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Abstract: Electric vehicle (EV) charging facilities are essential to their development and deployment.
These days, autonomous microgrids that use renewable energy resources to energize charging stations
for electric vehicles alleviate pressure on the public electricity grid. Nevertheless, controlling and
managing such charging stations” energy is difficult due to the nonlinearity and irregular character
of renewable energy sources. The current research recommends using a Brain Emotional Learning
Intelligent Control (BELBIC) controller to enhance an autonomous EV charging station’s perfor-
mance and power management. The charging station uses a battery to store energy and is primarily
powered by photovoltaic (PV) solar energy. The principles of BELBIC are dependent on emotional
cues and sensory inputs, and they are based on an emotion processing system in the brain. Noise
and parameter variations do not affect this kind of controller. In this study, the performance of a
conventional proportional-integral (PI) controller and the suggested BELBIC controller is evaluated
for variations in solar insolation. The various parts of an EV charging station are simulated and
modelled by the MATLAB/Simulink framework. The findings show that, in comparison to the
conventional PI controller, the suggested BELBIC controller greatly enhances the transient respon-
siveness of the EV charging station’s performance. The EV keeps charging while the storage battery
perfectly saves and keeps steady variations in PV power, even in the face of any PV insolation
disturbances. The suggested system’s simulation results are provided and scrutinized to confirm the
concept’s suitability. The findings validate the robustness of the suggested BELBIC control versus

parameter variations.

Keywords: brain emotional learning intelligent control; electric vehicle; charging station; PV

1. Introduction

In the pursuit of environmental sustainability, one of the main issues of this period that
is becoming more and more concerning is global warming [1,2]. The progressive increase
in the planet’s average surface temperature is referred to as “global warming”, which is
mostly caused by an intensified greenhouse effect. The Earth’s surface heats naturally

Copyright: © 2024 by the authors.

due to the greenhouse effect. However, as a result of modern industrial developments
Licensee MDPI, Basel, Switzerland.

that include the burning of fossil fuels (such as natural gas, oil, and coal), industrial
processes, and deforestation, the amount of greenhouse gases in the environment has
significantly increased. Twenty-five per cent of the world’s greenhouse gas emissions come
from transportation [3,4]. Conventional vehicles are often powered by fossil fuels, which
emit copious volumes of gas. EVs have recently been launched to replace conventional
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automobiles [5]. Compared to traditional vehicles, EVs are more efficient, require less
maintenance, produce less pollution, and produce less noise.

An essential facility for the development of EVs is their charging stations. A few of
the issues that still need to be resolved are related to the charging stations” architecture,
how long it takes to charge an EV, and how these stations affect the existing power supply.
The charging period of a certain EV can be significantly lowered to a few minutes with
rapid charging approaches [6]. These techniques, however, put a strain on the electricity
supply and increase demand for power. Several problems arise as a result, including excess
loading, jerking of the voltage, and instability, especially if multiple EV stations are linked
to the grid at the same time [7]. One solution to these problems is to upgrade the electrical
system, although this would be costly. Employing an energy storage device to work as a
shield between the EV charging station and the electricity grid is an even better tactic [8].
With the installation of energy storage devices, the utility grid will become less stressed,
but challenges will still arise from the projected increase in EV charging stations in the
coming years. Typically, traditional sources like coal and fossil fuels provide the electrical
energy needed for the charging stations of EVs [9]. Therefore, the argument that EVs are
environmentally friendly may not be credible. Thus, to highlight the benefits of EVs for the
environment, renewable sources should be employed for EV stations.

