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Renewable energy sources (RES) are becoming more popular globally as a reaction to critical energy concerns. Modern energy
management technologies are used to maximize their efficiency while preserving the reliability of the grid. A hybrid energy storage
system (HESS) connects to the DC microgrid through the bidirectional converter, allowing energy to be transferred among the
battery and supercapacitor (SC). In this paper, a fuzzy logic control (FLC) technique is developed for PV-based DC microgrid
systems that use both batteries and SCs. The proposed method uses the unbalanced energy from the battery pack to enhance the
overall effectiveness of the HESS. The FLC approach is performed to validate under conditions of variable irradiance using
MATLAB Simulink. When sudden changes in irradiance occur, the proposed FLC brings the voltage back to the desired level in
terms of transient response like 33 ms settling times and 19% overshoot values. The results exhibit that the proposed method is
more efficient in terms of time response, power output, increasing battery life, and ensuring a continuous supply of the PV system.

1. Introduction

Renewable energy installation has grown in popularity over
the last few decades, mainly due to the need to reduce re-
liance on fossil fuels and coal and reduce pollutant emis-
sions. Expanding renewable energy is the primary method
for meeting the climate targets [1], according to IRENA
(International Renewable Energy Agency). Worldwide re-
newable energy capacity attained 3.8 TW in 2022 with in-
stallations of 280 GW, the most significant year rise ever. In
addition, wind (563 GW), hydro (1173GW), and solar
(487 GW) accounted for the majority of the world’s re-
newable power capacity, which stood at 2351 GW by the end
of 2019 [2]. Besides, wind and solar technologies accounted
for eighty per cent of the new capacity installed in 2018.
However, its production and reliability are quickly impacted

by irregular operating circumstances, such as variations in
irradiance, moisture, and partial shading consequences [3].
The production of RESs and the demand for loads are
sporadic in real-world scenarios. An energy storage system
(ESS) can help to improve management by providing fre-
quency, increasing power factor, and decreasing system
fluctuations [4].

Many recent studies have focused on the capacity con-
figuration of ESS with various RES, which are broadly clas-
sified into two distinct groups: technical and economical [5].
The layout of storage capacity for energy based on economic
variables typically takes into account revenue and various cost
factors during the power plant’s lifecycle [6], as well as the
total expense of operation of the optical storage facility [7].

The battery energy storage system (BESS) is the simplest
ESS to design. The BESS is substantially less affected by
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environmental changes [8]. HESS is typically used to handle
such problems. HESS has a benefit over a single ESS in that it
can efficiently use the characteristics of many energy storage
technologies. One of the standard HESS setups is the pairing
of battery and SC [9]. The modest average power demand is
made up by using batteries with high energy densities.

Moreover, its lifespan is reduced if exposed to repeated
transient power oscillations. With reduced strain on the
BESS, this grouping can successfully and effectively resolve
the variable power variations. Therefore, an effective control
approach is crucial for the HESS to operate at its best under
varied load demands [10, 11]. In [12], a HESS combining
batteries and supercapacitors is presented using sophisti-
cated electrothermal modelling. Multiple-Input Bi-
directional Converters (MIBC) perform significantly better
at energy trade-offs between input sources. Significant ad-
vantages of the MIBC include improved energy trading
across input sources, a modular framework design, and
cheaper converter costs [13]. A few input topologies have
been described for fusing several sources with various fea-
tures. Several ESSs are linked to a three-transformer utilizing
full-bridge circuit on each end. Eight switches are needed for
a battery-SC-based HESS in DC microgrid, which may
impact total efficiency. An independent multiport DC-DC
converter known as a battery-SC can control power from
many sources and deliver it directly to an individual
component [14, 15]. While sources had been swapped out
for ESS, the power transfer among the inputs and the ESS
was not examined. Although isolated converters could
manage various voltage levels and assure stability by iso-
lation, and controlling energy through several sources is
more complicated.

