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This paper presents a real-time fuzzy logic-based energy management
system (EMS) for a hybrid DC microgrid supplying a constant DC load and
an AC sensitive load protected by a dynamic voltage restorer (DVR). The
system integrates a 25-kW photovoltaic (PV) array, a 10-kW fuel cell (FC),
a 15-kW battery energy storage system, and a 396 V supercapacitor bank.
The EMS calculates the net power balance (4P = Ppv - Pioad), COMpares it
with the states-of-charge (SoC) of the battery and supercapacitor, and
dynamically allocates power references to each source. Fuzzy rules prioritize
renewable generation, exploit the supercapacitor for fast transient
compensation, and schedule the battery and fuel cell for medium- and long-
term power balancing. The DVR acts as a series active power filter, injecting
real power during sags and absorbing excess energy during swells, while the
EMS maintains DC bus stability under fault conditions. Simulation results
demonstrate enhanced DC bus voltage regulation, reduced battery cycling,
efficient hydrogen utilization, and rapid recovery from voltage disturbances.
The proposed strategy improves power quality and ensures continuous
operation of sensitive loads, making it suitable for smart grid and renewable-
based microgrid applications.
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1. INTRODUCTION

The growing integration of renewable energy sources in DC microgrids supplying sensitive loads
introduces significant variability in both generation and demand, resulting in voltage fluctuations and power
imbalances that conventional control strategies cannot effectively handle. To overcome these challenges, energy
storage systems coordinated by advanced energy management systems (EMS) are widely employed to smooth
renewable intermittency, regulate the DC bus voltage, and ensure reliable power supply [1], [2]. In particular,
hybrid energy storage systems combining batteries and supercapacitors enhance system resilience by improving
power quality and alleviating battery stress when managed through optimized EMS strategies [3]. Nevertheless,
fluctuations in renewable output, rapid load variations, and network disturbances can still lead to voltage
instability and accelerated battery degradation if not properly addressed [4]-[6]. As a result, recent research has
focused on integrating real-time EMS with hybrid storage and fast-response compensation techniques, including
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fuzzy logic control, model predictive control, and dynamic voltage restorer (DVR)-based approaches, to enhance
voltage stability, optimize power sharing, and extend battery lifetime under dynamic conditions [7]-[9]. Recent
contributions further advance the coordination of hybrid energy storage systems (HESS) in DC microgrids
operating under intermittent renewable generation. For instance, frequency decomposition—based power-sharing
strategies have been shown to improve system stability while reducing battery stress, whereas battery-
supercapacitor configurations effectively mitigate DC-link voltage fluctuations under varying load and irradiance
conditions [8], [9]. Moreover, model predictive control schemes have been successfully applied to handle voltage
sag and swell events as well as reverse power flow in specific applications [10], while simulation results
consistently demonstrate the superior transient performance of HESS compared to battery-only solutions [11].

However, most existing approaches do not integrate real-time DVR operation with fuzzy logic-based
energy management while jointly considering battery and supercapacitor SoC constraints during dynamic voltage
disturbances. This limitation reveals an important gap between power quality enhancement and hybrid energy
management in DC microgrids. To address this issue, this paper proposes a real-time fuzzy EMS for a hybrid DC
microgrid integrating a 25 kW PV array, a 10-kW fuel cell, a 15-kW battery, and a supercapacitor bank.

The proposed EMS simultaneously considers the net power balance and the state-of-charge (SoC)
conditions of the battery and supercapacitor to achieve coordinated power sharing among the hybrid sources.
The supercapacitor provides rapid compensation for short-term power fluctuations, while the battery and fuel
cell support medium- and long-term energy requirements. In addition, a dynamic voltage restorer (DVR) is
integrated to mitigate voltage sag and swell events and protect sensitive loads against voltage disturbances.
Unlike conventional studies that separately investigate fuzzy EMS or DVR compensation, the proposed
framework combines real-time energy management and DVR-assisted power-quality enhancement within a
unified hybrid DC microgrid architecture. This coordinated strategy improves DC-link voltage stability,
reduces battery stress through fast supercapacitor compensation, and enhances overall system robustness
under transient operating conditions. The proposed integration therefore provides a comprehensive solution
for hybrid DC microgrids requiring both efficient energy management and reliable power-quality support.

