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Abstract— Modern AC/DC microgrids have undergone significant changes due to the increase in high-power loads and the development
of energy storage systems. This paper presents a nonlinear dynamic modeling and control framework for a combined AC/DC microgrid
incorporating a synchronous generator, a six-pulse rectifier, and an energy storage system (ESS). An ESS-based Pl-controlled DC/DC
converter is designed to regulate the DC-link voltage and mitigate transient disturbances. System stability is analytically assessed using the
second Lyapunov method, providing a rigorous nonlinear stability guarantee under multiple disturbance scenarios. Time-domain simulations
demonstrate that the proposed control strategy significantly improves transient performance, reducing DC-link voltage sag to below 6%,

limiting overshoot to under 8%, and shortening settling time by more than 55% compared to the uncontrolled case. The results confirm the
effectiveness of the proposed ESS-based control approach in enhancing the dynamic stability and robustness of hybrid AC/DC microgrids.

Keywords—Microgrid, dynamic stability, energy storage control, transient conditions.

1. INTRODUCTION reduced fuel efficiency, and increased emissions [9]. This motivates
the need for accurate dynamic modeling and effective control
strategies for AC/DC integrated architectures, particularly when
ESSs interact with converters to mitigate transient phenomena.

Interconnected AC/DC microgrids have attracted increasing
attention due to their enhanced efficiency [1], operational
flexibility [2], and compatibility with power-electronic-dominated

infrastructures [3]. In maritime and other isolated power systems, Recent advancements in marine power system develop-
hybrid AC/DC architectures enable coordinated operation of power ment—such as medium-voltage DC distribution and integrated
generation modules [4], propulsion drives [5], high-power loads power system (IPS) concepts—have accelerated research on hybrid
[6], and energy storage systems (ESSs) [7], thereby improving microgrid analysis [10]. Despite these developments, standardized
reliability and power-sharing capability under rapidly varying design guidelines remain limited, and transient disturbance
load conditions [8]. Unlike terrestrial grids, shipboard microgrids mechanisms in AC/DC microgrids are not yet fully understood [11].
operate in fully islanded mode without support from a higher-level In particular, disturbances involving rapid load transitions or arc-
utility network. Consequently, their stability is more sensitive to like discontinuities can propagate between AC and DC subsystems,
disturbances such as short circuits, high-power motor starts, and challenging conventional stability assessment approaches [12].
nonlinear load switching. Low inertia, limited generation margin, Therefore, a dynamic modeling framework capable of capturing
and dense physical integration of equipment further intensify such cross-domain interactions is essential. In recent years, a
voltage and frequency deviations. Increasing installed generation wide range of active and passive control strategies—ranging from
capacity can alleviate these issues but leads to higher costs, classical PI/PID and droop-based schemes to advanced methods

such as model predictive control, sliding-mode control, adaptive
control, and passive damping techniques—have been developed
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Revised: 23 Dec. 2025 enhance stability, robustness, and disturbance rejection [13].
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different perspectives, yet each exhibits limitations that restrict
their applicability to fully integrated architectures. For instance, the
model in [14] considers only a rectifier—generator impedance
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International License. dynamics, preventing a complete stability assessment. The
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steady-state operating point, restricting its ability to characterize
transient energy exchanges between subgrids. Small-signal analyses
such as those in [16] and [17] rely on idealized converter models
or simplified AC subsystem representations, thereby omitting
critical synchronous generator dynamics and their coupling to
the DC network. Similarly, models in [18, 19] approximate AC
generators using equivalent DC sources or RL circuits, which
simplifies control design but fails to capture nonlinear interactions
occurring during severe disturbances. These limitations highlight
the need for a modeling and analysis framework that (i) retains
the essential dynamics of both AC and DC subsystems, (ii)
accurately represents the interlinking converter behavior under
multiple classes of disturbances, and (iii) evaluates system stability
beyond small-signal assumptions.

Addressing these gaps is crucial for designing robust control
strategies—particularly ESS-based mitigation schemes—that can
enhance transient performance in modern hybrid microgrids. In
recent years, the stability of hybrid AC/DC microgrids has
become a central concern due to the widespread transition toward
power-electronic—dominated architectures and the emergence of
new operational standards. Modern initiatives such as IEEE
1709 for MVDC shipboard systems and IEC guidelines on
converter-interfaced generation emphasize the need for coordinated
control and stability verification across AC and DC domains.
These developments reflect a broader technological shift in
which synchronous inertia is diminishing, DC distribution is
expanding, and dynamic interactions between rectifiers, inverters,
and energy storage systems are becoming more pronounced.
As a result, AC/DC microgrids are increasingly vulnerable
to fast transients, nonlinear disturbances, and cross-domain
propagation effects—highlighting the need for comprehensive
dynamic models and robust control frameworks capable of
satisfying the performance expectations mandated by new
standardization trends. To provide a structured overview of
existing research, Table 1 summarizes representative AC/DC
microgrid studies according to their modeling approach, stability
criteria, control design, and disturbance types. As seen in the table,
many works either focus exclusively on the DC subsystem [18, 19],
rely on linearized small-signal models around a single operating
point [17], or represent the AC side through idealized voltage
sources [20]. Furthermore, most prior studies do not explicitly
incorporate ESS dynamics or analyze multi-domain disturbances
such as high-power pulsed loads and arc-like events. In contrast,
the present work employs a nonlinear dynamic model that retains
synchronous generator behavior, interlink converter dynamics, and
ESS-based control, and evaluates Lyapunov stability under multiple
classes of disturbances. This taxonomy highlights the specific gap
that the proposed framework addresses.

Although dg-domain modeling and Lyapunov-based stability
analysis have been widely investigated in prior microgrid studies,
the present work introduces several contributions beyond the
existing frameworks. First, a coupled AC/DC transient model
is developed that explicitly captures the bidirectional dynamic
interactions between the two subgrids during severe disturbances,
including high-power load switching, electric arcs, and short-
circuit events—phenomena typically simplified or omitted in
earlier research. Second, a nonlinear Lyapunov-based stability
assessment is formulated for multi-type disturbance scenarios,
allowing identification of stability margins that cannot be obtained
through conventional small-signal or single-event analyses. Third,
the proposed model integrates the detailed dynamics of the energy-
storage converter and demonstrates its role in redistributing transient
energy between the AC and DC domains, thereby enabling an
ESS-driven mitigation mechanism for hybrid microgrid instability.
These aspects collectively distinguish the present work from
earlier dg-based and Lyapunov-based studies and provide a more
comprehensive understanding of transient behavior in AC/DC
microgrids. The flowchart in Fig. 1, clearly illustrates the overall
procedure, including system modeling, controller design, ESS

integration, stability analysis using the Lyapunov method, and
simulation-based validation.

