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ABSTRACT

The droop control strategy is necessary for the operation of a microgrid (MG) to control power sharing among parallel-connected
distributed generations (DGs). However, the main drawback of this control strategy is poor power sharing due to line impedance
mismatch. To overcome this, the virtual impedance (VI) control concept is adopted as a practical solution and effective enhance-
ment to improve power sharing. Despite this improvement, conventional VI-based methods still face challenges in harmonic
power sharing under nonlinear load conditions. This article proposes an advanced VI-based control scheme for three-phase volt-
age source inverters (VSIs) forming a stand-alone MG. It is designed using the second-order generalized integrator (SOGI) method
and its variants—ESOGI, MSOGI, and DSOGI—to accurately estimate and compensate for harmonic components in the af ref-
erence frame. Therefore, improvements in both power and harmonic sharing are expected. To this end, a detailed structural
relationship among the different SOGI variants is identified and then compared using a testbed consisting of three DG-based
MG simulated in MATLAB/Simulink. Results demonstrate that the proposed approach significantly improves performance,
reducing total harmonic distortion (THD) from 5.2% with the classical SOGI to 1.9% with the DSOGI, and decreasing
power-sharing error from 7.8% to 1.2%, confirming its effectiveness under various operating conditions. Each variant exhibits
specific advantages and limitations.

1 | Introduction to ensure accurate reactive power sharing and proper harmonic
current distribution when DG line impedances are mismatched.
To address this issue, the virtual impedance (VI) concept has been
introduced to improve harmonic current sharing, enhance reactive

power-sharing accuracy, and increase MG stability [5].

The concept of microgrids (MGs) based on distributed energy
resources (DERs) has emerged as an attractive solution for inte-
grating renewable energy sources (RES) into modern power sys-
tems. MGs can operate in both grid-connected and islanded

modes [1, 2]. In islanded operation, the primary control layer, typ-
ically implemented using droop control, maintains load sharing
among distributed generation (DG) units and ensures stable fre-
quency and voltage amplitude within the MG [3, 4]. Droop control
enables DG units to cooperatively share active and reactive power
in response to load changes by adjusting their voltage and fre-
quency. However, a key limitation of this method is its inability

Various control approaches have been proposed in the literature
for three-phase MGs [6-11], providing valuable insights into
improving system performance. A classical method—multiplying
the current derivative by an inductance—has been widely
applied to three-phase voltage source inverters (VSIs) to enhance
reactive power sharing among DERs. Buraimoh and Davidson
[12] investigated the impact of different VI parameter values
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on overall MG performance. Other studies [3, 13-16] applied the
VI concept to address power decoupling and sharing challenges
by increasing the effective line impedance between inverters and
the common bus. He and Li [17] offered a detailed design, anal-
ysis, and implementation framework for VI-based control in DG
applications within MGs. Additional works [18-20] employed VI-
based schemes to further enhance power-sharing capabilities.

Recent developments have introduced adaptive VI control meth-
ods, including communication-based [21], consensus-based [22],
and sliding-mode-based [23] approaches, aimed at achieving
accurate harmonic power sharing and voltage harmonic compen-
sation in islanded MGs. At the distributed control level, the strat-
egy in [24] enables robust power sharing while maximizing
feeder power transfer capacity. The influence of communication
delays and failures on MG performance has also been extensively
analyzed in [25]. To improve reactive power sharing under
unbalanced conditions, researchers have proposed solutions such
as active power filters (APFs) [26] and voltage compensation
methods [27, 28]. Ko et al. [29] further introduced a dynamic vir-
tual inductance loop to compensate for voltage drops caused by
line impedance.

Another approach to implementing VI involves the use of the
second-order generalized integrator (SOGI) strategy, which has
been further developed in [30, 31]. SOGI is primarily employed
to extract the fundamental components of grid signals and track
frequency variations. Over time, several enhanced variants have
been introduced to improve performance in complex operating
environments and under distorted or dynamic conditions. These
include the enhanced SOGI (ESOGI) [32, 33] and the high-order
generalized integrator (HOGI) [34, 35], both of which address
power quality issues more effectively. Additional techniques dis-
cussed in the literature [36], such as TOGI, DOGI, and n-SOGI,
aim to mitigate output distortions at selected harmonic frequen-
cies caused by noise and nonlinear loads, ultimately improving
total harmonic sistortion (THD) performance.

Despite these advancements, most existing studies focus primar-
ily on signal filtering and frequency tracking, without fully inte-
grating SOGI-based methods into VI control strategies for power
sharing in MGs under harmonic distortion and nonlinear load
conditions. For example, the standard SOGI is widely adopted
for its simplicity and ease of implementation, especially for
extracting the fundamental frequency component from distorted
grid signals—an essential step for phase-locked loops (PLLs) and
grid synchronization. However, its performance deteriorates
when higher order harmonics are present, limiting its effective-
ness in systems with strong nonlinear loads. Enhancements such
as ESOGI have been proposed to improve harmonic suppression
by modifying the internal feedback loop. While these modifica-
tions generally enhance selectivity and responsiveness, their inte-
gration into VI loops remains rare in the literature, with most
applications focusing on voltage estimation or frequency tracking
rather than harmonic current management in decentralized MGs.

More advanced variants—such as DSOGI, TSOGI, MSOGI, and
n-SOGI—enable simultaneous tracking of multiple harmonics,
offering significant potential for harmonic compensation.
Nevertheless, their evaluation within a VI framework, particu-
larly their impact on power-sharing dynamics, remains limited.
Similarly, HOGI, designed for robust operation in noisy or
highly distorted environments, is typically evaluated in signal

analysis studies rather than in real-time control scenarios
involving DG.

A further shortcoming in the literature is the lack of comparative
analyses of these methods when integrated into practical control
strategies. While numerous studies report performance metrics
such as THD reduction or estimation error, very few investigate
their influence on power sharing, voltage regulation, or system
stability under realistic MG operating conditions. Consequently,
there is currently no clear guideline on selecting the most suit-
able SOGI-based method for deployment in MG systems using a
virtual impedance control loop (VICL).

In this context, the present article seeks to address the identified
research gap by implementing and comparatively evaluating sev-
eral SOGI variants within a VI-based power-sharing framework
for three-phase droop-controlled VSIs operating in parallel in
an islanded MG. It represents the first comparative evaluation
of SOGI, ESOGI, MSOGI, and DSOGI within a VICL, analyzing
their performance-complexity trade-offs under realistic MG oper-
ating scenarios. The central objective is to demonstrate that accu-
rate estimation of the fundamental and harmonic components
of the current—required for computing the VI output voltage—
enables precise control of the VI output, thereby reducing circu-
lating currents. By doing so, the proposed VICL is expected to
enhance the accuracy of active, reactive, and harmonic power
sharing among DG units. Other SOGI extensions, such as TOGI,
DOGI, TSOGI, and HOGI, were excluded from this research paper
due to their greater computational complexity and reduced suit-
ability for real-time VICL applications.

