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ABSTRACT This paper presents a Knowledge Domain (KD)-based control framework for a
DSTATCOM- integrated ac/dc hybrid microgrid designed for electric vehicle (EV) charging applications.
The DSTATCOM, connected to the ac bus, regulates ac voltage and indirectly supports the dc bus via coor-
dinated converter control. A small-signal model of the hybrid microgrid, including DSTATCOM dynamics,
is developed to accurately capture system behavior and interactions among PV arrays, energy storage systems
(ESS), EV loads, and grid-connected converters. The proposed KD control integrates offline optimization
with near real-time adaptability to maintain stable EV charging under dynamically changing conditions.
The controller parameters of the state feedback matrix (k) are optimized using Particle Swarm Optimization
(PSO) by minimizing state deviations under perturbations via the Integral of Time-weighted Absolute Error
(ITAE) criterion. The optimized parameters are stored in a KD database and mapped to operating conditions.
During operation, the KD control framework rapidly retrieves appropriate parameters to update controller
gains, ensuring fast damping and rapid stabilization under dynamical variations. System stability is evaluated
through state perturbation analysis, where individual system states are perturbed to observe the impact on
other states and verify proper settling with minimal undershoot/overshoot. A 10% dc bus voltage perturbation
demonstrates that the system remains stable, with the DSTATCOM significantly reducing oscillations
and settling time, which is further enhanced with PSO-tuned parameters. Experimental validation on the
OPAL-RT OP4512 real-time simulator confirms the superiority of KD control over conventional
PSO-tuned control, achieving faster damping, reduced settling time, and simultaneous regulation of ac and
dc bus voltages. The proposed approach ensures robust microgrid operation, uninterrupted EV charging, and
safe performance of interfaced converters under dynamic source and load variations.

INDEX TERMS EV charging, ac/dc hybrid microgrid, integral of time-weighted absolute error (ITAE),
particle swarm optimization (PSO), DSTATCOM, knowledge domain (KD) control.

I. INTRODUCTION

The rapid rise of electric vehicles (EVs) is transforming
transportation, demanding a sustainable, fast, and stable
charging infrastructure. The DC microgrids, integrating solar
power and energy storage systems (ESS), have emerged
as a promising solution, offering reduced conversion losses
and enhanced energy efficiency compared to traditional AC
grids [1], [2], [3], [4], [5], [6]. However, maintaining DC
grid stability remains a critical challenge, especially under
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dynamic load changes and intermittent renewable genera-
tion, so connecting with the edge of the AC grid is the
best solution. The AC grid interface plays a vital role in
balancing power, supplying the DC grid during renewable
energy intermittency, and absorbing surplus power during
peak generation [2], [3], and [6]. However, sudden AC load
increases or DC power deficits can push the DC bus voltage
beyond safe limits, destabilizing converters, stressing the AC
grid, and risking the entire system, leading to collapse if
advanced control concepts are not employed.

To mitigate these problems, flexible AC transmis-
sion system (FACTS) devices such as Distribution Static

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.

194048

For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 13, 2025


https://orcid.org/0009-0008-2847-655X
https://orcid.org/0000-0002-4400-5271
https://orcid.org/0000-0003-2718-6522

B. Faujdar, R. K. Pandey: KD Control of AC/DC Hybrid Microgrid for EV Charging Application

IEEE Access

DC/DC

8 PN DC/DC
8 = <> Bidirectional«—>—>  Buck
, Converter Converter

Energy Storage

L
J

EV Loads

AC BUS

s DC/DC AC/DC
Boost Bidirectional «—
g Converter Converter
PV Arrays
DSTATCOM AC Loads
DC BUS

FIGURE 1. The block diagram of the proposed DSTATCOM integrated
AC/DC hybrid microgrid for EV charging application.

Synchronous Compensators (DSTATCOM) have been
widely used for dynamic voltage regulation of microgrid, and
to mitigate oscillation introduced by the interaction between
inverter-based resources and AC grids [7], [8], [9], [10],
[11]. In [8], the DSTATCOM is used to regulate the voltage
through reactive power compensation and to improve the
stability of PV-wind hybrid micro-grid systems under renew-
able source variation. In [9], STATCOM is used to support
the reactive power for frequency regulation of a wind farm-
based microgrid. In [10], a PV-DSTATCOM (a D-STATCOM
feeding active power through the DC link from a PV array)
is used to charge the EVs and support reactive power to
the AC grid to regulate the AC bus voltage. However, the
literature offers a limited focus on DSTATCOM applications
for EV charging. Some studies explore optimal DSTATCOM
placement, while others rely on PV as the DC input of
DSTATCOM, an unreliable source due to solar variability.
This paper proposes a dedicated DSTATCOM control unit
that ensures AC voltage regulation and indirectly stabilizes
the DC bus voltage, enabling uninterrupted and high-quality
EV charging.

The traditional control strategies, like PI control or PID
control, often rely on fixed parameters, which may fail to
adapt to changing system operating conditions, leading to
oscillations and instability. The PID control provides the
tuning of the controller for a particular range whenever there
is a change in operating conditions or perturbations in the
entire system; the tuning of PID control is a big challenge.
Moreover, this tuning may not be able to reject the system
disturbance or perturbation, whereas a heuristic algorithm
like PSO can be used to precisely retune the controller for
the best performance. The main aim of this work is to pro-
vide the best controller performance, and it can be achieved
with the precise tuning of the controller over the operating
range.

