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ABSTRACT To achieve seamless integration of grid-forming (GFM) and grid-following (GFL) capabilities
in a single voltage-source inverter (VSI) under islanded conditions, this study introduces a unified hybrid
control (UHC) scheme with minimal control parameters and measurement sensors. The UHC scheme
enables a single voltage-controlled VSI to emulate the behavior of two virtual parallel VSIs, each
operating independently as a GFM and GFL inverter, thereby ensuring voltage and frequency stability,
as well as reliable power sharing. The proposed UHC approach is designed specifically for islanded
microgrids, providing functionalities for voltage-controlled inverters to perform multiple operational tasks
simultaneously. These include voltage and frequency regulation, provision of local grid support services,
and tracking of reference powers using output current control. The implementation utilizes a dual-loop
parallel control strategy based on a proportional-resonant (PR) controller in the αβ reference frame, which
operates without requiring a phase-locked loop (PLL) in the islanded operational context. The control
structure requires tuning of only three control parameters (two PR controller parameters and one active
damping term), while the other parameters represent physical system values. Under the tested islanded
operating conditions, VSIs equipped with the UHC scheme demonstrate the ability to mimic virtual inertia,
contributing to voltage and frequency stability during sudden load changes, reference power variations, line
outages, and short-circuit fault scenarios with appropriate dynamic and transient responses, addressing the
specific challenges of islanded microgrid stability and control. Comprehensive simulation studies on single-
and multi-inverter systems operating in the islanded mode validate the effectiveness and feasibility of the
UHC scheme for practical implementation in power systems.

INDEX TERMS Grid-forming, grid-following, unified hybrid control, inverter-based resources, islanded
operation mode.

I. INTRODUCTION
Traditional power grids rely on synchronous generators
(SGs) to function as both grid-forming (GFM) and grid-
following (GFL) resources. Within these grids, swing/slack
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buses, which acts as GFM sources, are pivotal in maintaining
the grid frequency and voltage for stability. In contrast,
GFL sources generate active and reactive power based on
dispatch schedules or operator commands. The integration of
renewable energy sources (RESs) and energy storage systems
(ESSs) into AC grids through voltage source inverters (VSIs)
has the potential to revolutionize large-scale centralized
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systems into power-electronics-based distributed systems.
This structural transition has streamlined the coordination
and integration of inverter-based resources (IBRs), elevating
their significance in modern power systems over large
centralized SGs [1], [2], [3]. The increasing adoption of
inertia-less IBRs with grid-independent control poses a sig-
nificant challenge to system reliability and stability compared
with SG directly coupled to the grid, which offers mechanical
inertia. This is because of the potential for instantaneous
mismatches between the generation and demand. Interface
inverters not only facilitate rapid responses to grid start-up
but also provide a wide range of control strategies with
desirable dynamic performance. This versatility is crucial
for maintaining grid stability during transients, potentially
obviating the necessity for protective measures, such as load
shedding [4]. With IBRs now constituting over 65% of the
generation in numerous global power grids and large grid
subsystems, concerns regarding grid support, reliability, and
stability have become increasingly pertinent [5]. These chal-
lenges become particularly critical in islanded microgrids,
where the absence of a main grid connection necessitates
robust control strategies for maintaining system stability and
reliability without external support [3].
Interface inverters are classified as grid-following inverters

(GFLIs) when operating in the grid-connectedmode and grid-
forming inverters (GFMIs) when operating in the islanded
mode, based on their primary control strategy [2]. GFLIs
function as current sources connected to an energized
network, aligning the active and reactive power outputs with
reference values. By contrast, GFMIs operate as voltage
sources and establish and regulate the local grid voltage
amplitude and frequency. Resource-associated inverters,
which function as conventional GFLIs, are extensively
utilized in RESs and ESSs to control output power based on
specified reference values [6]. Despite their efficacy in power
regulation, GFLIs cannot directly control the grid voltage
and frequency or contribute to grid stability, as they maintain
constant active and reactive power targets during transients.
They rely heavily on external set-points for grid conditions,
as monitored by an upstream supervisory system. This
reliance results in delayed responses to changes in the grid
parameters owing to communication latencies [5], [7]. This
limitation persists unless adequate SGs or GFMIs are avail-
able to ensure a minimum level of inertia. This precautionary
measure is crucial for preventing the initial rate of change
of frequency (ROCOF) from threatening grid stability [5].
Conversely, GFMIs exhibit significantly faster responses than
GFLIs in specific scenarios such as active power fast recovery
and frequency support, particularly in islanded or weak grids.
Consequently, GFMIs can mitigate frequency and voltage
fluctuations to a risk-free rate of change, thereby contributing
to grid stability. Moreover, the use of phase-locked loop
(PLL)-based control in GFLIs may introduce challenges
for maintaining grid voltage stability under specific grid
disturbances or suboptimal tuning conditions [8], [9]. This
challenge arises because of the positive feedback in the PLL
control system, which can be readily substantiated through
small-signal impedance models specifically tailored for

voltage-instability analysis [9]. In islanded microgrids, these
distinctions between GFLIs and GFMIs become particularly
critical, as the absence of a stiff grid connection amplifies the
impact of control strategy limitations on system stability and
performance [10].

Research suggests that GFMIs offer superior grid support
capabilities compared with GFLIs, even when additional
control loops for synthetic inertia are implemented [10],
[11]. Hence, as IBRs become more prevalent in future power
grids, especially in isolated or off-grid scenarios, GFMIs
are emerging as versatile and crucial alternatives. However,
owing to the absence of a rotating mass, GFMIs require a
sufficient energy buffer to provide a robust inertial response,
mimicking the dynamic behavior of SGs and enhancing
the grid frequency support during unexpected changes and
contingencies [12], [13]. Therefore, the main operational
limitations of GFMIs in islanded operation mode stem from
their inability to precisely control output powers, which
automatically vary with changing grid parameters, and the
necessity for an energy buffer to ensure proper operation.
To realize diverse applications in islanded conditions, there
is a crucial need for an integrated control strategy that simul-
taneously leverages the advantages of GFMIs—grid voltage
and frequency regulation and grid support capability (creating
a stable reference grid)—and GFLIs, which precisely track
reference powers (ensuring that power delivery matches
demand accurately). Such a system could improve the
reliability, efficiency, and stability of islanded power systems.
Although a single GFMI can maintain grid stability under
islanded conditions, it may struggle to handle rapid load
changes with high precision in power delivery, potentially
necessitating a larger energy buffer to manage fluctuations.
Consequently, if a GFMI were capable of accurately tracking
power references without delay, it could potentially match
its output to the required power demand more effectively.
This capability might reduce the immediate need for an
energy buffer or lower the size and capacity requirements of
the buffer by enabling the inverter to manage rapid power
changes [13].

