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Abstract

This study introduces an integrated power quality (PQ) conditioner, referred to as UPQC, that is linked with photovoltaic (PV)
and battery energy systems (BSS) in order to address and solve PQ issues. It is proposed to employ the Levenberg—Marquardt
(LM) backpropagation (LMBP) trained artificial neural network control (ANNC) technique for generating reference signal for
converters in UPQC. This approach eliminates the need for traditional abc to dqO to aff conversions. Additionally, the hybrid
algorithm (FFHSA) in combination of harmony search algorithm (HSA), and firefly algorithm (FFA) is also implemented for
the optimal selection of adaptive neuro-fuzzy interface system (ANFIS) parameters to maintain direct current link capacitor
voltage (DLCV) constant. The prime goal of the developed hybrid ANNC-FFHSA is to stabilize the DLCV with low settling
time during load and solar irradiation (G), Temperature (T) changes, minimization of distortions in the source current signal to
diminish total harmonic distortion (THD) in turn boosting the power factor (PF), suppression of fluctuations like disturbances,
swell, sag and unbalances in the supply voltage. The suggested method is validated by four test cases with several combinations
of variable irradiation (G), temperature and loads. On the other hand, to reveal the superiority of the developed method, the
comparison is carried out with the genetic algorithm (GA) and Ant colony algorithm (ACA) along with instantaneous power
(p—q) and Synchronous reference frame (SRF) conventional methods. The proposed approach significantly diminishes the
total harmonic distortion to values of 3.61%, 3.48%, 3.48%, and 4.51%, which are notably lower compared to the values
reported in the existing literature and also improves the power factor to almost unity. The design and implementation of this
method were carried out using MATLAB/Simulink software.
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1 Introduction

In the recent years, incorporation of distributed generation
like wind, tidal, solar, etc. into the distribution network is
supported in order to minimize the burden and stress on
the converters and ratings. The solar integrated UPQC was
implemented to resolve PQ issues efficiently. In addition a
novel fuzzy-based proportional integral controller (PI-C) was
designed for Maximum power tracking technique for extract
maximum power and to balance DLCV [1]. Besides, the
double-stage UPQC with solar PV was suggested to handle
voltage and current related issues based on unit vector gen-
eration technique (UVTG) [2]. Next, the three-level UPQC
with ANN-based reference signal generation was suggested
to handle the PQ issues and also to eliminate complex p-q
transformations [3]. However, the UPQC in association to
the solar battery system with ANN-based reference signal
generation was proposed to handle the PQ issues and also
to eliminate complex p-q transformations [4]. Further, the
fuzzy back computation was adopted for DLCV stabiliza-
tion and reference signal generation to minimize the voltage
and current THD [5].

The various existing algorithms for controlling the oper-
ation of SHAPF and harmonics isolation techniques, DLCV
regulation, current control methods were are discussed [6].
Meanwhile, the hybrid series active power filter was imple-
mented with ANFIS controller to suppress the THD in
voltage harmonics generated by nonlinear loads [7]. The dis-
tributed generation, which combines wind and PV, was built
with the goal of creating an effortless transition between
the grid to the island & vice versa while preventing load
changes [8]. Meanwhile, the Solar-PV powered UPQC was
presented to reduced grid current THD during voltage fluc-
tuations like sag, swell by adopting ANN, and in addition
the proposed method was compared with SRF and reac-
tive power theory methods under varying load conditions
[9]. Besides, particle swarm and grey wolf algorithms was
chosen to achieve the PI-C’s optimal K,, K; values for
SHAPF with a goal of controlling the power successfully
and diminishing the distortions in current signal [10]. How-
ever, to keep the DLCV constant and to manage the power,
the feedforward-based ANN was designed for wind sys-
tem and solar PV system of UPQC [11]. A new ANN
control-based reference signal generation was suggested
for solar fuzzy-based MPPT battery system of UPQC to
address PQ problems [12]. Future, a multilevel voltage
source converter (VSC)-based UPQC was linked to the
fuel cell with PV and wind system-based microgrid with
an intention of handling PQ issues efficiently [13]. Mean-
while, the comprehensive analysis was done on several
kinds of phased synchronize techniques which are suitable
for the control and operation of SHAPF [14]. However,
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the GW-O-based PI-C was suggested for various load-
ing conditions of UPQC with a view of minimizing THD
[15].