Heuristic algorithms have been proven to provide the
best parametric tuning of controllers reported in the lit-
erature. In [12], Fire Hawk Optimization (FHO) and
Hybridized Whale PSO techniques are used to optimally
place the DSTATCOM and PV array for the reduction of
dependency on the grid for EV charging, aiming to improve
grid stability. In [13], the PSO algorithm is used to tune
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the control parameters of the interlinking inverter to min-
imize the voltage and frequency error signal, aiming to
provide intelligent and optimal energy management for
a microgrid under load and source generation variation.
In [14], the hybrid genetic algorithm (GA) and PSO tech-
niques are applied to optimize the controller parameter of
the wind-PV- thermal-bundled power system for regulating
voltage and reducing low-frequency power oscillation with
STATCOM and power system stabilizers (PSS). In [15] a
robust adaptive control method is applied to STATCOM to
improve the small signal stability of multi-inverter-based
resources (IBR) under varying operating conditions. In this
paper, firstly, a set of controllers {Kj, K> . .., K} have been
prepared offline by solving the m optimization problem,
and then, accordingly, for respective operating conditions,
the proper controller K; is chosen online to mitigate the
oscillation based on real-time STATCOM output reactive
current/power. In [16], a TS fuzzy approach is adopted to
tune PI controllers for improved battery dynamics, while pro-
portional gain control enhances inverter voltage stability, and
a voltage-SoC-based load-shedding algorithm ensures reli-
able operation under contingencies, collectively providing an
effective power management strategy for renewable-energy-
based DC microgrids. In [17], a hybrid Firefly Algorithm
(FA) and PSO method was proposed for power management
within a DC microgrid, aimed at achieving faster conver-
gence along with enhanced system stability and accuracy.
The hybrid optimization technique is employed to effec-
tively tune Takagi Sugano Fuzzy Inference Systems (TSFIS),
Adaptive Neuro-Fuzzy Inference Systems (ANFIS), and
Fractional Order Proportional-Integral- Derivative (FO-PID)
controllers.

Across the literature, PSO has emerged as one of the lead-
ing optimization techniques for tuning control parameters
in DC microgrids [10], [13], [14], and [17], owing to its
balanced exploration/exploitation capability and faster con-
vergence rate. Its application has proven effective in reducing
oscillations caused by dynamic load variations and renewable
generation intermittency, thereby enhancing overall system
stability.

However, existing research predominantly focuses on the
use of heuristic algorithms for offline or semi-static opti-
mization of controller parameters to mitigate oscillations and
improve stability [9], [10], [12], [13], [14], [16], and [17].
A critical research gap remains; limited attention has been
given to maintaining stability under real-time dynamical
operating conditions. Moreover, there is a lack of compre-
hensive analysis of the complex interactions among system
components, such as PV arrays, EV charging units, energy
storage systems (ESS), and the AC grid, along with their asso-
ciated converters (DC/DC and DC/AC), particularly under
varying and uncertain operating conditions.

To address these limitations, this paper proposes an intelli-
gent KD-based control strategy for a DSTATCOM- integrated
AC/DC hybrid microgrid supporting EV charging. The
approach ensures simultaneous regulation of AC and DC
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FIGURE 2. The Schematic diagram of the AC/DC hybrid microgrid for EV charging.

bus voltages and quality EV charging under varying condi-
tions. The KD framework designs controllers for different
operating conditions and stores their optimized parame-
ters in a structured database termed as the KD database.
When system dynamics change, due to PV fluctuations, load
variations, or grid disturbances, the KD control framework
instantaneously retrieves controller parameters and updates
the state feedback control matrix gains (k), enabling smooth
transitions and fast responses. This process, referred to as
controller parametric updation, significantly improves the
system’s dynamic performance and stability.

To accurately capture system dynamics, a state-space
model of DSTATCOM integrated AC/DC hybrid micro-
grid for EV charging has been developed. In this paper,
an intelligent control strategy utilising a KD control frame-
work has been proposed, which incorporates a combination
of offline optimized control parameters using PSO with
nearly real-time transition of controller realization. The PSO
algorithm minimizes the state deviation using the ITAE crite-
rion as an objective function to optimize the state feedback
control matrix (k), and the results are stored in the KD
database. As the operating conditions change, the KD control
guided to quickly retrieve the best-fit controller parameters,
thus reducing oscillations and improving overall system per-
formance, hence ensuring resilient and stable EV charging.
The key contributions of this paper are as follows:

1. Developed a small-signal model for a DSTATCOM-
integrated AC/DC hybrid microgrid for EV charging,
enabling accurate system dynamics analysis.

2. Analyzed dynamic interactions among PV, ESS,
EV loads, and grid-connected converters, demonstrating
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the effectiveness of DSTATCOM and PSO-tuned control

parameters in mitigating oscillations and enhancing

system stability
. Created a KD database containing PSO-optimized con-
troller parameters for various operating conditions.
Implemented KD control for instantaneous parametric
updates of controller gains based on system operat-
ing conditions, improving stability under dynamical
variations.
System stability is evaluated through state perturbation
analysis, where individual system states are perturbed
to observe the impact on other states and verify proper
settling with minimal undershoot/overshoot.
Experimentally validated KD control on OPAL-RT,
achieving faster oscillation damping, reduced settling
time, and simultaneous AC/DC bus voltage regulation
compared to PSO control.

The paper is structured as follows: Section II describes
the system state space model and DSTATCOM integration,
Section III explains the overview of PSO-based optimiza-
tion process, Section IV outlines the development of the
KD control framework, Section V discusses controller tun-
ing strategies in dynamic operating conditions, Section VI
presents case studies and simulation results, and Section VII
concludes with key findings and future research directions.

