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Abstract

Context: The behavior of inverter-based microgrids during transitions
between grid-connected and islanded modes is critical to stability and
power quality. Most small-signal models treat each regime separately or rely
on heuristic switching logic, which complicates the consistent analysis of
mode transitions. This work introduces a unified hybrid dynamic model
that captures both operating modes and the synchronization constraints
imposed at the point of common coupling.

Method: A step-by-step methodology is proposed in which a reduced
dynamic-phasor representation of the grid and loads, small-signal models
of droop-controlled inverters, and linearized power relations around
operating points are combined. These components are assembled into
a single state-space model valid in both grid-connected and islanded
operation and embedded into a hybrid system with hysteresis and
minimum dwell time for the static transfer switch (STS). Under a time-scale
separation assumption, mode-by-mode linearizations are evaluated using
eigenvalue-based metrics and a common quadratic Lyapunov-function test.
The closed-loop PCC impedance is computed to characterize whether the
controlled converters exhibit predominantly resistive or inductive behavior..
Results: A laboratory-scale microgrid with two three-phase inverters and a
resistive-inductive load is considered. Planned islanding and reconnection
events are simulated in Matlab/HyEQ Toolbox. Well-damped power
transients are obtained, with PCC frequency deviations below 0,07 Hz and
PCC voltage deviations below 0,5 Vrms. STS closing actions occur with
phase mismatch below 1o and without power overshoot.

Conclusions: The unified hybrid model provides a single framework
for analyzing both operating regimes and their transitions. It enables
systematic tuning of droop and synchronization parameters and provides
a practical basis for future extensions to weaker grids, nonlinear loads, and
hardware-in-the-loop validation.
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Unified model of microgrid. ..

Resumen

Contexto: El comportamiento de las microrredes basadas en inversores durante las transiciones
entre los modos de operacién conectada a la red e isla es critico para la estabilidad y la calidad de la
potencia. La mayoria de los modelos de pequefia sefial tratan cada régimen por separado o recurren a
légicas de conmutacién heuristica, lo que dificulta un anélisis consistente de las transiciones. En este
trabajo se presenta un modelo dindmico hibrido unificado que representa ambos modos de operacién e
incorpora las restricciones de sincronizacién impuestas en el punto de acoplamiento comun (PCC).
Metodologia: Se propone una metodologia paso a paso que combina una representacién fasorial
dindmica reducida de la red y las cargas, modelos de pequefia sefial de inversores con control por
caida (droop control), y relaciones de potencia linealizadas alrededor de puntos de operacién. Estos
componentes se integran en un tinico modelo de espacio de estados valido para los modos de conexién
ala red e isla, que posteriormente se incorpora a un sistema dindmico hibrido con histéresis y un tiempo
minimo de permanencia en el interruptor estdtico de transferencia. Bajo el supuesto de separacién
de escalas de tiempo, las linearizaciones por modo se evaltian mediante métricas de autovalores y
una prueba de una funcién de Lyapunov cuadritica comtn. Asimismo, se calcula la impedancia
cerrada en el PCC para caracterizar el comportamiento de los convertidores controlados como fuentes
predominantemente resistivas o inductivas.

Resultados: Se considera una microrred a escala de laboratorio compuesta por dos inversores trifasicos
y una carga resistivo-inductiva. Se simulan eventos planificados de formacién de isla y reconexién
en Matlab con la herramienta HyEQ. Se obtienen transitorios bien amortiguados, con desviaciones
de frecuencia en el PCC menores a 0,07 Hz, desviaciones de tensién menores a 0,5 V,ns y cierres del
interruptor estatico con desajuste de fase inferior a 1°, sin sobreimpulsos de potencia.

Conclusiones: El modelo hibrido unificado proporciona un marco comun para analizar ambos
regimenes y sus respectivas transiciones. Ademads, permite realizar una sintonizacién sistematica de los
pardmetros de caida y sincronizacién, y constituye una base practica para futuras extensiones hacia

redes débiles, cargas no lineales y validacién experimental de hardware en el lazo.

1. Introduction

The deployment of electronic converters has increased significantly in recent years, driven largely by
the growing integration of distributed energy resources (DERs) and energy storage systems. By locating
DERs closer to the point of demand, the need for extensive electric transmission infrastructure can be
reduced. An islanded or grid-connected system within a defined area that integrates and coordinates
DEREs is referred to as a microgrid (MG) [1, 2]. DERs typically interfaced with the MG through power
electronic converters, particularly voltage-sourced inverters (VSIs) [3,4].

Extensive research has been conducted on the modeling and control of parallel inverter-based
microgrids capable of operating in both grid-connected and islanded modes. Each operating mode
exhibits distinct dynamic characteristics and imposes different control requirements and technical
regulations necessary for the loads, or to maintain a load balance between generation and load. Effective

management of these systems is therefore essential for maintaining stability, efficiency, and reliability as
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MGs become increasingly important in modern power systems.

Various modeling methods are employed for both small-signal [4-7] and large-signal [2] operation
of microgrids in grid-connected and islanded modes. Methods used to obtain the small-signal voltage
and frequency dynamics of the inverters include classical phasor models [6], dynamic phasor models
[5], and synchronous-reference-frame models based on Clarke and Park transformations [4]. These
approaches differ in how they represent the system components and the MG-to-grid interconnection;
the appropriate choice depends on the objectives of the study. For large-signal analysis, Kirchhoff’s
laws and appropriate coordinate transformations can be applied without linearization, resulting in a
nonlinear model with fewer fitting errors. For small signals, an averaged model is linearized around an
operating point, and it is therefore valid only locally.

The literature reveals a lack of unified models capable of capturing both grid-connected and islanded
operation modes within a single framework. To address this gap, this work proposes a unified model
for MGs based on hybrid dynamical systems (HDS) theory.

HDS modeling approach has been extensively applied across various domains, including robotics,
manufacturing, biological systems, healthcare, renewable energy integration, power electronics,
cyber-physical systems, aerospace, and automotive industries. However, comprehensive HDS models
specifically developed for microgrids remain relatively scarce. Recent studies have focused on analyzing
trajectory sensitivity and switching events in power-electronic microgrids using experimental and
modeling methodologies [6, 8]. Other studies have examined stochastic components and operational
uncertainties during islanding and reconnection [7,9]. For instance, in [10], an AC microgrid is modeled
as an HDS, and a hybrid controller operating across three distinct time scales is designed together with
a large-signal stability analysis. Despite these advancements, a gap remains in the development of a
unified model that seamlessly integrates islanded and grid-connected modes, including the transitional
and pre-synchronization phases between them.