A new method was proposed to UPQC for the quick action
in fault reorganization with good accuracy in addition sta-
bilizing DLCV oscillations [16]. The artificial neuro-based
fuzzy hybrid control scheme was designed to UPQC for
addressing grid voltage problems like swell, THD, sag etc.
and load current THD efficiently [17]. The hybridization of
both Improvedbat and Mothflame metaheuristic optimiza-
tion methods for selection of gain parameters of PIC was
suggested to address the PQ issues [18]. The fuzzy logic
controller (FLC) was suggested for SEAF for the local dis-
tribution system to eliminate the voltage fluctuations and
current THD effectively [19]. A Soccer match optimiza-
tion for optimal design of ANNC was suggested to PV and
BSS integrated UPQC to solve PQ issues in distribution
system [20]. An adaptive hysteresis band with fuzzy logic
controller (FL-C) was designed to the PV associated 9-level
VSC-based UPQC with an aim of obtaining fluctuations free
voltage waveforms [21]. A Soccer-league optimization was
proposed for the optimal selection of gain parameters of
PIC for UPQC to handle both voltage fluctuations and cur-
rent distortions successfully [22]. The ANN-based reference
gate pulse generation method was developed for five-level
UPQC to handle current and voltage distortions successfully
[23].

The UPQC controller achieved phase synchronization
through the utilization of a STF combined with the UVGT.
The successful execution of the Self-Tuning Filter (STF)
in UPQC eliminated the requirement for a PLL, and the
STF with UVGT method was employed to generate syn-
chronization phases for both filters of UPQC [24]. Besides, a
harmonic compensation method tailored for hybridized AC-
DC converter operating for low switching frequency was
introduced. The proposed approach was explored, covering
the discussions on the approach, modeling schemes, stabil-
ity studies [25]. Meanwhile, the development of a SAPF was
aimed at regulating grid-integrated PV systems to mitigate
harmonic distortions. The PV-integrated SAPF effectively
supplies active and reactive power to the grid to reduce har-
monic components. Furthermore, adaptive techniques such
as ANN like ANFIS, Widrow-Hoff Adaptive Linear Neu-
ron, and Modified Widrow—Hoff Adaptive Linear Neuron
were utilized to create the reference current for the Inverter
[26].

An enhanced photovoltaic system was combined with a
hybrid filter to enhance the PQ in distribution network. The
shunt filter was developed, incorporating photo-voltaic, uti-
lizing an advanced signal processing technique known as the
dual-tree complex wavelet transform to extract frequency-
related information from the voltage and current signals
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caused by PQ disturbances [27]. Moreover, an economi-
cal Hybrid Shunt Active Power Filter was introduced to
address the issue of THD. Furthermore, a unique inference
method was employed to calculate the per-unit fundamen-
tal component of the reference current in-phase. In addition,
a new Fuzzy-PID Controller was utilized to maximize the
reference current value. The optimization of all controller
parameters was carried out using an Enhanced Football
Game Optimization method [28]. Furthermore, in order to
mitigate disadvantages, a hybrid SHAPF was devised. The
calculation of the reference current involved the utiliza-
tion of the dual-tree complex wavelet transform (DT-CWT),
while the optimization of the parameters for the HSAPF
system was achieved through the application of conven-
tional proportional-integral (CPI) control, as well as type-1
and type-2 fuzzy logic controllers (TIFLC and T2FLC).
This approach was adopted to enhance the system’s capabil-
ity to compensate for harmonics and improve power factor
[29].

Majority of the literature papers using evolutionary algo-
rithms attempted only to tune parameters of the conven-
tional PIC. It also illustrates that the traditional techniques
for UPQC currently in use involve complex Clarke’s and
Park’s changes. This research proposes an innovative arti-
ficial intelligence (AI) scheme, in conjunction with PV
and BSS, incorporating an ANN approach, and it opti-
mizes the ANFIS controller parameters of UPQC using
FFHSA.

