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Abstract— This manuscript presents a novel Hybrid
Artificial Intelligence (AI) framework that incorporates a
Unified Power Quality Conditioner (UPQC) to regulate power
disturbances and improves the power quality and reliability of
solar Photovoltaic (PV) and grid-connected Electric Vehicle
Charging Stations (EVCS). For precise management of UPQC
under dynamic and nonlinear loading conditions, the Honey
Badger Algorithm (HBA)-optimized Artificial Neural Network
(ANN) is the main innovation. The dual function of the UPQC is
to enable stable bidirectional power flow between the load,
distributed Renewable Energy Sources (RES) like solar PV
arrays, and EVs using supercapacitor while simultaneously
reducing power quality problems including voltage sags, swells,
and current harmonics. Over thorough simulations in
MATLAB/Simulink, the proposed hybrid HBA-ANN
methodology is verified, and its performance is contrasted with
that of traditional optimization methods. The outcomes show
significant gains in energy transfer efficiency, voltage
stabilization and Total Harmonic Distortion (THD) reduction of
(1.56%), demonstrating the efficacy of this clever, power-
quality-aware EV charging system. A future-ready solution for
intelligent and robust EV charging infrastructure is ensured by
the combination of adaptive neural control and intelligent
optimization model.

Keywords— UPQC, PV, EV charging, ANN, Honey Badger
Algorithm, supercapacitor, Power quality.

I. INTRODUCTION

A fantastic drive to reduce the enormous use of
greenhouse gases and fossil fuel resources arose in the
automobile industry with the development of EVCS, have
become the most common infrastructure, especially in cities.
EVs are Distributed Energy Resources (DERs) and strategic
design of power supply network and investments in DERs are
greatly influenced by their accessibility. [ 1-2]. Maximising the
advantages of EVCSs for the electricity grids and securing
additional service grids from EV charging stations are the two
main obstacles. Utilised as power filters in bandwidth
regulation, load shifting and generation balancing, these
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EVCSs along with STATCOM created a three-phase solar PV
system with a UPQC as part of an integrated strategy [3].

PQ issues are resolved by using Active Power Filters
(APFs), which are selected due to its quicker and more potent
compensatory capabilities. In general, the series converter
lowers supply voltage disturbances and voltage harmonics. As
demonstrated by [4-5], parallel-connected converter help to
mitigate problems with reactive power loads, current
distortions and current harmonics. A UPQC, which combines
series and parallel APFs, reduces present and voltage-based
distortions. [6-7]. The DC-UPQC technique included a
superconducting magnetic energy storage (SMES) system, a
parallel-sidle DAB, and a series-side Distribution Static
Synchronous Compensator (DAB) [8]. Their investigation
concentrated on resolving oscillations in DC voltage caused
by asymmetrical defects on the AC side. Nevertheless, PFC
capacity and reactive power adjustment are not highlighted in
the study. Presented a p—q theory that focused on combining
PVwith UPQC [9]. Nevertheless, the impact of voltage and
current harmonics is not considered in the study.
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Fig. 1. General Model of UPQC with EV charging

A. Overview of AI models

Combining Particle Swarm and Grey Wolf Optimization
techniques with FOPIDC designed to efficiently correct for
reactive power and harmonic distortion under both balanced
and unbalanced loading circumstances by controlling UPQC
converter. [10]. Here, PSO-GWO technique is used to modify




the FOPID controller's parameters in order to lessen the
influence of harmonics. This method seeks to adjust
distribution networks for reactive power and harmonics [11].
To account for reactive power and harmonics, a filter that is
economical is the Robust Extended Complex Kalman Filter
approach [12]. The highest reference current values
accomplished by the use of a brand-new Self-Adaptive Fuzzy-
PID Controller. To solve PQ difficulties like voltage
inconsistencies, lowering current signal THD, and
maintaining DCLCV consistently, The FLC is deployed for
series filter integrated into grid-tie three phase distribution
system [13]. Nevertheless, a PIC based on the SRFT technique
was specifically designed to connect to the synchronous
uninterruptible active power filter linked to the fuel cell.
Additionally, two scenarios with different loads demonstrated
the controllers' efficiency, through the harmonics has to be
reduced [14]. Henceforth, the proposed model uses a novel
controller model by the aim of overcoming conventional
issues related PQ.

