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KEYWORDS ABSTRACT

DC  microgrid,  photovoltaic This paper proposes intelligent hybrid DC microgrid architecture for improving power
system, fuel cell, battery enerqy Mmanagement, DC bus voltage regulation, and power quality in grid-connected renewable
energy systems. The proposed system integrates a solar photovoltaic (PV) array, fuel cell
(FC), battery energy storage system (BESS), and supercapacitor (SC) through dedicated
DC-DC boost and bidirectional buck—boost converters connected to a common 600 V DC
bus. A three-phase voltage source converter (VSC) interfaced with an LCL filter enables
bidirectional power exchange between the DC microgrid and the utility grid while
renewable energy integration. supplying both linear and nonlinear loads. An intelligent energy management controller
(IEMC) is developed to coordinate power sharing among the renewable sources and energy
storage devices based on source availability, load demand, DC bus voltage, and battery state
of charge. The proposed control strategy prioritizes photovoltaic generation under normal
operating conditions, utilizes the fuel cell during renewable power deficiency, and employs
the battery and supercapacitor to compensate for long-term and transient power imbalances,
respectively. Consequently, excessive charging and discharging of the battery are
significantly reduced, enhancing storage lifetime and overall system reliability.
Furthermore, the VSC performs active power injection, reactive power compensation,
harmonic mitigation, and grid synchronization to improve power quality at the point of
common coupling. The proposed architecture maintains a stable DC bus voltage under
varying solar irradiance, dynamic load conditions, and grid disturbances while ensuring
efficient utilization of renewable resources. Simulation and experimental investigations
under different operating modes demonstrate that the proposed system achieves superior
dynamic response, improved power sharing capability, reduced DC bus voltage
fluctuations, lower harmonic distortion, and enhanced operational stability compared with

storage system, supercapacitor,
intelligent energy management,
voltage source converter, DC bus

voltage regulation, power quality,

e
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conventional DC microgrid configurations.

I. Introduction

The increasing global demand for electrical energy,
rapid depletion of fossil fuel resources, and growing
environmental concerns have accelerated the
deployment of renewable energy resources (RESs) in
modern power systems. Solar photovoltaic (PV) and fuel
cell (FC) technologies have emerged as promising clean
energy sources because of their environmental
sustainability, high efficiency, and low carbon emissions
[1]-[3]. The

generation has

integration of distributed renewable

significantly contributed to the
development of microgrids, which provide an efficient
platform for supplying local loads while improving
system reliability, energy efficiency, and operational
flexibility  [4], [5].

architectures, DC microgrids have attracted considerable

Among various microgrid
attention because renewable energy sources, battery
storage systems, electric vehicles, and many modern
electronic loads naturally operate on DC power.
Compared with conventional AC microgrids, DC
microgrids eliminate unnecessary power conversion
stages, reduce losses, control

energy simplify

implementation, and improve overall system efficiency
(61, 171

photovoltaic systems have become one of the most

Among renewable energy technologies,
widely adopted solutions due to their modularity, low
maintenance requirements, and continuous reduction in
installation costs [8], [9]. However, photovoltaic power
generation is highly dependent on solar irradiance and
ambient temperature, resulting in intermittent and
These

introduce power imbalance, DC bus voltage variations,

unpredictable output power. fluctuations

and operational instability within the microgrid,
particularly during rapidly changing weather conditions
or sudden load variations [10], [11]. Consequently,
maintaining continuous and reliable power supply
remains one of the major challenges in renewable
energy-based DC microgrids. To overcome the
limitations associated with intermittent solar generation,
fuel cells have been increasingly integrated with
photovoltaic systems to establish hybrid renewable
energy systems [12], [13]. Fuel cells provide stable and
controllable electrical power independent of weather
thereby

generation during periods of insufficient solar energy.

