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This paper addresses the challenge of DC-link voltage instability and
control conflicts in Hybrid Energy Storage Systems (HESS) for
photovoltaic (PV)-integrated isolated DC microgrids, arising from the
inherent variability of Renewable Energy Sources (RES). Existing
control strategies often suffer from high computational complexity and
inadequate coordination between battery and supercapacitor currents,
limiting their effectiveness under dynamic operating conditions. To
overcome these limitations, a HESS composed of batteries and
supercapacitors is employed, leveraging their complementary
characteristics: high energy density and high-power density,
respectively. A predictive control strategy is proposed to optimize the
current distribution between the battery and supercapacitor using DC-

Standard Test Conditions link voltage error and uncompensated power as control inputs. The

proposed method is implemented in MATLAB/Simulink and evaluated
under varying irradiance conditions (1000 W/m? to 500 W/m? at 25°C)
with a 500 W load. The results demonstrate that the proposed approach
achieves fast DC-link voltage recovery within approximately 0.1 s,
maintains voltage deviation within +2% of the nominal value, and
reduces battery current stress by approximately 30% during transient
conditions. Furthermore, the supercapacitor effectively handles rapid
transient loads, significantly alleviating battery stress and improving
system responsiveness. Additionally, a Bode-plot-based tuning method
is employed to refine Pl controller parameters, further enhancing
energy management and overall system efficiency. These findings
highlight the effectiveness of the proposed predictive control strategy
as a computationally efficient, dynamically robust solution for the
reliable, stable integration of renewable energy into isolated DC
microgrids.
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1. Introduction

Hybrid Energy Storage Systems (HESS), integrating batteries and supercapacitors, have become
essential components in isolated DC microgrids with photovoltaic (PV) generation. These systems play a
critical role in maintaining power stability, managing fluctuating load conditions, and ensuring a stable DC-
link voltage under dynamic operating environments. In such configurations, the battery provides sustained
energy for steady-state operation, while the supercapacitor delivers rapid response to transient power
variations. This complementary behaviour is fundamental to achieving reliable and efficient system
performance [1]. However, in practical implementations, the simultaneous control of battery and

Available online: https://ejournal.ubhara.ac.id/jeecs | 106 |


https://creativecommons.org/licenses/by/4.0/

JEECS (Journal of Electrical Engineering and Computer Sciences)
Vol. 11, No. 2, December 2026, pp. 106-121
e-ISSN: 2579-5392 p-ISSN: 2528-0260

supercapacitor currents during rapid load variations introduces significant challenges. In particular,
conflicts between their respective current control loops can degrade system responsiveness and lead to
instability, highlighting the need for improved coordinated control strategies [2].

Recent advancements in supercapacitor technologies, including graphene- and carbon nanotube-
based electrode materials, have significantly improved their energy density and lifecycle performance,
making them more suitable for high-frequency power compensation [3], [4]. At the same time, the rapid
growth of renewable energy sources (RES) [5], particularly solar and wind, has increased the complexity of
DC microgrid operation due to their intermittent and stochastic nature [6]-[11]. These variations lead to
frequent power imbalances, resulting in DC-link voltage fluctuations and reduced system stability [12]-
[17]. Therefore, effective coordination between battery and supercapacitor currents is essential to ensure
fast voltage regulation and reliable system operation. Several control strategies have been proposed to
address HESS coordination. Model Predictive Control (MPC) provides optimized power sharing but suffers
from high computational complexity, limiting real-time implementation [18]. Intelligent and optimization-
based control techniques have also been explored to improve adaptability and system performance [19],
[20], [21]; however, these approaches require significant computational effort for parameter tuning,
training, and communication infrastructure. Conventional control approaches, such as sliding mode control
and rate-limited control, offer robustness and improved battery lifespan [22]-[24], but they exhibit
limitations, such as chattering, insufficient stability analysis, and degraded performance under fast dynamic
conditions. Furthermore, coordinated and unified control strategies often fail to effectively resolve conflicts
between battery and supercapacitor current control loops, leading to increased DC-link voltage deviations
[25]-[30]. energy management, optimization-based control, and distributed coordination frameworks for
DC microgrids with HESS [31], [32], [33], [34], [35]. Although these methods improve system efficiency and
adaptability, they still suffer from high computational burden, complex implementation, and slower
transient response. In particular, dynamic energy management strategies improve power allocation and
DC-link voltage regulation under varying load and renewable generation conditions [32]; however, they
involve complex control structures and do not explicitly address interactions and conflicts between storage
elements. Similarly, hybrid optimisation-based control approaches, such as PSO-GA-LADRC strategies,
enhance system stability and power quality but introduce significant computational complexity and are not
well suited to fast real-time implementation [33]. Moreover, advanced distributed and coordinated control
strategies integrating ANN, droop control, and fuzzy logic improve system stability and adaptability under
real-world conditions; however, they rely on multi-layer control architectures and complex coordination
mechanisms, which limit their real-time simplicity and practical deployment [21], [34]. In addition, recent
comparative studies, such as [36], have evaluated multiple control strategies for hybrid energy storage
systems in DC microgrids under dynamic load disturbances, highlighting the importance of coordinated
control in improving transient response and DC-link voltage stability. Furthermore, distributed energy
storage-based coordinated control strategies, such as [35], improve power sharing and voltage regulation
using optimization techniques; however, they rely on complex scheduling algorithms and do not explicitly
address fast dynamic response and control conflict issues. Therefore, the key research gap lies in the lack
of a computationally efficient control strategy that can simultaneously (i) eliminate control conflicts
between battery and supercapacitor currents, (ii) ensure fast DC-link voltage regulation under dynamic
conditions, and (iii) be implemented in real time without complex optimization, training, or multi-layer
control structures.

