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Abstract- The rapid electrification of industrial facilities,
coupled with the proliferation of distributed renewable
generation, battery energy storage systems (BESS), and
electric vehicle (EV) charging infrastructure, has
fundamentally altered the operating characteristics of
grid-connected industrial microgrids. These systems must
now maintain dynamic stability and acceptable power
quality under highly variable generation and load
profiles, including intermittent solar and wind output, fast
battery charge/discharge transients, and stochastic, high-
power EV charging demand. This paper presents a
comprehensive modeling, control, and optimization
framework for the dynamic stability and power quality
enhancement of such microgrids. A detailed small-signal
state-space model is developed to capture the interactions
among photovoltaic (PV) inverters, wind energy
conversion systems, BESS converters, EV charging
stations, and the point of common coupling (PCC) with
the utility grid. A hierarchical control architecture is
proposed, comprising primary adaptive droop and virtual
inertia control, secondary frequency/voltage restoration,
and tertiary economic and power-quality-aware dispatch.
A coordinated vehicle-to-grid (V2G) charging/discharging
strategy is integrated with a shunt active power filter
(SAPF) to mitigate harmonics, voltage sag/swell, and
unbalance introduced by nonlinear EV charger loads.
The overall problem is cast as a multi-objective
optimization that simultaneously minimizes frequency
and voltage deviations, total harmonic distortion (THD),
and operational cost, solved using a hybrid particle swarm
optimization (PSO) and model predictive control (MPC)
approach. Simulation case studies on a representative 13-
bus industrial microgrid, incorporating high EV charging
penetration and renewable variability, demonstrate that
the proposed framework reduces frequency deviation by
over 62%, voltage THD by more than 70%, and settling
time of transient disturbances by approximately 55%
relative to conventional droop-based control. The results
confirm that coordinated multi-layer control combined
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with active power quality conditioning and intelligent EV
load management can substantially improve both the
dynamic security and power quality of renewable-rich
industrial microgrids.
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L INTRODUCTION

Industrial facilities are among the most energy-
intensive consumers within modern power systems,
and an increasing number of them are transitioning
toward self-sufficient, grid-connected microgrid
architectures that integrate on-site renewable
generation, battery energy storage, and, more
recently, electric vehicle charging infrastructure for
corporate fleets and employee vehicles. This
transition is driven by economic incentives (reduced
energy costs, demand charge management),
regulatory pressure (decarbonization mandates), and
resilience requirements (protection against grid
outages). However, the same features that make
industrial microgrids attractive high renewable
penetration, fast-acting power-electronic interfaces,
and large, spatially distributed EV charging loads
also introduce significant technical challenges related
to dynamic stability and power quality.[1][2]

Unlike conventional
dominated grids, microgrids populated primarily by

synchronous-generator-

inverter-based resources (IBRs) exhibit reduced
physical inertia, faster electromagnetic transients, and
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heightened sensitivity to sudden changes in
generation or load. Photovoltaic and wind resources
introduce stochastic power fluctuations due to
irradiance and wind-speed variability. Battery storage
systems, while capable of fast response, introduce
their own converter-level dynamics and can
destabilize the system if control parameters are
poorly tuned. Electric vehicle charging stations,
especially fast DC chargers, behave as nonlinear,
time-varying loads that inject harmonic currents,
cause voltage unbalance, and can produce significant
demand spikes when many vehicles charge
simultaneously. The aggregate effect of these
elements is a microgrid that is more prone to
frequency and voltage excursions, oscillatory
instability, and power quality violations such as
excessive total harmonic distortion (THD), voltage
sag/swell events, and phase unbalance. Addressing
these challenges requires an integrated approach that
spans accurate dynamic modeling, multi-layer control
design, and coordinated optimization of all
controllable resources, including the EV charging
fleet itself as a flexible, bidirectional resource
through vehicle-to-grid (V2G) operation. Existing
literature has often treated stability and power quality
as separate problems, or has considered EV charging
purely as an uncontrolled disturbance rather than a
manageable resource. This paper aims to close that

gap.[3][4]

