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A B S T R A C T

Energy storage systems (ESSs) are critical to the stability, reliability, and flexibility of microgrids (MGs). 
Dependence on a single ESS constrains operational longevity due to continuous cycling and difficulties in 
regulating swift load fluctuations. To address this, hybrid energy storage systems (HESSs) integrate various 
storage technologies, which are crucial for enhancing stability, efficiency, and operational performance of the 
system. Nonetheless, advanced power management strategies are essential for achieving optimal operation of 
HESSs due to their intricate characteristics. This study introduces a hybrid energy storage power management 
system (HESPMS) that integrates a HESS with an adaptive load management system designed for a grid-isolated 
solar-powered direct current (DC) MG. The adaptive load management component of the system actively 
equilibrates demand on the consumption side, efficiently controlling alternating current (AC) loads, such as 
residential loads, in addition to managing electric vehicle (EV) charging loads. The proposed HESPMS allows the 
SC to manage transients and the battery to supply continuous power, with one source compensating for the other 
when required, while adaptively aligning load demands with available solar and storage resources to enhance the 
performance and prolong the lifespan of HESS. Leveraging a fuzzy logic-based maximum power point tracking 
(MPPT) controller maximizes solar power conversion and generation efficiency. MATLAB/Simulink simulations 
validate the proposed system’s robustness across multiple operational scenarios, demonstrating precise voltage 
regulation (±0.046), rapid settling time (20 ms), and peak overshoot of 2.53 %. These results underscore the 
system’s resilience and ability to maintain stable operation under dynamic renewable energy conditions.

1. Introduction

The development of sustainable and resilient energy systems has 
enabled the integration via MGs to integrate renewable energy sources 
(RESs), such as solar and wind, into power grids. Implementing inno
vative solutions makes MGs an important component in regions with 
intermittent electricity supply. These systems effectively localize and 
reliably provide energy from renewable resources, create high-quality 
power supplies for communities, and increase resilience [1]. ESSs are 
key components of today’s MGs that play an essential role in supplying 
reliable energy when outages occur and facilitate the smooth emergence 
of RESs [2]. ESSs attenuate the fluctuations and uncertainties associated 
with intermittent renewable generation, thereby stabilizing MGs and 
improving reliability as well as power quality while sustaining system 

performance [3]. This integration of ESSs brings economic benefits in 
terms of an improved energy balance and consumption during peak and 
off-peak hours, hence reducing operational costs by using advanced 
energy management algorithms that control energy distribution effi
ciently and support distributed generation sources [4]. ESSs enhance 
operational flexibility and resilience, thereby promoting sustainable MG 
performance across diverse environmental conditions and decreasing 
reliance on conventional energy sources [5].

ESSs are crucial for contemporary MGs; however, dependence on 
singular energy storage poses multiple challenges, such as elevated 
operational expenses, constrained lifespans, and complications in 
reconciling power density with energy capacity, thereby rendering MGs 
vulnerable to variations in load demand and renewable generation [6]. 
Batteries and SCs each possess inherent limitations, such as batteries 
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delivering high energy density but exhibiting inadequate rate capability 
and diminished cycle stability during high-rate cycling, whereas SCs 
provide high power density and swift response but lack adequate energy 
capacity for prolonged supply [7]. These drawbacks subsequently result 
in operational losses, high maintenance needs, and a loss of reliability 
under diverse environmental conditions [8]. In addition, the above 
challenges are further exacerbated by the limited charging-discharging 
rates and rapid degradation because of their frequent usage [9]. 
Therefore, using these storage devices solely for both transient power 
demands and continuous energy requirements degrades the reliability 
and efficiency of the MGs [10]. HESSs combine different storage tech
nologies to overcome the deficiencies of single-storage approaches, thus 
offering high power density and large energy capacity for high efficiency 
[11]. HESSs allow for swift responses to peak periods of demand, ensure 
a continuous supply of energy, and enhance the energy management, 
stability, and resilience of MGs with dynamic loads and varying 
renewable energy. Furthermore, it reduces operating costs and prolongs 
the lifespan of components by effectively reallocating loads between 
systems [12]. Nonetheless, HESS encounters considerable energy man
agement challenges that arise from fluctuating supply and demand, 
which leads to instability, reduced durability of storage components, 
increased operational and control complexity, and issues in achieving 
optimal power control and reliable performance [13]. Another major 
concern for MGs is stability, as system oscillations, overshoots, and long 
settling times can disturb voltage, current, and power. Conventional 
controllers are commonly used owing to their straightforward design 
and ease of implementation. Nonetheless, they frequently fail to deliver 
consistent performance under dynamic and unpredictable conditions 
[14]. On the other hand, fuzzy-logic-based control systems ensure a high 
level of stability while being able to deal with the intrinsic uncertainty 
associated with renewable sources and variable loads [15]. Thus, the 
integration of advanced control algorithms is not only advantageous but 
also imperative, ensuring efficient power distribution, mitigating oscil
lations, decreasing stress on storage units, and markedly improving the 
overall system efficiency in DC MGs.

1.1. Existing works on hybrid energy storage systems

The literature review demonstrates recent developments and meth
odologies of hybrid energy storage power management in DC MG, 
highlighting their importance in improving the efficiency and depend
ability of the system. This study aims to identify the lapses and de
ficiencies of the current operational control schemes for power 
management in variable RESs and complex MG systems through a 
complete literature review.

S. Sinha and P. Bajpai (2020) developed an adaptive fuzzy logic 
controller (AFLC) for HESS in standalone DC MG to improve power- 
sharing by addressing inefficiencies in the conventional FLCs. The pro
posed AFLC faces challenges adapting rules quickly because of fast SoC 
changes thereby producing inefficient energy management and high 
discharge rates [16]. Prashant Singh and Jagdeep Singh Lather (2021) 
proposed a power management strategy (PMS) for a standalone DC MG 
with HESS to stabilize the DC-bus voltage and reduce stress on the 
battery. However, this PMS does not incorporate a real-time adaptive 
control mechanism to manage rapid load fluctuations, potentially 
affecting stability. Additionally, it exhibits limitations in precision 
regarding power-sharing between the battery and SC under varying 
loads. In addition, it does not comprehensively evaluate PMS perfor
mance in mixed-mode operations that necessitate coordinated man
agement of the HESS [17].

Zineb Cabrane et al. (2021) proposed an energy management strat
egy for HESS, with a PI-based control strategy for DC bus voltage sta
bilization. Nevertheless, deficiencies persist in enhancing power- 
sharing, especially during peak demands, as evidenced by the slow 
battery reaction in simulation outcomes. The proposed control tech
nique shows insufficient robustness in energy distribution between 

system components according to the power-sharing graphs obtained 
with various controller constants [18]. Arunkumar C.R. et al. (2022) 
proposed a voltage-based power distribution approach for a HESS in DC 
MG, incorporating a variable bandwidth low-pass filter (VBLPF) to 
enhance the SC utilization and extend battery lifespan. The proposed 
approach is deficient in a real-time adaptive control framework for rapid 
load fluctuations and offers a minimal assessment of its efficacy in sta
bilizing DC bus voltage amid varying SC charge levels. Moreover, there 
is no adequate HESS performance analysis in mixed-mode operations, 
considering the overlapped SC and battery contributions [19].

Ali Gaeed Seger Al-Salloomee et al. (2022) developed a standalone 
DC MG using a HESS with battery and SC to manage voltage transients 
under varying load and irradiance conditions. However, the study lacks 
comprehensive power-sharing optimization between the battery and SC, 
which may reduce operational efficiency. Additionally, this work also 
falls short in addressing the synchronization complexities inherent in 
dynamic load conditions, potentially leading to instability in real-time 
applications [20]. Remache, S et al. (2022) developed an optimal PMS 
for a DC MG with a HESS, where model predictive control (MPC) is used 
for power flow optimization and stability. A significant limitation is the 
employment of a constant 280 W load in simulations, which constrains 
the assessment of the HESS dynamic response capabilities, especially its 
capacity to manage rapid load variations [21].