To validate the proposed approach, a MATLAB/Simulink testbed of
an MG comprising three parallel-connected inverters is developed
and tested under a variety of operating cases. The simulation results
confirm the high accuracy of active and reactive power sharing, as
well as improved harmonic compensation, across different load and
network conditions. This study contributes to the field by facilitat-
ing both the analysis and optimization of VICL designs based on
SOGI variants, ultimately improving overall MG performance.

The remainder of this aticle is organized as follows: Section 2
reviews the primary control of a three-phase VSI in an MG,
including its operating principles, cascaded inner control loops,
the mathematical foundations of droop control, and the design of
a VI-based power-sharing scheme. Section 3 details the proposed
VICL approach using SOGI variants, including its structure and
key formulations. Section 4 presents and discusses the simulation
results. Section 5 concludes the article with the main findings
and implications of the research.

2 | Materials and Methods

21 | Proposed Scheme of Three-Phase VSIS’
Power-Sharing Control

In MGs, the primary control level is the lowest in the hierarchy.
Its primary role is to manage sudden changes in power load,
whether linear or nonlinear [37]. This control is local and decen-
tralized, meaning it relies solely on local measurements, with
each inverter having its dedicated control stage, enabling each
DG unit to function independently without communication dur-
ing regular operation. It plays a crucial role in guaranteeing the
reliability of the MG and enhancing its overall performance and
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stability. It adjusts the frequency and voltage outputs of inverters
to serve as a reference for the inner multiloop controller. This
helps reduce circulating currents that can occur when multiple
converters are connected in parallel. Additionally, it ensures the
precise sharing of active and reactive power among these con-
verters. It can function in both grid-connected and autonomous
modes, with a seamless transition between them.

The control structure for this level, based on a single inverter
unit, intended for the three-phase VSIs, is shown in Figure 1.
The power stage of a DG unit consists of a DC source supplying
an inverter with an LC filter linked to the point of common cou-
pling (PCC) through an impedance line. This setup comprises
two key components:

a) The cascaded inner loop that comprises the current control
loop (CCL) and voltage control loop (VCL), which are
responsible for stabilizing the inverter voltage frequency
and amplitude.

b) The external power control loop is based on the droop con-
trol method, along with a VI loop and a power calculation
block. Meanwhile, droop control controls the active and
reactive power output of the DG.

As depicted in Figure 1, before droop control was implemented,
the power calculation stage used the filter output currents and
voltages, transformed into the af frame and detected by the
SOGI-frequency locked loop (SOGI-FLL), to compute the average
real and reactive power.

To address mismatched inductive/resistive feeder impedance, the
optional VI loop improves power quality and power-sharing
accuracy within the MG [38].

Further details about these components will be elaborated upon
in the subsequent sections.

2.2 | Power Calculation Block

Adding the power calculation component to the main control setup
is vital for determining the average levels of active ( P;) and reactive
(Q;) powers. Generally, when dealing with three-phase MGs, they
can easily be calculated by converting the three-phase voltages and

currents (in abc frame) to the af (or dq) reference frame. This
involves applying established equations, such as in Equation (1),
as appropriate.

Qi = (VC'/} X iLza —Vog X iLz-ﬁ) Qi = (Vc.q X iLz.d —Ve.g X iLz-q)
@
where Ve.qs(Ve.gq) and ipy.qp(ici.qq) essentially stand for the in-

phase and quadrature-phase aspects of both the inverter’s output
voltage and current.

{ P, = (vc«x X iLz.(l +Vcp X iLZA/i) { P, = (vC-d X iLz.d +Vcq X iLz-q) }

Figure 2 illustrates the schematic designs for the power calcula-
tions for three-phase systems. After determining the instantaneous
active and reactive powers, the data are processed with a low-pass
filter (LPF) to obtain the corresponding average values.

The LPF’s transfer function (Gppg(s)) can be described as follows
in the s-domain:

Dcutt-off
Grpr(s) = — @)
S+ Wcyt.off

@cutroff 1N this context is the LPF’s cutoff frequency. Usually, it is
set to a relatively low value to remove any underlying harmonic
components [39].

2.2.1 | Droop Control Strategy

In AC MGs with multiple DG systems operating in parallel,
ensuring optimal power sharing is complex. The goal is to allo-
cate each DG its share of active and reactive power, meeting the

FIGURE 2 | Power calculation block diagram.

2

e V.  Virtual impedance
Inner Controller *— ¢ control loop

Vroop Sine [

generator E

Primary Control

Power -
<_
control based P Power @
on droop QO calculation _.
4_
method @

P-Q power-sharing control

FIGURE 1 | Primary control configuration.
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overall load demand without overloading any particular DER.
This should also maintain stable voltage and frequency levels,
thus upholding MG stability.

In MG literature, centralized architectures are often considered
to enhance power sharing due to their accuracy and reduced volt-
age and frequency deviations. Two common centralized power-
sharing strategies are the master-slave approach [40, 41] and
concentration methods [42].

Additionally, there is a preference for controlling numerous par-
allel VSIs, while preventing the circulation of current among them
[3,43-45], in a distributed manner using droop control, considered
as the heart of the primary control [1, 43, 46-49]. This approach
demands less external communication, relies on local measure-
ments, and offers flexibility for various plug-and-play MG devices
[3, 50-54]. Droop control is based on the principle of power flow in
traditional power systems with parallel synchronous generators,
which distribute any load increases based on their rated capacities.
When there is a sudden surge in power demand, it can be offset by
the mechanical power of the rotor. This same concept is used in
exciter control of synchronous machines, where the voltage
decreases as reactive power increases. These principles are inte-
grated into power electronic MGs via droop functions [55-58].
The droop control operates within a range of 100 ms to 1s. It
assigns individual frequency and voltage setpoints to each inverter
based on power-sharing needs. While effective in maintaining sta-
bility and power balance, it has limitations concerning voltage reg-
ulation and harmonic compensation. Various control schemes and
configurations of droop control exist to enable efficient power
sharing for both linear and nonlinear loads.

The conventional droop control, often referred to as P— @ and
Q—E droops, uses the active p/frequency (P/f) and reactive
power/voltage (Q/V) controls to realize decoupling control of
active and reactive power. A comprehensive review of droop con-
trol strategies is summarized in [59].

