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ABSTRACT Modern power systems with high inverter penetration face reduced inertia and increased
frequency instability during disturbances, necessitating grid-forming inverters (GFMs) that emulate
synchronous-machine dynamics. This study examines the parallel operation of a Virtual Synchronous
Machine (VSM) controlled and a synchronverter-controlled GFM in a low-inertia microgrid across the
full operational cycle of grid-connected, islanded, and resynchronization phases. A unified simulation
framework was developed to systematically evaluate the impact of coordinated variations in virtual inertia
(H ) and damping coefficient (Dp) on frequency dynamics, power sharing, and stability under power
imbalance and grid-code-compliant reconnection conditions. The results demonstrate that a higher virtual
inertia limits the rate of change of frequency and nadir after islanding, while increased damping enhances
oscillation suppression and settling performance. During resynchronization, both GFM satisfy IEEE Std
1547–2018 limits on voltage, frequency, and phase-angle differences, confirming stable interaction and
seamless transition between the operating modes. These findings reveal the complementary strengths of
heterogeneous VSM–synchronverter operation and the critical role of unified parameter tuning for robust
microgrid performance in low-inertia environments

INDEX TERMS Grid-forming inverters, virtual synchronous machine, synchronverter, islanding, grid
resynchronization, grid stability.

I. INTRODUCTION
The rapid displacement of synchronous generators by
inverter-based renewable energy sources in modern power
systems has significantly reduced system inertia, leading
to increased rates of change of frequency (RoCoF), larger
frequency nadirs, and diminished transient stability during
disturbances [2].Grid-following inverters (GFLs), which rely
on phase-locked loops (PLLs) for grid synchronization,
cannot provide inherent inertial response comparable to
synchronous machines, exhibit degraded performance in
weak grids, and are not suited for autonomous islanded
operation, thereby motivating the adoption of GFMs.
GFMs emulate the inertial response, voltage regulation, and
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damping characteristics of synchronous machines, establish-
ing autonomous voltage and frequency references at the point
of common coupling (PCC) to support both grid-connected
and islanded microgrid operations [3]. Among the various
grid-forming control strategies proposed in the literature,
synchronverter [4] and Virtual Synchronous Machine (VSM)
[5] controls have emerged as particularly attractive options
because they reproduce the swing-equation dynamics of
synchronous machines through virtual inertia and damp-
ing while retaining the flexibility of power electronic
interfaces [6].

Synchronverter control preserves the structure of the
synchronous generator model, including rotor dynamics
and electromagnetic interactions, which facilitates intuitive
tuning and enables black-start capability and stable power
sharing without communication in microgrids [7].
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VSM control, on the other hand, typically combines
active and reactive power droop characteristics with tunable
virtual inertia and damping coefficients, providing additional
freedom to shape the frequency and voltage response during
disturbances and in low-inertia grids [8].
In practical applications, multiple grid-forming units are

typically required to operate in parallel to supply larger loads,
improve redundancy, and enhance reliability in islanded
microgrids and weak-grid scenarios.In real microgrid deploy-
ments, GFMs with different control implementations may
operate simultaneously, which introduces heterogeneous
controller interactions that remain insufficiently understood.
However, most existing studies examine parallel operation
only under homogeneous droop-based grid-forming control,
without considering heterogeneous GFM structures such
as synchronverter and VSM combinations. For exam-
ple,Salem et al. [9] investigates a microgrid consisting of two
grid-forming inverters, both operating with standard P–f and
Q–V droop controllers. The study demonstrates correct active
and reactive power sharing under varying load conditions,
but both GFMs employ identical droop-based control, and
no alternative grid-forming mechanisms or inertia–damping
variations are explored. Similarly, Thilekha et al. [10] ana-
lyze the dynamic behavior of two parallel GFMs using a
detailed dynamic-phasor small-signal model. Their results
show how virtual inertia and droop coefficients influence
oscillatory modes and post-disturbance stability, yet the work
again assumesmatching droop/VSM-type controllers on both
inverters and does not investigate interactions between funda-
mentally different grid-forming control laws or operational
transitions such as grid reconnection. A related study by
Moustafa et al. [11] also considers two droop-controlled
GFMS in parallel and proposes an adaptive adjustment of
droop coefficients to improve power-sharing accuracy under
unequal feeder impedances or different distributed generation
(DG) power ratings. While effective for enhancing droop
performance, this approach remains constrained to identical
droop-based GFMs and does not address heterogeneous
controller behavior or full-cycle dynamics.A related con-
tribution is presented in [12], where synchronization and
resynchronization of grid-forming inverters are addressed
using droop-based V–f control. Although the study focuses
on seamless reconnection, it is limited to homogeneous
droop-controlled inverters and does not consider heteroge-
neous grid-forming controllers or parametric variations in
virtual inertia and damping.Recent work has also investigated
advanced virtual inertia control strategies for improving
frequency regulation in renewable-dominated microgrids.
For example, Maaruf et al. [13] propose a robust optimal
virtual inertia control approach to enhance frequency regula-
tion under high renewable penetration. However, their work
focuses on control optimization for frequency support and
does not investigate the interaction of heterogeneous grid-
forming controllers or system behavior during islanding and
grid resynchronization events.A related study is presented
in [14], where the stability of a fully inverter-based power

