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Abstract— Microgrids face significant challenges due to the stochastic behavior of distributed energy resources, which may excite
low-damped oscillatory modes and compromise stability. This paper develops a unified small-signal model of an islanded microgrid and
proposes a state-feedback controller (SFC) as a power system stabilizer (PSS) to enhance low-frequency damping in the diesel generator
subsystem. The controller and inverter control parameters are tuned using a genetic algorithm (GA). Numerical results show that the
proposed approach increases the damping ratio of the dominant electromechanical mode from 0.03 to 0.18 (a six-fold improvement) and
reduces rotor-speed overshoot by nearly 60% under a 10% disturbance. Time-domain simulations further confirm a 70% reduction in
settling time for rotor-angle deviations. These results demonstrate that the optimized SFC significantly improves electromechanical damping
and strengthens the small-signal stability margin of the islanded microgrid.

Keywords—Islanded microgrid, small-signal stability, state-feedback controller, power system stabilizer, genetic algorithm, diesel
generator dynamics.

1. INTRODUCTION The stochastic and intermittent nature of renewable energy
generation causes frequent fluctuations in active and reactive power
outputs [7]. These variations can lead to low-frequency oscillations
(LFOs), voltage instability, and reduced damping performance
within the microgrid [8, 9]. Consequently, maintaining stable
operation under such uncertain and dynamic conditions necessitates
the implementation of advanced control strategies capable of
providing robust stability and adequate damping characteristics. To
address these challenges, various control methodologies have been
proposed in the literature [10], including droop control, model
predictive control (MPC), and adaptive or robust control schemes
[11]. Nevertheless, these methods often face limitations when
dealing with system nonlinearities and parameter uncertainties in
inverter-based microgrids. In this context, state feedback control
(SFC) emerges as a powerful tool that allows direct placement of
system poles, thereby improving both dynamic response and small-
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In recent years, the increasing penetration of distributed energy
resources (DERs) [1]—such as photovoltaic systems [2], wind
turbines [3], vortex induced vibration [4], and microturbines—has
transformed the traditional centralized power grid into a more
decentralized and flexible structure known as the microgrid [5, 6].
A microgrid can operate either in grid-connected or islanded mode,
providing enhanced reliability, energy efficiency, and resilience
against grid disturbances. However, the islanded mode of operation
introduces significant challenges related to voltage and frequency
regulation, power-sharing, and particularly small-signal stability,
due to the absence of a strong grid reference and the dynamic
interactions among multiple converter-based units.
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Several studies have examined stability enhancement in islanded
microgrids using various control approaches [14, 15]. Prior work
has investigated load—frequency control strategies [16], adaptive
damping control for DC microgrids [17], resonance analysis and
stability conditions [18], and the dynamics of wind—diesel hybrid
systems [19]. Other contributions have explored virtual inertia and
advanced feedback strategies [20, 21], as well as optimal damping
control in diesel-based microgrids [22, 23]. While these studies
provide valuable insights, most of them treat inverter controllers and
stabilizing controllers separately or rely on simplified droop-based
models. A unified small-signal framework that explicitly captures
diesel-inverter interactions and enables coordinated stabilizer tuning
remains insufficiently addressed in the literature. Recent studies
have also introduced advanced frequency-control mechanisms for
islanded and interconnected microgrids that highlight the need for
more robust stabilization strategies. Shayeghi er al. [24] proposed
a multi-objective optimized parallel FOPI-FPOD controller for
enhancing LFC performance in islanded microgrids, demonstrating
strong robustness against sudden load variations, RES intermittency,
and parametric uncertainties. In a related direction, Shayeghi et
al. [25] developed the TIDA+1 error-signal regulator, combining
tilt, integrator, derivative, and acceleration operators within a PSO-
optimized framework to improve LFC behavior in interconnected
microgrids under modeling uncertainties and nonlinearities. These
contributions emphasize the increasing reliance on optimized and
multi-operator controllers for frequency stabilization; however, they
primarily target LFC rather than the small-signal electromechanical
stability challenges addressed in the present work. Unlike these
methods, the proposed study develops a unified small-signal model
and a state-feedback damping controller specifically designed to
reshape dominant oscillatory modes in diesel-supported islanded
microgrids. In addition to microgrid-oriented stabilizing methods,
several studies have investigated nonlinear control strategies aimed
at enlarging the domain of attraction of dynamical systems.
Yadipour et al. [26] proposed a Lyapunov-based controller design
framework grounded in Zubov’s theorem to stabilize a class of
affine nonlinear systems and systematically expand their domain of
attraction. Their results, demonstrated on the Van der Pol oscillator
and a non-globally stabilizable system, highlight the importance of
robust nonlinear stabilization in improving system reliability.

Beyond power system applications, several recent studies in
mechanical and robotic systems also demonstrate the effectiveness
of optimization-based design strategies for improving dynamic
performance [27]. Bingham er al. [28] investigated advanced
material selection and the design of lightweight, high-strength
robotic structures inspired by natural geometries, showing how
additive manufacturing and experimental characterization can
enable enhanced mechanical efficiency. Similarly, Yancheshmeh
et al. [29] applied finite element analysis combined with genetic
algorithms to optimize autonomous vehicle chassis design under
complex loading scenarios, achieving improved weight—strength
balance and structural robustness. Although these works focus
on mechanical systems rather than microgrids, they highlight the
broader applicability of evolutionary optimization methods—such
as GA—in achieving superior system performance. This perspective
supports the motivation behind our use of GA for coordinated
controller tuning in the proposed microgrid stabilization framework.
Although previous studies have explored various damping
controllers and inverter control strategies, several limitations
remain. Conventional PSS designs rely primarily on rotor-speed
input and torsional filters, which introduce undesirable phase lag
at low frequencies and reduce damping of excitation modes.
Many inverter-based microgrid studies employ simplified droop or
reduced-order inverter models, preventing accurate representation
of the coupled electromechanical-converter dynamics. Moreover,
stabilizers and inverter controllers are typically tuned independently,
without ensuring coordinated behavior across the diesel generator
and IBDG. Few works provide a unified small-signal model that
integrates the diesel generator, AVR, full inverter control loops,

and the network in a common reference frame. These limitations
motivate the need for a more comprehensive modeling framework
and a multi-state feedback stabilizer capable of directly shaping
the dominant oscillatory modes. Despite the extensive literature
on microgrid stability, two major limitations remain. First, most
existing studies model the diesel generator, inverter control loops,
and the network separately, without constructing an integrated
small-signal model that captures their coupled dynamics. Second,
stabilizer design is typically performed independently of inverter
control tuning, limiting the achievable damping improvements.
These gaps highlight the need for a unified modeling framework and
a coordinated tuning methodology capable of jointly optimizing
both inverter controllers and stabilizers. To clearly position
the proposed work within the existing body of literature,
a taxonomy-based comparison is provided in Table 1. This
structured comparison highlights that most existing approaches
rely on simplified or decoupled models and independently tuned
controllers, whereas the proposed method uniquely combines
a unified small-signal model with a coordinated GA-optimized
state-feedback stabilizer. The taxonomy therefore clarifies the
methodological gap addressed by this study and motivates the
proposed control framework.

In this study, a comprehensive dynamic model of an islanded
microgrid is developed to accurately capture the coupled dynamics
of inverter-based DERs and a diesel generator. The proposed state
feedback controller is designed and tuned to act as a power system
stabilizer (PSS), aiming to mitigate low-frequency oscillations and
enhance overall damping performance. Furthermore, the controller
parameters are optimized using a GA to ensure superior stability
margins and adaptability to varying operating conditions. The
effectiveness of the proposed approach is validated through time-
domain simulations and eigenvalue-based small-signal analysis,
demonstrating that the optimized SFC can significantly improve the
microgrid’s transient and steady-state performance. The findings
highlight the potential of the proposed control strategy as a viable
solution for achieving reliable and stable operation of islanded
microgrids with high penetration of inverter-based resources. The
main contributions of this work can be summarized as follows:

1) A unified small-signal model that integrates the diesel
generator, AVR, and full inverter control loops in a common
DQ frame;

2) A multi-state feedback PSS that avoids torsional filters and
enables direct eigenvalue placement;

3) A coordinated GA-based method that jointly optimizes
inverter control gains and PSS feedback parameters using
eigenvalue-oriented criteria; and

4) Verified improvements in damping, overshoot, settling time,
and overall small-signal stability through eigenvalue analysis
and time-domain simulations.