The most typically used renewable sources for charging stations are solar, wind, and
biogas energy systems [10]. PV solar systems are more user-friendly and efficient than
wind energy systems. For EV charging stations, PV power is consequently more appealing.
Numerous research studies have addressed PV-based charging stations [11]. One study
proposed an idea for a PV-supplied EV charging station [12]. Additionally, the study offered
a mathematical model of the EV charging station and evaluated the system’s response to
various disturbances using simulation methods. Finally, the findings of the simulation
showed that the recommended charging station was able to function without relying on
the electricity network, and meet an EV’s station requirements. An EV charging station
supplied with a PV panel was suggested by the authors of [13]. The study addressed the
construction of a PV panel, a DC-DC converter, and the application of the perturb and
observe approach in order to upgrade the efficiency of the charging process. The findings
of the simulation suggested that charging an electric automobile at the proposed station
might be a reliable and efficient process. A crossbreed microgrid that used wind and solar
electricity to power an EV charging station linked to the utility grid was the subject of
research detailed in [14]. The system was simulated by research using the HOMER platform.
It determined the optimum proportion of wind and solar supplies, storage capacity, and
demand for EV stations to optimize their construction. The findings showed that the
crossbreed microgrid had a reasonable payback period and was technically feasible. Also,
the research examined the possible advantages of the crossbreed microgrid, which included
enhancing energy security, reducing emissions of CO,, and fostering local economic growth
through the induction of green jobs. Ref. [15] proposed the use of electric railway power to
charge EVs with an autonomously sourced microgrid that employs the public utility as an
alternate. Ref. [16] employed a multi-level DC/DC converter to combine PV arrays and a
battery bank to incorporate PV power into an EV fast charging station. This system aimed
to ease some of the stress on switching devices. However, output capacitor voltage balance
still needs to be taken into consideration.

Recently, the BELBIC, a novel controller, has been proposed [17]. It has excellent
resilience, ease of use, efficacy, and adaptability in terms of choosing the right emotional
cues and sensory inputs for the right application. The limbic system computational model
in the human brain served as the inspiration for this controller [18]. It has several uses
in electric power systems, automobile systems, and spacecraft [19,20]. A few recently
published papers in the suggested field exist. An autonomous wind/photovoltaic microgrid
using an optimum maximum power point controller was presented in ref. [21]. Energy
management and peak power tracking were supplied via the controller. Despite being
straightforward, the system’s efficiency was not guaranteed. An isolated power system
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fueled by an autonomous wind-photovoltaic battery microgrid was shown in reference [22].
It made use of the SEPIC converter and the traditional PID controller. Nonetheless, there
was a steady-state inaccuracy in the load voltage, and a decent time response from the
system. An intelligent energy management controller was shown in ref. [23]. It made use
of a mixed approach combining fractional-order PID and fuzzy logic. Both DC and AC
loads were guaranteed constant output power by the suggested controller. The harmonics
of the voltage and current, however, were considerable. Furthermore, ramp disturbance
resistance was not verified for the suggested microgrid. Reference [24] proposed the
utilization of multi-agent deep reinforcement learning for multi-mode plug-in hybrid EV
energy management. Though the energy saving was about 4%, tedious computations and
a complex system were involved.

The irregular behavior of EVs affects charging stations in several ways, including in
terms of grid stability, long wait times, charging efficiency, and the availability of charging
slots. Operators of charging stations can counteract these impacts by putting in place
improved scheduling algorithms, real-time charging session monitoring, incentives for
users to follow proper charging procedures, and enhanced billing systems that guarantee
correctness and openness. Furthermore, improvements in vehicle-to-grid integration and
smart grid technology can optimize charging habits and raise the general effectiveness and
dependability of EV charging infrastructure. This issue has not been considered in our
study; however, it is recommended for future work.

