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Abstract:
This paper presents a power management and control strategy for a residential DC microgrid (DCMG)
incorporating photovoltaic (PV) systems, fuel cells (FCs), and a hybrid energy storage system (HESS). The
fluctuations in the DC bus voltage, arising from intermittent PV generation and variable load conditions, are
mitigated by the HESS, which comprises both batteries and supercapacitors (SCs). This control strategy
adopts, batteries to handle slow-frequency power surges, whereas SCs are employed to manage rapid frequency
fluctuations effectively. The proposed controllers are optimized using an evolution-based Genetic Algorithm
(GA), eliminating the need for extensive mathematical modeling of the system. Comparative analysis between
the GA-tuned and conventionally tuned controllers is conducted based on performance metrics, including
overshoot, undershoot, and settling time. The simulation results indicate that the proposed controller performs
satisfactorily, achieving a maximum overshoot of 3.08%, a maximum undershoot of 2.95%, and a settling
time of 44.5 ms. To further assess the efficacy and robustness of the controllers, they are subjected to
disturbances in sensor readings and variations in system parameters within a range of ±25% of their nominal
values. Additionally, to validate the practical applicability of the proposed system, the simulation results are
corroborated using a real-time FPGA-based simulator (OP 5700).
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1. Introduction

1.1 Motivation
Energy demands have witnessed steep rise owing to contin-
ued modernization and industrialization across the globe.
As conventional energy resources are depleting rapidly,
there is a growing need to supplement them with renew-
able energy sources (RESs) to meet energy demands. The
natural shift toward RESs alleviates harmful environmental
impacts, such as global warming and rising sea levels, by
decarbonizing the power sector—a problem so severe that
low-lying countries, like the Maldives, are fighting to pre-
serve their very existence [1, 2]. Microgrids (MGs) have
emerged as a highly efficient alternative to traditional power
systems, characterized by their decentralized nature and
integration of RESs and energy storage systems (ESSs),
offering sustainable and resilient energy solutions, partic-
ularly for remote locations. A MG can be AC, DC, or a
hybrid AC-DC, though DCMGs are particularly favored by
the scientific and research communities due to their inherent
advantages and ease of control.
DC systems provide superior voltage control, as they elimi-

nate reactive power, reduce power losses during capacitor
charge/discharge, and allow the use of thinner conductors
due to the absence of skin effect. Additionally, they are
more efficient due to fewer conversion stages [3–5]. With
rapid advancements in DC technologies and the growing
penetration of DC loads, such as digital devices, mobile
communications, and electric vehicles, DCMGs represent
a promising solution for the future of smart grids [6, 7].
The general layout of a DCMG consisting of distributed
generators (DGs), DC loads and ESSs is shown in figure 1.
DCMGs incorporating PV and wind systems as DGs are
gaining popularity due to their portability, scalability, and
cost-effectiveness compared to other RESs. However, de-
signing an effective controller for DCMGs poses significant
challenges, including maintaining balanced states of charge
(SoCs) and addressing power imbalances, both of which are
further complicated by the inherent variability of wind and
solar irradiance. To mitigate these issues and ensure a sta-
ble power supply, ESSs, typically batteries, are commonly
used. While batteries are effective for energy storage, their
low power density limits their ability to meet instantaneous
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Figure 1. General layout of DC microgrid.

power demands [8, 9]. To overcome this limitation, SCs,
with their high-power density, are often paired with batter-
ies to manage both slow and dynamic load variations, as
well as disturbances from PV fluctuations. This integration
is referred to as hybrid energy storage systems (HESSs),
which improve the overall reliability and performance of
DCMGs in managing variable energy inputs and load de-
mands. In HESSs, batteries are tasked with meeting high
energy demands, while SCs address high power require-
ments. SCs not only help stabilize MG by smoothing out
power transients but also improve battery performance and
longevity by reducing ripple in the DC bus voltage [10].
Despite these advantages, PV-HESS systems alone may
struggle to provide consistent power during prolonged peri-
ods of unfavorable weather, leading to potential blackouts.
To resolve this issue, dispatchable energy resources such as
FCs are often integrated with PV systems to ensure reliable
power generation. In this work, we consider a DCMG con-
figuration that incorporates a PV system, FCs, and a HESS
composed of both batteries and SCs, aiming to enhance the
system’s resilience and stability under varying environmen-
tal conditions.
Nomenclature

ηact activation overvoltage (V)

VDC actual DC bus voltage (V)

A amplitude of voltage in exponential zone (V)

CAh battery capacity (Ah)

EBat battery voltage (V)

E0 constant voltage of battery (V)

Im current of PV module at maximum power point (A)