This work addresses the above gap through the following
contributions: (i) developing a unified small-signal state-space
model combining diesel generator, AVR, and full inverter control
loops; (ii) designing a multi-state feedback PSS that avoids
torsional filtering; and (iii) proposing a coordinated GA-based
optimization that simultaneously tunes inverter control gains and
PSS feedback parameters based on eigenvalue-oriented criteria.

2. SMALL-SIGNAL MODELING OF THE ISLANDED
MICROGRID

The component models employed in this work for the diesel
generator, its excitation system, the inverter-based distributed
generator, and the network follow standard representations widely
adopted in the literature on microgrid dynamics and small-signal
analysis. Rather than introducing entirely new device-level models,
the contribution of this section is to assemble these established
subsystems into a unified small-signal state-space framework
expressed in a common DQ reference frame. This integrated
formulation explicitly includes the dynamics of the AVR, the



Journal of Operation and Automation in Power Engineering, vol. 13, no. Special Issue, Dec. 2025 31

Table 1. Comparison of literature review.

Reference | Microgrid type Dynamic model Stabilization method Diesel-inverter Optimization Key limitation
coordination method

[12] Islanded Inverter-only small-signal Inner-loop control tuning No None Diesel dynamics neglected

[17, 18] Wind—diesel Reduced-order Conventional PSS Partial None Simplified inverter model

[20, 21] Islanded Averaged model Virtual inertia / damping No Heuristic tuning Limited damping of elec-
tromechanical modes

[22, 23] Diesel-based Generator-focused Optimal PSS No GA / PSO Inverter dynamics ignored

[24] Islanded LFC-oriented Parallel FOPI-FPOD No Multi-objective optimization | Targets frequency control,
not small-signal modes

[25] Interconnected LFC-oriented TIDA+1 regulator No PSO Not eigenvalue-based

This work Islanded Unified diesel-inverter Il-signal model | Multi-state feedback PSS | Full coordination GA (eigenvalue-based) -

inverter’s power/voltage/current control loops, and the network
interconnection, thereby providing a consistent basis for eigenvalue-
based stability assessment and for the state-feedback controller
design presented in Section 3. One of the key characteristics
of a microgrid is its ability to operate in two distinct modes:
grid-connected and islanded (stand-alone). In the islanded mode of
operation, the microgrid is disconnected from the main utility grid,
and the distributed generation (DG) units are solely responsible
for supplying the total power demand of the local loads. Under
this condition, the voltage and frequency of the microgrid must
be regulated within acceptable limits, despite the absence of grid
support.

In islanded operation, each distributed energy re-
source—particularly inverter-based units—plays a crucial role
in maintaining stable voltage and frequency levels. To achieve this,
decentralized control strategies are typically employed, relying
exclusively on locally measured quantities such as voltage, current,
and power. In this study, an entirely local control scheme is adopted
for the inverter-interfaced DG, enabling fully autonomous operation
and improved power sharing within the islanded microgrid. The
proposed small-signal model of the studied microgrid, illustrated
schematically in Fig. 1, decomposes the system into four major
subsystems:

1) Diesel Generator Subsystem,

2) Inverter-Based Distributed Generation Subsystem,
3) Network (Distribution Line) Subsystem, and

4) Load Subsystem.

Each subsystem is represented by a set of nonlinear differential
and algebraic equations that describe its dynamic behavior.
These equations are subsequently linearized around a nominal
operating point to obtain a unified state-space representation
of the islanded microgrid. This formulation enables systematic
small-signal stability analysis through eigenvalue computation
and facilitates the design of advanced, damping-oriented control
strategies aimed at improving both dynamic response and overall
stability.

2.1. Reference frame transformation and model integration

Each DG unit in the microgrid is modeled in its own
synchronous reference frame (dq-frame). The inverter-based DG is
represented in the reference frame aligned with its internal voltage
vector, while the diesel generator dynamics are expressed in the
rotor reference frame of the synchronous machine. The dynamic
model of the inverter-based DG includes the power control loops,
output filter dynamics, coupling inductor, and the voltage and
current controllers. These control loops collectively regulate the
active and reactive power delivered to the microgrid and maintain
stable voltage and frequency during islanded operation.

In this study, the network and load dynamics are expressed
in the reference frame of the diesel generator, which serves as
the common reference for the entire system. To integrate the
inverter-based DG model with the rest of the system, a reference
frame transformation is applied to align its state variables with the
diesel generator reference frame. This transformation is achieved
using a rotational transformation matrix, as shown in Eq. (1) [30]:

Inverter-Based DG
(Inverter + Control)

Diesel Generator
(Synchronous Machine)

I I
Governor & AVR Droop & Inner Loops

! .

Distribution Network
(R-L Line with 7-equivalent Model)

Local Loads
(Constant P/Q or
Impedance Type)

| Start ‘

Define Islanded Microgrid
(Diesel Generator, IBDG, Network, Loads)

Develop Nonlinear Dynamic Models
(DG + AVR, Inverter Control Loops)

Linearize Around Qperating Point

Unified Small-Signal State-Space Model

Select Feedback States
(AB, Aw, Ae’q, AEfd)

Initialize GA Parameters and Bounds

Afsrgance >
Achleved?

.

“\I,//
‘ Obtain Optimal Controller Gains

Apply Optimized State-Feedback Controller to AVR

Eigenvalue Analysis and
Time-Domain Simulations

Performance Evaluation
(Damping, Overshoot, Settling Time)

Fig. 1. Simplified schematic representation of the islanded microgrid model.
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where § represents the angular displacement between the
inverter’s reference frame and the diesel generator reference frame.

The transfer function matrix that relates the inverter-based DG
variables to the common reference frame is defined as [30]:

Gdd S qu S
Gls) = quEsg qugsg @

This matrix describes the dynamic coupling between the d-
and g-axis components of voltage and current, and it enables
the unified representation of both generation subsystems in a
single coordinated model. The transformed equations facilitate the
formulation of a comprehensive state-space model for the islanded
microgrid, suitable for small-signal stability analysis and controller
design.

2.2. State-space model of the diesel generator

The linear model of the DG is formulated following standard
synchronous machine and excitation system representations.
Parameter values are listed in Table 2. The stator voltage equations
in the synchronous dq-frame are expressed in terms of the transient
internal voltages e, ef] and stator currents I4, I, as shown in [30]:

Vi=ey — Ralqg — Xqlg, 3)
Vo=ey — Ralg + Xala,

where I4 and I, are stator currents; e; and e are transient
EMFs; vy and v, are terminal voltages; and Ra, X, X, denote
stator resistance and d—q transient reactances. The instantaneous
active and reactive powers P and () are expressed as functions of
ey, ey, 1a, and I, according to:

P=cylg+eqyly,
Q:t?q/ldfed/[q. (4)

The rotor swing dynamics and the transient g-axis electromotive
force (EMF) are modeled using the relationships between rotor
angle J, angular velocity w, mechanical input power P, electrical
output power P., damping coefficient D, and inertia constant M
as given in [30]:

0 =w— wo,
.1

©)
P. — D(w — wop)),
1

o Tdo/
where 0 is rotor angle, w is rotor speed, M is inertia constant,

D is damping coefficient, P,, is mechanical input power, and P.
is electrical output power.

(—eq — (Xa— Xar)la + Eta), (6)

eq/

Table 2. Parameters of the diesel generator.