The structure of this paper is organized as follows: Section
2: Develops the first dynamic model of the integrated AC/DC
microgrid using the dq reference frame based on synchronous
generators. Section 3: Describes the DC subsystem controller along
with the design of the DC/DC converter. Section 4: Provides a full
system stability analysis based on the second or direct Lyapunov
theory approach. Section 5: Presents simulation results of transient
states caused by pulsed loads on the AC and DC buses. Section 6:
Concludes the paper.

2. MATHEMATICAL MODEL OF THE AC/DC
MICROGRID

In this section, the mathematical model of an integrated AC/DC
microgrid is developed, as shown in Fig. 2. In this model, a
synchronous generator is connected to a six-pulse thyristor rectifier
through a transmission line, linking the AC and DC subsystems.
The voltage and current waveforms of the DC output from the
rectifier are filtered using an Rj series filter and a capacitor
energy storage system before being supplied to a resistive load
R. Additionally, a parallel Rc load is connected to the AC bus,
which filters the harmonics generated by generator and AC inputs.

2.1. Synchronous generator model

A synchronous generator is a rotating machine that has a stator
with three independent windings a, b, and c, spaced 120 degrees
apart, and a rotor with a specific number of magnetic poles that
are fed by a DC current. The magnetic coupling between the
windings of the synchronous generator is a function of the rotor’s
position. Therefore, the flux linkage of these windings is also a
function of the rotor position.

As shown in Fig. 3, the synchronous generator is a system with
six circuits: three for the stator windings, one for the excitation
field, and two for the damper windings. The damper windings are
generally used to dissipate the Foucault currents flowing through
the rotor pole iron and can slightly reduce transient states of the
AC subsystem in the floating microgrid. In addition to the mutual
inductances between each pair of windings, each of these windings
also has its own resistance and self-inductance. The model of the
synchronous generator, which is connected to the AC bus via a
transmission line, can be easily derived using Kirchhoff’s voltage
law.

The synchronous generator connected to the AC bus through a
transmission line is described by the following system of equations
based on Kirchhoff’s voltage law:

Tabe _ 7Rabc Labc Tabe + FDQ (1)
’[)abc o Labc _Rabc Vabe SL
where 445 are the stator currents in the three-phase system.
vape are the stator voltages in the three-phase system. Lgpc
are the mutual inductances between the stator windings. Rapc
are the resistances of the stator windings. Fpg represents the
components of the electromotive forces (EMFs) in the dq reference
frame. St represents the components associated with the energy
storage system. This model describes the dynamic behavior of
the synchronous generator and is essential for simulating and
analyzing the system’s performance in the AC/DC microgrid.
The following equation can be used to model the output voltage
and current from a six-pulse thyristor rectifier:

_ 3 Vac 1
vpCe = — (1—5-\/5) (@)

where vpc is the DC output voltage and Vac is the AC input
voltage.
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Table 1. Taxonomy of prior AC/DC microgrid studies.

Ref. Modeling approach \ Stability criteria / analysis

\ Control design considered \ Disturbance types analyzed

[14] Impedance-based DC-side model
of rectifier—generator; AC generator
dynamics neglected

DC-side  steady-state
stability assessment only

and  basic

No explicit dynamic controller; focus
on passive behavior

DC-side load variations; limited repre-
sentation of transient events

[15] Linearized dynamic model of
MVAC/MVDC architecture around
an operating point

lar stability

Small-signal / eigenvalue-based angu-

Conventional AVR/governor models;
no ESS-specific control

Small perturbations around nominal; no
severe nonlinear disturbances

[16] dg-frame averaged model of hy-
brid AC/DC microgrid with ideal
converter representation

function analysis

Small-signal stability via transfer-

Basic converter control; no coordi-
nated AC/DC or ESS control

Minor load changes; no arc faults or
high-power pulsed loads

[17] Simplified integrated AC/DC model; | Local stability with reduced-order

AC network dynamics and syn-
chronous generator oscillations ne-
glected

representation

Limited DC-side disturbances; cross-
domain propagation not captured

Converter-level control with simpli-
fied dynamics

[20] AC subsystem modeled as ideal
balanced three-phase voltage source
with low commutation inductance

steady-state behavior

No detailed stability analysis; mainly

Not explicitly addressed Not explicitly addressed; transient
dynamics largely omitted

[18] Synchronous generators replaced by
equivalent DC models to simplify
DC/DC controller optimization

Indirect ~ stability  via
performance indices

controller

DC/DC converter controller tuning;
no full microgrid-level coordination

Simulated DC-side load changes; AC
dynamics and coupling neglected

[19] Small-signal model of multi-machine

MVDC system with AC generators | nominal conditions

Linearized stability analysis around

Local control strategies for con-
verters; no ESS-based transient

DC-side perturbations; no explicit
treatment of severe or multi-domain

represented as DC sources plus RL mitigation disturbances

elements
Current Nonlinear ~dynamic model of | Lyapunov-based stability assessment | ESS-based PI controller embedded | High-power pulsed loads, short circuits,
research coupled AC/DC microgrid including | under multiple disturbance classes; | in converter dynamics for transient | arc-like events, and AC-side load

synchronous generator, rectifier, DC-

evaluation of AC/DC interaction

mitigation and DC-link regulation switching with cross-domain propaga-

link, interlink converter, and ESS tion
AC/DC Microgrid Energy Storage System | ESS-Based Pl Controller | Lyapunov Stability |
Start ( Modeling /' Integration | Design ( Analysis r” : End
Fig. 1. High-level horizontal flowchart of the proposed AC/DC microgrid approach.
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Fig. 2. Structural diagram of the integrated AC/DC microgrid, illustrating
the coupling between the synchronous generator, rectifier, DC-link, interlink
converter, and ESS.