Microgrids can be controlled to pursue active- and reactive-power goals using linear and
nonlinear mathematical models of physical components, including inverters, DERs, batteries, loads,
and the electrical grid. Several control techniques have been proposed, including droop control,
proportional-integral-derivative (PID) control, model predictive control (MPC), sliding-mode control,
LQ-Servo control, or machine-learning-based control [1,2,4,11,12].

Microgrid control can be achieved with or without communication links. However, the
inclusion of communication systems tends to increase costs and introduces additional dependence
on communication reliability. Alternatively, communication-less primary control relies on local
measurements at each inverter; droop control is a representative example [2,4,12].

The small-signal stability of inverter-based microgrids has been extensively analyzed using linea-
rized models, eigenvalue plots, and frequency-domain tools specifically designed for droop-controlled
systems [5,7,10]. Most of these studies concentrate on a single operating mode, either grid-connected
or islanded, and examine aspects such as damping margins, critical poles, and the effects of control
parameters on local stability [13]. Other research has employed dynamic-phasor or impedance-based
representations to capture grid interactions and load dynamics more accurately, although these studies
generally remain limited to a single-mode analysis.

Seamless transitions between grid-connected and islanded operation have been investigated

from several perspectives, including PLL-based synchronization, soft transfer-switch strategies, and
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protection-oriented opening and reclosing logic at the point of common coupling (PCC) [8,9]. Many
of these contributions establish specific voltage, phase, and frequency thresholds for disconnection and
reconnection and validate the proposed thresholds through time-domain simulations. Some approaches
also incorporate small-signal analysis or Lyapunov-based methods to strengthen their findings.

In contrast , this work emphasizes a unified hybrid model that combines: (i) a common small-signal
state space for both operating modes, (ii) explicit PCC switching logic with hysteresis and minimum
dwell time, and (iii) an affine jump map that preserves incremental coordinates at STS commutations.
This structure allows planned islanding and reconnection to be interpreted as trajectories of a single
well-posed hybrid system H = (C, f, D, g), enabling the direct application of switched-system tools,
such as Lie-algebraic and common quadratic Lyapunov function (CQLF) test, to the pair {Af,irsid, Alsl

while keeping the seamless-transition constraints at the PCC explicit.

Scope. Throughout this paper, small-signal linearizations around mode-wise specific operating points are
used. The inner current/voltage loops and PWM action are incorporated into the closed-loop matrices
of each mode through a time-scale separation assumption; consequently, the hybrid supervisory logic
and grid/droop couplings act on an effective linear plant for each mode. Large-signal, PWM-resolved
validations are left for future work and do not affect the hybrid structure (C, f, D, g) presented here.

Section II presents the proposed methodology. Section III introduces the stability analysis of the
unified hybrid model. Section IV describes the case study. Section V reports the simulation results.
Section VI discusses the findings, and Section VII presents the conclusions.

The contributions of this work are threefold. First, a unified hybrid model is formulated to
represent both islanded and grid-connected operation within a single state-space framework, explicitly
incorporating the supervisory logic and synchronization constraints. Second, a methodology for
controller assessment and stability certification is developed based on common quadratic Lyapunov
arguments and quantitative indicators extracted from simulation trajectories. Third, a case study is
conducted in which planned islanding and reconnection events are simulated, demonstrating bounded
frequency, voltage, and phase deviations and confirming that smooth transitions without power
overshoot can be achieved. These contributions distinguish the proposed approach from existing
studies, in which operating modes are typically analyzed separately or the supervisory logic is not
embedded within the dynamical model.

2. Proposed methodology

The microgrid (MG) is modeled as a hybrid system H = (C, f, D, g) following the framework
proposed by Goebel, Sanfelice, and Teel [14]. The hybrid dynamics are given in Eq. (2.1):

2= f(z), zeC,
H: (2.1)
2t =yg(z), z€D,
where the hybrid state is defined as
z:=(z,m,7) € R™ x {0,1} x R>o.
x collects the continuous small-signal states (grid and inverters), m € {0,1} is the state of the static
transfer switch (STS) at the point of common coupling (PCC), with (m = 0: STS corresponding to the
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closed grid-connected mode and m = 1: STS to the open islanded mode, and 7 is a dwell-time timer.
The single-valued flow map is defined in Eq. (2.2).

A, x+ Byt
1

where A,, € R"**"= and B,,, € R"**" are the mode-dependent state and input matrices assembled
in Steps D-F. The state ordering and dimensions are fixed throughout the formulation: the first two
states correspond to the grid-current components, followed by five states for each of the N inverters.
Thus, n, = 2 + 5N (see Sec. H). The exogenous input u,, in Eq. (2.3) depends on the STS position:

Wy, m = 0(STS closed, grid-connected),
Uy = (2.3)
0, m = 1 (STS open, islanded).

Here, w,, = [Aeq, Aegy]" denotes the small-signal PCC grid-voltage vector defined after the SLD
in Fig. 1.

Incremental coordinates and affine jump map. Let z}, denote the operating point (OP) associated
with mode m € {0, 1} (computed in Subsection G). During continuous flows, the mode-wise incremental
state is defined by Eq. (2.4):

z = xz—a, (2.4)

This representation is used throughout the hybrid model. When a mode transition occurs, m* =1 —m,
the state is affinely realigned according to Eq. (2.5):

T =1z + (xm+ — l’:n), mt=1-m, =0, (2.5)

Consequently, the incremental state remains continuous across the switching event, as shown in
Eq. (2.6):
~+ + *

T =a" —a, = c—a), = I (2.6)

Thus, although the jump map is affine in the absolute state x, it does not induce electrical discontinuities.
Instead, it changes the coordinate origin. The single-valued jump map can therefore be expressed
compactly as inEq. (2.7):

9(z) = m* , (2.7)

where z := (x, m, T) denotes the hybrid state.

STS-based switching logic at the PCC. wye, 6:c, Frel denote the frequency, phase-angle, and
voltage-magnitude mismatches between the utility grid and the PCC, respectively. These quantities
are obtained from the voltage and current measurements available at the PCC through PT/CT
instrumentation. The STS is commanded to open, thereby transitioning to islanded operation (m* = 1),
when the synchronization error exceeds an “open” threshold. Conversely, reconnection to the utility
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grid (m™ = 0) is permitted when the synchronization error enters a more restrictive or tighter “close”
window; in both cases a dwell time 7,;, > 0 prevents chatter. Using the hysteretic functions defined in
Egs. (2.12a)—(2.12b), the flow/jump sets in Egs. (2.13a)—-(2.13b) implement this STS logic. At each jump,
the map g toggles the STS mode according to m*™ = 1 — m, resets the timer to 77 = 0, and preserves
continuity of the electrical state through the = continuous.