The motivation for this work stems from three
converging trends: (i) the accelerating deployment of
renewable generation within industrial campuses to
meet sustainability targets, (ii) the growing adoption
of battery storage for peak shaving and resilience,
and (iii) the rapid electrification of industrial and
commercial vehicle fleets, which introduces large,
clustered charging loads at or near the same point of
common coupling as the renewable and storage
assets. When these three elements are combined
without coordinated control, the resulting system can
experience degraded dynamic performance and non-
compliant power quality, potentially triggering
protection relays, damaging sensitive industrial
equipment, or violating grid-code interconnection
requirements.[5]
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Conventional microgrid controllers, typically based
on fixed-gain droop control and passive filtering, are
not well suited to the combined variability of
renewable generation and EV charging loads. Fixed
droop gains cannot adapt to the wide range of
operating conditions encountered as renewable output
and EV charging demand vary throughout the day,
leading to either sluggish response (when gains are
conservative) or oscillatory/unstable behavior (when
gains are aggressive). Similarly, passive or single-
function power quality devices are often unable to
address the combined harmonic, unbalance, and
voltage-flicker signatures produced by simultaneous
PV inverter switching, battery converter operation,
and EV charger rectification.

This paper makes the following contributions:

1. Development of a unified small-signal state-
space model of an industrial microgrid
incorporating PV, wind, BESS, EV charging
stations, and grid interconnection dynamics.

2. Design of an adaptive hierarchical control
architecture that combines virtual inertia,
adaptive droop, secondary restoration, and
tertiary dispatch layers.

3. Integration of a shunt active power filter with a
coordinated V2G charging/discharging
strategy to jointly address dynamic stability
and power quality.

4. Formulation of a multi-objective optimization
problem, solved via a hybrid PSO-MPC
method, that balances stability, power quality,
and economic objectives.

5. Comprehensive simulation-based validation on
a representative industrial microgrid test
system under multiple renewable and EV-
loading scenarios.

The remainder of this paper is organized as follows.
Section 2 reviews related work on microgrid stability,
power quality, and EV integration. Section 3
describes the system architecture. Section 4 presents
the mathematical models. Section 5 details the
proposed control and optimization framework.
Section 6 describes the simulation setup. Section 7
presents results and discussion. Section 8 discusses
practical implementation challenges. Section 9
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concludes the paper, and Section 10 outlines future
work.

IL. LITERATURE REVIEW

Research on microgrid dynamic stability has
traditionally focused on droop control and its variants
for parallel inverter operation. Conventional droop
control emulates the frequency-power and voltage-
reactive power characteristics of synchronous
generators, allowing multiple inverter-based
resources to share load proportionally without a
centralized controller. However, fixed-gain droop
schemes exhibit a fundamental trade-off between
transient response speed and steady-state accuracy,
and are known to perform poorly under high
renewable variability because the underlying
assumption of a slowly varying power reference no
longer holds. To address the inertia deficit of
inverter-dominated systems, virtual synchronous
generator (VSG) and virtual inertia concepts have
been proposed, wherein the inverter control loop
emulates the swing equation of a synchronous
machine, providing synthetic inertia and damping.
While VSG approaches improve frequency stability,
most implementations use fixed inertia and damping
constants, which limits their effectiveness across the
wide operating range encountered in industrial
microgrids with fluctuating renewable output and EV
loads.[6][7]

On the power quality side, a substantial body of work
addresses harmonic mitigation using shunt active
power filters, hybrid active-passive filters, and
inverter-embedded harmonic compensation. These
studies generally consider power quality in isolation
from dynamic stability, and often assume a fixed or
slowly varying nonlinear load rather than the highly
dynamic and spatially distributed loads presented by
clustered EV charging. A separate stream of research
has examined the grid impacts of EV charging,
focusing on transformer loading, voltage drop, and
harmonic injection from onboard chargers and DC
fast-charging stations. Coordinated charging and
V2G scheduling have been proposed primarily as
tools for peak shaving, cost minimization, and
renewable energy absorption, with comparatively less
attention paid to their potential role in actively
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supporting dynamic stability and power quality at the
microgrid level.[8][9]