The Ry, series filter that is used to filter the current and voltage
can be modeled by the following equation:

vi(t) = L‘“CLT(” + Rir(t) 3)
where vz, (t) is the voltage across the Ry filter at time ¢. L is
the inductance of the filter. R is the resistance of the filter. ir,(t)
is the current through the filter.
The capacitor energy storage system can be described by the
following equation for its charge/discharge behavior:

dve (t)
dt
where ic(t) is the current in the energy storage system. C' is

the capacitance of the energy storage system. vc(t) is the voltage
stored in the capacitor.

ic(t)=C @

rQ .
@ 73l * 0

Fig. 3. Schematic diagram of the synchronous generator.

Since the parameters in Eq. (1) are time-varying, their analysis
becomes complex. Therefore, in accordance with Eq. (5), we use
the Park Transformation and consider the system in the rotating
dq reference frame, which allows us to eliminate the time-varying
inductance terms. As shown in Fig. 4, the d-axis is aligned with
the rotor’s polar axis, and the g-axis is shifted by 90° from the
d-axis. The Park transformation is expressed as:

Tqd
zq | =
xo
(5)
cosf cos (0 — ZF) cos (0 + 23") Ta
2| [6pt] —sin® —sin(0—2%) —sin(0+ ) Ty
[6pt] 5 3 3 Te

Using the Park Transformation as described in Eq. (5) and
applying it to the dynamic model of the synchronous generator
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J magnetic field

R Battery

energy

Fig. 4. dq-frame dynamic representation of the synchronous generator used
as the basis for the linearized model.

connected to the AC bus, the following relationship is obtained for
the system:

i:L~R~N'i+V'Vabc+ (6)
BIO],R-N -w—-w

where ¢ represents the current vector, L and R represent
inductance and resistance parameters of the system. N denotes the
number of poles, V' is the system voltage, w is the rotor speed,
and B is the transformation matrix for the Park transformation.

The detailed dynamic equations with the Park transformation
(Eq. (7)) are as follows:

ias | [ ka  kag tds

=l el ]
R AaM
e R
A A

} @)

Vgs

where iqs and i, are dq-axis stator currents (A), vgs, and
vgs are dg-axis stator voltages applied by the rectifier (V). This
equation represents the detailed dynamic model of the synchronous
generator and its interconnection with the AC and DC buses, using
the dy reference frame. The components such as Fpg, Fp, and
others describe the flux linkages and other dynamic parameters
specific to the system’s operation.

The angular velocity and torque of the synchronous generator
in the d, reference frame are given by:

W=Tqa—Tqg—TF —TD + Tg + Tm 3)

where w is the angular velocity of the synchronous generator,
Tq, T4 and T4 represent the torque components in the dq axes, 77
is the torque due to field excitation, 7p is the damping torque, 7,
is the mechanical torque, and ks is the mechanical constant.

Also, the relationship between the rotor’s speed and its angular
acceleration is expressed by:

§=w—B(1) )

where 0 is the angular displacement of the rotor, w is the
angular velocity of the rotor, and B is the damping coefficient.

2.2. Six-pulse thyristor converter model

As shown in Fig. 5, a fully controllable six-pulse thyristor
converter is considered, which includes a resistance 7, due to the
commutation overlap in the inductive circuits, causing a voltage

drop on the DC side of the subsystem. The equivalent resistance
Ty 1S given by:

Ty = —T (10)

where L., is the inductance on the AC side of the thyristor
converter, w is the angular speed on the AC side of the converter.
For a stable system, the resistance 7, is assumed to be constant,
and the changes in w during the transient periods are typically
small.

+ A
Vbus ii’ } } }
’| ii’
ii VS

Fig. 5. Three-phase diode bridge rectifier topology used to interface the
AC generator with the DC-link.

To combine the parameters of the AC and DC subsystems,
the thyristor converter must be described as a periodic switching
function in the d, reference frame. Ignoring commutation effects,
the thyristor converter is considered as an ideal three-phase switch
controlled by a switching function, as shown in Fig. 6.

A Periodic Time (T)

time
0
VL R e - |
J | I
Voe 4 Vag | Vac | Vee | Via |VCA Vs Vag | Vac ]VBC [ Vea

N~~~ e~~~ o~~~

NN TN TN T TN
|| I|V'33

Y y I -
30° 90° 150° 210° 270° 33C° 390° 450° 510° 570°  time
fe——s!

60° Output Voltage Waveform

Fig. 6. Three-phase diode bridge rectifier topology used to interface the
AC generator with the DC-link.

The angle « is the firing angle of the thyristors, and ¢ is the
phase angle of the AC bus voltage input. As shown in Fig. 2, the
switching signal S,, which is the output of the thyristor rectifier,
can be described by the following series:
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Sa(k,t) = K - sin (wt — ¢) (11)

In this case, only the fundamental component, i.e., k = 1, is
considered for the output switching signal Sa of the six-pulse
thyristor converter.

The harmonic content in power electronics applications is
defined by the switching of converters, which are usually filtered
for adjustment. Therefore, disregarding the harmonic levels in
the microgrid, the switching functions of the six-pulse thyristor
converter are described by Eq. (12).

cos(wt + a — )
Sabc(t) = | cos wt—o—a_(p_%w (12)
cos Wt+a—<p+%ﬂ

where w is the angular frequency, « is the firing angle of the
thyristors, ¢ is the phase angle of the AC input voltage. The
relationship between the input terminal (AC bus) and the output
terminal (DC subsystem converter) can be expressed as follows:

Sabc “labe = Vabc . Sabc (13)

As the time-varying components in the synchronous generator
model were removed using the dq transformation, the converter
model should also be time-independent. Now, using the dq
transformation and the Park transformation matrix, the switching
function (Eq. (8)) becomes:

cos(d — a — @)

Suq(t) = sin(d — a — @) a4
Similarly, by applying the d, transformation to Eq. (14), we

have:

SOdlI : Z‘01111 = Vodgq - Sodq (15)

By combining the above relations, the following equation
describes the relationship between the input and output voltages of
the six-pulse thyristor converter:

Vbe = Vac « Spus - cos (o — @) (16)

where Vpc is the DC output voltage, Vac is the AC input
voltage, and Sbus is the Park transformation matrix.

This equation describes the relationship between the input and
output voltages of the six-pulse thyristor converter.

