T T T T ¥ T T

0

11" Harmonic Voltage(V)

_20 1 1 1 1 1 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time (Sec)
(a)

Figure 18. Cont.



Electronics 2024, 13, 3719

21 of 25

11*" Harmonic Voltage(V)

11" Harmonic Voltage(V)

30

20

10

-30

11" Harmonic Voltage(V)

|
-
=

|
-
o

|
N
o

Vo
VB, |-

| | 1 1 | | | | 1

248

2.485

2.49 2.495 2.5 2.505 2.51 2.515 2.52 2.525
Time (Sec)

(b)

1.5 2 2.5 3 3.5 4 4.5 5
Time (Sec)
(0)
Vaz
- vﬂz =
2.5 2.51 2.52 253
Time (Sec)
(d)

Figure 18. 11th harmonic voltage (a,b) inverter 1, (c,d) inverter 2.
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Figure 19. 13rd harmonic voltage (a,b) inverter 1, (¢,d) inverter 2.

6. Comparing the State of the Art with Control Scheme

Table 2 compares various studies on MG compensators, focusing on their effectiveness
in addressing unbalanced voltage and harmonics and their positioning within the control
structure. The studies [9-11,14,27,28] primarily target unbalanced voltage compensation
without addressing harmonics or achieving mitigation, and they are situated at different
control layers, namely primary, secondary, and tertiary. In contrast, studies [12,13] tackle
unbalanced voltage and harmonics but fail to achieve complete cancellation, operating
at the primary and secondary layers. The proposed method stands out by compensating
for both unbalanced voltage and harmonics at the primary layer and uniquely achieves
mitigation. This comprehensive approach to power quality management in microgrids
signifies an advanced step in ensuring the stability and efficiency of microgrid operations,
distinguishing the proposed method from previous studies.

Table 2. Comparison of the proposed control scheme with related work.

Unbalanced Voltage Compensator Harmonic Compensator Location of Compensator Control Layer

[29]
Proposed

v primary
tertiary
secondary
primary
secondary
primary
primary
secondary
primary
primary

NN YN NENENEN
WX X X XA X X X
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7. Conclusions

This paper presents a novel control strategy that selectively targets harmonics and
negative sequences using a multi-SOGI-based approach for complete elimination. This ap-
proach effectively manages the output from two inverters and mitigates negative-sequence
distortions and harmonics in the PCC. Through detailed simulation, the study shows a
significant reduction in negative reactive power and sequence voltage when the control
loop is started. After activation, the harmonic compensation effectively eliminates negative
sequences and harmonics, which leads to voltage stability and improved power quality, as
we observed in the recovery of the output voltage and frequency deviation of the first and
second inverters, as well as the response speed of voltage compensation at 2.5 s simultane-
ously, which proves the effectiveness of the control loop in maintaining stable voltage. The
study also shows the ability to reduce negative reactive power between 0-2.5 s to eliminate
negative sequences and negative voltage between the first and second inverters to zero and
correct the imbalances in the power system.

Moreover, the results show that applying harmonic compensation after 2.5 s neu-
tralizes the individual harmonic voltages. In addition, incorporating a central secondary
controller is vital to maintaining stable voltage and frequency amplitude and improving
the microgrid’s reliability. This strategy was implemented on the MATLAB/Simulink
platform and rigorously tested under various challenging scenarios, including unbalanced
and nonlinear loads, demonstrating the accuracy of the control loop in eliminating specific
harmonic frequencies, such as 5th, 7th, 11th, and 13th, thus proving its ability to manage a
wide range of harmonic distortions. This efficiency in reducing harmonics and negative se-
quences improves power quality, system efficiency, and stability. Future research will focus
on applying this approach to small multi-node grids in remote locations to demonstrate
the robustness and effectiveness of the proposed scheme.

The essential results of this study are voltage stability and enhanced power quality
through neutralizing sequence and harmonics by adding harmonic compensation to the
balanced voltage, which leads to the complete cancellation of harmonics and negative
sequence.
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