conditions, complementing  photovoltaic

The coordinated operation of photovoltaic arrays and

fuel cells improves renewable energy utilization,
enhances supply reliability, and reduces dependence on
the utility grid [14]. Energy storage systems (ESSs) play a
vital role in balancing the mismatch between renewable
energy generation and load demand while maintaining
stable microgrid operation [15]. Battery energy storage
systems (BESSs) are widely employed because of their
high energy density and

capability to provide

long-duration energy support. However, batteries
experience accelerated degradation when subjected to
frequent charging and discharging cycles caused by
renewable intermittency and dynamic load variations
[16]. Excessive battery cycling increases thermal stress,
reduces storage capacity, shortens battery lifetime, and
increases replacement costs. Therefore, improving
battery utilization while reducing unnecessary charging
and discharging has become an important research
objective [17]. Hybrid energy storage systems combining
batteries and - supercapacitors have recently received
significant attention because they combine the high
energy density of batteries with the high power density
and fast dynamic response of supercapacitors [18]. In
such configurations, the battery supplies long-term
energy requirements, whereas the supercapacitor
rapidly compensates transient power fluctuations and
sudden load disturbances. This coordinated operation
effectively reduces battery current stress, enhances
system dynamic performance, and extends battery
service life [19], [20]. The integration of multiple
renewable sources and hybrid energy storage devices
requires an efficient energy management strategy
capable of coordinating power sharing under varying
operating conditions. Conventional energy management
techniques are generally based on fixed operating rules,
threshold-based switching, or predefined control logic
[21]. Although these methods are relatively simple to
implement, they often exhibit poor adaptability under
fluctuating renewable generation and dynamic load
conditions. As a result, they may lead to inefficient
renewable energy utilization, poor DC bus voltage
regulation, increased battery degradation, and reduced
overall system performance. Consequently, intelligent
energy management approaches have attracted
considerable research interest because of their capability
to provide adaptive decision-making, optimal power

sharing, and improved operational flexibility [22], [23].
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In addition to energy management, maintaining high
power quality in grid-connected DC microgrids remains
The

converters

an important technical challenge. increasing

penetration of renewable energy and
nonlinear loads introduces harmonic distortion, voltage
fluctuations, and reactive power demand, which
adversely affect both utility networks and sensitive
electrical equipment [24]. Voltage Source Converters
(VSCs) equipped with advanced control techniques have
become the preferred interface between DC microgrids
and AC utility systems because they enable bidirectional
power flow, regulate the DC bus voltage, inject active
power, compensate reactive power, and suppress
current harmonics. The incorporation of LCL filters
further improves converter performance by attenuating
switching harmonics and ensuring compliance with
power quality standards [25], [26]. Motivated by these
challenges, this paper proposes an intelligent energy
management controller (IEMC) for a grid-connected
hybrid DC microgrid integrating a solar photovoltaic
array, fuel cell, battery energy storage system, and
supercapacitor. The photovoltaic array and fuel cell are
connected to a common 600 V DC bus through dedicated
DC-DC boost converters,

supercapacitor are interfaced through bidirectional

while the battery and

buck-boost converters for efficient energy exchange. A
three-phase Voltage Source Converter equipped with an
LCL filter enables seamless bidirectional power transfer
between the DC microgrid and the utility grid while
supplying both linear and nonlinear loads. The proposed
IEMC
generation, load demand, DC bus voltage, and battery

continuously ~monitors renewable power
state of charge to coordinate optimal power sharing
among all available energy resources [27]. The battery is
utilized for long-term energy balancing, whereas the
supercapacitor transient

compensates  for power

variations, thereby minimizing battery stress and
extending its operational lifetime. Furthermore, the
proposed control strategy improves renewable energy
utilization, maintains stable DC bus voltage, enhances
power quality through harmonic mitigation and reactive
power compensation, and ensures reliable microgrid
operation under varying operating conditions.
Simulation results demonstrate that the proposed hybrid
DC microgrid achieves improved power sharing,
enhanced

distortion, and superior dynamic performance compared

voltage regulation, reduced harmonic

with conventional DC microgrid architectures [28].

The main contributions of this paper are summarized
as follows:

® Development of a grid-connected hybrid PV-fuel
cell DC microgrid incorporating battery and
supercapacitor hybrid energy storage.

® Design of an Intelligent Energy Management
Controller (IEMC) for adaptive power sharing among
renewable sources, energy storage devices, and the
utility grid.