To address this gap, this paper proposes a simplified predictive control-based energy management
strategy for a PV-integrated DC microgrid with HESS. The proposed method directly computes the duty
cycle using a predictive term, significantly reducing computational complexity compared to conventional
MPC and optimization-based approaches. Furthermore, by incorporating DC-link voltage error and
uncompensated battery power into the supercapacitor control loop, the proposed strategy effectively
eliminates controller conflicts, enhances transient response, and ensures rapid DC-link voltage recovery.
Consequently, the proposed method improves system stability, reduces battery stress, and enables practical
real-time implementation.

Table 1 provides a comprehensive comparison of existing HESS control strategies, integrating
qualitative metrics (complexity, response speed, and real-time feasibility) and quantitative performance
indicators (settling time, overshoot, and DC-link voltage ripple). It is evident that conventional and
optimization-based methods, such as MPC and PSO-based approaches, achieve acceptable voltage
regulation but suffer from high computational complexity and slower transient response, limiting their real-
time applicability. Similarly, intelligent and hybrid control techniques improve adaptability but introduce
multi-layer complexity and implementation challenges.
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Table 1. AC Microgrid power
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In contrast, the proposed predictive EMS demonstrates superior overall performance, achieving the
fastest settling time (8-15 ms), minimal overshoot (1-3%), and lowest DC-link voltage ripple (<1.5%),
while maintaining low computational complexity and high real-time feasibility, effectively addressing the
limitations of existing methods. The performance metrics presented in Table 1 are defined as follows.
Complexity represents the computational burden and algorithmic structure of each control method,
categorized from Low to Very High. Transient response indicates the speed of DC-link voltage recovery
following disturbances and is classified as Slow, Medium, or Fast. Real-time feasibility reflects the suitability
of the control strategy for implementation in embedded or real-time systems, categorized as Low, Medium,
or High. Additionally, quantitative performance indicators such as settling time, overshoot, and DC-link
voltage ripple are used to evaluate dynamic response and voltage regulation capability.

The organization of this article is as follows: Section Il presents the overall system design and
modelling methodology. Section III includes modelling of PV systems with a battery and a supercapacitor
as energy storage. Section IV gives an energy management strategy. Section V presents detailed simulation
results for HESS, and Section VI concludes the paper.

2. Research Methodology

2.1. System Design and Modeling Methodology
2.1.1 Solar PV Modelling

The design and modelling of a Solar Photovoltaic (SPV) system involve several crucial steps, including
modelling the PV system itself, implementing an efficlent Maximum Power Point Tracking (MPPT)
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algorithm, and using optimization tools to improve overall system performance. One important aspect of
SPV system modelling is the creation of a test cell to measure the values of Isc and Voc, which can then be
used to accurately model the system's behavior. Additionally, modelling the PV system and developing a
new MPPT system are essential components of the design process. Figure 4(a) represents the electrical
model of a PV cell consisting of a photocurrent and a diode describing the properties of the semiconductor
[37]. A series resistance Rs represents an internal resistance, and a parallel resistance Rp shows a leakage
current [38]. The mathematical equation expressing the charging current can be given as [33]: Based on Eq.
(1), we see that the physical behaviour of the PV cell is also related to temperature and solar radiation [37],
so for a given temperature of 25°C, and variable radiation. The I-V and P-V curves are generated as shown
in Figure 1.
qu+IRg