Punna, S et al. (2022) developed a double-input bidirectional con
verter control strategy utilizing SC dynamics for stabilizing DC MG 
voltage during solar and load disturbances. The simulation models 
operate under restricted conditions regarding load and PV variations. 
The assessment of system resilience is limited because load failure 
conditions are excluded from analysis [22]. Furqan A. Abbas et al. 
(2022) devised an efficient energy management strategy (EMS) 
employing non-linear flatness control to regulate the DC bus voltage and 
improve power quality under fluctuating load conditions, thus opti
mizing MG performance. The proposed model EMS overlooks load 
failure scenarios, potentially resulting in system instability, voltage 
fluctuations, and considerable damage to the components [23].

Suchismita Patel et al. (2023) proposed a PMS developed to optimize 
the power distribution in HESS to address the demand-generation dis
crepancies, regulate DC bus voltage, and improve dynamic stability 
through a hybrid adaptive fuzzy PD-PI controller (HAFI FPD-PI). 
Nevertheless, the coordination between the HESS and RERs during 
simultaneous operation is insufficiently addressed, hence exposing a 
shortcoming in comprehensive power distribution management [24]. 
Shafiul Alam et al. (2023) have presented a small-signal modeling 
framework (SSMF) for synthesizing a fractional-order voltage compen
sation controller in a HESS for DC MG, where the control strategy has 
employed a modified particle swarm optimization (MPSO) technique 
with the objective of identifying optimum parameters for stable power 
sharing. Nonetheless, considerable synchronization complexity persists, 
affecting system performance. Moreover, although modification to 
droop controllers improves power-sharing efficiency, the accuracy of 
load distribution is still inadequate, indicating a need for additional 
advancements in control approaches to stabilize the bus voltage [25].

Hassan Abouobaida et al. (2023) proposed a hybrid energy man
agement approach for a grid-isolated MG, which utilizes the fuzzy logic 
control (FLC) for MPPT and sliding mode control (SMC) to regulate 
power converters. This study is deficient in comprehensive evaluation 
under significant load fluctuations and renewable intermittency. It also 
depicts constrained power graph variations and limited load power 
scenarios while omitting the analysis of the HESS bidirectional opera
tion, thereby reducing robustness [26]. S. Sruthi et al. (2024) proposed a 
hybrid energy management strategy integrating the mud ring algorithm 
(MRA) and FLC to enhance power sharing in DC MG for EV charging. 
However, the proposed control strategy does not have significant out
comes that demonstrate efficient energy management performance or 
load fluctuation, particularly for EV charging. Furthermore, it does not 
examine dynamic load conditions or the optimization of HESS [27].
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1.2. Identified gaps in existing works

Table 1 summarizes the major energy management challenges in the 
existing control strategies for HESS in MG applications, which primarily 
focus on the optimization of power distribution, voltage stability, and 
dynamic load management. Some of the challenges are given below: 

• Coordination challenges between HESS and RES disrupt seamless 
energy flow during simultaneous operations.

• Numerous investigations depend on limited simulations featuring 
constant loads and neglecting load failure condition analysis, which 
constrains understanding of system resilience.

• Inadequate energy distribution, elevated discharge rates, and 
delayed responses during peak times contribute to diminished 
performance.

• The absence of systematic assessments leaves the total system per
formance unquantified, whereas contributions to mixed-mode 
operation analyses remain substantially unexplored.

• Complex design of the controller and issues with synchronization 
prevent proper load balancing.

• The stability analysis of the controllers was not thoroughly con
ducted in most of the previous research works, leading to a lack of 
rigorous evaluation of the performance and reliability of the 
converters.

1.3. Contribution of the proposed work in overcoming existing limitations

These findings highlight the necessity to develop an innovative 
approach to improve the interaction between energy management and 
EV charging systems, thus increasing the stability, reliability, and effi
ciency of power sharing. The presented study comprehensively 

addresses these shortcomings by presenting an HESPMS that ensures a 
continuous power supply in grid-isolated DC MG via reliable and 
optimal energy allocation. The proposed fuzzy logic-based MPPT 
controller efficiently tackles the issues related to the utilization of PV 
and the stability of the DC link voltage which enhances the dynamic 
stability, voltage regulation, and its response to RES fluctuations than 
the conventional approaches. The proposed HESPMS optimizes energy 
allocation among the PV system, battery, SC, residential load, and EV 
charging load. Its effectiveness has been evaluated by efficient PV uti
lization, battery discharging, and SC discharging in order to maximize 
the performance of key MG components across multiple scenarios. This 
proposed HESPMS detects previously overlooked load variations and 
failure conditions, thereby enhancing system resilience and improving 
transient performance through system synchronization. This study uses 
Simulink within MATLAB to develop a complete simulation that eval
uates system performance across various operational conditions. The 
findings indicate a significant enhancement in resilience and operational 
stability, especially for the management of fluctuating load demand in 
grid-isolated MG, with substantial implications for system robustness 
and dependability.

The primary objectives of this paper are outlined as follows: 

• Developing a HESPMS aimed at optimizing power output and pre
cisely regulating battery and SC charge-discharge cycles, ensuring 
reliable power continuity and enhanced system stability in a grid- 
isolated DC MG across variable operational scenarios.

• Implementing a fuzzy logic-based MPPT controller within the PV 
system to enhance real-time energy flow optimization in the 
HESPMS, effectively utilizing PV output and stabilizing DC link 
voltage amidst varying generation fluctuations.

Table 1 
Literature review summary of control techniques and energy management approaches for HESS integrated grid-isolated DC MG:

Ref 
no.

Hybrid energy system 
control strategy

HESS 
combination

Controller 
stability 
analysis

THD 
analysis

Voltage 
regulation

Objectives Limitations

[16] AFLC Battery + SC ━━ ━━ > ± 5 %

Improve power sharing in 
HESS by addressing 
inefficiencies of conventional 
FLCs

1. Suboptimal energy allocation 2. 
High discharge rates

[17] PMS with PI Controller Battery + SC ✓ ✓ > ± 5 %
Stabilizes DC bus voltage and 
reduces battery stress

1. No adaptive control for load shifts. 
2. Lacks mixed-mode operation 
analysis

[18] PI-Based Control Strategy Battery + SC ━━ ━━ <±10 % Stabilizes DC bus voltage for 
HESS energy management

1. Slow battery response under peak 
loads. 2. Limits power-sharing 
effectiveness

[19]
Voltage-based 
powerdistribution with 
VBLPF

Battery + SC ✓ ━━ <±10 %
Enhances SC utilization, 
extends battery life

1. Lacks real-time adaptive control. 2. 
Minimal DC bus stabilization under SC 
charge variation

[20] Voltage Transient 
Management

Battery + SC ━━ ━━ ━━
Reduces DC voltage transients 
in MG under varying loads and 
irradiance

1. Lacks optimal power-sharing. 2. 
Synchronization challenge in dynamic 
loads

[21] MPC-Based PMS Battery + SC ━━ ━━ > ± 5 %
Optimizes power flow and 
ensures stability for HESS

1. Constrained to a constant 280 W 
load. 2. Noisy DC bus voltage stability

[22]
Double-Input Bidirectional 
Converter Battery + SC ✓ ━━ <±10 %

Stabilizes DC MG voltage by 
balancing power between 
battery and SC

1. Simulations limited to specific PV 
and load variations. 2. Excludes fault 
condition analysis

[23]
Flatness Non-linear 
Control Strategy

Battery +SC+
Fuel cell ━━ ━━ > ± 5 %

Achieves high efficiency and 
stabilizes DC bus voltage Inadequate stability of DC bus voltage

[24] HAFI FPD-PI Controller Battery + SC ✓ ━━ > ± 5 %
Enhances DC bus stability and 
battery lifespan

Complex design with tuning 
challenges

[25]
Fractional-Order Voltage 
Compensation with MPSO Battery + SC ━━ ━━ > ± 5 %

Optimizes power sharing and 
stabilizes DC bus voltage

1. Exhibits a sluggish response in 
stabilizing DC Bus voltage. 2. 
Insufficient load distribution accuracy

[26] Fuzzy Logic with MPPT 
with SMC

Battery + SC ━━ ✓ > ± 5 % Effective energy allocation and 
transient load management

1. Restricted load power scenarios. 2. 
Omitted bidirectional operation 
analysis of HESS

[27] MRA with FLC Battery + EV ━━ ━━ ━━ Optimizes power sharing in DC 
MG for EV charging

1. No considerations regarding the SoC 
limit of the ESS. 2. Neglects EV 
charging performance
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• Establishing a synergistic integration of the HESS with an adaptive 
load management strategy to enhance the efficiency and resilience of 
the proposed grid-isolated DC MG system, ensuring robust perfor
mance under real-time fluctuations compared to traditional systems.