However, DG systems often have different output impedances,
requiring specific adaptations to droop control. They can be resis-
tive (R/inverters), capacitive (C/inverters), resistive—capacitive
(RClinverters), or resistive—inductive (RL/inverters). The litera-
ture reports that it is not feasible to operate an inverter with
an inductive output in parallel with another inverter with a
capacitive output. In most cases, the output impedance is induc-
tive (L/inverters), especially around the fundamental frequency.
Nonetheless, for low-voltage MGs, where the equivalent imped-
ance between any two DG systems can be either resistive or induc-
tive (with a DG coupling transformer or a grid-side inductor),
the impedance resistance R becomes essential and cannot be
neglected.

This mechanism ensures that DG units distribute the workload
by adjusting each VSI's frequency based on the supplied real
power. Consequently, each generator adjusts to variations in
the overall load while adhering to its distinctive frequency droop
characteristic, all without the need for interunit communication.
Similarly, a reduction in voltage amplitude (E) coupled with reac-
tive power (Q) facilitates equitable reactive power sharing.

In the droop control loop, the frequency (w) and voltage amplitude
(E) of the inverter output are set based on the average active power
(P) and reactive power (Q) supplied by the VSI to the MG. To put it
in simpler terms, these connections can be articulated as follows:

{a)iza)*+m(P*—P) 3)

E;=E*+n(Q*-0Q)

Here, » and E" refer to the frequency and amplitude of the out-
put voltage when there is no load. P* and Q" represent the refer-
ence for active and reactive power, and during island operation
mode [1], these references are set to zero.

The control parameters, represented by n and m, are linked to the
inclines of the frequency and amplitude functions. These figures
are based on the allowed frequency and voltage deviations (Aw
and AE), as well as the maximum active and reactive powers
(Pimax and Qpay), respectively. This relationship can be expressed
as follows:

oo Ao AE

Pmax ’ Qmax

Figure 3 represents the droop control loop block design. As
shown, a sinusoidal signal generator receives the frequency
and voltage produced by the droop controller. This generator pro-
duces the reference output voltage (v, (t)) for the VSI. The fol-

“

lowing equation can express the relationship governing this:

. 2 2x|T
Vzroop(t) =Ei X sin (C()i Xt [0 ? - ?:| ) (5)
The voltage reference from the droop control is then directed to
the inputs of the inner voltage and current control loops.

Figure 4 provides a visual representation of the droop control
characteristics for two VSIs. It can be observed that the droop
slopes play a role as a negative correlation between P/Q and
w/E, respectively. It is important to note that in steady-state con-
ditions, the frequency and amplitude match in both VSIs, and the
same slope parameters align, indicating that n, = n, and m; = m,.
This synchronization ensures that the two DG units achieve
effective and balanced active and reactive power sharing.

To derive the droop functions, we should analyze the equivalent
circuit of two VSIs connected in parallel to an AC bus via line
impedances as given in Figure 5. In this figure, each inverter
stage is modeled as a sinusoidal voltage source with an output
impedance in series. According to this figure, the expression

, QL@
LPF o) b ol

E,xsin(a,xt}—— V,,,, (1)
Caleulation (1) |
vmﬂ(t) [ ___] E, | Sinusoidal generato

FIGURE 3 | Droop control schematic diagram.

FIGURE 4 | Droop control characteristics.
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FIGURE 5 | Equivalent electric circuit of two paralleled VSIs.

of the active P and reactive Q power of each DG, after some math-
ematical manipulation, can be obtained as follows:

P= 3VZ£ ((E; cos (¢;) = Vpec) cos (¢;) + E; sin (¢;) sin (¢;))

Q= 32& ((E;icos (¢;) = Vipce) sin (¢h;) — E; sin (;) cos (¢;))
(6)

where E;2¢; is the inverter output voltage, Ep..£0 is the voltage
at the PCC, and Z;2¢; =R, +jX; is the inverter to the PCC bus
impedance, which considers the inverter output impedance and
the line impedance of the connection wires.

By assuming that the phase difference between the inverters’ out-
put voltages and the PCC is very small (¢; < 1 — sin ¢; = ¢; and
cos ¢; =0), Equation ((6)) yields:

V.
P = ;C'C ((E; = Vpec) cos (¢;) + B sin (¢;))

Vv
Q= ;C ((E; = Vpec) sin (¢;) — Es; cos (¢;))

(7

Based on the line impedance nature, the expression of the active
and reactive powers can be defined as follows:

For pure inductive line impedance, ie., X;>R;
(—) Zi4¢i EXLA%)'
E,V
b= lT#CCCUi
' ®)
Q= (E; = V) Vece
L Xl

For pure resistive line
(—) Zi4¢i = RiAO):

impedance, ie., X; < R

(Ei = Vpce)Viee
R;
—EiVpcc
Q= 17&
1 Rl 1

Pi=
©)

where X; and R; are the reactance and resistance of the inverter
output impedance.

It can be seen that, for pure inductive impedance, the active
power depends on the phase angle Equation (8) and the reactive
power depends on the voltage Equation (9). In the case of pure
resistive impedance, the f/Q and V/P characteristics seen in the
previous chapter are found.

Based on the characteristics, the expressions of the droop control-
ler can be formulated as follows:

« Pure inductive impedance:

o [
W =w" — VlPl-
S+ wg

(10)
o
E;=E* — mQ;
! (S + wf) Ql
« Pure resistive impedance:
E =E*— ( or )nPi
S+ ws (11)

where * and E” correspond to the nominal frequency and ampli-
tude of the output voltage at no load. n and m are the frequency
and amplitude droop gains, which can be determined by the max-
imum frequency and voltage deviations (Afpax and AViga)
divided by the inverter active and reactive rated power, and
the first-order transfer function is the transfer function of the
LPF with a cutoff frequency wy.

It is worth noting that this study assumes purely inductive feeder
impedances to simplify the control analysis and highlight the
impact of SOGI-based VI schemes. In practical MGs, however,
feeder lines typically exhibit mixed R-L characteristics, where
both resistive and inductive components influence active and
reactive power coupling. In such cases, modified droop coeffi-
cients or impedance-compensation strategies can be used to
maintain accurate power sharing.

The droop control method discussed earlier plays a crucial role in
MG operation, particularly in islanded mode. However, despite its
effectiveness in balancing the distribution of active and reactive
power, it faces challenges with current sharing. This is because
the inverters’ output current depends on their output impedance
ratios. Additionally, harmonic currents can induce voltage distor-
tion at the PCC, especially when VSIs power nonlinear loads.