I= Ly 1, [e( erea’) 1] - (%) 1)
where, Isis the saturation current, Iy is the solar induced current, q is the elementary charge of the electron,
A is the ideality factor (the emission coefficient for the diode) of the diode, I is the output current of PV, Vis
the output voltage of PV, Rs is the series resistance, Ry is the shunt resistance, K is the boltzmann’s constant,
and T is the temperature at STC.

The Figure 1 shows the I-V (current-voltage) and P-V (power-voltage) characteristics of a photovoltaic
(PV) system under varying irradiance levels and constant temperature. The I-V Characteristics (Top Plot),
represent the relationship between current (I) and voltage (V) for different irradiance levels (0.25 kW/m?
to 1 kW/m?). As the irradiance increases, the short-circuit current (Isc) increases proportionally. This is
because more sunlight generates a higher photoelectric current. The open-circuit voltage (Voc) increases
slightly with higher irradiance but remains nearly constant compared to the current. The P-V
Characteristics (Bottom Plot), represent the power (P) output as a function of voltage (V) for varying
irradiance levels. The peak power increases significantly with higher irradiance. The maximum power point
(MPP) shifts slightly with changes in irradiance, leading to changes in voltage and current. Atlow irradiance
(e.g., 0.25 kW/m?), both current and power are significantly reduced.
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Figure 1. Characteristics of PV with varying irradiances and temperatures.

2.1.2 Battery Modelling

The model is shown in Figure 2 (b), it consists of a voltage source corresponding to the open circuit
voltage source Eo in series with an equivalent internal resistance Rs [39].
The terminal voltage of the battery is given by (2):
Ve=Eo-1Ip RB (2)
Where, Eo = EMF of cell, Is = Current through battery and Rs = Battery resistance

L |
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The state of charge (SOC) of the battery is also defined by [40]:

soc =1-% (3)
Cp

Where, Q, is the discharged capacity and C}, is the nominal capacity of the battery. This model captures the
essential dynamic characteristics of the battery during charging and discharging.

2.1.3 Supercapacitor Modelling

This is a simple electrical circuit model consisting of a resistor Rscand a capacitor Cscin series (Figure
4(c)). This model is commonly used for the study of energy systems. The expression for the SC voltage Vsc
is given by (8) [41].

Q
Vs¢ = ;52_ Rgclse (4)

Due to its high-power density and fast response, the supercapacitor handles transient variations in load
power, thereby relieving the battery from the burden of instantaneous current surges.

2.1.3 DC-DC Converter Modelling
Choppers are static DC-DC converters that provide a variable DC voltage from a fixed DC voltage. This
energy conversion is carried out at a high frequency, “chopping” characterized by high efficiency. The boost
converters are used after the PV and fed to the DC bus.
The output voltage of the Boost converter is given as:

Vpv
Vdc,pv =-E (5)

1-D

where D = duty cycle

(@
Ig Ry .
+
——— VB
l -
(b)
e A'A
Lse Rge +
—=L> Vec
()

Figure 2. Electrical model: (a) PV cell; (b) Battery; (c) Supercapacitor.
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The proposed system contains two transistor switches; the method of controlling them determines the

bidirectional converter's operating mode (buck or boost) for battery- and supercapacitor-type converters.

During charging, the bidirectional converter operates as a boost converter in which the output voltage is

given by,

VB

Vacp = -0 (6)
Vacg = D Vp (7)
Vdc,sc = 1‘/_% (8)
Vacsc = D Vsc 9)

The bidirectional converter allows charging and discharging of the battery based on the system's power
balance, enabling smooth transitions between energy surplus and deficit conditions.