• Validating the proposed HESPMS through four key operational sce
narios—surplus energy with HESS charging, power shortfall with 
battery discharge, power shortfall with SC discharge, and power 
shortfall leading to load shedding—to assess its effectiveness in uti
lization and resilience.

• Conducting stability analysis of the controllers in the proposed sys
tem, such as the battery, SC, single-phase DC-AC inverter, and 
HESPMS controller, is essential to ensure system reliability and 
validate performance under diverse conditions. This evaluation aims 
to confirm the robustness of the presented controllers.

This paper is structured as follows: Section 2 outlines the modeling 
and control strategy of the proposed grid-isolated MG system. Section 3
demonstrates the stability analysis of the proposed system’s controllers. 
Section 4 explains the operational modes and configuration of the grid- 
isolated DC MG, along with flowcharts as well as an analysis of the 
energy management strategy algorithm. Section 5 presents the simula
tion results of four different scenarios carried out in MATLAB/Simulink. 
Section 6 provides a comparative analysis. Lastly, Section 7 concludes 
the paper.

2. Modeling and control strategy of the proposed grid-isolated 
MG system

2.1. PV modeling

A PV system consists of a PV array modeled using the single-diode 
equivalent circuit of a PV cell. The output current of the PV cell is 
calculated by [28]: 

Icell = IL − Id

(

exp
(

Vcell + IcellRS

aVT

))

− 1
)

−
Vcell + RSIcell

RP
(1) 

Id = Id.ref −

(
Tref

T

)3

× exp
(

qEgap

ak

(
1

Tref
−

1
T

))

(2) 

IL =
G
Ga

(
IL.ref +VcellΔT

)
(3) 

Here, Eq. (1) relates the output current Icell to the light-generated 
current IL, diode current Id, and losses due to series resistance RS and 
shunt resistance RP. Eq. (2) defines Id using the reference current Id,ref , 
bandgap energy Egap, thermal voltage Vt, electron charge q, Boltzmann 
constant k, and temperatures T and Tref . Eq. (3) expresses IL in terms of 
solar irradiance G, reference radiance Ga, reference light-generated 
current IL,ref , temperature variation ΔT, and short-circuit voltage Vcell.

2.2. Battery modeling

To address the challenge of intermittent renewable energy, batteries 
are being explored as an effective energy storage solution. Fig. 1 illus
trates the electrical equivalent circuit of the battery, along with its 

fundamental equations [29]: 

VBat = Vo − k
Q

Q − it
+Aexp( − Bit) (4) 

VBat = V +RBatIBat (5) 

The state of charge (SoC) of the battery [29]: 

SoCBat = SOCBat −

∫ − t

0
ηidt (6) 

In Eq. (4), VBat is the battery terminal voltage, Vo is the initial voltage, 
k is the polarization constant, Q is the capacity, i is the current, t is the 
discharge time, A is the exponential zone amplitude, and B is the inverse 
of the exponential zone time constant. Eq. (5) calculates the total output 
voltage VBat as the sum of VBat from Eq. (4), internal resistance RBat, and 
battery current IBat. Lastly, in Eq. (6) SoCBat is the SoC of the battery, η is 
the efficiency, i is the battery current, and the integral is a function for 
accumulated discharge over time.

2.3. SC modeling

Fig. 2 demonstrates the electrical equivalent circuit of an SC, eluci
dating its voltage responsiveness and energy storage characteristics via a 
controlled voltage source model [30]. 

VT =
NsQTd

NpNeℇℇ0Ai
+

2NeNsRT
F

sin− 1

(
QT

NpN2
e Ai

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8RTeℇℇ0c

√

)

(7) 

ESC,max =
1
2
CscV2

SC,max (8) 

Csc
dVSC

dt
= − ISC (9) 

In Eq. (7), VT is the SC terminal voltage, Ns is the number of series 
units, QT is the total charge, Np is the number of parallel units, ℇ0 is the 
permittivity of free space, Ai is the electrode area, d is the electrode 
distance, Ne is the electron count, R is the gas constant, T is the tem
perature, F is Faraday’s constant, and ℇ is the electrolyte permittivity. In 
Eq. (8), ESC,max is the maximum energy stored in the SC, Csc is the SC 
capacitance, and Vsc,max is the maximum voltage. Eq. (9) defines dVSC

dt as 
the rate of voltage changes over time, and ISC as the current through the 
SC.

2.4. Residential load modeling

Fig. 3 illustrates a circuit diagram of a residential load with an LC 
filter linked to a DC-AC inverter output, facilitating a smooth sinusoidal 
voltage at the load by eliminating switching ripples. Below are the 
equations for the inductor current, capacitor voltage, and load voltage 
behavior [31]: 

L
diL(t)

dt
= Vinverter(t) − Vc(t) (10) 

C
dVc(t)

dt
= iL(t) − iLoad(t) (11) 

Fig. 1. The electrical equivalent circuit of battery [29]. Fig. 2. The electrical equivalent circuit of SC [30].
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Power Balance at the Load: 

PLoad(t) = Vc(t)× iLoad(t) =
V2

c (t)
RLoad

(12) 

Here, Eqs. (10) and (11) represent the inductor current and capacitor 
voltage, respectively. L is inductance, C is capacitance, iL(t) and 
Vinverter(t) is inductor current and voltage, iLoad is current through the 
load, RLoad is the load resistance, Vc(t) is the voltage across the load.

2.5. EV charger load modeling and control strategy

Fig. 4 illustrates the circuitry and control mechanism of a unidirec
tional DC-DC boost converter utilized in an EV charger. This method 
regulates the current from a DC bus to the EV charger by adjusting the 
duty cycle with pulse width modulation. The following are the equations 
of the system’s behavior [32]: 

L
diL(t)

dt
= VDC × d(t) − VEV (13) 

C
dVEV(t)

dt
= iL(t) − iEV(t) (14) 

Eq. (13) represents the inductor current dynamics, and Eq. (14)
capacitor voltage dynamics. Here, L is inductance, C is capacitance, 
diL(t) is the inductor current, VDC is DC bus voltage, VEV is output EV 
voltage, iEV is EV charging current, d(t) duty cycle from PWM. Here, Kp 

and Ki are proportional and integral gains.
Error Signal for power balance: 

ep = PGen − PResidentialload − PEVload (15) 

PI Controller output: 

d(t) = Kp
(
iref − iEV

)
+ Ki

∫
(
iref − iEV

)
dt (16) 

2.6. Single-phase inverter modeling and control strategy

Fig. 5 shows a single-phase full-bridge inverter converting DC to AC 
for the AC load using four switches (S₁ − S₄) in an H-bridge configura
tion. The general equations of a full bridge inverter are given below 
[33]: 

Vout(t) =
VDC

2
(ma × sin(ωt) ) (17) 

Vout = VDC ×(S1S4 − S2S3) (18) 

In Eq. (17), Vout is the output voltage of the inverter, VDC is the DC bus 
voltage, ma is the modulation index, and ω is the angular frequency of 
the output AC signal. Eq. (18) describes the output voltage based on the 
switch states, where S1, S4, S2, S3 are the binary states (0 or 1) of the 
switches.