2.3. AC bus model

The AC bus is recognized as the connection point between the
synchronous generator and the thyristor converter, where local AC
loads can also be connected. By applying Kirchhoff’s current law
at the AC bus and transforming it into the d, reference frame, we
obtain the following equations:

‘/bus,d =
) (17)
tbus,d b + Cb * tbus,d — Whus,dCb
‘/bus,q =
(18)

ibus,qu + Cb . ibus,q - wbus,qcb

Substituting 41,4 and ¢1,4 from Eq. (17) into Eq. (18), we
perform the transformation into per unit values, resulting in the
following relations:

ibus,d =

19
‘/bus,d —w- Bbus + Cb . ibus,q —w- Cb
ibus,q -

(20

‘/bus,q —Ww- Bbus + Cb . ibus,d —Ww- Cb

where ipy5,4 and ipys,q represent the current components in the
dq reference frame, Viys,q and Viys q are the voltage components
of the AC bus in the d, reference frame. R} is the resistance of
the bus, C} is the capacitance of the bus, and w is the angular
velocity.

2.4. Filter and energy storage system model

As shown in Fig. 7, using Kirchhoff’s voltage and current laws
in the DC subsystem, its mathematical model is defined as follows:

di
C V.- Vr—R - L 21
G =Ve—Ve—Ri—Lr @1

where R represents the DC load resistance, and Vj is the DC
bus voltage, which is described by Eq. (22):

R

Va=V. -V
d +RLB

(22)

rny LFq is iLB Va

| il,R

Vs DC

DC

=
WW
~

Ry

T ||Celt
v vV V

Fig. 7. DC subsystem circuit with energy storage battery.

Now, by combining Eq. (11) with the filter model, energy
storage system, and DC/DC converter model as described in Eqs.
(21) and (22), and applying per-unit transformation, we obtain the
following equations:

|: /L:bus,d :| _
Tbus,q (23)
[ Sbus,d . ‘/bu.s,d + Sbus,q . ‘/bus,q + ir + ws ]

[itB | =Vr— (w-B+Chy-SLp) 24

As shown in Fig. 7, the current ir,p in Egs. (22) and (23) is
the input current to the DC/DC converter, which is recognized
as the controller of the DC subsystem. The complete dynamic
model of the AC/DC microgrid is described. It is evident that the
dynamic model of the AC/DC microgrid is nonlinear and reflects
the dynamic interaction between the AC and DC subsystems.

Currently, combined energy storage systems are used to
reduce transient states and improve the stability of AC/DC
microgrids. The most common systems are those based on
batteries and supercapacitors. Supercapacitors bridge the gap
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between conventional batteries and capacitors. Unlike conventional
capacitors, whose storage capacity is limited due to dielectric
breakdown, supercapacitors can withstand high voltage limits and
provide energy storage densities up to 15,000 times greater than
what can be achieved with conventional capacitor technology.
Therefore, they can be used as energy storage devices on ships.
Due to their low internal resistance, capacitors have a small time
constant, which allows them to have a high charge/discharge rate
and generate high power density. However, the energy density
in supercapacitors is relatively low compared to batteries. As a
result, by combining supercapacitors and batteries, it is possible
to meet the power demand for critical and sensitive loads, reduce
maximum power stress on battery cells, and meet peak power
demands caused by pulsed loads in military vessels.

3. DC SUBSYSTEM CONTROLLER

The controllers of the main drive and synchronous generator
system improve the transient states in the AC subsystem, but
the improvement in the transient states of the DC subsystem is
minimal. Therefore, in this section, we investigate the addition of
a controller to modify the transient states of the DC subsystem.
Specifically, energy storage batteries are added to a controller
that regulates the charging and discharging states of the batteries
when transient conditions in the DC subsystem occur. As shown,
energy storage batteries are connected to a DC/DC converter,
which allows electrical power to be transferred in both directions,
providing excellent control over the batteries. Energy storage
batteries can operate in two modes: buck mode (1) and boost
mode (2), providing power to the microgrid or absorbing excess
power from it. The DC/DC converter ensures the distribution of
power in both directions. The controller of the DC/DC converter
regulates the operational modes of the converter to control the
power distribution within the system.

According to Fig. 8, the DC/DC converter is of a non-isolated
type and has two IGBT switches. The IGBT switches operate
complementarily with each other, and as mentioned in the previous
section, the DC/DC converter can operate in both buck and boost
modes. The duty cycle can be easily controlled by adjusting the
PWM signals used for switching the IGBT switches. Therefore, a
simple PWM generator signal is considered in this paper. Fig. 9
shows the PWM generator signal with a PI controller, which has
a very small time constant 7.. The controller regulates the error
between the DC bus voltage and the reference DC voltage, and
depending on the error, the duty cycle is adjusted to allow the
converter to operate in either buck or boost mode.

BOOST DC/DC Converter Battery
———————————— I e
il q L D Iy l
» (11110} I |
|J_ l |

R,
Vov I C; d_l'—_' S C, | : \'A Bat |
I I I T EBat I
1 | | | |
- - - L

Fig. 8. DC/DC converter circuit with energy storage battery.

As expected, when the DC bus voltage Vj starts to increase
above the reference voltage, the DC/DC converter operates in buck
mode, directing excess power from the DC bus to the energy
storage batteries, thus helping stabilize the DC subsystem voltage.
On the other hand, when the DC bus voltage V; decreases below
the reference voltage, the converter operates in boost mode. In
this case, the batteries transfer current to the DC bus through the
DC/DC converter to help bring the subsystem voltage back to
the expected range. Therefore, the charging and discharging states

Voat

Vhal + SoC 7:bat
battery mode operation
Vg:f_ lq» . mode f ]
-O voltage : Lo
control »Z_L ' | =— |
current L5
control N
Va_ voltage
A control dc bus
Ude
droop mode

Fig. 9. Control block diagram of a DC/DC converter with battery energy
storage.

of the batteries depend on the operating modes of the DC/DC
converter, namely buck and boost modes. The battery charging
mode primarily depends on the activation of switch )1, while the
discharging mode depends on the activation of switch Q2.

It is important to note that the switching frequency of the
DC/DC converter depends on the type of disturbances and transient
states of the DC subsystem, which are regulated by the controller.
The precise mathematical description of the PWM generator signal
with the PI controller can be derived from Fig. 10 in the form of
the following differential equation:

D=Kec (Va—Va,.,) (25)

Va=Kep Va—Vy_  )+7-D (26)

ref

where D is the duty cycle of the converter, V; is the DC bus
voltage, Ve is the reference DC voltage, K. and K., are the
proportional and proportional-integral gains, respectively. 7. is the
time constant of the controller.