The prime contribution of this work is as follows:

e An ANNC scheme trained with LMBP is recommended
to produce required reference signals for VSCs, thereby
avoiding the need for traditional abc to dq0 to aff conver-
sions, such as p-q and SRF methods.

e FFHSA is suggested for optimal selection of fuzzy MSF
parameters and weights of ANFIS controller for DC Link.

e The prime goal of the developed ANNC-FFHSA is to sup-
press the distortions in source current signal and in turn
enhancing the PF, handling the grid voltage related PQ
issues like (sag, swell, disturbance, unbalances etc.)

e The PV with BSS is associated to the UPQC’s DC link
to meet the load demand, quick response in maintain-
ing constant DLCV during variable load and irradiation
to minimize the stress and rating of the VSC’s.

e Additionally, the suggested ANNC-FFHSA for PV and
energy BSS integrated UPQC (UPVBSS) is validated on
four test studies for several combinations of supply volt-
ages, G, temperature, loading conditions to reveal the
overall performance w.r.t the current THD, PF through the
waveforms.

e However, to reveal the viability of the suggested method
THD, and DLCYV settling time is compared with GA and
PS-0 algorithms in addition to p—q and SRF methods.

The manuscript is structured as follows: Sect. 1 pro-
vides an introduction, Sect. 2 covers the design of proposed
UPVBSS, Sect. 3 elaborates on the control scheme, Sect. 4
discusses the obtained results, and, lastly, Sect. 5 serves as
the conclusion of the paper.

2 Design of proposed system

The developed UPQC arrangement is depicted in Fig. 1. In
this setup, solar PV is linked to the DC link of the UPQC via a
boost converter, while the BSS is connected through a buck-
boost converter. In this context, "Vy,." denotes the supply
side voltages, "V_anc" represents the phase voltages at the
source bus, and "V;" and "i;" refer to current and voltage at
the load terminals. "R;" designates the grid side resistance,
and "L;" signifies the source inductance. The UPQC com-
bines both series and shunt VSCs. The primary purpose of
the SAPF is to address voltage-related issues on the grid
side by supplying appropriate compensation voltage "V."
through an injecting transformer. The RL filter consists of
a resistor "Rs." and an inductor "L¢.." The SHAPF is con-
nected through resistance, interfacing inductance "Lg,," and
capacitance "Cg," to the grid. The SHAPF’s objective is to
reduce harmonics in the current signal and maintain DLCV
at a constant level with minimal settling time by injecting the
necessary current "igp".

2.1 External support for direct current-link

The incorporation of solar/battery to the UPQC’s DClink
reduces the requirement of large ratings and burden on con-
verters with lower demand from the utility. Here, Boost
Converter (B—C) is used to boost the output of solar system
and the charge and discharge of battery attached to the DC’s
link is handled with Buck-Boost converters (B—B—C) to reg-
ulate the DLCV during variation in loads. As the modeling of
PV and Battery systems are already available in the literature
[5], the control circuit of PV and battery is explained. The
equation for DClink power demand (Pq.) of the suggested
technique is given in Eq. (1).

Ppy + Pgss — Pgc =0 (H

2.1.1 Solar power generating (SPG)

Solar system transfers the sun’s irradiation into electric
power. The quantity of PV cells connected in series and in
parallel plays a pivotal role in determining the necessary solar
generation capacity. In this work PV model is taken from
simulink library. As the modeling of PV is available in the
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Fig. 1 Block diagram of proposed UPQC

literature, this work mainly focuses on the optimal design
of controller. The power of PV system (Ppy) is given by

Eq. (2)
Ppy = Vpy X ipy (2)

where Vpy, ipy implies the output voltage and current of pho-
tovoltaic panel. In this study, the Maximum Power Point
Tracking (MPPT) employs the Perturb and Observe (P &
0O) a widely used method for maximizing the efficiency of
solar photovoltaic systems or other renewable energy sources
by continuously adjusting the operating point of the power
converter to track the maximum power point (MPP). This
technique involves perturbing (slightly changing) the operat-
ing conditions and observing the resulting change in power
output. Here, it is used to regulate the duty cycle (AD) of
the boost converter, as illustrated in Fig. 2. The adjustment
in duty cycle is determined by assessing alterations in power
(AP) and voltage (AV). When power increases, the algorithm
raises the voltage, and conversely, when power decreases, it
reduces the voltage.

2.1.2 BSS

The BSS supports in stabilizing the DLCV. The state-of-
charge-of-battery (SOCB) is expressed in Eq. (3).

SOCB = 100(1 + / inss d Q) A3)
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The SPG output will decide the operational condition of a
BSS, whether it should discharge or charge, while fulfilling
to the constraints specified in Eq. (4).