2.7. Proposed MPPT adaptive fuzzy logic integrated controller

Fig. 6 illustrates the block diagram of the MPPT system implement
ing an FLC. The controller uses the inputs ΔPPV and ΔVPV that are scaled 
by factors of α1 and α2 respectively. The controller generates an 
appropriate reference voltage 

(
VPV,ref

)
to the interfacing converter. 

These inputs are then processed by the FLC, comprising, in general, 
three major stages: fuzzification, which converts crisp inputs into fuzzy 
values; the fuzzy inference engine, which applies membership functions 
and rules; and defuzzification, which converts fuzzy outputs back to 
crisp values. The output D[α] ultimately regulates the duty cycle of the 
power converter for optimal performance under different situations.

The FLC rule Table 2 specifies control actions based on two inputs: 
the error e(t) and its variation d(t), with entries representing control 
outputs: EL (Extremely Low), ES (Extra Small), ZO (Zero), OS (Over
shoot), and OL (Over Limit). This table serves as the basis for the fuzzy 
controller to facilitate the use of fine-tuning that is aimed at enhancing 
the performance of the system.

Fig. 4. Modeling and control of unidirectional DC-DC converter for EV 
charging [32]. Fig. 5. Modeling and control of single-phase full bridge inverter.

Fig. 3. The circuit diagram of residential load.
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2.8. Modeling of proposed HESPMS controller

The HESPMS controller demonstrated in Fig. 7 utilizes a fuzzy logic- 
based MPPT to optimize PV power extraction through analysis of power 
change rate 

(
dPpv/dt

)
and voltage change rate 

(
dVpv/dt

)
. The power- 

sharing control structure depends on a hierarchical system that uses PI 
controllers with low-pass filters to regulate power distribution between 
PV, battery, and SC units. The battery and SC current controllers use 
limiting functions with SoC limits to maintain charging/discharging 
operations. The proposed HESPMS uses feedback loops to adjust refer
ence currents 

(
Iref
)

which results in optimal power distribution. The 
bidirectional converters operate with PWM signals to ensure smooth 
power transfer and optimize system performance along with stability.

3. Stability analysis of the proposed system’s controllers

This section provides a detailed stability analysis of the battery and 
SC controllers with a buck-boost configuration along with the single- 
phase inverter controller, to confirm the dynamic stability of the pro
posed system. Also, the stability of the proposed HESPMS controller is 
assessed through Bode plots, with its step response highlighting its su
perior performance compared to existing approaches. Such assessments 
further strengthen the effectiveness of the proposed control strategy in 
preserving system stability while maximizing system overall perfor
mance. The small-signal transfer functions governing the buck-boost 
operation of the battery and SC controllers are [34]: 

GBoost
id (s) =

2Vdc

RD1

⎛

⎜
⎜
⎝

1 + sRC
1 + s L

RD2
1
+ s2LCD2

1

⎞

⎟
⎟
⎠ (19) 

GBuck
id (s) =

VESS

RD2

⎛

⎜
⎝

1 + sRC
1 + s L

R + s2LC

⎞

⎟
⎠ (20) 

For the single-phase inverter controller, the dynamics are [34]: 

Gvi(s) = −
Vinverter

2CdcVdcs
(21) 

Table 3 shows the transfer functions derived by applying Eqs. (19)– 
(21) to the proposed battery converter and, SC converter and single- 

Fig. 6. Block diagram of MPPT-based FLC with membership function.

Table 2 
FLC rule table.

e(t) d(t)

EL ES ZO OS OL

EL EL EL ES ZO OS
ES EL ES ES ZO OL
ZO ES ES ZO OS OL
OS ZO ZO OS OL OL
OL OS OS OL OL OL

Fig. 7. Hybrid energy storage power management system (HESPMS) controller.
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phase DC-AC inverter controller. The transfer functions analyze the 
dynamic characteristics of each component, which helps understand 
stability and performance behavior.

3.1. Hybrid energy storage system stability analysis

The battery controller operates in Boost mode (a) and Buck mode (b) 
through comparison of VBat,ref to VDC to regulate output voltage shown in 
Fig. 8. PI controller GBat

PI handles the error signal to modify the battery 
current iBat while the battery converter dynamics are controlled by 
transfer functions GBoost

Bat (s) and GBuck
Bat (s) to maintain stable voltage 

regulation with proportional and integral gains KBat
p and KBat

i .
The Bode diagrams in Fig. 9 show the battery controller’s perfor

mance in both Boost mode (a) and Buck mode (b). The compensated 
system in Boost mode provides better stability through higher gain while 
simultaneously reducing phase lag. The controller in Buck mode delivers 
enhanced phase margin together with smoother phase response and 
increased frequency stability across the range which surpasses the un
compensated system in both modes of operation.

The SC controller operates in Boost mode (a) and Buck mode (b) 
through a comparison of VSC,ref to VDC to regulate output voltage as 
shown in Fig. 10. PI controller GSC

PI handles the error signal to modify the 

Fig. 8. Block diagram of closed loop battery controller (a) Boost mode (b) Buck mode.

Fig. 9. Bode diagram of the battery controller (a) Boost mode (b) Buck Mode.

Fig. 10. Block diagram of closed loop SC controller (a) Boost mode (b) Buck mode.

Table 3 
Transfer functions of the proposed system controllers.

Components Boost mode Buck mode

Battery 
converter

GBoost
bat (s) =

23
(
s + 2.9 × 105)

0.0001917s2 + 27.78s + 30

GBuck
bat (s) =

1.38s + 200000
2.76 × 10− 6s2 + 0.4s + 50

SC converter
GBoost

SC (s) =

23
(
s + 2.9 × 105)

0.0001917s2 + 27.78s + 30

GBuck
SC (s) =

2.53477s + 369230.77
2.76 × 10− 6s2 + 0.4s + 40

DC-AC 
Inverter

GINV(s) = −
694.44

s
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SC current iSC while the SC converter dynamics are controlled by transfer 
functions GBoost

SC (s) and GBuck
SC (s) to maintain stable voltage regulation 

with proportional and integral gains KSC
p and KSC

i .
The Bode diagrams in Fig. 11 show the SC controller’s performance 

in Boost mode (a) and Buck mode (b). In both modes, the compensated 
system offers higher stability, with better gain and phase margin 
compared to the uncompensated system. The compensated system also 
reduces phase lag at higher frequencies in both modes.

3.2. Single-phase inverter stability analysis

Fig. 12 shows the single-phase DC-AC inverter controller uses a 
closed-loop system to regulate the output voltage Vout through the 

comparison between VDC,ref the reference voltage and actual voltage. 
The error signal passes through the PI controller GINV

PI to control the 
inverter current IINV through proportional gain KINV

p and integral gain 
KINV

i . The inverter controls its responses through the small-signal 
transfer function (GINV(s) ). This regulates its function to input and 
output condition alterations. The feedback mechanism in this control 
system guarantees steady voltage control along with consistent single- 
phase inverter operation.

Bode diagram in Fig. 13 demonstrates the performance of a single- 
phase inverter controller. The compensated system maintains a steady 
magnitude response while delivering an improved phase margin as 
compared to the uncompensated system. The compensated system 
achieves reduced phase lag thus ensuring better stability and frequency 

Fig. 12. Block diagram of closed loop single-phase inverter controller.

Fig. 13. Bode diagram of single-phase inverter controller.

Fig. 11. Bode diagram of the SC controller (a) Boost mode (b) Buck Mode.
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response control at high frequencies for improved inverter performance.

3.3. HESPMS stability analysis

The stability analysis of the HESPMS is conducted through 
frequency-domain and time-domain evaluations. The study compares 
HESPMS performance against systems from [17,19,22,26] in frequency 
response and [17,19,24,26] for transient response evaluation which 
showcases HESPMS’s fast response and low overshoot alongside high 
reliability in dynamic scenarios.