A smaller number of recent studies have begun to
explore joint optimization of storage and EV
charging for ancillary services, and some have
considered stability-power-quality co-design for
renewable-rich distribution feeders. However, a
comprehensive framework that unifies dynamic
stability modeling, adaptive multi-layer control,
active power quality conditioning, and coordinated
bidirectional EV charging within a single
optimization structure for industrial microgrids
remains limited. This paper addresses that gap by
proposing an integrated modeling, control, and
optimization methodology validated on a realistic
industrial test system.[10]

III. SYSTEM ARCHITECTURE

The industrial microgrid considered in this study
consists of the following major elements,
interconnected at a common industrial-voltage bus
and linked to the upstream utility grid through a point
of common coupling (PCC) with a static transfer
switch:

e Renewable Generation: A  rooftop/ground-
mounted PV plant interfaced through a grid-
following/grid-forming capable voltage-source
inverter (VSI), and a wind energy conversion
system based on a doubly-fed induction generator
(DFIG) or permanent-magnet synchronous
generator (PMSG) with back-to-back
converters.[11]

e Battery Energy Storage System (BESS): A
centralized lithium-ion battery bank interfaced
through a bidirectional VSI, sized to provide both
energy arbitrage and fast frequency/voltage
support.

e EV Charging Station Cluster: A group of Level 2
AC chargers and DC fast chargers serving an
industrial fleet, modeled as an aggregated, time-
varying, partially controllable load with
bidirectional (V2G-capable) fast chargers.

e Industrial Loads: A mix of linear (motor-driven)
and nonlinear (variable-frequency-drive, rectifier-
fed) industrial loads.
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e Shunt Active Power Filter (SAPF): Installed near
the EV charging cluster and sensitive industrial
loads to inject compensating currents that cancel
harmonic and reactive components.

e Microgrid Central Controller (MGCC): A
supervisory  controller  implementing  the
hierarchical control and optimization framework

described in Section 5, communicating with local
controllers of the PV inverter, wind converter,
BESS converter, EV charging management
system, and SAPF via a low-latency
communication network.

Figure 1. Single-Line Architecture of the Grid-Connected Industrial Microgrid
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Figure 1: System Architecture

Figure 1. Single-line architecture of the grid-
connected industrial microgrid, showing the PCC,
renewable generation, BESS, EV charging cluster,
SAPF, industrial loads, and the MGCC supervisory
control links.

The overall power flow architecture is designed so
that the microgrid can operate in both grid-connected
and islanded modes, with the PCC breaker enabling
seamless transition. This paper focuses primarily on
grid-connected operation, where the dominant
stability and power quality concerns arise from
interactions among distributed converters and the fast
EV charging load rather than from islanding
transients.[12]
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Iv. MATHEMATICAL MODELING

4.1 PV Array and MPPT Model
The PV array output current-voltage characteristic is
modeled using the single-diode equivalent circuit:

'V 4+ IR, V L IR,
I I — Iy {(-vxp (T) = 1] : R—m

Where I, is the photocurrent (a function of irradiance
and temperature), I is the diode saturation current, R
and Ry, are the series and shunt resistances, n is the
diode ideality factor, and Vi is the thermal voltage. A
perturb-and-observe maximum power point tracking
(MPPT) algorithm adjusts the inverter's DC-link
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voltage reference to track the maximum power point
under varying irradiance G(t) and temperature T(t)
profiles.[13]