SOCBpin < SOCB < SOCB pax “)

By minimizing the DLCV error Vgcerr by a PI-C, the
i 4 is calculated. By using PI-C, the battery error refer-
ence current iBS,err* is computed. Where, igs err represents
the discrepancy between the battery reference current i**f zg
received from LPF and thei™ . obtained from it. The graph-
ical representation of energy management at DC link is
illustrated in Fig. 3. If the solar power produced is greater
than the required DC link power, the excess solar power is
used to charge battery if SOCB is less than its higher limit.
Similarly, if solar power produced is lower than the required
DC link power, the remaining power is supplied by the bat-
tery if the SOCB is greater that its lower limit. The complete
control circuit of PV and battery systems with the proposed
UPQC system is exhibited in Fig. 4.

2.2 Capacitor value at DC link

The value of Cq. can be calculated [5] by Eq. (5).

e =
\/ngcr,pp
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Fig.2 P&O MPPT algorithm flow chart
The Vdrgf is selected within the allowable ratings of the  frequency, ripple current, and DLCV.
proposed system. The selection of Cg. depends on peak to
peak voltage ripple (V,pp) and shunt compensating current.
\/§ m Vge
Lsh,min = (6)

2.3 Inductor for shunt and series VSC with isolation
transformer

With the support of an inductor (Lg,), the shunt VSC is con-
nected to the network. Equation (6) provides the switching

12 ar Ssh Icr,pp

Assuming the modulation depth (m) as 1, over loading fac-
tor (ay) is 1.5, and switching frequency ( fsn) is 10 kHz [24],
the value of Ly, depends on peak to peak ripples (/er,pp). The
connection of the series VSC to the grid is facilitated by a 3-
phase series injection transformer, and its design parameters

@ Springer
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are defined in Egs. (7) and (8). 3.1.1 Proposed FFHSA for optimal design of ANFIS for DLCV
balancing
Vi-L . o
Kse = J3V (1) The ANFIS is suggested to maintain constant DLCV. The
5 suggested ANFIS is an intelligent hybrid controller with the
combination of ANN-C and FL-C features. However, for
V3 m Ve Kye o :
Lsemin = ——————— (8)  maintaining DLCV constant, the chosen reference DLCV is

12a; fie lerpp

Assuming that the switching frequency (fs.) is 10 kHz
[24], the series inductance depends on ripple current.

3 Proposed ANN scheme

Generally, VLDC varies during the dynamic load variation.
However, a quick return to the initial value is required to
bring the network back to normal state of DLCV. Here, the
recommended ANNC is used together with PWM hysteresis-
current-control for shunt VSC and gate firing pulses for VSC.

3.1 Shunt filter

The primary objective of SHAPF is to mitigate distortions in
the current signal and maintain DLCV stable in the presence
of faults and varying load situation by introducing compen-
satory currents.

@ Springer

compared with respect to the obtained DLCV; and its output
Error (E), change in Error (CE) is considered as inputs. The
inputs fed to the ANNC are initially trained according to the
triangular membership function (MSF) to produce the best
as shown in Fig. 5. ANFIS mainly consists of five layers, the
Ist layer (Fuzzification) the outputs of this layer are fuzzy
MSF given by Eq. 9

Hai(x), i =1, 2.

uBj(y) j =1, 2. ©
where, w4;ug;j are the MSF outputs obtained from the Ist
layer.

In this work, triangular MSF is selected due to its sim-
plicity in defining and understanding. It is defined by three
parameters: the lower bound (a), the peak or center value (b),
and the upper bound (c). This simplicity makes them easy to
work with in both theory and practical applications. More-
over, calculating the membership value for a given input is
computationally efficient for triangular MSF compared to



Electrical Engineering (2024) 106:3743-3770

3749

CShh R.S.h
II AA A
Cs 1{sh
]
Ve a C&"—‘Rwse—
Vla R, L, Vsia jE:" :
S€ V a
(™™ ll L Tllllree
Vse si a ase
Vo R, LVsb %_l | II)\IOH_
| : | X l V,, | Linear
— ' I i N Load
V. Vs ¢ Vseic si b |
_‘_MA«_[ R 1
Vi
Grid ™ , l Ly
S€ 1 n
S 7cm‘f\—j
f:sh -
L ~Y~VY— o