The stability analysis of the HESPMS is based on its transfer function: 

GHESPMS(s) =
8.64s + 86.4672

3.33 × 10− 2(s + 10.427)
(
s + 2.49 × 102

) (22) 

In Fig. 14 the developed HESPMS shows superior performance when 
compared to the systems reported in previous studies. In terms of 
magnitude, HESPMS maintains a flat response at 0 dB up to 10− 2rad/s, 
demonstrating minimal attenuation at low frequencies. In contrast, the 
system [22] starts to decline around 101 rad/s, [19] after 101 rad/s, and 
system [26] begins a similar decline at 101 rad/s, with all systems 
experiencing a steeper fall in magnitude at higher frequencies. Specif
ically, HESPMS has a more gradual magnitude drop, especially beyond 
102 rad/s, whereas [22] exhibits a sharper drop and quicker attenuation 
past the same frequency.

The phase response of the proposed HESPMS begins at 0◦ degrees 
before transforming into − 90◦ degrees while displaying low-pass filter 
characteristics. The other systems exhibit phase shifts that progress to
ward − 90◦ degrees at frequencies near 102 rad/s (for [19,22]) but create 
sharper transitions when compared to HESPMS. Lastly, [22] stabilizes at 
− 90◦ rapidly along with HESPMS, while the phase shift in [17,26] is 
similarly smoother but occurs at higher frequencies.

In Fig. 15 HESPMS shows a settling time of approximately 0.03 s, 
with no significant overshoot. The rapid response and absence of oscil
lations show that HESPMS reaches its steady-state value without sig
nificant deviation thus proving excellent transient characteristics and 
stability. In comparison, the system from [24] exhibits a settling time of 
0.25 to 0.3 s and an overshoot of 5 %. The system achieves stability 
between 0.5 and 0.6 s as it maintains an overshoot at 10 % according to 
[19]. The system needs between 0.45 and 0.5 s according to [26] to 
reach the settling time at 7 % overshoot although [17] achieves the 
settling time between 0.5 and 0.6 s with 3 % overshoot. These compared 
systems demonstrate slower stabilization and larger oscillations, leading 
to prolonged settling times and potential instability in dynamic 
conditions.

Overall, HESPMS outperforms other systems by offering smoother, 
more consistent responses across the frequency range, with lower 

attenuation and more gradual phase transitions. Also, the proposed 
HESPMS achieves faster settling times and minimal overshoot, making it 
a more efficient and reliable choice for applications requiring rapid 
stabilization and robust performance under dynamic disturbances.

4. Proposed grid-isolated DC MG system

Fig. 16 illustrates the proposed grid-isolated MG system, which in
corporates a PV array alongside a HESS consisting of a battery and SC to 
supply power for residential and EV charging loads.

The fuzzy logic-based MPPT controller assures optimal utilization of 
PV energy. The DC-DC boost converter regulates the voltage from the 
previous stage to connect to a 48 V DC bus. The propsed system enables 
an uninterrupted operation by controlling the distribution of power in 
various scenarios. The battery soothes out long-term power fluctuations, 
while the SC oversees transient fluctuations and high-frequency fluctu
ations to provide a quick response against sudden changes in load and to 
reduce further stress on the system. The HESS is coupled with a bi- 
directional converter to be able to manage the flow of energy effec
tively. The residential loads are powered by the DC bus through a DC-AC 
inverter, which incorporates an LC filter to produce pure sinusoidal AC, 
and the DC-DC converter delivers power to the EV charging load at the 
same time. Thus, effectively managing the dynamic loads of the system. 
This architecture ensures efficient power distribution by integrating 
renewable generation, energy storage, and flexible load management.

Table 4 presents the specifications for a proposed MG system by 
listing PV voltage, current, power, battery ratings and other system 
component specifications together with their respective values and 
units.

Fig. 14. Bode plot comparison between the proposed HESPMS and existing systems.

Fig. 15. Step response comparison between the proposed HESPMS and exist
ing systems.
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4.1. Operational modes of the proposed grid-isolated DC MG system

Fig. 17 flowchart presents an outline of the power management 
framework for the proposed grid-isolated MG system. This process will 
begin with the measurement of key power variables of the system, such 
as PV generation (PPV), battery power (PBat), SC power (PSC), total 

generated power (PGen), and load demand (PLoad). The system also 
monitors the SoC limits for the battery and SC to maintain their opera
tional ranges ensuring the safety of the storage devices.

During the first operation, when PV power is more than the load 
demand (PPV > PLoad) the excess power mode is activated. This permits 
the stored excess energy, represented as PExcess, within the battery and 
SC to work with maximum efficiency in terms of energy utilization. 
When power generation is not adequate to meet load demands (PGen <

PLoad), the system checks the availability of ESS in order to mitigate the 
deficiency state. In this second case, when both energy storage units are 
available, the shortage, hereafter called PDeficit , is supplied by discharg
ing the battery. On the other hand, in the third case, if there is only an SC 
storage unit in operation, that unit will discharge to meet the shortfall, 
represented by PBat,Discharge = PDefecit or PSC,Discharge = PDefecit . In the last 
scenario, both the PV system and the storage units are unable to meet the 
total load demand. Thus, load shedding is executed which leads to the 
total load being disconnected (PLoad = 0) to ensure the system’s stability. 
This framework ensures energy management is carried out systemati
cally and efficiently due to its ability to change power generation, and 
demand in a way that maintains operational stability, regardless of 
changes in conditions.

4.2. Energy management strategy algorithm for the proposed HESPMS

The objective of this power management algorithm is to achieve 
optimized energy flow to maintain a proper balance between supply and 
demand for different operational modes. Four specific case studies have 
been shown below, each of the cases represents a distinct operational 
state of the proposed system.

4.2.1. Case 1: surplus energy generation and HESS charging
In this scenario, the power generated by the PV system (PPV) exceeds 

the total load demand. The total load (PLoad) consists of the EV load (PEV)

and the residential load (PRL).

Fig. 16. Block diagram of the proposed grid-isolated DC MG System.

Table 4 
Specifications of parameters of proposed MG System.

S. no Description Values Unit

1 PV voltage 38 V
PV current 7.35 A
PV maximum power 6400 W
Battery voltage 24 V

2

Battery rating 200 Ah
SoC 15–95 %
Nominal discharge current 86.85 A
SC voltage 48 V

3 SC capacitance 1250 F
SoC 20–90 %

4 Residential Constant load 1700 W
Residential Varying load 0∼2500 W

5
EV Constant Load 1200 W
EV Varying Load 0∼2400 W

6
Battery converter inductor 0.459 mH
Battery converter capacitor 0.015 F

7
SC converter inductor 0.459 mH
SC converter capacitor 0.020 F
Switching frequency 10 kHz

8
Battery current controller gain KBat

p =0.0169, KBat
i =0.1763 –

SC current controller gain KSC
p =0.0169, KSC

i =0.1763 –
PV Boost converter inductor 0.2996 mH

9 PV Boost converter capacitor 0.649 F
Switching frequency 10 kHz

10 DC bus voltage controller gain KBus
p =0.1493, KBus

i =0.1783 –
11 DC bus voltage 48 V
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The power generated by the PV system: 

PPV = VPV × IPV (23) 

Here, VPV and IPV is the voltage and current generated by the PV 
system respectively.

Total generated power including the HESS: 

PGen = PPV +PBat +PSC (24) 

In Eq. (24) PBat and PSC represent the power produced by the battery 
and SC, respectively.

The load demand which considers residential loads and multiple EVs: 

PLoad = PRL +
∑NEV

j=1
PEV (25) 

Here, in Eq. (25) PRL is the power consumption of the residential 

load, NEV is the number of EV chargers, PEV is the power consumption of 
the EV charging load.

As the generation of PV power surplus, the total load demand: 

PPV > PLoad→PGen > PLoad (26) 

The available excess power PExcess is: 

PExcess = PPV − PLoad (27) 

The excess power is utilized by This excess power is utilized to charge 
both the battery and the SC. 