Song et al. [16] present a semiactive battery/SC HESS
that includes a unidirectional DC/DC converter to reduce
system costs while boosting system efficiency for electric
vehicle (EV) applications. To offer frequency provision for
off-grid systems, Bahloul and Khadem [17] expand on
a HESS that utilizes a superconductive electromagnetic
storage-battery principle. In this arrangement, the battery’s
Depth of Discharge (DOD) variation is significantly reduced
by the Low Pass Filter (LPF)-based power-sharing mecha-
nism, resulting in a 32% increase in battery life over the
ordinary model. The algorithms that control power flow and
the connections between the various storage devices in the
hybrid solution determine how much power can be shared.
An optimised energy preservation and distribution system
model over uncertain of the power production issue based
on an improved gravitation search algorithm (IGSA) is
presented in [18].

According to Bazargan et al. [19], the input impedance
and internal voltage changes in the battery impact the
converter attached to the battery part. This investigation
shows that changes in internal features affect both the
battery reaction time and the DC voltage link regeneration
time during one load shift. The stability problems with the
cascaded DC-DC converter are represented in [20]. The
variations in battery SoC and the capacity of various energy
storage systems can result in control stability issues.
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The adaptive filter-Based DC microgrid operation was
presented in [21]. It prioritizes stable and smooth perfor-
mance, simultaneously resolving concerns related to storage
device deterioration and safety. In [22], it is proposed that,
the optimize cost and power reserve of a hybrid energy
system in a stand-alone DC microgrid. The battery meets the
low variation element of load demand and renewable energy
production, while the SC delivers the high variation element.
To optimize the cost of reduced PV energy and SC in-
vestment, a cost-effective transient energy sharing scheme
between both short- and long-term energy supplies is
proposed in [23], along with its parameters design
technique.

The sliding mode control (SMC) for the HESS was in-
troduced by Kollimalla et al. [24]. In the study, the selection
of the detailed controller settings and SC sizing are covered.
The behaviour of the system’s slope is indifferent and has
model errors. Rout et al. [25] presented a two-state pro-
portion limit control for HESS implementation in an in-
dependent DC electric grid. The suggested method supports
decreasing the BESS’s current rate. The decentralized control
strategy for HESS is proposed in [26]. This approach ef-
fectively maintains the battery’s SOC at a high level for an
extended period. However, the abrupt shift in charge/dis-
charge current rate might shorten the lifespan of the battery.

Yi et al. [27] established a unique command of power
management of PV for grid-connected and stand-alone
operations. Under all operational circumstances, the bat-
tery regulates the energy of the microgrid in the specified
control plan. It causes an increase in the stress of battery,
total cost, and battery life. The interleaved converter circuit
features a complex control scheme that needs eight switches
[28]. For managing energy demand in battery-based DC
microgrids, the fuzzy logic controller (FLC) is described
[29]. High peak charging and discharging rates shorten
a battery’s lifespan; however, they are necessary to control
the energy demand. Thus, an FLC for battery-ultracapacitor-
based microgrids is proposed in this research to address this
problem. The FLC manages the power balance for HESS and
DC connections and regulates the DC bus voltage by
controlling the SC. The existing topologies are focused on
individual components of ESS. This paper proposes the
integration of HESS through a bidirectional converter (BC)
with FLC, which provides the solution for optimal load
balance in PV-based microgrid systems. Figure 1 depicts the
HESS design with a FLC-based BC arrangement. The main
contributions of this article are illustrated as follows:

(i) Implementation of HESS-based BC with FLC in-
tegration of PV/Battery/SC

(ii) For fixed and variable irradiance and temperature
circumstances, energy management performance
for a BC utilizing HESS is presented

(iii) The proposed approach optimally controls the ESS
charging/discharging process

(iv) When related to existing schemes, the proposed

approach improves the load balancing and better
time domain characteristics
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FIGURE 1: Block diagram of proposed BC for DC microgrid.