In [21] demonstrated that appropriately structured Lyapunov
functions can be used not only to stabilize nonlinear systems
but also to enlarge their domain of attraction using Zubov-based
formulations. Their findings highlight the importance of rigorous
Lyapunov-driven controller design for nonlinear dynamical systems,
which aligns with the stability-oriented methodology adopted in the
present AC/DC microgrid study. The robustness of the proposed
Pl-controlled ESS converter was quantitatively evaluated under
a wide range of operating conditions. Sensitivity analysis with
4+30% variations in Lcony, Caqc, and load power demonstrated
that the closed-loop system preserves stability and maintains less
than 12% variation in settling time. Frequency-domain analysis
further confirmed strong robustness, yielding a phase margin of
48°, a gain margin exceeding 10 dB, and a crossover frequency
of approximately 320 rad/s. Time-domain simulations under severe
disturbances including 50% step load changes, AC-side short-
circuit events, and arc-like voltage interruptions—showed that
the DC-link voltage deviation remains below 6% and recovers
within 120 ms, with overshoot limited to under 8%. These
quantitative results verify that the designed PI controller provides
sufficiently damped transient behavior and maintains stable AC/DC
interaction, ensuring reliable microgrid operation despite parameter
uncertainties and nonlinear disturbance propagation.

S
' I
! .
I
| —
e | & | [F |1 & [Ty
; S e PO ey VY
R —— I

PI controller

Fig. 10. PWM generator signal with a proportional-integral (PI) controller.

From a control design perspective, more advanced and efficient
controllers can be utilized for optimal switching, which helps
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reduce the losses in the DC/DC converter’s switching elements.
More advanced control algorithms, such as predictive control, can
be used to further improve the converter’s switching and reduce
losses, as well as reduce transient states in the DC subsystem and
improve the overall system’s stability.

Predictive control is an advanced model-based approach that uses
the system’s nonlinear model to predict future output states and
generate an optimal control sequence based on these predictions. In
practice, considering other performance requirements and control
constraints such as minimizing control costs and limitations in
receiving and sending control signals is of high importance.

4. STABILITY ANALYSIS

The second Lyapunov method, also known as the direct
Lyapunov method, is used to investigate the stability of the
nonlinear AC/DC microgrid system. To find the Lyapunov function
for the nonlinear system, the scalar product of the Egs. (3), (4),
(14), (15), (18) and, (19) is taken with their corresponding state
variables, excluding the filter model and energy storage system
equations.

The following Eq. (27) represents the dynamics of the system:

Y = Ry-iqg— Ri+ir — Rm -ip + Ry - ig—
27
w Riip—w:Rm -ir+ Rp-ip — Rm - iq

Based on Eq. (27), the Lyapunov function V(X) is described
as follows:

F c B Li  C Vi (28)
bbus,d bbus, q F ‘/bus, q H C

V(X) = %Lliq + %Cdc(vdc — U;C)Q—F
29)
1 (w—w*)?

It is clear that V' describes the stored energy in the inductors,
capacitors, and the system’s inertia. From Eq. (28), it is evident
that V' (0) = 0 and V(x) > 0. On the right-hand side of Eq. (27),
T, represents external inputs to the system, which are controllable
using feedback. Suppose that the torque 73, is controlled by the
feedback of the speed, i.e., T}, = —km.w. Then, for w = 1 and for
other state variables in the microgrid relations, we have V' < 0.
Therefore, according to the second Lyapunov method, the system
is stable at w = 1.

In general, military vessels are equipped with specialized loads
such as radars, laser weapons, drone launchers, and electromagnetic
weapons. These loads require very high periodic power, ranging
from hundreds of kilowatts to tens of gigawatts, with very short
time durations from a few microseconds to several seconds. These
types of loads are categorized as pulsed loads. Pulsed loads not
only have high peak power and rapid increase rates but also have
significant effects on the voltage of the bus and the stability
of the AC and DC subsystems. Generally, switching high-power
pulsed loads can lead to voltage dips in the AC/DC microgrid of
the vessel. Voltage dips can cause instability and disconnection
of sensitive and critical loads that are fed from the AC and
DC subsystem buses. Therefore, appropriate strategies should be
used to reduce transient states caused by pulsed loads and other
disturbances that are not controllable within the microgrid.

One suitable strategy for maintaining the stability of the AC/DC
microgrid is to isolate the power sources of sensitive and critical
loads from the pulsed loads, which should be considered for the
floating island power system. An ideal pulsed load over a time
period can be described by Eq. (28), as follows:

(30)

_ Pp,max O S t S tp
P(t) = { 0 otherwise

where P, maa represents the peak power of the pulsed load and
tp is the duration of the pulsed load.

To comply with standard reporting guidelines for nonlinear
dynamic systems, all simulation initial and boundary conditions
were explicitly defined in the revised manuscript. The generator
states were initialized at their steady-state operating point (¢4s0,
iqs0, Wo, 0o), and the DC-link voltage was set to its nominal
value v4s0 = 540 V. Boundary conditions were imposed through
rated generator voltage and frequency, converter duty-cycle limits
(0 < 1), and load power constraints. Disturbance profiles were
formally specified, including pulsed-load steps of 20-60% of
rated power, firing-angle variations of 10°-40°, and arc-like events
represented as fast-decaying discontinuous voltage drops. Model
validation criteria included boundedness of state trajectories,
Lyapunov-consistent monotonic decay of the energy function,
settling-time reduction, overshoot minimization, and DC-link
voltage sag remaining below acceptable operational thresholds.
These definitions ensure transparency, reproducibility, and strict
adherence to nonlinear dynamic system reporting standards.

5. SIMULATION RESULTS

The parameters used in the synchronous generator, rectifier,
DC-link, converter, and load models were selected based on
a combination of real equipment specifications and validated
literature sources. The stator resistance, dq-axis inductances, inertia
constant, and damping coefficient were obtained from manufacturer
datasheets of standard 50-100 kVA marine synchronous generators.
Converter-side inductances, DC-link capacitance, and equivalent
series resistance were derived from commercially available six-
pulse rectifier and DC/DC converter modules, consistent with
values reported in [19, 20]. Load characteristics, including pulsed-
load magnitude and dynamics, follow established models used in
shipboard MVDC transient studies [20, 21]. When exact datasheet
values were not available, parameters were assumed within the
recommended ranges found in IEEE Std. 1709 and recent AC/DC
microgrid research. The complete set of nominal values and
references is summarized in Table 1 to ensure traceability and
reproducibility of the model.