PExcess = PBat,chg +PSC,chg (28) 

As charging, the power flows into the battery and SC, so the power 
contributions PBat and PSC are negative. Thus, 

Fig. 17. Flowchart of the energy management strategy algorithm of the proposed system.
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PBat = − PBat,chg
(
With PBat,chg > 0

)
(29) 

PSC = − PSC,chg
(
With PSC,chg > 0

)
(30) 

The overall power balance in this system: 

PPV = PLoad +PBat,chg +PSC,chg (31) 

This is the operational range within which the SoC is required to 
operate. 

Battery SoC Constraints : SoCmin
Bat ≤ SoCBat ≤ SoCmax

Bat (32) 

SC SoC Constraints : SoCmin
SC ≤ SoCSC ≤ SoCmax

SC (33) 

Here, SoCmin
Bat and SoCmax

Bat are the minimum and maximum SoC for the 
battery. SoCmin

SC and SoCmax
SC are the minimum and maximum SoC for the 

SC. This Eqs. (32) and (33) prevent the HESS from over-discharge or 
overcharge.

Charging transpires under the following conditions: 

For the Battery :

{
PBat,chg > 0

SoCBat < SOCmax
Bat

(34) 

For the SC :

{
PSC,chg > 0

SoCSC < SoCmax
SC

(35) 

This Eqs. (34) and (35) assure that charging occurs solely when there 
is available capacity in the storage devices.

The objective of the HESPMS is to optimize energy flow by balancing 
supply and demand. This is done by minimizing the squared difference 
between PV generation, load demand, and the charging power of the 
battery and SC over the time period 

[
tinitial, tfinal

]
. Mathematically, this is 

expressed as: 

min

⎧
⎨

⎩

∫tfinal

tinitial

[PPV − PLoad − PBat − PSC]
2dt

⎫
⎬

⎭
(36) 

4.2.2. Case 2: power shortfall with battery discharge
In this scenario, the power generated by the PV system (PPV) is 

insufficient to meet the total load demand. As a result, the battery dis
charges to supply the additional power required by the load. Thus, 

PPV < PLoad (37) 

The deficit power required from the battery is: 

PDeficit = PLoad − PPV (38) 

The deficit power is compensated by discharging the battery, 

PDeficit = PBat,dis (39) 

The overall power balance in the system during the power shortfall 
is: 

PPV +PBat,dis +PSC,dis = PLoad (40) 

The operational range of HESS, within which the SoC is required to 
operate is given in Eqs. (32) and (33).

For this case, the battery discharges under the following conditions, 
and upon reaching this threshold, discharging ceases to prevent damage: 
{

PBat,dis > 0, if SoCBat > SoCmin
Bat

PBat,dis = 0, if SoCBat ≤ SoCmin
Bat

(41) 

The objective of the HESPMS is to minimize the power shortfall by 
efficiently utilizing the stored energy of the battery. This is accom
plished by minimizing the squared deviation between the load demand 
and the aggregate power from the PV system, the SC, and the dis
charging battery, over the specified time interval 

[
tinitial, tfinal

]
. 

Mathematically, this is expressed as: 

min

⎧
⎨

⎩

∫tfinal

tinitial

[
PLoad −

(
PPV + PSC,dis + PBat,dis

) ]2dt

⎫
⎬

⎭
(42) 

4.2.3. Case 3: power shortfall with SC discharge
In this scenario, the power generated by the PV system (PPV) and the 

battery (PBat) is insufficient to meet the total load demand. As a result, 
the SC discharges to supply the additional power required by the load. 
Thus, the condition, 

PPV +PBat < PLoad (43) 

The deficit power required from the battery is: 

PDeficit = PLoad − (PPV +PBat) (44) 

The deficit power is compensated by discharging the SC, 

PDeficit = PSC,dis (45) 

The overall power balance in the system during the power shortfall 
is: 

PPV +PBat +PSC,dis = PLoad (46) 

The operational range of HESS, within which the SoC is required to 
operate is given in Eqs. (32) and (33).

For this case, the SC discharges under the following conditions, and 
upon reaching this threshold, discharging ceases to prevent damage: 
{

PSC,dis > 0, if SoCSC > SoCmin
SC

PSC,dis = 0, if SoCSC ≤ SoCmin
SC

(47) 

The objective of the HESPMS is to minimize the power shortfall by 
efficiently utilizing the stored energy of the SC. This is accomplished by 
reducing the squared deviation between the load demand and total 
power from the PV system, the battery, and the discharging SC, during 
the specified time 

[
tinitial, tfinal

]
. Mathematically, this is expressed as: 

min

⎧
⎨

⎩

∫tfinal

tinitial

[
PLoad −

(
PPV + PBat + PSC,dis

) ]2dt

⎫
⎬

⎭
(48) 

4.2.4. Case 4: power shortfall leading to load shedding
In this scenario, the PV system (PPV), battery (PBat), and SC (PSC)

cannot meet the total load demand. Thus, load shedding mode is 
employed to mitigate the power imbalance. The objective of the power 
management plan is to optimize system energy distribution by mini
mizing the sum of total load demand. This will, therefore, ensure pro
tection against overloading and instability during shortage periods. This 
condition is expressed by: 

PPV +PBat +PSC < PLoad;Hence,PGen < PLoad (49) 

Additionally, the SoC for both the battery and the SC are below their 
minimum thresholds: 
{

SoCBat,min > SoCBat
SoCSC,min > SoCSC

(50) 

Due to the power shortfall, the total load is disconnected, and initiate 
the load shedding: 

PLoad = 0 (51) 

The system enters load-shedding mode and remains in this state until 
PV power is sufficient to satisfy the load demand. After exiting load- 
shedding mode, the HESPMS seeks to optimize the use of available PV 
power for battery charging while satisfying load demand. Excess power 
remaining after the load supply is directed toward battery charging, 
while the inactive SC sustains power balance without necessitating 
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power transmission. Thus: 
⎧
⎨

⎩

PPV > PLoad
PPV = − PBat,chg

PSC = 0
(52) 

The power balance equation: 

PPV +PBat +PSC = PLoad (53) 

Since, the PPV > PLoad and PSC = 0, and considering PBat = − PBat,chg 

PPV − PBat,chg = 0 (54) 

Hence, Eq. (54) confirms that all PV power is used to charge the 
battery.

The operational range of HESS, within which the SoC is required to 
operate is given in Eqs. (32) and (33).

The primary objective of the HESPMS is to maximize the utilization 
of available PV power for battery charging after load shedding. This is 
achieved by maximizing the integral of the charging power of the bat
tery, using the available PV power over the time 

[
tinitial, tfinal

]
. Mathe

matically, this is expressed as: 

maxPBat,chg

⎧
⎨

⎩

∫tfinal

tinitial

PBat,chgdt

⎫
⎬

⎭
(55) 

5. Results and discussion

The proposed system is assessed using the grid-isolated MG with a 
HESS and dynamic loads comprised of residential consumption and EV 
charging load as illustrated in Fig. 16. The proposed system is simulated 
in MATLAB/Simulink operating under four scenarios, each operating for 
4 s. Four operating modes with varying generation and load demands 
are simulated to assess the effectiveness and reliability of the proposed 
HESPMS during rapid changes in operating conditions.

5.1. Case 1: surplus energy generation and HESS charging

The PV system generated a surplus of power, exceeding the total load 
demand in this scenario. In Fig. 18 (h), from 0 to 1 s, the PV power 
reached approximately 3800 W, and the loads remained at around 1700 
W for the residential load and 1200 W for the EV load. Both the resi
dential and EV load demands are fully met by the PV power generation. 
Meanwhile, the battery was charging at a rate of − 900 W. The SoC 
profiles of the HES are shown in Fig. 18 (e) and (f). Between 1 and 2 s, 
the PV power increased to 4500 W, whereas the EV load increased to 
2400 W, with the residential load remaining at 1700 W. The battery is 
charging at a rate of − 400 W. Within 2 to 3 s, the EV load decreased to 
1200 W, while the residential load increased to 2600 W. Simultaneously, 
the PV power generation increased to 5100 W. From 3 to 4 s, the resi
dential load decreased to 1700 W, maintaining the EV load at 1200 W, 
and the PV power further increased to 6400 W. Under transient condi
tions, the SC contributes to stability and alleviates the stress on the 
battery.