systemwithmultiple heterogeneous grid-forming controllers,
including VSM, synchronverter, and droop-controlled units,
is investigated. However, that work focuses on system-level
stability of heterogeneous GFMs operating simultaneously
and does not analyze dynamic behavior during grid resyn-
chronization events, which is addressed in the present study.

Together, these studies provide valuable insights into
parallel GFM behavior, but they consistently rely on uniform
droop-style control structures and focus primarily on steady-
state power sharing or small-signal dynamics. No studies
have examined the interaction of heterogeneous GFM
controllers such as a synchronverter operating in parallel
with a VSM nor do they evaluate the complete operational
sequence of grid-connected, islanded, and reconnection
phases under systematic variations of virtual inertia and
damping. To address this gap, the objective of this study is
to investigate the dynamic interaction of heterogeneous grid-
forming controllers and their stability during islanding and
grid resynchronization. The main contributions of this work
are summarized as follows:

• Parallel operation of heterogeneous grid-forming con-
trollers, specifically synchronverter and virtual syn-
chronous machine (VSM) approaches;

• Evaluation of the complete operational cycle, including
grid-connected operation, transition to islanded mode,
and resynchronization;

• A systematic parametric analysis of virtual inertiaH and
damping Dp was performed to assess their influence on
the system dynamics and stability.

This work addresses the identified gaps through RMS
simulations carried out in DIgSILENT PowerFactory 2025,
analyzing heterogeneous synchronverter–VSM parallel oper-
ation across grid-connected, islanded, and resynchronization
phases under systematic variations of virtual inertia H and
damping Dp. This study evaluates the frequency dynam-
ics, power sharing behavior, and compliance with IEEE
Std 1547–2018 reconnection limits [1] under different phase-
angle conditions. These results provide practical tuning
guidelines for robust mixed grid-forming microgrid perfor-
mance in low-inertia power systems.

II. GRID-FORMING INVERTER MODELING AND CONTROL
GFMs are power electronic converters that operate as
controllable AC voltage sources, autonomously establishing
the voltage magnitude (E), frequency (ω), and phase angle
(θ ) at their PCC. In contrast to grid-following inverters
(GFls), which rely on PLLs to synchronize with an externally
imposed grid voltage, GFMs directly define local voltage
and frequency references. This capability enables stable
operation in weak grids, islanded microgrids, and low-inertia
power systems with a high penetration of inverter-based
resources [15].

A typical GFM system consists of a DC energy source,
a voltage-source inverter, and an output filter that interfaces
the converter with the AC network. Local measurements
of voltage and current at the PCC are used to regulate the
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active and reactive power exchanged with the grid [16].
The control principle follows the fundamental behavior of
synchronous machines: active power is regulated through
frequency and phase-angle dynamics, while reactive power
is controlled via the voltage magnitude. This inherent
decoupling between active power–frequency and reactive
power–voltage dynamics enables decentralized and stable
power sharing among multiple GFM units without the need
for communication.

By actively regulating voltage magnitude and frequency,
GFMs can deliver essential grid-support functions such as
voltage control, frequency stabilization, and virtual inertia
provision. These capabilities allow GFMs to actively partic-
ipate in system dynamics rather than passively following the
grid, making them a key enabling technology for maintaining
stability and reliability in modern power systems with a high
penetration of inverter-based resources [17].

A. VIRTUAL SYNCHRONOUS MACHINE
The VSM is a GFM control strategy that emulates the
electromechanical dynamics of a synchronous generator
within an inverter control system. Its primary objective is to
provide virtual inertia and damping, which are essential for
frequency stability in power systems with a high penetration
of inverter-based resources and reduced synchronous gener-
ation. By reproducing synchronous-machine-like behavior,
the VSM enables inverters to actively contribute to system
stability, particularly in low-inertia operating conditions [18].
At the core of the VSM concept is the explicit implementation
of the swing equation, which governs the rotational dynamics
of the synchronous machines. In this formulation, the active
power setpoint P0 is interpreted as a virtual mechanical
input, and the measured active power output P represents the
electrical response. The imbalance between these quantities
is processed through virtual inertia and frequency-feedback
terms, resulting in the following dynamic relationship [19]:

Jω0
d 1ω

dt
= P0−P− (Kd + Dp)1ω, (1)

where J denotes the virtual moment of inertia, ω0 is the
nominal angular frequency, and 1ω = ω −ω0 represents the
frequency deviation with respect to nominal frequency. In this
implementation, both Kd (droop-like frequency feedback)
and Dp (additional damping) act on 1ω, and their combined
effect determines the effective damping of the virtual rotor
dynamics.

