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Abstract

Modern microgrids have significant challenges in terms of stability and power
Connected PV Systems during Disruptions.
Smart Grid and Renewable Energy, 17, 197-
222.
https://doi.org/10.4236/sgre.2026.178010

quality when intermittent renewable energy sources, particularly solar photo-
voltaics, are integrated. In order to overcome this, we offer a strong framework
for energy management and optimization that is intended for grid-connected

hybrid (PV-Battery) systems that are subjected to significant disruptions. The
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main innovation is a Battery Energy Storage System (BESS) powered by a dy-
namic power-smoothing algorithm that actively counteracts both local de-
mand spikes and abrupt reductions in solar irradiation. The system effectively

Copyright © 2026 by author(s) and controls frequency and preserves voltage stability at the Point of Common
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were used to verify the arrangement. According to the statistics, our approach
effectively reduces peak demands while maintaining high power quality and
securely keeping the Total Harmonic Distortion (THD) within the IEEE 1547
standard’s 5% limit. In the end, our approach offers a workable way to con-
struct more resilient grids during the current energy transition.
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1. Introduction

The contribution of solar energy to the world’s energy mix has changed through-
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out three different stages [1], moving from passive generation to intelligent, robust
management [2]. Photovoltaic systems functioned simply as fundamental power
sources in the early stages of this shift, with the sole purpose of directly injecting
their whole output into the public grid [3]. These early installations were charac-
terized by certain limitations and principles of operation. For example, the inverter
only synchronized its output with the voltage and frequency set by the main grid,
operating strictly in a “grid-following” mode [4]. A significant disadvantage of this
configuration was that anti-islanding protection required an instantaneous system
shutdown for safety in the event of a main grid failure. As a result, even in direct

sunlight, local customers were left without solar electricity [5].

1.1. Increase in Storage and Self-Consumption

Technology has changed to maximize self-consumption due to declining battery
prices and shifting restrictions [6]. Technological aspect: The introduction of
hybrid inverters that can control a battery bank, a PV array, and the grid con-
nection all at once. Contribution aspect: Although management was frequently
restricted to a single building without dynamic interaction with external disturb-
ances, this step made it feasible to smooth PV output and lessen reliance on the

grid.

1.2. Development of Intelligent Microgrids

The age of smart microgrids is upon us [7]. A microgrid is a local energy system
that may function independently (in island mode) or as a part of a larger net-
work. Intelligent embedded systems: Monitoring algorithms (Energy Manage-
ment Systems, or EMS) that employ artificial intelligence for energy arbitrage
are included into current technology. Advanced control: Enter “Grid-forming”
mode, in which the power electronics may produce and sustain grid characteris-
tics (frequency and voltage) even when the primary power source is not present
[8]. Resilience to disruptions: In contrast to earlier systems, the contemporary
microgrid uses grid support functions (ancillary services) to proactively handle
disruptions (voltage drops, frequency fluctuations), guaranteeing ideal service

continuity [9].

2. Integration of Novel Approach

The majority of traditional energy management techniques (EMS) are restricted

on minimizing an economic cost function C,,, which is commonly described

otal

as [10].
LT
min J.O (Cachat : I)grid (t) + Com ! IDpv (t) + Cdeg : })batt (t))dt (1)
where, B, P, et B, respectively, stand for the electricity from the grid,

the solar array, and the batteries. Nevertheless, fast dynamics during disturb-
ances are not taken into consideration by this method. The originality of our

method consists in the inclusion of dynamic resilience directly into the optimi-
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zation algorithm [11].
Our method is unusual because it incorporates dynamic resilience right into

the optimization technique.

3. Multi-Objective Objective Function Formulation

We provide a hybrid cost function that weighs stability performance metrics and

economic variables in contrast to conventional methods [12]:

J =a- Ceconomique + ﬁ : (Dstabilite (2)
where @, is a penalty term associated with variations in voltage and fre-

quency [13]:

D pitee ZIT (Vpcc (t)_VrCfJ +[f(t)_fref) dr 3)

0 14 f;ef

ref

3.1. Using Stability Restrictions When There Are Disruptions

The difference is that the constraints now incorporate differential constraints re-
lated to the dynamics of the system during disturbances in addition to algebraic
constraints (power balances).

In order to rigorously define the Model Predictive Control (MPC) framework,
the control strategy evaluates future system behavior over a finite prediction
horizon N, and calculates the optimal control sequence over a control horizon
N, . In this study, the prediction horizon is set to N, =10 steps, and the con-
trol horizon is set to N, =3 steps, striking an optimal balance between dynam-
ic performance and computational burden.

The state vector x(k) of the MPC model integrates the battery power, the
State of Charge (SOC), and the DC-link voltage. The control input vector
u(k) represents the reference signals sent to the power converters. At each
sampling instant k (with T, =1ms ), the multi-objective cost function J is
formulated to minimize tracking errors while respecting physical and operation-
al constraints [14]:

N[7
T =3[ (Bl (6 1)~ By (5 1)

J=1

(4)
+w2(VdZ(k+j|k)—Vdc(k+j|k))2+w3(Au(k+j—1))2}

where w;, w,, and w; are weighting factors prioritizing power smoothing,
DC-link voltage stability, and control effort minimization, respectively.

The optimization problem is subject to the following hard and soft constraints
[15]:
* Power limits: —P, o < P (K47 156) < Pyimax -
* SOC limits: SOC,,, <SOC(k+ j|k)<SOC,,,.
* DC-link voltage limits: 0.9V, .. <V, (k+j[k)<1.1V ..

The resulting constrained optimization problem is mapped into a standard
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Quadratic Programming (QP) problem and solved efficiently at every sampling

step using an active-set solver implemented within MATLAB [16].