2.2. Modelling of PV system with HESS

The proposed stand-alone photovoltaic system with hybrid storage consists of a PV generator
connected to a DC bus via a DC-DC boost converter, and a group of lithium-ion batteries as a long-term
storage system used in case of overconsumption or under-supply, based on the characteristics of fast
charging at different temperatures, and The extended life cycle of this type of rechargeable battery
according to the proposed model represents a more suitable option, compared to the lead-acid battery [42],
[43] .and a set of supercapacitors to cope with rapid transitions in power demand, each ESS (Electrical
Energy Storage) is connected to the DC bus via a DC-DC buck-boost converter, loads, a three-phase inverter
connected to the DC bus is used to power the load and control systems [44]. As shown in Figure 1. The PV
system is affected by various weather conditions, including irradiance. Therefore, MPPT control is used to
extract the maximum power from the PV via DC/DC amplification for proper operation of the PV system,
which is achieved using the Perturbation and Observation (P&0) method. Power transfer between these
components is via conventional energy. Management system. The proposed model is developed and
simulated in MATLAB/Simulink using mathematical analysis, and the average model is shown in Figure 3.

The semi-active hybrid energy storage system integrates a photovoltaic (PV) system, a battery, and a
supercapacitor (SC), all connected to a common DC link via bidirectional DC-DC converters. The PV system
converts solar energy into electrical energy, which is connected to the DC link via a DC-DC converter that
regulates voltage and current; the converter's output current is denoted as ipv. The DC link acts as a shared
bus for energy transfer among the PV system, battery, and supercapacitor, stabilized by its total capacitance
Cdc and load resistance Rac.

The battery and supercapacitor are connected to the DC link via bidirectional DC-DC converters,
enabling energy flow in both directions for charging and discharging, with their respective currents
represented as ib and isc. Filter inductors (Lpv, Lb, Lsc) are used to smooth the output currents of the PV,
battery, and supercapacitor converters. System voltages include vy (PV), vbat (battery), vsc (SC), and vac (DC
link), which must remain within specific limits for optimal operation.

. 51 1 Ppy
T DC Bus
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- C
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Converter

Py Psc
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DC-DC Bidirectional Converter
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Figure 3. Block diagram of PV systems with Hybrid energy storage

| |
Available online: https://ejournal.ubhara.ac.id/jeecs | 111 |



JEECS (Journal of Electrical Engineering and Computer Sciences)

Vol. 11, No. 2, December 2026, pp. 106-121

e-ISSN: 2579-5392 p-ISSN: 2528-0260

| ]
Control switches S1-S4 dynamically regulate energy flow based on system demand, ensuring efficient

distribution. This architecture enables efficient energy harvesting, storage, and sharing, with precise control

ensuring the system can adapt dynamically to changing load conditions. The control schemes for the overall

system are as in Figure 4.

Super capacitor inner current loop transfer function is defined by,

Vpc CS+2 %

isc
iS¢ dsc Lsc CS%+ LSTC+ (1-dsc)? ( )
_ Kisc
Gpisc = Kpsc+ =5 (11)

Battery inner current loop transfer function

\4
ip Vpc CS+2 %C

B T dp T Lpcs+ LBy (1-ap)? (12)
K.
Gpip = Kpp + =2 (13)
Outer voltage loop transfer function
Lsc
R(1-dsc). (1-—SC
6. = voe N80 R ase? (14)
VLY T e T 2+RCS
K.
Gpiv = Kpyp + % (15)
DC-DC Boost
Solar PV . Converter
§
(b)
Figure 4. Control system: (a) Battery- SC Control; (b) PV control
Table 2. Controller Parameters.
Parameters PV Battery Supercapacitor DC link Voltage
converter converter controller Controller
Kp 0.3 0.05 0.48 1.477
Ki 0.3 0.63 14803 3077
[ ]
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Figure 4(a) illustrates the hierarchical control of the HESS, which distributes power between the
battery and supercapacitor to maintain DC-link voltage stability and protect the battery from high-
frequency transients. The total power imbalance is decomposed into low- and high-frequency components,
with the battery handling slow variations and the supercapacitor responding to rapid fluctuations.
Predictive PI-based current controllers regulate the charging and discharging of each storage unit based on
state-of-charge (SOC) limits, ensuring safe operation. This coordinated approach allows the supercapacitor
to quickly compensate for sudden load or irradiance changes while the battery restores energy more
gradually, resulting in smoother DC voltage and reduced stress on the battery. Also, the control strategy
depicted in Figure primarily focuses on regulating the DC-link voltage of the PV-DC bus while ensuring
maximum power extraction from the PV array. The PV array produces a variable DC voltage depending on
solar irradiance and temperature, and an MPPT algorithm, such as Perturb & Observe, continuously adjusts
the reference current to maintain operation at the Maximum Power Point. This reference guides the boost
converter, whose duty cycle is modulated by a voltage and current control loop to maintain the DC-link
voltage at its desired reference. When PV generation exceeds load demand, the surplus energy charges the
HESS, and when generation is insufficient, the HESS discharges to stabilize the voltage. The values of K;, and
Ki for different controllers are calculated and given in Table 2.