CDC DC bus capacitance (F)

QT electric charge (in C)

B exponential zone time constant inverse (Ah−1)

i∗ filtered current (A)

VFC fuel cell voltage (V)

I∗T gross current (A)

LBat inductance of battery’s BDC (H)

LFC inductance of fuel cell’s boost converter (H)

Lpv inductance of PV’s boost converter (H)

LSC inductance of supercapacitor’s BDC (H)

Ki B integral gain of battery’s current control loop

Ki SC integral gain of supercapacitor’s current control loop

Ki v integral gain of supercapacitor’s voltage control loop

Ai interfacial area between electrodes and electrolytes (in
m2)

Q max. battery capacity (Ah)

EFC nernst voltage (V)

Ne number of electrode layers

N0 number of cells connected in series

Ns number of SC in series

Np number of SCs in parallel

ηohm Ohmic overvoltage (V)

E0 open circuit voltage of FC (V)

Voc open circuit voltage of PV module (V)
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ρH2 partial pressure of hydrogen (atm)

ρO2 partial pressure of oxygen (atm)

ρH2Opartial pressure of water (atm)

ε permittivity of material

K polarization constant (Ah−1)

Kp B proportional gain of battery’s current control loop

Kp sc proportional gain of supercapacitor’s current control
loop

Kp v proportional gain of supercapacitor’s voltage control
loop

V ∗
DC reference DC bus voltage (V)

ISC short circuit current of PV module (A)

T temperature (in K)

VT terminal voltage of an SC (V)

R universal gas constant

Vm voltage of PV module at maximum power point (V)

1.2 Literature
Fengyan Zhang et al. [11] proposed an energy management
strategy (EMS) in a grid-dependent DCMG incorporating
PV and HESS, with a control strategy divided into four
modes and seven sections based on the DC bus voltage
range. However, this strategy does not effectively regulate
the DC bus voltage during the transition phase. Chaouali
et al. [12] introduced a power management strategy (PMS)
for a DCMG integrating PV, FC, and SC technologies to
supply power to a pumping station. The proposed con-
trol strategy leverages a fuzzy logic control technique to
optimize system performance. Abeywardana et al. [13]
presented a grid-connected DCMG configuration compris-
ing PV and a sliding mode-controller (SMC) based HESS,
with the overall system demonstrating robustness to certain
model parameters and uncertainties. However, the authors
did not address the steps necessary to mitigate chattering
in the control system. Maheswari et al. [14] proposed a
control strategy to maintain the demand-generation balance
in a PV-HESS based DCMG. The HESS effectively miti-
gates intermittent fluctuations in PV power, contributing to
enhanced battery life as a result of the overall strategy. Simi-
larly, to address the intermittency issues in renewable-based
MGs, Zhou et al. [15] proposed the integration of a HESS
in conjunction with dual active bridges. Athira et al. [16]
proposed a fuzzy logic-based PMS for a standalone DCMG
utilizing PV, battery, and SC systems, with the strategy
regulating SoC of both the battery and SC within prede-
fined upper and lower boundaries. However, the overall
approach is contingent upon historical system information
used in the design of the fuzzy-based PMS. Han et al.[17]
proposed a DCMG model utilizing the PV, FC and battery
in a coordinated manner to address balance in demand and
generation. However, their approach does not account for

