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Abstract:

The proliferation of microgrid architectures, particularly direct current (DC) microgrids, has accelerated
in response to the increasing penetration of renewable energy resources integrated with advanced
energy storage systems. Such configurations offer notable technical advantages, including the
mitigation of harmonic distortion and improved system stability. However, the inherent intermittency and
stochastic behavior of renewable generation sources, such as photovoltaic (PV) arrays and wind
turbines, necessitate the incorporation of energy storage solutions to enhance system reliability,
operational resilience, and overall performance. In this context, the present study develops and
simulates an isolated DC microgrid framework comprising a photovoltaic generation unit, a hybrid
energy storage system integrating batteries and supercapacitors, interfacing power electronic
converters, and a constant load profile. A proportional—integral (Pl)-based energy management strategy
is implemented to regulate power flow, ensure efficient energy distribution, and sustain stable islanded
operation. The control architecture further incorporates maximum power point tracking (MPPT) for
optimal PV energy extraction, state-of-charge (SOC) regulation for storage coordination, and advanced
converter control mechanisms to preserve DC bus voltage stability. Additionally, a relay-based
protection scheme is deployed to mitigate the risk of excessive battery depth-of-discharge. The system
model is developed within the MATLAB/Simulink environment, enabling comprehensive dynamic
analysis under varying operating conditions. Simulation results substantiate the capability of the
proposed microgrid configuration to reliably satisfy load demand while maintaining voltage regulation
and operational stability. These findings validate the robustness and effectiveness of the proposed
energy management strategy in addressing the challenges associated with renewable energy
intermittency in islanded DC microgrid systems.
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INTRODUCTION:

In light of the rapid depletion of fossil fuel resources, the escalating impacts of global warming, and
the continuous rise in worldwide energy demand, the transition toward clean and sustainable energy
solutions has become imperative for modern power systems [1-3]. Among the various alternatives,
renewable energy sources have emerged as a highly promising approach to meet the growing
electrification needs while minimizing environmental impacts [4,5]. These sources encompass a wide
range of technologies, including solar, wind, geothermal, biomass, and tidal energy, each offering
unique advantages for sustainable power generation [6-10]. Notably, photovoltaic (PV) energy has
attracted significant attention due to its exceptional scalability and substantial potential to address the
increasing global electricity demand [11-14].

However, PV systems are highly influenced by weather conditions and geographic location, which
can render a system solely reliant on solar energy potentially unreliable under variable conditions [15-
17]. To enhance the reliability and stability of PV-based systems, energy storage devices such as
batteries and ultracapacitors are often integrated, enabling continuous and dependable power supply
even during periods of low solar irradiation [18-21]. In this context, DC microgrids (DCMGs) have
emerged as an effective framework for integrating distributed generation units, energy storage systems
(ESSs), and modern DC loads. Compared with conventional AC systems, DCMGs provide higher
energy conversion efficiency, simpler architecture, and superior compatibility with PV arrays, batteries,
and supercapacitors (SCs) [22-27]. Maintaining a stable DC bus voltage within these microgrids is
critical for ensuring high power quality and reliable system operation [28-34].

Collectively, the integration of PV energy with energy storage within DC microgrids represents a
promising solution for the future of sustainable and resilient power systems, capable of addressing both
environmental challenges and the growing energy demand, However, due to the sensitivity of
photovoltaic (PV) systems to varying environmental conditions, it is often challenging to consistently
achieve maximum power utilization [35-38]. Therefore, Maximum Power Point Tracking (MPPT)
techniques are considered a fundamental component in enhancing the performance of PV systems, as
they enable continuous adjustment of the operating point to ensure optimal power extraction under
different conditions, effectively regulating the maximum power point and improving the overall energy
harvesting efficiency of PV systems [39-43], To enhance energy utilization efficiency and ensure the
stability of microgrids, an Energy Management System (EMS) has been implemented to organize and
coordinate the flow of energy between different sources and storage devices [44-46].