B. Contributions

e Honey Badger Algorithm-optimized intelligent UPQC
control with ANN for real-time power quality
improvement.

e Mitigation of current harmonics and voltage
sags/swells simultaneously in AC source connected
and PV-assisted scenarios for EV charging.

e EVCS and solar energy are seamlessly integrated with
the load to provide steady and dependable energy
exchange.

¢ Enhanced system performance with regard to adaptive
control, THD reduction, and power factor correction
under dynamic loads.

II. DESCRIPTION OF PROPOSED SYSTEM

The block diagram in Fig. 2 shows a solar PV-based EVCS
coupled with an advanced UPQC framework, optimised by an
ANN under the direction of HBA. In addition to ensuring
effective, steady operation under dynamic loading and
renewable energy situations, the system is designed to

improve power quality. In order to fine-tune control settings
for voltage and current regulation of series and parallel
converter, the ANN is trained using HBA, which simulates the
foraging and digging behaviour of honey badgers, utilising
real-time power quality inputs. Under nonlinear and uncertain
circumstances, proposed control technique enables precise
and adaptive compensation.

A solar PV panel is integrated into the lower part, for
providing energy to UPQC’s DC link and EVCS. A boost
converter used to boost up the lower amount of energy into
higher level. This setup facilitates effective energy
management between AC supply, solar PV and EV while
supporting bi-directional power flow from supercapacitor.

III. PROPOSED METHODOLOGY

A. PV model and Boost converter

The PV model and Boost Converter are essential
components of the proposed UPQC-based EVCS framework
for utilizing RES and guaranteeing effective power delivery.
As a sustainable power source for the charging system, the
PV model absorbs solar irradiance and transforms it into DC
electrical energy. Nevertheless, the PV array's output voltage
is intrinsically nonlinear and varies according to external
factors like temperature and solar intensity. This fluctuating
DC voltage is boosted by a Boost Converter for powering
EVCS also UPQC’s DC link. A DC-DC power electronic
interface called Boost converter raises unregulated PV output
voltage to a desirable, steady level that is appropriate for
UPQC DC-link. It guarantees that the PV system
continuously provides enough voltage to enable EV charging
and the functioning of the UPQC.

B. UPQC Model

A DC-side capacitor connects UPQC, which is unified
into PSC and SSC. Equations (1) and (2) are used to express
the grids and SSC's active and reactive power is given as
follows:

{Pgricl = Pg_'—ricl + Pg_rid + Pgridm (1)

Qgria = 0
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Pssc = Pgsc + Psse + Psscn
gssc =0

The grid's total active power is represented by P4, its
total reactive power by q 4.4, total active power of SSC by
Pssc, gssc 1s represented by reactive power its fundamental
positive sequence of grid power signified as P;Tid, grid
denotes negative sequence of grid power, Py,iqm indicates
harmonic power, Pss. specifies positive sequence of SSC
power , Pgs. stands for negative sequence of SSC power and
Ps g states harmonic power of SSC. Power transmission over
AC source and SSC is how the transformer's final power,
P is accomplished. Equation (3) provides the following
description of the reference current based on the grid voltage,

2PsyB (3)

3Ug—grid

2)

lp—REF =

In this case, Pgyp stands for the DC sub-grid's power and
i,—grer for the power control's reference current. The active
power needed to generate the switching signal is transmitted
to the controller when i,,_ggr is sent. Equations (4) and (5)
are used to express the dq axis reference current as follows:

lg-rer = ligay + la-prer + 1 (4)

iq—REF = 0 (5)

Equation (6) provides the reference load current, stated
below:

lc = lj—ger — I (6)

Equations (7) and (8) are used to characterize the grids
and PSC's active with reactive power as follows:

=0
{PPSC = Ppsc + Prsc + Pescn ®)
dpsc = q1

Here, P, stands for the load's net active power, q; for
load's total reactive power, psc for the PSC's total active
power, qSSC for the SSC's total reactive power, P for the
load's fundamental positive sequence, P~ for the load's
negative sequence, Py, for the load's harmonic power, Pig.
for the PSC's fundamental positive sequence, Ppg. for the
PSC's negative sequence, and Ppgc, for the PSCs' harmonic
power. Equation (9) used to depict the power transfer
between the PSC and the load:

Pgrid =DL
dpsc = qi 9)
Phsc = Pssc
All active and reactive load powers are acquired via the
grid and PSC.