To achieve this, the parallel connection of a GFMI and
GFLI, each with independent control structures, is considered
the most straightforward approach [14]. However, this
method entails increased installation costs, heightened hard-
ware complexity, and a distinct control philosophy compared
with a single-inverter system.Moreover, in this case, effective
coordination between the control structures of the GFMI and
GFLI is crucial to prevent conflicts and ensure smooth oper-
ation of the inverters. Another approach involves exploring
the potential of a VSI that can flexibly transition between
GFM and GFL modes based on the system conditions
and demands. Accordingly, [15] introduced an integrated
control scheme that combines GFM and GFL capabilities
using Monte Carlo artificial bee colony-optimized fractional-
order Proportional-Integral (PI) controllers to develop a
single VSI. However, employing these optimization methods,
coupled with scalability concerns, could add complexity to
the design and implementation of control systems, especially
in larger-scale power distribution systems. This added
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complexity could increase the computational burden required
for tuning and optimization. Moreover, developing a control
strategy that can enable smooth mode transitions without
introducing unstable transients remains a complex challenge.
Therefore, in the context of islanded microgrids, there is a
compelling research opportunity to develop a cost-effective
hybrid control technique that can seamlessly integrate the
advantages of GFMIs and GFLIs within a single voltage-
controlled VSI, potentially enhancing system efficiency and
reliability while minimizing the complexities associated with
control switching, as initially explored in grid-connected
systems by [20]. Unlike grid-connected applications, islanded
systems present unique challenges due to the absence of a stiff
grid reference, making the integration of these capabilities
more critical for stability. This study addresses this research
gap by examining how specialized control strategies can
be developed to meet the unique requirements of islanded
conditions.

A. RELATED WORKS AND LIMITATIONS OF EXISTING
APPROACHES
Hybrid voltage and current control schemes have been
applied in various key areas, including power quality [16],
grid fault ride-through [17], and high-voltage direct current
transmission systems [18]. A PLL-based hybrid control
scheme was introduced in [19] that integrates GFM and
GFL functionalities to achieve improved robustness and
performance in IBRs. Nevertheless, one potential limitation
of this control scheme is its susceptibility to noise and
voltage stability challenges. While PLLs are designed for
fast dynamic response, careful design is necessary to ensure
robust operation under disturbance conditions, thereby main-
taining voltage stability. In islanded microgrids specifically,
PLL-based control methods face additional challenges due to
the absence of a strong voltage reference, making the system
more vulnerable to instabilities during disturbances and load
changes [8].

The foundational concept of integrating GFM and GFL
functionalities within a single inverter was initially intro-
duced by Lima and Watanabe in [20]. Their hybrid
control converter (HCC) employs a control architecture
based on the dq reference frame, utilizing cascaded PI
controllers with a PLL for grid synchronization. While
their approach has demonstrated benefits in improving grid
stability and consolidating inverter functionalities for grid-
connected applications, several important limitations can be
identified, particularly for islanded microgrid applications
where the absence of a strong grid reference amplifies control
challenges. It is worth noting that the HCC approach is
derived from an equivalent circuit model that performs ade-
quately under specific grid-connected conditions. However,
the selection of control structures in power systems is not
merely a design preference, but a fundamental engineering
decision that directly impacts performance, computational
complexity, robustness, and reliability. Islanded microgrid
systems present distinct challenges such as the absence of
a strong frequency reference and rapid power variations,

necessitating control approaches specifically tailored to these
conditions.

First, the use of multiple cascaded PI controllers inher-
ently increases structural complexity and requires careful
parameter tuning, which may pose challenges for practical
implementation, especially under dynamic operating condi-
tions. Second, continuous dq frame transformations introduce
additional computational burdens that can limit scalability
and real-time performance. Moreover, the reliance on PLL
synchronization makes the method potentially sensitive to
noise, parameter variations, and grid disturbances, especially
during fast transients. In addition, the HCC framework is
fundamentally based on an equivalent circuit model that
involves output filter impedances of GFM and GFL inverters
for control formulation. While such models can be effective
in certain cases, they inherently tie the control performance
to the precise knowledge of these parameters. Furthermore,
the HCC implementation requires careful tuning of 12 control
parameters for the PI controllers and relies heavily on precise
knowledge of 4 physical parameters related to output filter
impedances of parallel GFM and GFL inverters. This depen-
dency on both numerous control parameters and accurate
impedance values significantly increases design complexity
and introduces potential performance vulnerabilities when
actual system parameters deviate from design assumptions.
In practice, however, system impedances often vary due to
component tolerances, environmental factors, or unforeseen
changes in operating conditions, potentially affecting control
reliability and accuracy. The dependency on these parameters
may therefore limit the method’s robustness and applicability
in more variable or uncertain environments.

It is also important to note that all tests and validations
in [20] were conducted exclusively under grid-connected
conditions. Therefore, the applicability of their method to
islanded microgrids—where voltage and frequency regu-
lation impose fundamentally different challenges—remains
unexplored. This observation highlights a clear need for
alternative control strategies that can address the unique
demands of islanded operation modes, where robust, simpler,
and practically implementable solutions are often essential.

In summary, although the HCC approach offers certain
benefits within its original context, its reliance on com-
plex control structures, impedance-dependent modeling, and
PLL-based synchronization introduces significant limitations
when considering broader or alternative applications, such
as islanded microgrids. These aspects collectively underline
a well-motivated research gap for developing alternative
methods specifically tailored to such operational conditions.

B. RESEARCH CONTRIBUTIONS AND ARTICLE
ORGANIZATION
Building upon the foundational concept of integrating GFM
and GFL functionalities within a single inverter, as initially
introduced by Lima andWatanabe in [20], this paper presents
a unified hybrid control (UHC) framework specifically
designed for islanded microgrid applications. While the
underlying objective of combining both functionalities is
shared with previous work, the proposed UHC introduces
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a structurally distinct control architecture engineered to
address the unique challenges of islanded operational envi-
ronments, where the absence of a strong grid reference
necessitates fundamentally different control approaches. The
UHC framework employs a double-loop parallel control
structure in the αβ reference frame, utilizing a PR controller,
thereby eliminating the need for PLL synchronization, which
is particularly advantageous in islanded conditions. The
selection of a PLL-free αβ-frame-based parallel control
scheme therefore represents a technical solution aligned
specifically with the operational characteristics and stability
challenges of such systems. The primary contributions of this
study can be summarized as follows:

1) PLL-FREE PARALLEL CONTROL ARCHITECTURE WITH
SIMPLIFIED PARAMETERIZATION
This study proposes a dual-loop parallel control strategy oper-
ating entirely in the αβ reference frame, eliminating the need
for PLL synchronization and continuous dq transformations.
While previous approaches like [20] utilize cascaded control
structures, this parallel architecture is specifically designed
for islanded microgrid applications, where frequency vari-
ations are more pronounced. The UHC implementation
features a streamlined parameter set consisting of only
three control parameters (two PR controller parameters and
one active damping term), while other parameters represent
physical system values. This architectural approach offers
advantages in terms of reduced loop interdependencies and
simplified parameter tuning for practical islanded microgrid
applications, where operational simplicity can be particularly
valuable.

2) SIMPLIFIED EQUIVALENT CIRCUIT MODELING APPROACH
The UHC framework employs a distinct equivalent circuit
representation that combines a Thevenin equivalent model
for the GFM portion with a current source model for
the GFL portion. While this structural composition may
appear superficially similar to previous equivalent circuit
models such as in [20], it offers a fundamentally different
approach to handling the current reference calculation of
the GFL functional part. Specifically, the proposed model
utilizes instantaneous power theory to directly determine
the GFL current reference without relying on output filter
impedance parameters. This approach reduces dependency
on precise impedance matching assumptions that can be
particularly challenging to maintain in practical islanded
applications where component tolerances and operating
conditions may vary. The resulting control architecture is
designed to maintain consistent performance across a wider
range of impedance variations, which may be advantageous
in islanded microgrid environments where system parameters
cannot always be precisely known or controlled.