This article is written as follows: Section 2 discusses the
BC electrical grid layout. Section 3 focuses on the modelling
of battery and SC. Section 4 deals with the controller design
for HESS. Section 5 explains the results obtained from the
observations. Section 6 discusses the proposed FLC with the
existing PI controller. Section 7 summarizes the study
outcomes and future directions.

2. Mathematical Modeling of Battery and SC

This section illustrates the electrical behaviours and features
of the battery and SC in the HESS.

2.1. Battery. A simplified electrically connected battery
model is constructed using resistances, voltage sources, and
capacitors and is represented in Figure 2.

Equations (1) and (2) are found by applying KCL to the
circuit [30].

S 1(t)

Vi) = —E\G (t) + < (1)
S 1(t)

V,(@) = —mvz(t) + < (2)

The derivatives of the voltage V; and V, are represented
as V, (t) and V, ().
Equation (3) is found by applying KVL to the circuit.

Vip(t) =Voc(Z(8) -V, () -V, () =R, (3)
where Vo is the internal open circuit voltage, V, and V, are

the voltage drops across the combination in parallel, and R
is the internal resistance.

RZ
L
C
+ r z
-
V. =V e

FiGUre 2: Equivalent circuit of battery.

State space model can now be described by the following
generic equations [31]:

X(t) = Ax(t) + Bu(t), (4)
y (t) = Cx(t) + Du(t), (5)
where state variable x (t) = [V, () V,(¢)]; input variable
u(t) =I(t); output variable y () =V,(t); A=diag
[-1/R,C, -1/R,C,]; C=[-1-1]; D=[-R]; and

B=[1/C,1/C,]"

2.2. Supercapacitor. Figure 3 illustrates a mathematical
example of a SC made of capacitors and resistors. The
terminal voltage (U) can be written as

U=iR +V.. (6)

The current through the SC can be represented as [32]



FiGure 3: Equivalent circuit of SC.
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where R, is the internal resistance, and i; and i, are the
dispersed currents in ampere (A) passing through the
corresponding capacitors with capacitance values of C

and C,V .
The state equation can be written as [30]
dve i
e (8)
dt C+C,V,

2.3. Integration of Battery and SC. SC and battery HESS has
been proposed in recent years to raise the efficiency and
extend the HESS lifespan [33]. The SC has a substantial
lifespan and a notable power density but a poor energy
density. To control the operation of HESS, the proposed
work will look at the HESS architecture of battery and SC.
The BC can incorporate the battery and SC as HESS to
alleviate the power imbalance between PV power and load
demand. In addition to meeting the demands of the network
operator, the proposed system also allows for the optimal
functioning of a HESS integrated into a PV plant. Except for
a small amount from the SC to lessen battery stress, the lead-
acid pack will be the primary storage technology utilized in
the peak power saving assistance, which requires the HESS
to exchange power constantly for a few hours. Long-term
energy storage and rapid reaction to abrupt load changes are
made possible by the HESS, which combines the battery’s
high energy density with the substantial power density of SC.

3. Operation of Proposed Converter

BC with two inputs is shown in Figure 4, along with a de-
tailed explanation of the various operating modes [34]. The
improved principle of the converter is discussed below. It
consists of three switch limbs. Legs 2 and 3 are wired to the
battery voltage (V) and SC voltage elements, respectively,
while Leg 1 is wired to a microgrid voltage module (V). In
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this configuration, the battery voltage is higher than the SC
voltage but lower than the DC utility grid. The sections that
follow discuss the various methods of operation.

3.1. Mode 1-Discharging Sequence. The microgrid voltage
drops when the load surpasses PV generating capacity or
when PV power is lowered due to decreased solar irradiation
[35]. Throughout this time, the HESS should provide enough
electricity. The converter’s functioning can be divided into
three time periods, as indicated in Figure 5. Switch pairs that
act in tandem include S,/S,, S;/S,, and S5/S¢. The switch
pairs S,/Ss and S,/S¢ always change together in this mode,
with complimentary gating pulses.