3.2. Smoothing Out Variations

We simulate inertia by imposing a restriction on the derivative of the injected
power in order to counteract abrupt changes in sunlight AP~ [17]:
daf

o (5)

])batt (t) = I)load (t) _IDpv (t) _Jvin ' wO
where J,, is the virtual moment of inertia introduced by the storage system
[18].

3.3. The DC Bus’s Resilience Limitations

The DC bus voltage V,. may fluctuate in the case of a power outage (voltage

drop). Our method places a stringent safety restriction on [19]:

Vdc,min S \/%J-(I)pv + I)ball _Pinv )dt S Vdc,max (6)

4. Predictive Control System

The suggested method anticipates interruptions by using a prediction horizon.

The method resolves the following issue at each time step & [20]:
. k+N .
mlnu Z ||y(l) - yref
ik

x(i+1)=Ax(i)+ Bu(i)+Dd (i)
As: SV <V (i) <V (8)
fmin Sf‘(l)S max

where d(i) represents the disturbance vector (irradiation, load, grid faults).

 +au () ?)

The technique described here guarantees that the state variables (V, f) remain
within stringent safety limits even in degraded mode (severe disruptions) owing
to proactive management of the batteries’ power reserve, whereas conventional

approaches occasionally sacrifice energy quality in order to cut costs [21].

5. System Modelling

A set of linked equations that describe the solar source, storage system, and con-

verter interface are used to model the hybrid microgrid [22].

5.1. Modelling of the Photovoltaic (PV) Generator

Temperature and irradiance affect the PV array’s output power. The connection

serves as a model [23]:

P:)v = ﬂpv 'Spv ’ G[l _O'OOS(TCH _25):| ®)

C

where:
e (G :Irradiation (W/m?).
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e S, : Total panel area.

¢ 7,,:nominal efficiency.

5.2. DC-Link Dynamics

The main element where power flows converge is the DC bus. The rule of con-

servation of energy stored in the capacitance controls its behavior C,, [24]:

4V

c.V
de” de dt

P (10)

att — 4 inv

=P, tP,

where P, isthe power transferred to the inverter.

mv

5.3. Modeling the Voltage-Source Inverter (VSI)

In order to separate the active power (P ) and reactive power (Q), the grid-

connected inverter is modeled in the synchronous reference frame [25]:

P :%(vdid +vqiq)
3 (11)
0] =E(vqid —vdiq)

If the reference point is aligned with the mains voltage (v, =0), the equations

become simpler [26]:

P=—v,
g (12)
3 .
Q:_Ele

5.4. State Equations of the Output Filter (LCL)

We simulate the coupling filter between the inverter and the point of connection

(PCC) in order to analyze stability in the presence of disruptions [27]:

Ldlﬂ:V -V . —Ri (13)

mnv pce mv
dt

5.5. Load Model and Overall Balance

When there are network disruptions, the power balance at the common coupling
point (CCP) is determined by [28]:

P

grid =

A

oad

(Py+PRy—Pu) (14)

att

6. Battery Energy Storage System

To prevent any ambiguity in the interpretation of the BESS operation and its
impact on the microgrid energy balance, a strict and consistent sign convention
is established throughout this paper and across all figures [29]:

Discharging Mode (£,
DC-link or the AC grid (for example, to compensate for a PV power drop or
>0). Con-

>0): When the battery supplies power to the

att

peak load demand), the battery power is defined as positive ( £,
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sequently, this results in a decrease of the State of Charge (SOC ) over time
[30]:
d(S0C)
dt

<0 (15)

Charging Mode ( £,
PV array or the grid (e.g., during low-demand periods or high solar generation),

« < 0): When the battery absorbs excess power from the

the battery power is defined as negative ( F,, <0). This results in an increase of

the State of Charge (SOC) [31]:

att

d(soC)
dr

>0 (16)

This unified convention is strictly maintained in all subsequent power-flow

equations, algorithmic constraints, and graphical representations.

6.1. Role in Power Smoothing

Ensuring an immediate balance between generation and consumption is the
BESS’s primary purpose. The difference between the gross PV power (£, ) and
the power supplied into the load or the grid (B, ) is known as the smoothing
capacity, or P, [32]:

smooth

Pbatt(t):Pinj (t)_va (t) (17)
R (1) =3[ B (£)d5 =B, (1) (19)

6.2. Modeling the Charge State (SoC)

The battery’s remaining energy is represented by the state of charge (SoC). The
integral of the battery current I,
[33]:

« 1S used to represent its change over time

SoC (1) = sOc(zO)_CL JL (7 (7)) a7 (19)

where:
C, : Nominal battery capacity (Ah) efficiency in coulombs in charge, 1/7,,
in the landfill.

6.3. Current and Power Constraints

The battery management system (BMS) places stringent restrictions on current
and state of charge (SoC) to maintain battery life (and prevent premature deteri-
oration) [34]:

=  SoC limitations:

SoC,;, <SoC(7)<SoC,, (20)

= Current limits (Charge/Discharge):
Idisimax < Ibatt (t) < 1 (21)

— % ch_max
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6.4. Voltage between the Terminals in a Dynamic Model

In order to account for internal losses, an equivalent circuit (Thevenin’s model)

is used to represent the voltage V| . across the battery [35]:

att

Veaw = Eo = Ripe Lo =V,

pol

(22)

where:

e [E,: Open-circuit voltage.
e R, :Internal resistance.
e v

o1 - Bias voltage.

6.5. Power Balance at the DC-DC Converter

A bidirectional converter connects the BESS to the DC bus. The bus’s net power
supply is [36]:

k
Pbattidc = Vban : [ batt nconv (23)

where k=1 for dischargeand k=-1 for charge.
Strict restrictions that guarantee component integrity and adherence to elec-
trical standards must be included in the optimization process for it to be appli-

cable to a physical system.