The proposed system is modelled and validated in MATLAB/Simulink under severe disturbances,
including 0.2 pu voltage sag and 1.6 pu swell conditions. Simulation results demonstrate stable 500 V DC-bus
regulation with voltage deviations limited to £1.18%, together with effective coordinated power sharing among
the PV, battery, fuel cell, and supercapacitor. The rapid DVR response further confirms the effectiveness of the
proposed EMS-DVR framework for simultaneous energy management and power quality enhancement.

The main contributions of this work are summarized as follows: i) Development of a fuzzy EMS for
dynamic power allocation among PV, fuel cell, battery, and supercapacitor based on load demand and SoC
constraints; ii) Real-time integration of DVR operation with hybrid energy management for mitigation of
voltage sag and swell disturbances; and iii) Validation of the proposed framework under diverse operating
scenarios, demonstrating improved DC-bus stability, reduced battery cycling stress, and enhanced microgrid
reliability compared with conventional EMS approaches.

The remainder of the paper is organized as follows: i) Section 2 presents the hybrid DC microgrid
architecture, hybrid storage configuration, fuzzy-based EMS, and DVR-assisted control model; ii) Section 3
discusses the simulation setup, operating scenarios, and system performance under normal and disturbed
conditions, including comparative analysis and practical considerations; and iii) Finally, Section 4 concludes
the paper and outlines future research directions.

2. METHOD

Figure 1 illustrates the proposed hybrid energy storage DC microgrid, which supplies constant DC
loads and sensitive AC loads through a dynamic voltage restorer (DVR) for mitigating voltage sags, swells,
and transient disturbances. The system integrates multiple distributed energy resources (DERS) with
dedicated power electronic converters to achieve coordinated energy management and enhanced power
quality. The PV array provides the primary renewable source with a rated power of 25 kW, while the 10-kW
fuel cell acts as an auxiliary and dispatchable source during energy deficits. A 15-kW battery, modelled using
a Thevenin equivalent, provides medium- and long-term energy balancing, whereas the supercapacitor bank
supplies high-power, short-duration buffering to compensate for rapid load variations and voltage transients.
The PV array is connected to the DC bus through a unidirectional DC/DC boost converter equipped with
MPPT to maximize energy extraction under variable irradiance. In contrast, the battery and supercapacitor
are interfaced through bidirectional DC/DC converters, enabling controlled charging and discharging while
supporting DC-bus voltage stabilization. The fuel cell is connected through a DC/DC converter to regulate its
output and provide dispatchable power when renewable generation and storage are insufficient. This
configuration enables coordinated operation of the energy sources and storage units while allowing the DVR
to provide rapid voltage compensation for sensitive loads.
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A fuzzy logic-based EMS coordinates the operation of the PV array, battery, supercapacitor, and fuel
cell according to load demand, power balance, and storage SoC conditions. The supercapacitor provides fast
compensation for short-term power fluctuations, while the battery and fuel cell support medium- and long-term
energy requirements, thereby improving renewable energy utilization and reducing battery stress. In parallel, the
DVR provides rapid compensation during voltage sag and swell events, supporting stable operation of sensitive
loads. The coordinated EMS-DVR strategy therefore enables simultaneous energy management, DC-bus
stabilization, and power-quality enhancement under varying operating conditions [12], [13].
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Figure 1. System overview

2.1. PV model

The photovoltaic (PV) array is the primary 25 kW energy source operating on a 500 V DC bus and
is modelled using a single-diode equivalent to capture irradiance- and temperature-dependent 1-V behaviour
[14], [15]. The output current is given by (1), incorporating photocurrent Iyn, diode saturation current Is, series
Rs and Rsn shunt resistances, and thermal effects Vr. For efficient energy extraction, the PV array is interfaced
through a unidirectional DC-DC boost converter controlled by a perturb-and-observe MPPT algorithm,
which regulates operation at the maximum power point under varying irradiance conditions [16].
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2.2. FC model