* Implementation of a hybrid battery—supercapacitor
energy management strategy to reduce battery
degradation and improve transient power compensation.

¢ Integration of a VSC with LCL filter for bidirectional
power exchange, DC bus voltage regulation, harmonic
mitigation, reactive power compensation, and grid
synchronization.

¢ Validation through simulation under multiple
operating conditions, demonstrating enhanced power
quality, efficient renewable energy utilization, improved
DC bus voltage regulation, and superior overall system

stability.

II. System Configuration

The proposed system is a grid-connected hybrid DC
microgrid integrating a solar photovoltaic (PV) array,
fuel cell (FC), battery energy storage system (BESS), and
supercapacitor (SC), as shown in Fig. 1. The PV array
and fuel cell are connected to a common 600 V DC bus
through dedicated DC-DC boost converters, while the
battery and supercapacitor are interfaced using
bidirectional buck-boost converters to enable charging
and discharging operations. A three-phase Voltage
Source Converter (VSC) with an LCL filter facilitates
bidirectional power exchange between the DC microgrid
and the utility grid while supplying both linear and
nonlinear loads. An Intelligent Energy Management
Controller (IEMC) coordinates the operation of all
energy sources and storage devices based on renewable
power availability, load demand, DC bus voltage, and
battery state of charge. The PV array acts as the primary
power source, whereas the fuel «cell provides
supplementary power during low solar generation. The
battery supplies long-term energy support, while the
supercapacitor transient
thereby

improving dynamic response. The VSC maintains DC

compensates  for power

fluctuations, reducing battery stress and
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bus voltage, enables active and reactive power control,

mitigates harmonics, and ensures grid synchronization,

resulting in enhanced power quality and reliable

microgrid operation.
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Fig.1 Proposed Method configuration

IIL. Solar Photovoltaic System Modeling and MPPT
Control

A. System Configuration

The photovoltaic (PV) system serves as the primary
renewable energy source in the proposed hybrid DC
microgrid. As illustrated in Fig. 2, the PV array is
connected to the common 600 V DC bus through a
DC-DC boost converter. The converter consists of an
input inductor L, power switch SPV, diode D, and
output capacitor C. A Perturb and Observe (P&O)-based
Maximum Power Point Tracking (MPPT) algorithm
continuously determines the optimum operating voltage
of the PV array. The reference voltage generated by the
MPPT algorithm is compared with the measured PV
voltage, and the resulting error is processed through a PI
controller. The PI controller produces the duty cycle for
the PWM generator, which controls the switching
operation of the boost converter. Consequently, the PV
array continuously operates at its maximum power point

while maintaining the required DC bus voltage.
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Fig2 PV system with P&O MPPT-controlled boost

converter.
B. Single-Diode Photovoltaic Modeling

The photovoltaic array is represented using the
single-diode equivalent circuit, which consists of a
photocurrent source, a diode, a series resistance Rs, and
a shunt resistance Rsh. The output current of the PV

module is expressed as

Ipy = Iph —Ip — I 1)

where




e Ipy =PV output current (A)

e [, = photocurrent (A)

e [, =diode current (A)

e [, =shunt leakage current (A)

The diode current is

I =1, [exp (W%;;:/Rs) - 1] (2)
Where
Vy = "q—T

The shunt current is

I = Vpy+IpyRs
sh —

3)

Rsh
Therefore, the complete PV current equation becomes

va+1PVRs) _ 1] __ Vpv+ipyRs )
nvr Rsn

Ipy = Ipp = Iy [exp (
The output power of the PV array is

14
Vac = b ()

~1-p
Where

e D =duty ratio.
The required duty cycle is

—1_Yev
D=1-2 (6)

The boost inductor is selected as

VpyD
— ZpPv2 7
fsaly, @)

where
e f;=switching frequency
e Al =inductor current ripple.

The output capacitor is

_IyD
fsaVo

Where

8)

e [, =output current
e AV, = output voltage ripple.