the issue of DC bus voltage regulation (VR). Similarly, Pu
et al. [18] introduced a hierarchical control scheme for a
DCMG comprising of PV, FC, battery and loads, with a
primary focus on minimizing utilization costs. However,
their strategy also fails to consider power-sharing among
the various modules and regulation of the DC bus voltage.
Cabrane et al. [19] proposed a control strategy using HESS
to flatten out fluctuation in PV power generation. HESS not
only provides smoother traction system management but
also decreases stress on the battery in transient conditions,
extending its life. Following this research, Cabrane et al.
[20] further developed an EMS for a similar MG configu-
ration but without inclusion of FC. This study included a
detailed comparison of various battery-SC topologies and
examined the impact of filter time constants on both the
battery and the SC. Wang et al. [21] presented a control
scheme for a DCMG based on DESs and HESS. The HESS
improves the utilization of ESSs and stabilizes the DCMG
operation. However, the DC bus VR is not addressed. In
contrast, Wen et al. [22] proposed a control strategy based
on multiple operating states of battery’s SoC. This approach
divides the battery’s SoC into various sections to prevent
excessive depth of charge/discharge, thereby optimizing the
operating life of ESS.
Senapati et al. [23] proposed an enhanced power man-
agement and control strategy for a DCMG, focusing on
improving the dynamics of DC link voltage and optimizing
power distribution among connected units. They utilized a
gain control technique for grid-side management and imple-
mented a dynamically tuned PI controller for battery energy
storage, employing Takagi-Sugeno fuzzy logic to enhance
the transient voltage response. In a related study [24], they
developed an enhanced MPP tracking algorithm by combin-
ing P&O method with a modified invasive weed optimiza-
tion (MIWO) algorithm. This hybrid approach improved
convergence speed and GMPP accuracy under fluctuating
climatic conditions, outperforming existing techniques like
GWO with FLC and modified butterfly optimization algo-
rithm (MBOA). Robustness was validated through small
signal analysis, confirming its effectiveness across various
scenarios. In subsequent work, Senapati et al. [25, 26] intro-
duced a Firefly Algorithm-based Particle Swarm Optimiza-
tion (FA-PSO) control strategy for a standalone DCMG,
aiming to achieve faster DC-link voltage control and opti-
mal power balancing. They further refined the controller
design by incorporating techniques such as Takagi-Sugeno
fuzzy logic, Grey Wolf Optimization (GWO), and Adaptive
Neuro-Fuzzy Inference System (ANFIS) assisted by PSO.
Ultimately, they compared the performance of these meth-
ods, demonstrating the superiority of the FA-PSO-based
controller.
Singh and Lather [27] proposed a control scheme for energy
management in a grid-independent DCMG that utilizes a
HESS. In their approach, the controller is tuned using fre-
quency domain analysis through a transfer function method,
achieving a maximum voltage deviation of 4.18% in DC
bus. Rajput and Lather [28] proposed an EMS for an au-
tonomous DCMG that employs a HESS using a combination
of proportional-integral (PI) and Artificial Neural Network
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(ANN) controllers. Their MG configuration features a semi-
active HESS, where the battery is managed through a power
electronics converter, while SC is directly connected to the
DC bus. However, this arrangement leads to the oversiz-
ing of the SC, resulting in inefficient utilization of the SC.
Pavkovic et al. [29] proposed cascade control system and
adaptive load compensation for a DCMG. However, the
controller exhibited slower response times and struggled to
effectively regulate the DC bus voltage. In contrast, a con-
troller design utilizing magnitude and symmetric optimum
criteria was introduced in [30, 31], but the system response
was suboptimal when disturbances occurred beyond the ref-
erence input. Additionally, the symmetric optimum criterion
demonstrated significant overshoots. On the other hand, Fan
et al. [32] proposed automatic tuning method for a PID con-
troller using Genetic Algorithm (GA). Their results were
compared with those obtained from Ziegler-Nichols and
fuzzy-tuned PID controllers, showing that the GA-tuned
controller outperformed the others in terms of both static
and dynamic characteristics. Kumar et al. [33] employed
GA to manage power flow control in a grid-connected dis-
tributed system, focusing on controlling both active and
reactive power. Their control strategy demonstrated the
effectiveness of the proposed model under both balanced
and unbalanced power supply conditions, ensuring that the
output of all power sources remain stable, and the overall
system maintained its stability.
Considering the aforementioned issues and perspectives
into account, this paper proposes a control and energy man-
agement system for an autonomous DCMG with a HESS,
in which the controllers are optimized for peak performance
using GA.

1.3 Contribution
This work proposes a PMS for a residential DCMG that
integrates RES and a HESS to ensure reliable operation
under all weather conditions. The innovative contributions
presented in this article are as:

• Effective regulation of DC bus voltage, maintaining it
within strict limits of ±5% in accordance with IEEE
standard 519-1992.

• Effective power sharing among various units of DCMG
irrespective of variability in weather conditions and
load cycle.

• Enhanced regulation of SoC for both the battery and
SC, ensuring they remain within the desired range to
prevent overcharging and deep discharging.

• Optimal gains for PI controllers using GA to enhance
overall system performance.

1.4 Organization
The rest of the paper is organized as follows: section 2 high-
lights system configuration and its modeling. Section 3 dis-
cusses GAs and GA-based controller design. Section 4 illus-
trates the proposed controller and PMS. Section 5 presents
simulation results, in-depth analysis, and comparison with
a conventional controller, while section 6 discusses exper-
imental results using Opal-RT. Section 7 focuses on the

sensitivity analysis of the proposed controller, and section 8
evaluates the controller’s performance in the presence of
sensor noise. Finally, section 9 discusses potential avenues
for future research, and section 10 presents conclusion of
the study.