Il. STATE SPACE MODELLING OF THE SYSTEM

A. EV CHARGING INFRASTRUCTURE MODEL

The EV charging infrastructure is powered by a photo-
voltaic (PV) array, ESS, and the AC grid, as shown in
Fig. 2. The PV array is connected to a boost converter
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employing the Perturb and Observe (P&0O) method for Max-
imum Power Point Tracking (MPPT) due to its simplicity
and ease of implementation in small-signal modelling. While
P&O provides a straightforward approach for representing
PV dynamics, recent advanced MPPT algorithms such as
Modified Adaptive Jaya Optimization (MAJO) [18] and other
techniques [14], offer faster tracking and improved efficiency
under varying irradiance conditions. The PV system, the ESS
(connected via a bidirectional buckboost converter), and the
AC grid (connected via an AC-DC bidirectional converter)
are all interfaced with a common DC bus. The EV charging
loads are connected directly to the DC bus through a buck
converter, while AC loads are connected to the AC bus.

A small-signal model has been developed to analyse the
dynamic behaviour of the system. This model is formu-
lated by linearizing the system equations around a nominal
operating point and deriving interface equations, result-
ing in a perturbation model with 24 states and 7 control
inputs. The system dynamics are described by the state-space
equation [3]:

Ax = AAx + BAu (1

where Ax and Au are states variable vector and control input
vector respectively. The size of A matrix is 24 x 24, while the
B matrix has 7 x 24. To improve the system’s stability and
reactive power support, DSTATCOM is connected to the AC
bus.

B. D-STATCOM MODEL

The D-STATCOM is integrated into the proposed system to
reduce system oscillation and improve stability by providing
reactive power support for quick voltage regulation of the AC
bus voltage [9], [10], [11], and [14]. During periods of high
load demand, it supplies reactive power to the AC bus, while
it absorbs excess reactive power during light load conditions,
thereby enhancing the AC bus voltage profile. This voltage
regulation indirectly stabilizes the DC bus voltage, ensuring
it remains constant. Given that fluctuations in AC bus voltage
can disturb the operation of the bidirectional DC-AC con-
verter, maintaining a stable AC grid voltage is crucial to avoid
possible converter control failures. The D-STATCOM is an
ideal solution due to its easy installation and rapid voltage
regulation capabilities.

The mathematical model of the D-STATCOM [20], [21] is
developed to simulate its behaviour within the system accu-
rately. The D-STATCOM (Fig. 3) operates as a voltage source
converter (VSC), dynamically adjusting the phase angle of its
injected voltage to regulate the AC bus voltage and enhance
overall system stability [21]. Assuming the converter is ideal
and does not have losses and harmonics, the AC grid voltage
(V), expressed as the combination of d and g-axis components
(Vq and Vy), is related to the DC link voltage (V,._s) of the
VSC through the modulation index (m) and phase angle (§),
as shown in the equation:

V = Vd +jVyq = amVyc_ge” 2)
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The o« is the ratio between AC and DC voltage, depending
on the converter structure. For a lossless converter, the instan-
taneous power at the AC side terminal and DC side terminal
is equal, so

ACB
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@ = Cdc_s
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FIGURE 3. The schematic diagram of DSTATCOM.

Vie_sl = Vaiq + Vi 3)
The current flow in the capacitor can be written as
dVac_s
dc_s dt ( )

From equations (2), (3), and (4), we can write the DC link
voltage of VSC as

dVye_s _ km
d Cyc_s

[COS(S sin8]|:l.d:| %)
lq

After linearising and perturbating the equation around the
nominal operating point, equation (5) becomes

dAV,._s
dt

Equation (6) shows that Vg _g is the new state vector, which
is influenced by the current injected into the AC grid, along
with the control inputs § (phase angle) and m (modulation
index). Consequently, the state equation consists of 25 state
variables and 9 control inputs, representing the system’s
dynamics and allowing for effective regulation of the AC grid
voltage and DC bus voltage stability.

= a181Aig + a182Aiy + b1g1 A + bigoAm  (6)

AXpew = AnewAXnew + Brew Attper @)

where Ax,{ew = [AVpy, Aiyp, ASc1, Alp1, Algss, ASca,
Alpy, Algy, AV, Aing, Aing, Aig, Aig, Airg, Airg, Avg,
Avg, Aigrer, AUyg, Aigrer, AUy, Awprp, AOprp, AQ, AV, ]
are states variable vector that represents the behavior of
AC/DC hybrid microgrid-based EV charging infrastructure
with a DSTATCOM controller. In this system, the DC micro-
grid states include AVpy is the output voltage of the PV
array; Aly,, is the maximum output current of the PV array;
ASc1, Al and Alggg are the state of charge (SOC), filtered
current (low-frequency current dynamics), and current sup-
plied to DC microgrid by ESS, respectively; ASca, Alfs,
and Algy, are the state of charge (SOC), filtered current
(lowfrequency current dynamics), and current drawn for EV
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charging from DC microgrid, respectively and the DC bus
voltage is denoted by AV,.. For the AC grid states, Aing
and Aiy, are d and q components of current supplied to
the grid; Aig, and Ai, represent the current supplied to
both the AC grid and AC loads; Airg, and Air, are the
current supplied to inductive AC load; Avy and Av, are the
d and q components of AC bus voltage; and Awpr; and
A6py 1 represent the frequency and phase angle deviations of
the PLL, respectively; AQ is the reactive power at the AC
terminal of the DC-AC converter and Aigref, AUz, Aigref
and AU, are controller parameters of the DC-AC converter.
The AVy4._s denotes DC link voltage of DSTATCOM.