The inverter frequency is reconstructed as

ω = ω0 + 1ω, (2)

and subsequently integrated to obtain the virtual rotor angle,

θ̇ = ω, (3)

where θ is the instantaneous phase angle of the inverter output
voltage. This angle reference is used to synthesize the inverter
voltage waveform.

Through this control structure, the VSM introduces inertia-
like dynamics that can limit the RoCoF during disturbances
and improve frequency stability [20]. The combined use
of droop-like feedback and damping supports steady-state
regulation while providing well-damped transient responses.
The dynamic performance of the VSM depends strongly
on parameter tuning particularly J and Dp which must be
selected to balance the stability and responsiveness across
operating conditions. Figure 1 illustrates the VSM control
concept, highlighting the implementation of the virtual
inertia, damping, and power frequency dynamics.

FIGURE 1. Block diagram of VSM control illustrating virtual inertia,
damping, and power–frequency dynamics.

B. SYNCHRONVERTER
The synchronverter is a GFM control strategy designed
to emulate the dynamic behavior of a synchronous gen-
erator with a higher degree of physical fidelity than
VSM approaches. Whereas VSM-based methods primarily
reproduce swing-equation-like frequency dynamics through
virtual inertia and damping, the synchronverter additionally
embeds internal electrical machine relations, including elec-
tromagnetic torque production and excitation-based voltage
regulation. By incorporating the both mechanical and electri-
cal characteristics of synchronous generators into the inverter
control structure, the synchronverter enables a more compre-
hensive emulation of the synchronous machine behavior [7].
The overall control architecture is organized such that active-
power dynamics govern the frequency behavior, whereas
reactive-power dynamics regulate the voltage magnitude,
as illustrated in Fig. 2.

FIGURE 2. Synchronverter control structure with active-power (frequency)
and reactive-power (voltage) control loops.
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Synchronverter frequency dynamics are commonly
expressed in a swing-equation-based form using the virtual
angular frequency ω as the state variable. The active-power
loop is formulated as: [19]

Ta ω̇ = Tm − Te − Dp(ω − ω0), (4)

where Ta is the inertia-related time constant (typically chosen
as Ta = 2H ), Dp is the damping coefficient, ω0 is the
nominal angular frequency, Tm is the mechanical torque
reference derived from the active power setpoint, and Te is the
electromagnetic torque produced by the inverter. The virtual
rotor angle is then obtained by integration with θ̇ = ω.
where θ defines the instantaneous phase angle used to

synthesize the inverter output voltage.
The electromagnetic torque couples the electrical output to

the virtual mechanical dynamics and is given by [7]:

Te = Mf if ⟨i, s̃in(θr )⟩, (5)

where i = [ia, ib, ic]T is the stator current vector, if is the
excitation current, Mf is the mutual inductance, and θr is the
rotor electrical angle.

Voltage regulation is achieved through excitation control
by adjusting if , which modifies the magnitude of the internal
electromotive force (EMF). The internal EMF is expressed as
follows [7]:

u = ωMf if s̃in(θr ), (6)

and the corresponding instantaneous reactive power is given
by [7]

Q = −ωMf if ⟨i, c̃os(θr )⟩. (7)

The trigonometric projection vectors used in (5)–(7) are
defined as

s̃in(θr ) =


sin(θr )

sin
(
θr −

2π
3

)
sin

(
θr +

2π
3

)
 ,

c̃os(θr ) =


cos(θr )

cos
(
θr −

2π
3

)
cos

(
θr +

2π
3

)
 . (8)

Within this formulation, frequency regulation is achieved
by balancing the torque reference Tm and the electromagnetic
torque Te through (4), whereas voltage regulation is obtained
by controlling the excitation current if and the internal
EMF in (6). By explicitly modeling inertia-related dynamics,
damping, and electrical torque interactions, the synchron-
verter provides inertia-like frequency support and voltage
regulation capabilities, enabling inverter-based resources to
closely reproduce the steady-state and transient behaviors of
synchronous generators in grid-forming operation [21].