The basic problem that needs to be addressed is the management of the energy in the
system, hence achieving the load requirements represented by the charging EVs, ultimately
utilizing the generated solar PV energy, and finally storing the remaining energy in the
storage batteries. The milestone for achieving perfect energy management is the control
of the bidirectional converter that manages the charging processes of the storage batteries.
Usually, these types of converters are considered complex systems from the control point of
view. As the detailed modelling of these converters is hard, traditional controllers exhibit
limited performance when applied to power electronics converters [25]. Therefore, there
exists a motivation to apply one of the modern control technologies, such as BELBIC,
to a PV-powered EV charging station. An implementation of the BELBIC controller for
managing and controlling an autonomous EV charging station powered by solar energy
is shown in this paper. A unidirectional converter is used to charge the EV, whereas a
two-way converter is utilized to charge and discharge the storage system. The optimal
BELBIC controllers serve as the foundation for the control and power management of the
suggested charging station. The essential goals of the microgrid are to control the voltage
of the DC link, manage system energy, and regulate the charging of storage batteries
and electric vehicles. Additionally, analyses of the responses of the suggested BELBIC
controller and the conventional PI controller were conducted. Matlab was implemented to
develop and simulate the newly introduced EV charging station. The contributions of this
study were:

e A BELBIC controller was implemented to enhance the functionality of the suggested
EV charging station.

e  Thesuggested system’s performance using the BELBIC controller versus the traditional
PI were compared.

e  The performance of the controllers was evaluated under various solar insolation and
load disturbances.

e The impacts of fluctuations in the solar insolation on the microgrid’s response
were discussed and analyzed by modelling the suggested system using MATLAB
(version R2023a).

e  The suggested control system’s durability was explored against the parameter uncer-
tainty of the system.

The present study is structured as follows: Section 2 discusses and models the
proposed EV charging station; Section 3 provides the suggested control system for the
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EV charging station; Section 4 covers the simulation findings; and Section 5 presents
the conclusions.

2. Modelling and Description of the Suggested Station

The planned EV charging station is illustrated in Figure 1. The station is a self-sufficient
microgrid that obtains its electricity from photovoltaic (PV) solar panels. However, the
quantity of energy created fluctuates according to several climatic conditions, including
rainfall, dust, humidity, and sun insolation. These elements determine the discontinuity in
the PV’s output energy.

PI “—v
EV
Controller

Switching
Pulse

PV DC Bus , | Unidirectional

Bidirectional

I ) Switching :
pv| [Vpy Pulse " DC Chopper
A
MEEE Switching
Controller Pilses
V,
Storage
Batteries
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Figure 1. The investigated PV charging station.

For most customers, this energy discontinuity poses an issue, as it is unsuitable for
several loads. Thus, the problem of intermittent energy supply is usually addressed by
storing batteries. At the PV terminals, a step-up chopper is connected. The objective of this
chopper is to use the maximum power of the PV array by fitting the PV output voltage
to the bus DC voltage. The storage batteries and the EV are attached to the DC bus via
two charging converters. It is usually made up of DC choppers. A single quadrant buck
chopper is employed to regulate the electric vehicle battery’s charging process. In contrast,
the energy storage converter functions as a two-way DC chopper. Its job is to control the
storage battery charging procedures. Also, the energy storage converter helps regulate the
voltage of the DC bus in response to variations in the load represented by the EV and solar
irradiation. A detailed design of the capacity of the renewable energy and storage devices
in the proposed system was introduced by the authors in Refs. [4,12]. The modeling and
fundamentals of the workings of charging converters are covered in the next sections.

2.1. PV Model

To provide the appropriate voltage for the boost converter and, ultimately, produce
the necessary DC link voltage, the PV panel is composed of one series module and one
parallel module. Table 1 provides the PV array’s specifications when the sun’s insolation
level is equal to 1 kW /m?.
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Table 1. The PV panel specifications with full solar power.

Item Value

Maximum power 120 W

Voltage and current for maximum power (Vpmax, Ipmax) 17.33V,6.93 A

Number of series and parallel cells 360 series, and 10 parallel
Short circuit current 749 A

Open circuit voltage 21.6V

Temperature 25°

The detailed PV array model is given in [26,27]. However, a typically simplified and
somewhat accurate model of the PV array is shown in Figure 2a. The PV panel has the
electrical characteristics presented in Figure 2b.