The control input vector Aul = [Ad, Adpoost, Adpuck, A
VEss, AVEy, AVpcrer, AQrer, Am., AS] consists of vari-
ous parameters that control different aspects of the DC
microgrid-based EV charging infrastructure. These param-
eters include Ad the duty cycle of the PV array’s boost
converter; Adpyosr and Adpycx are the duty cycles of the ESS
converter and the EV’s buck converter, respectively; AVgss
and AVEgy, the voltage levels of the ESS and EV, respectively;
AVpcrer 1s the reference value for the DC bus voltage; AQr
is the reference for reactive power at the AC side of the DC
-AC converter; and Am and AS§, the modulation index and
phase angle control for the DSTATCOM. This control input
vector enables precise regulation of the system’s operation,
ensuring efficient power flow and voltage stability within the
microgrid.

The A matrix has the size of 25 x 25, while the B matrix has
dimensions of 9 x 25, as detailed in the appendix. To represent
the system in a homogeneous model for improved analysis of
its dynamic performance, the state equation is written as

A).Cnew = AH Axnew (8)

Where Ay = (Anew — Buew k)
In this context, the control input is defined as

U = —kxXpew -

where the dimensions of u are 9 x 1 and k have dimensions
of 9 x 25. To optimize system performance, particularly to
reduce peak overshoot and settling time, a heuristic opti-
mization approach (PSO) has been used to tune the control
parameter of the state feedback control matrix k, improving
the overall dynamic behaviour and stability of the system.

Ill. PARTICLE SWARM OPTIMIZATION

The Particle Swarm Optimization (PSO) algorithm, intro-
duced by Kennedy and Eberhart in 1995 [22] [23], is a
population-based optimization method inspired by natural
swarm behaviour, like bird flocking and fish schooling.
Known for its simplicity and fast convergence, the PSO
uses a swarm of particles that explore the search space to
find an optimal solution. Each particle maintains a posi-
tion and velocity, tracking its personal best position (ppest)
while the swarm monitors the best global position (gpest)-
Guided by these, particles iteratively update their positions
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and velocities to converge toward the optimal solution using
the following equations
t+1 t t t t t
Vi =V tcr*n (pbest _xi)+cz*r2 (gbest _xi) &)
Xt = x4yt (10)

Here, v; and x; represent the velocity and position of the
particle i, respectively; c¢; and ¢, are cognitive and social
coefficients that determine the influence of the ppegt and gpegt
on the particle’s motion; and r; and r, are random values
in the range [0, 1], introducing stochasticity into the search
process. If a particle’s current position provides a better value
for the objective function f (x;) compared to its previous
Dbest » the ppest 18 updated accordingly.

f () <f (Prest) (11)
Pbest =)Cf (12)

In this paper, the ITAE (Integral of Time-weighted Abso-
lute Error) performance criterion is adopted for controller
parameter tuning. Compared with other error-based criteria
such as ISE, IAE, and ITSE, ITAE offers distinct advan-
tages: it not only minimizes the magnitude of error but
also penalizes errors that persist for a longer duration by
weighting them with time. This ensures improved transient
response, reduced oscillations, and faster settling time, which
are essential for stability in AC/DC hybrid microgrid and EV
charging applications. In this work, the PSO algorithm [24]
is applied to iteratively minimize the ITAE objective func-
tion, a performance metric specifically designed to reduce
peak overshoot/undershoot and settling time of small-signal
perturbations across all system states. The ITAE criterion is
mathematically defined as:

F(e(t)) = ITAE = /OO tle(t)|dt (13)
0

where e(?) represents the error of small-signal perturbations
in system states (Axyey). Minimizing this objective ensures
optimal tuning of the state feedback control matrix (k),
enhancing system stability, dynamic performance, and damp-
ing of oscillations.

IV. KD CONTROL FOR PRECISE CONTROL OF AC/DC
HYBRID MICROGRID

In dynamic systems, maintaining stable operation under vary-
ing operating conditions is often challenging when using
conventional PI/PID controllers or fixed tuned parameters
obtained from heuristic algorithms. To address this, a Knowl-
edge Domain (KD) control framework is proposed — an
adaptive and intelligent strategy that dynamically updates
controller parameters in real time under changing operating
scenarios [20], [25].

The core idea of KD control is to build a database of
optimized controller parameters corresponding to different
operating conditions. For each condition, controller param-
eters are pre-tuned and stored in the KD database. When the
system encounters a new operating state, it rapidly maps the
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condition to the KD database, retrieves the relevant param-
eters, and applies them. This ensures precise, welldamped
responses and enhanced stability without the need for con-
tinuous manual re-tuning.

3 rd
Controller
2 nd
Controller
1 st

New
Control
Capacity

New Control
Capacity

FIGURE 4. The knowledge domain control framework.

The KD control for various operating conditions, once
converted into the designed controllers in terms of tuned
parameters, becomes the specific controller structure for
particular operating conditions. However, when other oper-
ating conditions are observed, the system again needs to be
designed to provide a new dataset for new operating con-
ditions as a new controller parameter. Therefore, changing
system operating conditions and changing controller parame-
ters can be built up with KD control. Now, the controller must
work for a given set of operating conditions, with respect to
the specific data domain in a KD framework shown in Fig. 4.

However, whenever there is change in operating condi-
tions, the already tuned control parameter is available in KD
database, so it will see the threshold of earlier operating
conditions, and new operating conditions onset, and there-
fore it will shift to new operating conditions or new control
architecture can be found by keeping the old parameters and
assigning the new controller with new parameters, then this
concept may be known as controller sharing or controller
shifting.