Parameter Value Parameter Value

P (kW) 21 vV (V) 224
Rq (pu) 441 D 121
Ty (s) 4.42 Ka 0.417

Tyrg () 4.417 T?/O (s) 4.42
X4 (pu.) 1.30 X, (pu) 1.18
X4 (pu) 4.71 X(’I (p-u.) 4.12

The excitation system of the diesel generator is represented by
an automatic voltage regulator (AVR), in which the field voltage
Eq is controlled according to the voltage reference V,..; and the
terminal voltage V; through the gain K4 and time constant 7'4:

. 1
Efqg = T (=Efa+ Ka(Viet — V2)) . @)
A

The small-signal state, input, and output vectors of the diesel
generator are defined as:

AXg=[ Dw A Aey AEp "
AVigo = [ AVa AV, 1T, ®
Alyge = [ ALy AL ]

Around an equilibrium operating point, the linearized dynamic
equations of the DG can be written in the compact state-space
form:

AXe = AcAXg + BeAVy,pgc,

Alg = CaAXg + DaAVy, poc ©)

where AVj, poa represents the small perturbations of the bus
voltage at the DG terminals in the DG dq-reference frame.

To integrate the DG with the rest of the microgrid model,
the reference-frame transformation matrix 7% (50) and its inverse
T ! (60) are used to map variables between coordinate systems:

cos dg sin dg

Ts(%) = —sindy cosdy |’

(10)
Tsil((;o) = TST((SO)

As a result, the voltage and current perturbations in the DG
frame and the common reference frame are related through the
transformations of [AVy, AV,] and [Al4, Al [31]:

AquG = PgAXG + ZgA[qu + RugA’Ug,

L[ —Re X, (11)
97| Xa —Ra |

The algebraic stator voltage equations are then linearized to
express the incremental variations of AVy,e in terms of AXq,
Algyc, and Avg, where P, and R,, are sensitivity matrices and
Zg is the stator impedance matrix:

Alyge = Zy ' (AVage — PyAXG — RugAuy). (12)

The stator impedance matrix Z, contains the resistance R, and
the reactances X4 and X, on the d- and g-axes respectively [32]:

AXe = AcAXc + Bo AVs,pga,
(13)
Alg = CoAXqg + DGAVb,DQG.

By rearranging these relations, the stator current perturbations
Aliqc can be expressed as a function of AVyea, AXg, and Avg:

—R, —X, } (14)

2o = { X4 —Ra

Substituting this expression into the linearized differential
equations yields the final state-space representation of the Dg,
where matrices Ag, Bg, Cq, and D¢ are defined as follows [31]:

Ag = Ay + Bngp;l(Rvg - Pg):

B = BigZ; ' T (do),

Co = TS(éo)(Zgl(Rvg - Pg) - ng)7
Dg = Ts(do)Zg_lTs_l((So)

In these matrices, Ag results from the linearization of the
dynamic equations with respect to the state variables, B;; maps
current perturbations into the state derivatives, and R;4 represents
the direct coupling between current and state variations. Constants
K1 through K6 denote linearized coefficients depending on the
operating point values Vgo, Vo, Lao, 1q0, Xa, X}, X4, and R,.

(15)
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2.3. Small-signal model of the inverter-based distributed
generator

Voltage source inverters are commonly used as the power
electronic interface between distributed energy resources and the
microgrid. The power processing stage typically consists of an
inverter bridge, an output LC filter, and a coupling inductor, which
together provide smooth voltage and current waveforms at the
point of common coupling.

The control structure of the inverter-based distributed generator
(IBDG), as illustrated in Fig. 2, can be divided into nine
distinct functional blocks. The first block represents the outer
power control loop, which regulates the magnitude and frequency
of the fundamental components of the inverter’s output voltage
according to the droop characteristics. This droop mechanism
allows autonomous power sharing among distributed generators
while maintaining system voltage and frequency stability in the
islanded mode of operation.

The second and third blocks correspond to the voltage and
current control loops, respectively. These controllers are designed
to ensure high-quality voltage regulation and to mitigate high-
frequency disturbances while providing sufficient damping for the
LC output filter.

Through proper tuning of these loops, stable operation under
both steady-state and transient conditions can be achieved. The
remaining control blocks—including the synchronization unit
(PLL), decoupling networks, feed-forward compensators, and
inner control references—collectively contribute to the dynamic
performance and robustness of the inverter. The parameters used
in modeling the inverter-based distributed generator are listed in
Table 3. The parameter values in Table 3 correspond to a typical
laboratory-scale inverter-based distributed generator configuration
commonly used in microgrid research. These values were not
arbitrarily selected; they were taken and adapted from well-
established references in inverter modeling and microgrid dynamic
studies. The system is not a commercial real-world installation, but
a validated representative benchmark model widely used for small-
signal stability analysis. The parameter values listed in Table 3
correspond to a representative inverter-based DG system commonly
used in microgrid research. These values were adopted and slightly
adapted from established modeling references, including Yazdani
and Iravani [31], which provide experimentally validated inverter
parameters suitable for small-signal stability studies. The system
modeled here is therefore not a specific commercial installation
but a benchmark configuration that has been widely utilized and
validated in prior literature for analyzing droop control, voltage
and current loops, and inverter—network interactions.

Table 3. Parameters of the inverter-based distributed generator.

Parameter Symbol  Typical value Unit
DC-link voltage Vae 800 v
Filter inductance Ly 2.5 mH
Filter capacitance Cy 30 ns
Coupling inductance L. 1.5 mH
Line resistance Rc 0.1 Q
Active power droop coefficient myp 3.0x 1074 rad/(W-s)
Reactive power droop coefficient ng 2.0 x 1074 V/var
Nominal frequency fo 50 Hz
Nominal voltage (line-to-line, rms) \ %9 400 A\
Inner current control gain (proportional) Kp; 0.4 -
Inner current control gain (integral) Ki; 200 -
Outer voltage control gain (proportional) Kpo 0.3 -
Outer voltage control gain (integral) Ky 60 -
PLL proportional gain Kp.pLL 0.8 -
PLL integral gain K;pLL 50 -

2.4. Power controller

The power controller of the inverter-based distributed generator
regulates the active and reactive power outputs according to the
droop characteristics. The block diagram of the power controller is

P Droop @ _| Synchronization
Characteristics Unit (PLL)
Power v* | Tnnecupling W
Q- Control Network ]
1 e
Voltage | Current T
Control Control
Inner
Feedforward Control

Fig. 2. Control block diagram of the inverter-based distributed generator
(IBDG).

illustrated in Fig. 3. In microgrids, elements such as transformers
introduce line impedance, which is typically inductive in nature.
This inductive coupling can slow down the control loops associated
with the P_U and Q_f characteristics, thereby degrading system
stability. To mitigate this problem, power decoupling techniques
are employed.

LC Filter

wo'

—(LBys A 5

AVoqq
To PCC

4 AXqu_ C Acuda

Fig. 3. Small-signal dynamic model of the inverter-based distributed
generator (IBDG).

Similar to synchronous generators, the droop control strategy
is used in inverter-based distributed generators to emulate the
natural frequency—power and voltage-reactive power relationships.
Under increased loading conditions, the inverter’s reference
frequency decreases proportionally to the active power output,
maintaining power balance and frequency stability within the
islanded microgrid. The instantaneous active and reactive power
components, denoted by p ~ and ¢ ~ are computed from the
measured output voltage and current signals (vod, Vog, Tod, toq) as
given in Eq. (22):

ﬁ = Vodlod + quioqv (16)
q = Vodloq — Voqlod

These instantaneous powers are passed through low-pass filters
with a cutoff frequency w. to extract the fundamental (average)
active and reactive powers P and Q:

We ~ We ~
P= - 17
stal Q P (17)

The virtual active and reactive powers (P, () are derived
from the transformed power components using the line impedance
angle ¢ as:

P, = Pcosp — @Qsinyp,
(18)
Qs = Psinp+ Qcosyp
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The virtual resistance R, and inductance L, are computed from
the virtual reactive power according to:

K
R, = Kqgsingp, L, = 2008y (19)
wo
The output power controller of the inverter is then defined by
the droop control laws that relate the reference angular frequency
w and voltage magnitude F to the virtual powers P, and Q:

w=w" —muP, (20)

E=E"—n,Q. @1

where m, and n, are the droop coefficients for frequency
and voltage, w and E™ represent the nominal reference values
of angular frequency and voltage, and w and E are the actual
reference values generated by the droop controller.