Array type: Apollo Solar Energy ASEC-120G6M; 1 series modules; 1 parallel strings

- T
Rs Ipv g 6
. o . T4l
MWW ° g 25 °C
32 45°C
I 0 L L L
sc 1500 5 10 Voltage (V) 15 20 25
T T T
@ Ry Voo . 1
£ 100} 7
) 45°C
2 s0f ]
-
0 L L L
o 0 5 10 15 20 25
Voltage (V)
(a) (b)

Figure 2. The model of the PV panel (a) equivalent circuit [28], and (b) PV characteristics.

(Vpv, Ipy) are the PV voltage and current; (Rs, Rp) are the panel equivalent series and
parallel resistances; and (Isc) is the short circuit current.

2.2. Step-Up Chopper Model

A schematic for the basic step-up chopper is shown in Figure 3a in its conventional
format. The input of the chopper is the PV terminals, and its output is connected to the
DC bus. Different models have been implemented for this chopper; however, the average
model is the simplest and most suitable for our case. In [29], the following is the average
model of a step-up chopper working in the continuous mode of operation:

1
I 0 1—d]|Ipw
where (d) is the duty cycle ratio; (Vy, 1) are the DC bus average voltage and current; and
(Lp) is the step-up converter inductance.

2.3. Step-Down Chopper Model

The converter topology is shown in Figure 3b. It consists of one IGBT (Q3) and a
smoothing filter. The storage battery is modelled as an internal voltage with a series
resistance. The IGBT is modulated by the controller to charge the EV battery with a certain
current, achieving full charging. When switch Qs is activated and the antiparallel diode
acts as a flywheel, it operates in the buck charging phase. The equivalent circuits during
each mode are presented in Figure 4a,b. The model equations may be derived as follows:
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(b)

Figure 3. The basic (a) step-up chopper circuit, (b) step-down chopper circuit, and (c) two-way
chopper circuit.
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Figure 4. The equivalent circuits of the converters (a) mode #1, (b) mode #2, (c) mode I, and (d) mode II.

Mode (1): Q3 is on.

Referring to the equivalent circuit shown in Figure 4a, the KVL equations can be
written as: p £ i
Up . Up—Lyp i
C —_ =1 — , Li = —0 V 2
Tl P It b+ Vi 2)
where (L, C) are the filter inductance and capacitance; (Ey, rp) are the battery internal voltage
and resistance; and (j}) is the inductor current.

Mode (2): Q3 is off.

Referring to the equivalent circuit shown in Figure 4b, the KVL equations can be
written as:

dvb . Ub_Eb dil .
Car Th T e ®
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Equations (2) and (3) can be written in matrix form, as presented in Equation (4).
Hence, the converter’s state-space model is provided as follows:

i : =1 Yy
X = {11} X = l? L

X+ {(L)] Qs+ (4)

Ep
rbC

Ub C VbC

where (Q3) is the modulating function of the IGBT.

2.4. Two-Way Converter Model

The converter topology is shown in Figure 3c. It consists of two IGBTs (Q1, Q2)
and a smoothing filter. Its input is the DC link of the station; however, its output is the
storage battery. The bidirectional converter can absorb or generate electrical power [30]. It
absorbs power when charging the battery. However, it generates power when the battery
is discharging. It is thought that the filter inductance is sufficiently large to hold on to
adequate energy to manipulate the charging process of the storage battery. As a result,
continuous conduction operation is guaranteed. The converter operates in two phases: the
discharging phase and the charging phase. When switch Q; is on and Q5 is modulated in
the discharging phase, the battery is discharged via the bidirectional converter. On the other
hand, when switch Q; is modulated and switch Q is on, it operates in the charging phase,
in which the battery is charging. The converter’s state-space model in the charging phase is
typical, as in Equation (4). The equivalent circuits, during each mode of the discharging
phase, are presented in Figure 4c,d. The model equations may be derived as follows:

Mode (I): Q5 is on.