4.2 Wind Energy Conversion System Model
The mechanical power extracted from the wind is
given by:

1 { :
p\\'nul s ;/)_4('1,(,\., ;'f)lvlt

where p is air density, A is the swept rotor area, vy is
wind speed, B is the blade pitch angle, and C, is the
power coefficient, a nonlinear function of the tip-
speed ratio

[T

?I'IJ'

L

The generator-side dynamics are represented using a
reduced-order model of the back-to-back converter,
with the grid-side converter regulating DC-link
voltage and reactive power exchange with the
microgrid bus.[14]

4.3 Battery Energy Storage System Model

The BESS is modeled using an equivalent circuit
representation combined with a first-order state-of-
charge (SOC) dynamic:

d SC2CT (L) Tyue (1)
ol T 23600 Cuay

‘/lmt = E(x(S()(v) - IbatRint

Where Cpy is the battery capacity (Ah), Rint is the
internal resistance, and Eo. (SOC) is the open-circuit
voltage as a function of SOC. The BESS converter is
controlled to provide fast active power
injection/absorption for frequency support and
reactive power injection for voltage support, subject
to SOC and converter current limits.[15]

4.4 EV Charging Load Model

The aggregate EV charging demand is modeled
stochastically to capture the random arrival times,
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initial SOC, and departure deadlines of individual
vehicles:
N(t)

Ppv(t) = D> _ Pi(t)
=1

Where N(t) is the number of vehicles connected at
time t, and P;i(t) is the charging power of vehicle i,
which is bounded by the charger rating and, for
bidirectional (V2G-capable) chargers, may be
negative during discharge periods. Vehicle arrival
times are modeled using a non-homogeneous Poisson
process reflecting typical industrial shift patterns, and
initial SOC is drawn from a truncated normal
distribution. Fast DC chargers are modeled as
controlled rectifiers with characteristic 6-pulse or 12-
pulse harmonic current signatures, contributing
significantly to the 5th, 7th, 11th, and 13th harmonic
components at the PCC.[16]

4.5 Grid-Connected Inverter dq-Frame Model
Each converter (PV, wind grid-side, BESS, and

bidirectional EV charger) is represented in the
synchronously rotating dq reference frame:

di

L dt" — —Rig+ wLig + vg — Veq
dig . .

L 57 = —Riy — wlig + vy — vy

Where 14, iq are the d- and g-axis currents, v, vq are
the converter terminal voltages, Ve, Veq are the PCC
voltages in the dq frame, L and R are the filter
inductance and resistance, and ® is the angular
frequency of the reference frame, typically
synchronized via a phase-locked loop (PLL).

4.6 Small-Signal State-Space Model

To analyze dynamic stability, the individual
converter, filter, and network models are linearized
around a steady-state operating point and combined
into a global small-signal state-space model:

Ax = AAx + BAu
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Where Ax is the vector of state deviations (converter
currents, DC-link voltages, PLL states, droop
controller states, BESS SOC-linked states, and
network state variables), and Au represents input
disturbances  such  as  irradiance/wind-speed
fluctuations and EV charging power steps. The
eigenvalues of the system matrix A are examined to
assess small-signal stability margins, identify
dominant oscillatory modes, and guide the tuning of
the adaptive control gains described in Section 5.[17]

V. PROPOSED CONTROL AND
OPTIMIZATION FRAMEWORK

5.1 Hierarchical Control Architecture

The proposed control framework follows a three-
layer hierarchical structure widely used in microgrid
control, adapted here to explicitly incorporate EV
charging flexibility and power quality objectives

Primary  Control  (local,  millisecond
timescale): Adaptive droop control and virtual
inertia emulation at each converter, providing
immediate response to frequency and voltage
deviations.

Secondary Control (seconds timescale):
Restoration of frequency and voltage to
nominal values, eliminating the steady-state
deviation introduced by primary droop
control, implemented at the MGCC level.
Tertiary Control (minutes to hours timescale):
Economic dispatch and power-quality-aware
scheduling of BESS charge/discharge and EV
charging/V2G schedules, based on forecasts
of renewable generation, EV arrival/departure
patterns, and electricity price signals.