Before presenting the dynamic equations, all parameters used
in the AC and DC subsystem models are summarized in Table
2. These parameters are obtained from manufacturer datasheets
of standard marine synchronous generators, typical MVDC
converter specifications, and values commonly reported in recent
AC/DC microgrid literature. Unless otherwise stated, all electrical
quantities follow per-unit normalization and standard dq-frame
conventions. To ensure reproducibility and to clearly separate
methodological innovations from numerical implementation, the
complete simulation setup has been explicitly detailed in the revised
manuscript. All nonlinear differential equations were solved using
the MATLAB/Simulink ode23tb stiff solver, which employs a TR-
BDEF2 integration scheme suitable for power-electronic switching
dynamics. A fundamental time step of 1 s and a control-loop
execution period of 50 pus were used to accurately capture
diode commutation, PWM switching, and fast load transients,
with simulations executed over a 5 s window. The computational
environment consisted of a 12-core AMD Ryzen processor and 16
GB RAM running MATLAB R2023a. These additions clarify the
numerical framework used to test the proposed AC/DC microgrid
model and controller and ensure that the presented results can be
fully replicated by other researchers.

A sensitivity analysis was conducted to assess the robustness of
the proposed ESS-based controller under variations in key system
parameters. Increasing the proportional and integral gains by +30%
altered the settling time by less than 12% and kept overshoot
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Table 2. List of parameters used in the dynamic model.

Symbol  Description Unit Typical value Data source
Rs Stator winding resistance Q 0.12 Generator datasheet
Lg, Ly  d—q axis synchronous inductances H 0.015/0.017 [21]
Lggq Mutual dq inductance H 0.003 Derived from machine parameters
J Rotor inertia kg-m? 0.35 Manufacturer data
D Mechanical damping coefficient N-m-s 0.02 [20]
Ey Field excitation voltage A% 80 AVR datasheet
Vde DC-link voltage \" 540 Simulation baseline
Cge DC-link capacitance F 4.7 x 1073 Converter datasheet
Lcony Converter-side inductance H 2.5 x 1073 Converter datasheet
Req Equivalent series resistance Q 0.05 Converter datasheet
Pioad Nominal load power kW 50 System definition
Ky, K; PI controller gains - 0.84, 52.1 Tuned
Ad d-axis flux linkage coefficient Wb - Derived via Park model
w Electrical angular speed rad/s 314 Generator nominal
M Disturbance / modulation term - Scenario-dependent ~ Simulation setup

below 9%, confirming the controller’s stability margin. Variations
in converter inductance and DC-link capacitance (£25%) resulted
in less than 10% change in voltage sag, demonstrating limited
dependency on hardware tolerances. The pulsed-load intensity
was swept from 20% to 60% of rated power, during which the
ESS-controlled system consistently constrained voltage deviations
to below 6%, compared to 15-22% in the uncontrolled case.
Similarly, varying the firing angle « between 10° and 40° produced
predictable shifts in DC-link ripple amplitude, yet the controller
maintained adequate damping and prevented instability. These
results collectively confirm that the proposed control framework
is highly resilient to parameter uncertainties and operational
variations typical of hybrid AC/DC microgrids. As summarized
in Table 3, variations of +30% in the PI gains and +25% in
converter parameters cause less than 12% change in the settling
time and keep overshoot below 8% in all controlled cases, while
the uncontrolled system consistently exhibits overshoot above 15%
and DC-link sag greater than 18%.

As shown in Fig. 3, the AC/DC microgrid under study is
simulated in the Simulink/MATLAB environment. The simulation
results demonstrate the dynamic interaction between the AC and
DC subsystems under transient conditions caused by pulsed loads
on the AC and DC buses. The results also confirm that the energy
storage system’s controller is highly effective and efficient in
mitigating the transient states in the DC subsystem. The parameters
of the AC/DC microgrid under study are provided in the tables in
the appendix of the paper.

5.1. Application of pulsed load on the DC bus

Certain high-power loads exist on vessels, such as propulsion
systems, air conditioning compressors, and heating systems. These
loads, which typically require several megawatts of operational
power, are directly supplied from the DC distribution bus via
DC/DC converters. Given the integration of pulsed loads and
high-power loads, two crucial and vital issues are the coordination
of protection control and the stability of the AC/DC microgrid.
Moreover, the voltage drop caused by pulsed loads must be
compensated on the common bus to ensure the quality of power
and system stability.

To simulate the pulsed load on the DC subsystem bus, we
consider the initial system conditions for a line-to-line voltage of
40 kV and a frequency of 60 Hz, with a firing angle of o = 0° for
the thyristor converter. A pulsed current load, as shown in Fig. 11,
is applied at time t=3.5s for a duration of 10 ms and with a current
range of 300 A. The maximum output voltage of the six-pulse

thyristor converter depends on the thyristor firing angle. Since the
output voltage of the thyristor converter is maximum at a firing
angle of o = 0°, it can be concluded that the most significant
transients and disturbances caused by pulsed loads occur at this
firing angle.
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Fig. 11. Current pulse of 300 A and corresponding load/battery voltage
response in the DC subsystem.

As shown in Fig. 12, the DC subsystem output voltage
noticeably decreases due to the application of the pulsed load,
and the DC line current increases significantly. According to Fig.
13, when a pulsed load is applied to the DC bus, the effective
line-to-line voltage of the AC subsystem initially decreases and,
after the transient states pass, returns to its initial stable state. The
effective current in the AC subsystem also increases initially and
then returns to its original stable state after the pulsed load is
removed. Fig. 14 shows performance parameters such as angular
speed, active power, and the excitation voltage of the synchronous
generator. When the pulsed load is applied at t=3.5s for a duration
of 10 ms and a current range of 300 A on the DC bus, it results
in oscillations that quickly return to their steady-state values after
the pulsed load is removed. This stability confirms the results of
the second Lyapunov method discussed in the previous section. It
should be noted that the initial oscillations in the simulation are
related to the startup of the synchronous generator.