Consistency with the SLD. In Fig. 1, m = 0 (STS closed) activates the grid branch (Rr4, L,) and the
exogenous input wy,; m = 1 (STS open) disconnects the branch and sets w,, = 0 in the small-signal
model.

PCC synchronization variables and thresholds (definitions). At the point of common coupling
(PCQC), let Opcc(t) and wpec(t) = Opco (t) denote the local phase and frequency estimates, respectively.
These quantities may be obtained from PT/CT measurements phase-locked loop (PLL), virtual PLL,
or equivalent synchronization algorithm. Let ,(t), w,(t) be the upstream grid references. The relative
mismatches are defined in Egs. (2.8)-(2.10):

Wrel = WpCC — Wy, (28)
orel = Wrap[fﬂ"ﬂ') (gPCC - gg) 5 (29)
Erel = |Vpcc| — |Vl. (2.10)

The hysteretic synchronization thresholds introduced in Eq. (2.11) satisfy
Welose = 0, Wopen > Welose Ecloso > 07 Eopcn > Eclose; aclosc > Oa (211)

together with the minimum dwell-time constraint 7,,;, > 0. Reconnection is permitted only within the
tighter window (waiose, Ecloses Oclose), Whereas opening (islanding) uses the wider limits (wopen; Fopen) @s
will be used in Eq. (2.12a). The threshold values are treated as design parameters and may be selected
according to the applicable interconnection and protection requirements, thereby keeping the proposed
formulation independent of a specific standard. The corresponding synchronization/error functions are
defined as

(bopcn(m) = max{ |wrcl‘ — Wopen) |Ercl| - Eopcn }7 (2123)
¢close(x) = Inll’l{ Welose — |wrel|7 Eclose - ‘Erel|a eclose - ‘erell } (212b)

Hence, an opening event is triggered when ¢open > 0, indicating that at least one opening criterion
has been exceeded. Reconnection or a closing event is allowed when ¢cose > 0, indicating that all

metrics lie within the close window, provided that the dwell-time condition 7 > 7,,;, is satisfied.
The flow and jump sets are therefore defined inEgs. (2.13a)—(2.13b):

C= {(an»T) : ¢0pen(m) < 0} U {(xv 177') : ¢close(x) < 0}, (2.13a)
D ={(2,0,7) : dopen(z) >0, T > Tiin} U {(2,1,7) : Gelose(®) >0, T > Tpin }- (2.13b)

Since C and D are closed and the maps f and g are single-valued and locally Lipschitz on their
respective domains, the hybrid basic conditions of [14] are satisfied. Hence, # in Eq. (2.1) is well posed
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and robust to small perturbations.

Observation (modeling coordinates). While Step D uses dynamic phasors to obtain the continuous map
x — Anx + Bpuy, [5,15], the framework is coordinate-agnostic: a conventional phasor model, a
synchronous d—q (Clarke-Park) linearization [4], or even a large-signal nonlinear model [2] can be
employed instead. The corresponding representation of line/filter parameters into A4,,,, B,, may change,
but the hybrid structure (C, f, D, g) and the subsequent steps remain unchanged, provided that the
reference directors and sign conventions are consistent.

Roadmap. Steps A-F build the common system and local models, whereas Steps G-I assemble the
augmented state—space, compute operating points, and integrate the PCC logic into the hybrid model.

A. Technical characteristics and elements of the VSI-based MG

The nominal power, voltage, and frequency values; the number of inverters (IV) participating in
the MG; the relevant impedances; and the connection/disconnection mechanism used to change the

operating mode are first specified.

B. Droop curve coefficients

The coefficients of the droop curves are calculated according to the inverter ratings and the voltage

and frequency deviations permitted by the selected standard.

C. Prepare a single-line diagram (SLD)

The single-line diagram (SLD) adopted in this shown in Fig. 1. The dashed vertical line marks the
point of common coupling (PCC). A static transfer switch (STS), located at the PCC on the grid branch,
enables the grid-connected operation; in islanded operation, the PCC is disconnected from the utility
and supplies the local load. Each inverter i = 1,..., N is connected to the PCC through a feeder modeled
by (RLi, L1:), with the reference current iy, directed toward the PCC. The utility branch is modeled by
(Rpg, Ly) with igq defined into the PCC, whereas the islanded branch is modeled by (Rioad; L1oad) With
iload defined toward the load. Voltage and current measurement points (PT/CT) are placed at the PCC

for droop and protection purposes.

Remark (alternative grid representations). The SLD is provided for illustrative purposes; any
equivalent grid representation can be employed to construct the small-signal model in Step D. This
includes options like a bus-branch formulation with a Y-bus matrix, an incidence representation, or
explicit 7/ RL line models. The choice of representation determines how line or filter parameters are
incorporated into A, Byy,, Bwyr; the subscript “ur” indicates the coupling of inverter buses (u) and
the remaining buses (r). The definitions of state and input, along with the subsequent steps, remain
unchanged the same as long as the reference directions and sign conventions are consistently applied.
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1 PCC
Frzon . L : Grid-connected Mode
L1 L1 | '
Vsl PI/CT R igia L grid
! STS
B2 /5, l
2 g, Lro !
VSI2 !
|

|
|
EnZbn l Rioad g Lioad -
RL" iL L Ln |
n
VSIn <>-/\N\,—>—fw“f\7 PT/CT

i Islanded Mode

Figure 1: Step C — Single-line diagram (SLD) highlighting the PCC and the static transfer
switch (STS). Each inverter feeder includes (R, Lr;). In grid-connected mode the STS ties the
PCC to the utility branch (Rpg, Ly) with igiq defined into the PCC; in islanded mode the PCC
feeds the local load (Ryad, L1oad) With i10aq defined toward the load. PT/CT locations used by
droop and protection are indicated.

PCC dq inputs (notation). In the synchronous d—-g frame rotating at wp, let eqq(t), e44(t) denote
the d/q components of the grid-side PCC voltage and let (Eq40, Eqq0) denote their quiescent operating
values. The small-signal deviations defined in Egs. (2.14)-(2.15) are

Aedg = edg — Edg07 (214)
Aegg = eqg — Eqqo. (2.15)
The exogenous PCC input vector introduced in Eq. (2.16) is

Aedg

) 2.16
Aegq ( )

Wyr =

which represents the grid-side voltage deviations entering the hybrid model. If the d-axis is aligned with
the grid phasor at the operating point, then E ;o = 0.