III. SIMULATION FRAMEWORK AND TEST SYSTEM
The proposed study was conducted using the DIgSILENT
PowerFactory 2025 in the RMS simulation mode. The inves-
tigated system represents a low-inertia microgrid consisting
of two grid-forming inverters (VSM and Synchronverter)
operating in parallel and connected to the main grid through a
controllable switch at the PCC. A schematic of the test system
is shown in Fig. 3.

FIGURE 3. Test system with two parallel grid-forming inverters connected
to the main grid at the PCC.

The external grid is modeled as a three-phase voltage
source with a nominal frequency of 50 Hz and a finite
grid impedance, representing a realistic medium-voltage
(MV) stiff grid connection. The grid impedance was
selected for a 20 kV MV system with an X/R ratio of
approximately 10, which is typical for MV networks. The
resulting grid parameters are Rg = 0.6634 � and Xg =

6.6336 �. Two GFMs, denoted as GFM1 (VSM) and GFM2
(Synchronverter), are connected in parallel at a common
inverter terminal bus supplying a constant PQ load. The
inverter terminal is electrically separated from the PCC by a
circuit breaker (switch) that enables controlled islanding and
resynchronization events. Voltage and current measurements
were taken at both the inverter terminal and the PCC to
capture the local inverter behavior as well as grid-side
dynamics.

GFM1 operates under VSM control, whereas GFM2 is
implemented using a synchronverter control. Both inverters
have identical ratings and operate as grid-forming voltage
sources during all simulation phases. The total load connected
to the inverter terminal bus was modeled as a constant
PQ load, and its parameters are summarized in Table 1.
A deliberate active-power deficit is introduced in an islanded
operation by setting the combined inverter active-power
references below the load demand. This configuration excites
the frequency dynamics and enables a clear assessment of
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the inertia, damping, and power-sharing behavior of the GFM
controllers.

The system initially operated in grid-connected mode.
At t = 59 s, the circuit breaker at the PCC is opened,
disconnecting the main grid and forcing the two GFMs
to supply the load during the islanded operation. Grid
resynchronization is subsequently performed based on grid-
code-compliant conditions, ensuring appropriate adaptation
of the voltagemagnitude, frequency, and phase angle between
the inverter terminal and the PCC prior to reclosing. This
approach allows the investigation of inverter dynamics during
reconnection without imposing artificial synchronization
constraints.Reconnection is permitted only when the voltage
magnitude, frequency, and phase-angle differences between
the inverter terminal and the PCC satisfy the limits specified
in IEEE Std 1547–2018 [1].

A systematic parameter sweep was conducted for both
grid-forming controllers by varying the virtual inertia and
damping-related parameters while maintaining the same
rated power and network conditions. The virtual inertia
constant H was swept from 2 to 12 in steps of 2, and the
damping coefficientDp was varied from 150 to 250 in steps of
25. This framework enables a consistent and fair comparison
of the VSM and synchronverter performance across grid-
connected, islanded, and resynchronization operating modes.
The inertia range is consistent with typical synchronous
generator inertia constants reported in the literature [19],
while Dp is a controller tuning parameter without a fixed
standard value.

IV. GRID OPERATING SCENARIOS
A set of representative operating scenarios is defined to
analyze the dynamic behavior of two parallel grid-forming
inverters under practical grid conditions. The scenarios
encompass grid-connected operation, transition to islanded
mode, and subsequent grid resynchronization, capturing
typical operating events in microgrids and low-inertia power
systems. These cases enable an assessment of the coordinated
interaction between heterogeneous GFM control strategies at
the system level.

Across all scenarios, key grid-forming control parameters
namely the virtual inertia H and damping coefficient Dp are
varied to examine their impact on frequency dynamics and
resynchronization performance. The virtual inertia was set to
H = {2, 4, 6, 8, 10, 12}, while the damping coefficient was
varied as Dp = {150, 200, 250}.

A. GRID-CONNECTED OPERATION
In the initial operating condition, the system operates in the
grid-connected mode with both GFMs running in parallel
with the external grid. During this phase, the GFMs are
assigned identical active power references, resulting in a
balanced power injection and stable synchronization at the
PCC. The connected PQ load was partially supplied by
the GFMs, with the remaining power exchanged with the
external grid according to the operating point. This operating

condition establishes a steady-state reference and is used to
verify the correct synchronization and baseline power-sharing
behavior prior to islanding.

B. ISLANDING SCENARIO
At t = 59 s, the circuit breaker at the PCC is opened,
disconnecting the external grid and transitioning the system
to islanded operation. Following islanding, the two GFMs
exclusively supplied the connected load. Because the com-
bined active power references of the GFMs are set below the
load demand, an active-power deficit is introduced, leading
to a frequency deviation. This scenario is used to evaluate the
inertial response, damping behavior, and frequency stability
of different grid-forming control strategies under power-
deficit conditions.