2. DCMG system configuration and modeling
Figure 2 shows the considered standalone DCMG config-
uration, consisting of PV as main generating source, FC,
and HESS as a buffer for DC bus VR. The PV and FCs are
connected to the DC bus through boost converters, while
the battery and SCs are linked via bidirectional DC-DC
converters (BDCs), with the duty cycle for these converters
generated by controllers to regulate deviations in DC bus
voltage.
The sun irradiation data for NIT, Kurukshetra, Haryana,
India (29.9476 ◦N, 76.8155 ◦E) is obtained from NASA’s
Surface Meteorology database. The solar energy data con-
firms the suitability of the location for the deployment of
PV-based MGs. It is evident from figure 3; the selected
site receives ample solar radiation with an averaging of
5.6 kWh/m2/day and a clearness index of 0.55 on monthly
basis.

2.1 Mathematical modeling of PV cell
The one-diode model of PV cell, as shown in figure 4, is
adopted for this research work [5]. V-I characteristics for
the one diode model of PV cell can be expressed as

I = IPV − I0

[
exp

(
V + IRs

nVt

)
−1

]
− V + IRs

Rp
(1)

2.2 Mathematical modeling of FC
Unlike batteries, FCs are a consistent source of power in
proportion to available fuel. Voltage of the FC using polar-

Figure 2. Proposed DC microgrid configuration.
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Figure 3. Solar isolation and clearness index at NIT, Kurukshetra, Haryana,
India.

ization curve can be expressed as [34]

VFC = EFC +ηact +ηohm (2)

where, Nernst voltage (EFC) is thermodynamic voltage of
the cells that can be expressed as

EFC = N0

[
E0 +

RT
2F

log
[

ρH2ρ0.5
O2

ρH2O

]]
(3)

2.3 Mathematical modeling of battery
The battery serves as a buffer, ensuring consistent and
flawless bus voltage functioning regardless of demand-
generation mismatch. The use of batteries also boosts RESs
utilization. The selection of suitable battery capacity is crit-
ical in determining the longevity of battery operation for a
certain load. To decide the battery capacity (CAh), initial
battery SoC is considered 50%. Battery capacity is calcu-
lated in such a way that it could fulfil the energy demand of
3.5 kW load for an hour.
Battery capacity can be calculated as [35]

CAh =
3.5 kW×1 h
24 V×0.5

∼= 292 Ah (4)

Figure 5 shows the equivalent circuit of the battery, which
is modeled as a resistance in series with a constant voltage
source. The charging and discharging processes of the
battery are characterized as [36]
Charge equation (i∗ < 0) for Lithium-Ion battery

EBat =E0−K · Q
it +0.1Q

· i∗−K · Q
Q− it

· it+A ·exp(−B · it)
(5)

Figure 4. Equivalent circuit of a PV cell.

Figure 5. Equivalent circuit of battery.

Discharge (i∗ > 0) equation,

EBat = E0 −K · Q
Q− it

· i∗−K · Q
Q− it

· it +A · exp(−B · it)
(6)

2.4 Mathematical modeling of SC
The SC model based on stern principle as shown in figure 6,
is used to imitate the characteristics of SC [37]. Accord-
ingly, the terminal voltage of an SC is expressed as

VT =
NsQT d

NpNeεε0Ai
+

2NeNsRT
F

sinh−1
(

QT

NpN2
e Ai

√
8RT εε0c

)
−RSC · iSC

(7)
with

QT =
∫

iSCdt (8)

and, SoC of SC can be calculated as

SoCSC =
Qinit −

∫
τ

0 i(τ)dτ

QT
×100 (9)

Parameters for the proposed microgrid configuration are
tabulated in Table 1.

3. Optimization of controller

3.1 PID controller tuning
PID controllers are one of the most commonly used in in-
dustrial applications, owing to their simplicity, robustness,
adaptability, and the capacity for online retuning [38]. PID
controllers consist of three distinct terms named as propor-
tional, integral, and derivative. Each of them has a specific

Figure 6. Electrical equivalent of SC.
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Table 1. Selected parameters of DC microgrid.

PV array @ STC VOC = 32 V, ISC = 7.6 A, Vm = 26 V, Im = 6.8 A

proton exchange membrane FC 24 V, 1.26 kW

battery 24 V, 292 Ah

supercapacitor 29 F, 32 V

DC-DC converters
LSC = 1.8 mH, LBat = 2 mH, Lpv = 13.25 mH,
LFC = 4 mH, CDC = 440 µF

controller [Kp B, Ki B, Kp sc, Ki sc, Kp v, Ki v] [0.9, 2500, 20, 3200, 0.95, 850]

impact on the plant, depending on error e(t). Overall control
function of controller can be written as

u(t) = Kpe(t)+KI

∫ t

0
e(t)dt +KD

de(t)
dt

(10)