By linearizing the nonlinear power control equations around the
steady-state operating point, the small-signal state-space model of
the power controller can be expressed as:

AXpy = Apy AXpy + Bpo AU+
(22)
DvaIldq + Op’L}APQp’U

where the state variables are related to the small perturbations
of inverter voltages and currents (Avoaq,Aiodaq,Aiidq), and the
matrices Ap, By, Cp, and D,, are defined as follows:

Apu -
0 0 0 0 0 0
0 0 0 0 0 0
0 0 —we 0 0 0 23)
0 0 0 —Wwe 0 0
0 0 0 0 —mpsingp  ngcosp
0 0 0 0 —NgCOSE —MySing
0 0
0 0
1 0
Bp'u - 0 1 (24)
0 0
0 0
Cpo =
[ a1logo + a2logo  asloao  a1logo + azloao |,
(25)
Dy, =
[ a1Po+a2Qo asPo a1Qo + a2 Py ]
a = ksinzgo, as = kcos?
(26)

p, az = ksinpcosy

The detailed forms of these matrices include parameters such
as the steady-state inverter output voltages and currents (Viqo,
Voqo, Iodo, Ioqo), the network operating frequency w, and the
line impedance angle . The coefficients a1, a2, and a3 are
constant terms determined by the virtual impedance parameters.
The resulting state-space model provides a dynamic representation
of the inverter’s power control subsystem and serves as the
foundation for small-signal stability analysis and controller tuning.

2.5. Voltage controller

The output voltage regulation of the inverter is achieved through
a Proportional-Integral (PI) controller, as illustrated in Fig. 4.
This controller ensures accurate tracking of the reference voltage
while providing sufficient damping for the LC output filter and
suppressing steady-state error. The block diagram of the voltage
controller is shown in Fig. 4, where the reference voltages v,
and v}, are compared with the measured inverter output voltages
Voq and voq. The resulting voltage errors are processed through
proportional—integral gains to generate the reference currents for
the inner current control loop.

The governing equations of the voltage controller are expressed
as:

dZ{t;d = v:d — Vod,
27
dvoq __ %
dt ch — Voq
il*d - Giiod - wncfvoq+
(28)
va (UZd - Uod) + Kiv¢d
iqu = Giioq + wncfvod"_
(29)

Kpy (U;q - qu) + Kivdg

In these equations, K, and K;, denote the proportional and
integral gains of the voltage controller, respectively. The variables
paq and @, represent the integral terms (state variables) of the
controller, i}y, is the reference filter current, and G'; denotes the
feedforward gain in the voltage control path. The parameters w,,
and C correspond to the nominal system frequency and the output
filter capacitance, respectively.

The small-signal state-space model of the voltage controller can
be written as:

AQf;dlq =

Bvl AUodq + BU2 Av}, + BU Aildq

odgq

(30)

where Avoqq, Alag, and Agqq denote the small perturbations
in inverter output voltages, filter currents, and controller integral
states, respectively. The matrices B,1 and B, are defined as:

0 1 0 0
1 0 0 0}

[en i an}

Bvl:|:8

0 1
Bv2 - I: 1 0 :|
and the resulting small-signal equations for the reference current
vector are expressed as:

€2V

Aiqu = C’u A(stq + D1 A/Uqu + D2 A'Uodq (32)

where the matrices C, and D, are given by:

Ki 0
=[]
(33)
— KPU 0
v ]
_ 0 —wnCy G; 0
D“*[wncf 0 0 Gl} G4
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In these matrices, K, and K;, correspond to the PI controller
gains, G; is the feedforward path gain, w, is the nominal grid
angular frequency, and C/ is the L¢ filter capacitance. The voltage
controller thus generates the reference currents 4j,, required
to ensure stable and precise voltage regulation at the inverter
output terminals under both steady-state and transient operating
conditions.

= = po===n
3 1| | Output
|

I LC Filter
[ 5 Uiy IConnector|
Voltage | /i'l4i | Current
Controller Controller Tiridey I R Lol
K fi Lases oo o

itdis i1gi i
abc/dq
Voi

loi
Lodislogi

Vodis Vogi

w;

Vodis Vogi

Power Controller

Ui Oni

Fig. 4. Block diagram of the voltage controller used in the inverter-based
distributed generator [32].

2.6. Current controller

The current controller constitutes the innermost loop of the
inverter control system and is responsible for regulating the filter
inductor current. It ensures fast dynamic response and accurate
current tracking under varying load and network conditions. The
structure of the current controller is shown in Fig. 5. In the
proposed configuration, a PI control strategy is adopted in the
synchronous dg-reference frame. The reference currents i;; and
i],» generated by the voltage controller, are compared with the
measured filter inductor currents ;4 and 4;,. The resulting current
errors are processed by the PI controller to produce the control
voltages v}, and v;,, which serve as modulation references for the
inverter’s PWM stage.

The control equations for the current controller are expressed
as:

vjy = Ryfig + Lf% — wnLyigg+
(35)
Kpi(ijg — t1a) + Kiipa

’qu = Ryiig + Lf% + wnLyiia+
(36)
Kpi (il*q - Z'lq) + Kii¢q

where K,; and K;; denote the proportional and integral gains of
the current controller, respectively; wy, is the nominal grid angular
frequency; Ly and Ry represent the inductance and resistance of
the inverter output filter; and ¢4 and ¢, are the integral control
states for the d- and g-axes. The small-signal state-space model of
the current controller can be formulated as:

AXZ = A, AX; + BZAV;* -+ DiAVOdq (37)

The corresponding system matrices are given as:

A; =
Ry Kpi
—=L Wn 0
LR Mk, (38)
—wn, _f 0 pi
Ly Ly
-1 0 0 0
0 -1 0 0

%f 0
0 1

B; = Ly |,
0 0
L O 0

(39

r o 0
0 0
Di=1 k. o0
L 0 Ky

The inner current control loop provides high bandwidth and
rapid transient response, effectively decoupling the slower outer
voltage and power loops. This hierarchical control structure
ensures robust operation of the inverter-based distributed generator
under both steady-state and dynamic conditions, while minimizing
harmonic distortion and enhancing stability.

Avpai Diesel
Generator
Av )
Ag, Be,C,D D0
5 Ry
Axcs Lload 1t N
i . AioioQG ,
AloDQGi,| Inverter 2108 e ctwot A | |Load
Ai, Bi,Ci,D
A’l.oDC'z

Fig. 5. Complete small-signal model of the islanded microgrid.

2.7. Complete microgrid model

The complete small-signal model of the islanded microgrid
is obtained by stacking the linearized DG subsystem and the
voltage-source inverter subsystem in a unified state-space form.
By combining the state-space relations in Egs. (39) and (30), the
aggregated dynamics read:

Aigi = AgiAzgi + BaiAvpqgai (40)

Aiopgai = CaiAxai + DaiAvpgai (41)

where AXg; denotes the composite state vector of the
generator—inverter subsystem, Avpge; is the vector of bus-voltage
perturbations expressed in the common D() frame, and Ai,pgaci
represents the output current perturbations. The block matrices
Agi, Bai, Cai, Dg; are formed by assembling the corresponding
subsystem matrices of the DG and the inverter as:

_-AG 0
Aei=1 9 AJ?
[ Beg o0
Bei=| "y Bi]’
i 42)
[ce o0
CGZ“_ 0 C}
[ De 0
DGi7|: 0 Di]

From Egs. (31) and (35), it follows that nodal voltages act as
inputs to these subsystems. To uniquely determine the voltage at
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each node and avoid singular network admittance matrices under
small-signal conditions, a virtual shunt resistance is connected
from each node to ground. The virtual resistances are chosen
sufficiently large so that their impact on small-signal stability is
negligible. Consequently, the nodal voltages satisfy:

Avypgai = RNMCgi Axgi+
(43)
RNMDgiAiopgai — RN Mioadpg

with I the identity matrix. Here, RN is the diagonal matrix of
virtual shunt resistances, M is the incidence (or selection) matrix
mapping subsystem terminals to network nodes, Cg; and zq; are
the output matrix and state vector of the generator—inverter block,
and 4;0a4p@ denotes the load current perturbations.