The proton exchange membrane fuel cell (PEMFC) is modelled as a dynamic system in which
variations in reactant partial pressures, operating temperature, and gas flow rates influence the open-circuit
voltage Eqc, exchange current ip, and Tafel slope A. These parameters are updated in real time to accurately
represent activation, ohmic, and concentration losses within the fuel cell stack. The open-circuit voltage is
calculated using the Nernst (2): with A=RT/(zaF) and io=io e (T, Pr2, Po2). Here, R is the gas constant, F the
Faraday constant, and o the charge transfer coefficient; P2 and Po. denote the partial pressures of hydrogen
and oxygen. This model captures temperature- and pressure-dependent PEMFC effects, with real-time
updates of Eqc, io, and A enabling accurate dynamic and steady-state modelling of PEMFC behaviour under
varying temperature, pressure, and load conditions, enabling realistic prediction of polarization losses and
transient response for hybrid microgrid studies [17]-[19].
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2.3. Acid lead battery model

The lead-acid battery is modelled as a SOC-dependent controlled voltage source governed by the
Shepherd (3) [20], where E; is the open-circuit voltage, K the polarization constant, Rint the internal
resistance, A and B exponential parameters, and vp(t) the transient voltage component.

Qe . . _Bi
v,(t) = Ey — K PR i(t) = Rine i(t) + Ae™ 81O 4 p (1) 3)

The state of charge is computed as (4), where Qnom is the nominal capacity and #(i) is the Coulombic
efficiency (nch = 0.85-0.95, ndis=1). The semi-empirical model accurately captures lead-acid battery
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nonlinearities, high-current voltage drops, exponential behaviour near full charge, and low SoC voltage decay
with parameters identified from manufacturer data or experimental tests [21].

SoC(t) = SoC(0) — ﬁ Jyn(@)i(m)dr @)

2.4. Supercapacitor (SC) model
Supercapacitors offer fast, high-power transient support in the DC microgrid, mitigating voltage
fluctuations and relieving battery stress, and are modelled using a simple ESR-C representation [22].

Vse(£) = Vsc(0) + 7 J isc (£)dT — ige(t)Rpsr 5)

Where C is the capacitance, Resr the equivalent series resistance, and isc the capacitor current [23].
To capture charge redistribution and diffusion effects, a multi-RC branch model is employed:

Vs (£) = v (8) = Xi=1 Vp,ic (£) (6)

which effectively reproduces transient behaviour while remaining computationally efficient [23]. The usable
energy between voltage limits Vmin and Vmax is E=1/2C(V2max—V?min), and the peak power is limited by
Peak~V?/Resg [22]. Temperature and self-discharge effects are included through simple resistance-
capacitance adjustments [24].

2.5. Energy management strategy

The proposed fuzzy logic-based EMS coordinates the hybrid DC microgrid, managing PV, battery,
supercapacitor, and PEMFC operation to maintain DC bus stability, ensure reliable load supply, regulate
storage SOC, and minimize fuel cell use when renewable generation is sufficient. Figure 2(a)-2(d) illustrates
the proposed fuzzy input—output membership functions defining the linguistic variables for the EMS.
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Figure 2. Fuzzy membership function plots of input variables: (a) DP, (b) SOC-batt, (c) SOC-SC, and (d) P-FCref

2.5.1. Input variables

The fuzzy EMS uses five inputs: i) DC load demand Pioaq (KW); ii) PV output Ppy (25 kW, 500 V);
iii) Battery SoCgan (0-100%, 15 kW, 500 V); iv) Supercapacitor SoCsc (0-100%, 7 kW, 500 V, 29 F); and
v) Fuel cell voltage VFC (10 kW nominal, 15 kW max, 500 V), indicating FC availability.

2.5.2. Fuzzy rule-based energy management system (EMS)
A fuzzy rule-based EMS coordinates power among PV, SC, battery, and FC to meet load demand
while keeping storage SoC within limits. Power deviation directs energy flow:

DP = Ppy - Proa @)
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When DP > 0, surplus PV power is used to charge the supercapacitor if SoCsc is below its upper limit;
otherwise, the battery is charged. When DP < 0, the supercapacitor supplies power if SOCsc is above its
minimum threshold; otherwise, the battery is discharged. The fuel cell is activated only when the battery SOC
becomes low. The EMS follows the priority order: PV — SC — Battery — Fuel Cell. The fuzzy controller
inputs are DP, SoCsc, and SoCgar, While the output is the reference fuel cell power Pecrer. System ratings are:
Ppv = 25 kW, battery nominal power Pgar = 15 kW with SoC limits of 30-85%, supercapacitor nominal power
Psc = 7 kW with SoC limits of 30-85%, and fuel cell nominal-maximum powers of 10 kW and 15 kW,
respectively. The fuel cell reference current is given by Ircrer = Prcret/ Vrc With current limits of 0-50 A.