Referring to the equivalent circuit is shown in Figure 4c, the KVL equations can be

written as: P E i
L R L s R )

C =
dt ! ry dt

Mode (II): Q> is off.
Referring to the equivalent circuit shown in Figure 4d, the KVL equations can be
written as: J E di
Up . Up—Lyp 1
C— =i — , L—=— V, 6
g b P It vy + Vi (6)
Equations (5) and (6) can be written in the matrix form, as presented in Equation (7).

Therefore, the model in the discharging phase is as follows:

: 0o = =Vi Va
x=|1 I |x+| 7o |2 %
T T 0 Cry

where (Qy) is the modulating function of the IGBT.

3. Control System Description

The control system of the proposed EV charging station must achieve the following

objectives:

e  Catch the maximum power output from the PV panel.
e  Regulate the charging process for the EV.

e  Regulate the DC bus voltage.

e  Regulate the charging processes of the battery storage.

To obtain these objectives, the control system is formed by three controllers. The first
controller, which is the main controller, is the storage battery controller. It also regulates
the DC bus voltage level. Figure 5a presents the details of that controller. It has two control
loops, namely the current loop and the voltage loop. Nevertheless, the outer loop is the DC
bus voltage loop, which is controlled using a BELBIC controller. The controller generates
the setpoint signal for the current loop. On the other hand, the innermost loop is the current
loop, which must be faster than the outer loop for stable operation [31]. Hence, the current
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loop controller is selected to be a bang-bang controller. The second controller is the EV
charging controller. It has, as shown in Figure 5b, two nested loops like the storage battery
controller. However, the controllers are simply proportional-integral controllers. The third
one is the maximum power point controller of the PV panel. The control action is achieved
by measuring the PV voltage and current as inputs. Then, a procedure for the maximum
power point controller is implemented to generate the step-up converter duty ratio, as
shown in Figure 5c. The following section discusses the algorithm of the BELBIC controller.

L
Va 5 AW B

et iy

v, 1

B ‘ =c 1E

+ 4~ [ BELBIC + PO gesgien A =
V. . Controller | 7, . T Circuit ‘ "
d-ref ref |- —.

’:!

I,
Vev B
+ PID , PID | = PWM Fl_>
Vev . Controller Controller Generator o
7¢) 23
switching
Pulses
(b)
LIPV
MPPT pwM |- o,
Voy Algorithm Generator | switching
Pulse
(c)

Figure 5. The EV charging station controllers: (a) storage battery charger controller, (b) EV charger
controller, and (c) maximum power point regulator.

Proposed BELBIC Controller

A computer model of the limbic system’s cognitive processes related to emotion
processing was created by the BELBIC control system [32]. Figure 6a shows the model of
the suggested BELBIC structure. In essence, the BELBIC approach is an action creation
mechanism that takes emotional cues and sensory inputs into account. Control engineering
judgment informs the selection of sensory inputs (feedback signals) in every specific
application, while the performance objectives of that application influence the selection of
emotional cues. These can generally be vector-valued quantities. In this study, one sensory
input and one emotional signal (stress) have been taken into consideration for the purpose
of illustration [33,34]. There are many nods in various model parts in Figure 6a, and the
same mathematical formulas are used to simulate each one of them. An illustration of
emotional learning in the brain is plotted in Figure 6b. After receiving sensory input (S), the
thalamus preprocesses the incoming information. Analyzed input signals reach the sensory
cortex and amygdala. The emotional signals (ES) are utilized to compute the outcomes
utilizing the amygdala and orbitofrontal cortex. The final choice is obtained by deducing
the orbitofrontal cortex and amygdala outputs [35]:

MO =) A -) 0O (8)
Il Il

where [ is the number of sensory inputs.
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Figure 6. (a) The emotional learning model; (b) The BELBIC controller’s architecture; (c) The intended
plant’s incorporation of the BELBIC controller; and (d) The BELBIC controller’s flowchart.

Every input is intended for Node A. Additionally, the thalamus system sends the
greatest stimulus—response signal to the Ay, node in the amygdala system through a
pathway known as the thalamic link.