The matrices used to define the network interconnection are
given by:

M = Isxs, Rn = rnIsxe,
(44)

A =—M"DjneM

where M € R®*® with rx a large positive scalar (virtual shunt
resistance), and Dj;n. captures the incremental line/admittance
coupling between nodes in the D@ frame. The selection matrix /N
assigns the appropriate terminal variables of each subsystem (DG
and inverter) to the corresponding network nodes and loads.

This formulation yields a closed, well-posed small-signal model
for the entire islanded microgrid, enabling eigenvalue analysis
and controller synthesis directly on the aggregated state matrix
Ag; while consistently handling network constraints via the
nodal-voltage relations in Eqgs. (40)—(44).

3. POWER SYSTEM STABILIZER DESIGN

Compared with conventional stabilizing methods, the proposed
state-feedback controller offers several advantages. Unlike
traditional PSS designs that rely solely on rotor-speed deviation
and require torsional filters—which introduce undesirable low-
frequency phase lag—the proposed SFC uses multiple internal
generator states (Ad, Aw, Aey, AEyq), enabling direct placement
of dominant eigenvalues and stronger damping of electromechanical
oscillations. In contrast to droop-based damping or virtual inertia
strategies that treat inverter and diesel dynamics separately, the
proposed controller is designed using a unified small-signal model
that explicitly captures diesel-inverter interactions. Moreover, its
parameters are tuned jointly with the inverter control loops using a
GA, providing higher damping ratios and faster transient recovery
than conventional approaches.

To reduce the risk of premature convergence and ensure
that the GA does not become trapped in local optima, several
diversity-preserving mechanisms were incorporated. First, the
initial population was generated using a wide uniform distribution
across the feasible parameter space to promote early exploration.
Second, a nonzero mutation probability (0.05) was maintained
throughout the optimization, allowing the algorithm to periodically
escape from locally optimal regions. Tournament selection was
applied to balance exploitation and diversity, preventing dominance
of a single candidate solution. Additionally, boundary-clamping
and random reinitialization were used for individuals with
stagnating fitness values. Finally, three independent GA runs were
executed, and the best solution among them was selected. These
measures collectively enhance robustness and significantly reduce
the likelihood of convergence to local minima.

The four selected feedback states—AJd, Aw, Ae; and
AFE;q—were chosen because they directly govern the dominant
low-frequency dynamics of the diesel generator. AJ provides
information on synchronizing torque and phase stability, while
Aw captures damping torque characteristics and is traditionally

associated with electromechanical oscillations. The transient EMF
Ae;, reflects the generator’s internal voltage dynamics and its
coupling with mechanical behavior, and AFE;4 represents the
excitation-system response that primarily shapes the generator’s
electrical modes. Together, these states provide a comprehensive
representation of the mechanical and electromagnetic modes
responsible for poorly damped oscillations, enabling the state-
feedback stabilizer to effectively reposition the critical eigenvalues
in the complex plane.

Due to the continuous variations in the dynamic operating
conditions of the microgrid—such as fluctuations in load levels,
generation capacity, and system parameters—the operating point
of the system is constantly changing. These variations often lead
to the occurrence of low-frequency electromechanical oscillations,
which can adversely affect the small-signal stability of the
system. To suppress such oscillations, a PSS must be designed to
provide adequate damping to the system under different operating
conditions. Conventional PSS structures are typically signal-based,
using the rotor speed deviation (Aw) as the stabilizing input signal.
Although these stabilizers are effective in damping rotor-angle
oscillations, they may introduce negative interactions with torsional
modes, potentially leading to torsional instability.

The primary limitation of traditional PSS designs lies in
the use of torsional filters, which aim to attenuate torsional
frequency components in the stabilizing signal. However, these
filters introduce an undesired phase lag at low frequencies,
thereby deteriorating the damping of the excitation control mode
and reducing the overall stabilizer effectiveness in damping
low-frequency oscillations. To overcome these shortcomings, a
state-feedback—based controller is proposed and implemented as
a power system stabilizer for the diesel generator in the studied
microgrid. This controller uses full-state feedback rather than a
single input signal, allowing it to directly modify the system
dynamics by relocating the eigenvalues associated with critical
oscillatory modes to more stable locations in the complex plane.
The performance of the proposed stabilizer depends strongly on
the appropriate selection of its feedback gain parameters. Proper
tuning of these parameters is therefore essential to guarantee
optimal damping and satisfactory dynamic response under varying
operating conditions. In this study, the feedback gain matrix of the
state-feedback controller is optimized using a GA to achieve an
enhanced damping ratio and improved small-signal stability of the
islanded microgrid.

To overcome these drawbacks, a state-feedback—based Power
System Stabilizer is proposed for the diesel generator subsystem of
the islanded microgrid. This approach employs full-state feedback
rather than a single-input signal, allowing direct modification of
system dynamics through eigenvalue placement in the complex
plane. By properly tuning the feedback gains, the closed-loop
poles are shifted toward the left half-plane, thereby enhancing the
damping of oscillatory modes and improving transient performance.

The general state-feedback control law is expressed as:

where z(t) is the system state vector, K is the feedback gain
matrix, and upss(t) represents the stabilizing control signal.
The corresponding closed-loop dynamic matrix is obtained as:

Aa=A-BK (46)
The eigenvalues of A, determine the small-signal dynamic
response of the system. The damping ratio of each oscillatory
mode is given by:
R e
Ai =05 + jw;

(47)
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A larger damping ratio corresponds to faster attenuation of
oscillations and improved dynamic stability. To ensure optimal
damping characteristics, the feedback gain matrix K is optimized
using a GA. The optimization problem minimizes the following
objective function:

J(K) =

> [Wemax {0, Crep — G + Wo(max {0, o7 + ares})?]+ (48)

iTM
Wil |[K||%

where (cy and o,y are the desired damping ratio and real-part
margin, respectively, while w¢, ws, and Wy are weighting
coefficients that balance damping improvement and control effort.

The following stability constraint is enforced during
optimization:

a(Aa) = mlaxﬂ?{)\i} < —Oref (49)
ensuring all closed-loop eigenvalues remain within the stable
region.
The optimized control signal is injected into the Automatic
Voltage Regulator (AVR) as an auxiliary voltage reference
according to:

AE}, = AEf] — Ka (50)

This integration allows the PSS to modulate the excitation
voltage in real time, providing the necessary damping torque
proportional to the generator’s dynamic states.

The feedback gain matrix K is encoded as a chromosome in
the GA optimization framework:

0= VEC(K), emin S 0 S emax (51)

Each candidate K is evaluated by forming the corresponding
closed-loop matrix A.; = A — Bg, computing the eigenvalues and
damping ratios, and evaluating the objective function J(K).

The GA iteratively evolves the population through selection,
crossover, and mutation until convergence is achieved.

The final optimal feedback gain K, yields the closed-loop
matrix:

AP = A — BKop, (52)

which ensures that all critical eigenvalues are relocated toward
the left-half complex plane, thereby enhancing damping, improving
dynamic performance, and maintaining robust small-signal stability
of the islanded microgrid.

Fig. 6 illustrates the position of the state-feedback controller
within the linearized model of the diesel generator. As shown, the
feedback signal is derived from key state variables of the generator
and injected into the excitation system through the Automatic
Voltage Regulator (AVR). The linear state-feedback control law
can be expressed as:

Upss - _HX7

X=[A0 Aw Aey AEs |, (53)

H=[h h2 hs ha]

where H represents the state-feedback gain vector.
According to Eq. (53), the proposed state-feedback controller
utilizes four input signals:

« rotor angle deviation (AJ),

o rotor speed deviation (Aw),

o transient armature voltage (Ae,s), and

« field voltage deviation (AEyq).

These variables are processed by the state-feedback stabilizer,
which generates a supplementary control signal Ujss for damping
low-frequency oscillations. This stabilizing signal is superimposed
on the excitation control loop via the AVR to enhance system
damping and small-signal stability of the diesel generator.

Fig. 6. Integration of the state-feedback controller within the linearized
diesel generator model.