2.6. DVR control strategy

The dynamic voltage restorer (DVR) is a series-connected custom power device designed to
mitigate voltage disturbances in distribution systems. By injecting a controlled voltage in series with the
supply line, the DVR compensates for sags by supplying the missing voltage and for swells by absorbing the
excess, thus maintaining the load voltage close to nominal. Modern DVR designs employ advanced control
strategies and energy storage units to ensure fast dynamic response and minimal distortion in sensitive loads
[25]. The series injected voltage of the DVR can be written as (8).

Vinj =V, — Vs + Zpyrl, (8)

In the integrated DVR system, the EMS regulates the DC-link voltage by coordinating the charging
and discharging of the battery and supercapacitor, ensuring sufficient energy availability for DVR
compensation during voltage sag and swell events. The supercapacitor provides rapid transient support, while
the battery contributes to longer-duration energy balancing, thereby reducing excessive battery stress and
helping maintain the storage units within their operating limits. The DVR transformer parameters,
summarized in Table 1, were selected according to practical ranges commonly reported in the DVR
literature, ensuring realistic voltage-injection behavior and transient compensation capability. This
coordinated operation contributes to stable DC-link regulation, reliable voltage compensation, and improved
overall system stability [26], [27].

Table 1. DVR transformer parameters used in the MATLAB/Simulink model and comparison with
representative values reported in DVR literature

Parameter Simulink model  Typical DVR literature range
Nominal power 4 kVA 4-10 kVA
Frequency 50 Hz 50 Hz
Primary voltage 380V 380-415V
Secondary voltage 380 V 380-415 V
Winding resistance 0.02 pu 0.005-0.03 pu
Leakage inductance 0.02 pu 0.01-0.04 pu

3. SIMULATION AND RESULTS
3.1. Simulation setup and scenarios
The proposed hybrid energy system integrates PV, SC, battery, and FC under a fuzzy EMS following
the priority sequence PV — SC — Battery — FC. The DC bus supplies the DC load and, through the DVR,
interfaces with the AC microgrid to provide voltage support and enhance power quality during disturbances.
Figure 3 presents the solar irradiance profile used in the simulations, which is dynamically varied to represent
changing operating conditions while maintaining a constant ambient temperature of 25 °C.
The simulation campaign evaluates system behavior under a series of scenarios:
i) [Irradiance variation: The study evaluates system performance under stepped irradiance changes, allowing
assessment of PV output, transient response, and EMS control effectiveness.
ii) DC load variation: The DC load is varied between 7, 15, 19, and 21 kW to evaluate power sharing among
the PV, SC, battery, and FC.
iii) State-of-charge monitoring: SoC trajectories of the SC and battery are monitored to verify that the EMS
maintains operation within SoC limits.
iv) Fuel cell metrics: Fuel cell current, hydrogen consumption, and efficiency are evaluated across varying
load conditions.
v) DC bus voltage: DC bus voltage is monitored to ensure stability under varying source and load conditions.
vi) DVR behavior: The DVR’s absorbed and injected power (Ppyvr) and its impact on the AC microgrid
voltage (supplied by the AC generator) are analyzed. All tests are initially performed under normal (non-
faulted) conditions. A subsequent fault scenario includes voltage sag (0.2 pu) and a swell (1.6 pu) from
0.4-1.7 s to evaluate DVR compensation, EMS resilience, and system fault response.
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Figure 3. Irradiance profile during simulation (W/m2)

3.2. Power flow profiles under no fault

This subsection presents the power behavior of the hybrid system under the fuzzy-based EMS. It
illustrates how the energy sources coordinate to meet the load following the priority sequence PV — SC —
battery — FC. By examining the individual power profiles, the EMS effectiveness in maintaining energy
balance, ensuring smooth transitions, and supporting DC bus voltage stability under varying irradiance and
load conditions is evaluated.