D. Grid-interconnection dynamics in grid-connected mode

The MG interconnection model in grid-connected operation is derived using dynamic phasors,
following the formulation presented in [5]. Each inverter current is expressed in the synchronous d—g
frame as Aig,, and Aig,, n = 1,..., N, and the grid current as Aiy , and Aiy 4. Accordingly, the state
vector is defined asEq. (2.17)

Xur = [Digs Digy -+ Nign Digy Nigy ANigg]' € REVHD, 2.17)

Similarly, the dg-axis inverter-voltage perturbations, Aeg ., Aeg, and Aeq g, Ae, 4 form the input
vector, as defined in Eq. (2.18)

u, = [Aeqy Aegy -+ Aegn Aeq7N}T c R?V, (2.18)
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while the exogenous PCC input w,,, is defined in Eq. (2.16)

The resulting small-signal grid-interconnection model takes the compact form shown in Eq. (2.19):
Xyr = Au'r Xur + Buwr Uur + B Waur, (219)

The matrices A, Byur, By, are assembled from the electrical line/cable and filter impedances
expressed in the synchronous d—¢ frame and evaluated about the selected operating point. The

corresponding interconnection structures is illustrated in 2

Aedl—> Nigy
—
Aeql Alql
® [ ]
® L[ ]
: Small-Signal | °*
Grid
A Interconnection )
Sldn ) Model Aigy,
Aegn Aigp
Aig
Exogenous AN PE— . g
grid perturbations ] Ae,, Aigg

Figure 2: Step D — Grid interconnection model in the synchronous dq frame for grid-connected

operation.

To maintain a common state space for the hybrid model, the ordering of x,, € R*N*1 and
inverter-voltage inputs u,, € R?V is retained in both operating modes, while the exogenous
grid-voltage input is omitted. Therefore, the islanded MG model takes the form shown in Eq. (2.20):

Xur = Al;}» Xur + Bi[ilur Uy, (220)

The matrix Al is obtained from the same d—g impedance data but with the grid branch open (no
coupling to wy,). This construction allows the integration of grid-connected and islanded cases to be

represented within a single hybrid model that operates on the same state space.

E. Droop-controlled inverter small-signal model

A small-signal model is obtained for each droop-controlled inverter. The dynamics of the voltage
and frequency of each inverter are considered, with the active and reactive power supplied by the
inverter treated as inputs. A clear separation of time scales is assumed: the inner current and voltage
loops are significantly faster than the droop loops and are Hurwitz, with bandwidth winner > w.. Thus,
the droop-loop states capture the slow dynamics. Under this assumption, the n-th inverter contributes
three states: Aw,,, Aeq, and Aeg,; inputs are AP, and AQ),. Figure 3 shows the model for the n-th
inverter with two inputs and three outputs.
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AP, TS
—»{ Small-Signal A

AQ, Inverter [ Cdny,
—»| Model(n) [Ae an

Figure 3: Step E — Small-signal droop model for the n-th inverter (two inputs, three outputs).

Using low-pass filtered power measurements with a cut-off of w,, the droop laws are
W = wy — ]Cp(Pﬂt — Po), E = Eo — kq(Qﬂt — QO) (221)

The linearized dynamics about the quiescent point can be expressed more succinctly as

a |3 L AE AP
— Az, | = Ap, | Az, | + (ApuBpuwo +weBewo) | | +Bro ||, 2.22)
dt Awg AQiny
Az, Az,
with outputs
AEd A:Z?d
AEy
AE, | = L] | Azy | +Bruo . (2.23)
Awo
Aw Az,

Remark (GFM vs. GFL). The model above corresponds to grid-forming (GFM) operation, with
no PLL inside the power plant; P-w and (-FE droop control, consistent with recent usage [4,
12]. For grid-following (GFL) converters with PLL-based current control, the inverter-side outputs
(AEq, AE,, Aw) should be replaced by the corresponding current references (Aij, Aiy), and the grid
interconnection should be updated in Step D accordingly, including the admittance map and input
placement. The hybrid structure (C, f, D, g) and the PCC switching policy remain unchanged; only the
local blocks that feed A,,,, B, are modified.

State accounting (consistency). In this work three droop states (Aegy,, Aegn, Aw,) are associated
with each inverter. Together with the two grid current states (Aigy,, Aiyy,) already included in x,,. from
Step D, this gives a total of five states per inverter within the common state space. Therefore, the overall

continuous dimension is n, = 2 + 5N.

E.1 Closed-loop output impedance of the droop-controlled inverter

Let Avgyt(t) and Aigyt () denote the small-signal perturbations of the inverter output voltage and
current, respectively, at the PCC in the synchronous dq frame. Their Laplace transforms are denoted by
AV (s) and Al (s). The closed-loop output impedance of the droop-controlled inverter is defined as

AVC,ut (S )

Zout(s) = Ao (5) with all other inputs held at their operating-point values. (2.24)
out\S
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For the n-th inverter, the small-signal model in Section E can be expressed in compact state-space
form as

Ay () = AS Awy (t) + BY Nigun(t) + BY Aw, (1), (2.25a)
Aoyt (t) = Cp Azp () + Dﬁf Aoyt n(t) + Dp* Aw, (), (2.25b)

where Az, stacks the droop and grid states associated with inverter n, Aigys,, is the small-signal output
current injection toward the PCC, and Aw,, collects exogenous perturbations, such as setpoint variations
or upstream grid-voltage deviations. The matrix A incorporates the effects of the droop controller and
the power-measurement filter, making the dependence of Z,,(s) on the control design explicit.

By taking the Laplace transforms of Egs. (2.25a)—(2.25b) and setting Aw,,(s) = 0 for the impedance
calculation, the resulting input-output map from Ay, (s) to AVoye n(s) is given by

AVouin(s) = (Co(sT = ADT Bl + D) Aloui.n(s). (2.26)
Therefore, the closed-loop output impedance of the droop-controlled inverter, in small-signal form, is
Zowtn(s) = Cp (sI — Ag) "' Bl + Dy (2.27)

Expression (2.27) shows directly how the choice of droop gains, the power-measurement cutoff
frequency, and any auxiliary control loops modify the apparent output impedance seen from the PCC. In
particular, higher P—w or Q—F droop gains tend to reduce the magnitude of Z,; ,,(s) at low frequencies,
shifting the behavior from a more “voltage-source-like” (low damping) characteristic toward a more
“impedance-shaped” and better damped response. This viewpoint is consistent with previous studies
on closed-loop output impedance of droop-controlled inverters in islanded operation, such as the
analysis in [16].