Ay = MAX{S;} ©)

The amygdala and orbitofrontal cortex’s outputs are calculated by summing up all of
their respective nodes, with each node’s outputs being derived as follows:

o] =

O
where (G; and W) are the weighting parameters of the amygdala and orbitofrontal cortex,
respectively. These weighting parameters are updated regularly using:

| |

G
W

(10)

AG,

AW, (11)

_ [aSymax(0, ES — Y A))
| BSmax(¥; A, — ES)
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where (« and f) are known as the rate of learning of the two units. The complexity of the
model under consideration and the required response determine which of S and ES to
choose. The (S and ES) signals are implemented based on the following cost functions:

Sl |Jle Vi, Vage
[EIS]_ ( f?e,ul)i f)] 12

where (e) is the DC bus voltage error, (V) is the plant output, (V;_) is the reference signal,
and (u) is the control effort output. The integration of the BELBIC controller with the
proposed plant is illustrated in Figure 6¢c. A flowchart for the controller is presented in
Figure 6d. The BELBIC parameters have been adjusted using a variety of techniques [36].
This work used a heuristic approach to determine the BELBIC parameters.

4. Simulation Results and Discussion

Matlab was used to simulate the suggested EV charging station displayed in Figure 1
to verify the idea stated in this research. The technical information about the EV charging
station parts was as follows: the storage battery was (Lead-acid, 65 Ah, 12 V) and initially
charged to 80%; the EV battery was (Nicle-cadmium, 6.5 Ah, 15 V) and initially charged
to 60%; and the passive components were (L = 2000 uH, Cq = 3300 pF). Figure 7 shows
the charging station response using the suggested BELBIC controller in comparison to the
traditional PI controller for ramp and step variations in solar irradiation.

The solar irradiation variation is shown in Figure 7a. It has ramp changes with varying
slopes, as well as large and medium stairs. The PV voltage responses for both controllers
are shown in Figure 7b,c. Figure 7d,e depict the PV current responses for both controllers
according to the ramp and stair changes in solar insolation level. The PV current values
coincide with the conditions of the maximum power point. The level of solar radiation
decreases to null during the interval (8 s < t <9 s), which results in zero PV output voltage
and current. The responses of the voltage of the DC bus for BELBIC and conventional
PI controllers corresponding to the variations in insolation level are shown in Figure 7f,g.
Figure 7f illustrates how closely the DC bus voltage for the BELBIC controller matches its
reference value with zero steady-state error. On the other hand, the PI controller responses
have zero steady-state error except at some periods, the ramp periods. This phenomenon
is well known for PI controllers having a poor response with non-step inputs. Nonethe-
less, the reaction of the BELBIC controller has the least overshoot (<6%). Conversely,
the response of the conventional PI controller has an overshoot of less than 12%. Thus,
50% represents the drop in the overshoot. Furthermore, utilizing the BELBIC controller,
the DC bus voltage has a reduced settling time of <0.08 s. On the other hand, <0.2 s is
the settling time using the PI controller. Therefore, the decrease in DC bus voltage settling
time is 60%. The aforementioned improvements show that the proposed BELBIC controller
considerably enhances system transient response. Additionally, it is seen that polluted
ripples are absent from the DC bus voltage waveshape when using the BELBIC controller,
compared to the response when utilizing the traditional PI controller.

For the PV’s power, the storage battery’s power, and the power of the EV’s battery,
Figure 8 contrasts the suggested BELBIC controller with the traditional PI controller. How-
ever, the responses from the controllers and the way they monitor the PV’s maximum
power point level do not change. The PV power responses for both controllers are shown in
Figure 8a,b, respectively. At the first second, [1 s <t <2 s], the insolation increases linearly,
and so does the generated PV energy. The PV energy generated may therefore be used
to fully charge the battery of the EV and save any leftover energy in the storage battery.
Then, the solar irradiation in the next second, from [2 s to 3 s], is 100%, which is enough to
charge the EV and store the rest in the storage battery. In the next three to four seconds,
the insolation decreases linearly to 70% insolation. Hence, the stored energy decreases
linearly while the EV charging is constant. At the interval [4 s <t <5 s], the sun’s insolation
is constant at 70%. As a result, the PV power is steady and capable of charging the storage
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Insolation