To address these limitations and improve power-sharing accu-
racy, droop coefficients are compensated [60] and tuned [61].
In addition, researchers have explored advanced control strategies,
including model predictive control (MPC), sliding mode control
(SMC), and VICL. MPC uses a mathematical model to optimize
control actions while accounting for system dynamics and con-
straints. SMC provides robustness against uncertainties and distur-
bances, ensuring precise voltage and frequency regulation. VI
control employs VIs to mimic the behavior of a resistive network,
improving voltage regulation and damping low-frequency oscilla-
tions, thereby ensuring precise sharing of current-harmonic com-
ponents when DG units supply power to nonlinear loads.

2.2.2 | VI Loop

As mentioned earlier, despite the effectiveness of the primary
control approach based on this technique in achieving an average
power distribution, it does have certain limitations regarding
proper reactive power and harmonic sharing [62-64] due to mis-
matches in the DGs’ line impedances. The droop control method
is not well suited for distributing current harmonics, mainly
when VSIs supply power to nonlinear loads. Consequently,
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advancements in droop control aim to enhance the precision of
harmonic sharing [58]. In this regard, the VICL concept has been
adopted to achieve more accurate harmonic-current sharing,
improve the reactive power-sharing accuracy, and enhance
MG stability by standardizing their output impedance [65, 66].

Various approaches have been explored in the literature for
three-phase MGs [3, 13-16], offering valuable insights into their
control and performance enhancement. The classical method
involves multiplying the current derivative by an inductance
and has been widely adopted in three-phase VSIs. This control
approach has enhanced reactive power sharing among DERs.

This virtual output impedance loop incorporates a fast control
loop that derives a pure inductive equivalent impedance. This
impedance is formed by the series connection of the MG impe-
dances as perceived by the VSI, along with the VI, as shown in
Figure 1, which illustrates the equivalent circuit of VSIs with line
and VIs. The process of establishing this virtual output imped-
ance involves adjusting the output-voltage reference in propor-
tion to the time derivative of the inverter output current. This
adjustment increases the inverter’s output inductive impedance,
which, in turn, raises the impedance between the VSI and the
standard bus line. Consequently, it reduces the circulating cur-
rent within the MG. The expression for implementing this virtual
inductive output impedance can be stated as follows [30]:

Zy(9)=s-L, (12)

Here, L, represents the inductor value of the virtual output
impedance, and s is the Laplace operator.

Figure 1 illustrates the block diagram of the programmed droop
control scheme based on virtual output impedance. In this setup,
a VI unit calculates the voltage of the virtual output impedance,
taking the inverter output current as input. This VI voltage is
subsequently incorporated as an additional element in the output
voltage reference, seamlessly provided by the droop control loop,
as depicted below:

Vé(s) =vzroop(s) _ZV(S)iLZ(S) (13)

v (1) — Ve (1)

The equation above provides the updated output-voltage refer-
ence incorporating the virtual output impedance. In fact, each
inverter’s control loop includes a similar loop.

It is important to note that when the virtual output impedance is
programmed as the time derivative of the inverter current, the
system becomes highly responsive to output current noise and
to nonlinear loads with slow rate-of-change. In response to this
challenge, an implementation of the VI based on the SOGI-
quadrature signal generator (SOGI-QSG) scheme has been
proposed in the literature, as depicted in Figure 6 [30]. This imple-
mentation capitalizes on the SOGI method’s features to establish a
VI control scheme offering several advantages: i) reduced sensitiv-
ity to output current noise; ii) elimination of the need for time
derivative calculations; iii) improved THD of the output voltage,
and iv) enhanced handling of nonlinear loads [39]. This concept
seamlessly integrates into our hierarchical control scheme, where
the SOGI-FLL scheme becomes an integral part of all three control
levels.

2.2.3 | Inner Control Loops

Level zero, or the inner control loop, also known as the low-level
voltage and current controller, establishes the operational state of
the DG units. It plays a crucial role in maintaining stable control
of the inverter’s output voltage and current, even in the presence
of disturbances. This objective is accomplished by adjusting the
inverter’s output voltage to match the desired reference value.

Figure 7a shows the schematic diagram of the inner controller
for VSIs, which typically consists of an outer VCL and an internal
CCL. These two control loops work together to regulate the
inverter’s output voltage and control the current, maintaining
system stability with high bandwidth and performance, ensuring
rapid response across various operating conditions. The inner
controller provides the duty cycle to the sinusoidal pulse width
modulator (PWM), which, in turn, dictates the gating signals for
the IGBTs in the VSI. For more detailed insights into this control
level, refer to [8, 9].

FIGURE 6 | (a) VI-based reference generation and (b) implementation using the SOGI approach.

Measurement

(a) |

ref

inv

Double-loop Inner Control

(b)

FIGURE 7 | Block diagram of (a) the inner control loop and (b) the equivalent circuit.
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In a three-phase system, the inner control loop design is essential
for the MG performance. Recently, proportional resonant (PR)
controllers have been developed to alleviate tracking uncertainty
in some control approaches and to provide independent voltage
control for grid-forming VSIs. Additionally, in the presence of
nonlinear loads, they have significantly reduced THD by allow-
ing for selective harmonic rejection. The fundamental drawback
of this controller is its sensitivity to phase and frequency changes
in the provided signals [67-69]. Model predictive controllers
(MPCs) have been introduced to improve VSI control perfor-
mance [70]. The MPC uses a model of the system to predict
its operation; thus, variations in system parameters reduce the
control system’s effectiveness. The neural network and fuzzy
controllers are popular intelligence-based control methods pro-
posed in the literature, aiming to cope with system parameter
deviations without requiring a precise mathematical model of
the system. Except that training these approaches is not easy.
Besides, the repetitive-based control strategy performs admirably
in the presence of nonlinear loads by reducing output voltage and
current THD; however, it suffers from poor tracking accuracy
and dynamic performance, and it requires more memory than
other strategies.

Sliding-mode control [71] is also proposed for controlling VSIs;
it provides a fast time response and strong tolerance to fluctua-
tions in VSI and filter parameters. This approach, on the other
hand, is highly sensitive to load fluctuations and exhibits poor
steady-state tracking. Another conventional control strategy that
is gaining much attention is a simple proportional-integral (PI)
controller [72], which ensures fast time response with minimal
steady-state tracking error. PI regulators are commonly proposed
in both the af and the dq frames to independently regulate active
and reactive power. By designing separate PI controllers for the
d-axis and g-axis variables, independent regulation of voltage and
frequency can be achieved.

The inner controller introduced in this study is a double-loop
scheme that is composed of an outer VCL and an internal
CCL. They are based on PI regulators, and their corresponding
closed-loop transfer functions are expressed as follows:

BE (5) = Vedg 1 kpos+k,
v Ve ref.dg Cs2 + Ko s+ kiy
A 14)
BE (5= LA 1 kpsthi
va4q i ki }
LL1 ref-dgq L 2+ (M—L—IP)S + Iz_xlx
where k, ;, k., ki and k; , are the proportional and integral gains

of current and voltage controllers, respectively.