The output voltages are achieved by balancing the in-
ductors in volts per second.

Vdc 1 _Sdsvs’
(9)
v d_y
dc l—db b

where d; and d,, are the converter’s duty cycle of SC and
battery. Here, V, is larger than V , duty cycle dj, must always
be lower than d,. As a consequence, by adjusting d, and d,,,
the DC microgrid’s power supply from the battery and SC
may be independently managed.

3.2. Mode 2-Charging Sequence. While PV-induced power
exceeds the amount needed by demand, additional power
exists in the DC microgrid. Sufficient power will be utilized
for charging the battery as well as the SC. As a result, in this
mode, power is transferred from the DC microgrid to the
HESS. The converter in this mode is divided into three time
periods, as indicated in Figure 6. Switch pairs for S; and S4
are switched simultaneously. Switch pairs S, and S; are also
triggered instantaneously, with pulses complementing S,
and S. Additionally gated similarly are switches S, and S;.

The inductor currents (i, and i.) fall exponentially in
a negative way with slopes of V4 /L, and V 4./ L, respectively,
at t, when the switches S,, S;, and S4 are triggered. The
inductors (L, and L) retain energy at this time until instant
t,. The S,’s body diode allows the inductor current i, to flow
freely. ZVS applies a triggering pulse over dead periods to
switch on S, S,, and Sq.

v,o %y
s l—ds de>
(10)
d
Vy=—"V,.
B l—db de

3.3. HESS Mode. A SC is HESS’s conversion efficiency unit.
Its fast self-discharging activity prevents it from serving as
a battery for extended periods [34]. For the element ESSs to
function effectively in microgrid systems, they should have
adequate stored energy. For the HESS to function correctly,
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FIGURE 4: Proposed BC topology with HESS.
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FIGURE 5: Waveforms of discharging sequence.
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FIGURE 6: Waveforms of charging sequence.

the SC should be charged within permitted values. The
circuit configuration for this mode is shown in Figure 7. It
effectively isolates the DC microgrid when the SC is charged
since the switches S; and S, are passive. Switch S6 is not
working since the switch S5 is always on during this mode.
The switch S; is subjected to the duty cycle (d). Using the “d”
parameter, the user may modify the power balance between
the battery and SC.
Vs = dVb (11)
In addition, power can go from the SC to the battery
owing to the switch S;’s complementing function. This
action shows that switch S, is in boost mode. The process is
comparable to the one previously discussed.

4. Design of Controllers in HESS

4.1. Conventional PI Controller. Figure 8 depicts the control
system block schematic for the traditional PI. The traditional
control strategy will add a controller that offers better closed-
loop performance. In all approaches, the nominal DC-
associated voltage (Vpc) and a reference voltage (Vie,
ref) are compared, and the error is provided to a controller
that creates the entire current in the process [36]. The total
current in the existing strategy is separated into frequency
components using a low-pass filter, and these components
are then supplied as line current to the battery and SC loop,
respectively. The SC current reference in the traditional
control scheme includes both high-frequency and battery
error elements. The standard control strategy disregards
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Ficure 7: HESS mode of operation.

battery current faults brought on by the battery controller.
The power balance equation is represented as follows:

P, (£) = Py (t) = P, () + P (t)

(12)
= Pty + Pes ey

where P (t), Py (t), P4 (t), P, (t), and are power of SC, RES,
DC grid, battery, and SC, respectively. P, and Py, are
steady state and transient component. By charging/dis-
charging, the HESS keeps the grid voltage within set bounds
[37]. The total power from the battery and SC is shown as

Pb(t)+Psc(t)=Pss(t)+Pts(t) (13)
= Vdc‘it'

The overall current demand to manage the DC link
voltage is shown below

[P+ P
£ V() (14)
=iy () + i (£).