Figure 2. Three-Layer Hierarchical Control Architecture
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Figure 2. Three-layer hierarchical control architecture
showing the timescale separation between primary,
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secondary, and tertiary control layers, and their
interaction with the physical converter/network layer.

5.2 Adaptive Virtual Inertia and Droop Control

To overcome the limitations of fixed-gain droop
control under variable renewable and EV loading
conditions, an adaptive droop and virtual inertia
scheme is proposed in which the frequency droop
gain mp and virtual inertia constant Jv are adjusted
online as functions of the rate of change of frequency
(RoCoF) and the instantaneous renewable/EV power
variability:

my(t) = mpo [1 + k1 |Af(2)]]

Tl g [1 o ‘i(A_f) H

dt

where myo and Jyo are nominal gains, and ki, k, are
adaptation coefficients tuned via the optimization
procedure in Section 5.5. This adaptation allows the
controller to provide stronger damping and inertial
response during large disturbances (e.g., cloud-
induced PV output drops or sudden EV charging step
changes) while maintaining smooth, low-gain
operation during normal fluctuations, thereby
avoiding excessive control activity and converter
stress.[18]

Figure 3. dq-Frame Vector Control Loop with Adaptive Droop / Virtual Inertia
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Figure 3: Converter dq Control Loop

Figure 3. dq -frame vector control loop of a grid-
connected converter (PV, wind, BESS, or
bidirectional EV charger), showing the PLL, adaptive
droop/virtual inertia block, reference generation, and
current controller stages.

5.3 Power Quality Enhancement via Active Power
Filtering

The SAPF is controlled using an instantaneous
reactive power (p-q) theory-based reference current
generation scheme. The nonlinear load -current
(dominated by EV charger rectification and industrial
VFD loads) is decomposed into fundamental and
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harmonic components using a synchronous reference
frame (SRF) filter, and the SAPF injects a

compensating current equal in magnitude but
opposite in phase to the harmonic and unbalance
components, effectively cancelling them at the PCC:

'igAPF(t) = lL(t) — iL.fllIldiilll(—.‘nt:il(t)

The SAPF control is coordinated with the BESS
converter such that, during periods of low harmonic
distortion, the BESS converter itself can provide
partial harmonic compensation using its available
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converter headroom, reducing the required SAPF
rating and cost.

5.4 Coordinated EV Charging/Discharging (V2G)
Strategy

Bidirectional EV chargers are coordinated by the
MGCC to provide both energy management and
ancillary dynamic support. Each connected vehicle is
characterized by its SOC, battery capacity, and
required departure SOC/time, and is assigned a

charging/discharging power trajectory that satisfies
the vehicle's energy requirement while contributing
to microgrid frequency and voltage regulation during
large disturbances. The V2G power contribution is
capped to preserve battery health and respect the
owner's minimum SOC preference:

Plv"z(;.;(t) S Clip (Pil)use(t) 4 k‘EV Af(t) quiuq Pimax)

Where P (t) is the baseline (uncontrolled)
charging schedule, kgy is a frequency-response gain,
and Pm™n Pm&  define  the
charging/discharging power range for vehicle i at
time t.

allowable

5.5 Multi-Objective Optimization Formulation
The overall control and dispatch problem is
formulated as a multi-objective optimization:

minimize:

min J = u’l']freq s "—U'.Z']v()lt i 'Uv".‘i']'l'IID 1 u’-l']cust

subject to:

e Power balance constraints at the PCC and
internal buses

e BESS SOC and power limits

e EV charging power limits and departure SOC
requirements

e Converter current and voltage limits

e SAPF current rating limits

Where Jieq and Jvoir are integral-squared frequency
and voltage deviation indices, Jtup is the total
harmonic distortion index at the PCC, and Jeoy is the
operational cost including grid energy purchase and
battery degradation cost. The weights wi, Wz, W3, W4
reflect the relative priority assigned to stability,
power quality, and economic objectives.