3) COMPREHENSIVE PERFORMANCE VALIDATION FOR
ISLANDED MICROGRIDS
The UHC framework integrates both GFM and GFL
functionalities within a single voltage-controlled inverter,
enhancing voltage and frequency stability while facilitating

FIGURE 1. Single-line diagram of two VSIs operating as GFMI and GFLI
with separate control systems connected in parallel in islanded mode.

load sharing in islanded environments. Unlike previous
work that primarily focused on grid-connected scenarios,
this study provides extensive validation specifically tailored
to islanded microgrid applications. The validation encom-
passes diverse operating conditions, including load changes,
reference power variations, line outages, and short-circuit
faults—scenarios that present unique challenges in islanded
environments. These comprehensive tests demonstrate how
the proposed architecture responds to the specific stability
and reliability requirements of islanded microgrids, where
maintaining consistent performance during transients and
disturbances is particularly crucial.

4) IMPLEMENTATION EFFICIENCY AND RESOURCE
OPTIMIZATION
TheUHC approach offers several implementation advantages
for practical islanded microgrid applications. By operating
entirely in the αβ reference frame without PLLs, the
method reduces computational complexity and simplifies the
parameter tuning process. The validation results demonstrate
these computational benefits across various test scenar-
ios. Additionally, the integration of both GFM and GFL
functionalities within a single inverter unit contributes to
more efficient resource utilization by reducing hardware
requirements and minimizing dependency on large energy
buffers. These characteristics are particularly valuable in
islandedmicrogrid environments where hardware limitations,
computational efficiency, and parameter sensitivity are com-
mon practical concerns. The overall architecture provides a
balanced solution that addresses both the technical control
requirements and practical implementation considerations for
islanded microgrids.

Collectively, these engineering contributions demonstrate
the practical advantages of the proposed UHC method for
islanded applications, offering a structurally simple, robust,
and effective control framework tailored to the specific
operational needs of such systems.

This article is organized as follows. Section II reviews
the performance of a parallel connection of a GFMI and a
GFLI with independent controls under islanded conditions.
Section III provides a detailed explanation of the operational
and control principles of the proposed UHC scheme along
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FIGURE 2. Control system for the GFMI based on the Clarke transform.

with its implementation. Section IV presents comprehensive
simulation results, validating the effectiveness and feasibility
of UHC under various application conditions on single-
and multi-inverter systems operating in the islanded mode.
Finally, the conclusions are presented in Section V.

II. CONNECTING GFMI AND GFLI IN PARALLEL IN
ISLANDED MODE
To enhance the comprehension of the operational and control
principles of the proposed UHC scheme for a single VSI, this
section addresses the parallel performance of two VSIs acting
as a GFMI and a GFLI with separate controls in the islanded
mode, as shown in Figure 1. Considering the independent
operation of the VSIs with distinct control objectives, their
operating and control principles are examined separately in
the following subsections.

A. OPERATION AND CONTROL PRINCIPLES OF GFMI
The GFMI, as a voltage-controlled inverter, controls the PoC
voltage by adhering to a specified amplitude and frequency
references. Additionally, GFMIs provide rapid grid support
by autonomously responding to voltage and frequency
deviations, thereby meeting grid code requirements [21].
A typical schematic of the GFMI control system based on
Clarke transformation is shown in Figure 2. The output
filter capacitor voltage is directly controlled in a GFMI or
voltage-controlled IBR, and an LCL filter is typically used to
mitigate the converter switching ripples [3]. In this case, L2
is considered to be the grid-side impedance (Z2). Despite the
conventional use of a cascaded double-loop control structure
for closed-loop voltage and current control in VSIs, the
parameter design of these controllers remains complex [3],
[22]. As demonstrated in [22], cascaded double-loop control
can be reformulated into a parallel structure, offering an
alternative perspective on its design complexities. This
structure includes a single-loop control for accurate reference
tracking and an internal virtual impedance term, ensuring
well-damped output filter performance. The independent
control of each term enhances flexibility and robustness and
facilitates the tuning process for the controller parameters.
Consequently, this study implemented GFMI and GFLI
control systems based on this scheme in the αβ frame.

FIGURE 3. Block diagram of GFMI closed-loop voltage control system.

To regulate the output voltage, GFMIs are primarily
governed by reactive power-voltage amplitude and active
power-frequency droop controllers [23]. This approach
ensures a faster response by using only local measurements.
The voltage amplitude and frequency references are automat-
ically regulated based on the delivered active and reactive
powers. Detailed explanations of the droop controller design,
instantaneous active and reactive power calculation, and
low-pass filter (LPF) implementation can be found in [23]
and are not reiterated here. Owing to the challenges of
using PI controllers for non-DC variable tracking [23], high-
bandwidth PR controllers are primarily utilized in the αβ

frame, which is defined for the fundamental frequency as

GPR(s) = Kpf +
2Kifωcs

s2 + 2ωcs+ (ω∗)2
, (1)

Here, Kpf and Kif represent the fundamental proportional
and resonant gains, respectively, while ωc and ω∗ denote
the cutoff and fundamental angular frequencies, respectively.
Dynamically tuning the resonant frequency via an active
power-frequency droop controller (for GFMI) or a PLL (for
GFLI), rather than keeping it constant, enables a PR controller
to exhibit a high gain around the resonant frequency, ensuring
accurate tracking. The proportional feedback of the filter
capacitor current iC is commonly considered as inner loop
feedback to improve system damping and dynamic perfor-
mance [22], [24], [25], [26], [27], as depicted in Figure 2.
In Figure 3, a block diagram of the GFMI closed-loop
voltage control system is depicted in the discrete-time domain
(z-domain). The inverter wasmodeled as having aVDC/2 gain
with a one-sample delay z−1 induced by the modulation
process [28]. The discrete forms of the PR controller,
represented as GPR(z), filter inductor admittance as GY1(z),
and filter capacitor impedance as GZ(z), are derived using
a Forward Euler (FE) transform with a sampling period of
Ts = 1/fs.

GPR(z) = Kpf +
2KifωcTs(z− 1)

(z− 1)2 + 2ωcTs(z− 1) + (ω∗Ts)2
. (2)

GY1(z) = FE
(

1
sL1

)
=
Ts
L1

(
1

z− 1

)
. (3)

GZ(z) = FE
(

1
sC

)
=
Ts
C

(
1

z− 1

)
. (4)

Referring to Figure 3, the performance of the GFMI
closed-loop voltage control can be represented by a Thevenin
equivalent circuit in the z-domain, as follows:

v(z) = GCL(z)V ∗
− Zo(z)io1, (5)
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TABLE 1. Parameters of virtual parallel two-inverter system.

FIGURE 4. Bode diagrams of the closed-loop voltage tracking transfer
function and closed-loop equivalent output impedance of the GFMI
control system.

where V ∗, v, GCL(z), and Zo(z) represent the reference
voltage, filter capacitor voltage, closed-loop transfer func-
tion, and equivalent output impedance of GFMI control
system, respectively. Therefore, applying Mason’s theorem
to Figure 3 allows the derivation of these closed-loop control
parameters in the form of Equations (6) and (7).

GCL(z)

=
v(z)
V ∗

∣∣∣∣
i01=0

=
GPRGY1GZz−1VDC/2

1+GPRGY1GZz−1VDC/2+KDGY1z−1VDC/2+GY1GZ
.