4. OPTIMAL TUNING OF INVERTER-BASED DG AND
POWER SYSTEM STABILIZER PARAMETERS

To analyze the small-signal stability of the islanded microgrid,
the eigenvalue-based approach is adopted. The eigenvalues \; of
the characteristic matrix determine the system’s dynamic behavior.
A system is asymptotically stable if and only if the real parts of all
eigenvalues are negative. Furthermore, the farther the eigenvalues
are located from the imaginary axis in the left-half complex plane,
the greater the damping and dynamic stability of the system.
Therefore, the distance of eigenvalues from the imaginary axis
can be considered an effective criterion for tuning the controller
parameters.

In this study, the control parameters of both the inverter-based
distributed generator and the PSS are optimized using a GA. The
objective of the optimization is to minimize the real part of the
dominant eigenvalues of the linearized system while satisfying the
operational constraints of the control parameters.

The optimization process requires the definition of an appropriate
objective function, formulated as follows:

Jl = max{?R()\l)},
(54)
Ai = 0 + jwi

where \; denotes the i*" eigenvalue of the characteristic matrix,
and R(\;) is its real part.

The design variables are the control parameters of the inverter-
based DG and the state-feedback gains of the power system
stabilizer.

The optimization goal is to minimize Ji, ensuring that all
eigenvalues move further to the left half-plane to enhance damping
and improve overall system stability.

The optimization is subject to the parameter constraints defined
as:

kp™ < kp < kp®, kg™ < kg < kg™,

k;;;;n B R e

kmm < kpe < kma", ko™ < kic < kio™, (55)
mm‘n <m < m™m¥, n™ < n < M

’

Gmin S G S Gmax
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These constraints define the allowable ranges of the inverter
control gains, voltage and current loop gains, droop coefficients
(m,n), and feedforward gain (G) to ensure the controller’s
practical feasibility and system stability.

During the optimization process, the initial population of
chromosomes is generated randomly within the defined limits. For
each individual, the linearized system model is used to compute
the corresponding eigenvalues, and the fitness value is evaluated
using the objective function .J;. The best-performing chromosomes
are selected using a fitness ranking strategy and passed to the next
generation, while crossover and mutation operators are applied
to the remaining population to explore new candidate solutions.
This evolutionary process continues until the convergence criterion
(minimum J;) is achieved. The overall structure of the optimization
algorithm is shown in Fig. 7, which illustrates the GA-based
tuning process for the inverter-based DG controllers and the power
system stabilizer.

Input
System model matrices (4, B), para-
meter bounds (Eq. 1)
]
Step 1: Initialize GA parameters (po-

pulation size Np), max generations
L NS’

]
Step 2: Generate initial population of
control parameters randomly.

]

ForEach chromosome c,in population
Linearize the microgrid model arou-
nd the nominal operating point.
Compute system eigenvalues 4, =
0,+fw,

Evaluate objective function J;=max
(Re(k).
Compute fitness value based on J;.
]
/Step 4: Select best chromosomes
using fitness ranking (elitism).
]

Step 6: Check Steps 3—6 until

convergence.

Output: Output optimal parameters
Kopi» Gops, and update control structu-

Fig. 7. GA-based optimization procedure for determining the optimal
parameters of the inverter-based distributed generator (IBDG) controllers
and the power system stabilizer (PSS).

The GA was selected for parameter tuning because it
offers several advantages for solving nonlinear, multi-parameter
optimization problems. GA is a derivative-free global search
method that does not require gradient information and is
therefore well suited for stability-oriented objectives that may be
nondifferentiable or nonconvex. Unlike local search techniques that
are prone to converging to suboptimal solutions, GA maintains a
population of solutions and explores multiple regions of the search
space simultaneously, reducing the likelihood of local minima
entrapment. GA also allows the incorporation of parameter bounds
and stability constraints in a straightforward manner. These features
make it a robust and flexible tool for coordinated tuning of inverter
control loops and the proposed state-feedback stabilizer.

The optimal parameters of the IBDG controllers and the

state-feedback gains of the PSS, obtained using the GA, are listed
in Tables 4 and 5, respectively. These parameters correspond
to the configuration that minimizes the objective function
J1 = max{R(\;)}, ensuring that all dominant eigenvalues lie
sufficiently within the stable region of the complex plane. The
optimized values enhance the damping of low-frequency oscillations
and improve the overall small-signal stability of the islanded
microgrid. The GA implementation used for coordinated tuning
follows a standard real-coded configuration. A population size of
40 and a maximum of 80 generations are employed. Tournament
selection is applied, with crossover and mutation probabilities
of 0.80 and 0.05, respectively. Parameter bounds specified are
enforced using boundary-clamping after each crossover and
mutation operation. Convergence is declared when the relative
improvement of the best objective value falls below 10™* for
ten successive generations. To reduce the likelihood of premature
convergence, three independent GA runs are executed, and the
best-performing solution is selected. This setup enables full
reproducibility of the optimization process.

Table 4. Optimal parameters of the IBDG controller obtained using GA
optimization.

Parameter mp ng Kpy K; Kpc Kic G

Optimal value 4.19 4.10 4289 10.177 931.734 3448 4419

Table 5. Optimal feedback gains of the state-feedback PSS.

h1 ho hs ha
2211 4713 -1.248 -1.219

5. SIMULATION RESULTS AND DISCUSSION

To validate the effectiveness of the proposed control strategy,
time-domain simulations and small-signal eigenvalue analyses were
performed on the islanded microgrid model described in previous
sections. The simulation study evaluates the dynamic performance
and stability enhancement achieved by incorporating both the
optimized inverter-based DG controllers and the state-feedback
PSS. All system parameters and controller gains are set according
to the optimal values listed in Tables 2 and 3.

The small-signal stability of the islanded microgrid was analyzed
by linearizing the system around its steady-state operating point and
computing the corresponding eigenvalues of the closed-loop system
matrix. The eigenvalue loci obtained before and after applying the
optimized controllers are compared in Fig. 8. In the absence of the
PSS and optimized inverter parameters, several eigenvalues were
located close to the imaginary axis, indicating poor damping and
low-frequency oscillations in the diesel generator subsystem. After
the GA-based optimization, all critical eigenvalues moved further
into the left half of the complex plane, as shown in Fig. 8-(b),
confirming a substantial increase in damping ratios and improved
overall system stability. The most dominant electromechanical
mode exhibited a damping ratio improvement from 0.032 to 0.184,
while the real part of the corresponding eigenvalue shifted from
—0.21 to —-1.12, demonstrating the effectiveness of the proposed
control structure in suppressing oscillations. The proposed SFC
achieves substantially higher damping ratios (4 —6x improvement)
compared with the baseline and with conventional PSS structures
reported in the literature, confirming its effectiveness relative to
established control methods.

In addition to the eigenvalue-based analysis, the stability of
the diesel generator—AVR subsystem was further assessed using
frequency-domain indicators. Bode plots of the open-loop transfer
function (with and without the proposed SFC) were generated to
evaluate classical stability margins. The computed results show
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Fig. 8. Eigenvalue plots of the islanded microgrid: (a) before GA-based
optimization, and (b) after GA-based optimization.

that the proposed state-feedback controller increases the phase
margin from PM = 17° to PM = 42°, and the gain margin from
GM = 4.1 dB to GM = 10.6 dB. These enhancements confirm
that the closed-loop system possesses stronger robustness against
parameter variations and higher resistance to oscillatory behavior.
The improved margins are consistent with the observed leftward
shifts in dominant eigenvalues and the increased damping ratios
obtained from the small-signal stability analysis. As summarized
in Table 6, the dominant electromechanical modes (Modes 1-4
and 7) exhibit very low damping ratios in the base case, with ¢
in the range of 0.03-0.14. After applying the GA-optimized state-
feedback controller, these damping ratios increase to approximately
0.18-0.35, corresponding to improvements A of about 0.13-0.21.
Higher-frequency electrical and inverter-control modes also show
moderate damping enhancement, while the fast real excitation
mode remains strongly stable. These results quantitatively confirm
the eigenvalue plots in Fig. 8§ and demonstrate that the proposed
controller significantly strengthens the small-signal stability margin
of the islanded microgrid.