Whenever new operating conditions are observed, respec-
tive operating conditions are mapped into the KD database,
and accordingly, the data is retrieved, and the data is real-
ized by the controller. Such controllers start working very
precisely with a well-damped response. Therefore, such KD
can be developed for various operating conditions with the
controller flexibility. This controller’s flexibility can be aided
by the proposed KD control framework in terms of tuned
controller parameters. Extension of the KD database for other
changing dynamic conditions can also be realized on the same
concept.
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The KD control mitigates undesired performance of the
controller by automatically updating the control parameters,
quickly damping oscillations, and restoring stability. The
KD control is realized using the PSO algorithm to generate
and fine tuning of control parameters, particularly for the
state feedback control matrix (k). The system incorporates
a DSTATCOM to address dynamic oscillations initially. For
example, during increased load demand on AC and DC buses,
the DSTATCOM rapidly mitigates voltage and frequency
fluctuations. In conjunction with the KD, the system then
applies updated control parameters to further damp oscilla-
tions and improve stability.

The settings of the controllers are denoted as ClI,
C2, and C3, each corresponding to a specific control
range. These settings can be extended to accommodate
n controllers, enhancing system robustness. If a change
in operating conditions (A L1) surpasses the capacity
of the first controller (A C1), the second controller
(A C2) provides supplementary control efforts, represented
by AC2 - AC1 + Ac.

Fig. 4 illustrates the KD control framework, where con-
centric circles represent the control capacities of multiple
controllers. The innermost circle denotes the capacity of the
first controller (C1). If the operating parameters remain near
the centre, the system retains sufficient control margin. How-
ever, as the parameters approach the circle’s edge, the system
becomes critical, requiring supplementary control efforts.
When a perturbation exceeds the capacity of C1, additional
controllers such as C2, C3 etc. activated, extending the con-
trol range and stabilizing the system. This hierarchical control
strategy leverages the KD control to adapt control param-
eters dynamically, ensuring the stability of AC/DC hybrid
microgrid and provide quality EV charging under dynamical
varying operating conditions. By addressing both immediate
oscillations and long-term stability needs, the KD concept
facilitates efficient, reliable power delivery and continuous
EV charging.

V. CONCEPT FOR DYNAMICAL CONTROLLER TUNING
The application of KD control requires dynamically updat-
ing controller parameters according to the system’s current
operating conditions. These parameters, stored in the KD
database, enable precise state regulation and improved system
stability. Fig. 5 illustrates the complete process, including
KD database building, system pre-processing, and real-time
application of KD control.

The KD control building block algorithm consists of three
main stages:

1. Pre-Processing: The system checks whether the state
deviations (AXxye,) are within predefined limits. If all
deviations are within limits, no updates to the controller
parameters are required.

2. KD Control Framework: When deviations exceed
acceptable limits, the KD control framework retrieves
the appropriate controller parameters from the KD
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FIGURE 5. Knowledge domain control building block algorithm.

database based on current operating conditions. This
update ensures proper state regulation, rapidly damps
oscillations, and improves system stability.

3. KD Database Building: Using the PSO algorithm,
a database of ready-to-use controller parameters is pre-
pared offline for a wide range of operating conditions.
The state feedback control matrix (k) is optimized
offline using the ITAE criterion as the objective function
to minimize state deviations. These optimized parame-
ters are then stored in the KD database [20], [25].

During real-time operation, the system continuously mon-
itors each state variable to ensure it remains within its
predefined maximum and minimum thresholds. Ideally,
small-signal perturbations (Axye,) should converge to zero
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in the steady state. If any state exceeds its limits, con-
troller switching is triggered. The KD framework searches
the database for the most suitable controller parameters
corresponding to current operating conditions. If exact
parameters are unavailable, the framework uses nearby
parameters, updates the controller structure, and verifies the
state responses. This process is repeated iteratively until all
states are within acceptable limits.

This dynamic mechanism allows the KD control to shift
between controllers (e.g., C1 — C2) as illustrated in Fig. 4,
extending the control range and ensuring system stability.
The main limitation is that KD control is effective only as
long as the system components and controllers can accommo-
date the required control range; beyond this range, hardware
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FIGURE 6. The response of DC side states without, with DSTATCOM, and
PSO-tuned DSTATCOM integrated system under perturbed
conditions (10% perturbation in DC bus voltage).

or device upgrades are necessary. By combining offline
PSO-based optimization with real-time adaptive KD control,
the framework achieves, efficient damping of oscillations,
rapid stabilization during perturbation and consistent system
performance providing quality EV charging under dynami-
cally varying conditions.

VI. CASE STUDY AND RESULTS

The case study of the example system considered (Fig. 1)
presents a DSTATCOM integrated AC/DC hybrid microgrid
model for EV charging. The system has been represented
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FIGURE 7. The response of the AC sides states without, with DSTATCOM,
and PSO-tuned DSTATCOM under perturbed conditions (10% perturbation
in DC bus voltage).

in a state space framework. The overall system stability is
evaluated using state perturbation analysis in terms of states
regulation. Since the states collectively define the system’s
behavior, any perturbation in one state affects the others,
making it essential to regulate all states simultaneously rather
than individually. The system’s resilience lies in its ability
to restabilize the entire sub-system in response to dynamical
changes, whether due to solar power deficits, surges in EV
charging demand, ESS depletion, or AC grid disturbances.

The case study explores the system’s performance under
two categories: a) perturbed system condition and b) dynamic
varying operating conditions. The results highlight the
AC/DC hybrid microgrid’s capability to maintain stability
and ensure continuous EV charging.

A. PERTURBED SYSTEM CONDITION

To assess the effectiveness of DSTATCOM and PSO-tuned
controller, the DC bus voltage is perturbed by 10%, which
may occur due to fluctuations in EV charging load, variations
in solar power or ESS power, or the AC grid’s inability to
maintain the DC bus voltage.
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TABLE 1. Comparison of system states responses under 10 % DC bus voltage perturbation.