The system continuously monitors load conditions and dynamically regulates energy distribution to
ensure network stability and enhance operational efficiency. It effectively adapts to fluctuations in both
energy generation and load demand, thereby contributing to the overall reliability and sustainability of
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system operation [47-49]. The literature presents a substantial body of work on DC microgrids, with
particular emphasis on the development of advanced energy management strategies aimed at
achieving optimal coordination between distributed generation sources and load requirements. Among
these, intelligent control techniques such as fuzzy logic and artificial neural networks have been widely
explored [50-55].

Furthermore, the incremental conductance method is implemented for MPPT, while the overall
system is modeled and simulated using MATLAB/Simulink. The system performance is evaluated under
dynamically varying environmental conditions, and the results demonstrate that a nearly constant
voltage is maintained at the load, attributable to the effectiveness of the proposed energy management
strategy. Additionally, a protection scheme for both the load and the battery is integrated into the
system. This scheme is activated when the photovoltaic source fails to meet the load demand and the
battery state of charge falls below a predefined threshold, thereby ensuring uninterrupted power supply
while preventing deep battery discharge and consequently extending battery lifespan.

THE PROPOSED Architecture of the DC Microgrid system:

The proposed DC microgrid architecture, as illustrated in Figure 1, consists of a photovoltaic (PV)
array equipped with a Maximum Power Point Tracking (MPPT) algorithm as the main power source,
together with a battery storage system and a supercapacitor to enhance energy support and dynamic
response. The system supplies DC loads and is regulated using a Pl-based control strategy to maintain
a stable DC bus voltage under different operating conditions. In the following sections, the main
components of the DC microgrid will be discussed in detail.

DC-DC boost converter

-y
)

Load and battery
protection

RESISTIVE LOAD

super capacitor

Figure (1): Proposed DC Microgrid Architecture with PV, Battery, and Supercapacitor

Modeling of PV array:

The single-diode PV cell model is illustrated by the equivalent circuit shown in Figure 2 and is
commonly adopted in photovoltaic analysis due to its simplicity and adequate accuracy. The model is
defined by the open-circuit voltage and the photocurrent source, which is approximately equal to the
short-circuit current under standard test conditions (STC). The open-circuit voltage varies with
temperature and material properties, whereas the short-circuit current is mainly influenced by solar
irradiance [14].

R
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Figure (2): The single —diode model.
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When a solar PV cell is subjected to solar irradiance, its output current can be determined by
applying Kirchhoff’s law, as shown in Equation (1).
(V +1Ry)
I=lpp = g ———p—— @
sh
The photocurrent is mainly affected by the solar irradiance and the operating temperature of the PV

cell, as expressed in Equation (2).
G

bn = Use + K (T =T (105) @

The PV saturation current (Is) is temperature-dependent and varies as a cubic function of the PV
cell temperature (T), as given in Equation (3).

. E 1
Is = Irs ( 429

1
Tref)3 exp [ - ( Trer T e

The reverse saturation current (Irs) can be roughly calculated using Equation 4.

N
q Voc _
lexp ( N .K.A.T )11 (4)

IPV represents the output current of the PV system (A), while Vpv denotes the PV output voltage (V).
T is the operating temperature of the module in Kelvin, and Tr is the reference temperature equal to
298 K. Ip refers to the photocurrent generated by solar irradiance, whereas lo is the PV saturation current
(A). A and B represent the diode ideality factor, typically taken as 1.5, and K is Boltzmann’s constant
(1.38065003 x 1072 J/K). The symbol g denotes the electron charge (1.60217646 x 107*° C), and Rs is
the series resistance of the PV module. Isc is the short-circuit current under standard conditions (1000
W/m2 and 25°C), while Ki is the temperature coefficient of the short-circuit current (0.102 mA/°C). A
represents the solar irradiance level (1000 W/m?), and Ego is the silicon band gap energy (1.1 eV).
Finally, Np and Ns denote the number of cells connected in parallel and series, respectively.

The power output of a PV cell is described by its I-V and P-V characteristics under different
temperature and irradiance conditions. The results in Figures 3 and 4 for the PV model used in this
study show that voltage decreases with increasing temperature, while current increases with higher
solar irradiance. The P-V curve identifies the maximum power point (MPP), which varies with
environmental conditions.