C. GRID RESYNCHRONIZATION
Following a period of islanded operation, the microgrid
was reconnected to the external grid. Resynchronization was
performed in accordance with IEEE Std 1547–2018 [1],
which defines permissible limits on voltage magnitude,
frequency, and phase-angle deviations prior to reconnection.
Accordingly, reclosing is permitted only when the differences
between the inverter terminal and the PCC satisfy the
specified grid-code thresholds.

Due to the dependence of the voltage, frequency, and
phase-angle convergence on the selected control parameters
and operating conditions, the time required to satisfy the
resynchronization criteria varies across the investigated sce-
narios. This standards-compliant, adaptive resynchronization
process mitigates excessive transients and power surges at
the instant of reconnection, and enables assessment of the
robustness of coordinated GFM operation during this critical
transition under practical grid-code constraints.

V. RESULTS AND DISCUSSION
Power-sharing behavior over the full operating sequence.
Figure 4 shows the active power contributions of the
VSM-controlled inverter and the synchronverter-controlled
inverter over the complete operating sequence, including
grid-connected operation, islanding at t = 59 s, and grid
resynchronization at t = 133.7 s.
During the grid-connected operation, both inverters inject

their scheduled active power, while the remaining load
demand is supplied by the external grid. Following islanding,
the synchronverter contributes a larger share of the additional
load demand, whereas the VSM maintains an active power
close to the reference value. This behavior reflects the
selected control tuning, where the torque-based dynamics
and effective damping of the synchronverter lead to a
more pronounced active power response, whereas the VSM
exhibits a comparatively conservative adjustment.

After grid resynchronization, both inverters smoothly
returned to their grid-connected operating points without
sustained oscillations, confirming stable interaction and
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TABLE 1. Grid source and system parameters.

TABLE 2. VSM control parameters (GFM1).

TABLE 3. Synchronverter control parameters (GFM2).

coherent power sharing between the heterogeneous grid-
forming controllers throughout the entire operating cycle.

FIGURE 4. Active power of the VSM- and synchronverter-controlled
inverters during grid-connected operation, islanding at t = 59 s, and grid
resynchronization at t = 133.7 s.

A. ISLANDING OPERATION UNDER POWER IMBALANCE
At the islanding instant, the circuit breaker at the PCC
is opened, electrically separating the microgrid from the
external grid and forcing the autonomous operation of the
two GFMs. Following the disconnection, the GFMs jointly
establish the system voltage and frequency and become
solely responsible for supplying the connected load, thereby
activating their intrinsic frequency-regulating mechanisms.

The imposed mismatch between scheduled generation and
load demand introduces an intentional active power deficit,
which constitutes a step disturbance to the system. This
disturbance directly excites the frequency dynamics and

reveals the effects of virtual inertia and damping embedded
in the GFM controllers. No secondary frequency control or
external support was enabled, ensuring that the observed
response was governed exclusively by primary grid-forming
control loops.

To assess the influence of the control parameters on
islanded frequency behavior, two parametric studies were
conducted. First, the virtual inertia H was varied from 2 to
12 in steps of 2, while the damping coefficient was fixed at
Dp = 200, allowing the isolated evaluation of inertial effects
on the transient frequency response. Second, the damping
coefficient Dp is varied from 150 to 250 in steps of 25 for
a fixed value of H = 10, in order to assess the role of
damping in oscillation attenuation and frequency settling
characteristics.

Figure 5 shows the islanded frequency response for
different values of virtual inertia. Increasing H leads to
a reduced rate of change of frequency immediately after
islanding and a smaller maximum frequency deviation,
indicating improved short-term frequency stability through
inertia emulation.

Figure 6 illustrates the effects of varying the damping
coefficient. Higher values of Dp result in strongerly damped
frequency dynamics and faster convergence toward steady-
state operation, whereas lower damping values yield slower
settling and more weakly damped responses under the same
power imbalance.

Overall, the results confirm that virtual inertia and damping
play complementary roles in shaping islanded frequency
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dynamics. Appropriate coordination and tuning of H and
Dp are therefore essential to achieve stable and well-damped
operation in inverter-dominated microgrids subjected to
active power imbalance.

FIGURE 5. Islanded frequency response for different virtual inertia values
H = {2, 4, 6, 8, 10, 12} with fixed damping Dp = 200.

FIGURE 6. Islanded frequency response for different damping coefficients
Dp = {150, 175, 200, 225, 250} with fixed virtual inertia H = 10.