battery in addition to the EV. During the next period, from [5 s to 6 s], the insolation drops
to 25%. In this period, the generated PV energy is not enough to keep the reserve in the
storage battery and charge the EV battery. In the next interval [6 s < t < 8 5], the insolation
is 65%, which is insufficient to keep the reserve in the storage battery and charge the EV
battery. At the interval [8 s < t <9 s], the sun’s insolation entirely disappears. Finally, the
insolation steps to 100%, which is a large step. The operation returns to the previous case.

BELBIC Controller
(@)

®)

§ C T T T T ]
< 2 ; . : \
= —vd |
>’° 24 - - -Vd_ref | | | | | | I
2 3 4 5Time (5)6 7 8 9 10
PI Controller

Insolation

(@)

©

T

o 1 L T

1k ‘ ‘ ‘ ‘

NE 0.5k - —Insolation I_l

S0k _/\:‘:\ | ‘ | | |_ |
T

T

—Vd

- - -Vd_ref|

- 5
\ \ | V | | T il

1

2 3 4 5Time (5)6 7 8 9 10

Figure 7. The performance of the EV charging station using the conventional PI controller (a,c,e,g)
and the suggested BELBIC controller (a,b,d,f).

However, the transient of this large step is considerable. Consequently, no power
is generated. Hence, to counteract the decrease in solar production, the storage battery
empties. Also, to compensate for the drop in solar energy, the storage battery discharges, as
shown in Figure 8c,d. Additionally, the radiation variations are explained by the charging
and discharging processes. The two controllers are shown in Figure 8e,f, which show that
the EV power remains constant in all situations. The suggested BELBIC controller, on the
other hand, responds more smoothly and does not overshoot.
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Figure 8. The system power using the suggested BELBIC controller (a,c,e) and the PI controller (b,d,f).

The response of the EV charging process with the suggested BELBIC controller in
contrast to the traditional PI controller is seen in Figure 9. The EV’s current for both
controllers in Figure 9a,b closely resembles the reference that the EV’s converter controller
produces. Its reaction, however, is better without any ripples or overshoots when using the
recommended BELBIC controller. Figure 9c,d demonstrate the voltage of the battery of the
EV for each controller. It is noted that the responses do not change as the EV battery keeps
charging. The state of charge (SOC) of the battery of the EV using both controllers is shown
in Figure 9e f, respectively. The responses do not change as the EV battery keeps charging
for all periods. Except for some switching spikes in the EV battery voltage and current, the
two controllers have identical responses. However, the best responses are those with the
BELBIC controller.
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Figure 9. The EV charging performance using the suggested BELBIC controller (a,c,e) and the PI
controller (b,d,f).

Figure 10a,b display the SOC response of the storage battery for the suggested BELBIC
and conventional PI controllers. For both controllers, the SOC’s reaction is almost the same.
For the initial second, [1 s to 2 s], the insolation increases linearly, and so does the generated
PV energy. The PV energy generated may therefore be used to fully charge the battery
of the EV and save any leftover energy in the storage battery. The insolation in the next
second, from [2 s to 3 s], is 100%, which is adequate to supply energy to the EV and save the
rest in the storage battery. In the next three to four seconds, the insolation decreases linearly
to 70% insolation. Hence, the stored energy decreases linearly while the EV charging is
constant. In the period from 4 to 5 s, the insolation is around 70%. As a result, the produced
PV power may be used to supply energy to the EV battery and save the rest in the storage
battery. However, for the next second, from 5 to 6 s, there is only 25% insolation, which is
not enough to power the EV with the required energy. Hence, the storage battery empties
to balance the decrease in PV-generated power. During the next interval [6 s <t < 8 5],
the insolation is 65%, which is not enough to supply energy to the battery of the EV and
maintain the remaining energy in the storage battery. As a result, the state of charge slopes
modestly and positively. The solar irradiation eventually vanishes through the [8 s—9 s]
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interval. During the final period, [9 s-10 s], the insolation steps to 100%, which is a large
step. The operation returns to the previous case. Consequently, no power is produced.
Hence, to offset the solar energy, the storage battery discharges. The voltage of the storage
battery for the suggested BELBIC and conventional PI controllers is shown in Figure 10c,d.
Its voltage increases when charged, and decreases when discharged. The current response
of the storage battery for both controllers is shown in Figure 10e,f. It tracks its reference
quite well for both controllers. The reference value for the current of the storage battery
is generated by the DC bus voltage controller. Along with tracking their references, the
charging and discharging processes also consider radiation variations.