2.3. Energy Management Strategy

The proposed predictive control-based EMS dynamically regulates the power balance between the PV
system, the battery, and the supercapacitor in response to instantaneous generation and load demand. The
main control objective is to maintain the DC-link voltage V. close to its reference Vg o while minimizing
battery current stress. The total power balance of the DC microgrid is,

By + P+ Pe = P, (16)
by predicting the next-step states of V., Ip4: and I;.. The controller determines optimal duty ratios for the
DC-DC converters.

The flowchart presents a detailed Energy Management Strategy (EMS) for a HESS composed of a PV
array, a battery, and an SC. The control logic is designed to ensure uninterrupted power delivery to the load
while optimizing solar energy use and safeguarding the energy storage components from overcharging or
excessive discharge. At each control cycle, the algorithm begins by reading the real-time power outputs of
the PV system, the battery, and the supercapacitor, along with the load power demand and the state of
charge (SOC) of both the battery and the SC. It then calculates the power error, defined as the difference
between the PV power and the load power. This error determines whether the system is experiencing a
power surplus (PV generation exceeds load demand) or a deficit (PV generation is insufficient). In the case
of a power deficit, when the load demand exceeds the available PV power, the controller checks whether
the PV system is supplying at least 70% of the load demand. This 70% threshold ensures that the PV plays
a major role in supplying the load, making it reasonable to include storage components for balancing. If the
PV meets this condition, the system first attempts to discharge the supercapacitor, provided its SOC is above
the minimum threshold. If the supercapacitor alone cannot make up the deficit or if its SOC is too low, the
controller checks the battery’s SOC and discharges it if it is adequately charged. In scenarios where neither
the SC nor the battery can meet the demand individually, the system uses both devices in combination to
support the load. However, if none of the energy storage components has sufficient charge, the system
disconnects the load to prevent damage to the storage devices. When there is a power surplus, meaning the
PV generation exceeds the load demand, the controller again verifies whether the PV is supplying at least
70% of the load. If so, it then manages the excess energy intelligently. The supercapacitor is prioritized for
charging when its SOC is below the upper threshold, given its fast response and ability to handle rapid
energy bursts. If the SC is already fully charged, the battery is next in line to store the excess energy,
provided its SOC is within the safe charging range. [f both the SC and the battery are fully charged, the system
disables the PV array's Maximum Power Point Tracking (MPPT) algorithm to limit its output and prevent
overvoltage or system instability. This control architecture follows a hierarchical, protective logic, giving
precedence to the supercapacitor for handling rapid, transient power fluctuations and to the battery for
managing longer-term energy requirements. The use of SOC thresholds ensures the longevity and safe
operation of the energy storage units. The 70% PV contribution rule acts as a stability filter, ensuring that
switching between operating modes happens only when the PV system is playing a dominant role. Overall,
the strategy is designed to maximize solar energy use, ensure continuous load supply, minimize battery
degradation, and enhance the HESS's efficiency and reliability under both steady and dynamic conditions.
The algorithm implemented for the PMS is shown in the flowchart in Figure 5. The proposed predictive
control-based Energy Management Strategy (EMS) is validated using MATLAB/Simulink under realistic
operating conditions of a PV-integrated DC microgrid with hybrid energy storage.
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Figure 5. Flowchart of EMS.

The evaluation includes steady-state and dynamic analyses, in which irradiance is varied from 1000
W/m? to 500 W/m? at 25°C, with a 500 W load, to emulate practical scenarios. Performance is assessed
based on DC-link voltage regulation, settling time, overshoot, voltage ripple, and reduced battery stress.
Scenario-based testing is conducted for both power deficit (load > PV) and surplus (PV > load) conditions,
ensuring proper coordination of battery and supercapacitor operations under SOC constraints.
Additionally, comparison with existing methods (Table 1) confirms improved transient response, reduced
complexity, and enhanced real-time feasibility, demonstrating the robustness and effectiveness of the
proposed EMS.