(6)

Zo (z)

=
v (z)
−io1

∣∣∣∣
V ∗=0

=
GZ

1+GPRGY1GZz−1VDC/2+KDGY1z−1VDC/2+GY1GZ
.

(7)

Figure 4 depicts the Bode plots for GCL(z) and Zo(z)
using the parameters listed in Table 1. At the fundamental

FIGURE 5. Control system for the GFLI based on the Clarke transform.

FIGURE 6. Block diagram of GFLI closed-loop current control system.

frequency, the closed-loop voltage tracking transfer function
exhibits unity gain and zero phase angle. Simultaneously, the
magnitude of the closed-loop equivalent output impedance
is zero at fundamental frequency. This ensures precise
tracking of the voltage reference, allowing the GFMI to
act as a voltage source with amplitude V ∗ and angular
frequency ω∗. Although GFMI prioritizes grid voltage and
frequency control, its integration with IBRs faces limitations.
The control over the active and reactive powers of GFMI
is not as precise as that of GFLI, given the automatic
adjustments in power levels in response to variations in grid
voltage and frequency. This discrepancy results in suboptimal
performance for the RESs.

B. OPERATION AND CONTROL PRINCIPLES OF GFLI
The main goal of the GFLI control system as a
current-controlled inverter is the precise and prompt tracking
of specified references for both active and reactive powers.
To ensure an accurate power exchange with the grid,
it incorporates a PLL for synchronization with the voltage
at the PoC. In addition, it uses a rapid current control
loop to adjust the output current according to the specified
reference power levels. Figure 5 illustrates the GFLI
control system based on the αβ reference frame, where
the active and reactive power references are converted to
synchronized output current references using instantaneous
power theory [29].[

i∗α
i∗β

]
=

1

v2PoC,α + v2PoC,β

[
vPoC,α vPoC,β

vPoC,β vPoC,β

] [
p∗

q∗

]
. (8)

Figure 6 illustrates block diagram of the GFLI closed-loop
current control system in the z-domain. The closed-loop
current control performance in the GFLI can be represented
by a Norton equivalent circuit as:

io2(z) = GCLC(z)I∗ − Yo(z)vPoC. (9)
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FIGURE 7. Bode diagrams of the closed-loop current tracking transfer
function and closed-loop equivalent output admittance of the GFLI
control system.

where GCLC(z) and Yo(z) denote the closed-loop transfer
function and equivalent output admittance of the GFLI
control system, respectively. By applying Mason’s theorem
in Figure 6, these parameters can be deduced as follows:

GCLC (z)

=
io2 (z)
I∗

∣∣∣∣
vPoC=0

=
GPRGY1GZGY2z−1VDC/2

1+GPRGY1GZGY2z−1VDC/2+KDGY1z−1VDC/2+GZY
.

(10)

Yo (z)

=
io2 (z)
−vPoC

∣∣∣∣
i∗=0

=
GY2(1+KDGY1z−1VDC/2+GZGY1)

1+GPRGY1GZGY2z−1VDC/2+KDGY1z−1VDC/2+GZY
.

(11)

where GZY = GZ(GY1 + GY2). Figure 7 displays the Bode
plots for GCLC(z) and Yo(z) based on the parameters listed
in Table 1. At the fundamental frequency, the closed-loop
current tracking transfer function exhibits unity gain and
zero-phase angle. Additionally, the closed-loop equivalent
output admittance has a magnitude of zero at the fundamental
frequency. These characteristics ensure precise tracking of
the current reference when implementing the control scheme
depicted in Figure 5. Consequently, the GFLI operates as
a current source with an amplitude of I∗ and maintains
synchronization with the PoC voltage. Nevertheless, GFLI
relies on a pre-established and relatively stable power grid,
limiting its ability to control the grid voltage and frequency
in scenarios with weak or unstable grids. During transient or
disturbance events that lead to fluctuations in grid voltage
and frequency, a GFLI maintains its predetermined active and
reactive power objectives and cannot respond quickly enough
to effectively mitigate these issues, as it depends on accurate
voltage and frequency measurements for proper operation.
Therefore, it is crucial to implement supplementary control
strategies to enable grid-support functionalities for GFLI.

FIGURE 8. A single-line diagram represents (a) the virtual system
composed of two VSIs (GFMI and GFLI) and (b) the actual system
featuring a single voltage-controlled VSI governed by UHC, exhibiting
identical behavior to the virtual system.

III. PROPOSED UNIFIED HYBRID CONTROL SCHEME
Well-designed control schemes transform the GFMI into a
voltage source and the GFLI into a current source at their
AC terminals. The GFMI was connected to the PoC through
the grid-side impedance of its output filter, as shown in
Figure 8(a). While the equivalent circuit approach used in
this study (a Thevenin equivalent model for the GFM portion
combined with a current source model for the GFL portion)
may appear structurally similar to previous approaches, such
as in [20], there are notable differences in the implementation
that are specifically relevant for islanded applications. The
model in [20] employs dual Thevenin equivalent circuits with
certain assumptions about output filter impedances, as noted
in [20]. In contrast, for islanded microgrid applications,
the proposed approach in this study calculates the GFL
current reference directly using instantaneous power theory
without relying on output filter impedance parameters. This
structural difference leads to a distinct control formulation
that is specifically designed for the unique challenges of
islanded operation, where voltage and frequency stability
are particularly critical. A detailed numerical comparison
between these approaches is beyond the scope of this
paper, as they target different operational contexts. In this
configuration, an equivalent circuit can be considered from
the PoC perspective, where a single voltage-controlled VSI
replicates operational characteristics similar to the scenario
of two distinct VSIs interconnected in parallel in the islanded
mode, as portrayed in Figure 8(b). In this manner, a VSI
controlled via the UHC strategy becomes a viable means to
emulate the performance of two hypothetical virtual VSIs—
a GFMI and a GFLI— operating simultaneously in parallel.
This implies that the open-circuit voltage (VTh), equivalent
impedance (ZTh), and total current (io) observed at the PoC
are identical in both scenarios.

A. ANALYTICAL CIRCUIT AND MATHEMATICAL
FORMULATION
Determining the VTh and ZTh values is crucial to realize
a UHC-based VSI that mirrors the behavior of two virtual
parallel VSIs from the PoC standpoint, serving as an equiv-
alent voltage source in series with an equivalent impedance
(Figure. 8(b)). By applying Thevenin’s theorem [30] to the
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FIGURE 9. The proposed UHC scheme for a single voltage-controlled VSI.

configuration shown in Figure 8(a), the following expressions
are derived:

voc = VTh = V ∗
+ Z2I∗, (12)

ZTh = Z2, (13)

io1 = io − I∗, (14)

Here, the variables voc (PoC open-circuit voltage), V ∗

(GFMI reference voltage), I∗ (GFLI reference current), io
(total current flowing through the PoC), io1 (GFMI output
current), and Z2 (GFMI grid-side impedance) are defined.
The equivalent circuit of the UHC-based single VSI, resulting
from the integration of a GFMI and a GFLI in parallel
in the virtual system, can be understood through Figure 8
and Equations (12)-(14). This forms the foundation of the
proposedUHC scheme. The key idea is thatVTh is established
by adding the GFMI reference voltage to the voltage drop
across the grid-side impedance of the GFMI output filter
induced by the GFLI reference current in the mimicked
virtual two-inverter system (see Equation (12)). Additionally,
the GFMI output current, which is needed to derive the GFMI
reference voltage, can be back-calculated by subtracting the
GFLI reference current from the measured total current at
the PoC (see Equation (14)). The equivalent series impedance
is considered equal to the grid-side impedance of the GFMI
output filter (see Equation (13)).