By matching Equation (14) to the desired transfer functions in
Equation (15) below, the controllers’ gains can be determined.

2

;
O3 = s
aq SZ+2§1‘601‘S+601-2
15
e as)
A T g2 4 28 wyS + w2

Note that the parameters {;, w;, {,,, and w, are precisely obtained

= 4 = 4
Mp,ize liggyng:—,Mp.V:e l’sg’TS'vz (16)

é,iwi vav

More details on the inner controller can be found in [73], while
the droop control and the proposed VICL are discussed in the
following section.

2.3 | SOGI-Based VICLs Presentation

It is worth mentioning that each SOGI variant is integrated into
the VICL as a harmonic estimation stage. Its af output signals
modulate the VI voltage reference, directly affecting voltage com-
pensation and harmonic current sharing.

In addition, in most research articles, the af frame was selected
over dq due to its more straightforward implementation and bet-
ter suitability for harmonic detection and multifrequency estima-
tion within VICL.

2.3.1 | Classical SOGI

The SOGI is a signal-processing method widely used for
filtering and extracting the fundamental component of an
input signal, particularly in grid synchronization applications
such as phase-locked loops (PLLs). Its basic structure is
depicted in Figure 8.

Here, .., are defined as generated orthogonal output signals, vc.q
is the input signal of the a-phase, w is the fundamental frequency
generated by the droop control, and k is the proportional gain cho-
sen as a trade-off between time response and filtering performan-
ces. The dynamic behavior of the SOGI can be expressed as a
second-order system whose damping ratio & is approximately

E~

N &

A classical design choice for grid synchronization and harmonic
extraction applications is £ = 1/+/2 ~ 0.707, which ensures mini-
mal overshoot and a good compromise between settling time and
harmonic rejection. This leads naturally to k ~ \/2 ~ 1.414, con-
sistent with widely adopted tuning rules in [74-76]. In our
design, k=1.4 was retained because it preserves selectivity
around the fundamental frequency, improves rejection of the
5th, 7th, and 11th harmonics when used inside the VICL, and
ensures a settling time of 8-10 ms for the aff components, satis-
fying the MG primary-control timing constraints.

As shown in Figure 8, the SOGI operates as a quadrature signal
generator, producing two orthogonal signals from a single-phase
input while dynamically adjusting to track the fundamental fre-
quency and attenuate harmonics. Mathematically, it is modeled

SOGI ’

abop
\

e
X4—l—>><
o<
NS
5]

o=

Vc_ﬂ
from the transient response overshoot M;, M,,, and settling
time T, T, expressed by: FIGURE 8 | Basic structure of SOGI-QSG.
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as a second-order system, with the filtered signal and its quadrature

counterpart generated by a gain parameter that controls response

speed. The following differential equations can describe it:

")c—a(t) = kw[VC(t) - va(t)] - wv/i(t)

. 7)
Ve p(t) = v, (t)

In this setup, the SOGI functions as an adaptive resonant con-
troller offering selective amplification at w, while attenuating
harmonics and noise components outside the bandwidth with
a pair of complex-conjugate poles tuned to the fundamental fre-
quency. Based on the internal model principle, integrating the
SOGI into a unity feedback control loop (FLL or PLL) allows
for the extraction of the fundamental component of a single-phase
input signal, along with its quadrature (90° phase-shifted) coun-
terpart. To ensure accurate frequency tracking, the frequency esti-
mator dynamically adjusts the SOGI’s center frequency. The
differential equation governing this estimation process is derived
using the gradient descent method, expressed as

= — oty (1) (18)

where @ is the estimated frequency and y is typically chosen
between 0.1 and 1 to balance fast convergence and noise robust-
ness. The adaptation gain y adjusts the convergence speed of the
frequency estimator. A large y (y > 1) results in faster convergence
but increased noise amplification, while a small y (y < 0.1) results
in robust estimation but poor dynamic response. To ensure
stability, y must satisfy:

2
0<y<—k (19)

n

where w, is the nominal angular frequency. Considering MG
operation at 50 Hz and k= 1.4, the upper bound is y < 0.089.
However, under VICL operation, the estimator receives filtered
aff components, which allow relaxed upper bounds, as indicated
in [74]. Therefore, y =0.5 was selected because it provides fast
tracking during disturbances (DG plug-in/out, load steps), avoids
excessive oscillations in the estimated frequency, and remains
within the stable region, as validated by the small-signal model
in simulation. This structure enables real-time tracking of fre-
quency drifts, enhancing synchronization accuracy.

The parameters were tuned using a combined procedure:

1. Small-signal pole placement to ensure SOGI closed-loop
poles satisfy:

o« R{p}<-220rad/s
2. Frequency-response shaping, constraining:

o —3dB bandwidth &~ 15-25 Hz around the fundamental,

« attenuation > 25dB at 5th, 7th, and 11th harmonics.
3. Transient-performance constraints:

e rise time < 10 ms,
« overshoot < 10%,

« phase-tracking error < 2° at steady state.

4. Validation through nonlinear, unbalanced, and harmonic-
rich conditions, ensuring robustness across all operating
scenarios.

During operation, frequency estimation is considered converged
when:

|@(t)] <0.1rad/s, [ +v2 — A% | <1% (20)

In simulations, convergence was consistently achieved within
2-3 grid cycles under nominal conditions and within five cycles
during nonlinear or unbalanced operation.

SOGI offers key advantages, including effective harmonic filtering,
fast dynamic response, and simple real-time implementation, mak-
ing it useful in grid synchronization, power quality analysis, renew-
able energy integration, and fault detection. However, its basic form
remains sensitive to harmonics, lacks automatic frequency adapta-
tion, and struggles with sudden frequency variations.

To address these issues, several ESOGI variants have been pro-
posed. ESOGI introduces a dynamic tuning mechanism to
improve rejection of grid disturbances and reduce estimation delay
[75]. The modified SOGI (MSOGI) structure supports multifre-
quency component tracking and is particularly suitable for
power-sharing applications in MGs [36]. The dual SOGI
(DSOGTI) configuration extends the basic SOGI to enable simulta-
neous extraction of aff orthogonal components in both positive
and negative sequences, proving effective under unbalanced con-
ditions [76]. Other advanced configurations, such as n-SOGI, allow
simultaneous estimation of multiple harmonics, making them
suitable for active filtering and harmonic compensation.

These developments have significantly improved the applicability of
SOGI-based methods in modern power systems, especially in MGs,
where harmonic distortion, unbalanced loading, and dynamic con-
ditions demand high-performance signal-processing strategies.