where Kp, KI and KD are proportional, integral, and deriva-
tive gains, and e(t) denotes the error between the input
(set point) and the output, these PID controllers can be
tuned using both classical methods like Ziegler-Nichols and
Cohen-Coon, as well as more modern computational or opti-
mization techniques, offering flexibility in finding the right
balance for various control systems. However, PID con-
trollers are widely tuned using traditional techniques, but
these methods do not always yield the desired results, often
requiring further adjustments [39–41]. Here, PI controllers
are designed to meet system requirements and KD is consid-
ered as zero. Fine tuning PI controller using optimization-
based procedures improves the system response in terms of
rise time, overshoot, and settling time [42]. In this work,
GA-based PI controller enhancement strategy is developed
to optimize performance.

3.2 Genetic algorithm
GA is a simple, robust and probabilistic global search
method that mimics natural biological evolution based on
the survival of the fittest and produces closer approxima-
tions to a solution with each evolution. Best individuals are
selected based on their level of fitness to generate and breed
new offspring within the problem domain. The fitness level
of the individuals involved is assessed based on the objec-
tive function. The evaluation of this fitness is conducted
using time-integrated performance indices, which include
the integral of absolute error (IAE), the integral of squared
error (ISE), and the integral of time-weighted absolute error
(ITAE). To achieve satisfactory dynamic performance, min-
imization of the ITAE is selected as the performance index,
expressed as follows:

J =
3

∑
n=1

(∫
∞

0
t|en(t)|dt

)
(11)

where en(t) denotes the difference between actual and set
point value of nth PI controller. Three PI controllers used
for HESS are tuned and optimized using GA. Time (t)
weighing is used to scale down the large initial error in the
suitable range. Figure 7 (a) shows the fitness value of each

Figure 7. GA optimization results (a) Fitness value for each generation (b) Fitness scaling (c) Selection function.
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generation wherein it is depicted that the best function value
is 46.8845 and mean is 46.9155.
The raw fitness scores produced by the fitness function are
adjusted through a scaling process to fit within a value range
suitable for the selection function. The selection function
utilizes these scaled fitness values to identify the parents
for the next generation. According to this selection pro-
cess, individuals with higher scaled scores have a greater
probability of being chosen as parents. The fitness scaling
plot depicted in figure 7 (b) employs the rank method. This
approach scales raw scores according to their rank rather
than their actual values. The scaled value of an individual
with rank n is inversely proportional to 1/

√
n.

The average performance of offspring improves as better in-
dividuals are preserved for mating while less fit individuals
die out. To generate the new offspring, a population has to
go through various stages such as selection, crossover and
mutation. Various selection techniques are available in GA,
such as tournament selection, roulette wheel selection, and
rank selection; however, tournament selection has proven
to be superior in terms of convergence and efficient sorting
[43], making it the preferred choice for the present work.
Figure 7 (c) shows the number of children for each individ-
ual using tournament selection method. The selected parents
subsequently take part in crossover and mutation operations.
The performance of GA also depends on the operators used
in the algorithm. Here, adaptive feasible crossover function
and uniform mutation functions have been utilized for their
inherent advantages. The GA terminates if any of the set
stopping criteria (number of generations, time limit, fitness
limit and function tolerance) are met. In this work, GA
stops after 72 iterations as the average change in fitness
value falls below the function tolerance of 1× e−6. Various
parameters and functions used in GA are listed in Table 2.
For a detailed explanation of the control flow of the GA
used to optimize PI controller gains, refer to [44].

4. HESS control strategy with optimized
controller parameters

The block diagram in figure 8 illustrates the proposed con-
trol strategy, which facilitates coordination among the vari-
ous units of the MG to minimize deviations in bus voltage
and maintain it within specified limits. Balance in genera-
tion and load power is maintained regardless of unexpected
variations in load cycle and solar irradiance. The primary
aim of the control algorithm is to maintain the DC bus volt-

age at its set value, with the outer control loop generating
the gross current necessary to restore this voltage. Gross
current is written as

I∗T (t) = kp vVe(t)+ ki v

∫
Ve(t) (12)

where,

Ve(t) =V ∗
DC(t)−VDC(t) (13)

and,

I∗LF(t) =
1

1+ sτ
I∗T (t) (14)

here I∗T (t), is gross injected or required current for the
restoration of DC bus voltage. Ve(t) is error in desired and
actual DC voltage. In deficit operating mode I∗T (t) is pos-
itive as Ve(t) > 0 whereas I∗T (t) is negative and Ve(t) < 0
in excess power mode. The current is passed through a
low-pass filter (LPF) and a rate limiter, which restricts
charge/discharge rate of battery, to produce the reference
current for battery. Reference battery current is than com-
pared to actual battery current and the resulting error signal
is processed through a PI controller, which generates PWM
signal (SB,1−2) for BDCs interlinked to battery and thus
minimize error in real time.
High frequency current components along with uncompen-
sated battery power signals are summed up that generate
reference current for SC. Reference current for SC is