3. Results and Discussions

The simulation is implemented in MATLAB/ Simulink. The PV power generation is 960 watts at STC
(1000 W/m? irradiance and 25°C), and a load of 500 Watts is used. During the simulation, the temperature
is fixed, but the system is tested at varying irradiances of 1000 W/m2 at 25°C and 500 W/m2at 25°C. The
response of the battery is shown in Figure 6. The battery voltage response is shown in Figure 6 (a). The
battery voltage remains steady, indicating that the battery operates within its nominal voltage range. There
are slight dips or fluctuations, possibly corresponding to changes in the load or operating conditions. After
the transient event (around 12 seconds), the voltage stabilizes again, suggesting recovery from the
disturbance. The battery current response is shown in Figure 6 (b). The current waveform exhibits
significant changes during the simulation. It shows spikes or steps that correspond to load demands or
switching events. Initially, the current is steady, but changes in the middle of the plot indicate a sudden
increase or decrease in load. The battery SoC response is shown in Figure 6 (c). The SoC exhibits a gradual
decline, as expected during battery discharge. The linear slope in SoC indicates constant energy
consumption initially. The battery power response is shown in Figure 6 (d). The power plot represents the
product of battery voltage and current. It shows dynamic changes in response to load variations. The power
initially remains at a certain level, rises with increasing load, and then reduces significantly after the
transient event.
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Figure 6. Battery response: (a) Voltage, (b) Current, (c) SOC and (d) Power.

The response of the super capacitor is shown in Figure 7. The voltage response is shown in Figure 7
(a). The voltage starts at its nominal value (~31.8 V) and remains stable during the initial phase. Around 1
second, a sharp drop is observed, likely caused by a sudden increase in load or current demand. After this
transient, the voltage stabilizes again, indicating the supercapacitor's ability to recover. The current
response is shown in Figure 7 (b). The current exhibits dynamic behaviour with small fluctuations due to
load changes. A significant spike occurs around 1 second, corresponding to the transient increase in load.
Post-transient, the current returns to its steady-state value, consistent with a stabilized load. The SoC
response is shown in Figure 7 (c). The SOC shows a gradual decline, representing energy discharge from
the supercapacitor during normal operation. A sudden dip around 1 second corresponds to the high current
demand observed in subplot Figure 7 (b). After the event, the SOC decreases more slowly, indicating a
return to normal operation with lower power demand. The power response is shown in Figure 7 (d). Power
starts at low values and fluctuates slightly under initial steady conditions. Around 1 second, a large spike is
observed, representing a significant energy demand from the supercapacitor. After the transient, the power
stabilizes at a lower level, reflecting the steady-state condition of the system.

The Figure (8) shows the graph for the solar voltage, solar current and solar power generated to supply
the 500 watts of load. The response of the solar voltage is shown in Figure 8(a). The voltage exhibits small
fluctuations due to the nature of solar PV systems and their dependence on environmental factors such as
irradiance and temperature. Around the 10-second mark, a sharp dip occurs, likely due to a transient event,
such as a load increase or a reduction in irradiance. After this event, the voltage stabilizes, indicating the PV
system'’s capability to recover and adapt to new operating conditions. The response of the solar current is
shown in Figure 8 (b). The current initially fluctuates slightly, reflecting the dynamic nature of the PV system
in response to environmental inputs or load variations. The response of solar power is shown in Figure 8
(c). The power output rises sharply during the initial phase, then stabilises as the system reaches its
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| ]
maximum power point under steady conditions. At around 10 seconds, there is a sharp drop in power
output, which aligns with the observed reductions in voltage and current.

Figure 9 illustrates the power dynamics in a hybrid energy system integrating Solar PV, Load, Battery,
and Supercapacitor (SC) under transient and steady-state conditions. Figure 9(a) shows the solar PV system
starts from zero and ramps up to ~1000 W in steady state. Around 1 second, a sharp dip occurs, likely due
to reduced irradiance or load redistribution. After stabilization, the PV delivers power within operational
limits. Figure 9(b) shows that the load demand remains ~600 W, with minor fluctuations lasting ~1 second,
indicating transient balancing by the energy management system.
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Table 3. Extracted Quantitative Performance Results of Proposed EMS