The principal parameters of the photovoltaic (PV) module used in this study are provided in Table I.
These parameters, including short-circuit current, open-circuit voltage, maximum power, and
temperature coefficients, are essential for accurately representing and modeling the PV cell behavior.

IT”S -

Table (I): electrical parameters for the PV panel.

Quantity Value Unit

Vmpp 53.7 Vv
Impp 3.92 A
Pmpp 210 w
Voc 65.7 V
Isc 0.71 A

Ki 0.102 mA/°C

Kv -0.36099 mV/°C
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Figure (3): Current—Voltage (I-V) and Power— Figure (4): Current—Voltage (I-V) and Power—
Voltage (P-V) Characteristics of a PV Module Voltage (P-V) Characteristics of a PV Module
under Different Solar Irradiance Levels under Different Temperature Levels

DC-DC CONVERTER:

DC-DC converters are essential components in power engineering, used to regulate voltage levels
according to system requirements. Among the main types, the Boost converter increases the voltage,
while the Bidirectional converter allows power flow in both directions, making it suitable for energy
storage systems such as batteries. In general, DC—DC converters are classified as step-up, step-down,
and bidirectional based on their function in the system.

A. Analysis of a DC-DC boost converter:

A A DC-DC boost converter is used to step up a DC input voltage to a higher level and is widely
applied in renewable energy and photovoltaic systems. The operation of this converter can be divided
into two main states. In the first state, when the MOSFET is turned ON, current flows through the
inductor (L), allowing it to store energy in the form of a magnetic field, while the output capacitor (C2)
supplies energy to the load or inverter. In the second state, when the switch is turned OFF, the stored
energy in the inductor combines with the input source, resulting in a higher output voltage. A basic boost
converter circuit, as illustrated in Figure 5. demonstrates this operating principle.

D
i P +

Vey " Cotzmz R, Vi

Figure (5): Schematic Diagram of a DC-DC Boost Converter

The output voltage is greater than the input voltage, as expressed in Equation (5).

Vo =Vin— ®)
The inductor value and the output capacitor value can also be calculated using Equations (6) and (7).
Vin D

= 6
Ay fs ©)

C. = D
out — T (7

R Ve fs

Vo represents the output voltage, Vin represents the input voltage, D is the duty cycle, L is the
inductance value, Cout is the output capacitor value, fs is the switching frequency, AiL is the inductor
currentripple, Avo is the output voltage ripple, and R is the load resistance. Based on these parameters,
Table Il presents the calculated values used in this paper.
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Table (2): Component Value of DC-DC boost Converter

Parameter Symbols Values
Input capacitor (uf) Cin 44.126
Output capacitor (uf) Cout 44.126
Inductor (mH) L 81.4
Switching frequency (KHz) fs 10
Resistive load (Q) R 25

Analysis of a DC-DC bidirectional converter:

A bidirectional DC-DC converter is a vital component for interfacing energy storage systems, such
as batteries, with microgrids, as it enables controlled power flow in both directions according to
operating conditions. When excess power is available from the utility grid or distributed energy
resources, the converter operates in charging mode, transferring energy from the DC bus to the battery.
In contrast, during power shortages, it switches to discharging mode, allowing the battery to supply
energy to the DC bus and meet load demands. In addition to managing bidirectional power flow, the
converter regulates the DC-link voltage, ensuring stable and reliable system operation. Figure 6.
illustrates the electrical configuration of the bidirectional DC—-DC converter.

ll .
Battery =V, =

Figure (6): Schematic Diagram of a Bidirectional DC—DC Converter

The output voltage is calculated using Equation (8), whereas the values of the inductor and output
capacitor are determined from Equations (9) and (10), respectively. These calculations are carried out
for both modes of operation, boost and buck, depending on the converter’s operating condition.

( Vin.D,In buck mode

Vin
Vout = = In boost mode (8

\

D(Vin — Vout)

— 7 In buck mode

vin D In boost mode

l AILf:q

AL |1 buck mod
—— |In buck mode
8f.AVout
Cout = fsaVou (20)

D oy

——— In boost mode
AVout f;

Table 3 presents the calculated values obtained in this paper.