I∗SC = (I∗HF − IBat error)
VBat

VSC
(15)

I∗HF = I∗T − I∗Bat (16)

The SC’s reference current is compared to actual current
and fed into a PI controller, which generates duty cycle
(SSC,1−2) for BDC linked to SC, enabling it to compensate
for high fluctuations alongside battery’s uncompensated
components.

5. Simulation results and discussion

The proposed controlled along with proposed PMS as in
figure 8 is tested under the following scenarios. The re-
sults as shown in figures 9, 11 and 13 have been discussed
subsequently.

Table 2. Parameters and functions used in GA.

parameters value/function/range

population size 200

iterations 72

crossover function constraint dependent

selection function tournament

lower bound [Kp B, Ki B, Kp sc, Ki sc, Kp v, Ki v] [0.5, 2400, 19, 3000, 0, 700]

upper bound [Kp B, Ki B, Kp sc, Ki sc, Kp v, Ki v] [1.5, 2800, 22, 3300, 1, 900]
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Figure 8. Block diagram of control strategy.

5.1 PV-Battery and SC cogeneration under varying PV
irradiance with constant load

This case investigates the scenario when PV-battery and SC
maintain the power balance in coordination under constant
load conditions. Figure 9 (a) shows a step change in solar
irradiance, varying from 255 W/m2 to 790 W/m2, while
an MPPT controller employing P&O method is utilized to
optimize power extraction from PV system.
Figure 9 (b) portrays two operational modes: surplus power
mode (SPM) and deficit power mode (DPM), with the
DCMG functioning in SPM during the intervals of 1−5 s
and 6−7 s, when PV generation exceeds load demand. The
surplus power generated by PV is injected into the battery

and SC. Battery enters into a deeper charging mode, and SC
takes care of sudden power demands. Between 0−1 s and
5−6 s, the proposed MG configuration is working in the
DPM mode as in figure 9 (b). In this mode, PV cannot fulfil
the load demands, and thus battery imparts for bridging
the gap in steady state while the SC compensates for the
unforeseen sudden change in PV generation. Figure 9 (c)
shows the time variation of DC bus voltage for convention-
ally tuned [45] and GA based tuned HESS controllers.
DC bus voltage escalates or diminishes according to quick
rise and fall in PV power, which happens due to unfore-
seen weather conditions. As shown in figure 9 (c), the
GA-optimized controller effectively regulates the DC bus

Figure 9. Simulation test results under varying PV irradiation and constant load condition (a) Solar irradiance profile (b) Variation in Power for various
units (c) DC bus voltage (d)Battery SoC (e) SC SoC.
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voltage, with the maximum undershoot and overshoot oc-
curring at 5 seconds and 6 seconds, reaching acceptable
levels of 2.6% and 1.37%, respectively, and always staying
within a ±5% range of the desired value.
Figure 9 (d, e) illustrates the trends in SoCs for battery and
SC over time, reflecting the different modes of operation.
HESS controller decouples slow and quick transients and
directs them toward battery and SC. By doing so SC reduces
dynamic stresses on battery and thus improves battery life.
FC does not participate since the SoC of the battery remains
over 20 percent.

5.1.1 Performance comparison
The effectiveness of the proposed HESS controller, depicted
in figure 8, is assessed by evaluating settling time, and
overshoot/undershoot. The comparison results shown in
figure 10, admit superiority of GA tuned HESS controller to
conventionally tuned [45] HESS controller for considered
performance indices.

5.2 PV-battery and SC cogeneration under varying load
conditions

This case examines coordination in the power balance
among PV-battery-SC for a time varying load. Solar ir-
radiance and PV temperature are maintained constant at
500 W/m2 and 25 ◦C respectively.
PV generates a maximum power of 1778 W continuously
at 500 W/m2 irradiance. It is evident from figure 11 (a),

Figure 10. Performance comparison (a) Settling time (b) Overshoot and
undershoot (%).