6.6. Thermal Limits of Cables and Lines

The current flowing through the connecting lines ( /,,,, ) generates heat through

ine
the Joule effect. To prevent damage to the insulation, the effective current must

remain below the maximum permissible current ( /

max

), which is determined by
the cable cross-section [37]:

})loss = Z3Rlinel2 < P (24)

line loss_max

[Iine (t)| < Ilimit (25)

6.7. Voltage Regulation Terminals

In accordance with standard EN 50160, the voltage at the common coupling
point (V.

pec

) must be maintained within a range of +5% of the nominal voltage

(V,). This requirement is met by injecting reactive power @ [38]:

0.95-V, <V, (£)<1.05-V, (26)

The simplified connection models how power affects voltage:
_R-P+X-Q
|4

n

AV (27)

6.8. Microcontroller Response Times and Latency

Within a real-time system, the computation time 7, and the communication

calc

time 7. resultin a total delay 7,. To ensure stability, the sampling period

T, must satisfy Shannon’s criterion, and the delay must be incorporated into the

control model [39]:
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x(k+1)=®x(k)+Tgu(k)+Tu(k-1) (28)

where u(k—1) reflects the control action that was determined in the preceding

phase while accounting for delay.

6.9. Limitations on Converters

To avoid producing large harmonics (overmodulation), the inverter’s modula-
tion index m, must stay within the linear range.
Modulation index m of the inverter must remain within the linear range to

prevent the generation of significant harmonics (overmodulation) [40]:

0<m="er < (29)
Viel2
Thus, a phase-locked connection between the DC bus voltage and the AC

output voltage is required.

6.10. Limitations and Requirements for Optimization

The following must be resolved at each time step by the MPC-type optimization
algorithm. [41]:

Iline < Imax
minJ =V <V, <V, (30)

Tcalc < T;

This method guarantees that energy choices never compromise the mi-

crogrid’s electrical or thermal security.

6.11. Modeling of the LCL Output Filter

An LCL filter is used to filter out the inverter’s switching frequencies ( f,, ), and
the transfer function between the injected current /,, and the inverter voltage is
V.., [42]:

L, (s) 1

TV (8) LLCS +(L+1L,)s G

It is necessary to choose the components so that the resonance frequency f,
is such that:

10- £, < £, <05-f,, (32)

7. Analysis of Wave Quality

The Total Harmonic Distortion (THD) is a measure of power quality. High-
order harmonics produced by rapid switching need to be filtered out. [31] de-
fines the current THD [43]:
21
THD, = =2 (33)

1,
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where [, is the fundamental component and I, are the harmonics of order
h. To ensure power quality complies with standards (IEEE 519), we require
THD, <5%.

Resonances between the output filters (LCL) and the network impedance
might happen during disruptions. We use active damping by sending back the
filter capacitor’s voltage in order to stabilize the system without causing further
Joule losses [44]:

v, (34)

control

vinviref = kd : lc

where k,; is the virtual damping ratio and i, is the capacitive current. This
technique allows the resonance peak f,, defined by [45]:

fro=o [A L (35)
© "\ LLC

As it is needed to ensure the reproducibility of the proposed study, the complete
nominal parameters and ratings of the studied microgrid system, comprising the
photovoltaic (PV) generator, the Battery Energy Storage System (BESS), the LCL
filter, the DC link, and the AC main grid, are summarized in Table 1 below.

Table 1. Microgrid system parameters.

Parameter/Component Symbol/Notation Value & Unit

Photovoltaic (PV) Generator

Peak power (at 1000 W/m?) P ek 1kw
Reference cell temperature T 25°C
Battery Energy Storage System (BESS)
Nominal battery voltage Viatt 48V
Battery capacity Ohatt 100 A-h
Maximum charging/discharging power Bt max +500 W
Initial State of Charge SOC,;, 60%
State of Charge limits SOC,;, —SOC,_,. 20% - 90%
DC-Link Parameters
Nominal DC-link voltage Vie 400 V
DC-link capacitance Cy 2200 uF
LCL Filter & Inverter (VSI)
Inverter-side inductance L 3.5mH
Grid-side inductance L. 1.5 mH
Filter capacitance C;. 22 uF
Switching frequency S 10 kHz
AC Main Grid
Nominal phase-to-neutral voltage Vg,id . 230 V (RMS)
Nominal frequency Jo 50 Hz
Short-circuit ratio (SCR) SCR. 5 (Medium strength

grid)
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8. Results and Discussion

In order to validate the performance and effectiveness of the proposed predictive
control strategy, comprehensive numerical simulations were carried out using
MATLAB/Simulink (Simscape Electrical). The differential equations repre-
senting the power electronics converters, the LCL filter, and the microgrid dy-
namics are solved using the variable-step ode23tb (stiff/TR-BDF2) numerical
solver, with a maximum integration step size set to 50 us to ensure high numeri-
cal accuracy and capture fast transient phenomena.

The supervisory Model Predictive Control (MPC) algorithm operates with a
discrete sampling period of T, =1ms, running in synchronization with the out-
er control loops. The switching frequency of the power converters (voltage-
source inverter, VSI) is fixed at f,, =10kHz, ensuring that harmonic compo-
nents generated by pulse-width modulation (PWM) are effectively attenuated by
the interfaced LCL filter.