Table (3): Component Values of Bidirectional DC—DC Converter

Parameter Symbols Values
Input capacitor (uf) Cin 57.87
Output capacitor (uf) Cout 57.87
Inductor (mH) L 85.3
Switching frequency (KHz) fs 10
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MPPT Algorithm:

MPPT techniques are used to regulate the power generated from a PV array in order to extract the
maximum available energy under varying solar irradiance conditions, thereby improving system
efficiency. The Incremental Conductance method is considered one of the simplest and most widely
used techniques. In this paper, the Incremental Conductance technique is adopted, and its modeling
and simulation are presented for a PV system.

The Incremental Conductance (INC) method is based on the principle that the slope of the PV array
power curve is zero at the Maximum Power Point (MPP), positive to the left of the MPP, and negative
to the right, as illustrated in Figure 7. This relationship is mathematically expressed in Equation (11)

((@P/,, = 0 at MPP
ap/ . >0 Left of MPP (11)
\ 4P/ gy < Right of MPP

The Maximum Power Point (MPP) is tracked by comparing the instantaneous conductance (I/V) with
the incremental conductance (Al/AV), as illustrated in the flowchart in Figure 8. and expressed in
Equations (12)— (13). The reference voltage (Vrer) defines the operating point of the PV array. At the
MPP, Vet becomes equal to VMPP, and the system continues to operate at this point unless a change
in A is detected, indicating variations in environmental conditions and a shift in the MPP. In such cases,
the algorithm adjusts Vrer, either increasing or decreasing it, to track the new MPP.

dp  d(v) dl dl
- =~ 7 =~ —_ 12
avdv V=V (12)
Eqg. (11) can be rewritten as:
ar_ I t MPP
AR ¢
al > Left of MPP (13)
vV eftof
al < ! Right of MPP
AV v ight of
Pa
g dP/dV=0
<
|
|
|
|
dP/dV>0  1dP/dV<0
|
|
|
|
|

Varer  Voltage ;
Figure (7): Principle of Incremental Conductance (INC) MPPT Method
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Figure (8): Flowchart of Incremental Conductance (INC) MPPT Algorithm
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ENERGY STORGE SYSTEM (ESS):

Energy storage systems are utilized to support the performance of the DC microgrid when the
primary source is insufficient to meet the load demand. When the photovoltaic system cannot supply
the required power, both a battery and a supercapacitor are employed to ensure continuous and stable
operation. These components will be discussed in detail in the following sections.

BATTERY:

The integration of batteries and supercapacitors within renewable energy systems and DC
microgrids is essential for effective energy management, as it enables the storage of excess generated
energy and its utilization during periods of power shortage. In this paper, a lithium-ion battery is
employed, and its specifications and parameters are presented in Table IV. Battery behavior can be
represented using three main types of models: mathematical models, electrochemical models, and
equivalent circuit models. Among these, the equivalent circuit model is the most widely used in practical
applications due to its simplicity and its ability to accurately represent battery dynamics without
excessive complexity. The equivalent circuit model represents the battery as an open-circuit voltage
source combined with electrical elements that reflect its internal characteristics. As illustrated in Figure.
9, the model includes the battery voltage Vb, the battery current I, and the open-circuit voltage Vo,
which is a function of the state of charge (SOC). It also incorporates polarization elements represented
by resistance Rp and capacitance Cp, in addition to the internal resistance Rs, which accounts for internal
losses within the battery.

|first order
low-pass
flter

0 (Discharge}

i b Ru
1 (Charge) —o+

Ibatt

Exp(s) A
it | Ses) T LB} a1 '
T
* Exp
) Vi
Controlled bt
E (Charge/Discharge) Egar voltage
source

Figure (9): Battery equivalent circuit

In the discharging mode, the battery voltage can be expressed by Equation (14):
Vbatt = Eo —k( ¢ )i*—k< ¢ ) it + Ae Bt (i* > 0) (14)

Q—1It Q-—1It
In the charging mode, the battery voltage is described by Equation (15).
Voare = Eo — k (ﬁ) ik (Q ¢ It) it + Ae~Pit (i* < 0) (15)
The voltage at the fully charged state is given by Equation (16).
Vfull=E, —Ri+ A (16)

The state of charge (SOC) is estimated using the Coulomb counting method by integrating the
battery current over time during charging and discharging, as expressed in the following equation:

1 4
SoczSOCo——f idt 17
on )" (17)

The battery model parameters are defined as follows: Eo represents the constant voltage, K denotes
the polarization constant, i* is the low-frequency current component, it corresponds to the extracted
capacity, A is the exponential voltage V, and B is the exponential capacity. In addition, SOCo denotes
the initial state of charge, and Q represents the maximum battery capacity.