C. Perturb and Observe (P&O) MPPT Algorithm

To maximize the energy extracted from the PV array, a
Perturb and Observe (P&O) MPPT algorithm is
employed as shown in Fig.3. The controller periodically

measures the PV voltage and current and computes the

output power

P(k) =V (k)1 (k) ©)

The variations in power and voltage are calculated as

AP =P(k) — P(k — 1) 9)

AV =V (k) =V(k—1) (10)

The operating voltage is updated according to the

following decision rules:

\jj‘:"_)

Measure PV voltage V(k) and current I(k)
Calculate power P(k) = V(k) x I(k)

v
AV = V(k) - V(k — 1) Measure
AP = P(k) — Pk — 1) e T

. A
Vie(k +1) = Vyp(k)

(No change)
Vb t)= | [ Vege4n= | [ Vgte40= | [ vigtesn=
Vieg(K) + AVieep | | Veeg (k) = AVt | | Viep(k) — AViep| | Vigs (k) + AVieep
(Increase) (Decrease) (Decrease) (Increase)
Update history
V(k—1) = V(k), P(k — 1) = P(k)

Error calculation
e(k) = Vyer(k) — Vpy(k)

v

PI Controller
u(k) = K,e(k) + K; [ e(k)dt

v

Generate PWM signal
Duty cycle D = u(k)

v
( Return >

Fig. 3. Flowchart of the P&O MPPT algorithm.

o If

AP >0, AV>0 (11)

increase the reference voltage.

o If

AP >0, AV <0 (12)

decrease the reference voltage.

o If

AP<0, AV >0 (13)

decrease the reference voltage.
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o If
AP<0,AV<0 (14)
increase the reference voltage.

The updated reference voltage is expressed as

Vyer (k= 1) = Vi (k) £ AV (15)
The voltage error is
e(k) = Vref - va (16)

The PI controller generates the control signal

u(k) = Kye(k) + K; [ e(k) dt (17)
The PWM duty ratio is then obtained as

=0
D= Ve (18)

Where V; is the carrier signal amplitude.

By continuously updating the duty ratio, the P&O
algorithm forces the PV array to operate at the maximum
power point despite variations in solar irradiance and
temperature. The regulated output of the boost converter
maintains a stable DC bus voltage while maximizing

renewable energy utilization.
IV. Fuel Cell Modeling and Boost Converter Design
A. Fuel Cell System Configuration

The fuel cell (FC) acts as the secondary renewable energy
source in the proposed hybrid DC microgrid. As shown
in Fig. 4, the fuel cell is interfaced to the common 600 V
DC bus through a DC-DC boost converter comprising
an inductor L, power switch SFC, diode D, and output
capacitor C. Since the fuel cell delivers a low and
variable DC voltage, the boost converter increases the
output voltage to the required DC bus level. A PI
controller regulates the fuel cell current by comparing
the reference current IFC+ with the measured current
IFC. The controller generates the PWM duty cycle for the
boost converter, thereby maintaining stable fuel cell
operation and regulating power injection into the DC

microgrid.

DC-DC Boost Converter

l-" qu Ifc
\ / ®
T

Fuel cell
e | —

Hy Q}g?JAir V, =

s
" x Vde

Fig. 4. Fuel cell system with PI-controlled DC-DC boost

converter.
B. Fuel Cell Mathematical Model

The output voltage of a proton exchange membrane fuel
cell (PEMFC) is expressed as

Vec = En = Vact = Vonm = Veon 19)
where
e Ey =Nernst voltage (V)
o V,. =activation loss (V)
e V,um =ohmicloss (V)
e 1., =concentration loss (V)
The Nernst voltage is
B = By + e in (2222 (20)

where
e R=8.314 J/mol\ cdotpK
e T =operating temperature (K)
o F=96485 C/mol
* Py,,Po, Py,0 are the partial pressures.

The activation voltage loss is

Vace = A In (£2) (21)
where
e A =Tafel slope
e [, =exchange current.
The ohmic loss is
Vonm = IrcRint (22)
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where
R;,: is the internal resistance of the fuel cell.