5.2. Application of pulsed load on the AC bus

In this simulation, assuming the DC subsystem output load
remains constant, a resistive pulsed load of 500 kW is applied
to the AC subsystem bus at t=3.5s for a duration of 10 ms. As
shown in Fig. 15, it is clear that when the pulsed load is applied,
the line current increases sharply, resulting in a significant voltage
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Table 3. Sensitivity analysis of key parameters on transient performance (with and without ESS-based PI controller).

Case ID  Parameter varied Variation Overshoot Overshoot Settling time Settling time

(with ctrl) [%] (no ctrl) [%] (with ctrl) [ms] (no ctrl) [ms]
S1 K, —-30% 6.5 16.8 135 305
S2 K, +30% 74 17.2 110 298
S3 K; —-30% 6.8 17.0 140 310
S4 K; +30% 7.6 17.5 115 300
S5 Lcony —25% 6.2 16.4 120 290
S6 Lcony +25% 6.9 16.9 130 300
S7 Clac —-25% 7.2 17.8 135 315
S8 Cac +25% 6.1 16.2 115 295
S9 Pulsed load level 20% of rated 4.1 12.3 100 260
S10 Pulsed load level 40% of rated 5.4 17.6 118 285
S11 Pulsed load level 60% of rated 7.8 21.9 138 320
S12 Firing angle («) 10° 5.0 15.8 115 275
S13 Firing angle (o) 25° 5.9 17.2 122 290
S14 Firing angle (o) 40° 6.7 18.9 135 305
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Fig. 12. Application of a pulsed current load to the DC bus at t=3.5s for a
duration of 10 ms, with a current range of 300 A. This figure illustrates the
transient behavior of the DC subsystem when subjected to a pulsed load.
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Fig. 13. Effect of a pulsed load on the output voltage of the DC subsystem.
The figure shows a noticeable decrease in the DC output voltage and a
significant increase in the DC line current when the pulsed load is applied.

drop on the corresponding AC bus. The damper windings and
the synchronous generator’s excitation system help minimize the
transient states of the system, allowing the system to return to its

|
0 0.5 1 1.5 2 25 3 35 4 4.5 5
Time (s)

Fig. 14. Voltage and current behavior of the DC subsystem during the
application of a pulsed load to the DC bus. Initially, the line-to-line voltage
decreases, and after the transient states subside, it returns to its initial
stable state.

initial stable state after 10 ms with the thyristor converter’s firing
angle at o = 0°.

The disturbances caused by pulsed loads on the AC subsystem
and the dynamic interaction between the AC and DC subsystems
lead to transient states in the DC subsystem. As shown in Fig. 16,
when a pulsed load is applied to the AC bus, the line current of the
AC subsystem increases, and the voltage of the AC bus decreases.
As a result, as shown in Fig. 17, the DC subsystem’s voltage and
line current also decrease due to the six-pulse thyristor converter.

Despite the presence of controllers for the main drive and
the synchronous generator’s excitation control, no significant
improvement is observed in the transient states of the DC
subsystem. These disturbances result in a voltage drop and a
reduction in the DC line current at the relevant time. Fig. 17
illustrates the output parameters of the synchronous generator
when a pulsed load is applied to the AC bus. At t=3.5s, and after
10 ms, the synchronous generator experiences oscillations in its
performance and output parameters, which lead to changes in the
AC/DC microgrid parameters. After the pulsed load disturbances
on the AC bus subside, the output parameters of the synchronous
generator, such as angular speed, active power, and excitation
voltage, stabilize following the oscillations. This stabilization
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Table 4. Comparative simulation results under different disturbance scenarios.

Scenario  Disturbance type Load magnitude Firing angle ESS control Peak DC voltage  Settling time  Overshoot  Stability outcome
No. ° deviation [%] [ms] [%]
Sl Pulsed load +20% 15° Enabled 38 95 42 Stable, well damped
S2 Pulsed load +20% 15° Disabled 11.6 210 13.8 Underdamped oscillations
S3 Step load +40% 25° Enabled 54 118 6.1 Stable
S4 Step load +40% 25° Disabled 17.9 270 15.4 Large oscillations
S5 Sudden motor start +50% 30° Enabled 6.0 135 7.8 Stable, fast recovery
S6 Sudden motor start +50% 30° Disabled 21.3 320 16.2 Near-instability
S7 Harsh disturbance (arc-like) N/A 10° Enabled 57 140 74 Stable, oscillations suppressed
S8 Harsh disturbance (arc-like) N/A 10° Disabled 19.8 310 14.9 Pronounced oscillations
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Fig. 15. Effect of a 500 kW resistive pulsed load applied to the AC
subsystem bus at t=3.5s for 10 ms.
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Fig. 16. Voltage and line current of the DC subsystem after the application
of a pulsed load to the AC bus.

proves the system’s stability using the second Lyapunov method.
To complement the qualitative waveform responses shown in
the figures, key quantitative performance metrics were extracted,
including peak overshoot, settling time, and DC-link voltage sag
percentage. Across all tested disturbances, the proposed controller
limits overshoot to below 8%, while the uncontrolled system

Table 5. Comparative performance benchmarking of different control
strategies under a 40% pulsed-load disturbance.

Control strategy Overshoot  Settling time  DC-link sag Oscillation
(%) (ms) (%) amplitude
No control 17.6 285 19.3 High
Conventional PI (manual tuning) 12.1 180 12.5 Moderate
Droop-based control 9.4 165 10.2 Moderate—low
Predictive control (MPC) 79 150 8.4 Low
Proposed ESS-based PI controller 54 118 52 Very low

exhibits peaks exceeding 15-20%. The controlled microgrid
achieves settling times between 95-140 ms, representing an
improvement of more than 50% compared to the uncontrolled
case, whose settling times range from 250-320 ms. Furthermore,
the DC-link voltage sag remains below 6% under ESS control,
whereas in the absence of control the sag surpasses 18% in severe
scenarios. These quantitative metrics demonstrate that the proposed
control strategy provides significantly improved transient damping,
faster recovery, and stronger voltage support during high-impact
disturbances.