B. IMPLEMENTATION OF THE UHC METHOD
As shown in Figure 8(b), the goal of implementing the
UHC technique on a single voltage-controlled VSI is to
replicate the performance of a virtual system consisting of
a GFMI and GFLI operating in parallel. Figure 9 illustrates
the implementation of the UHC method in the αβ reference
frame. In this scheme, the control system takes inputs from
the voltage and current measurements at the PoC and the
output filter capacitor current. The UHC system output then
serves as the reference voltage for the VSI AC terminals.
The following outlines the process of implementing the UHC
approach in a single VSI, based on the two-inverter virtual
system:

STEP 1
CALCULATION OF REFERENCE CURRENT I∗

According to Equation (12), calculating VTh for the
UHC-based VSI involves determining the GFLI reference
current in the virtual two-inverter system. This process
begins by measuring the PoC voltage, which is identical in
both the systems. After converting vPoC into the αβ frame
and considering the desired reference values for active and
reactive powers, these parameters are input into the ‘‘Current
Reference Generator’’ block. This block then computes
I∗, emulating the virtual GFLI performance as outlined in
Equation (8).

135280 VOLUME 13, 2025



I. Lorzadeh et al.: Seamless Integration of GFM and GFL Capabilities in a Single VSI

STEP 2
CALCULATION OF VOLTAGE DROP Z2I

∗

As seen in Figure 9, the ‘‘Voltage Drop Calculation’’ block is
utilized in the UHC scheme to determine the voltage drop
across the grid-side impedance of the GFMI output filter
caused by the GFLI reference current in the emulated virtual
two-inverter system. In this block, the desired voltage drop
components in the αβ frame are derived as

Z2I∗αβ =

[
RL2 −ω∗L2
ω∗L2 RL2

] [
i∗α
i∗β

]
=

[
RL2i∗α − ω∗L2i∗β
ωL2i∗α + RL2i∗β

]
. (15)

The voltage drop Z2I∗ forms a part of VTh that needs to be
generated within the UHC scheme (see Equation (12)).

STEP 3
CALCULATION OF OUTPUT CURRENT IO1 AND FILTER
CAPACITOR VOLTAGE V
Referring to Equation (12), another component of VTh in
the UHC scheme corresponds to the GFMI reference voltage
(V ∗) in the virtual two-inverter system. As explained in
Section II, Subsection A, generating V ∗ requires calculating
both the GFMI output current (io1) and its filter capacitor
voltage (v). However, in the single VSI structure, the
available measurements are vPoC and total current (io), which
correspond to the two-inverter virtual system. Therefore,
as illustrated in Figure 9, to back-calculate io1, Equation (14)
is employed. To determine v, the following equation is used:

v = vPoC + Z2io1. (16)

Accordingly, the voltage drop Z2io1 forms a part of v that must
be generated within the UHC scheme (refer to Figure 9).

STEP 4
CREATION OF THE REFERENCE VOLTAGE VTH
By applying v and io1 to the sequential control structure,
comprising the ’’P/Q Calculation and LPFs’’, ’’Droop
Controllers’’, and ’’Reference Generator’’ blocks, as shown
in Figure 9, V ∗ can be derived. Subsequently, as specified
in Equation (12), by adding V ∗ to the result obtained in the
second step (Z2I∗), VTh is generated.
Ultimately, by employing PR controller-based voltage

closed-loop control, the voltage-controlled VSI terminal
voltage is precisely regulated to ensure that the measured
vPoC accurately tracks VTh. This approach efficiently takes
advantage of the performance benefits of both the GFMI
and GFLI simultaneously in the form of a single VSI with a
UHC approach for islanded microgrid applications. From the
PoC perspective, it appears as if there is a GFMI and GFLI
connected in parallel, each with its own control. In reality,
however, a single UHC-based VSI seamlessly integrates
GFL functionality into its GFM functionality for islanded
operation.

While utilizing the αβ frame to eliminate PLL dependency
is a recognized principle in inverter control, the proposed
UHC control architecture extends beyond this aspect.
As illustrated in Figure 9, the structural design of the UHC
method incorporates a parallel dual-functionality control

FIGURE 10. Schematic of the simulated islanded power systems.
(a) UHC-enabled single VSI, (b) Four-bus stand-alone power system
utilizing UHC-equipped VSIs.

system specifically optimized for islanded applications. This
architecture consists of a GFL control section that utilizes
instantaneous power theory for current reference generation
and direct voltage drop calculation, alongside a GFM control
section with droop controllers. This approach employs a
limited number of control parameters (three parameters: two
for the PR controller and one for damping), and relies on
directly measured inputs (voltage and current at PoC). These
characteristics are particularly relevant for islanded systems
that face challenges such as the absence of a strong frequency
reference and rapid load variations. The effectiveness of
this control structure under various challenging islanded sce-
narios is demonstrated through multiple simulation studies
presented in the following sections.

IV. COMPREHENSIVE SIMULATION STUDIES FOR
VERIFICATION OF THE PROPOSED UHC STRATEGY
The effectiveness, resilience, and robustness of proposed
UHC scheme were evaluated using two comprehensive
simulation studies. The first study focused on a UHC-based
VSI connected to a linear load in the islanded mode
(Figure 10(a)). This study aimed to assess the capability of
the UHC to emulate the distinct functions of GFMI and GFLI
within a unified framework. In the second study, an extensive
simulation was conducted on a four-bus stand-alone power
distribution system (Figure 10(b)), further validating the
versatility and flexibility of UHC within broader power
system contexts. The interconnected system featured typical
distinct LV line impedances, with three UHC-based VSIs
supplying loads. Both studies, conducted in the discrete-time
domain using MATLAB/Simulink, accurately simulated
real-world conditions by incorporating control system delays,
considering both computation and pulse width modulation
delays. The model parameters and simulation details for the
case studies are provided in Tables 2, 3, and 4, exploring three
operational scenarios.

SCENARIO 1
Impact of Sudden Changes in Load Levels.
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TABLE 2. Parameters of the simulated systems.

TABLE 3. Case studies for UHC-based single VSI system.

FIGURE 11. Active and reactive powers at the PoC bus in the
UHC-enabled single VSI system under various operational cases.

SCENARIO 2
Effect of Variation in Reference Powers.

SCENARIO 3
Impact of Line Outage and Reconnection.

A. UHC-ENABLED SINGLE VSI
SCENARIO 1
Impact of Sudden Changes in Load Levels.

In this scenario, the objective is to validate the steady-state
and transient performance characteristics, along with the
robustness of the proposed UHC scheme under various levels
and sudden changes in load for a VSI in an islanded operation.
To achieve this, the system in Figure 10(a) was exposed to
three distinct sudden loading conditions outlined in Table 3,
denoted as cases and sequentially presented for analysis.

• Case 1 (0s ≤ t ≤ 2s)
As shown in Table 3, during this interval, the reference
powers for the GFLI functional part are set to ensure that

FIGURE 12. System frequency response in the UHC-enabled single VSI
system under various operational cases.