C. ANN controller For Shunt and parallel converter

Actual currents are used as output data for training ANN
shunt model by selecting hidden layers, whereas load currents
(ILa,ILb,ILc),Idc,IPV,and Ib have been used as input
signals for producing reference signals. The reference
current signals are produced, compared to actual currents and
then sent via hysteresis controller to produce pulses that turn
the IGBTSs on and off as seen in Fig. 4. Figure 3 shows ANN

model of the shunt and parallel compensator. The model
generates three outputs.
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Fig. 3. Structure of ANN model for SSC and PSC control

The input layer weight is expressed as,
A = Ya-1 [iE;; (10

A; Determines the hidden layer's activation level, H;
while W;;is the weight between the input and hidden layers.
The activity level of the hidden layer is shown as:

_ 1
T 7 14ema)

(In

The hidden layer's activity level is multiplied by output
weights to forecast an output value.

Y, =X HiWy; (12)

The expected value of output produced by network is
represented by (12). In order to determine the MSE, it is
compared to the observed and expected output.

RMSE =%zw/[0—y] (13)

In this case, N stands for sample size. Until the least
RMSE is obtained, the discrepancy between the observed and
anticipated outputs is reduced for each unit weight using a
back-propagation learning function.

D. Honey Badger Algorithm

The Honey Badger Algorithm, a novel method presented
in this paper to determine optimal value of ANN controller's
gain variables. An idea is taken based on honey badgers
behave in social situations. The honey badger has two
strategies to find food: either it follows honey guide bird that
directs it to a food supply, or it uses its senses to track and
gather scent of its prey. These two situations are classified as
being in digging mode and honey mode and the flowchart
model is illustrated in Fig. 5 respectively. The corresponding
locations of honey badgers with n populations are initialized
using the following expression,

x]- = LBl + T'l(UBi - LB,:), n € [0,1] (14)

In a group of size n, where x; represents the honey
badger's jth location and indicates a potential response,
UB; and LB; represent the supreme and smallest limits of
solution domain. The intensity is determined by the target's
quantity and distance over ith and jth honey badgers (/). The
target's smell potency, denoted by I;, is as follows:

S
Ij =4:?,r2 € [0,1] (15)
J

S=(x-x41) (16)

dj = Xprey = X; (17)



Where, d; refers distance between the jth prey and
badger, and S indicates equivalent to the source's intensity or
centralization in density. To reduce unpredictability, the

density parameter in the following equation decreased across
cycles:

a=CXexp (mgi;r) (18)

Where, C refers fixed value greater than 1 (the normal
value is 2) and MaxlIter denotes the highest limit of iterations.
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Fig. 4. Stepwise process of HBO model

Digging phase: When engaging in excavation operations,
the honey badger displays a cardioid-shaped digging pattern.
The approximate cardioid motion is simulated by following
equation:

Xnew = Xprey + FBIXpre, + Frzad;|cos(2mr,)[1 —
cos(2rrs)]|  (19)

The variable x,,, indicates the global optimum, or the
best place to find the prey that has been caught thus far. The

honey badger's ability to forage is signified as § = 1.  the
flag F modifies search approach and is chosen as below,
1 ifrg<1/2
F = 6 € [0,1 20
{—1 otherwise T €[0.1] 20)

Honey phase: In the scenario when the honey badger
follows the honey guide bird to find a beehive, following
equation simulates the situation.

Xnew = Xprey + ad;r;F,7; € [0,1] 21

Where, new locations of HB and its prey are denoted by
Xnew andxy,q,, respectively. Equation (21) makes it evident
that the HBA uses distance knowledge d; to focus its search
on ideal prey site ( Xpre, ). Number of solutions (n),
maximum number of iterations (maxiter) as well as amount
of state variables (d) are the three main determinants of
HBA. Despite this, the additional energy from solar is stored
in supercapacitor, which give supply to EV, when grid and
solar unable to generate adequate supply.

IV. RESULTS AND DISUCSSION

The proposed control model for UPQC based EV
charging is validate in this section by MATLAB/Simulink,
which demonstrates unity PF, minimal harmonics and ripple

as described below, the parameter specification of presented
model is shown in Table I.