2.3.2 | ESOGI

The schematic of the designed VI intended for a three-phase VSI
is depicted in Figure 9. As shown, the ESOGI uses the output
current of the a-phase (i, 4.,), obtained via the abc-af trans-
form, to extract the filtered direct and orthogonal fundamental
components (iz> ,). Note that the ESOGI uses the frequency pro-
vided by the droop control. The aff components are multiplied by
the virtual inductance, L,, and the fundamental frequency, w.
The resulting af voltage components are transformed to abc vol-
tages. These abc voltages are, then, added to the terms obtained
from the multiplication of abc components (iz; 4p.) With the vir-
tual resistance, r,, to obtain the output abc voltages of the VI.

Accordingly, the output of the VI, in the s-domain, can be derived
as follows:

Ve —abe(8) =Foirzape — (Tap—ape X (Lyw X [ —irap i2a]T)) (21)

where T,z.q5c defines the inverse Clarke transform.

FIGURE 9 | Structure of the VI control scheme based on ESOGI.
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The af voltage components are transferred to abc frame and then
subtracted from the ones generated by the droop controllers,
resulting in the new voltage reference defined as follows:

Ve ref (S) = Vdroop-ref (S) —V (S) (22)

The structure of the ESOGI used to estimate the current compo-
nents is presented in Figure 10. It consists of two second-order
adaptive filters, tuned by the droop control frequency and an
LPF. The adaptive filters generate the /3 current components from
a single sinusoidal current, while the LPF oversees estimating the
inherent DC offset in the input current. The outputs of the ESOGI
are the direct component and the quadrature component free from
the DC offset, which is achieved by subtracting the estimated DC
offset from the shifted quadrature generated by the SOGI [11].

The ESOGI can accurately estimate the current components, even
under distorted currents and fast dynamic responses, in addition to
its simple implementation. This may improve droop control per-
formance, thereby increasing power-sharing accuracy.

2.3.3 | MSOGI

The structure of the MSOGI used to estimate the current compo-
nents is presented in Figure 11. It consists of four SOGI, each asso-
ciated in parallel, corresponding to the fundamental, 5th, 7th, and
11th harmonic current estimations. The input of an SOGI corre-
sponding to & harmonic (h =1; 5; 7; 11) is the sum of all the other

iL2q

=~
~
=
o
=

L

FIGURE 10 | ESOGI structure.

iL2all

IL20-in | | iL205

12,1

iL2.all

iL2.0-5

iL245

FIGURE 11 | Multiple-SOGI structure.

current components estimated by the other SOGIs, subtracted from
the actual current. In addition, each SOGI is tuned to a frequency
equal to the product of the droop control frequency and the respec-
tive h harmonic. An application of this scheme can be found in
[33, 39]. The structure of the SOGI is shown in Figure 10, which
accepts a sinusoidal single-voltage input and provides in-phase and
quadrature-phase components as outputs. The harmonic compo-
nents tracked by the MSOGI are subsequently utilized within
the VICL to enhance harmonic compensation. Once the MSOGI
isolates the dominant harmonics in the af frame, these signals
are used to synthesize compensating voltage references that are
injected through the VI path. This process effectively counteracts
voltage distortion at the PCC and enforces proportional harmonic
current sharing among the distributed generators. Consequently,
the MSOGI not only detects harmonic content but also contributes
actively to improving overall power quality and maintaining bal-
anced operation under nonlinear load conditions.

As a result, the MSOGI can estimate the current components
with high accuracy, even under harmonically distorted current
conditions, while providing a fast dynamic response. This may
improve droop control performance, thereby increasing power-
sharing accuracy.

2.3.4 | Dual Enhanced SOGI

The dual enhanced SOGI (DESOGI) technique, which introduces
an additional loop for the estimation/rejection of the DC compo-
nent, is an adaptive second-order filter used to estimate the essen-
tial characteristics of a three-phase input voltage [39]. Figure 12
shows the block diagram of the DESOGTI structure. It is composed
of two ESOGI-based QSG (ESOGI-QSG). The primary function of
the ESOGI-QSG block is to extract the direct and orthogonal volt-
age components, which can be utilized to determine the voltage
amplitude. The operational frequency supplied to the ESOGI-
QSG blocks is estimated by FLL. Further details regarding this
plan can be found in [39].

The relationship between the input MG voltage and the extracted
orthogonal components (D, , 13MG,) can be described by the fol-

lowing closed-loop transfer functions [77], as shown in Figure 12:

Dnva, (5) W S
G,(s)= < =kdome 55—
(s) Vg (S) MO 2 4 kdnas + 0ua
G _ ﬁMG/, (S) _ k(C?)ZMG - Cl)fS) S 23
ﬂ(s) - - 2 A ~2 23)
Vg (s) s+ wy 5% + kaygSs + 0*mg
¢ (s)= OmG, pe(S) k@
#-DbC - 1%V e} (S) - S2 + kd\]MGS + d)ZMG

In this equation, s represents the Laplace variable, @y and wy
denote the estimated and the additional block frequencies, while
k denotes the gain of the SOGI-QSG.

Similar to the other SOGI variants, the DESOGI operates in con-
junction with an FLL that continuously tracks the fundamental
frequency and adjusts the VICL’s internal parameters in real
time. This combined DESOGI-FLL structure provides accurate
in-phase and quadrature components in the af reference frame,
enabling precise generation of compensating voltage references.
Consequently, the VICL achieves improved synchronization,
enhanced dynamic response, and superior harmonic and power-
sharing performance among distributed generators.

Energy Technology, 2025
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FIGURE 12 | The structure of (a) DESOGI-FLL and (b) ESOGI-FLL.

Authors in [78] provided additional information through theoreti-
cal analysis and a MATLAB/Simulink simulation study to confirm
the accuracy of the generated frequency and amplitude models.

3 | Results and Discussion

To assess the effectiveness of the different control schemes, an MG
model consisting of three inverters connected in parallel, feeding a
common load, as shown in Figure 13, is built in MATLAB/
Simulink. The controller under study is configured according to
the parameters presented in Table 1. In this simulation, the per-
formance of the designed controller is tested under various cases.

To ensure a fair comparative analysis, all SOGI-based controllers
were tuned using the same search range, balancing time response
and filtering performance. However, droop coefficients and filter
parameters were selected based on standard design constraints
(Af=0.5Hz, AV=5V).

While the DC/AC scaling was chosen for practical and design rea-
sons ensuring an adequate modulation index and voltage margin for
realistic inverter operation, following the typical IEC/EN LV stand-
ards: 220 Vrms (nominal low-voltage grid level in our region/230 V
class per IEC/EN) represents a typical LV bus for residential/small
MGs, and 450 Vdc was selected to provide sufficient headroom for
the inverter modulation index and harmonic compensation.