E.2 Equivalent PCC impedance in grid-connected and islanded modes

The unified small-signal model in Section H provides a common state vector + and mode-dependent
(m)

sis

denote the small-signal voltage at the PCC and let Aipcc(t) denote the algebraic sum of the currents

matrices A;,.’, m € {0,1}, for the grid-connected (m = 0) and islanded (m = 1) regimes. Let Avpcc(t)

injected by the inverters and the grid branch (when present), with all currents oriented toward the PCC.
Their Laplace transforms are denoted by AVpcc(s) and Alpcc(s), respectively.
The equivalent small-signal impedance observed at the PCC in mode m is defined as

AVpcc(s)
Alpce(s)’

with all other independent perturbation inputs held at their operating-point values. Using the

Z{m (s) =

eq

m € {0,1}, (2.28)

augmented state-space realization Eq. (2.43), the linearized dynamics around a given operating point
can be written as

Ai(t) = AU Ax(t) + Bgs Au(t) + B Aw(t), (2.29a)
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where Au collects control-related perturbations (e.g., setpoints), and Aw includes exogenous inputs,
such as upstream grid-voltage deviations in grid-connected mode.

For the impedance computation, Au(s) and Aw(s) are set to zero. Egs. (2.29b)—(2.29¢) can then be
combined to obtain the following

(s) = Cec (1 = AZ) ' Bhe + D

sis

Choc (sI - A(m))_leﬁcc + DEoc

sis

z/(m)

eq

. me{0,1}, (2.30)

where Bpo. and the direct-feedthrough terms D{i., D are obtained from the assembled
electrical-grid and inverter models (Steps D-F).

Equation (2.30) highlights how the equivalent PCC impedance changes between islanded and
(m)

grid-connected operation through the mode-dependent matrices A’ and BI(,IT ). In islanded mode
(m = 1), the inverters and the local load dominate the impedance seen from the PCC, whereas in
grid-connected mode (m = 0), the presence of the upstream grid branch tends to “stiffen” the PCC
and reduce the magnitude of Zég)(s) at low frequencies. This contrast is exploited in Section 5, where
the Bode plots of Zyyut,,(s) and Zégl )(s) are presented and interpreted. In particular, the results show
that the droop parameters and the power-measurement filters determine the apparent low—frequency

stiffness of the converter and of the microgrid as a whole.

F. Small-signal relations for active and reactive power

Variations in the active and reactive power of each inverter are computed from small deviations in
its voltage and current components around the quiescent operating point. Let the dg—components at
the operating point be (Eq0,n, Fqo,n,ido,ns iq0,n) and the small deviations be (AEq,, AEq,, Aigyn, Nigy).
Using the standard dg power definitions, the small-signal power relations are given by

AP, =
AQn =

%(ido,n A-Edn + EdO,n AZuln + qu,n A-Eqn + EqO,n AZqn) ) (231)
%(ido,n AE‘qn + Ed07n Azdn - qu/I’L Alz‘dn - EdO,n A'an) ) (232)

where the factor k = 2 is fixed for three-phase dg RMS magnitudes and is used consistently across all

power computations in this paper. Equivalently, the model can be expressed in compact form as

Alz‘dn
_ % de), /L‘q(), do, q0, 7 (2.33)
AQ,, —igom  tdom —FEqon —FEdion Aigp

Aigy,

Figure 4 shows how the small-signal voltage components from Step E, (AEdn, AEqn), and the
small-signal inverter current components from Step D, (Aid”, Aiq,,,), feed into a power-linearization
block that yields (AP,, AQ,). These quantities are then used as inputs to the n-th inverter droop model
derived in Step E.
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Figure 4: Step F — Linearization of active/reactive power around the operating point using dq

small-signal variables.

In Fig. 5, the E blocks contain the small-signal droop models for each inverter, providing
(Awy, Aegn, Aegpn). The grid interconnection (D block) implements the linearized admittan-
ce map, translating nodal-voltage variations (Aegn,Aegn,Aeqq, Aeqy) into current variations
(Aign, Atgn, Aigg, Aigg). The F block computes the active/reactive perturbations (AP,, AQ,) from
(Ae,, Aiy,) about the quiescent point and feeds them back to the droop loops, thereby closing the
modular feedback path. The vertical ellipsis denotes identical intermediate inverters (2,...,n — 1) that

are omitted for brevity, while grid-side perturbations (Aey,, Aeyy) enter as exogenous inputs.

Aw >
Small-Signal
mall-Signal | A p _
Inverter - > Aigy > » AP
Model (1) | Ae,, _ Nig > AQ;
E - g
. . . Small-Signal .
: : , : PIQ :
A Small-Signal Computation
Wn, Grid . » AP,
Small-Signal  [Acy,, Interconnection Ady > AQ,
> Inverter > Model — >
Model (n)  |Aegn Aig, o
E > 4 >
Aegg > Sy,
Acqg »1 D Ay >
Exogenous | |
grid perturbations i
»1 F

Figure 5: Steps D-F — Modeling framework: grid interconnection (D), inverter droop (E), and

power linearization (F) assembled into a closed-loop small-signal representation.

G. Operating points (equilibria)

In grid-connected operation, the steady state of the grid interconnection is satisfied.

0= Aur Xur,0 + BUur Uyr,0 + BWur Wur,0, (234)
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where the steady-state vectors are collected as shown in Eq. (2.35):

. . . . . . T
Xur,0 = [Zdo,1 240,1 *** %do,N 1q0,N %d0,g Zqo,g] )
T
Wur0 = [Fao Eqo1 -+ Eaon Eqon] (2.35)
T
Wour,0 = [EdO,g EqO,g]
At the droop-control equilibria of the inverter,
Werid = Wo,n — kp,n (EdO n ZdO nt EqO n ZqO n) ) (236)
Eﬁ(),n + E§0,7L = kq,n( q0,n idO,n - EdO,n qu,n) 5 (237)
forn=1,...,N.
In islanded operation, the MG steady state reduces to
AISI Xur,0 + BUuT Uyr,0, (238)
with droop constraints
W =won — kp,n (EdO,n Z.dCl,n + EqO,n qu,n) ) (239)
E(%O,n + E(?O,n = E(),n - kq,n(Eq(),n Z'd(],n - EdO,n Z'q(),n) 5 (240)
and the power balance
Z PO n — Z Plos% n + Pload7 PO,n = EdO,n idO,n + EqO,n qu,n- (241)

n=1

H. Augmented small-signal model (both modes)

A single state vector with a fixed ordering is adopted, as shown in Eq. (2.42):

. ) . . . . T
T = [ Aigg Aigg (Aig1 Aigi Aeqi Aegr Awr) -+ (Aign Algy Aegny Aegn Awp) } e R2H5N

grid currents VSI1 (5) VSIN (5)