The concentration loss is

Vion = =B In (1<) (23)
where
e B =concentration coefficient
® [y = limiting current.
The output power supplied by the fuel cell
Ppc = Viclpc (24)

D. PI Current Controller
The fuel cell current is regulated using a PI controller.

The current error is

e(t) = Irc = Irc (25)

The controller output is

u(t) = Kye(t) + K; [ e(t) dt (26)

where
e K, =proportional gain
e K;=integral gain.
The PWM duty cycle is generated as

D = 4O
- ue

(27)
where V is the carrier signal amplitude.

The generated PWM pulses control the switching device
of the boost converter, ensuring that the fuel cell current
follows its reference value while maintaining a regulated

DC bus voltage and stable power transfer.

V. Battery Energy Storage System Modeling and
Bidirectional DC-DC Buck-Boost Converter

A. System Configuration

The Battery Energy Storage System (BESS) provides
energy balancing and DC bus voltage support in the
proposed hybrid DC microgrid. As shown in Fig. 5, the
battery is connected to the common 600 V DC bus
through a bidirectional DC-DC buck-boost converter
consisting of an inductor Lb, capacitor Cb, and two
complementary switches Sb1l and Sb2. The converter
enables bidirectional power flow, allowing the battery to

operate in both charging and discharging modes. During

surplus renewable energy generation, the converter
operates in buck mode to charge the battery, whereas
during renewable power deficiency it operates in boost
mode to discharge the battery and maintain the DC bus

voltage.

Ibess Lb

230

@? Vbess __Cb quﬁ#
Ibess* + : H
Q—{PI-{rwn
Ibess DC-DC Buck-Boost Converter

Fig. 5. Battery energy storage system with bidirectional
DC-DC buck-boost converter.

PRy [ ——
teccceedeccccccccccccccccccccccay

~
=
=
¥

B. Battery Mathematical Model

The battery terminal voltage is expressed as

Veess = Eoc = IpessRine (28)
where
e [E,. =open-circuit voltage (V)
e Ippss = battery current (A)
e Ry, =internal resistance (Q).
The battery output power is
Pgess = Vesslpess (29)

The Battery State of Charge (SOC) is calculated as

SOC(t) = SOC, — ﬁ Jy Isgss(®) dt (30)

where
e SO0C, = initial state of charge
®  Qpq: = battery capacity (Ah).
For charging,
Ippss <0
For discharging,
Iggpss > 0

D. Battery Current Controller
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The bidirectional converter regulates the battery current

using a PI controller.

The current error is

e(t) = Ipgss — Ipgss @1)
The PI controller output is

u(t) = Kpe(t) + K; [ e(t) dt (32)
The PWM duty cycle is

D=8 (33)
Where

e K, =proportional gain
e K; =integral gain
e |, = carrier signal amplitude.

The generated PWM pulses control switches Sb1 and Sb2
, enabling smooth transition between charging and
discharging modes while maintaining a stable DC bus

voltage and efficient energy management.

VI. Supercapacitor Modeling and Bidirectional

DC-DC Buck-Boost Converter
A. System Configuration

The supercapacitor (SC) is incorporated into the
proposed hybrid DC microgrid to compensate for rapid
power fluctuations and improve the transient response
of the system. As shown in Fig. 6, the supercapacitor is
interfaced with the common 600 V DC bus through a
bidirectional DC-DC buck-boost converter consisting of
an inductor Lsc, capacitor Csc, and two complementary
Ssc1 and Ssc2. The

bidirectional power flow, allowing the supercapacitor to

switches converter enables
absorb excess energy during charging and supply high
transient power during discharging. Consequently, the
supercapacitor minimizes battery current stress and

enhances the dynamic stability of the DC microgrid.

- L
Super £11) ._"_.‘ \- @
Capacitor 4 Sse1
T Vse Cse Ssc2 é
d = ;IK# § Vde
' ®

Isc* 4 ; ;
Q-
Isc DC-DC Buck-Boost Converter

Fig. 6. Supercapacitor with bidirectional DC-DC

buck-boost converter.
B. Supercapacitor Mathematical Model
The supercapacitor terminal voltage is expressed as
Vse = Vsco + o[ Lsc dt (34)
where

e Vsco = initial supercapacitor voltage (V)

e (. =supercapacitor capacitance (F)

e [, =supercapacitor current (A).