State Normal System DSTATCOM Connected System PSO-tuned DSTATCOM-connected
system
Overshoot / Settling time Overshoot / Settling time Overshoot / Settling time

Undershoot (pu) (s) Undershoot (pu) (s) Undershoot (pu) (s)

AVpy 0.02 18 0.028 4.5 -0.002 4.5
Al -0.052 15 -0.019 3.6 0.0015 3.6
AS¢y 1.8x107°° 22 8.26 X 1077 4.5 1.4 % 107°° 33
Al —0.023 19.3 -0.021 5 -0.033 3.6
Alggs -0.025 16 -0.024 43 -0.036 1.4
ASc, 4x107* 21 5.6 % 1075 0.7 1x1077 0.5
Alp, -0.25 20.4 4x1073 43 4x107* 0.4
Algy 0.25 17.6 9.7x 1075 0.6 2x107¢ 0.2
AV, 0.1 16 0.1 3 0.1 0.6
Aiyg -0.014 21.7 3.6x107* 11.6 —2.7x107* 9.2
Aiyg -0.014 22 8.9x107* 11.7 —6.8x107* 9.3
Aigy -0.05 16.8 -0.077 43 -0.083 0.9
Ai, 6x107* 20 —4.6x107* 5.4 —6.3x107* 32
Aipg 4.5%x 1073 20.7 —6x107* 10.7 —52x107* 8.5
Aiyg -0.019 22.3 0.031 5.1 0.034 3.4
Av, 0.01 19 -0.015 4.1 -0.016 0.7
Av, 2.1x1073 15.6 1x107* 5.7 1.6x107* 3.8
Algrep -0.054 20 -0.067 5.1 -0.07 35
AU, -0.11 10.1 -0.05 4.4 0.037 2.9
Aigrer 7.5x107* 21.6 4.5x 107* 8.6 58x%x107* 6.3
AU, 5.5x107* 18 2.8x107* 6.7 0.001 3.1
Awpy;, -4.16 26 0.1 12.8 0.07 9.1

(rad/sec)
ABp. -5.66 28 -0.033 11.5 -0.028 9.3
(rad/sec)

AQ 9.5x107* 25 6x107* 6.6 5x107* 35
AVye s - - -0.22 5.5 -0.24 2.3

The results show how perturbations in the DC bus voltage
state affect all other system states. These fluctuations cause
significant oscillations in the system, which are subsequently
damped out using DSTATCOM. It regulates the AC bus
voltage by reactive power management.

This, in turn, stabilizes the AC bus voltage, as shown
in Fig.7 (Avq and Avq states) which indirectly stabilizes
the DC bus voltage through converter control and related
states, so overall states are regulated, and system stability is
improved.

The results indicate that perturbations in the DC bus volt-
age have a more pronounced impact on the DC microgrid
states compared to the AC side states, as shown in Fig. 6.
The implementation of the PSO tuned controller parame-
ters significantly enhances system performance by rapidly
damping oscillations, thereby reducing both settling time
and peak overshoot/undershoot compared to other heuristic
algorithms, such as the FA algorithm [26], due to faster
convergence and a better balance between exploration and
exploitation. The simulation results show that the settling
time of the perturbed DC bus voltage state is reduced from
16 s (normal system response) to 3 s with the DSTATCOM
integrated system response. It is further improved to 0.6 s
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with the PSO-optimized controller, whereas the FA-tuned
controller achieves a settling time of 1.6 s, as illustrated in
Fig. 6(d).

Table 1 presents a detailed comparison of system responses
under the normal system, DSTATCOM-connected system,
and the PSO-tuned DSTATCOM-connected system under
10% DC bus voltage perturbation. The table provides insights
into each system state’s dynamic behavior, illustrating how
the DSTATCOM contributes to damping system oscillations
and reducing settling time. Furthermore, the application of
PSO-tuned controller parameters in the state-feedback con-
trol matrix (k) enhances these improvements, resulting in
faster stabilization and better overall system performance.

B. DYNAMIC VARYING OPERATING CONDITIONS:

CONTROL PARAMETER UPDATES USING THE KD CONTROL
The effectiveness and practicality of the proposed KD control
framework is validated through real-time simulation using the
OPAL-RT OP4512 simulator available in the Smart Grid Lab
at IIT (BHU), Varanasi, as shown in Fig. 8. The experimental
setup includes the OP4512 simulator (equipped with four
Intel Xeon E3, 3.7 GHz cores), a host PC, and a LAN cable
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FIGURE 8. (a) Real-time experimental setup including the OPAL-RT target,
the host PC, and a LAN cable for networking. (b) Real-time simulation
process using OPAL-RT simulator.

for communication. The system operates on a Linux-based
OS, with an Xilinx Kintex-7 410T FPGA handling the I/O
operations. The RT-LAB software (v2024.3.0.21) provides
the interface between MATLAB 2024.1 and the OPAL-RT
platform, ensuring real-time execution of the SimPowerSys-
tems model.

To implement the proposed KD control in real time,
the MATLAB/SimPowerSystems model is loaded onto the
OPAL-RT simulator via RT-LAB. During execution, realtime
data is transmitted back to the MATLAB environment for
monitoring and analysis. The SimPowerSystems model is
structured into two subsystems: one dedicated to the main
models for real-time simulation and the other for displays and
variable parameters. After loading the model and receiving
real-time data, waveforms are analysed within the Sim-
PowerSystems environment to ensure accurate performance
evaluation.

The case studies are divided into two parts: DC bus voltage
perturbation and AC bus voltage perturbation. It is assumed
that, before t = 0 s, the system experiences a 10% DC bus per-
turbation in both cases. To further illustrate the proposed KD
control framework, an additional 10% DC bus perturbation is
applied at t = 0 s for DC bus perturbation analysis. Similarly,
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FIGURE 9. The response of the AC side states of the DSTATCOM integrated
system under KD control, PSO-based control (without KD) for an
additional 10% DC bus voltage perturbation over the existing operating
condition.

for the AC bus perturbation analysis, a 10% perturbation is
introduced in the Avd states.