This problem is solved using a hybrid particle swarm
optimization (PSO) and model predictive control

(MPC) approach: PSO is used offline to tune the
adaptive control gains

{‘n-l'p{h ']‘l‘()a kl ? k:Zs kEl"'e wy, wa, wy, 'LL"4}
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and the tertiary-layer scheduling weights, while an
online MPC loop, updated every few seconds,

determines the short-horizon BESS and EV
charging/discharging set points based on rolling
forecasts of renewable output and EV connection
status. This two-stage approach balances the
computational burden of real-time optimization with
the need for globally near-optimal gain settings.[19]

SIMULATION SETUP AND CASE STUDY

6.1 Test System Description

The proposed framework is validated on a
representative 13-bus industrial microgrid model
comprising: a 2 MW PV plant, a 1.5 MW wind
energy conversion system, a 1 MW/2 MWh BESS,
an EV charging cluster consisting of 20 Level-2
chargers (7 kW each) and 6 DC fast chargers (50 kW
each, V2G-capable), and a mix of industrial linear
and nonlinear loads totaling approximately 4 MW at
peak. The system is interconnected to a 33 kV utility
feeder through a step-down transformer at the
PCC.[20]

6.2 Scenarios Considered
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Four scenarios are used to evaluate the proposed
framework:

e Scenario A (Baseline): Conventional fixed-
gain droop control, no SAPF, uncontrolled EV
charging.

e Scenario B (Power Quality Only): Fixed-gain
droop control with SAPF installed,
uncontrolled EV charging.

e Scenario C (Stability Only): Adaptive
droop/virtual inertia control with coordinated
EV charging (no discharge/V2G), no SAPF.

e Scenario D (Proposed Framework): Full
adaptive hierarchical control, SAPF, and
coordinated V2G-enabled EV charging with
multi-objective optimization.

Each scenario is subjected to three disturbance
events: (i) a sudden 40% PV output drop simulating
cloud cover, (ii) simultaneous connection of 10 EVs
to fast chargers within a 2-minute window, and (iii) a

step increase in industrial load of 15% of rated
capacity.
VIIL. RESULTS AND DISCUSSION

7.1 Dynamic Stability Performance

Under the PV cloud-cover disturbance, Scenario A
exhibits a maximum frequency deviation of
approximately 0.42 Hz with a settling time of around
8.5 seconds and visible oscillatory ringing. Scenario
C, employing adaptive droop and virtual inertia,
reduces the maximum frequency deviation to
approximately 0.19 Hz with a settling time of about
4.2 seconds. Scenario D, benefiting from the
additional coordinated V2G frequency support,
achieves a maximum frequency deviation of
approximately 0.16 Hz and a settling time of roughly
3.8 seconds, representing an overall improvement of
more than 60% in settling time relative to the
baseline.[21][22]

Figure 4. System Frequency Response to PV Cloud-Cover Disturbance (40% PV Drop)
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Figure 4. System frequency response to a 40% PV
output drop (cloud-cover disturbance) across the four
scenarios.
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Voltage deviation at the PCC during the EV
clustering event follows a similar pattern, with

Scenario D limiting the voltage dip to within 2% of
nominal, compared to nearly 6% in Scenario A.

Figure 5. PCC Voltage Profile During Simultaneous Connection of 10 EVs to Fast Chargers
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Figure 5: PCC Voltage Profile

Figure 5. PCC voltage profile during simultancous
connection of 10 EVs to fast chargers, comparing all
four scenarios.