The total current demand is determined by the voltage
control loop in the manner described below

iy =i (0 +ig (D4 Ky + K, J v.dt.  (15)

Although the charging and draining of the battery/SC
share the same transmission element, the complementary
functioning of the switch makes the controller adequate.
When building the linear model, the HESS discharge mode
is considered. The outer loop is constructed around the
eventual SC due to its quick response.

4.2. Proposed Fuzzy Logic Controller. An FLC’s basic concept
is to leverage a human expert skills and knowledge to de-
velop a controller for controlling an enrollment procedure
where the input link is defined by assembling fuzzy rules

using linguistic parameters rather than a sophisticated dy-
namic system [38]. Two inputs and one output are included
in the FLC’s architecture. The modulating signal is taken as
the output, while the error and change in error are reserved
as the input. FLC mostly adheres to the four essential
processes, including:

(i) Input is transformed into fuzzy variables by an
analogue fuzzifier

(ii) It also stores fuzzy rules
(iii) It makes inferences and applies related rules

(iv) A fuzzified then turns the fuzzy variables back into
the real targets

The HESS’s inference system determines the HESS’s
charging and discharging rates. The primary function of the
EMS in this control approach is to offer optimal power flow,
improved efficiency, and increased system dependability.
The proposed controller for the energy management system
with BC is shown in Figure 9. In this instance, the inaccuracy
serves as a metaphor for a mismatch between supply and
demand. The battery’s charge level is determined by its State
of Charge (SoC). The FLC receives these inputs, and the duty
cycle is acquired as an output. The membership function of
output is represented in Figure 8. This study analyses the
reference current in the system and uses the FLC to modify
the DC link voltage.

The variation between a reference voltage, the bus bar
voltage, and the battery charge level are fuzzy input vari-
ables. This study analyses the reference current in the system
and adjusts the DC link voltage using the FLC. The FLC’s
output functions are represented in Figure 10. Designing
membership functions makes use of the Gaussian curve. The
fuzzy operator’s input contains two or more relationship
values derived from the input variables of the fuzzifier. Eight
fuzzy subsets of the linguistic variables—five of which are
used—are explained as follows:

(i) Negative error voltage big (NB)

(ii) Negative error voltage small (NS)
(iii) Positive error voltage big (PB)
(iv) Positive error voltage small (PS), and

(v) Zero error voltage (ZE)

FLC enables the system to adjust to varying conditions
by changing the DC link voltage based on the reference
voltage, the bus bar voltage, and the battery charge level. This
variable represents the difference in voltage in the bus bar
between the reference and actual voltages. The input vari-
ables are processed using the Mamdani fuzzy inference
system, which then applies the proper control actions. The
centroid method is used to defuzzify the output of the fuzzy
inference system. The FLC uses this variation as an input. An
optimistic mistake in the membership function of this
variable could come from an excess supply if the actual
voltage is larger than the reference voltage. The FLC de-
termines the required changes for the DC link voltage by
evaluating the input error voltage resulting from the voltage
and battery charge variations. FLC is capable of adapting to
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changes in voltage, making it helpful in dealing with dy-
namic load circumstances and system disruptions. The input
variables are processed using the Mamdani fuzzy inference
system, which then applies the proper control actions. The
centroid technique is used to defuzzify the output of the
fuzzy inference system.

4.3. SoC for SCs. The ESR of SC is considerably lower than
that of batteries. They cannot conserve energy for an ex-
tended period as a result. The control logic prevents SC

energy from the lowest allowable level by maintaining the
SoC within the proper energy boundaries. When the SC’s
SoC falls below the required minimum, it gets charged by the
battery at a set current. As indicated in Section 4, the buck or
boost operation maintains the SoC of the SC within per-
mitted limits. The SC current is regulated by an FLC. To
govern the transfer mechanism, the controller was designed
in the buck form. It is critical to note that if the HESS energy
transfer mode is activated, the DC microgrid could get
immediately disconnected from the HESS.