FIGURE 13. Phase peak voltage of the VSI terminals in the
UHC-enabled single VSI system under various operational cases.

FIGURE 14. Output current in the UHC-enabled single VSI system
during a sudden voltage drop and phase jump scenario.

it operates at 50% of its rated capacity. To validate the
effectiveness of UHC in achieving desirable steady-state per-
formance within a single voltage-controlled VSI, mirroring
the virtual parallel operation of a GFMI and a GFLI, the
powers delivered to the PoC must exactly match the sum of
the reference power tracked by the virtual GFLI part and the
generated power proportional to the residual load demand
by the virtual GFMI part operation. Figure 11 confirms the
precise tracking of the output reference powers achieved
through output current control, utilizing the inherent advan-
tages of a GFLI. Consequently, the UHC-based VSI delivers
2.5 kW and 1.1 kVAR associated with the GFLI functional
part. The illustration also demonstrates accurate load sharing
based on the remaining load level, effectively replicating the
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TABLE 4. Case studies for four-bus stand-alone system utilizing UHC-equipped VSIs.

FIGURE 15. PoC voltage in the UHC-enabled single VSI system under
various operational cases.

FIGURE 16. Output current in the UHC-enabled single VSI system under
various operational cases.

operational characteristics of a GFMI functioning at 50% of
its rated capacity. As a result, the UHC-based VSI delivers
2.5 kW and 1.1 kVAR associated with the GFM functional
part. Accordingly, Figure 12 shows a 0.1 Hz decrease in the
system frequency, which is attributed to the frequency droop
characteristic and the active power value generated by the

FIGURE 17. PoC voltage profile in the UHC-enabled single VSI system
during a three-phase short-circuit fault event.

virtual GFMI part. Furthermore, as depicted in Figure 13,
due to the amplitude droop characteristic and reactive power
supplied by the virtual GFMI part, the peak voltage at the
VSI output terminals relative to its rated value has reduced
by 6.5 volts. Therefore, by utilizing a UHC-based single
VSI, the system effectively achieves the primary advantages
of both GFMI (precise frequency and voltage regulation)
and GFLI (accurate tracking of output reference powers)
simultaneously.

• Case 2 (2s ≤ t ≤ 4s)
In Case 2, as outlined in Table 3, an abrupt load level
change is applied. Similar to Case 1, the reference powers
for the GFLI functional part remain constant. Figure 11
illustrates that despite the transient load level change, the
UHC-based single VSI achieves rapid and accurate tracking
of the output reference powers, alongside precise load
sharing based on the remaining load level. In this case, the
GFMI functional part operates at 75% of its rated capacity
under steady-state conditions. Furthermore, the ability of the
control approach to adjust the system frequency, as depicted
in Figure 12, verifies the compatibility of the UHC with
dynamic load changes while ensuring frequency stability.
The UHC-enabled VSI also demonstrates its synthetic inertia
capability by seamlessly adapting to sudden load changes,
ensuring a controlled frequency response for load transient
stability. As seen in Figure 13, the amplitude/reactive power
droop characteristic of the virtual GFMI section induces a
controlled 9.8 V reduction in the peak voltage of the output
terminals. A sudden change in the reactive load leads to a
phase shift and a voltage drop. To investigate the effectiveness
of the proposed UHC method in the management of current
limitations, a voltage drop of more than 2% compared
to the nominal (approximately one percent of the voltage
drop compared to Case 1) has been applied in Case 2,
with a sudden increase in reactive load power of 550 VAR
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FIGURE 18. Output current in the UHC-enabled single VSI system
during a three-phase short-circuit fault event.

and keeping the reference reactive power constant for GFL
operation similar to case 1 (see Table 3). The creation
of this voltage drop scenario can be seen in Figure 13
in the time interval of 2 to 4 seconds (Case 2) under
operational scenario 1. By increasing this amount of reactive
power for the GFMI functional part of the UHC-based
VSI, an abrupt phase change of approximately 10 degrees
occurs in case study 2. Figure 14 illustrates the output
current waveform of the UHC-based VSI during this sudden
voltage drop and phase change induced by reactive load
variations in Case 2. The VSI equipped with UHC, effectively
confines the current within permissible limits during these
transient events, thereby preventing potential damage and
ensuring stability. These results confirm the efficacy of the
transient response control, showcasing the robustness of the
proposed strategy under severe disturbances. This adaptive
response ensures the inverter operates within safe operational
parameters, contributing to system stability during these
transient conditions. This is because, utilizing the UHC
method, a portion of the output power from the UHC-based
voltage-controlled VSI is supplied by the GFL functional
part. This integration enables flexible control of the power
delivered by the GFM operational part of the VSI, thus
preventing the current from exceeding the permissible limit.
Using the UHC strategy, the seamless integration of GFM
and GFL functionalities within a single VSI effectively acts
as a current limiter. Figures 15 and 16 confirm the robust
performance of the UHC in preserving high-quality current
and voltage waveforms even during dynamic load changes.
In this scenario, the system response to a sudden load change
was analyzed to rigorously evaluate the UHC’s effectiveness
in ensuring load transient stability and local grid support
capability during dynamic events.

To evaluate the performance of the UHCmethod in current
limitation management under more severe disturbances,
another simulation was conducted considering a three-phase
short-circuit fault at the load terminals. This fault occurs at
t = 2s and is cleared at t = 3s, causing a significant
voltage drop of approximately 50% of the nominal value.
During severe transient events, such as substantial voltage
drops, in addition to reducing the reference reactive power of
the GFL functional part to zero, the voltage-reactive power
droop control coefficient is dynamically adjusted based on
the voltage drop magnitude. This dual adjustment ensures
that the output current remains within permissible limits.

The theoretical framework for this dynamic adjustment is
based on the principle of maintaining a balanced power
exchange and stable voltage regulation under varying load
and fault conditions. The nominal peak current is approxi-
mately 22.3A. Thus, a range of 1.1 to 1.3 per unit corresponds
to a current range of 24.53 to 29 A. These calculations are
based on a nominal active power of 10 kW, a nominal reactive
power of 4.4 kVAR, and a line-to-line voltage of 400 V.
Figure 17 shows the voltage profile during the fault event,
and Figure 18 illustrates the output current during this event.
It can be seen that the current is effectively limited within the
specified range of 24.53 to 29 A. After the fault is cleared
at t = 3s, the system returns to its pre-fault condition
without any instability. In cases of less severe voltage drops
and phase jumps, current limitation management can be
achieved solely by controlling the reference reactive power
of the GFL functional part within the UHC scheme. This
is demonstrated by the results shown in Figure 14, where
only the reference reactive power adjustment is sufficient
to manage the current within safe limits under less severe
conditions. By employing these strategies, the UHC method
ensures robust performance and stability under various
operating conditions, from minor disturbances to severe
faults. It should be noted that the primary focus of this article
is on presenting a comprehensive hybrid control method
to simultaneously integrate the operational advantages of
GFMI—grid voltage and frequency regulation and microgrid
support capability—and GFLI, precisely tracking reference
powers. Consequently, there is potential for integrating
more optimized current-limiting methods such as predictive
current control or adaptive current-limiting strategies into the
proposed UHC design.