(2.42)

This ordering is used in both modes and in all hybrid maps. Let Auf2}” collect exogenous E /w setpoint

mvs

perturbations, if any, and let Aw,, = [Aey, Aey,]" denote PCC grid-voltage perturbations, which are
present only in grid-connected operation. The closed-loop small-signal model is given in Eq. (2.43):

= A2 + Bg AuZW + BUY Aw,,, (2.43)

S1s mvs

where m € {0,1} encodes the STS position (m=0 grid-connected, m=1 islanded), Am €
REHSN)X(2+5N) ‘and By, € REHN)xnu By construction, the mode-dependent matrices in Eq. (2.44)
satisfy

B = (L=m) By,  AG) = A5 4 m (Al - A5, (244)

S18 S18

where A%Y and Al arise from Steps D-F after linearizing at the mode-wise operating points
(Sec. G) and assembling: (i) the grid admittance map (current rows/columns), (ii) the droop dynamics
(voltage/frequency rows/columns), and (iii) the power-linearization feedback (gain blocks from

(Ae,, Aiy) to (AP, AQy)).
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I. Unified hybrid realization on a common state

By combining the hybrid structure introduced in Eq. (2.1) with the augmented small-signal model of
Step H, the inverter-based microgrid is described as a hybrid system, with its state defined in Eq. (2.45):

z:=(x,m,7) € R"™ x {0,1} x R>q, (2.45)

where z € R" stacks the continuous variables of the grid and the droop-controlled inverters, m encodes
the STS position (m=0 grid-connected, m=1 islanded), and 7 denotes the dwell-time accumulator.
The mode-dependent closed-loop matrices can be succinctly expressed as

AD = agid AW = A (2.46)
so that
AT = AB (A - A mee {0,1), (2.47)

with A%, AR

sis 7 ‘7 sis

€ R"=*"= obtained from the procedure in Steps D-H for the operating points considered
in Sec. 4. The input matrix Bgs does not depend on the mode, whereas the grid-voltage coupling is
present only in grid-connected operation, thus BI(,{,R ) = (1 —m) By.

Flow map. Using the notation of Eq. (2.43), the flow dynamics of the hybrid model can be expressed
as
i=A" 24 By AufY 4 (1 —m) By Aw,,, m=0 =1, z€C, (2.48)

where the flow and jump sets C' and D are given in Egs. (2.13a)-(2.13b) in terms of the hysteretic
functions ¢open and @eiose-

Jump map (STS toggling with affine realignment). Let 2}, be the operating point of mode m
computed in Subsection G. To preserve the continuity of the incremental coordinates Z := = — x};, at STS
commutations, An affine reset is adopted.

et =z + (21, — },), m* =1-m, T =0, z €D, (2.49)

so that 2T = 7 is continuous across the jump. The jump set D is also defined in Eq. (2.13) and enforces
both the hysteretic conditions at the PCC and the minimum dwell time 7yip.

Summary. Equations Eq. (2.48), Eq. (2.49) together with the sets Eq. (2.13) and the mode-dependent
matrices Eq. (2.46) provide a unified hybrid description of the MG in a single state space. This realization
is independent of the particular choice of continuous coordinates and, under the time-scale separation
assumptions stated in Sec. 3, is amenable to switched-system stability tools (e.g., Lie-algebraic and CQLF
tests) applied to the pair {4579, Als!

sis » “sis S

3. Stability analysis of the unified hybrid model

Proposicién 3.1 (GUAS with CQLF for the switched pair). If a symmetric matrix P = PT > 0 and a scalar
€ > 0 can be found such that the matrix inequalities in Eq. (3.1) are satisfied, namely

Ay P+ PAy < —l, Al P+ PA, < —¢l, (3.1)
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then the switched system & = A(™z is globally uniformly asymptotically stable (GUAS) under any switching
signal m(t) € {0,1}.

Idea (sketch of proof). The quadratic candidate V' (z) = =" Pz is considered, and it is verified that V <
—el|z]|? in each mode; continuity of the incremental state at jumps is then used to conclude GUAS.
From a practical prespective, these conditions complement the modal metrics reported in Table 2.
While the eigenvalues of Aé?s) and Aglls) quantify local damping in each mode, the CQLF-based test
provides a sufficient certificate for arbitrary switching between the two modes, that is under the actual
STS switching logic. Thus, planned islanding and reconnection can be interpreted as seamless transitions

of a GUAS switched system rather than as independent operating cases.

4. Case study and results

A laboratory—scale microgrid with two three-phase VSIs supplying an RL load through a PCC
equipped with an STS is considered (cf. Fig. 1). Representative electrical and control parameters are
given in Table 1. The synchronous frame rotates at wy = 27 - 60 Hz and RMS conventions are used
consistently. When required, the 3/2 scaling for three-phase dg transformations is consistently applied
across power computations.

Operating points and linearization

Steady-state operating points are obtained by solving the algebraic grid-interconnection equations
along with the droop constraints (see Subsection G). Linearizing around these operating points, the
closed-loop small-signal model is derived as presented in Eq. (2.43). For N = 2, voltage source inverters
(VSIs) are utilized, the common state dimension amounts to 2+ 5N = 12. This includes two grid-current
states along with five states for each inverter.

PCC thresholds and dwell time

The switching logic uses the hysteretic functions defined in Egs. (2.12a)—(2.12b). The thresholds
are selected such that wepen > welose > 0, Eopen > FEelose > 0, Oclose > 0, and min > 0, with
representative values selected according to interconnection standards and the characteristics of the
laboratory hardware.

5. Results

Simulation scenarios and setup

The laboratory—scale microgrid described in Section 4, consisting of N = 2 three-phase VSIs feeding
an RL load through a PCC equipped with an STS, is considered. The continuous dynamics are governed
by the unified hybrid realization in Eq. (2.48)-Eq. (2.49), with the mode matrices Ag?g (grid-connected)
and ASS) (islanded) obtained as in Steps D-H. Representative electrical and control parameters are

summarized in Table 1.
Three simulation scenarios are evaluated:
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1. S1(Grid-connected, small perturbation): the MG operates in grid-connected mode (m = 0) while

a small step is applied to (Aegq, Aegy), emulating a perturbation in the upstream grid.

2. S2 (Islanding): starting from the steady state of 51, the STS opens when the mismatch function
Gopen () in Eq. (2.12a) becomes nonnegative and the dwell-time condition 7 > 7, is satisfied.

The system then evolves with m = 1.