B. GRID RESYNCHRONIZATION REQUIREMENTS AND
RECONNECTION LIMITS
Prior to reconnection, inverter-based resources must satisfy
synchronization conditions to ensure safe breaker reclosing
and avoid excessive transient currents and power surges.
In Fig. 3, the GFM terminal refers to the locally measured
quantities at the inverter terminal (microgrid side), whereas
the PCC refers to the coupling point to the external
grid. Accordingly, synchronization was assessed using the
differences between the GFM terminal and PCC in terms of
voltage magnitude, frequency, and phase angle.

For the considered setup, the total apparent power rating
of the inverter-based resources exceeds 1.5 MVA; therefore,
the adopted reconnection limits are ±0.1 Hz in frequency,
±3% in voltage magnitude, and±10◦ in phase angle between
the GFM terminal and the PCC, in accordance with IEEE
Std 1547–2018 [1]. Reconnection is permitted only when all
three variables satisfy these limits simultaneously.

Consistent with the islanding analysis, the resynchroniza-
tion assessment was performed under the same parametric
variations of the virtual inertia and damping. For each param-
eter set, reconnection is evaluated under two representative
phase-angle conditions: (i) near-synchronous reconnection,
where the phase-angle difference between the GFM terminal
and the PCC is close to zero, and (ii) a conservative condition
where the phase-angle difference approaches the grid-code

limit of 10◦. Since the frequency and phase angle evolve
dynamically after islanding as a consequence of the active
power imbalance and the selected controller parameters, the
time required to satisfy the reconnection limits is not fixed.
Therefore,the breaker closing instant is therefore determined
adaptively based on the first time at which all synchronization
variables lie within their admissible bands for the required
duration.

To provide a conservative verification of the limit com-
pliance, the reconnection constraints are illustrated for the
most critical settings identified in the parameter sweeps. For
the inertia variation, the most demanding case corresponds
to the minimum inertia H = 2 s with Dp = 200 fixed. For
the damping variation, the most demanding case corresponds
to the minimum damping Dp = 150 with H = 10 s fixed.
Figures 7–9 and Figs. 10–12 show representative PCC and
GFM-terminal traces together with the admissible bands,
confirming that reconnection is executed only after the limits
are satisfied.

FIGURE 7. Most critical case for the inertia sweep (H = 2 s, Dp = 200):
PCC and grid-forming terminal frequency with the admissible
reconnection band ±0.1 Hz.

FIGURE 8. Most critical case for the inertia sweep (H = 2 s, Dp = 200):
PCC and grid-forming terminal voltage with the admissible reconnection
band ±3%.

C. GRID RESYNCHRONIZATION PERFORMANCE UNDER
PHASE-ANGLE CONSTRAINTS
After the islanded operation, grid resynchronization is
performed by reconnecting the microgrid to the external
grid once all synchronization requirements for the voltage
magnitude, frequency, and phase angle are simultaneously
satisfied. According to IEEE Std 1547–2018 [1], the breaker
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FIGURE 9. Most critical case for the inertia sweep (H = 2 s, Dp = 200):
PCC and grid-forming terminal phase angle with the admissible
reconnection band ±10◦.

FIGURE 10. Most critical case for the damping sweep (H = 10 s,
Dp = 150): PCC and grid-forming terminal frequency with the admissible
reconnection band ±0.1 Hz.

FIGURE 11. Most critical case for the damping sweep (H = 10 s,
Dp = 150): PCC and grid-forming terminal voltage with the admissible
reconnection band ±3%.

FIGURE 12. Most critical case for the damping sweep (H = 10 s,
Dp = 150): PCC and grid-forming terminal phase angle with the
admissible reconnection band ±10◦.

at the PCC is allowed to close only when the corresponding
deviations remain within the prescribed admissible limits.

To investigate the sensitivity of resynchronization dynam-
ics to phase-angle alignment, two representative reconnection
conditions were considered based on the phase-angle differ-
ence between the grid-forming terminal and the PCC at the
instant of breaker closure. The first condition corresponds
to a near-synchronous reconnection, where the phase-angle
difference is close to zero. The second condition represents
a limiting grid-code-compliant case, in which the phase-angle
difference approaches the maximum admissible threshold of
approximately 10◦. These two cases bound the practical range
of resynchronization events allowed by the grid code.

Unless otherwise stated, a comparative analysis was
performed for a fixed controller configuration with virtual
inertia H = 10 and damping coefficient Dp = 250,
corresponding to a well-damped and practically relevant
tuning. The resynchronization response was evaluated using
the PCC-measured frequency, voltage deviation, and active
power, all plotted with respect to the relative time axis

τ = t − trec,

where trec denotes the instant of circuit-breaker closure at
the PCC.

FIGURE 13. PCC frequency during grid resynchronization for
near-synchronous (1θ ≈ 0◦) and limiting (1θ ≈ 10◦) phase-angle
conditions with H = 10 and Dp = 250, plotted versus the relative time
axis τ = t − trec.