5. Results and Discussion

The results of two different cases employing the proposed
method are presented in this section. To perform constant
and variable irradiation with FLC, the simulation model was
created in MATLAB/Simulink 2023a, and the system pa-
rameters are shown in Table 1. Figure 11 shows the simu-
lation environment for the proposed methodology. The
boost converter and PV array system are connected only in
one direction. The following sections provide descriptions of
the two operational situations for a step shift in load demand
and PV output.
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TaBLE 1: System parameter.
Symbol Parameters Value
PV panel
Ve Open circuit voltage 23V
I Short circuit current 7A
Nca Number of cells per module 120
- Maximum power 200 W
Nipanel Number of panels 2
Ry, Shunt resistance 10.30Q
R, Series resistance 0.009 Q
Battery
Vi Battery voltage 45V
Q Battery capacity 50 Ah
Rine Internal resistance 0.009 O
L, Inductance 10 mh
Supercapacitor
Ve Supercapacitor voltage 48V
T, Operating temperature 25°C
N o Number of series capacitors 4
Np o Number of parallel capacitors 6
L, Inductance 10mH
R, Load resistance 52Q
Discrete + Mk
vpy S5e-05s. |
— = powergui | BATTERY i
pv 2 =
v —a+ (:‘.
] =) "—l
)
IRRADIATION . SUPER CAPACITOR

TEMPERATURE

S1 S3

FUZZY LOGIC CONTROLLER
BASED
CONTROLLING PART

RESULTS %
T

s2 S4

FIGURE 11: Simulation response of proposed system.

5.1. Case 1: Step Rise in Irradiation and Constant Temperature.
Figure 12 illustrates the simulation behaviour of a step
variation in irradiation and a constant temperature. The
constant temperature is 25°C, and the step change variation
is 1second with 1000 w/m>. Figure 13 depicts the panel
voltage, current, and power simulation response. The power
generated by the PV panel rises from 0 W to 200 W at t=0.1s
due to environmental fluctuations. At t=0.1's, this PV causes
the current to grow from 0 A to 6 A. Voltages, currents, and
power fluctuated from 1 to 1.3 seconds due to transients. The
panel is kept in constant condition for 1.3 seconds. Figure 14
exhibits the DC grid voltage and line current simulation
response. The line current is kept at 2.4 A, and the grid
voltage is kept at 55V due to changes in irradiation. The
transitory condition lasts between 1 and 1.3 seconds.

Figure 15 depicts the simulation response for battery
voltage, current, SoC percentage, and battery power. After
1.3seconds, the battery power is maintained at 3300 W.
After 1.3 seconds, the battery voltage and current are still
40V and 48 A, respectively, due to the step increase in ir-
radiation. After 1.3 seconds, the battery’s SoC % drops from
50 to 49.9 as a result of the load demand. Figure 16 illustrates
the simulation response for SC voltage, current, SoC per-
centage, and battery power. DC grid voltage rises beyond
52V. Then SC temporarily absorbs extra power until the
battery can adjust the grid voltage up to 52 V. The SC and
battery charge are in line with the power management plan
to maintain the voltage level at 55V. Due to the load re-
quirement, the battery’s SoC% marginally decreases after
1.3 seconds, with a value ranging from 98.5 to 98.3.
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FIGURe 12: Simulation response of step change in irradiation and constant temperature.
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FIGURE 13: Response of panel voltage, current and power.
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FIGURE 14: Response of DC grid voltage and line current.
5.2. Case 2: Variable Irradiation and Fixed Temperature.  is given from 1000 w/m” to 0 at t=1second, and the step