3.1 | Test 01: Linear Load Changes

In this test, the dynamic performance of the DG units under lin-
ear load variations is evaluated. The DG units start with no load
operation, with the first linear load being connected at t = 0.05 s.

Linear/nonlinear
loads

FIGURE13 | Single-line diagram showing DG#1-DG#3 connections,
PCC, load, and impedance.

TABLE 1 | VSIs and control parameter.

Parameters Symbol Unit Value
Nominal voltage (RMS) E, \% 220
Nominal frequency fa Hz 50
Switching frequency fs kHz 20
Simulation frequency fe MHz 1
DC voltage Upc \Y% 450
Output filter capacitor c pF 23
Output filter inductor Lyr mH, Q 2,1
Line impedance of DG #1 L, mH, Q 1.5, 0.8
Line impedance of DG #2 L, mH, Q 0.5, 0.8
Line impedance of DG #3 L mH, Q 0.2, 0.8
Virtual inductance L, ,R, mH, Q 2.7, 1
P-@ droop m rad/(W s)  0.0005
Q-V droop n V/Var 0.001
Voltage controller P gain kpy — 0.1839
Voltage controller I gain ki — 183.87
Current controller P gain kiv — 6.2831
Cutoff frequency Seutoft kHz 1.5
SOGI parameters k,y — 14, 0.5

Next, a second load is connected and disconnected at t =0.2 and
0.5 s, respectively.

3.2 | Test 02: Nonlinear Load Changes

This second test evaluates the behavior of the proposed control-
lers under nonlinear load conditions. Similar to the previous test,
the DG units are subjected to load variations, but in this case, the
loads consist of rectifier bridges that introduce significant har-
monic distortion into the system.

3.3 | Test 03: DG Units Plug In/Out

In this final test, the robustness of the proposed control strategies is
evaluated during the connection and disconnection of DG units.
Initially, only DG #1 supplies the load starting from ¢t=0.1s. DG
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TABLE 2 | Simulation results for SOGI method.
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T a b
@) / ‘ DGHOI ) 50
E N f \ =
S 2 400 | DGH02 & \
5 | \ DG#03 : Noveg TR TSRy
o] SRR SRERND \ 4
T %200 / £ 49.99995 \
01 2 § e DGHOI
g 0 S DG#02
49.9999 DG#03
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
(& d
( ) ( )311.129
~
N DGHOI
% 100 DG#02 5311.128
§ 5 DGH03 3
g o S 311127 |-ttt ot i
.:E: L il s ikt B et i o e % DGHII
s -50 < 311.126 DG#02
& DGH#03
-100 : : : : : 311.125
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
T (a) (b)
E N /Mn'-r-:\ DGHOI _ 50
S f { DGHO2 )
Soor \, poroz |- = Rt
T 2 [l iy = | O |
S ,r S 49.99998 Tp—
02 S ol )
2 g DGHOI
< < 49.99996 bz
. DGHO3
-100
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
(© (d) 311.129
~
N DGHOI
E 100 DGHO2 E311'128
A~
§ 5 DGH03 3
2 £ 311127
B B e ] 3
§ 50 < 311.126
<
-100 311.125
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
T (a) 500 (b)
E ~ DG#OI - 50
S E DGHO2 g
5 400 DGH03 = s
T 2 by
S - § 49.99995 -
03 2 2007 B S DGH#01
% & DGHO2
0 49.9999 DG#3
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
c d
( ) 200 ( ) 311.129
§ DGH#O1
= 100¢ DG#02 = 311.128
5 DGH#03
g A _A“ pIraontte % Aa h\_....._...“
2 0 Vw ot 8 311127 | —V_...... " Ny
2 ;- DG#01
S -100 -« 311.126 DG#02
S DGHO3
<
-200 311.125
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
Energy Technology, 2025 11 of 19

8518017 SUOWWOD 8AIE8.D 3(gedljdde ayy Aq peusenob ae 3ol VO ‘8sN JO S9INJ 10} A%Iq1T8UIIUQ AB|IM UO (SUOIPUOD-pUR-SLUR)ALIO" A3 1M ARIq U1 |UO//ScIY) SUOIPUOD Pue sws 1 8y 88s *[9202/T0/Te] uo ARiqiTauluo A(1m ‘Inetedns aibojouyoe 1 8a 81003 Aq 092T0SZ0Z @IU8/Z00T OT/I0P/LI00 A8 | 1M Al 1pul|uo//Stiy WOl pepeojumod ‘0 ‘962r76TZ



TABLE 3 | Simulation results for ESOGI method.
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#2 and DG #3 are then connected at t=0.3s and t=0.6's, respec-
tively, followed by the disconnection of DG #3 at t=0.9s.

Tables 2-5 illustrate the system’s dynamic response, consistent
with the previous test cases, for each SOGI variant method.

The simulation results obtained from the three test cases provide
valuable insight into the performance of the proposed VI control

schemes based on various SOGI variants. Across all tests, it is
evident that the core objective—ensuring reliable power sharing
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TABLE 4 | Simulation results for MSOGI method.
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among DGs—is consistently achieved by each method under
study. However, more nuanced differences emerge when exam-
ining the systems’ dynamic response, harmonic handling, and
robustness to configuration changes.

In the first test involving linear load variations, all controllers
demonstrated effective active power sharing at steady state.
This confirms the baseline capability of the VI structure to
enforce proportional load distribution among DG units. Yet dur-
ing transient periods, such as load connection or disconnection,

notable disparities emerged. ESOGI and MSOGI, in particular,
maintained smoother frequency responses with quicker recovery
to nominal values. These improvements can be attributed to their
adaptive tuning mechanisms, which enhance their ability to
respond to fast-changing system dynamics.

The second test, which introduced nonlinear loads, further
highlighted the advantages of using advanced SOGI structures.
Despite the increased harmonic content and waveform distortion
introduced by the rectifier-type loads, all controllers maintained
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TABLE 5 | Simulation results for DSOGI method.
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system stability and appropriate power sharing. Nonetheless,
MSOGI and DSOGI clearly outperformed the others in terms
of harmonic rejection and waveform quality. Their respective
architectures—multifrequency tracking in MSOGI and dual-
sequence filtering in DSOGI—proved highly effective in mini-
mizing THD and preserving voltage quality at the PCC.

These traits make them especially well suited for MGs operating
in environments with significant power electronics interference
or nonlinear demand.