BELBIC Controller
(a)

Time (s)
PI Controller

(b)

Time (s)

Figure 10. The storage battery performance using the suggested BELBIC controller (a,c,e) and the PI
controller (b,d,f).

Figure 11 illustrates how the response of the DC bus voltage with the recommended
controller is affected by a £10% difference in the values of the passive components (Cg4, L).
This is performed to evaluate the BELBIC controller’s robustness to parameter mismatches.
It is noted that the controller successfully tracks the reference signal, which in such a way
illustrates how resistant the control system is to mismatched parameters. Conversely, there
is a minor increase in overshoots, but a tiny decrease in ripples.
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Figure 11. The DC bus voltage response’s impact against passive parameter variations.

5. Conclusions

This research aims to provide a novel autonomous PV energy source-powered EV
charging station. A PV panel, a step-up converter, a storage battery, an EV battery, and
two charging DC/DC converters are some of the parts that make up the suggested system.
The control system consists of three controllers: a battery storage controller, an EV charger
controller, and a maximum power point tracking controller. These controllers work together
to guarantee effective functioning. Even in the face of fluctuating sunshine levels, the battery
controller’s dual-loop control technology employs the BELBIC approach to provide a steady
DC bus voltage for the EV charging station. Utilizing MATLAB and the suggested BELBIC
controller, a simulation was run to evaluate the viability of the suggested EV charging
station. Regardless of the quantity of sunlight, the EV battery charged steadily, and the
storage battery, with the help of the suggested BELBIC controller, efficiently saved energy
and adjusted for fluctuations in PV insolation. Also, the suggested BELBIC controller
minimized the DC link’s voltage overshoot during variations in sunlight by around 50%,
in contrast to the conventional PI controller. The settling time was also reduced by 60%.
The voltage and current controllers of the converters operated effectively and precisely as
intended. Furthermore, the maximum power point tracking controller efficiently kept the
PV at its ideal maximum power settings. Future research can improve the system even
further by adding new energy storage technologies. A complete study of the system’s
stability will be prepared for future research.
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Nomenclature
PV Photovoltaic
EV Electric vehicles
BELBIC Brain-Emotional Learning Intelligent Control
DC Direct current
AC Alternating current
Vy, 14 DC link voltage and current
d Duty ratio of the boost converter
Vo, Iy PV voltage and current
Vi, Iy Battery voltage and current
Rs, Rp panel equivalent series and parallel resistances
Isc PV short circuit current
LC Filter inductance and capacitance
Cq DC bus capacitance
Ep, 1 Battery internal voltage and resistance
01, Qs Modulating functions of the IGBTs
MO The net output of the BELBIC controller
Aj, O Amygdala and orbitofrontal cortex outputs
ES Emotional signals
S Sensory input
Ay, Thalamus node
l Number of sensory inputs
(Gyand W;)  Weighting parameters of the amygdala and orbitofrontal cortex
(« and B) Rate of learning of the amygdala and orbitofrontal cortex
e Error
y Plant output
r Reference signal
u Control effort output
SOC State of charge
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