Figure 4 shows power profiles of the PV array (Pev), fuel cell (Pec), supercapacitor (Psc), Pbattery
(Pgattery), and load (PLead) under load levels of 7, 15, 19, and 21 kW. To evaluate the dynamic response of the
proposed EMS, the solar irradiance is varied stepwise from 0 to 340, 810, 560, and 0 W/m? at t=0t=0, 0.76,
1.4, 2, and 2.5 s, respectively, reproducing rapidly changing operating conditions. Figures 4(a)—4(d) present
the corresponding power-sharing responses for the four load levels, showing the coordinated operation of the
hybrid sources under varying irradiance and load demand. The PV array supplies the available renewable
power, while the supercapacitor rapidly compensates for short-term power imbalances; the battery and fuel
cell provide additional support when required. As the load increases, the EMS dynamically adjusts the
contributions of the storage units and fuel cell to maintain power balance and stable DC-bus operation.

At low irradiance levels, the fuzzy-based EMS prioritizes energy support from the supercapacitor
and battery, while the fuel cell is dispatched only when the combined PV and storage power is insufficient to
meet the load demand. As irradiance increases, the PV contribution rises accordingly, reducing reliance on
the battery and fuel cell, and excess power is absorbed by the storage units.

3.3. Fault scenarios and DVR performance

This subsection assesses the dynamic performance of a hybrid PV-SC-Battery—FC system
combined with a DVR under grid disturbances, focusing on the DVR's ability to maintain AC load voltage
quality while the EMS coordinates energy delivery from the hybrid sources and stabilizes the DC link. Two
fault scenarios are tested between t = 0.4 sand t = 1.7 s: a 0.2 pu voltage sag (Scenario 1) and a 1.6 pu
voltage swell (Scenario 2). The DC load is fixed at 15 kW, high enough that PV alone cannot meet demand,
requiring the EMS to actively coordinate the supercapacitor, battery, and fuel cell, while remaining low
enough to avoid unrealistic system collapse. During each disturbance, the DVR injects compensating voltage
to keep the load voltage within limits, drawing dynamic support from the hybrid sources via EMS regulation
of the DC-link voltage: the supercapacitor handles fast transients, while the battery and fuel cell cover
sustained loads. The evaluation examines DVR injected power, DC-link voltage stability, and AC load
voltage profiles across both scenarios.

3.3.1. Case A: medium voltage sag of 0.2 pu occurring between 0.4 sand 1.7 s

Figure 5 illustrates the DVR performance during a voltage sag event. Figure 5(a) shows the onset of
the sag at around 400 ms, where the supply voltage drops sharply to about 55 V, while the DVR injects a
compensating voltage of approximately 221 V, maintaining the load voltage near its nominal level.
Figure 5(b) represents the end of the same sag event at around 1700 ms, where the DVR continues to provide
compensation until the supply voltage recovers. The results confirm the DVR’s ability to dynamically restore
the load voltage throughout the entire sag period.

During the voltage sag disturbance, the total generated power and the battery contribution were
analyzed over the 1300 ms interval from 400 ms to 1700 ms. The total power output from the hybrid sources-
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including the battery and fuel cell- is indicated by the yellow-shaded area (Area 1), situated between the cyan
curve (total power under normal operation at 15 kW, no fault) and the dark blue curve (total power at 15 kW
during the sag event). The battery power response is highlighted in Areas 2, 3, and 4, bounded by the yellow
curve representing battery power under normal conditions and the purple curve corresponding to the sag
condition. During the voltage sag, the battery increases its power contribution to compensate for the resulting
power deficit and support the DC-side power balance. This coordinated response helps maintain a stable total
output despite the voltage disturbance, demonstrating the battery’s role in supporting system stability during

transient conditions.
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Figure 4. Power profiles of the PV array (Ppv), fuel cell (Prc), supercapacitor (Psc), Pbattery (Pgatery), and
load (PLoad) under different DC load conditions: (a) 7 kW, (b) 15 kW, (c) 19 kW, and (d) 21 kW
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Figure 5. Single-phase voltage waveforms under a sag disturbance, illustrating (a) the instant of sag initiation

and (b) voltage recovery following sag clearance
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Figure 6(a) shows the battery power variation, while Figure 6(b) depicts the fuel cell power
contribution during the sag disturbance (Area 5). Both plots clearly illustrate the coordinated response of the
hybrid energy storage and generation units in sustaining total system power throughout the event. Figure 6(c)
illustrates the supercapacitor (SC) contribution during the voltage sag disturbance.

The yellow-shaded area represents the SC active-power response during the voltage sag. The SC
rapidly increases its power contribution to compensate for the transient power deficit and support the DC bus.
This fast response reduces the burden on the battery and contributes to improved transient stability of the
hybrid microgrid.