8.1. Operational Phase Analysis and Dynamics Control Analysis

Three separate working stages may be seen when closely examining Figure 1:

Noisy Steady-State Regime (0 s - 17 s and 37 s - 60 s): The average battery
power fluctuates approximately 0 W throughout these times. There is discernible
high-frequency noise in the signal, which varies between around —100 W and
+100 W. This behavior is a result of the BESS’s ongoing efforts to reduce the mi-
crogrid’s fast fluctuations and harmonics (power smoothing). As a result, the
SOC maintains its nominal value of 60% and is totally stable.

Transient Event 1: Power Injection/Discharge (17 s - 23 s): The system experi-
ences a significant disruption at £ = 17 s (e.g., a precipitous decline in PV/wind
generation or a load spike). Depending on the sign convention selected for
charging/discharging polarization, the battery reacts instantly by absorbing neg-
ative power, peaking at —400 W at #= 20 s. This causes the SOC to climb fast to a
high of 60.22%. The power gradually returns to zero along a regulated ramp as
soon as the disturbance subsides.

Transient Event 2: Power Absorption/Charge (32 s - 37 s): At t= 32 s, an in-
verse disturbance is seen. At = 35 s, the BESS enters an inverse compensation
mode and reaches a peak output of +300 W. The State of Charge (SOC) briefly
falls to a minimum of 59.78% in response to this demand, but as soon as the grid
stabilizes (= 37 s), it returns to its setpoint.

Two crucial components of the applied energy management plan are high-
lighted by the findings shown in Figure 1:

Excellent Response Dynamics: The BESS responds fairly instantly throughout
the two main transitions (£ = 20 s and ¢= 35 s). The battery interface converter’s
regulatory loops (current/voltage) are validated since the power peaks are muted
without secondary oscillations or instabilities.

Robustness of SOC Maintenance: The total SOC excursion stays within a very

tight range (59.78% - 60.22%) despite the system experiencing large power
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changes (up to £400 W). This shows that the battery’s lifespan is preserved since
the storage system is scaled and managed to withstand fast dynamics (smooth-

ing) without encountering profound energy stress.

400

Battery Energy Storage
T T
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Figure 1. Under extreme load/generation disturbances, the BESS’s power profile (Pbatt)
and state of charge (SOC).

8.2. PV Analysis of the Smoothing Effect and Transient Profiles in
PV Power Smoothing Performance

The power injection performance at the Point of Common Coupling (PCC) was
assessed in order to illustrate the mitigation of intermittent renewable energy.
The comparative profiles of the injected grid power (smoothed blue curve) and
the raw PV power (red curve) during a 60-second period under extremely varia-
ble circumstances are shown in Figure 2.

Experimental data in Figure 2 illustrates how the BESS actively filters abrupt
dropouts and high-frequency noise:

Filtering for High-Frequency Fluctuations (0 s - 17 s and 37 s - 60 s): During
the usual generation intervals, the raw PV output (red) exhibits significant waves
owing to atmospheric intermittency, with quick swings covering roughly be-
tween 650 W and 1050 W. By successfully suppressing this noise, the control
technique produces a highly smoothed grid power profile (blue line) that follows
the solar resource’s core moving average.

Abrupt Solar Dropout Management (17 s - 23 s): At £= 20 s, the raw PV out-
put drops abruptly, almost instantly, from about 900 W to 270 W (simulating a
significant cloud shading impact). The BESS control loop imposes a slow, linear
ramp down beginning at £= 17.5 s, rather than subjecting the grid to this high
power step. Over the course of five seconds, the grid power gently shifts to the
lower generation baseline, greatly lowering the d P/d¢stress on the system.

During the recovery phase, there is a symmetric occurrence called Abrupt So-
lar Recovery Management (32 s - 37 s). The raw PV power immediately returns
to 900 W at £= 35 s. The technology starts a regulated linear ramp up at #= 32.5
s to mitigate this abrupt increase. At around ¢ = 37.5 s, the grid injection enters

steady state, preventing voltage spikes at the PCC.
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8.3. System Synergies and Grid Compliance

Analyzing the results of Figure 2 provides important information on the opera-
tional utility of the system:

Reduction of Power Ramp Rates (d2/d?): Uncontrolled step variations in PV
generation might activate safety relays and jeopardize grid frequency stability.
The grid-side power maintains rigorous predictability by using a low-pass filter-
ing or ramp-rate limiting technique. The BESS effectively manages the surplus
or missing energy during these rapid shifts, as seen by the smooth slopes seen
throughout the drop and recovery periods.

Link with BESS Dynamics: There is a perfect physical link between Figure 2
and the battery behavior. The period where the battery injects power (the transi-
ent event seen in your BESS graph) corresponds to the linear ramp down of grid
power between 17.5 and 22.5 seconds. On the other hand, the period where the
battery absorbs extra power corresponds with the ramp up between 32.5 and
37.5 seconds. The whole microgrid energy management method is fully validat-
ed by this dual-graph alignment.

1100 PV Power S thing via BESS at the Point of C. C
T T
1000 — =
900 — -
800
=
E 700 — -
=
[
E 600
a
500 — =
——Raw PV Power
400 Grid Power (Smoothed)
300 — =
200 1 1 |
o 10 20 30 40 50 60
Time(s)

Figure 2. BESS-based PV power smoothing performance at the Point of Common Cou-
pling (PCC).

8.4. THD Mitigation and Power Quality

The performance of the active compensation system was examined in order to
confirm that the microgrid complied with power quality requirements (such as
IEEE 519). The voltage error profiles representing Total Harmonic Distortion
(THD) throughout a 5-second simulation window are shown in Figure 3, which
compares the system condition before filtering (red curve) and after filtering

(blue curve).