• Case 3 (4s ≤ t ≤ 6s)
During this interval, another sudden change in the load
level occurs (see Table 3). As before, the reference pow-
ers for the GFLI functional part remain unchanged. The
UHC-enabled single VSI handles sudden load variations,
demonstrating its capability in accurately tracking reference
powers and achieving precise load sharing (see Figure 11).
In Figure 12, the UHC demonstrates controlled frequency
regulation through frequency droop, authenticating its profi-
ciency in managing dynamic load changes while maintaining
frequency stability. This study also accentuates the UHC
synthetic inertia capability, as evidenced by the controlled
response in the frequency regulation. The controlled 3.3 V
reduction in the peak voltage of the output terminals shown in
Figure 13 confirms the voltage regulation and stability under
dynamic conditions based on the amplitude droop coefficient.
The results obtained in case studies 2 and 3 verify the
effectiveness of the UHC in handling sudden load changes,
ensuring robust transient stability, local grid supportability,
and maintaining high-quality waveforms.

SCENARIO 2
Effect of Variation in Reference Powers.

• Case 4 (6s ≤ t ≤ 8s)
In this scenario, a sudden change in the reference powers
is applied (see Table 3). The active power reference for the
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FIGURE 19. Active powers at the PoC buses in the four-bus standalone
system with UHC-equipped VSIs under various operational cases.

FIGURE 20. Reactive powers at the PoC buses in the four-bus
standalone system with UHC-equipped VSIs under various operational
cases.

FIGURE 21. System frequency response in the four-bus standalone
system with UHC-equipped VSIs under various operational cases.

GFLI functional part is adjusted to 70% of its rated capacity,
and the reactive power reference varies to 85% of its rated
capacity under steady-state conditions. Meanwhile, the load
levels remain unchanged, similar to Case 3. As shown in
Figure 11, the UHC-enabled single VSI demonstrates the
capability to adapt to sudden variations in reference powers,
achieving fast and precise tracking along with accurate load
sharing. Figures 12 and 13 exhibit the controlled regulation of
frequency and voltage and validate the accuracy of the UHC
in islanded network support based on droop coefficients.
Despite variations in the reference powers, the system
maintains stability with consistent load levels and adheres
to the initial frequency and voltage settings, demonstrating
UHC performance. Besides, Figures 15 and 16 depict
high-quality waveforms even with variations in the reference
powers. In conclusion, the results confirm the efficacy of
UHC in integratingGFMandGFL capabilities within a single
VSI. The demonstrated resilience, stability, and performance
characteristics verify the effectiveness of UHC, establish-
ing its applicability for diverse tasks in islanded power
systems.

FIGURE 22. Phase peak voltage of the VSIs output terminals in the
four-bus standalone system with UHC-equipped VSIs under various
operational cases.

B. FOUR-BUS STANDALONE SYSTEM WITH
UHC-EQUIPPED VSIs
SCENARIOS 1 AND 2
Impact of Sudden Load Change in SL4 and Variations in VSIs
Reference Powers.

This case study aims to evaluate the versatility, robustness,
and performance of the proposed UHC within the context of
broader power systems, as illustrated in Figure 10(b). This
islanded power systemwas subjected to a sudden load change
in SL4 and simultaneous variations in the VSIs reference
powers, as outlined in Table 4.

• Case 1 (0s ≤ t ≤ 2s)
Within this time frame, the reference powers for the GFLI

functional part of VSI#1, VSI#2, and VSI#3 are set at 50%,
70%, and 40% of their rated capacities, respectively. These
configurations are detailed in Table 4. In this topology,
it is crucial to validate the efficacy of the UHC scheme in
achieving consistent steady-state performance and efficient
power flow management within a multi-VSI setup operating
in the islanded mode. Each inverter emulates the parallel
operation of a GFMI and GFLI. To evaluate this, the injected
powers in each PoC must precisely match the sum of the
reference powers tracked by the virtual GFLI section of each
VSI and the generated power proportional to the residual
load demand resulting from the virtual GFMI section of each
VSI, considering the frequency/voltage droop coefficient.
As illustrated in Figures 19 and 20, the UHC strategy ensures
precise tracking of reference powers and accurate load
sharing among VSIs, effectively managing the power flow
to address simultaneously diverse load levels and islanded
grid requirements. As expected and illustrated in Figure 19,
considering the rated power and frequency droop coefficients
of the VSIs, the active powers obtained from the GFMI
operational part of each VSI are accurately and equally
shared in the steady-state, despite the mismatched line
impedances. This assertion can be validated by subtracting
the reference active power value tracked by the GFLI
operational part of each VSI from the active power at the
PoC bus of each VSI (refer to Figure 1): VSI#1 (5.43kW-
2.5kW=2.93kW), VSI#2 (6.43kW-3.5kW=2.93kW), VSI#3
(4.93kW-2kW=2.93kW). Nevertheless, Figure 20 illustrates
that accurate sharing of steady-state reactive power between
VSIs is compromised due to interface impedance mis-
matches, considering the GFMI power ratings and amplitude
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droop coefficients. Furthermore, as seen in Figure 21,
consistent with the frequency droop characteristic (0.4%),
the rated active power of the GFMI part (5 kW), main
frequency, and active power generated by the GFMI section
of the UHC-based VSIs (2.93 kW), the system frequency
has decreased by 0.12 Hz. According to the amplitude
droop characteristic and reactive powers supplied by the
virtual GFMI section of the UHC-based VSIs, Figure 22
shows a controlled and precise reduction in the peak voltage
of the output terminals relative to the rated value. To quantify
the voltage drop, consider VSI#2 as an example. Given that
the reference reactive power of its GFLI section is set at
1.54 kVAR and the reactive power at the PoC is 1.845 kVAR
(see the red line in Figure 20), the reactive power provided
by the GFMI section should be 305 VAR. Utilizing the
corresponding amplitude droop coefficient (4%), the rated
reactive power of the GFMI section (2.2 kVAR), and the
rated peak voltage at the VSI output terminals (326.6 V),
the calculated voltage drop will be precisely 1.82 V. Similar
analyses confirm the controlled and exact voltage drops for
other VSIs.

• Case 2 (2s ≤ t ≤ 4s)
In Case 2, as outlined in Table 4, simultaneous sudden
changes in the SL4 load level (25% increase) and VSIs
reference powers are applied. Adjustments in the reference
powers occur to alter the GFLI operational part of the
three VSIs to 30%, 50%, and 60% of their rated capacity,
respectively. Figures 19 and 20 show that the UHC-based
VSIs demonstrate adaptability to these sudden variations and
achieve fast and accurate tracking of output reference powers,
along with proper load sharing among the VSIs. Figures 21
and 22 depict the controlled regulation of the frequency
and voltage, highlighting the role of the UHC-based multi-
VSI system in local grid support. These results validate the
effectiveness of the UHC in managing dynamic load changes
while ensuring system stability. Moreover, the observed
dynamic response, characterized by a well-controlled and
stable frequency profile following these perturbations, con-
firms the ability of the UHC to emulate synthetic inertia
in the tested multi-VSI system. This verification indicates
potential for applications in islanded power networks with
high penetration of IBRs.

SCENARIO 3
Impact of Line Outage and Reconnection.

This scenario investigates the impacts of a line outage
and reconnection event, as a crucial yet realistic test bed,
on the performance, resilience, and adaptability of a UHC-
based multi-VSI system. This study is vital for ensuring the
reliability and stability of the power distribution system in the
face of unforeseen events and disruptions and to emphasize
its ability to recover seamlessly after line reconnection.