The stored energy in the supercapacitor is

1
Eg. = 3 Cchs% (35)
The output power is
Py = Vel (36)

D. Supercapacitor Current Controller

The supercapacitor current is controlled using a PI

controller.

The current error is

e(t) = Iic — Isc (37)

The PI controller output is

u(t) = Kpe(t) + K; [ e(t) dt (38)

The PWM duty cycle is generated as

p =49 (39)

Ve

The PWM signals control the switches Sscl and Ssc2,
enabling seamless transition between charging and
The

power

discharging modes. supercapacitor rapidly

compensates transient variations, thereby

maintaining DC bus voltage stability and reducing the
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charging/discharging stress on the battery energy

storage system.
VII. Three-Phase Voltage Source Converter
A. System Configuration

The three-phase Voltage Source Converter (VSC)

provides the interface between the hybrid DC microgrid

VSC enables bidirectional power flow between the DC
microgrid and the utility grid while maintaining the DC
bus voltage at 600 V. A Phase-Locked Loop (PLL)
synchronizes the converter with the grid voltage,
whereas a hysteresis current controller generates the
switching pulses based on the reference and measured

grid currents. The converter performs DC bus voltage

and the utility grid, as shown in Fig. 7. The converter ~regulation, active power transfer, reactive power
consists of six insulated gate bipolar transistor (IGBT) compensation, —harmonic — mitigation, —and  grid
switches (51-56), a DC-link capacitor Cdc, and an LCL synchronization.
filter comprising converter-side inductance (Lf),
grid-side inductance (Lg), and filter capacitor (Cf). The
LCL Filter T'hree-Phase AC-DC Converter (VS(;) DC Bus
A i ‘ S1 S3 Ss '
Va : s L3 ! 4+ A
o —/Tn s . J
\
b o i % > Cae Ve
Vt | 9 " .
— T T s e
! kel ! %) J d
Utility : (o (op | - \
Grid { T_T_T : S, Sy Ss
I ret O /I‘ F——w— 5
Ve ret Voltage Controller Tret ’ﬁ/l | 5
R
Iy ret > 83
Ve (600 V) R———— ‘ _]_ - S
\ PLL ! 5
| | Y
‘ ‘
Vi —%—» w Igret 'O _I_ [, .
v, — e \?J = 5,
I | Iy
|
Vs ‘\ j Hysteresis
=== . Controller
Fig. 7. Three-phase voltage source converter and hysteresis current controller.
30, ;
Q =3 (Vaia — Vaiq) (43)
B. Voltage Source Converter Modeling
The DC-link capacitor dynamics are
The three-phase converter output voltage is expressed as
avge
Cac =, = lac = lysc (44)
Vabe = SabcVac (40)
where

where
e V. =DC bus voltage
®  Sapc = switching function vector.

The active power exchanged between the converter and

the grid is

P =2 (Vaia + Vig) (42)

The reactive power is

45

R
International Journal for Modern Trends in Science and Technology

e [;.=DC source current
e [y = converter current.
C. LCL Filter Design

The converter-side inductance is selected as

— Vac
f ™ efal

(45)

The filter capacitor is




0.05P
Cf - anV; (46)

The grid-side inductance is
Ly = (0.2~0-3)L, (47)
The resonance frequency of the LCL filter is
=1 ’ Lrtlg
fr=s LeLgCy

where

(48)

e fs=switching frequency

e P =rated converter power

e Vg =grid voltage.
D. DC Bus Voltage Controller
The DC bus voltage error is calculated as
ey = Vac = Vac

(49)

The PI controller generates the reference current

Les = kpe, +K; [ e, dt (50)
where
e kp =proportional gain
e K;=integral gain.
E. Phase-Locked Loop (PLL)
The PLL estimates the grid phase angle for
synchronization.
The phase angle is
0 = tan™* (;£) (51)

where

e V, and V; are the stationary reference frame

voltages.
F. Hysteresis Current Controller

The reference current is compared with the measured

grid current.