The third test evaluated the robustness of each controller during
the plug-in and plug-out of DG units. While all methods contin-
ued to share active and reactive power effectively, the stability
and smoothness of the transition varied. MSOGI and DSOGI
once again demonstrated superior performance, maintaining
voltage and frequency within close bounds of their nominal val-
ues and exhibiting minimal overshoot or oscillations. In contrast,
the basic SOGI structure showed notable deviations during these
transitions, indicating its limitations in handling dynamic recon-
figuration events typical in real-world MGs.

Taken together, these findings suggest that while classical SOGI-
based control schemes may suffice for steady-state conditions or

low-disturbance environments, more advanced variants such as
MSOGI and DSOGI offer tangible benefits in terms of dynamic
performance, harmonic resilience, and system adaptability. These
methods are therefore recommended for deployment in modern,
flexible MGs where load variability, harmonic pollution, and plug-
and-play functionality are expected.

The detailed quantitative results of each test case are summarized
in Tables 2-5.

Table 6 shows that the simulation results clearly demonstrate how
the various SOGI-based techniques affect MG power-sharing perfor-
mance. As anticipated, the basic SOGI produces the poorest results,
with considerable power-sharing mistakes, particularly in reactive
power (over 10%), and high total harmonic distortion (5.2%). This is
primarily because of its limited capacity to handle imbalanced and
nonlinear conditions or to adapt to grid disruptions.

In contrast, ESOGI offers observable enhancements. It reduces
THD and improves the accuracy of both active and reactive power
sharing through its enhanced filtering and dynamic tuning.
However, the performance truly shines with MSOGI and particu-
larly DSOGI. While DSOGI performs best across all categories,
including very low THD (1.9%), minimum power-sharing error

TABLE 6 | Performance comparison.
Method SOGI ESOGI MSOGI DESOGI
Injected current THD, % 5.2 3.6 2.1 1.9
Active power-sharing error, % 7.8 3.2 1.5 1.2
Reactive power-sharing error, % 104 4.5 2.3 1.8
Settling time, ms 45 35 28 26
Execution time, ms 0.93 1.09 1.27 1.84
Relative stability Medium High Very high Very high
Relative harmonic resistance Low Medium Very high High
Relative accuracy Basic Improved High Very high
Relative convergence speed Fast Fast Medium Fast
Relative complexity Low Moderate High Moderate
TABLE 7 | Main findings.
Method DG plug-in/out Sudden load variation Nonlinear load feeding
SOGI Struggles with transient oscillations whena  Responds slowly to sudden load Sensitive to harmonics, causing
(classic) DG unit is added/removed. Frequency changes, leading to temporary inaccurate frequency estimation
deviations are noticeable. power-sharing imbalances. and distorted voltage waveforms.
ESOGI Better than classic SOGI in handling Improved response to load variations =~ Moderately robust in nonlinear
transients. It dynamically adapts to limit by dynamically adjusting gain, but load conditions, but can still
frequency deviations, but still faces still susceptible to overshoot. experience phase errors.
challenges in fast-changing conditions.
DSOGI  Designed for three-phase systems, ensures More stable than SOGI/ESOGI as it Performs well under unbalanced
smooth DG integration and minimizes separates positive and negative nonlinear loads, effectively
unbalanced currents when the DG is sequences, reducing transient filtering out negative-sequence
plugged in/out. oscillations. harmonics.
MSOGI The most robust against DG plug-in/out Highly responsive to sudden load Excels in harmonic rejection,

effects. It ensures minimal transient
oscillations and faster stabilization.

changes, keeping power-sharing
accurate and stable.

making it ideal for nonlinear loads
with high distortion
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(about 1% to 2%), and a quick dynamic response with a settling time
of just 26 ms, MSOGI performs well under harmonic distortion.

These findings demonstrate that more sophisticated structures,
especially DSOGI, are better suited to demanding MG settings
with frequent harmonics, load imbalances, and dynamic fluctu-
ations. Nevertheless, since more sophisticated filters like DSOGI
require more processing and tuning, the technique selection
should still consider implementation complexity and real-time
constraints. Each SOGI variant offers a distinct trade-off: SOGI
provides simplicity; ESOGI improves DC offset rejection; MSOGI
provides balanced accuracy and speed; and DSOGI achieves
the best accuracy at a higher computational cost. So, the estab-
lished performance hierarchy, DSOGI > MSOGI > ESOGI > SOGI,
emphasizes the intrinsic trade-off between estimation accuracy
and computational complexity, indicating that higher precision
and harmonic compensation capability are achieved at the expense
of increased processing effort.

Note that the proposed approach scales efficiently for larger MGs
with more than three DG units, though communication latency
and line impedance diversity may affect performance.

Meanwhile, Table 7 highlights the study’s key findings through a
comparative examination of the approaches considered for VI
application in MGs.

4 | Conclusions

In this article, a power-sharing control with a VICL based on dif-
ferent SOGI variants was presented for an islanded MG. The
study developed the theoretical foundation for droop-controller
VSIs, described the structure of the proposed VICL, and provided
the corresponding mathematical formulation. In addition, it pro-
vided a detailed analysis of four SOGI variants—SOGI, ESOGI,
MSOGI, and DESOGI—in terms of power sharing, harmonic
mitigation, and dynamic performance. A simulation model of
a three-DG MG was conducted in MATLAB/Simulink to assess
and validate the proposed controller.

The results obtained highlight the strengths and limitations of dif-
ferent SOGI variants in MG applications. The classic SOGI is effec-
tive in simple, minimally disturbed systems. It performs effectively
under ideal conditions; however, its performance remains limited
in the presence of disturbances. In contrast, ESOGI enhances DC-
offset rejection, improving both robustness and frequency stability,
making it more resilient in complex environments. Meanwhile,
MSOGTI proves highly effective in environments with significant
harmonic distortion, offering superior performance in mitigating
these disturbances. Likewise, DSOGI is particularly well suited
for three-phase MGs with imbalances, as it is specifically designed
to handle such challenges effectively. Quantitatively, the DSOGI-
based VICL reduced THD from 5.2% to 1.9% and decreased power-
sharing error from 7.8% to 1.2%, confirming significant performance
improvements over the classical SOGI scheme.

In practice, computational demand increases with higher order
SOGTI structures, especially for DSOGI. Nevertheless, the proposed
VICL framework remains scalable for systems with more than three
distributed generators using decentralized, communication-free
control. These findings provide valuable insights into the design
of accurate and adaptive controllers for future MG applications.

Future work will focus on experimental validation through
small-scale hardware prototypes and hardware-in-the-loop test-
ing to confirm the real-time feasibility of the proposed control
strategy. Moreover, reinforcement learning-based adaptive
SOGTI tuning and integration with advanced phase-locked loop
techniques will be explored to further enhance adaptability and
real-world performance.
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