1) DC BUS VOLTAGE PERTURBATION
To evaluate the real-time practicality of the proposed KD con-
trol over the conventional heuristic algorithm (PSO control),
a 10% DC bus voltage perturbation is introduced on top of
the existing 10% perturbation in the system.

The DC bus voltage is considered because its variabil-
ity can arise from solar power fluctuations, ESS power
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FIGURE 10. The response of the AC side states of the DSTATCOM
integrated system under KD control, PSO-based control (without KD) for
an additional 10% DC bus voltage perturbation over the existing
operating condition.

variability, changes in EV charging demand, and the limited
capacity of the AC grid to handle these variations. Introducing
this additional perturbation makes the case study closely
representative of real-world operating conditions.

In this case, the DC bus voltage initially experiences a
10% perturbation before t = 0 s. At t = 0 s, an addi-
tional 10% perturbation is applied, resulting in amplified
oscillations and increased settling time. Since the perturba-
tion directly impacts the DC bus, the DC-side states exhibit
more pronounced oscillations than the AC side, as shown in
Fig. 9. Initially, the DSTATCOM mitigates some of these
oscillations by regulating the AC bus voltage. However,
due to its limited control capability, certain oscillations per-
sist. In such cases, the KD control framework evaluates
the parameter control range. If oscillations persist, the pro-
posed KD control swiftly updates the controller parameters
in real time by retrieving the appropriate values from the
KD database based on current system operating conditions.
This instantaneous adaptation distinguishes KD control from
conventional heuristic algorithms (PSO control, etc.), which
require additional time for re-optimization before applying
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FIGURE 11. The response of DC side states of the DSTATCOM integrated
system under KD control, PSO-based control (without KD) for an
additional 10% AC bus voltage perturbation over the existing operating
condition.

new parameters. Such delays often risk exacerbating oscilla-
tions and can even lead to performance degradation or system
collapse.

The simulation results validate the superiority of the KD
control approach over PSO control. By employing KD-based
parameter adaptation, system oscillations are rapidly sup-
pressed, settling time is reduced, and AC/DC bus voltages are
effectively regulated, thereby significantly enhancing overall
system stability. Specifically, the settling time of the per-
turbed DC bus voltage decreases from 4 s with PSO control to
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TABLE 2. Comparison of system states responses.

10 % Additional DC Bus Voltage Perturbation

10 % Additional AC Bus Voltage Perturbation

States PSO Control KD Control PSO Control KD Control
Overshoot / Settling Overshoot / Settling Overshoot / Settling Overshoot / Settling
Undershoot (pu) time (s) Undershoot (pu) time (s) Undershoot (pu) time (s) Undershoot (pu) time (s)
AVpy, —4.6x 1073 9.8 12 x 107* 0.6 48x 1073 11 3.2x1073 9
Al 3x10°3 9.4 2%x1073 0.6 -23x1073 10.5 -1.7%x 1073 35
AS¢y 2.8x107° 42 1.27 x 107 0.6 -7.8x 1075 6.2 -0.8x 1075 4
Al -0.066 4.5 -0.035 0.6 -0.028 6.2 0.038 42
Alggs -0.072 2.4 -0.039 0.6 -0.032 5 0.038 6.2
ASc, 2%x1077 42 5.6 X 107° 0.6 9.8 x 1077 12.5 -9.2x107° 5.9
Al -0.0008 42 -0.002 0.6 3.2x107* 12.5 25%x 1073 59
Al 1x1073 3.8 3.7%x 1073 0.6 2%x1078 11.5 0.4 %1073 5.6
AV 0.2 4 0.2 0.6 0.1 5 0.1 2.5
Aiyg —54x107* 10.7 -5x107* 0.7 -1.2x1073 10.8 -1.2x1073 9.1
Aiyg 1.2x1073 9.9 2x1073 0.6 —-5x1073 11.2 —-5x1073 9.3
Aig -0.167 3.4 -0.25 0.6 -0.1 8.2 -0.078 5
Aig —12.6x107* 6 -1.1x1073 0.6 —4x1073 8.2 -3.4x1073 6.9
Al —-10.5x 107* 9.9 —6.5x107* 0.7 -1.8x1073 10.6 -2x1073 8.4
Aipg 0.068 34 0.104 0.6 0.04 6.9 0.032 59
Av, -0.032 24 -0.049 0.6 0.1 6.8 0.1 0.7
Ay, —-3.5x107* 83 —4x107* 0.6 -75x107* 7.8 —5.7x107* 6.5
Algres -0.14 3.6 -0.165 0.6 -0.08 7.6 -0.06 5.3
AU, 0.075 3.7 0.08 0.6 0.047 5.5 0.076 5.2
Aigrer -1.2x1073 7.1 -1.1x1073 0.6 -3x1073 5.8 -2.8x%x1073 5.4
AU, —2.4x1073 4 -15x1073 0.6 53x107° 4.7 5x107* 33
Awp, 0.154 8.8 -0.16 0.6 -0.38 10.2 -0.38 9.1
(rad/sec)
Abp; -0.056 10.1 -0.05 0.6 -0.187 9.1 -0.18 8.5
(rad/sec)
AQ 0.0011 6.4 0.002 0.7 3x1073 6.2 3.5%x 1073 5.6
AV s -0.492 4.6 -0.723 0.6 -0.24 7.1 -0.2 5.5

0.6 s with KD control, ensuring improved voltage regulation
and enabling high-quality EV charging.