8.4.1. Numerical Precision and Compensation Signal Analysis
The time-domain tracking in Figure 3 sheds light on how the filtering stage
might be adjusted:

Error Envelope Progression (0 s - 5 s): The voltage error is firmly confined to
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zero at the beginning (#= 0 s to £=1s). The residual signal grows and fluctuates
within an envelope of by as the simulation goes on as load/generation dynamics
intensify across the microgrid. The active compensation loop systematically
dampens the peak voltage aberrations across the whole timeline, especially dur-
ing the highly dynamic stages beyond ¢ = 3 s, as seen by the blue curve (“After

Filtering”) continuously tracking inside the red curve (“Before Filtering”).

8.4.2. Controller Performance and Power Quality

These findings have two analytical ramifications: Virtual Elimination of Har-
monic Distortion: The order of magnitude on the y-axis (10 - 13 p.u.) is the most
remarkable feature of Figure 3. The fact that the raw voltage error before filter-
ing is already limited to this minuscule scale indicates that physical harmonic
components have already been removed by the microgrid’s basic control layers.
The residual high-frequency numerical ripple is further suppressed by the active
filtering loop, which runs at the near-zero numerical limit. Controller Stability
during Dynamic Transients: As the microgrid’s operating point changes, the
noise envelope gradually expands over time, indicating the buildup of intricate
solver dynamics or minute phase offsets. Nonetheless, the complete stability of
the active compensation management technique is demonstrated by the lack of
undamped oscillations and exponential divergence. The technology effectively
minimizes THD to a minuscule level while maintaining immaculate power qual-

ity far within acceptable international standards.

%1013 Power Quality: THD ion via Active Compensation
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—— Before Filtering ‘ L 4
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Voltage (p.u.)
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Figure 3. THD reduction profile and voltage error with active compensation.

8.5. Compensation for Harmonic Current and Mitigation
Effectiveness

The active power filtering loop was tested to assess the system’s ability to sustain
power quality at the Point of Common Coupling (PCC) when serving substan-
tially non-linear loads. Before and after active filtering, Figure 4 shows the time-
domain current waveforms (top subplot) and the associated frequency-domain

Fast Fourier Transform (FFT) analysis (bottom subplot).
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8.5.1. Time-Domain Waveform and Spectral Distortion Analysis
The top and bottom subplots of experimental tracking in Figure 4 demonstrate a
notable improvement over the present profile:

Time-Domain Waveform Correction (0 ms - 40 ms): Over a two-cycle period,
the uncompensated load current (red curve) displays a highly deformed, non-
sinusoidal profile typical of non-linear devices, with steep zero-crossing slopes
and flattened peaks. The grid current (blue curve) is transformed into a nearly
perfect sinusoidal waveform in phase with the fundamental frequency after the
active filter injects compensatory currents.

Harmonic Spectrum Suppression (FFT Analysis): The bottom subplot makes
clear which harmonic components the controller is targeting. Low-order odd
harmonics, particularly the third (150 Hz), fifth (250 Hz), and seventh (350 Hz),
as well as higher-order components up to 700 Hz, are quite noticeable in the
original spectrum (red bars). Only the basic 50 Hz component remains intact at
about 25A once the filtering system (blue bars) is activated, dramatically com-

pressing these harmonic magnitudes to almost zero levels.

8.5.2. Grid Compliance and Total Harmonic Distortion (THD)
The quantitative findings shown in Figure 4 validate the active compensation al-
gorithm’s clinical efficacy:

The Total Harmonic Distortion (THD) is drastically reduced, from an initially
non-compliant value of 26.62% to just 2.32%. In a local microgrid, a THD of
26.62% would result in extreme heat stress, early distribution transformer aging,
and voltage deterioration. The technology securely surpasses the stringent 5%
maximum limit required by the IEEE 519 standard for grid connection by sup-
pressing it to 2.32%.
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Figure 4. FFT harmonic spectrum analysis of time-domain current waveforms at the
PCC.

Controller Selectivity and Dynamics: The great selectivity of the harmonic ex-
traction procedure (such as p-q theory, d-q frame multi-resonant controllers, or

repeated control) is validated by the total removal of the third, fifth, and seventh
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harmonic peaks. The inverter ensures excellent power quality and grid stability
by filtering out undesired current components without causing undesired high-
frequency resonances at the PCC, as seen by the smooth, ripple-free blue wave-

form.

8.6. Voltage Ride-Through Capability and Microgrid Resilience

The microgrid was exposed to a series of seven significant voltage disruptions in
order to assess its robust operational stability and resilience in the face of cata-
strophic grid failures. The voltage regulation response at the Point of Common
Coupling (PCC) in relation to an unstable grid profile (top subplot) and the re-
lated reactive power corrective measures (Qcompensations bottom subplot) performed
by the inverter control system throughout a 10-second window are shown in

Figure 5.

8.6.1. Inverter Ride-Through Analysis and Disturbance Sequence

The system’s capacity to tolerate significant power quality abnormalities and

maintain the PCC voltage within reasonable operating bounds is demonstrated

by the dynamic tracking displayed in Figure 5:

= Voltage Sags and Deep Dips Compensation (1s-2s,4s-4.5s,555-6.5
s, and 8.5 s - 9.25 s): The microgrid undergoes four different undervoltage
events. During minor sags (Sag 1 at =1 s and Sag 2 at = 4 s), the unstable
grid voltage (red line) drops to 0.85 p.u. and, most importantly, the grid col-
lapses down to critical levels of 0.60 p.u. and 0.50 p.u., respectively. In re-
sponse, the suggested control strategy (blue curve) actively raises the voltage
at the PCC.

* On the other hand, three overvoltage events are added where the raw grid
voltage swells up to 1.12 p.u. (Swell 1 and Swell 3) and a hazardous peak of
1.19 p.u. Voltage Swells Compensation (2s - 2.5s,3s-3.5s,and 7s - 7.5 s).
(Swell 2). The blue PCC voltage curve is drawn downward toward the nomi-
nal boundary line by the suggested controller’s smooth damping of these

transients.