The current error is

e = Loy — 1, (52)
The switching logic is

S = 1, €; >H
{S =0,e;<—H (53)
where

e H = hysteresis band.

The generated switching pulses control switches S1-56,
ensuring accurate current tracking and fast dynamic

response.
VIIIL. Simulation Results and Discussion
A. Solar PV System Performance

The performance of the proposed photovoltaic (PV)
system is evaluated under varying solar irradiance
conditions to verify the effectiveness of the P&O MPPT
algorithm and the DC-DC boost converter, as shown in
Fig. 8. The solar irradiance is gradually reduced from
1000 W/m? to 750 W/m?, 500 W/m?, and finally 300 W/m?
at different time intervals to emulate realistic weather

variations.

As illustrated in Fig. 8(b), the PV output voltage remains
nearly constant at approximately 300 V, despite the
changes in irradiance, demonstrating the effective
regulation capability of the boost converter and the
MPPT controller. The PV output current shown in Fig.
8(c) decreases proportionally with the reduction in
irradiance, varying from approximately 145 A to 45 A.
Similarly, the PV output power in Fig. 8(d) decreases
from approximately 42 kW under standard irradiance to
about 13 kW at 300 W/m?, following the available solar
energy. The response is smooth with minimal transient
oscillations, indicating fast dynamic tracking and stable
converter operation. These results confirm that the
proposed PV system efficiently extracts the maximum
available power wunder varying environmental
conditions while maintaining stable operation of the

common DC bus.

1000
E
Z 800
E
= 600
=
=1
g 400
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)
(a)
300 |
2200
-
a
= 100
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)
(b)

46 International Journal for Modern Trends in Science and Technology



2
Z 100
=
50 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)
(©
x10*
4
3
=
=2
o
&1
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)

Fig. 8. Performance of the PV system under varying
irradiance conditions: (a) solar irradiance, (b) PV output

voltage, (c) PV output current, and (d) PV output power.
B. Battery and Supercapacitor Performance

The dynamic performance of the Battery Energy Storage
System (BESS) and the supercapacitor (SC) is evaluated
under varying operating conditions, as shown in Fig. 9.
Fig. 9(a) illustrates the battery terminal voltage, which
remains nearly constant at approximately 324 V
throughout the simulation, indicating effective voltage
regulation by the bidirectional DC-DC buck-boost
converter. The battery current shown in Fig. 9(b) varies
according to the power demand, where negative current
represents charging and positive current indicates
discharging operation. Correspondingly, the battery
power in Fig. 9(c) changes smoothly between charging
and discharging modes, ensuring balanced energy
exchange with the DC bus. The battery State of Charge
(SOC) presented in Fig. 9(d) remains nearly constant
around 63.81%, with only a slight increase during the
simulation, confirming reduced battery stress and

controlled charging/discharging cycles.

The supercapacitor performance is depicted in Fig. 9(e)

and Fig. 9(f). The supercapacitor current rapidly

responds to transient load variations, while the
corresponding power exhibits fast bidirectional
compensation during sudden changes in system

demand. Owing to its high power density and fast
dynamic response, the supercapacitor effectively absorbs
and delivers transient power, thereby reducing battery

current fluctuations and improving the stability of the

common DC bus. These results demonstrate the
coordinated operation of the battery and supercapacitor,
ensuring efficient energy management, enhanced
dynamic response, and improved reliability of the

proposed hybrid DC microgrid.
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Fig. 9. Performance of the hybrid energy storage system:
(a) battery voltage, (b) battery current, (c) battery power,
(d) battery state of charge, (e) supercapacitor current,

and (f) supercapacitor power.
C. Fuel Cell Performance

The performance of the fuel cell (FC) is evaluated under
varying load demand to verify its dynamic response and
power support capability, as shown in Fig. 10. Fig. 10(a)
illustrates the reference fuel cell current, which is
increased in a stepwise manner from 0 A to 50 A
between 0.5 s and 0.8 s to emulate increasing power
demand. As shown in Fig. 10(b), the actual fuel cell
current accurately tracks the reference current with a fast
transient response and negligible steady-state error,
demonstrating the effectiveness of the PI-controlled
DC-DC boost converter.