In the next, the proposed PSS based on state-feedback
control is validated through simulation studies performed in
the MATLAB/Simulink environment. The effectiveness of the
designed controller is evaluated by performing small-signal
eigenvalue analysis and by examining dynamic responses of key
system indicators such as rotor speed and rotor angle. To assess
the controller’s performance under varying operating conditions,
simulations were carried out for 10% and 20% step changes in the
mechanical input power of the diesel generator and variations in
load demand. The results are compared under two cases:

1) Without state-feedback control (base case), and
2) With the proposed GA-optimized state-feedback controller.

The state-feedback gains used in these simulations were
obtained using the GA as described in Section 4. Table 7 lists
the eigenvalues of the islanded microgrid obtained using the
optimal inverter-based DG controller parameters without applying
the state-feedback stabilizer. As can be seen, several eigenvalues
lie close to the imaginary axis, indicating low damping ratios
and potential oscillatory behavior in the small-signal response of
the system. As presented in Table 7, the eigenvalue comparison
clearly demonstrates the stabilizing influence of the proposed
GA-optimized state-feedback controller on the dynamic behavior
of the islanded microgrid.

In the absence of the feedback stabilizer, several eigenvalues
exhibit small negative real parts (e.g., —0.46, —0.35, -0.31),
which correspond to lightly damped low-frequency oscillations
primarily associated with the diesel generator’s electromechanical

3 T T T T T
——— Without state feedback
= 5 ——< With state feedback
2 2| J
< i d
2 E i ik 4
§ 1| l l ) -
s | % 41 ( q 5
> ‘4! 0 Al I .
B I g s A
8 0 I \f\ﬂ i
o \‘, { \ b S ¥
[T e
g | ip ¢ e
¥ -1 \ ‘ | 4
' ‘l R i
2 1 1 | 1 1
0 5 10 15 20 25 30

Time (s)

Fig. 9. Rotor speed deviation (Aw) for a 10% step increase in mechanical
input power at t=1s: comparison without state feedback (baseline) and
with the GA-optimized state-feedback controller. The proposed controller
reduces overshoot and accelerates decay of low-frequency oscillations.

modes and the inverter—generator coupling dynamics. After the
application of the optimized state-feedback controller, all dominant
eigenvalues shift further toward the left half of the complex plane,
with their real parts increasing in magnitude (e.g., from —0.46
to approximately —1.12). This leftward displacement signifies a
substantial improvement in the damping ratio and an enhanced
ability of the system to attenuate oscillations following small
disturbances. The results also indicate that higher-frequency
electrical modes (e.g., modes 5-9) become more stable, showing
increased separation from the imaginary axis, while the dominant
electromechanical modes now exhibit faster decay and reduced
oscillatory amplitude. The real mode associated with the voltage
control loop (mode 10) remains strongly negative, implying that
the steady-state voltage regulation remains robust.
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Fig. 10. Rotor speed deviation (Aw) for a 20% step at t=1s: comparison
of responses without and with state feedback. The optimized controller
shortens settling time and limits peak angle excursion.

Overall, the coordinated tuning of the inverter controller and the
state-feedback PSS has effectively increased the system’s dynamic
stiffness, minimized low-frequency oscillations, and improved the
overall small-signal stability margin of the islanded microgrid.

To further validate the small-signal stability results, time-domain
simulations were performed to analyze the dynamic response of the
diesel generator subsystem under step changes in mechanical input
power. Two disturbance scenarios were considered: a 10% and a
20% increase in the mechanical input torque applied at ¢ = 1s. For
each case, the variations in rotor speed deviation (Aw), rotor angle
deviation (Ad), and field excitation voltage deviation (AFEq) were
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Table 6. Dominant eigenvalues and damping ratios of the islanded microgrid before and after applying the state-feedback controller.

Mode Eigenvalue (without SFC)

Damping ratio ¢ (without SFC)

Eigenvalue (with SFC) Damping ratio ¢ (with SFC) A

1 —0.4668 + j3.2230 0.1433 —1.125 £+ 53.118 0.3394 0.1961
2 —0.4668 + 53.2233 0.1433 —1.142 £+ 53.103 0.3454 0.2021
3 —0.1970 £ 55.5010 0.0358 —0.964 £ 75.284 0.1795 0.1437
4 —0.359 £ 76.4897 0.0552 —1.210 £ 76.285 0.1891 0.1338
5 —0.298 £+ j10.2904 0.0289 —0.981 + j9.842 0.0992 0.0702
6 —0.318 + 510.7331 0.0296 —1.035 + j10.417 0.0989 0.0693
7 —0.314 + 72.6232 0.1189 —0.882 + 72.514 0.3311 0.2122
8 —0.313 + 58.4812 0.0369 —1.050 + 78.266 0.1260 0.0891
9 —0.851 + 723.0382 0.0369 —1.427 4+ 522.754 0.0626 0.0257
10 —36.1949 (real) 1.0000 —37.522 (real) 1.0000 0.0000
11 —0.934 £+ 50.1669 0.9844 —1.427 £+ 50.148 0.9947 0.0103
12 —1.588 + 70.7533 0.9035 —2.031 £ 70.682 0.9480 0.0445
13 —7.357 + j0.8873 0.9928 —7.844 &+ j0.861 0.9940 0.0012
14 —7.293 + 71.1148 0.9885 —7.812 + 71.094 0.9903 0.0018

Table 7. Eigenvalues of the islanded microgrid with and without
state-feedback control.

Table 8. Time-domain performance indices for rotor-speed and rotor-angle
deviations (10% step disturbance).

Eigenvalue A\ = o + jw

Mode
Without state-feedback control =~ With state-feedback control
1 —0.4668 £ j 3.2230 —1.125 + 5 3.118
2 —0.4668 £ j 3.2233 —1.142 + 5 3.103
3 —0.197 £ 5 5.5010 —0.964 + j 5.284
4 —0.359 + 5 6.4897 —1.210 + 5 6.285
5 —0.298 + 5 10.2904 —0.981 + 5 9.842
6 —0.318 +£ 5 10.7331 —1.035 + 5 10.417
7 —0.314 £ 5 2.6232 —0.882 + j2.514
8 —0.313 £+ 5 8.4812 —1.050 + j 8.266
9 —0.851 + 5 23.0382 —1.427 + j22.754
10 —36.1949 (real) —37.522 (real)
11 —0.934 £ 5 0.1669 —1.427 £+ 50.148
12 —1.588 + 50.7533 —2.031 £ 50.682
13 —7.357 £ 5 0.8873 —7.844 + 5 0.861
14 —7.293 £51.1148 —7.812 £ 51.094
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Fig. 11. Rotor angle deviation (A¢) for a 10% step at t=1s: improved
damping and reduced angle swing with state feedback versus the baseline.

observed and compared for both conditions — (1) without the
state-feedback controller and (2) with the proposed GA-optimized
state-feedback controller. Figs. 9-11 present the dynamic responses
for the 10% step change, while Figs. 12-14 illustrate the responses
for the 20% step change. In all cases, the state-feedback controller
significantly improves the transient damping, settling time, and
peak amplitude of oscillations compared to the uncontrolled
system.

The rotor speed deviation (Aw) responses shown in Figs. 9
and 10 clearly demonstrate the effect of the proposed feedback

Index Without SFC  With SFC  Improvement
TIAE (Aw) 0.842 0.292 1 65%
ISE (Aw) 0.164 0.042 1 74%
ITAE (Aw) 3.71 1.02 1 72%
TIAE (A6) 1.456 0.503 1 65%
ISE (AY) 0.237 0.067 1 72%
ITAE (Ad) 5.62 1.64 1 71%
3 T T T T T
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Fig. 12. Rotor angle deviation (Ad) for a 20% step at t=1s: improved
damping and reduced angle swing with state feedback versus the baseline.

stabilizer on suppressing low-frequency oscillations. Without the
controller, the system exhibits a lightly damped oscillatory behavior
characterized by a slow decay rate and extended settling time
— a typical signature of electromechanical mode instability in
diesel-generator-based microgrids. When the GA-optimized state-
feedback stabilizer is activated, the oscillations are effectively
suppressed, and the system reaches steady-state approximately
70-80% faster. For the 10% disturbance, the overshoot is reduced
by nearly 60%, while for the 20% disturbance, the damping
ratio improvement is more pronounced, ensuring stable operation
even under stronger perturbations. This behavior is consistent
with the eigenvalue shift observed earlier (Table 3), where all
critical modes moved further left in the complex plane, confirming
enhanced damping characteristics. To further assess robustness
under different operating points, a third disturbance scenario was
evaluated: a 10% step increase in active-power demand at the
PCC at t = 1s. This case introduces a network-side perturbation
that affects both the inverter and diesel generator dynamics. The
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Fig. 13. Field-voltage variation (AEg¢q) for a 10% step at t=Is: the
proposed controller suppresses excitation-loop oscillations and expedites
return to steady state.
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Fig. 14. Field-voltage variation (AEgq) for a 20% step at t=lIs: the
state-feedback stabilizer mitigates oscillations in the excitation channel and
improves voltage regulation.
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Fig. 15. Convergence curve of the GA, showing the evolution of the best
fitness value over successive generations.

results demonstrate that the proposed state-feedback stabilizer
maintains superior damping characteristics, reducing rotor-speed
and rotor-angle oscillations by approximately 40-60% compared
with the base case and achieving faster voltage recovery at the
PCC.