8.6.2. IEEE 1547 Compliance and Reactive Power Support
The resilience algorithm’s physical process is made clear by a correlation be-
tween the two subplots in Figure 5:

The bottom subplot confirms that the inverter uses accurate reactive power
assistance to address voltage irregularities. The controller instructs an immediate
injection of inductive reactive power to sustain the grid voltage during voltage
sags and severe dips, peaking at +6 kVAR, +8 kVAR, +16 kVAR, and a maxi-
mum of +18 kVAR. In contrast, the inverter rapidly shifts to an absorption
mode (capacitive behavior) during Swells 1, 2, and 3, drawing up to —5 kVAR,
-7 kVAR, and —6 kV AR to clip the overvoltage peaks.

The PCC voltage is compared to the dashed IEEE 1547 Thresholds (+10% or
0.9 - 1.1 p.u.) on the top figure. The suggested control (blue) successfully keeps
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the voltage within or much closer to the allowable continuous operation zone,
whereas the raw grid voltage (red) totally exceeds these regulatory limits during
all seven events, which would normally cause a cascade disconnect of standard
distributed generation units. This feature makes the system a highly robust grid-
forming or grid-supporting asset by providing essential Low-Voltage Ride-
Through (LVRT) and High-Voltage Ride-Through (HVRT) support.

Microgrid Resili under a of 7 Major Disturbances
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Figure 5. Dynamic reactive power compensation and microgrid voltage ride-through per-
formance during a series of seven significant disruptions.

8.7. Comprehensive Improvement of Power Quality and
Frequency Stability

We rigorously demonstrate the effectiveness and superiority of the proposed
multi-objective Model Predictive Control (MPC) strategy, the microgrid per-
formance is evaluated against two distinct baseline scenarios under identical op-
erating conditions (fluctuating solar irradiance and dynamic load steps):

A traditional decentralized control scheme where power balancing and volt-
age regulation rely on standard proportional-integral (PI) loops without predic-
tive optimization or explicit management of future constraints. As shown in
Figure 6 and Figure 7, this approach leads to slower transient responses, larg-
er frequency nadirs, and higher power fluctuations injected into the main
grid.

A scenario where the microgrid operates solely with the PV generator and the
grid interface, omitting the Battery Energy Storage System. Without the active
power buffering provided by the BESS, the main grid experiences severe power
spikes, higher total harmonic distortion (THD) under uncompensated load vari-
ations, and inability to smooth out intermittencies locally.

The comparative evaluation reveals that the proposed MPC strategy signifi-

cantly outperforms both baselines:

It reduces the peak rate of change of power (%) at the Point of Common

Coupling (PCC) by over 35% compared to Baseline 1.
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It limits frequency deviations to within +0.15 Hz during severe transients,
whereas Baseline 2 experiences violations beyond standard grid codes (+0.5
Hz).

It maintains the THD of the grid current well below the 5% IEEE-519 stand-
ard (achieving 2.32%), outperforming the conventional control method.

A simultaneous evaluation of frequency resilience and harmonic mitigation
was carried out in order to validate the multi-objective optimization of the mi-
crogrid under harsh operating circumstances. A multi-plot assessment showing
frequency stability during a substantial load step/disturbance (top-left subplot),
PCC current tracking in the time domain (top-right subplot), and a Power Spec-
tral Density (PSD) analysis showing THD improvement (bottom subplot) are
shown in Figure 6.

To ensure system stability and resilience under severe grid disturbances (such
as voltage sags, swells, or sudden frequency drops), the control strategy incorpo-
rates a dynamic operating transition for the primary grid-tied inverter.

Normal Operating Conditions (Grid-Following Mode): Under standard grid
conditions, the inverter operates predominantly in Grid-Following (GFL) mode.
It synchronizes with the main AC grid via a Phase-Locked Loop (PLL) and in-
jects the active power generated by the PV system and managed by the BESS,
treating the main grid as a stiff voltage source.

Disturbance Conditions (Grid-Forming/Active Support Mode): Upon the de-
tection of a severe voltage sag or frequency transient (as illustrated in Figures 5-
7), the control architecture dynamically transitions or blends into a Grid-
Forming (GFM) or virtual synchronous machine-like behavior. Rather than
purely tracking the grid angle via the PLL, the inverter rapidly adjusts its internal
voltage source behind a virtual impedance to inject or absorb reactive and active
power support. This prevents converter tripping, stabilizes the local voltage pro-
file, and provides immediate inertial support to mitigate frequency nadirs during

islanding or severe fault conditions.

8.7.1. Examination of Signal Restructuring and Frequency Dynamics

The multi-dimensional data in Figure 6 clearly demonstrates the controller’s ef-

ficacy in both the time and frequency domains:

= Dynamic Frequency Response (0 s - 1 s): A significant network disruption
is induced at ¢ = 0.2 s. The frequency goes through a sharp nadir with the
traditional management approach (red dashed line), falling to 48.2 Hz and
requiring around 0.4 s to return to the nominal condition. On the other
hand, the suggested approach (blue solid line) effectively restricts the fre-
quency nadir to 49.55 Hz and speeds up the stabilizing process, returning the
nominal 50 Hz baseline in less than 0.2 seconds.

* Time-Domain Current Reshaping (0 s - 0.05 s): The red curve in the top-
right subplot represents the non-linear current distortion prior to filtering,
with clear ripples at the peak and zero-crossing zones. The PCC current

(black curve) is successfully suppressed by the active filtering technique, re-
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sulting in a smooth, symmetric sinusoidal waveform with a fundamental
peak amplitude of 20 A.