Figure 13 compares the PCC frequency response during
grid resynchronization for the near-synchronous (1θ ≈

0◦) and limiting (1θ ≈ 10◦) phase-angle conditions. For
the near-synchronous case, the small phase-angle mismatch
at the breaker closure resulted in a smooth frequency
transition with a limited overshoot and a gradual return to
the nominal value. In contrast, the limiting phase-angle case
exhibits a sharper frequency excursion immediately after
reconnection, characterized by a higher initial peak due to
the larger angular mismatch between the microgrid and the
external grid. Despite this more pronounced transient, the
frequency remained stable and converged to steady state
without sustained oscillations, confirming robust resynchro-
nization under grid-code-compliant phase-angle limits. The
corresponding PCC voltage deviations and active power
exchanges are shown in Figs. 14 and 15, respectively. For
the near-synchronous case (1θ ≈ 0◦), the small phase-
angle mismatch at the breaker closure results in a mild
voltage dip and a moderate, smoothly varying active power
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transient that settles gradually. In contrast, the limiting phase-
angle case (1θ ≈ 10◦) produces a deeper instantaneous
voltage deviation and a larger active power surge immediately
after reconnection, driven by the higher angular mismatch
between the microgrid and the external grid. Despite these
more pronounced transients, both voltage and active power
responses are well damped and converge to steady state
without sustained oscillations, confirming stable operation
under grid-code-compliant resynchronization conditions.

FIGURE 14. PCC voltage deviation during grid resynchronization for
near-synchronous and limiting phase-angle conditions with H = 10 and
Dp = 250, plotted versus the relative time axis τ = t − trec.

FIGURE 15. PCC active power during grid resynchronization for
near-synchronous and limiting phase-angle conditions with H = 10 and
Dp = 250, plotted versus the relative time axis τ = t − trec.

D. RESYNCHRONIZATION SENSITIVITY TO CONTROL
PARAMETER VARIATIONS
To further examine the influence of GFM control param-
eters during resynchronization, additional simulations are
performed by systematically varying the virtual inertia H
and the damping coefficient Dp, while ensuring that all
synchronization constraints on voltage, frequency, and phase
angle remain satisfied at the instant of breaker closure.

1) NEAR-SYNCHRONOUS RESYNCHRONIZATION (1θ ≈ 0◦)
Effect of virtual inertia. For the near-synchronous phase-
angle condition, the effect of virtual inertia is illustrated
through the PCC frequency responses shown in Fig. 16.
The virtual inertia H was varied while keeping the damping
coefficient Dp = 200 fixed. Increasing H results in a
smoother frequency evolution immediately after reconnec-
tion, reducing the rate of change of the frequency and
attenuating the initial transient. This behavior reflects the

enhanced inertial buffering provided by higher virtual inertia
during the resynchronization process.

FIGURE 16. PCC frequency during resynchronization for different virtual
inertia values H with fixed Dp = 200.

Effect of damping. The influence of damping is illustrated
in Fig. 17, where the damping coefficient Dp is varied while
the virtual inertia is held constant at H = 10. In addition to
shaping the post-reconnection transient, Dp also affects the
time required to satisfy the grid-code synchronization limits
and thus the breaker closing instant. This can be understood
from the phase–frequency relationship [22]:

d 1θ

dt
= 1ω(t), (9)

where 1θ (t) = θGFM(t) − θPCC(t) is the phase-angle
difference between the GFM terminal and PCC, and1ω(t) =

ωGFM(t) − ωgrid(t) is the angular frequency difference
between the microgrid and external grid. A swing-equation-
based approximation of the frequency loop with damping
is [23]

2H
ω0

d 1ω

dt
= 1P− Dp 1ω, (10)

where H is the virtual inertia constant, ω0 is the nominal
angular frequency, 1P denotes the effective active-power
imbalance that drives the frequency dynamics, and Dp is the
damping coefficient. For a quasi-constant 1P, the steady-
state frequency deviation was

1ω∞ =
1P
Dp

, (11)

which implies that larger Dp reduces the magnitude of
|1ω| available to drive phase-angle evolution. If phase
alignment is achieved predominantly through natural phase
drift, an approximate time to reach a target phase-angle
change 1θ⋆ is

tsync ≈
1θ⋆

|1ω∞|
=

1θ⋆ Dp
|1P|

, (12)

indicating that increasing Dp can increase the time required
to bring 1θ into the admissible window.

For the near-zero phase-angle condition considered in
Fig. 17, the extracted reconnection instants increase in an
approximately linear manner with the damping coefficient
over the investigated rangeDp = 150−−250, as summarized
in Table 4. The reported percentages indicate the relative
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delay in the reconnection time with respect to the baseline
case Dp = 150.