TABLE 1. ATTRIBUTES AND ITS VALUE FOR THE PROPOSED MODEL

Parameter | Specification
AC Source
Load Resistance 100Q
Load Inductance 10mH
PV system
Open circuit voltage 22.6V
Short circuit voltage 12V
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Over a period of 0 to 0.8s, the voltage waveform displays
a steady and balanced sinusoidal pattern with a peak amplitude
of roughly 400V as signified in Fig. 5. This shows a steady
supply of AC voltage free from significant deviations. By
about 0.4s, the current waveform has stabilized into a
sinusoidal shape after initially exhibiting distortion and
harmonics.
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Fig. 6. AC source voltage and current waveform (zoomed single phase)

Figure 6 displays appropriate synchronization and
sinusoidal behavior, overlays the voltage and current for a
single phase. Following correction, the voltage and current
peak readings are roughly 400V and 50A, respectively,
signifies a balanced single-phase operation.
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The real power demonstrating how well the compensation
works to stabilize real power. Reactive power shows large
transients at first and then gradually decreasing to zero as
illustrated in Fig. 7.
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Fig. 8. THD waveforms of R, Y and B phases

The three-phase AC voltage's frequency domain analysis
reveals a Total Harmonic Distortion (THD) of 2.27% for R
phase, Y phase provides THD of 2.14% and B phase indicates
a minimal THD of 1.56% as seen in Fig. 8.
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Fig. 9. Reference AC voltage and current for series and shunt converter

The series converter's reference voltage exhibits abrupt
transients. Under harmonic or voltage sag/swell
circumstances, these strong peaks show dynamic voltage
injection for series correction. The shunt converter's reference
current tracking behavior is displayed in Fig. 9. Accurate
current reference generation is indicated by its first maximized
transients and distorted waveforms, which eventually stabilize
into a balanced sinusoidal shape.
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The input voltage stays constant and ripple-free by the
value of 75V when temperature and intensity maintains 25°C
and1000Sq/m), demonstrating the boost converter's stable
voltage input circumstances. Similarly, input current largely
stays and close to 30A with no ripple as signified in Figure 10.
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Fig. 11. Output voltage from boost converter

The boost converter's output voltage begins at about 400V
and increases gradually, peaking at about 1000V in about 0.1s
shown in Fig. 11. After then, for the duration of the simulation,
the voltage stabilizes with little ripple. This demonstrates that
the boost is operating effectively, providing a steady and
controlled DC output voltage at 900V. Similarly, after 0.5s,
the current waveform rapidly stabilizes at about 20A after
showing a rising transient at first.
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Fig. 12. PFC and DC link waveforms

With a nearly optimal power factor, the converter is
operating efficiently. Both reference and actual curves reach
about 900V in 0.6s, with the DC-link voltage displaying the
actual voltage nearly matching the reference profile shown by
Fig. 12. The robustness of the control mechanism is
demonstrated precise voltage regulation necessary for DC bus
stability.
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The load voltage waveform in Fig. 13 shows up as a three-
phase, fully sinusoidal, balanced signal with a peak of 400V.
The fact that the current stabilizes after about 0.2s indicates
that any disruptions or harmonics have been effectively
reduced.
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Fig. 14. Supercapacitor waveforms

During the 0.8s simulation, the SOC waveform stays
constant at 90% as illustrated in Fig. 14. At the beginning of
operation, Supercapacitor current waveform displays a slight
peak current of roughly 80A, demonstrating the
supercapacitors quick charging behavior. Within 0.1s, this
current drops off rapidly and maintains around -35A.
Additionally, starting at OV, the supercapacitor voltage
quickly increases to a stable operating voltage of about 420V
in 0.1s.

TABLE II. CONTROLLER PERFORMANCE COMPARISON

SRF FUZZY Proposed ANN
Features Controller Controller with optimization
[15] [13] controller)
Ripples (%) 0.15 0.5 0.12
THD 3.56 1.66 1.56

The performance comparison among different control
strategies highlights the superiority of the proposed ANN with
optimization-based controller. It achieves the lowest ripple
percentage of 0.12% indicates in Table II. Additionally,
proposed method records the lowest THD at 1.56%. These
results demonstrate the enhanced power quality and dynamic
performance of the proposed intelligent control strategy.
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Fig. 15. Convergence curve of various optimization models

Three optimization methods are compared in the
convergence graph in Fig. 15 such as GOA, proposed and SSA
model. In contrast to GOA and SSA, proposed algorithm
shows the fastest and most reliable convergence among them,
achieving the lowest objective value.

V. CONCLUSION

The determination of this study is to expand the power
quality and operational stability of solar PV and load-
connected EV charging systems by implementing a unique
intelligence-based control method for UPQC control. The
HBA optimized ANN efficiently mitigates significant PQ
problems such voltage sags, swells and current harmonics.
Comparing proposed HBA-ANN methodology to traditional
optimization methods. The findings show a significant
decrease in THD of (1.56%) with minimal torque,
enhancements in energy transfer efficiency and improvements
in voltage regulation.
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