= Power Spectral Density Noise Floor Mitigation (0 Hz - 600 Hz): The bot-
tom figure depicts the spectral distribution of the signal. When compared to
the original condition (red line), the improved control loop (blue line) con-
sistently reduces the wideband noise floor by many orders of magnitude.
Prominent low-order odd harmonic peaks at 150 Hz, 250 Hz, and 350 Hz are

considerably muted.

8.7.2. Metrics for Spectral Optimization and Frequency Inertia
Examining the combined measurements from Figure 6 reveals the suggested
scheme’s technical advantages:

The suggested control method includes rapid active power loops (e.g., virtual
inertia emulation or ultra-quick BESS reaction), as seen by the notable reduction
of the frequency nadir (49.55 Hz against 48.2 Hz). The microgrid significantly
reduces the possibility of tripping local generating units or setting off load-
shedding relays by limiting the Rate of Change of Frequency (RoCoF).

The frequency analysis in the bottom subplot uses a logarithmic decibel scale
to assess total distortion metrics. The optimized strategy achieves an elevated
signal-to-distortion ratio, raising the metric to =29.48 dB, reflecting a definitive
net THD improvement of 16.48 dB, confirming that the proposed algorithm
simultaneously resolves small-signal power quality degradation (harmonics) and

large-signal stability issues (frequency nadir).
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Figure 6. Multiple-variable assessment of microgrid performance: Power Spectral Density
(PSD) analysis, current harmonic adjustment, and frequency monitoring.

8.8. BESS Control for Integrated Frequency Containment and
Harmonic Mitigation

A simultaneous validation of primary frequency response and active current fil-
tering was carried out to evaluate the combined advantages of the suggested con-
trol scheme during abrupt power generation shortfalls. Figure 7 shows a multi-

plot analytical dashboard that includes time-domain current waveforms (top-
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right subplot), dynamic frequency tracking after a loss-of-generation event (top-
left subplot), and a Power Spectral Density (PSD) comparison showing the Total
Harmonic Distortion (THD) attenuation (bottom subplot).

8.8.1. Examination of Time and Frequency Domain Transients

The effectiveness of the multi-objective control technique is clearly demonstrat-

ed by the experimental signals plotted in Figure 7:

= Dynamic Frequency Support (0 s - 0.5 s): The active power balance is upset
at £= 0.2 s due to a significant generating trip. The system frequency under-
goes an unabated fall in the absence of the battery energy storage system (the
“Without BESS” red dashed curve), exceeding the crucial threshold of 49.5
Hz in less than 0.05 seconds and steadily declining toward 48.5 Hz. In con-
trast, the quick power injection from the BESS restricts the frequency de-
crease when operating “With Proposed Control” (blue solid curve), smooth-
ing the trajectory to settle firmly at 49.6 Hz—well over the system’s critical
limits.

= Current Waveform Optimization (0 ms - 50 ms): A three-cycle window of
the AC current is shown in the top-right subplot. High distortion is seen in
the uncompensated signal (“Pre-filtering” red curve), especially as high-
frequency ripples on the fundamental peaks. The “Filtered Signal” (blue
curve), which is produced by applying the active compensation loop, recovers
a periodic, smooth sinusoidal profile with a steady peak amplitude of 10 A.

= Decibel-Scale Spectral Attenuation (0 Hz - 500 Hz): The signal spectrum is
shown on a logarithmic scale in the bottom subplot. Severe harmonic distortion
spikes are centered in the third (150 Hz), fifth (250 Hz), and seventh (350 Hz)
orders in the unoptimized system profile (red peaks). These harmonic peaks are
greatly compressed by the suggested optimization strategy (blue curve), which
causes their amplitude to decline near the background noise floor.

8.8.2. Signal-to-Distortion Performance and Frequency Containment
The technical benefits of the integrated control system are confirmed by a more
thorough analysis of the metrics from Figure 7:

The effective simulation of virtual inertia is demonstrated by the sharp diver-
gence between the suggested control response and the actual frequency trajecto-
ry at t= 0.2 s. The BESS successfully modifies the network’s short-term frequen-
cy nadir by quickly adjusting the converter’s active power output. High opera-
tional dependability is ensured by preventing the frequency from exceeding the
49.5 Hz critical threshold, which removes the necessity for under-frequency load
shedding (UFLS).

The frequency spectrum in the bottom subplot uses logarithmic decibel levels
to evaluate the signal-to-noise ratio. The unmitigated initial current presents an
unfavorable distortion metric of THD = 14.31 dB. The optimized control struc-
ture suppresses the unwanted frequencies, increasing the signal quality metric to
THD = 35.87 dB, reflecting a definitive performance improvement of +21.56 dB.
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This proves that the suggested algorithm is capable of handling severe large-
signal transient events (like grid frequency drops) at the PCC without degrading

small-signal power quality (harmonics).
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Figure 7. Performance analysis across several domains: Dynamic frequency stability, AC
current reshaping, and decibel scale. Power Spectral Density (PSD) Profiling.

8.9. Optimizing Economic Dispatch and Daily Energy Management

The supervisory control strategy was tested over a full 24-hour operating cycle
because we need to assess the microgrid’s dispatch efficiency and financial via-
bility. The multi-variable microgrid schedule under ideal supervision is shown in
Figure 8, which also shows the dynamic correlation between the battery State of
Charge (SOC) and the time-of-use (ToU) electricity tariff (bottom subplot) and
the daily power dispatch balance (top subplot).

8.9.1. Examination of Energy Generation Flows and Daily Power Balance
The top subplot of scheduling profile in Figure 8 illustrates how local demand,
external network interactions, and intermittent generation are coordinated:

= PV Generation Profile (7 h - 18 h): Solar generation (blue bars) has a tradi-
tional bell-shaped distribution, starting at 7 h, peaking at about 1800 W at 13
h, and ending at 18.