3. S3 (Reconnection): from the islanded steady state, the MG is resynchronized with the grid.
Closing is enabled when ¢gjose(x) > 0 in Eq. (2.12b) and 7 > 7,in; at that instant, the STS closes
(m <= 0), and the hybrid jump map realigns the operating point as in Eq. (2.49).

Unless otherwise stated, the typical synchronization thresholds (wopen; Eopen) = (2 welose, 2 Eclose)
and .o = 5° are adopted, along with 7min = 120ms, consistent with the laboratory hardware and

interconnection practices.

Table 1: Power system characteristics (representative).
Grid voltage 120 Vrms, 60 Hz
Line (Invl) (R,L) 12.0mQ, 120 uH
Line (Inv2) (R, L) 12.0mQ, 120 uH
Line (Grid) (R, L) 30.0m(), 304 uH
Load (R, L) 7.4483Q), 7.903 mH
Droop k;, (both) 0.0286 Hz/kW
Droop k, (both) 0.300 Vrms/kVAr
Setpoints (Ep,wp) see text
Filter cut-off f, 5.0Hz (w. = 27 f,)

Active/reactive power and STS status

Figure 6 shows the active and reactive powers of the load, the two inverters, and the grid over the
entire simulation horizon, along with the STS status. The upper and middle panels correspond to active
and reactive powers, respectively, while the bottom panel reports the STS position, highlighting the
islanded interval between the opening at ¢ = 4 s (transition S1—+52) and the closing at ¢ = 9 s (transition
52—53).

Before islanding, the load active and reactive powers (Pr,, Q1) are jointly supplied by the inverters,
while the grid contribution remains negligible. At t ~ 4 s the STS opens, forcing a sudden change
in the boundary conditions. As shown in the upper and middle panels of Fig. 6, this produces short,
well-damped oscillations in the individual inverter powers, consistent with the instantaneous mismatch
between the pre-fault grid phasor and the islanded droop references. After a brief transient, the system
settles to a new sharing point determined by the droop coefficients, with no sustained oscillations
or secondary peaks. These results indicate that the proposed hybrid realization provides an orderly
transition to islanded operation while maintaining power balance and avoiding large excursions in P
or Q.

When the synchronization window is satisfied and the dwell-time requirement is met, the STS
closes at t ~ 9 s, reconnecting the MG to the grid. As shown in Fig. 6, he active and reactive powers
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Figure 6: Active and reactive power of the load, inverters and grid, and STS status over the full

simulation horizon.
adjust smoothly to the new operating point: the grid resumes supplying part of the load while the

inverter injections shift toward their grid-connected values without overshoot or oscillatory behavior.
The absence of abrupt power reversals or high-frequency components confirms the effectiveness of the
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synchronization and dwell-time logic, ensuring that the mismatches in voltage, phase, and frequency
are negligible at the moment of closing. Consequently, the reconnection is executed as a controlled,

low-stress event for both the inverters and the grid interface.

Voltage magnitude, phase, and frequency at the PCC

Figures 8 and 7 summarize the behavior of voltage magnitude, phase, and frequency at the PCC
during the planned islanding and reconnection sequences. In both figures, the top panels display the
RMS voltages at the inverters and the PCC, the middle panels report the phase-error signals (A¢1, A¢p)
relative to the grid, and the bottom panels show the inverter frequencies (wy,ws2).

Before the STS opens, the PCC voltage closely tracks the grid reference, and both inverters operate
with almost identical RMS magnitudes. In the phase plots of Figs. 8 and 7, the middle panels present
the phase-error signals (A¢q, A¢s) that remain tightly clustered around zero, indicating that the droop
loops and the virtual grid phasor used for synchronization are well aligned. Consistently, the frequency
trajectories in both figures stay close to wp, with only minor deviations caused by the active-power droop
action and the grid perturbation in S1.

Figure 8 focuses on the islanding event S1-52. Once the STS opens at ¢ =~ 4 s, the PCC is solely
driven by the droop-controlled inverters, and its RMS voltage converges to the islanded operating point
without any overshoot. The phase errors are measured relative to the same "virtual” grid phasor and
drift smoothly as the island evolves in free-running mode, while the inverter frequencies settle to a
common value slightly offset from wy according to the active-power droop law.

Figure 7 complements this view by zooming on the reconnection phase 52-5S3. During this interval,
the synchronization logic steers both the voltage magnitude and the inverter frequencies back towards
the grid values: the trajectories of wy,ws are brought close to wy, and the phase errors (A¢q, A¢s) are
driven back to a small neighborhood of zero. At the closing instant (around ¢ ~ 9 s), the mismatch in
phase and frequency is therefore small, which explains the absence of noticeable voltage or frequency

transients in the subsequent grid-connected regime.

Synchronization window and dwell-time enforcement

Figure 9 details the behavior of the synchronization variables and the associated dwell-time logic
during reconnection. The first three panels display the absolute mismatches |A¢|, |Aw| and |AE)|
accompanied by their prescribed bounds. After islanding, these errors evolve freely as the microgrid
operates in islanded mode; when the reconnection phase starts, the hybrid controller gradually drives
them inside the “close window” W, ensuring that phase, frequency, and voltage are simultaneously
within acceptable tolerance limits before any closing actions are permitted.

The fourth panel displays the accumulated time in band s(t), which grows only while all three
mismatches remain inside W,,. The bottom panel shows the dwell timer 7 together with the STS state.
A closing jump is triggered only when both conditions are met: (i) the logical function ¢ciese(z) > 0 (all
mismatches in band), and (ii) s(¢) has exceeded the required dwell time while 7 > 7,,,;,,. This dual timing
mechanism effectively mitigates spurious or rapid switching, minimizes sensitivity to measurement
noise, and ensures that reconnection occurs as a well-separated, low-stress event for both the inverters
and the upstream grid.
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Figure 7: RMS voltages, phase error, and inverter frequency during the planned reconnection
(52-S3). The change of mode occurs at ¢t ~ 9 s, as indicated by the vertical event markers in

each panel.

Stability assessment

To complement the time-domain experiments, the local linearizations of the hybrid model around
the operating points of the islanded and grid-connected modes were examined. For each mode
m € {0,1}, the Jacobian Aig) was computed at the corresponding steady state, and its spectrum
was summarized in Table 2 in terms of the largest real part and the smallest damping ratio. In
both cases, all eigenvalues lie in the open left half-plane, with dominant real parts on the order of
0(10) s~! and damping ratios well above typical minimum design thresholds. This is consistent with the
smooth active/reactive power trajectories in Fig. 6 and the well-behaved voltage, phase, and frequency
responses in Figs. 8 and 7.