Table (4): Electrical Parameters of the Battery

Battery parameters
No. Quantity Values
1. Nominal voltage (V) 65
2. Rated capacity (Ah) 4
3. Initial state of charge (%) 90
Battery discharge parameters
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No. Quantity Values

Maximum capacity (Ah) 0.05
Fully charged voltage (V) 70
Nominal discharge current (A) 2.80

Capacity (Ah) at nominal voltage 0.048

SUPERCAPCITORS:

The supercapacitor (SC) is combined with the battery to mitigate peak current stress under highly
dynamic load conditions by leveraging its high-power density, while the battery is responsible for
supplying the average power demand. Thanks to its rapid response, high efficiency, and long cycle life,
the SC effectively handles transient power fluctuations.

The key parameters of the supercapacitor, including its self-discharge characteristics, are
summarized in Table (V). Figure 10 presents the electrical equivalent circuit of the SC, where (C)
denotes the capacitance, (EPR) represents the equivalent parallel resistance, and (ESR) corresponds
to the equivalent series internal resistance.

o—AW,

ESR

EFR -

o
Figure (10): Electrical equivalent circuit for the SC

The energy extracted from the supercapacitor, Euc can be calculated using Equation (18).
Fuc = 3 C(V ~ V2)Eue (18
where the term (V32 — sz)denotes the variation between the initial and final voltage levels. The

arrangement of capacitors within the supercapacitor (SC), whether in series or parallel, is selected
according to the desired terminal voltage. Consequently, the overall capacitance and resistance of the

SC can be determined as follows:
ESR

Rtotal =Ny n_ (19)
D
Esr = 2V (20)
= I
C
Ctotal =Ny n_ (21)
s
-t
Cc=1
o (22)

Table (5): Electrical Parameters of the Supercapacitor (SC)

Supercapacitor (SC) main parameters
No. Quantity Values
1. Rated capacitance(F) 58
2. Equivalent DC series resistance (Ohms) 8.9x 108
3. Rated voltage(V) 70
4, Initial voltage(V) 70
Self-Discharge
No. Quantity Values
Current prior open-circuit(A) 10
Voltage at 0 s, 10 s, 100 s, and 1000 s [Voc, V3, V4, V5] (V) [48,47.8 ,47.06 44.65]
Charge current[i 1,i 2,i 3,..]1(A) [10, 20,100, 500]

CoNTROL DESIGN FOR THE DC MICROGRID:

This section describes the design of the control systems developed in this paper for energy
management and voltage regulation.

PI1 controllers are among the most widely used control techniques in engineering applications, as
they rely on comparing the measured DC bus voltage (Vioad) With the reference voltage (Vrer) to generate
the voltage error signal (ev). The control process begins with the initialization of system parameters,
followed by the calculation of the voltage error as the difference between the reference and measured
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values. The obtained error is then processed through an outer PI controller (voltage loop) to generate
a reference current (lref). This reference is passed through a low-pass filter (LPF) to decompose it into
two components: the battery reference current (ler_bat) and the supercapacitor reference current
(Irer_sc). Subsequently, current errors are calculated by comparing these reference values with the
actual currents (ler_bat , (Irer_sc) ) These errors are fed into inner Pl controllers (current loops), which
generate the corresponding duty cycles (Duat, Dsc) for controlling the converters. Figure 11 illustrates
the flowchart of the proposed control strategy for the DC microgrid. Under low solar irradiance
conditions, when the photovoltaic system is unable to meet the load demand, both the battery and the
supercapacitor are engaged to compensate for the power deficit. The battery supplies the required
energy, while the supercapacitor mitigates rapid load fluctuations, thereby enhancing system stability.