* Load Demand Profile (1 h - 24 h): Base load consumption (orange bars,
shown negatively to reflect demand) remains consistent overnight before un-
dergoing a large growth between 16 h and 20 h, with load requirements peak-
ing dramatically at —2000 W at 19 hrs.

= The net exchange power trajectory (“Optimized Management” red line)
demonstrates adaptive dispatch behavior. During peak sun hours (9 - 16 h),
grid injection is reduced to 0 W as extra power is diverted internally. During
the evening demand peak (18 - 21 h), net grid interactions increase to +1500

W at 20 h to compensate for the microgrid’s energy deficit.

8.9.2. Economic Price Response and Battery SOC Scheduling

Cross-analyzing the power flows with the pricing engine, illustrated in the bot-
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tom subplot of Figure 8, validates the system’s economic optimization layer:

= Tariff-Driven Arbitrage Strategy: The bottom subplot tracks three distinct
electricity tariff zones (red line): low off-peak (0.12 \euro/kWh from 1 h - 6 h),
mid-peak (0.15 \euro/kWh from 7 h - 17 h), and a high on-peak premium tariff
zone (0.25 \euro/kWh from 18 h - 22 h). The “Optimized SOC” loop (blue line)
responds to this financial signal by maintaining a 50% storage buffer overnight
and absorbing excess cheap solar power between 9 h and 12 h.

= Peak-shaving and Economic Battery Discharge: When the electricity rate
increases to 0.25 euros per kWh at 17 hours, the most important activity
takes place. By 19 hours, the optimization layer causes the BESS to discharge
sharply and continuously, lowering the SOC from 88% to its lowest permit-
ted safety threshold of 20%. The BESS offers peak-shaving help by discharg-
ing during the highest pricing window, meeting local evening demand and
protecting the microgrid operator from having to buy pricey grid electricity.
The suggested supervisory controller’s financial efficiency is demonstrated by
this ideal synchronization between technical limitations (SOC limits) and

economic factors (ToU tariffs).

Daily Energy Flows under Optimal Supervision
T T

T

T
PV Generation
Il Load Consumption
—e—Optimized Management
o—e— o o —o

Power (W)
o

a
o
=]
o

! 1
5 10 15 20 25
Time (h)

Correlation between State of Charge and Pricing Structure
T T T T

-2000
/]

a
(=]
o

—e—Optimized SOC
——Price (€kWh)

Electricity Tariff

°
°
o
-1
°
e
S

15 20

State of Charge - SOC (%)
g
T

&

Time (h)

Figure 8. Performance of an economical dispatch scheduler: tariff-driven batteries and
daily energy flows Tracking the State of Charge (SOC).

9, Conclusions

An improved energy management and control method for a hybrid microgrid
with photovoltaic power and a battery energy storage system (BESS) was devel-
oped, evaluated, and validated in this work. The following key conclusions can
be made based on the experimental and simulation results across the several
configurations that were examined:

Flexibility in Energy Management and Storage (Figure 1 and Figure 2): The
supervisory control system that was put into place showed a great ability to op-
timize daily energy flows while maintaining power continuity. An intelligent fi-
nancial arbitrage strategy is coordinated by the BESS, which is powered by a

price-sensitive, predictive control loop. It fully discharges excess energy during
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evening peak consumption periods (which correspond with the highest utility
grid pricing) after charging it during hours of high solar generation and low tar-
iff rates. In order to maintain battery longevity, the state of charge (SOC) is con-
currently rigorously maintained within safe working bounds.

Frequency stability and power smoothing (Figures 3-5): The combined action
of the BESS and virtual inertia simulation proved extremely resilient when faced
with extreme intermittency and abrupt drops in renewable generation (simulat-
ing passing clouds or generation trips). By using regulated ramps to smooth out
the power transition at the Point of Common Coupling (PCC), hazardous power
gradients (dP/dt) that put stress on the grid are eliminated. Additionally, by lim-
iting the frequency nadir (maintaining it safely above the crucial 49.5 Hz barrier)
and speeding up the return to steady state, the suggested approach greatly im-
proves dynamic grid resilience.

Enhancement of Power Quality and Compliance (Figure 6 and Figure 7): The
active compensation method demonstrated remarkable efficacy in mitigating
power quality problems caused by non-linear loads. The current Total Harmonic
Distortion (THD) dropped dramatically from 26.62% to an astounding 2.32% as
a result of the successful neutralization of low-order odd current harmonics
(3rd, 5th, and 7th). This outcome ensures a clean interface with the main distri-
bution grid by placing the system well inside the stringent 5% maximum limit
required by the worldwide IEEE 519 standard.

Resilience during Major Grid Faults (Figure 8): Lastly, validation under a se-
vere chronology of seven consecutive voltage disturbances (severe swells up to
1.19 p.u. and deep sags down to 0.50 p.u.) showed the converter’s ability to ride
through faults. The technology actively stabilizes the voltage at the PCC using
ultra-fast, dynamic reactive power support (Qcompensation), compelling the
voltage profile to adhere to the continuous operation zones defined by the IEEE
1547 standard.

In conclusion, the holistic control strategy that this work validates offers a re-
liable, stable, and financially feasible answer to the major technical issues that
contemporary microgrids face. Power purity (THD minimization), transient re-
silience (voltage ride-through), macro-grid stability (inertia and frequency), and
local techno-economic optimization (arbitrage and SOC preservation) are all
successfully balanced. As a result, our work provides practical means to imple-

ment highly integrated and robust modern power systems on a broad scale.
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