104 —PLoad at 15kW 3 > 104
3= ~———— P Battery at 15kW under sag fault PLoad at 15kwW
PPV P FC at 15kWunder sag fault
P Battery at 15kW under no fault PPV
25 PlLoad at 15kW 25 ' ~———PFC at 15kW under no fault
PLoad at 15kW
Sag Fault I i
2 >
= . g / 2 j \
- » 1.5
g 3
a a
- 1
"
0.5 H} AR -
,J 3 i
0 .’ Ry “-"—“—‘j L.,_
[} 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
Time(ms) Time(ms)
(@) (b)
600
500

r

P SC at 15kWunder sag fault
P SC at 15kWunder no fault

-400

0 500 1000 1500 2000 2500 3000 3500
Time(ms)

(©

Figure 6. Contribution of battery, FC, and SC during sag disturbance: (a) battery power,
(b) FC power, and (c) SC power

3.3.2. Case B: medium voltage swell of 1.6 pu occurring between 0.4 sand 1.7 s

Figure 7 shows the single-phase voltage waveforms during a voltage swell disturbance, including
the supply, DVR-injected, and load voltages. In Figure 7(a), the swell begins around 400 ms, causing the
supply voltage to exceed its nominal value and creating an overvoltage condition. The DVR promptly injects
a compensating voltage opposite to the swell, keeping the load voltage close to its rated level. Figure 7(b)
depicts the end of the swell at approximately 1.7 s, where the DVR continues to provide compensation until
the disturbance clears. These results demonstrate the DVR’s effectiveness in mitigating voltage swell events
and maintaining stable, acceptable voltage at the load.

Figure 8 illustrates the contribution of the battery and fuel cell (FC) during a voltage swell
disturbance, highlighting the coordinated power response of both sources. Figure 8 illustrates the coordinated
power contributions of the battery, fuel cell (FC), and supercapacitor (SC) during a voltage swell. As shown
in Figure 8(a), when PV generation temporarily exceeds the nominal 15 kW load during the swell, the battery
shifts to charging mode (negative power regions), absorbing excess energy and preventing overgeneration.
Simultaneously, Figure 8(b) shows that the FC output is reduced, further supporting power balance.
Figure 8(c) highlights the SC’s fast dynamic response during the voltage swell. The brief negative power
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peak indicates rapid charging, allowing the SC to absorb transient excess energy generated during the
disturbance. This fast energy absorption, together with the coordinated responses of the battery and FC, helps
maintain power balance, limit overvoltage effects, and enhance the transient stability of the hybrid microgrid.
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Figure 7. Single-phase voltage waveforms under a swell disturbance, illustrating:
(a) the instant of swell initiation and (b) voltage recovery following swell clearance
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Figure 8. Contribution of Battery, FC and SC during swell disturbance: (a) battery power,

(b) FC power, and (c) SC power

Figure 9 presents the DC bus voltage (Voc) profile under both voltage sag and swell disturbances,
compared with the nominal 500 V under no-fault conditions. During the test, a small positive deviation of
+0.7V occurs at t=0.7s, followed by a maximum positive peak of +1.4V at t=1.4s. The maximum

Real time fuzzy energy management of hybrid storage systems in DC microgrids ... (Yacine Benatallah)



2206 O3 ISSN: 2088-8694

negative deviation reaches —2.7 V at t=2.571 s, reducing Vpc to 497.3 V. These limited DC-link voltage
fluctuations, confined to within +0.54%, remain well inside acceptable operational margins and are primarily
induced by PV irradiance variations, thereby confirming the effectiveness of the proposed control strategy in
maintaining DC-link voltage regulation and ensuring robust system operation under dynamic conditions.

Figure 10 shows the battery current and SoC under voltage sag and swell at 15 bkW. The battery
alternates between discharging and charging to compensate for deficits and absorb excess PV energy
(Figure 10(a)), with SoC decreasing during discharge and rising during charge (Figure 10(b)), demonstrating
dynamic coordination under transient conditions compared to normal operation.
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Figure 9. VDC bus under sag and swell compared to VDC under normal conditions at 15 kW load
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Figure 10. Battery current and SoC under voltage sag and swell disturbances, compared with battery current
during normal operation at a 15-kW load: (a) battery current and (b) battery SoC