The corresponding fuel cell output power is presented in
Fig. 10(c). The output power increases proportionally
with the reference current, reaching approximately 30
kW at the maximum operating condition. The smooth
transition between operating levels and the absence of
significant  oscillations indicate stable - converter
operation and efficient power regulation. These results
that the

supplementary power during increased load demand,

confirm fuel cell effectively provides

thereby enhancing the reliability, power-sharing
capability, and stability of the proposed hybrid DC
microgrid.
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Fig. 10. Fuel cell performance: (a) reference fuel cell
current, (b) fuel cell current, and (c) fuel cell output

power.
D. Grid-Connected Microgrid Performance

The grid-connected performance of the proposed hybrid
DC microgrid is evaluated under varying operating
conditions, as shown in Fig. 11. Fig. 11(a) illustrates the
three-phase grid voltage, which remains balanced and
sinusoidal throughout the simulation with a peak
amplitude of approximately +325 V (230 V RMS per
phase), confirming effective synchronization with the
utility grid. The corresponding three-phase grid current
shown in Fig. 11(b) varies according to the power
exchanged between the microgrid and the utility grid.
Initially, the grid current reaches approximately +70 A
and subsequently varies between +5 A and +40 A
depending on renewable power generation and load

demand, demonstrating stable bidirectional power flow.

The nonlinear load current presented in Fig. 11(c)
exhibits a peak amplitude of approximately +22 A, while
the linear load current in Fig. 11(d) remains sinusoidal
with a peak value of approximately +15 A, confirming
the capability of the proposed system to supply both
nonlinear and linear loads simultaneously. The grid
active power shown in Fig. 11(e) varies smoothly
between approximately -30 kW (grid import) and +10
kW (grid export), indicating efficient bidirectional power

exchange according to the operating conditions.

The DC bus voltage response is illustrated in Fig. 11(f).
After a short startup transient of approximately 700 V,
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the DC bus voltage quickly settles and is regulated
around the reference value of 600 V, with only minor
voltage deviations of approximately +5 V during load
and power transitions. These results demonstrate that
the proposed VSC control strategy effectively maintains
DC bus

synchronization, supports bidirectional power transfer,

voltage regulation, ensures stable grid

and enhances the overall power quality of the hybrid DC

microgrid.
400

e

@

o0

-]

°

S

-

= -

€]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (sec)
(a)

z

-

o

=

3

o

2

-

G-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (sec)
(b)

Non-Linear
Load Current (A)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (sec)

(©)

i lllWMHlll l!

i

i

il

i

Q l'l'i'i’l'l'llll !' il !"Ml

‘\am’u

'u

|

"ll” h

=~
a <
=
=
=5 of
| =
S =
E=
,_}U

l ime (sec)

(d)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)

()

700
650

2 600 |\ v v v ~ ~
=
=550

500

450 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)

()

Fig. 11. Grid-connected microgrid performance: (a) grid
voltage, (b) grid current, (c) nonlinear load current, (d)
linear load current, (e) grid active power, and (f) DC bus
voltage.

IX. Conclusion

This paper presented an intelligent energy management
strategy for a grid-connected hybrid DC microgrid
integrating a solar photovoltaic (PV) array, fuel cell (FC),
(BESS),
supercapacitor (SC). The proposed system effectively

battery  energy storage system and
coordinated power sharing among the renewable
sources and energy storage devices while maintaining a
stable 600 V DC bus under varying operating conditions.
Simulation results verified efficient maximum power
extraction from the PV system, reliable fuel cell power
support, effective battery—supercapacitor coordination,
and stable bidirectional power exchange with the utility
grid. Moreover, the proposed VSC control strategy
ensured improved DC bus voltage regulation, grid
synchronization, and power quality while supplying
both linear and nonlinear loads. Overall, the proposed
hybrid DC microgrid demonstrated enhanced renewable
energy utilization, system stability, and reliable
operation, making it a suitable solution for future smart

grid applications.
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