Figure 11. Simulation test results under varying load and constant PV
irradiance condition (a) Power sharing among various units (b) DC bus
voltage (c) Battery SoC (d) SC SoC.

that the proposed configuration is working under DPM and
SPM in intervals 1−6 s and 0−1, 6−7 s, respectively. In
DPM, PV power alone is inadequate to fulfil load demand,
and battery releases energy to balance power mismatch. SC
participates in transient situations and absorbs all dynamic
stress according to the control strategy shown in figure 8.
In SPM, load demands are less than the power generated
by PV alone, as shown in figure 11 (a). This surplus power
is injected into the battery for further utilization in case of
a power crisis. It is clearly visible in figure 11 (c), that
the battery charges during SPM. SC liberates and captures
energy whenever sudden increments and decrements in load
demands occur. Figure 11 (c, d) shows SoC indices for
battery and SC justifying the charging and discharging ac-
cording to SPM and DPM.
Variation of DC bus voltage for conventionally tuned [45]
and GA-based trained HESS controller is highlighted us-
ing figure 11 (b). Despite the irregularity in load cycles,
the proposed controller in figure 8 effectively regulates the
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DC bus voltage, with maximum undershoot and overshoot
occurring at 1 second and 6 seconds, reaching acceptable
levels of 2.96% and 3.08%, thereby demonstrating that the
deviations remain within ±5% of the setpoint value.

5.2.1 Performance comparison
The performance of the proposed HESS controller is eval-
uated in terms of settling time, as well as overshoot and
undershoot, as illustrated in figure 12. It shows that the
GA-tuned HESS controllers perform better in comparison
to conventional [45] HESS controllers.

5.3 PV-battery, SC and FC cogeneration under varying
PV irradiance and load

This case refers to PV-FC and SC maintaining power bal-
ance in coordination under DPM and SPM and battery initial
SoC is below 20%. Figure 13 (a) shows DPM operation in
1−4 s intervals while SPM mode in 4−7 s. In DPM, PV
generates power according to varying solar irradiance rang-
ing from 0 W/m2 to 150 W/m2 in bad weather conditions.
The battery cannot supply power as its SoC lies below 20%.
The FC acts as a secondary backup and maintains power
balance along with SC while battery remains in idle state.
In SPM, PV generates more than load demands as noticed
from figure 13 (a) between 4− 7 s. The surplus power is
injected into the battery and SC combination. However, SC
charge faster due to its faster dynamic response. Surplus
power is directed toward battery when SC touches its upper

Figure 12. Performance comparison (a) Settling time (b) Overshoot and
undershoot (%).

Figure 13. Simulation test results under varying PV irradiance and load
(a) Solar irradiance profile (b) Power sharing among various units (c) DC
bus voltage (d) Battery SoC.

SoC bound. Figure 13 (c, d) shows DC bus voltage profile
in bad weather conditions with disturbance in load cycle
and battery SoC respectively.
In this case, the DC bus voltage rapidly reinstates to its
set value, with the maximum overshoot and undershoot
recorded at 1 second and 5 seconds, reaching 1.06% and
0.52%, respectively.

6. Experimental results and validation
For the proposed MG configuration, illustrated in figure 2,
along with the associated controller and PMS, is further
validated through a test bench depicted in figure 14. This
test bench comprises a host computer, a mixed-signal os-
cilloscope, and an FPGA-based real-time (RT) simulator
(OP 5700). Experimental investigation into all the cases
discussed earlier is carried out using an RT simulator, with
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Figure 14. Test bench consisting of host simulator and a real time target
(Opal RT 5700).

the results outlined as follows:

6.1 PV-battery and SC cogeneration under varying PV
irradiance with constant load

The experimental results presented in figure 15-17 further
examine the DC bus VR and power balance, regardless
of variations in solar irradiance. From the comparison of
figure 9 (b) and figure 15 (b), it is evident that the power
balance variations in SPM and DPM scenarios are precisely
matching the simulation results, as described, and outlined
in section 5.1. This highlights the feasibility of proposed
control technique in maintaining power balances and DC
bus voltage. Figure 15 (b) depicts two modes of operation
i.e., SPM and DPM. In SPM mode, PV generation surpassed
the load demand. Thereby, the remaining power is directed
towards battery storage. In DPM mode, load demands are
higher than the PV generation; hence, to maintain the power

Figure 15. Experimental results under varying PV irradiation and constant
load condition (a) DC bus voltage (b) power sharing among various units.

balance, battery injects power in all situations, and high
frequency fluctuations are diverted towards the SC as shown
in figure 15 (b). Thereby, SC stores/releases power when
there is sudden rise and fall in solar irradiance level. As
a result, high-frequency stresses do not reach the battery,
which results in improved life cycles. Figure 15 (b) shows
the impacts of solar irradiance on DC bus voltage. The
maximum deviation in DC bus voltage is 1.24 V, which is
under ±5% of reference voltage of DC bus.