Fig. 18 (a) shows the solar irradiation graph. Fig. 18 (b) illustrates 
the PV voltage and current, while Fig. 18 (c) shows the DC link voltage, 
which remains stable and smooth throughout the entire period, exhib
iting only minor spikes that confirm the system stability. Fig. 18 (d) 
demonstrates smooth sinusoidal output confirming the stability and 
adaptability of the inverter to varying HESS. Total Harmonic Distortion 
(THD) values of the inverter output in the proposed system are shown in 
Fig. 18 (g), which shows that the THD is 2.13 % for voltage and 2.34 % 
for current. These values are less than the IEEE standard limit of 5 % to 
confirm the acceptable power quality of the system.

5.2. Case 2: power shortfall with battery discharge

The power produced by the PV system is insufficient to fulfill the 
total load demands in this scenario. The battery storage discharges to 
provide the additional power needed by the load, while the SC enhances 
stability and reduces stress on the battery during this time. Fig. 19 (h) 
illustrate that from 0 to 1 s, the PV output power is approximately 2500 
W, which is insufficient to meet the total load demand. Therefore, this 
power deficit of 400 W was compensated by discharging the battery to 
balance the power. During this time, SC stabilizes the system by 
providing transient power for a short period of time. Between 1 and 2 s, 
the PV power decreased to 1800 W, the EV load demand increased to 
2400 W, and the residential load remained at 1700 W. To fill the gap, the 
battery started discharging at 2300 W. Between 2 and 3 s, the PV power 
decreased to 1200 W, whereas the residential and EV loads were at 2600 
W and 1200 W, respectively. The battery discharge rate increased to 
2600 W to address the power deficit. Between 3 and 4 s, the irradiation is 
minimal with a PV power of 600 W, corresponding to the residential 
load of 1700 W, and the EV load of 1200 W, Thus, the battery dis
charging at 2300 W to meet the deficit.

In Fig. 19 (e) and (f) illustrate the SoC of the HES in this mode. Fig. 19
(c) illustrates the DC link voltage, which exhibited only minor spikes 
during transient conditions, thereby confirming system stability. Fig. 19
(a) shows the solar irradiation graph. Fig. 19 (b) shows the PV voltage 
and current output. Fig. 19 (d) illustrates the MG inverter voltage and 
current characteristics, showing smooth sinusoidal waveforms that 
validate the inverter stability and adaptability. THD values of the 
inverter output of the proposed system are shown in Fig. 19 (g), which 
shows that the THD is 2.03 % and 2.05 % for voltage and current, 
respectively. The values are well below the threshold of 5 % according to 
the IEEE standard for acceptable power quality.

5.3. Case 3: power shortfall with SC discharge

The power generated by the PV system and the battery falls short of 
meeting the total load requirements in this scenario. The SC discharges 
to supply additional power required by the load. In Fig. 20 (h), from 0 to 
1 s, 2500 W of PV power was produced, and the residential and EV loads 
were 1700 W and 1200 W, respectively. The battery provided the 
remaining 300 W to fill the power gap. Between 1 and 2 s, the residential 
load demand rises to 2600 W, the EV load remains at 1200 W, and the PV 
power falls to 1100 W. In this period, the load demand surpasses the 
total capacity of the PV system while the battery reaches its minimum 
SoC limit. To maintain a steady power supply, the SC began supplying 
2700 W. This results in a brief spike in the DC link voltage that stabilizes 
within a few milliseconds, as seen in Fig. 20 (c). Between 2 and 3 s, the 
PV power generation decreased to 600 W, the residential load dropped 
to 1700 W, and the EV load increased to 2400 W. The SC compensates 
for this by providing 3500 W. Then, from 3 to 4 s, the PV power 
decreased to 150 W, whereas the residential and EV loads decreased to 
1700 W and 1200 W, respectively. During this period, the SC supplied 
2750 W to balance the load demand, acting as the primary backup 
power source.

Fig. 20 (f) illustrates the SoC of the SC during the discharging mode 
between 1 and 4 s. When the minimum SoC threshold for the battery was 
reached at 1 s, the battery was disconnected from the system, as indi
cated in Fig. 20 (e). Fig. 20 (a) shows the solar irradiation graph. Fig. 20
(b) displays the PV voltage and current, whereas Fig. 20 (c) demon
strates the stability of the DC-link voltage. Fig. 20 (d) illustrates the MG 
inverter voltage and current characteristics, showing smooth sinusoidal 
waveforms that validate the system’s stability and adaptability. In THD 
values of the inverter output of the proposed system are shown in Fig. 20
(g), which shows that the THD is 2.61 % and 2.73 % for voltage and 
current, respectively. The values are well below the threshold of 5 % 
according to the IEEE standard for acceptable power quality.
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Fig. 18. (a) Solar irradiation, (b) PV voltage and current, (c) DC link voltage, (d) Inverter voltage and current, (e) Battery SoC, (f) SC SoC, (g) THD of inverter’s 
output voltage and output current, (h) Power management profile.
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Fig. 19. (a) Solar irradiation, (b) PV voltage and current, (c) DC link voltage, (d) Inverter voltage and current, (e) Battery SoC, (f) SC SoC, (g) THD of inverter’s 
output voltage and output current, (h) Power management Profile.
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Fig. 20. (a) Solar irradiation, (b) PV voltage and current, (c) DC link voltage, (d) Inverter voltage and current, (e) Battery SoC, (f) SC SoC, (g) THD of inverter’s 
output voltage and output current, (h) Power management profile.
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Fig. 21. (a) Solar irradiation, (b) PV voltage and current, (c) DC link voltage, (d) Inverter voltage and current, (e) Battery SoC, (f) SC SoC, (g) THD of inverter’s 
output voltage and output current, (h) Power management profile.
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5.4. Case 4: power shortfall leading to load shedding

The PV system, battery, and SC are insufficient to fulfill the total load 
demand in this scenario, necessitating load shedding to mitigate the 
power imbalance. The HESPMS optimizes energy distribution by mini
mizing load demand and providing protection against overloads and 
instability during power shortages. Fig. 21 (h) illustrates the power 
management profile for the operation. In Fig. 21 (h), from 0 to 1.37 s, the 
PV system provides a steady output of 1850 W, the residential load was 
1700 W, and the EV load demand was 1200 W. The battery supplies the 
1050 W to fulfill deficit. Between 1.37 and 3 s, the PV power decreases to 
800 W, which fails to meet the total load demands. The battery reaches 
the minimum SoC threshold at 1.37 s and SC also discharged upon 
reaching the minimum SoC threshold at 0.1 s, as shown in Fig. 21 (e) and 
(f). Thus, load shedding is initiated. Both residential and EV loads are 
disconnected to prevent further discharge and potential instability. 
During this period, the MG inverter was shut down, as illustrated in 
Fig. 21 (d). Fig. 21 (h) shows, that between 3 and 4 s, the PV output 
increases to 4100 W. This increased generation allows the system to fully 
supply the residential load of 1700 W and EV load of 1200 W. With 
sufficient PV power, load shedding was deactivated, and the battery was 
reconnected. The surplus PV power charges the battery at a rate of 
− 1200 W. The system manages power fluctuations through load shed
ding and enables a return to normal operation when power generation 
meets demand.

During this scenario, as illustrated in Fig. 21 (c), the DC link voltage 
consistently maintained a value of 48 V, thereby validating the system’s 
stability. Fig. 21 (a) shows the solar irradiation graph. Fig. 21 (b) 

displays the PV voltage and current. The THD analysis of the system 
inverter’s output, shown in Fig. 21 (g), indicates voltage and current 
values are at 1.95 % and 2.01 %, well below the IEEE 5 % threshold for 
acceptable power quality. Table 5 shows the power flow response to 
changes in irradiation and load for the proposed system, detailing the 
interaction between the PV system, battery, SC, and loads across four 
cases. It also presents the corresponding SoC state for the battery and SC.