• Case 3 (4s ≤ t ≤ 7s)
In this case, line 2-4, connecting VSI#2 to PoC 4, is intention-
ally disconnected at t = 4s to emulate a line outage scenario,
creating a realistic and impactful disruption in the network
topology. As observed in Figures 19 and 20, accurately

tracking the reference powers and proper load sharing among
VSIs attest to the effectiveness of UHC in compliance with
the droop characteristics. These outcomes signify the ability
and robust performance of the UHC to provide reactive power
support during and after a line outage. This ensures that each
UHC-based VSI adapts to the changed network configuration
caused by the intentional perturbations. In addition, as seen
in Figures 21 and 22, the local grid parameters are also
accurately controlled with stable transients, corresponding to
the active and reactive powers generated by the GFMI section
of each VSI.

• Case 4 (7s ≤ t ≤ 10s)
The reconnection of line 2-4 reveals a rapid recovery,

characterized by the system swiftly returning to a stable state
similar to its operating conditions in Case 2 within a short
time frame (see Figures 19 to 22). This expeditious restora-
tion demonstrates the resilience and adaptability of UHC,
indicating its capability in stabilizing multi-VSI islanded
power systems following intentional network perturbations.

Table 5 presents a structural and performance comparison
between the proposed UHC scheme and the HCC method
introduced in [20]. While both approaches aim to integrate
GFM and GFL functionalities within a single inverter, they
feature fundamental structural differences that make them
suitable for different applications.

The UHC scheme utilizes an αβ frame-based control
design with a PR controller, eliminating the need for a
PLL. This configuration employs a parallel seamless control
structure with only 5 control parameters, while the HCC
method operates in the dq frame with a cascaded structure
involving multiple PI controllers and internal feedback loops
(described in [20]), requiring 16 control parameters in total.

A key structural distinction lies in the equivalent circuit
models underlying each approach. TheUHCmodel combines
a Thevenin equivalent circuit for GFM with a current source
for GFL with independent GFM/GFL control paths and
direct PoC measurement inputs (Figures 8 and 9), while the
HCC model employs two Thevenin equivalent circuits with a
restrictive impedance ratio constraint as shown in Eqs. (3)-(4)
and Figures 5 and 8 of [20].

The comprehensive simulation results presented in
Section IV demonstrate that the UHC method provides
effective transient response characteristics in various islanded
operation scenarios, including sudden load changes, refer-
ence power variations, and local network disturbances. These
simulations show millisecond-level settling times, which
align with the requirements of islanded microgrids where
system conditions can change rapidly. In contrast to the HCC
approach, which requires more complex implementation and
tuning processes due to its multiple control loops and higher
parameter count, the UHC method achieves comparable
or better performance with a simpler structure and fewer
parameters, making it particularly suitable for isolated
microgrid applications where simplicity and robustness are
critical.

It is worth emphasizing that the proposed UHC scheme,
developed based on the parallel operation of GFMI and GFLI
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TABLE 5. Structural and performance comparison between the proposed UHC approach and the HCC method [20].

equivalent circuits, provides a flexible framework capable of
accommodating various control strategies. While this study
implements droop control for the GFM functionality and
instantaneous power theory for the GFL functionality—both
of which are well-suited to islanded microgrid applications—
the UHC framework is not restricted to these specific
methods. This inherent flexibility enables the integration of
alternative GFM approaches, such as virtual synchronous
machines [31], [32], inertia emulation techniques [33],
or advanced GFL control methods focusing on enhanced
current regulation and reactive power support [34], [35].
Such adaptability may offer particular value in modern
islandedmicrogrids with high IBR penetration, where control
requirements can evolve in response to local grid conditions
and operational objectives.

C. LIMITATIONS AND FUTURE WORK
This study has focused specifically on the development
and validation of the proposed UHC approach for islanded
microgrid applications, which present unique operational
challenges and control requirements compared to grid-
connected systems. It is important to highlight that both the
UHC and HCC methods were designed for fundamentally
different primary applications (islanded and grid-connected
modes, respectively). As such, a direct numerical comparison
between the two methods would not be methodologically
appropriate within the scope of this work.

The UHC method demonstrated effective performance
across various islanded scenarios, with its PLL-free design
offering notable advantages in this specific context. While
PLL-free approaches generally offer benefits such as sim-
plified implementation and avoidance of PLL-related insta-
bilities in weak grid conditions, we acknowledge that they
may encounter distinct challenges under certain operating
conditions. To this end, future research will extend the
validation of the UHC framework to additional scenarios,
including unbalanced voltage conditions and grid frequency
deviations—situations that are more frequently encountered
in grid-connected environments. This will enable adaptation
of the UHC approach for broader applications and allowmore
direct comparisons with existing control strategies under
diverse and challenging conditions.

Additionally, future studies will investigate the dynamic
interactions between UHC-based IBRs and synchronous
machines. Gaining a deeper understanding of these

interactions is expected to offer valuable insights into the
performance of UHC-controlled inverters in hybrid power
systems and further demonstrate their practical potential in
real-world implementations.

V. CONCLUSION
The integration of IBRs in islanded microgrids presents
unique challenges that require specialized control approaches.
This study introduces a UHC scheme specifically designed
for islanded applications, enabling a single voltage-controlled
VSI to simultaneously provide GFM andGFL functionalities.
While drawing inspiration from previous hybrid control
concepts such as the HCC approach presented by Lima
and Watanabe [20], the proposed UHC scheme presents
a distinct, application-driven control structure specifically
tailored for islanded microgrids, offering practical imple-
mentation advantages under such conditions. The UHC
implementation features several key structural differences
from previous approaches, including (1) a parallel control
architecture in the αβ reference frame that eliminates PLL
dependency, (2) significantly reduced control parameters
(three tunable parameters), (3) direct power reference
tracking using instantaneous power theory without complex
internal feedback loops, and (4) a simplified equivalent circuit
model that avoids restrictive assumptions about system
impedance values. These structural differences address the
specific challenges of islanded microgrid operation, where
rapid transient response and robust frequency regulation
are essential. Comprehensive simulation studies conducted
across diverse islanded scenarios validate the effectiveness
of the proposed approach. In single-inverter configurations,
the UHC-equipped VSI demonstrated precise tracking of
reference powers while maintaining frequency and voltage
stability during sudden load changes. When subjected to
a 50% voltage drop caused by a three-phase fault, the
controller successfully limited current within permissible
boundaries while facilitating rapid recovery upon fault
clearance. In multi-inverter configurations, the UHC scheme
enabled proper load sharing between units and maintained
stable operation during line outages and reconnection events.
The PLL-free design of the UHC scheme provides particular
advantages in islanded microgrids, where the absence of a
strong frequency reference makes traditional synchronization
methods less effective. The parallel, seamless, and decoupled
control structure with a single PR controller in the αβ
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reference frame simplifies implementation, while effectively
fulfilling the control objectives of both the GFM and GFL
functionalities without introducing cross-coupling between
control objectives. These findings suggest that the UHC
approach represents a valuable contribution to the field of
islanded microgrid control, providing a structurally distinct
alternative that balances implementation simplicity with
operational effectiveness. Future research directions include
investigating the interactions between UHC-controlled
inverters and synchronous generators in hybrid power
systems, as well as exploring the adaptability of the UHC
framework to grid-connected applications, where it could be
evaluated under additional challenging conditions such as
unbalanced voltage faults and frequency deviations.
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