2) AC BUS VOLTAGE PERTURBATION

Similar to the DC bus voltage perturbation analysis, a 10%
AC bus voltage perturbation is introduced in Avd state at
t = 0 s, in addition to the existing 10% perturbation in DC
bus voltage state present before t = 0 s. This scenario is con-
sidered because AC bus voltage fluctuations often arise due
to high load demand at both AC and DC buses or the inabil-
ity of the AC grid to supply sufficient power. Introducing
this additional AC perturbation makes the case study closely
representative of real-world operating conditions where both
demand and generation vary dynamically.

The combined AC and DC bus voltage perturbations affect
both AC and DC side states, producing pronounced oscil-
lations due to supply-demand mismatches, as illustrated in
Fig. 11 and Fig.12. DSTATCOM initially compensates part of
these oscillations by regulating the AC bus voltage; however,
its limited control capability allows significant oscillations to
persist.

At this stage, the proposed KD control plays a critical
role by dynamically updating the controller parameters of the
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state feedback matrix (K) from the KD database according
to the system’s current operating conditions. Under such
conditions, the superiority of KD control over PSO-based
control becomes evident, as illustrated in Fig. 11(b), 11(c),
11(d), and Fig. 12(a). The results show that when the oper-
ating condition changes, PSO control fails to provide precise
state regulation and exhibits steady-state error. Specifically,
with PSO, the perturbed DC bus voltage state experiences a
steady-state error of approximately 3% with a settling time
of 5 s, and under larger perturbations, it may even become
unstable or fail altogether due to delays in reoptimization.
In contrast, the proposed KD control completely eliminates
the steady-state error and reduces the settling time to 2.5 s.
This significant improvement is achieved through immediate
parameter updates retrieved from the KD database, enabling
rapid damping and precise regulation of both AC and DC bus
voltages.

Table 2 presents a detailed comparison of system responses
under KD control versus PSO control, highlighting each
state’s dynamic behaviour with respect to settling time,
overshoot/ undershoot. The results demonstrate the superior
effectiveness of KD control in enhancing system stability
under dynamically varying operating conditions. For larger
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FIGURE 12. The response of AC side states of the DSTATCOM integrated
system under KD control, PSO-based control (without KD) for an
additional 10% AC bus voltage perturbation over the existing operating
condition.

perturbations, PSO control may fail because it provides
offline-tuned controller parameters only once. Under chang-
ing operating conditions, PSO requires additional time to
re-optimize the parameters, making it unsuitable for highly
variable scenarios. Similarly, conventional PI and PID con-
trollers are inadequate for dynamically tuning controller
parameters in system.

In contrast, the proposed KD control intelligently adapts to
varying conditions, providing faster settling, reduced oscil-
lations, and improved stability for both subsystems and
the overall system. Built upon a robust state-space model,
the framework seamlessly integrates new subsystem data,
whether in system matrices, control matrices, or sub-state
matrices, allowing the model to expand without compromis-
ing stability. As the system grows in size and complexity,
KD control recalibrates parameters with precision, ensuring
optimal performance. This innovative approach guarantees
that even larger and more intricate systems maintain flexible,
efficient, and future-ready control, while achieving unified
stability across all subsystems.
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TABLE 3. System parameters.

Parameters Value
PV Output power 293 kW
Energy Storage (ES) and EV’s battery 500 V
voltage
Rated Capacity of ESS 2 kAh
Rated Capacity of EV 0.2 kAh

AC Grid Capacity 1 MW and 0.1 MVAR
AC load 1.9 MW and 0.14
MVAR
AC Bus Voltage 600 V
DC Bus Voltage 1000 V
Number of particles and iterations in the 100,60

PSO algorithm, respectively

VII. CONCLUSION

This paper proposes a KD-based control for a DSTATCOM-
integrated AC/DC hybrid microgrid designed for electric
vehicle (EV) charging applications. The proposed control
effectively addresses challenges arising from dynamic load
variations, solar intermittency, and grid disturbances by
combining offline controller parameter optimization using
PSO with instantaneously controller parameter updates based
on current operating conditions. The DSTATCOM plays a
crucial role in regulating the AC bus voltage and indirectly
stabilizing the DC bus voltage, ensuring uninterrupted and
high-quality EV charging.

A detailed small-signal model has been developed to anal-
yse interactions among all system components, including the
PV array, ESS, EV loads, and DSTATCOM with associated
converters. The stability analysis was conducted using state
perturbation studies, confirming system stability in terms of
precise state regulation. A 10% DC bus voltage state perturba-
tion demonstrates how the DSTATCOM and PSO-optimized
controller gains reduce oscillations and settling time. For
instance, the settling time of a perturbed DC bus voltage
decreased from 16 s to 3 s with DSTATCOM integration and
further to 0.9 s with PSO-tuned controller parameters under
a 10% DC bus voltage perturbation.

Experimental validation of the KD control versus PSO
control was performed under 10% AC and DC bus voltage
perturbations, on top of existing 10% DC bus voltage per-
turbations, to emulate dynamic variations. Simulation results
confirm the KD control’s effectiveness in rapidly stabilizing
system dynamics, achieving a 78% reduction in settling time,
from 4 s to 0.6 s under 20% DC bus perturbation, and from 5 s
to 2.5 s under combined 10% Vdc and 10% Vac perturbation.

The proposed control ensures safe converter operation,
consistent voltage regulation across AC and DC buses,
and high-quality EV charging under adverse conditions.
Integrating KD-based control with offline PSO optimiza-
tion provides a robust, scalable, and intelligent solution for
future EV-integrated smart microgrids, enhancing reliability,
resiliency, and energy sustainability.
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