6.2 PV-battery and SC cogeneration under varying load
conditions

The experimental study for verifying the simulation results
explained and described in section 5.2 has been performed
using an RT simulator Op 5700. The RT results are depicted
in terms of maintaining power balance among various units
and DC bus VR irrespective of sudden load disturbances. As
displayed in figure 16 (a), proposed configuration is work-
ing in DPM between time interval of 1−6 s and in SPM,
otherwise. In DPM, load power surpasses PV generation,
and thus battery provides the necessary support by releasing
energy. While in SPM, PV generates more than the demand
and thus battery stores surplus power for further utilization.
SC plays a crucial role by compensating for high-frequency
fluctuation or disturbances in load demand, thus eliminating
stress on battery according to the control algorithm shown
in figure 8 and thus enhancing battery lifetime. Regulated
DC bus voltage waveform is displayed in figure 16 (b). The
maximum voltage deviation is 1.45 V, which is as per IEEE
standard.

Figure 16. Experimental results under varying load and constant PV
irradiance condition (a) Power distribution among various units (b) DC
bus voltage.
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6.3 PV-battery, SC and FC cogeneration under varying
PV irradiance and load

The experimental results for this case depicting load and
generation balance in terms of power are shown in fig-
ure 17 (a). Experimental results shown in figure 17 (a)
portray both DPM and SPM under the situation when bat-
tery initial SoC is below 20%. In DPM, PV power along
with battery is unable to match power demand required by
load. This power deficit is fulfilled through power gener-
ation from FC and thus DC bus voltage is restored to its
reference value. SC also helps in maintaining power balance
and restoration of DC bus voltage due to its fast dynamics.
Between 4−6 s, PV power is more than load demand i.e.,
SPM. In this mode, FC is in idle condition while surplus
power is stored in battery after SC recharge to its rated
voltage. DC bus voltage deviation is very low that can be
observed from figure 17 (b).

7. sensitivity analysis

To evaluate robustness of the controller, a simulation study
is carried out, in which the system parameters are systemat-
ically varied [46]. Three distinct cases of parameter uncer-
tainty are examined to assess the controller’s performance
under the following conditions:

Figure 17. Experimental results under varying PV irradiance and load (a)
Power sharing among various units (b) Variation in DC bus voltage.

7.1 Case-I Variation in the inductance of Battery’s BDC
by ±25 %

7.2 Case-II Variation in the inductance of the SC’s BDC
by ±25 %

7.3 Case-III Variation in the inductance of PV’s con-
verter by ±25 %

Under nominal conditions, the controller gains obtained
through GA optimization were preserved while the system
parameters were altered to introduce uncertainties for the
aforementioned cases. The results presented in figures 18-
20 demonstrate that the controller effectively manages

Figure 18. System response for case-I.

Figure 19. System response for case-II.

parametric uncertainties in a highly robust manner.

Figure 20. System response for case-III.

8. Performance with sensor noise
The performance of the controllers is evaluated rigorously
by analyzing deviations in DC bus voltage. A zero-mean
unit variance noise signal, equivalent to 5% of nominal
DC bus voltage, is introduced to DC bus voltage sensor
to simulate real-world operating conditions, as shown in
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figure 21. As shown in figure 22, the proposed controllers
demonstrate a robust capability to effectively regulate the
DC bus voltage despite the presence of sensor noise. Results
indicate that the controller can successfully mitigate the
impact of disturbances, thereby enhancing overall system
performance.

Figure 21. Sensor noise.

Figure 22. DC bus voltage with and without sensor noise.

9. Future scope
This study provides a pathway for future research to explore
additional control strategies, including Model Predictive
Control, SMC, and ANFIS, for further enhancing power
management in both islanded and grid-connected microgrid
configurations.

10. Conclusion
This article presented a GA-tuned PI control strategy for
effective power distribution and DC bus VR in a residential
MG that integrates RESs and a HESS. The simulation
studies demonstrated that the GA-tuned PI controller
maintains the DC bus voltage within ±5% of its setpoint,
as per IEEE standard 519 − 1992, even under dynamic
conditions such as load variations and changes in solar
radiation. The control method achieved a maximum
overshoot of 3.08%, an undershoot of 2.958%, and a
settling time of 44.5ms, highlighting its capability to handle
transient scenarios effectively.
The performance evaluation through sensitivity analysis
confirmed the robustness of the controllers against
parametric variations and sensor noise, showing consistent
operation across various conditions. Furthermore, the
HIL analysis conducted using OPAL-RT validated the
practical reliability of the control strategy, demonstrating
strong performance under both steady-state and transient

conditions.
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