The additional linearization associated with the synchronization dynamics (the “synchronization”
row in Table 2) also exhibits comfortable margins, ensuring that the virtual grid phasor used for phase
and frequency alignment does not introduce lightly damped modes. Altogether, the modal analysis
supports the qualitative picture given by the simulations: the closed-loop system has sufficient damping
in each mode, and the switching logic with thresholds and minimum dwell time prevents excessively
fast commutations, leading to the well-separated, low-stress islanding and reconnection events observed
in Figs. 6 and 9.
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Figure 8: RMS voltages, phase error and inverter frequency during the planned islanding event
(S1-S2). The dashed vertical line marks the STS opening at ¢ ~ 4 s, and the window (3,5, 5,0] s
highlights the transient until the system settles to the islanded operating point.

Closed-loop PCC impedance: Bode plot

To complement the time-domain and modal results, the closed-loop equivalent PCC impedance
Ze(gl ) (s) was computed from the state-space realization of the droop-controlled inverters and the
grid-side network model detailed in Sections E.1-E.2. Figure 10 presents the corresponding magnitude
and phase Bode plots for islanded (m = 1) and grid-connected (m = 0) operation.

At low frequencies, the behavior of ZC((T ) (s) reflects the combined effect of the P-w and Q—-E droop
gains and the power-measurement low-pass filter. For the parameters of Table 1, the magnitude of
Zéan) (s) remains essentially flat around 1 2, while the phase stays within a few tenths of a degree. At the
fundamental frequency (60 Hz), the impedance is approximately Zéa”) ~ 1,0Q/-0,1° in both operating
modes. Thus, the converters behave as an almost purely resistive source when viewed from the PCC.

The grid-connected case exhibits a slightly smaller magnitude and a marginally more lagging phase,
reflecting the increased stiffness introduced by the upstream grid branch. These trends are consistent
with the smooth islanding and reconnection trajectories reported in Figs. 6, 8 , and 7, and confirm that
the selected droop parameters shape the low-frequency closed-loop impedance to be predominantly
resistive.
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Figure 9: Synchronization window and dwell-time enforcement around the planned
reconnection (S2-S3): (a) phase mismatch |A¢|, (b) frequency mismatch |Aw|, (c) voltage
mismatch |[AV], and (d) time-in-band counter s(¢).

Table 2: Representative eigenvalue metrics for each operating mode.

Mode max R{\} [s7!] min(¢
Islanded (m = 1) —31,42 0,60
Grid-connected (m = 0) —5,69 0,28

6. Discussion

The numerical simulations confirm that the unified hybrid model produces consistent and
well-behaved trajectories across both grid-connected and islanded operating modes, including the
transitions managed by the static transfer switch (STS). Quantitative performance indicators extracted
from the simulated responses directly support these observations.

During islanded operation (3.5-4.5 s), the load demand of approximately 5.0 kW is supplied entirely
by the two inverters, which settle at steady-state powers of 1.57 kW each, as reported in Table ??. The
frequency deviation remains small, with a maximum of 0,064 Hz, while the maximum deviation in PCC
voltage magnitude is limited to 0,49 V,.s. The phase displacement between the inverter voltage and the
notional grid reference remains below 0,74° throughout the window. These bounded deviations indicate
stable operation and validate the droop-based power sharing mechanism under islanded conditions,
consistent with the small-signal structure in Eq. (2.43).
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Figure 10: Closed-loop equivalent PCC impedance Zégl )(jw) in islanded (m = 1) and

grid-connected (m = 0) operation.

During the reconnection interval (8.5-9.5 s), the same load demand is shared between the grid and
the inverters. After synchronization, both inverters converge to 2,52 kW with zero overshoot, and the
simulated grid contribution remains at 0 kW, reflecting the assumed power-flow direction. Again, the
deviations remain small: the maximum frequency excursion is 0,018 Hz, and the maximum voltage
deviation at the PCC remains at 0,49 V5. The phase error at the PCC stays below 0,79°, consistent with
the prescribed synchronization bounds.

The synchronization metrics further confirm the effectiveness of the supervisory logic. The STS
closing delay is only 50 ms, and the maximum phase mismatch at the closing event is approximately
0,92°, with the voltage mismatch limited to 0,49 V.ns. These quantitative values demonstrate that the
system adheres to the imposed guard and dwell-time conditions, achieving a smooth reconnection
without transient power peaks in P, or Q.

From a stability perspective, the modal analysis in Table 2 shows that both grid-connected and
islanded linearizations have negative real eigenvalues and moderate damping, which supports the local
asymptotic stability of each mode. This, together with the CQLF-based argument in Section 3, provides
a sufficient certificate for GUAS of the switched system under the given logic.

Overall, the combination of small frequency and voltage deviations, bounded phase errors, and the
absence of power overshoots during reconnection provides strong quantitative evidence that the unified
hybrid model serves as an effective foundation for controller validation and microgrid supervisory
studies.

These observations are fully consistent with the time-domain trajectories presented in Figures 6-9,
where the islanding and reconnection events appear as well-separated, low-stress transitions with
bounded deviations in all monitored variables.
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7. Conclusions

A unified hybrid modeling methodology is introduced that captures both islanded and
grid-connected operation of inverter-based microgrids within a single state-space representation with
explicit switching logic. The approach supports stability certification through common quadratic
Lyapunov arguments and allows the supervisory logic to be embedded directly within the dynamical
model.

Quantitative results from the case study confirm the effectiveness of the proposed methodology.
During islanded operation, the inverters restored a new equilibrium at approximately 1,57 kW each,
supplying a 5,02 kW load, with frequency and voltage deviations limited to 0,064 Hz and 0,49 V,ns,
respectively. During reconnection, the STS closed after 50 ms with the maximum phase mismatch
below 1°, yielding a smooth transition without power overshoot. Post-transition steady-state powers
of 2,52 kW per inverter were reached with zero overshoot, while frequency and voltage deviations
remained below 0,018 Hz and 0,49 V,us. These small deviations validate the synchronization logic and
the robustness of the droop-based controller tuning.

The eigenvalue analysis further complements these findings, showing negative real parts and
acceptable damping ratios for both operating modes, thus supporting the underlying stability claims.
The hybrid model therefore provides a coherent platform for systematic controller design, tuning, and
validation, and its modular structure enables straightforward extension to multiple inverters, different
droop laws, or alternative supervisory strategies.

Future work will be devoted to studying operation under weaker grid conditions, unbalanced
or nonlinear loads, and to performing experimental validation using hardware-in-the-loop platforms.
These extensions will be built on the same hybrid structure, reinforcing the proposed model as a
practical and scalable tool for design, analysis, and real-time supervisory control in inverter-dominated
microgrids.
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