@ Calculate current errors:

€par = Lrofbar = Tpar e——
=1, I

se ~ Lref-se ~ Lse

Initialize system parameters: Inner PI Controllers (Current Loop):

Vier =70V [ Vigaah [ Tpahs [ 1] B“féy’ Cpat ;‘:‘; fs) —D’ Dpat
ey, — PI(s) — Dy,

l

Cali“'gti/v(ﬂial%e error: Apply PWM signals to converters:
v= Veef™ Vioad Battery converter and SC converter No
Outer PI Controller (Voltage Loop): Measure updated system states:
Generate current reference I,y Vioad s Thar» Isc

Low Pass Filter (LPF):
I ref I ref-bat » I ref-sc

Vioad = Vref ?
(steady state?)

- ) Yes

Return best control output:
PWMy,, and PWM,

Figure (11): Control Strategy Flowchart for DC Microgrid

Conversely, in the case of surplus power, the excess energy is directed to charge both the battery
and the supercapacitor through bidirectional converters. The control action is implemented via PWM
signals generated by the PI controllers to regulate power flow according to system conditions. The
control process continues iteratively by updating system measurements and comparing them with the
reference values until the steady-state condition (Vicad = Vret = 70) is achieved, ensuring a balanced and
reliable operation of the system.

The output of the PI controller can be expressed as:

u(s) = Kye(s) + %e(s) (23)
Accordingly, the transfer function is given by:
H(s) = @ =K ﬁ (24)
e(s)
e(s) = |Uref - 1]DC| (25)

The proportional gain (Kp) improves system response by reducing the rise time; however, it cannot
eliminate the steady-state error, while the integral gain (Ki) removes this error with a slight effect on the
dynamic performance. Here, (s) represents the Laplace operator. In this paper, the PID controller
parameters (Kp, Ki) are tuned using a trial-and-error approach, by iteratively adjusting the values based
on the system response until satisfactory performance in terms of stability and transient response is
achieved. Additionally, an energy management function is implemented using relay-based logic to
control the switching between power sources based on solar irradiance and the battery state of charge
(SoC). A minimum irradiance threshold of 805 W/m? is defined to ensure sufficient power supply from
the photovoltaic system; accordingly, the relay is activated (ON) at this level, indicating that the PV
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array can adequately meet the load demand. Conversely, the relay is deactivated (OFF) at 800 W/m?
when the generated power becomes insufficient. Similarly, battery operation is governed by predefined
SoC limits. The relay is enabled when the SoC reaches 90%, indicating that the battery is capable of
supplying the load in the absence of adequate solar power. It is switched OFF at 25% SoC to prevent
deep discharge and extend the battery lifespan. The outputs of both relays are then processed through
a logical OR gate to determine the appropriate operating mode, ensuring continuous and reliable power
supply to the load. Table VI summarizes the operating conditions under different scenarios based on
the relay states and the logic gate output.

Table (6): Relay-Controlled Operating Modes of the Hybrid DC Microgrid
Relay pv | Relay Soc | OR Gate Output System operating mode
OFF OFF 0 Both sources unavailable, system
disconnects to protect components
OFF ON 1 Battery supplies the load
ON OFF 1 Solar panel supplies the load
ON ON 1 system operates normally

RESULTS AND DISCUSSION:

The proposed hybrid DC microgrid system comprises a primary renewable energy source
represented by photovoltaic (PV) panels, in addition to hybrid energy storage units including a battery
and a supercapacitor. The PV modules employed in this paper are SunPower-based 10W Mini PV
Module (EYONGPV EYE10-18SP). To meet the required power demand, the PV array is configured
into seven parallel strings, each consisting of three series-connected modules, yielding a total maximum
power of approximately 210.5 W. Figure 12 presents the developed simulation model implemented in
MATLAB/Simulink. Considering that the performance of PV systems is highly dependent on
environmental conditions particularly solar irradiance the system was evaluated under varying
irradiance levels, as illustrated in Figure 13. The irradiance profile was defined as follows: 1000 W/m?
from 1 s to 10 s, reduced to 800 W/m?2 from 10 s to 20 s, further decreased to 600 W/m?2 from 20 s to 30
s, then to 300 W/m2 from 30 s to 40 s, and finally reaching a minimum of 100 W/m2 from 40 sto 73.6 s,
before returning to standard conditions (1000 W/m2). Figure 14 illustrates the PV output characteristics,
including voltage, current, and power under these dynamic conditions. Meanwhile, Figure 15 depicts
the battery performance in terms of voltage, current, and power. At an irradiance level of 1000 W/m2,
the battery operates in charging mode due to the excess power generated by the PV array. However,
when the irradiance drops below 805 W/mz, the PV system alone becomes insufficient to meet the load
demand, thereby requiring battery support. Under these conditions, the battery supplies approximately
32 W at 800 W/mz, increases its contribution to around 74 W at 600 W/mz, and reaches approximately
138 W at 300 W/mz. At an irradiance level of 100 W/m2, the battery continues to supply the load until t
= 72.66 s, at which point the state of charge (SOC) falls below 25%.

Loau Pcmer\

SOE ]

5
Lo Fowsy D6 bus Measu marg I .I
= I\.IIIU (=

*ﬁ B faan @

Figure (12): Hybrid DC Microgrid Simulation Model
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Figure (15): Dynamic Charging and Discharging Behavior of Battery in Hybrid DC Microgrid

At this stage, the relay-based protection mechanism is activated to prevent deep battery discharge,
resulting in temporary load disconnection until sufficient charging is restored. Figure 16 shows the SOC
profile, which decreases progressively with declining irradiance until reaching its minimum threshold at
t = 72.66 s. The load remains disconnected until t = 73.66 s, after which it is reconnected once the
irradiance returns to 1000 W/m2, allowing the PV system to resume full load supply. Table VII
summarizes the power sharing among the PV system, battery, and load across different operating
intervals. Additionally, Figure 17 highlights the crucial role of the supercapacitor, which effectively
compensates for rapid and transient fluctuations in irradiance by supplying instantaneous power.
However, its contribution is inherently limited to short durations due to its relatively low energy storage
capacity. Finally, Figure 18 demonstrates that the load power remains nearly constant at approximately
200 W despite variations in solar irradiance, owing to the coordinated operation of the PV source and
hybrid storage units. In cases of severe irradiance reduction combined with low battery SOC, the load
is intentionally disconnected to ensure system protection, and subsequently restored when operating
conditions improve. Short interruption intervals observed in the results correspond to transient states
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during which the supercapacitor mitigates rapid power fluctuations until the battery resumes its
dominant role. This coordinated control strategy confirms the effectiveness of the proposed system in
maintaining stability and ensuring reliable power delivery under varying environmental conditions.
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Table (7): Power Distribution Among PV System, Battery, and DC Load Under Different

Operating Intervals

Time (sec) Irradiance (W/m?) | Photovoltaic power (W) | Battery power (W) DC Load (W)
0-10 1000 210 Charging 200
10-20 800 168 32 200
20-30 600 126 74 200
30-40 300 62 138 200

40-72.66 100 20 180 200
72.66-73.66 100 20 charging Load-protection
73.66-80 1000 210 charging 200
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Conclusion:

The proposed system demonstrates high performance in hybrid DC microgrid energy management,
where the Energy Management System (EMS) effectively balances power between the PV source and
the hybrid storage units (battery and supercapacitor), while maintaining a stable DC bus voltage at its
reference value. The MPPT algorithm achieves a high efficiency of 99.92% in extracting the maximum
available power from the PV array. The battery is operated within a defined state-of-charge (SOC) range
of 25%-90% to extend its lifetime and reduce stress caused by deep charging and discharging. A
protection strategy is implemented that disconnects the load when the SOC drops below 25%, and
reconnects it once a safe charging level is restored, ensuring safe and reliable operation of the system.
Meanwhile, the supercapacitor provides fast dynamic support by compensating for rapid power
fluctuations, which significantly enhances system stability under variable irradiance conditions. Future
work will focus on extending the system to support AC loads through inverter integration, investigating
grid-connected operation, and developing advanced energy management optimization algorithms to
further improve efficiency and flexibility.
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