To strengthen the validation of the proposed control strategy,
the simulation study has been extended to include a broader range
of disturbance scenarios beyond the single pulsed-load event. The
microgrid was tested under multiple load steps ranging from 20%
to 60% of rated power, various converter firing angles between 10°
and 40°, and different initial operating conditions. Furthermore, a
no-ESS-control case was simulated to isolate the stabilizing effect
of the proposed PI regulator. Across all scenarios, the uncontrolled
system exhibited voltage deviations exceeding 18% and prolonged
oscillations, while the controlled system limited the DC-link
deviation to below 6% and reduced the settling time by more than
55%. Load increases above 50% produced the strongest AC/DC
coupling interactions, yet the controller maintained stable operation
without overshoot exceeding 8%. These results demonstrate that
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the proposed approach remains effective across a wide disturbance
spectrum, confirming its robustness and general applicability
to hybrid AC/DC microgrids. As summarized in Table 4, the
proposed ESS-based PI controller consistently improves transient
performance across all disturbance scenarios. With ESS control
enabled, the DC-link voltage deviation remains below 6% and
the settling time stays under 140 ms even for severe disturbances
such as 50% load steps and arc-like interruptions. In contrast,
the system without ESS exhibits deviations exceeding 18-20%,
significantly longer settling times, and pronounced oscillations.
These results confirm that the controller not only stabilizes the
AC/DC interaction under moderate load variations but also provides
robust mitigation against high-impact disturbances, demonstrating
clear superiority over the uncontrolled case.

As shown in Table 5, the proposed ESS-based PI controller
outperforms conventional PI control, droop-based regulation, and
predictive control in all key transient performance metrics.
It reduces overshoot from 17.6% (no control) and 12.1%
(conventional PI) to 5.4%, and decreases settling time by more
than 50% compared to the uncontrolled case. The DC-link voltage
sag is also reduced from 19.3% to 5.2%, demonstrating strong
disturbance rejection and AC/DC interaction damping. Although
predictive control provides improved performance relative to
classical methods, it still underperforms the proposed approach
while requiring substantially higher computational cost. These
results confirm that the proposed controller offers the best balance
of robustness, speed, and practical implementability.

5.3. Analytical comparison with existing modeling and sta-
bility studies

Although numerous studies have examined different aspects
of AC/DC microgrid operation, their modeling approaches and
stability evaluation techniques vary considerably, often limiting
their applicability to integrated hybrid architectures. Impedance-
based models such as those in [14] capture converter—generator
interactions but omit the electromechanical dynamics of
synchronous generators, which are essential for predicting transient
stability under severe disturbances. Linearized models used in
angular or small-signal stability analysis [15] provide insight
near an operating point but cannot represent nonlinear energy
exchange between AC and DC subsystems during high-impact
events such as motor startup or arc-like disruptions. Similarly,
models that represent generators as ideal sources, simplified
RL equivalents, or averaged switching functions [17] significantly
reduce computational complexity but neglect cross-domain coupling
effects that arise from the interlink converter and ESS-driven control
actions.

Existing stability assessments also rely primarily on small-signal
or local Lyapunov methods that do not extend well to multi-
disturbance scenarios. For instance, studies focusing solely on the
DC subsystem [20] or on simplified converter representations
[17] cannot characterize the bidirectional propagation of
transient disturbances across the AC/DC interface. Moreover,
prior Lyapunov-based analyses typically assume either isolated
disturbances or quasi-steady converter operation, which limits their
ability to predict instability under rapid, discontinuous events that
simultaneously affect both domains.

In contrast, the present work incorporates the full nonlinear
dynamic behavior of synchronous machines, the interlink converter,
and the ESS control system to formulate a unified AC/DC transient
model capable of representing cross-domain interactions. The
proposed Lyapunov-based stability evaluation extends beyond
conventional small-signal formulations by explicitly considering
multiple disturbance classes and capturing the nonlinear evolution
of system trajectories. This analytical comparison highlights that
existing methods either oversimplify subsystem dynamics or
restrict stability analysis to local regions, whereas the approach
developed in this study provides a more comprehensive framework

for evaluating and mitigating transient instability in hybrid AC/DC
microgrids.

5.4. Limitations of the study

Although the proposed nonlinear AC/DC microgrid model
and ESS-based control strategy provide valuable insights,
several limitations should be acknowledged. First, the converter
model adopts ideal switching behavior and does not explicitly
represent high-frequency harmonics or non-ideal semiconductor
characteristics such as dead time, switching losses, or reverse
recovery, which may influence real-world transient responses.
Second, measurement noise, sensor delays, and signal quantization
effects are neglected, whereas such factors can affect controller
performance in practical implementations. Third, the dynamic
load and pulsed-load disturbances are modeled in simplified
form without incorporating stochastic variations or frequency-
dependent behavior. Fourth, the study relies exclusively on offline
numerical simulations without hardware validation or HIL testing,
which limits the direct generalization of the results to physical
systems. Finally, although representative disturbance scenarios
were examined, the analysis does not yet cover the full operational
envelope of multi-event sequences, parametric degradation, or
long-term stability performance. These limitations define the
boundaries of the current study and motivate further work to
expand experimental validation, incorporate non-idealities, and
explore a broader range of system conditions.

6. CONCLUSION

The simulation results show that the AC and DC subsystems
dynamically affect each other due to any instability caused by
high-power pulsed loads, and any transient state on one subsystem
induces transient states on the other subsystem. Additionally, the
damper windings of the synchronous generator are not sufficient
to reduce the transient states of the microgrid, and suitable control
methods must be implemented to manage instability in both the
AC and DC subsystems. The simulation results confirm that the
proposed ESS-based PI controller provides substantial quantitative
improvements in both DC and AC subsystem stability. Across
multiple disturbance scenarios, the controlled system reduces
DC-link voltage sag from 18-21% (uncontrolled) to below 6%,
and decreases peak overshoot from more than 15% to under 8%.
The settling time improves by more than 55%, decreasing from
250-320 ms in the uncontrolled case to 95-140 ms when the ESS
controller is active. Furthermore, oscillation amplitudes in generator
currents and DC-link voltage ripple are reduced by approximately
50%, demonstrating the controller’s capability to effectively damp
AC/DC cross-domain transients. These measurable enhancements
verify that the proposed control strategy significantly increases the
robustness and dynamic performance of the microgrid, making it
suitable for deployment in practical shipboard and industrial hybrid
AC/DC architectures.
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