Category Parameter 0-1s (1000 W/m?) 1-25 (500 W/m?) Key Observation
DC-Link (Vv_{DC}H (V) 50-52 (initial overshoot), 49-50 Maintained within
settles = 50 2%
Settling Time ~ 10 ms ~12-15ms Very fast stabilization
(ms)
Overshoot (%) ~2-3% = 2% Minimal deviation
PV System PV Voltage (V) x22-25 ~ 20-22 Slight drop with
irradiance
PV Current (A) =30 =15 Proportional
reduction
PV Power (W) ~900-950 W ~450-500 W Accurate MPPT
tracking
Load Load Power ~ 1000 W ~ 1000 W Fully supplied
w)
Battery (V_{bat}) (V) x~ 25.6-25.7 ~ 24.8-25 Stable operation
(I_{bat}) (A) ~#3-5A ~ 22-25 A (peak Controlled current
~304A) rise
SOC (%) ~ 50— 49.99 %~ 49.99 - 49.94 Smooth discharge
(P_{bat}) (W) ~100-150 W = 600-700 W Supplies deficit
power
Supercapacitor (VA{sch (V) ~31.8-32 ~31.7-32 Stable voltage
(I_{sc}) (A) % 0 (steady) Peak ~ 80-100 A Handles transient
spike
SOC (%) ~98.95 - 98.92 ~98.92 - 98.88 Slight drop
(P_{sc}) (W) ~0-50 W Peak ~ 600-800 W Absorbs fast
dynamics
Power Sharing Battery vs SC Battery dominant (steady) SC dominant Effective
(transient) coordination
Dynamic Recovery Time — ~0.1s Fast disturbance
Response rejection
System Stability Oscillations None None Stable response

Figure 10 shows the battery & Supercapacitor Power. The battery initially supplies significant power,
then stabilises after the transient. The supercapacitor provides a short-term surge, stabilizing the system
before its contribution diminishes. Figure 11 shows the DC link voltage of a power system over time. During
Initial Transient (0-0.1s), the voltage rapidly rises to ~50V, indicating capacitor charging. In Steady-State
Operation (0.1-1s), it stabilizes around 50V with minimal ripple. At Disturbance (~1s), a brief dip occurs
due to a load change but quickly recovers. Post-Disturbance (1-2s), stability is restored. The system
effectively regulates voltage, ensuring minimal ripples and quick disturbance recovery.

The results presented in Table 3, extracted directly from the simulation figures, confirm the superior
performance of the proposed predictive EMS under both steady-state and transient conditions. The DC-link
voltage is tightly regulated at 50 V, with a maximum overshoot of approximately 2-3% and a fast-settling
time of about 10-15 ms, ensuring stable operation. Under irradiance variation from 1000 W/m? to 500
W/m? at 1 s, the PV power accurately tracks the change from approximately 950 W to 500 W, demonstrating
effective MPPT operation. During this transition, the supercapacitor delivers a high transient current (up to
~100 A) and power (~800 W), rapidly compensating for sudden power mismatch, while the battery
provides sustained support with controlled current increase (up to ~25 A). This coordinated behaviour
significantly reduces battery stress and prevents abrupt current spikes. The battery SOC shows a smooth
and minimal decrease (50% to ~49.94%), confirming efficient energy utilization. Furthermore, the system
exhibits fast recovery (~0.1 s) with no observable oscillations, and the load demand (~1000 W) is
continuously satisfied. These results clearly demonstrate that the proposed EMS achieves excellent dynamic
response, effective power sharing, and enhanced system stability, making it a robust and practical solution
for PV-integrated DC microgrid applications.

4. Conclusion

This paper addresses the critical challenges of integrating Renewable Energy Sources (RES),
particularly photovoltaic (PV) systems, into isolated DC grids. A Hybrid Energy Storage System (HESS)
composed of batteries and supercapacitors was proposed to enhance grid stability and energy management.
The predictive control strategy developed in this work demonstrated its effectiveness in balancing the
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current distribution between the battery and supercapacitor. Simulations in MATLAB/Simulink validated
the approach, revealing faster voltage restoration, reduced battery stress, and improved grid
responsiveness under various operational scenarios. Furthermore, the application of a bode plot tuning
method for PI controllers optimized system performance, ensuring effective energy management and
enhanced overall efficiency. Key findings highlight the supercapacitor's ability to manage rapid transient
loads, significantly alleviating battery wear and extending its operational lifespan. These results underscore
the potential of advanced control strategies to address integration challenges in isolated DC grids, thereby
enabling the stable and efficient utilization of renewable energy.

Future work could explore real-world implementations of the proposed strategy, evaluate its
scalability, and investigate its applicability in hybrid AC/DC grids. By advancing HESS control techniques,
this research supports the broader adoption of renewable energy and fosters the development of resilient,
sustainable power systems.
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