Consistent with these observations,the lower damping
values in Fig. 17 lead to earlier reconnection but a more pro-
nounced frequency overshoot after breaker closure, whereas
higher damping values delay reconnection while reducing
overshoot and improving transient smoothness. Overall, Dp
governs both the resynchronization timing and the severity
of post-reconnection transients; therefore, it must be selected
to balance fast reconnection against acceptable frequency
excursions and well-damped dynamics.

FIGURE 17. PCC frequency during grid resynchronization for different
damping coefficients Dp with fixed H = 10, plotted versus the relative
time axis τ = t − trec.

TABLE 4. Near-zero phase-angle resynchronization (H = 10):
reconnection instant for different damping coefficients Dp. The
percentage indicates the relative delay in reconnection time with respect
to the baseline case Dp = 150.

2) LIMITING PHASE-ANGLE RESYNCHRONIZATION
(1θ ≈ 10◦)
For the limiting phase-angle condition, resynchronization
occurred when the phase-angle difference between the GFM
terminal and PCC approached the maximum admissible grid-
code threshold. This condition represents a stressed but
still grid-code-compliant reconnection scenario and therefore
provides a conservative assessment of the resynchronization
performance.

Effect of virtual inertia. The influence of virtual inertia
under the same limiting phase-angle condition is shown in
Fig. 18. Increasing virtual inertiaH reduces the severity of the
initial frequency excursion immediately after breaker closure
by providing stronger inertial buffering. An analysis was per-
formed for a fixed damping coefficient of Dp = 200.Higher
inertia values result in a smoother frequency trajectory
during the first instants following reconnection, whereas the
steady-state frequency convergence remains unaffected. This

behavior confirms that virtual inertia primarily shapes the
short-term transient response during stress resynchronization.

FIGURE 18. PCC frequency during grid resynchronization for different
virtual inertia values H under the limiting phase-angle condition
(Dp = 200), plotted versus the relative time axis τ = t − trec.

Effect of damping. Under the limiting phase-angle
condition, the impact of damping variation is quantified
using the peak and nadir frequency metrics extracted from
the PCC frequency response. The results are summarized
in Table 5. Increasing Dp shifts the frequency peak to later
instants, reflecting a slower frequency evolution with higher
damping. The nadir frequency improved monotonically as
Dp increased, indicating a reduced undershoot. In contrast,
the peak frequency is minimized at Dp = 200 and did
not decrease monotonically for larger Dp. Overall, higher
damping delays the dynamics and improves the nadir,
while the overshoot reduction exhibits an optimal range of
approximately Dp = 200 for this case.

TABLE 5. Limiting phase-angle resynchronization: extracted peak and
nadir PCC frequency for different damping coefficients Dp with fixed
H = 10.

VI. CONCLUSION
The results show that the stable operation of heterogeneous
grid-forming inverters can be achieved across both islanded
operation and grid resynchronization through appropriate
tuning of virtual inertia and damping. During islanding
under active power imbalance, virtual inertia primarily
limits the rate of change of frequency and the initial
frequency deviation, while damping improves oscillation
attenuation and influences the depth of the frequency drop
and steady-state convergence, with coherent power sharing
observed between the VSM and synchronverter. During grid
resynchronization, compliant reconnection is obtained under
both near-synchronous (1θ ≈ 0◦) and limiting (1θ ≈

10◦) phase-angle conditions; near-synchronous reconnection
leads to mild transients, whereas reconnection close to the
admissible phase-angle limit produces stronger but well-
damped frequency, voltage, and power excursions. A key
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finding is that the damping coefficient not only reduces
post-reconnection overshoot but also governs the resynchro-
nization timing by slowing phase-angle convergence, thereby
revealing a fundamental trade-off between fast reconnection
and transient smoothness. These findings provide practical
guidance for coordinated tuning of inertia and damping
in low-inertia microgrids with mixed grid-forming control
strategies.In addition, the results confirm that heterogeneous
grid-forming controllers do not require identical control
structures or parameter sets to achieve stable and coherent
operation. The combined VSM–synchronverter configura-
tion demonstrates robust interaction across all operating
stages, indicating that mixed grid-forming strategies can be
effectively deployed in practical microgrids. By explicitly
linking islanding and resynchronization behavior through
a unified parameter study, this work provides a consistent
framework for evaluating and tuning grid-forming inverters
under realistic operating constraints.Future work will focus
on experimental or hardware-in-the-loop validation of the
heterogeneous grid-forming configuration, as well as further
investigation of controller interaction under different grid
strengths and operating conditions to support practical
deployment in inverter-dominated power systems.
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