3.4. Comparative analysis, scalability, and practical considerations

Table 2 compares the proposed EMS-DVR framework with representative hybrid energy
management and power-quality enhancement approaches reported in recent literature. The comparison
considers DVR integration, hybrid storage configuration, EMS methodology, DC-bus stability, and battery
stress mitigation capability to evaluate the relative advantages of the proposed coordinated control strategy.
As shown in Table 2, most existing studies investigate either hybrid EMS coordination or power-quality
enhancement separately. In contrast, the proposed framework combines real-time fuzzy EMS, battery—
supercapacitor—fuel cell coordination, and DVR-assisted voltage compensation within a unified DC
microgrid architecture. The proposed coordinated strategy achieves improved DC-bus stability and reduced
battery stress under severe voltage disturbances through fast supercapacitor transient compensation and
adaptive power sharing among the hybrid sources. Beyond the comparative performance evaluation, the
proposed EMS-DVR framework also demonstrates strong potential for practical smart-grid applications.

The modular hybrid storage architecture facilitates scalability toward larger DC microgrids
integrating multiple distributed energy resources (DERS), EV charging stations, and critical loads requiring
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high reliability and power quality. Furthermore, coordinated supercapacitor-based transient compensation can
reduce battery cycling stress and potentially lower long-term maintenance and replacement costs. The
computational simplicity of the fuzzy controller also makes the proposed approach suitable for embedded and
real-time digital implementation in future intelligent microgrid systems.

Nevertheless, practical deployment of the proposed framework introduces several challenges,
including increased converter count, communication and coordination requirements, accurate real-time SoC
estimation, and validation under hardware operating conditions. In addition, long-term storage degradation
and harmonic compensation performance were not explicitly investigated in the present study and remain
important directions for future research.

Table 2. Comparative analysis of the proposed EMS-DVR framework with recent studies

Reference DVR Hybrid storage EMS technique Main focus DC-bus Battery stress
integration  configuration stability reduction
Albasheri et al. [8] No Battery + SC Hybrid EMS DC microgrid Moderate Moderate
energy
management
Wang [10] No Battery + SC Compensation-  Hybrid storage Good Moderate
based control compensation
topology
Al-Salloomee et al. [11] No Battery + SC Conventional Standalone DC Moderate Limited
power microgrid
management operation
Smith et al. [12] No Battery-based Fuzzy EMS Fuzzy control in  Good Moderate
ESS DC microgrids
Elmetwaly et al. [26] No Hybrid ESS EMS + power Microgrid Good Moderate
dedicated quality control operation and PQ
DVR enhancement
Proposed method Yes Battery + SC Real-time fuzzy  Integrated EMS  +1.18% at 500 V  High through SC
+FC EMS and DVR-assisted under 0.2 pu sag/ transient
PQ enhancement 1.6 pu swell compensation

4. CONCLUSION

This paper proposed a real-time fuzzy-based coordination framework for hybrid energy storage
systems (HESS) in a DVR-assisted DC microgrid, integrating DC-side energy management and AC-side
power quality enhancement within a unified control architecture. The proposed strategy combines a priority-
based EMS (PV — SC — battery — FC) with dynamic voltage restorer operation to ensure coordinated
energy sharing and voltage disturbance mitigation under dynamic operating conditions.

Simulation results under severe voltage disturbances, including 0.2 pu sag and 1.6 pu swell
conditions, demonstrated effective coordination among the supercapacitor, battery, and fuel cell according to
their dynamic characteristics. The supercapacitor provided rapid transient compensation, the battery ensured
intermediate energy support, and the fuel cell supplied long-term power balancing. Consequently, the
proposed framework maintained the DC bus voltage within +1.18% of the nominal 500 V value while
enhancing power quality and system stability. Beyond simulation performance, the proposed framework
shows strong potential for practical renewable-energy integration in advanced DC microgrids requiring
reliable operation, disturbance tolerance, and intelligent energy coordination. By improving DC-link stability
and reducing stress on storage devices and power electronic converters, the proposed EMS-DVR strategy
can contribute to enhanced inverter reliability, improved power quality, and increased smart-grid resilience
under fluctuating renewable generation and load conditions. Furthermore, the computational simplicity of the
fuzzy controller makes the proposed approach suitable for real-time implementation in future intelligent
microgrid applications. Future work will include hardware-in-the-loop and experimental validation, alongside
Al-assisted EMS strategies for resilient, self-healing smart microgrids.
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