Figs. 11 and 12 depict the rotor angle deviation (Ad) responses

under 10% and 20% mechanical input perturbations, respectively.
In the absence of the stabilizer, the rotor angle exhibits sustained
oscillations with a large amplitude, indicating poor synchronizing
torque and weak electromechanical coupling between the generator
and inverter subsystems.

By applying the proposed state-feedback controller, both
the amplitude and duration of the angle oscillations are
significantly reduced. The proposed control law effectively injects
a supplementary damping torque that enhances the synchronizing
power coefficient, thereby improving angular stability. As a
result, the rotor angle deviation settles rapidly with negligible
residual oscillations, preventing phase divergence and maintaining
synchronism among the microgrid units.

To provide a more quantitative comparison of the dynamic
responses shown in Figs. 9-11, several standard time-domain
evaluation indices were computed, including the Integral of
Absolute Error (IAE), the Integral of Squared Error (ISE), and
the Integral of Time-weighted Absolute Error (ITAE). Table 8
summarizes these indices for the rotor-speed and rotor-angle
deviations under a 10% step disturbance. The results show that
the proposed GA-optimized state-feedback controller significantly
reduces all performance metrics, indicating faster convergence,
reduced oscillation energy, and improved transient quality.

The excitation voltage responses (AFEyq), presented in Figs.
12 and 13, reveal the dynamic behavior of the diesel generator’s
excitation system under the same disturbance conditions. Without
the proposed stabilizer, the field voltage experiences large and
sustained oscillations, causing voltage fluctuations at the point of
common coupling. The addition of the optimized state-feedback
controller introduces an adaptive corrective signal through the
Automatic Voltage Regulator (AVR) loop, resulting in a smoother
excitation voltage trajectory and faster convergence to the steady-
state value. For both the 10% and 20% disturbances, the proposed
controller reduces the maximum deviation of Ey4 by approximately
45-55% and eliminates residual oscillations within 1 second after
the disturbance. This demonstrates that the feedback mechanism
not only stabilizes the rotor dynamics but also enhances voltage
regulation and excitation system damping.

As shown in Fig. 15, the best fitness value rapidly decreases
during the first 20-25 generations, followed by a gradual refinement
stage, converging to a stable minimum after approximately 60-70
generations. This behavior confirms the efficiency of the GA in
exploring the search space and achieving robust optimization for
the proposed control framework.

The comparative results across all six figures indicate that
the proposed GA-optimized state-feedback controller significantly
enhances both transient and small-signal stability of the islanded
microgrid. The controller successfully mitigates electromechanical
oscillations, reduces overshoot, and improves both speed and
voltage recovery following step changes in mechanical input. These
findings confirm that the coordinated tuning of the inverter control
loops and the diesel generator’s stabilizer yields superior damping
performance, ensures robustness to load variations, and improves
overall dynamic stiffness of the system. In summary, the time-
domain results fully corroborate the eigenvalue analysis presented in
this section, verifying that the proposed control approach provides
an effective and reliable stabilization mechanism for islanded
microgrids. The quantitative results in Table 9 clearly show that
the proposed state-feedback stabilizer significantly reduces peak
deviations and overshoot while accelerating settling time for both
disturbance levels. For example, in the 10% disturbance case, the
settling time is reduced by approximately 68%, and the overshoot
decreases by about 60%. Similar improvements are observed for
the 20% disturbance, confirming consistent damping enhancement
across different operating conditions.

Overall, the controller exhibited consistent performance
across mechanical disturbances and load variations, indicating
robustness to different operating conditions. Additional inverter-
level disturbances (e.g., voltage-reference perturbations) are
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Table 9. Quantitative performance comparison for 10% and 20% disturbances.

Disturbance  Case Peak deviation (Awmax)

Overshoot (%)

Settling time (s) Improvement vs baseline

10% Step Without SFC 0.047 pu 100 3.8 —

10% Step With SFC 0.019 pu 59 1.2 Settling time | 68%

20% Step Without SFC 0.091 pu 100 4.6 —

20% Step With SFC 0.038 pu 58 14 Settling time | 70%
Table 10. Frequency-domain stability indicators of the diesel generator—AVR ACKNOWLEDGEMENT

loop.

Case Gain  margin, Phase margin, Gain crossover Phase crossover
GM (dB) PM (deg) Freq. (rad/s) Freq. (rad/s)

Without SFC 4.1 17 12.5 7.8

With GA-  10.6 42 18.3 11.2

optimized SFC

identified as a direction for future work, although the new
load-variation test already validates the controller’s effectiveness
under a broader range of system conditions. As shown in Table
10, the proposed state-feedback controller more than doubles both
gain and phase margins, indicating a substantially more robust
closed-loop behavior in the frequency domain.

6. CONCLUSION

The results obtained from the eigenvalue analysis and time-
domain simulations validate the effectiveness of the GA-optimized
state-feedback controller in improving the stability and dynamic
performance of the islanded microgrid. The eigenvalue analysis
demonstrated a significant shift of the system’s eigenvalues toward
the left half of the complex plane, indicating improved damping
and reduced low-frequency oscillations, which enhances the small-
signal stability of the system. In the time-domain simulations,
the system’s response to step changes in mechanical power
showed a marked improvement in terms of damping, settling
time, and voltage regulation when the state-feedback controller
was applied. The rotor speed, rotor angle, and field voltage
deviations were significantly reduced, with faster decay rates and
lower overshoot observed compared to the base case without the
feedback controller. This indicates that the proposed controller not
only enhances dynamic performance but also improves robustness
under varying operating conditions, ensuring stable operation of the
diesel generator and inverter subsystems. Overall, the coordinated
tuning of the inverter-based DG controllers and the state-feedback
power system stabilizer offers a reliable and effective solution
to mitigate oscillatory behavior, improve damping, and ensure
robustness in islanded microgrids, making it a viable control
strategy for modern power systems with distributed generation.
Quantitatively, the proposed GA-optimized state-feedback stabilizer
increases the damping ratio of the dominant electromechanical
mode from approximately 0.03 to 0.18, corresponding to a
sixfold improvement. The peak rotor-speed deviation under a
10% mechanical disturbance decreases by nearly 60%, and the
settling time is reduced by about 70%. Similar improvements
are observed for the 20% disturbance and for the load-variation
scenario, confirming consistent enhancement across multiple
operating conditions. While the proposed stabilizer demonstrates
strong performance, several limitations remain. The controller
relies on accurate linearization around a nominal operating point,
and its performance may vary under large disturbances or
nonlinear saturation effects. Communication delays, measurement
noise, and practical constraints in estimating internal generator
states were not explicitly modeled. Future work may extend
the controller to nonlinear or adaptive frameworks, incorporate
inverter-side disturbances, and validate the approach experimentally
on hardware-in-the-loop or microgrid testbeds.

The authors acknowledge the use of artificial intelligence tools
(e.g., ChatGPT by OpenAl) for language editing and clarity
improvement during the preparation of this manuscript. The
authors are fully responsible for the scientific content, analysis,
and conclusions.
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