The simulated behaviour under variable irradiance and  increase is from 0 to 1000 w/m” at 3seconds. Figure 18
constant temperature is shown in Figure 17. The constant  depicts the simulation response for panel voltage, current,
temperature is stated as 25°C, and the step change variation ~ and power. The power generated through the panel rises
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FIGURE 15: Simulation response of battery voltage, current, % of SoC, and battery power.
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FIGURE 16: Simulation response of SC voltage, current, % of SoC, and battery power.
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FIGURE 17: Simulation response of variable irradiation and temperature.

from OW to 100 W at t=3s as a consequence of environ-
mental fluctuations. At t=3s, this PV causes the current to
grow from 0 A to 6 A. Voltages, currents, and power fluc-
tuated from 3 to 3.1 seconds due to transients. PV current

steps down from 6 A to 0 A at t=1second due to the step
drop in PV production. The panel is kept in constant
condition after 3.1 seconds. Figure 19 exhibits the DC grid
voltage and line current simulation responses. The line
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FIGURE 19: Simulation response of DC grid voltage and line current.
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FIGURE 20: Simulation response of battery voltage, current, % of SoC, and battery power.
current is kept at 1.8 A, and the grid voltage is kept at 45V Figure 20 depicts the simulation response for battery

due to changes in irradiation. The transitory condition lasts ~ voltage, current, SoC percentage, and battery power under
between 3 and 3.1 seconds. DC grid voltage drops as a result ~ variable irradiance state. After 0.3 seconds, the battery power
of the rapid drop in PV generation. is maintained at 3300 W. After 1.3 seconds, the battery voltage
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FIGURE 23: result under

charging mode.

Experimental

of PV voltage

and current are still 40V and 48 A, respectively, due to the
step increase in irradiation. At 0.1 seconds, the battery’s SoC
% drops from 50 to 49.9 due to a change in the load demand.
Figure 21 illustrates the simulation response for SC voltage,
current, SoC percentage, and battery power. DC grid voltage
rises beyond 45V as PV power surpasses the load power
needs. As soon as possible, SC temporarily absorbs extra
power till the battery can adjust the grid voltage to 45 V. The
batteries and SC recharge in line with the smart energy plan to
maintain the voltage level at 45V. Due to the load re-
quirement, the battery’s SoC % marginally decreases from
98.8 to 98.7 at t =1 seconds. The HESS responds instantly, the

FIGURE 24: Experimental result of battery
charging mode.

voltage under

Default

o< P

FIGURE 25: Switching pulses for the BC.

SC provides the transient portion, and the battery provides
the steady-state portion of power demand.

5.3. Experimental Setup. A hardware prototype for a stand-
alone PV with HESS has been constructed in Figure 22. The
Semikron switches are utilized to construct a DC-DC
converter. A PV generator known as a regulated power
supply (RPS) is used in this experiment. By controlling the
current flowing from the RPS to the DC-DC boost converter,
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the step change in input power is achieved. The HESS is
powered by lead-acid batteries (17 Ah, 12V). The dSPACE
1103 controller platform is used to implement the proposed
control strategy. Under scenarios of constant irradiance and
step changes in irradiance, the proposed system is evaluated.
The step change in irradiance is used to test the proposed
controller’s capacity to handle rapid variations in peak load
and production. The battery’s SOC is kept within the ap-
propriate safe operating ranges even during abrupt fluctu-
ations in the PV panel voltage. (See Figure 23).

5.3.1. Case I: Fixed Irradiation Mode. The effectiveness of
the established controller is examined in the case of fixed
radiation for DC voltage. Figure 24 depicts the appropriate
waveform of PV generation under a fixed irradiation situ-
ation. The operational stability of the converter in main-
taining voltage balance was evaluated by measuring the PV
voltage at 20 V under the steady-state situation. Figure 25
illustrates the experimental battery voltage waveform under
constant irradiation at a voltage of 40 V. It illustrates that the
proposed bidirectional can continue to operate in charging
mode while maintaining a constant DC voltage level.