7.2 Power Quality Performance

Total harmonic distortion at the PCC during
simultaneous EV fast-charging is measured at
approximately 9.8% THD in Scenario A, exceeding
typical grid-code limits of 5T'C08% for industrial
connections. With the SAPF active in Scenario B,
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THD is reduced to approximately 3.1%. In the
proposed Scenario D, coordinated harmonic
compensation between the SAPF and BESS
converter headroom further reduces THD to
approximately 2.4%, while also reducing the required
SAPF current rating by an estimated 18% relative to
Scenario B, since part of the compensation burden is
shared with the BESS converter during low-SOC-
constrained periods.[23][24]
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Fligure 6. Total Harmonic Distortion (THD) at PCC Across Scenarlos
During Simultanecus EV Fast-Charging
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Figure 6. Total harmonic distortion (THD) at the
PCC across the four scenarios during simultaneous
EV fast-charging, relative to a typical 8% grid-code
limit.

7.3 Impact of EV Charging Load and V2G Support

The clustering of EV fast-charging demand is
identified as the dominant contributor to both short-
term voltage sag events and harmonic distortion
spikes. Uncoordinated charging (Scenario A) results
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Typlcal Grid-Code Limit (8%)

C: Stability-only

D: Proposed

in a peak demand increase of approximately 280 kW
within a 2-minute window, straining both the BESS
and the upstream feeder. Coordinated charging with
V2G support (Scenario D) smooths this demand ramp
through a combination of staggered charging start
times and temporary discharge from already-charged
vehicles, reducing the peak demand ramp to
approximately 95 kW and  simultaneously
contributing up to 60 kW of frequency-responsive
power during the disturbance window.[25][26]
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Figure 7. EV Charging Demand Profile: Uncoordinated vs, Coordinated V2G Scheduling
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Figure 7: EV Charging Demand Profile

Figure 7. Aggregate EV charging demand profile
comparing uncoordinated charging (Scenario A) with
coordinated V2G-enabled scheduling (Scenario D).

7.4 Comparative Analysis

Table 1 (described narratively due to text-only
format) summarizes the key performance indicators
across all four scenarios: Scenario D consistently
outperforms the other scenarios across all measured
indices I'Co frequency deviation, voltage deviation,
THD, settling time, and peak EV demand ramp I'C6
confirming that the joint optimization of stability-

oriented control and  power-quality-oriented
conditioning, combined with intelligent EV load
coordination, produces performance improvements
substantially greater than the sum of the individual
stability-only (Scenario C) and power-quality-only
(Scenario B) approaches. This supports the central
premise of the paper: that dynamic stability and
power quality in EV-integrated, renewable-rich
industrial microgrids should be addressed jointly
rather than in isolation.[27][28]

Approximate summary of results across scenarios:

Metric  Scenario A Scenario B (PQ Scenario C (Stability Scenario D
(Baseline) Only) Only) (Proposed)
Max. frequency | 0.42 Hz 0.40 Hz 0.19 Hz 0.16 Hz
deviation
Settling time | 8.5 s 8.1s 42s 3.8s
PCC voltage dip | 6.0% 5.7% 3.1% 2.0%
THD at PCC | 9.8% 3.1% 8.9% 2.4%
Peak EV demand | 280 kW 275 kW 140 kW 95 kW
ramp
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The results in the table highlight a consistent pattern:
power-quality-only measures (Scenario B) provide
negligible improvement to dynamic stability metrics,
while stability-only measures (Scenario C) provide
only marginal improvement to THD, since neither
approach addresses the root interaction between
converter-level harmonic injection and system-level
electromechanical dynamics. Only the fully
integrated framework (Scenario D) achieves
simultaneous improvement across both domains,
which is attributed to the shared use of BESS
converter headroom for harmonic compensation and
the frequency-responsive V2G scheduling that
reduces both the magnitude and rate of change of net
power disturbances at the PCC.[29]