6. Comparative analysis

6.1. Comparison of the proposed HESPMS with the existing studies

In this section, the proposed HESPMS is compared with the existing 
studies documented in the literature. The comparison was carried out 
based on the following critical factors: DC bus voltage, dynamic load 
capability, EV charger integration, power management strategy, and 
load-shedding mode. By analyzing each of these aspects, we demon
strate that our proposed HESPMS exhibits superior performance and 
effectiveness compared to the existing system. Table 6 details the ad
vantages of the proposed technique concerning the primary challenges 
encountered in energy system management.

6.2. Proposed FLC-based MPPT and conventional MPPT controller 
comparison

Here, Table 7 presents a quantitative comparison between the pro
posed fuzzy logic-based MPPT control and conventional MPPT control 
methods. The focus of the analysis is mainly on three important 

Table 6 
Comparison between proposed HESPMS and existing DC MG systems.

Ref. Authors DC-bus voltage Dynamic load capability Power management strategy EV charger integrated Load shedding mode

[17] P. Singh and J. Singh Lather (2021) Stable Available Present No Not Provisioned
[19] Arunkumar C.R. et al. (2022) Stable Unavailable Present No Not Provisioned
[21] S. Remache et al. (2022) Noisy Unavailable Present No Not Provisioned
[22] Punna, S et al. (2022) Noisy Unavailable Absent No Not Provisioned
[24] Suchismita Patel et al. (2023) Stable Unavailable Present No Not Provisioned

[26]
Hassan A. et al. (2023) Stable Available Present No Not Provisioned

Proposed HESPMS Stable Available Present Yes Provisioned

Table 5 
Power flow response to variations in irradiation and load of the proposed system.

Duration (s) Irradiation (W/m2) PV (W) Battery (W) SC (W) Residential load (W) EV load (W) SoCSC SoCBat

Case 1
0–1 600 3800 − 900 1050(t0s–0.02s) 1700 1200 D(t0s–0.02s) C
1–2 700 4500 − 400 500(t1s–1.02s) 1700 2400 D(t1s–1.01s) C
2–3 800 5100 − 1300 − 900(t2s–2.02s) 2600 1200 C(t2s–2.01s) C
3–4 1000 6400 − 3500 − 2200(t3s–3.02s) 1700 1200 C(t3s–3.01s) C

Case 2
0–1 400 2500 400 620(t0s–0.02s) 1700 1200 D(t0s–0.02s) D
1–2 300 1800 2300 1900 (t1s–1.02s) 1700 2400 D (t1s–1.01s) D
2–3 200 1200 2600 300(t2s–2.2s) 2600 1200 D(t2s–2.01s) D
3–4 100 600 2360 − 300(t3s–3.2s) 1700 1200 C(t3s–3.01s) D

Case 3
0–1 400 2500 300 450(t0s–0.02s) 1700 1200 D(t0s–0.02s) D
1–2 200 1100 0 2700 2600 1200 D N/A
2–3 100 600 0 3500 1700 2400 D N/A
3–4 40 150 0 2750 1700 1200 D N/A

Case 4
0–1.37 300 1800 1050 700(t0–0.012s) 1700 1200 D(t0–0.012s) D
1.37–3 150 800 0 0 0 0 N/A N/A

3–4 650 4100 − 1200 0 1700 1200 N/A C

NB: Charging = C, Discharging = D
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performance measures: voltage regulation 
(
VReg

)
, peak overshoot (POS), 

and settling time (tss), which are vital for assessing the effectiveness and 
stability of MPPT algorithms. These indicators of performance are 
particularly significant for situations where dynamic environmental 
factors are involved, such as in PV systems.

The analysis used bus voltage variations during transitions to derive 
metric values which closely represent renewable energy system opera
tional conditions. The evaluation analyzes tracking efficiency, response 
speed, and recovery capabilities during brief disturbances of MPPT 
method operations. The results from Table 7 demonstrate that the fuzzy 
logic-based MPPT controller achieves superior system stability and rapid 
response capabilities than traditional approaches under different system 
conditions (Fig. 22).

7. Conclusion

The proposed HESPMS achieved successful development and vali
dation to deliver optimized power continuity alongside efficient 
resource management and enhanced stability for grid-isolated solar- 
powered DC MG system. The proposed system uses HESS together with 
an adaptive load management system which enables effective control of 
both battery and SC charge-discharge operations to maximize storage 
component lifespan while maintaining system performance across 
various operational conditions. Utilizing a fuzzy logic-based MPPT 
controller, the system effectively harnesses PV energy and stabilizes the 
DC link voltage. Key performance metrics include an average voltage 
regulation of ±0.046, peak overshoot of 2.53 %, and rapid settling time 
of 20 ms, all contributing to the system’s outstanding stability and 
transient response. Four cases were discussed, with Case 1 demon
strating the system’s effective use of PV energy during surplus condi
tions, where the SC and battery adeptly managed transients and 
maintained stable charging. During power shortfalls in Case 2, the bat
tery supplied energy while the SC reduced strain by managing tran
sients. Case 3 showcased the SC’s quick response to load fluctuations, 
balancing supply and demand, Case 4 highlighted the system’s resilience 
during power shortages. The adaptive load shedding was used to 
maintain stability and safeguard the DC link voltage in this case. The 
HESPMS controller achieves superior performance results across time 
and frequency domains. The frequency domain response of this 

Fig. 22. Performance comparison of (a) peak overshoot and (b) settling time for proposed and conventional MPPT methods based on DC bus voltage.

Table 7 
Performance Comparison of Proposed fuzzy-logic-Based MPPT and Conven
tional MPPT Methods.

Ref. [19] [22] [35] [36] Proposed

Voltage regulation 
(
VReg

) ±0.14158 ±0.26 ±0.9 ±0.13542 ±0.046

Peak overshoot (POS) 6.12 % 26 % 11 % 7.83 % 2.53 %

Settling time (tss) 150 ms
100 
ms

631 
ms

290 ms 20 ms
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controller shows a flat magnitude at 0 dB from 0 to 10− 2 rad/s before it 
starts to attenuate. A stable low-pass filter behavior emerges from the 
phase response as it gradually shifts from 0◦ to − 90◦. Furthermore, the 
HESPMS controller achieves a settling time of 0.03 s in the time domain 
with no significant overshoot, indicating rapid stabilization along with 
superior transient performance. The controller demonstrates depend
able and effective performance in dynamic applications through its 
optimal results obtained in both time and frequency domains. In 
conclusion, HESPMS provides a versatile and dependable power- 
management solution, ensuring consistent power continuity and 
robustness in fluctuating load conditions. This study establishes a solid 
basis for future developments in grid-isolated MGs, aiding in the 
continuous quest for sustainable and efficient energy systems.

The future development of HESPMS will focus on addressing oper
ational barriers to boost system efficiency and expand its capabilities. 
The primary obstacle in RES integration involves wind and solar power 
systems because they introduce unpredictable power generation fluc
tuations. Another area of emphasis is enhancing AI-driven control 
strategies for load forecasting and real-time optimization. Also, the next 
initiatives will focus on refining these algorithms to address challenges 
like sensor data quality, communication delays, and real-time process
ing, ultimately leading to enhanced accuracy and responsiveness. 
Furthermore, the incorporation of HESSs into existing grid infrastruc
ture presents challenges concerning system synchronization, stability, 
and compliance with regulatory standards. In the future, the proposed 
system’s practical implementation will include tests to address potential 
challenges that may arise during execution. By tackling these challenges, 
our upcoming investigations will enhance HESPMS performance, scal
ability, and reliability, facilitating their seamless integration with 
renewable energy sources and current grid systems.
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