Figure 26 illustrates the gate pulse sequence for the
proposed convertor’s active switches with a 62.04% duty
cycle. The switch’s switching voltage is 16.7 V. It illustrates
that when the inductor is turned on, the current travelling
through it grows linearly. Figure 25 shows the boost con-
verter’s inductive voltage waveform. With a duty cycle of
36.93% (1 Division=5V). The switching frequency of the
obtained waveform is 18.2KHz, and it provides 32V.
According to the results, when a MOSFET is turned on,
input voltage Vin is provided across the inductor circuit, and
the coil strives to grow in current as it stores energy. The
results show that we can restore the DC link voltage more
quickly by deflecting uncompensated energy from the
battery pack to the controller.

5.3.2. Case 2: Step Increase in PV Generation. Figure 27
illustrates the experiment results for a step increase in the PV
system. The PV voltage should be kept at 4.2 V when the load
demand steps up. A step variation in load demand signif-
icantly impacts the DC link voltage. The HESS manages the
system’s abrupt power fluctuation. Figure 28 shows the
experimental battery unit waveform in step-rising PV
generating mode. With the proposed regulation, we could
restore voltage faster and with minimum overshoot. The
results demonstrate that the proposed method of control has
excellent dynamical performance.

6. Discussion

For the proposed FLC technique’s measuring performance,
the overshoot and the settling time to recover the DC voltage
link throughout a variation in load and production are
measured. Comparing FLC to PI Controller, FLC is more
resilient to manage such a broad range without needing
constant adjustment. Table 2 compares the PI and proposed
FLC strategies with two different scenarios. The proposed
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FIGURE 27: Experimental result of step rises in PV voltage.

FIGURE 28: Experimental result of battery unit when step rises in
PV voltage.

FLC responds two times quicker than a traditional con-
troller. When sudden changes in irradiance occur, FLC
brings the voltage back to the desired level in terms of
transient responses like settling times and overshoot values.
The system is made more flexible to parameter variation and
robust to internal conflicts by the proposed control mech-
anism, which is intended such that the SC maintains the
HESS till the batteries attain the steady-state configuration.
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TaBLE 2: Comparison of proposed FLC with conventional PI.

Time domain parameters

Step rise in PV
Conventional PI [26]

Scenarios
Step decrease in PV

Proposed FLC Conventional PI [26] Proposed FLC

Settling time (ms) 220 33 220 35
Maximum peak overshoot (Mp) in % 22.9% 19% 27% 22%
7. Conclusion and Future Work Acknowledgments

The HESS controller was used to construct and simulate the
controller for the multi-input BC. The performance of the
designed controller for microgrid voltage regulation was
evaluated in various circumstances. The controller stabi-
lized the DC microgrid in contradiction of unfavorable
effects from the source of PV production and different load
types. It might use the built-in fast dynamics of the SC to
quickly absorb microgrid transients. This proposed con-
troller was crucial to the HESS’s charging and discharging
procedures.

Additionally, the HESS converter’s mode of operation
was shown to keep the SoC of the SC within a desirable
range. The FLC makes sure that the BC is as efficiently
controlled as possible and that it is managing the power
divide between the DC supply and the load. During the step
change in PV, the proposed FLC restores the voltage to the
correct level regarding transient responsiveness, such as
33 ms settling times and 19% overshoot values. The findings
demonstrate that the recommended FLC works better
while employing SC and managing DC grid voltage. The
proposed control approach delivers superior dynamic
performance during a step variation in the PV system
compared to the traditional control scheme. Based on the
obtained results, the proposed system maintains load
balance while achieving sufficient storage of energy and
discharge.

From the perspective of future improvements, the
proposed work can be expanded to include machine learning
and deep neural networks (DNNs) to increase the con-
verter’s learning and control skills in HESS. Incorporate
forecasting algorithms for solar irradiance and load esti-
mates so that the neural network can make proactive energy
management and storage decisions. It would also improve
the neural network’s identification of faults and irregularities
in PV and storage systems, resulting in faster maintenance
and increased reliability.
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