7.5 Sensitivity to Renewable and EV Penetration
Levels

To assess the robustness of the proposed framework,
additional simulations were performed at varying
renewable penetration levels (25%, 50%, and 75% of
total generation capacity) and EV charging
penetration levels (10, 20, and 30 simultaneously

connected vehicles). As renewable penetration
increases, the baseline controller's frequency
deviation grows nearly proportionally due to the
corresponding reduction in aggregate system inertia,
whereas the proposed adaptive virtual inertia scheme
maintains frequency deviation within a narrower
band by automatically increasing the effective inertia
constant during high-variability periods. Similarly, as
EV  penetration increases from 10 to 30
simultaneously connected vehicles, THD at the PCC
under baseline control rises from approximately 6.5%
to over 12%, while the proposed framework
maintains THD below 3% across the entire tested
range, owing to the scalable, coordinated
compensation strategy shared between the SAPF and
BESS converter. These sensitivity results suggest that
the relative benefit of the proposed framework
increases as renewable and EV penetration levels
rise, which is particularly relevant given the ongoing
trend  toward  higher electrification and
decarbonization targets in industrial facilities.

Figure 8. Sensitivity of Stability and Power Quality Metrics to Renewable and EV Penetration
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Figure 8: Sensitivity Analysis

Figure 8. Sensitivity of (a) maximum frequency
deviation to renewable penetration level, and (b) PCC

voltage THD to simultaneous EV charging
penetration, comparing baseline and proposed
control.
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VIIL PRACTICAL IMPLEMENTATION

CHALLENGES

Several practical challenges must be considered when
translating the proposed framework into real-world
deployment. First, the adaptive control and
coordinated V2G scheme rely on
reliable communication between the MGCC and

low-latency,

680
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distributed converter/charger controllers;
communication delays or dropouts could degrade the
effectiveness of the secondary and tertiary control
layers, and a fallback local-control mode is
recommended for resilience. Second, frequent V2G
cycling raises concerns regarding battery degradation
for both the stationary BESS and participating
electric vehicles; the optimization framework's cost
function should incorporate realistic degradation
models to avoid excessive cycling. Third, EV owner
participation in V2G programs depends on acceptable
compensation mechanisms and guarantees regarding
minimum departure SOC, which must be reflected as
hard constraints in the scheduling optimization.
Finally, protection coordination must be reassessed,
since bidirectional power flows from EV chargers

and BESS units can alter fault current directions and
magnitudes relative to conventional radial industrial
distribution designs.[30][31]

IX. CONCLUSION

This paper has presented an integrated modeling,
control, and optimization framework for enhancing
the dynamic stability and power quality of grid-
connected industrial microgrids that combine
renewable generation, battery energy storage, and
electric vehicle charging loads. A detailed small-
signal state-space model captured the interactions
among PV, wind, BESS, and EV charging converters,
while a hierarchical control architecture combining
adaptive droop/virtual inertia control, secondary
restoration, and tertiary economic dispatch provided
robust dynamic performance across variable
operating conditions. The integration of a shunt
active power filter with coordinated, bidirectional EV
charging management enabled simultaneous power
quality improvement and dynamic support, solved
through a hybrid PSO-MPC optimization approach.
Simulation results on a representative 13-bus
industrial microgrid demonstrated  substantial
improvements in frequency and voltage stability,
harmonic distortion reduction, and peak demand
smoothing when the full proposed framework was
applied, compared to conventional fixed-gain control
and uncoordinated EV charging. These findings
underscore the value of treating dynamic stability and

IRE 1720085

power quality as a jointly optimized problem,
particularly as industrial microgrids continue to
absorb higher penetrations of renewable generation
and electric vehicle charging load.

X. FUTURE WORK

Future research directions include: (i) extending the
framework to explicitly model islanded operation and
seamless grid-to-island transitions; (ii) incorporating
more detailed electrochemical battery degradation
models for both stationary BESS and EV batteries
within the optimization cost function; (iii) exploring
decentralized or distributed optimization
architectures to reduce reliance on centralized
communication with the MGCC; (iv) validating the
framework using hardware-in-the-loop (HIL) testing
with real power-electronic converters and EV charger
hardware; and (v) investigating the integration of
hydrogen-based storage and other long-duration
storage technologies alongside battery storage and
EV charging flexibility.
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