=

|rcccccjlccccccccccccccccnns

leoohecccscscscscscscscscscscscscscscscscsandal
@)

ccdecccccccpoccdecccccccad

L
o

PWM Voltage Control % Hysterisis Curent Control
c 4
1 =
N = [ ANN-FFHSA |
Ipy ool B-C.,
I | B-B-C _ _
T Vpy las I+ fae AL
TN o |
| §W, ,
|| L5 sw, |
=2 | vy | ! |
= Batte D e o Ta =
atery LLPI'J Dgs
MPPT § yref Ve, error  ref imeS iBs e1~r(>r>x<
W . dC 4 1 d >
Algorithm ﬂ (
""""""""""""""""""""""" * 1BS, error
PV Controller Ve

Fig.4 Controller of proposed system

Battery Controller

@ Springer



3750

Electrical Engineering (2024) 106:3743-3770

\/

aj bi Ci
Fig.5 Triangular MSF
other types of MSF. The mathematical representation of tri-
angular MSF is given by Eq. 10

. X —a; Ci — X
HAi(X) = max(min( , ——
b —a; ci —b;

), 0) (10)

where the range (universe of discourse) of x iS Xmax—Xmin
(upper and lower bonds) and b; is the point of maxi-
mum support of the fuzzy set i. The input and output
categories include Negative-Big (NTB), Negative-Medium
(NTM), Zero (ZOE), Positive-Small (PTS), Positive-Big
(PTB), Positive-Medium (PTM), and Negative-Small (NTS).
Figure 6 illustrates the inputs and outputs of the MSF, while
Table 1 displays the fuzzy-rule base.

However, in the 2nd layer (weighting of fuzzy rules) the
AND operator is applied, and calculates the firing strength
w; by adopting MSF computed in 1st layer whose output is
calculated by Eq. (11).

wr = pai(x) * ugi(y)i, j =1, 2. (11)

The normalization of values takes places in the 3rd layer
received from the previous layer. Each node reaches normal-
ization by evaluating the ratio of the kth rule’s firing strength
(truth values) to the summation of all rule’s firing strength is
given Eq. (12).

W

Wi =

k=1,2. (12)
wi + w2

The self-adaptive ability of the ANN-C is carried out by
applying the inference parameters (px, gk, 7r) in the 4th layer
(defuzzification) output is given by Eq. (13).

w; fi = w;(prl + qrv +rg) (13)

Lastly, at the 5th layer inputs are get added up to produce
the desired total ANFIS output by Eq. (14).

f=>_wif; (14)
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Figure 7 shows the block diagram of the proposed ANFIS.
The task is to reduce learning errors in order to improve the
overall performance of the ANFIS controller by optimizing
a;, bj and c¢; of MSF parameters and the neuron weights using
FF and HSA combined hybrid algorithm. The problem is for-
mulated to minimize the objective (£2) which is represented
as MSE by evaluating the fitness or brightness function F
given by Eq. 15

1
1+Q

lm o
Q=— 0, —0,)
n};w »)

Maximize F =

(15)

Here, o is the output obtained, o is the desired, and m
is the number of instance. The proposed hybrid algorithm
(FFHSA) is discussed in detail.

3.1.2 Firefly algorithm (FFA)

The FFA is inspired by the flashing behavior of the set of the
fireflies. Firstly, a set of fire flies are arbitrarily generated in
the space. Here, every fire fly resembles the required solution,
which relies totally on the selected parameters for control.
Here, every firefly (y) is the control variables whose bonds
are given as

y*(min) < y* < y¥(max); k = 1, 2...nd (16)

where nd = Total variables.

This algorithm uses bioluminescent communication for
the movement among the fireflies. Every firefly is mesmer-
ized towards the brightness of another fire-fly and attempts to
shift towards it. The brightness function (F) of firefly gives the
suitable value of the chosen problem. In the iterative process
FFA calculates F and alters their positions accordingly. The
attractiveness f;; between the i th ;! firefly is represented
by Eq. (17)

Bij = Boexp(—yr}) (17)

where 7, ; represents the Cartesian distance between it j th
firefly and is computed by Eq. (18)

nd
=i =yl = | 0F =¥ (18)
k=1

In team, i firefly shifts towards the j® firefly and mod-
ifies its location, if BF; is larger than BF; at ™ moment by
Eq. (19)
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Table 2 Selected parameters for algorithms Table 3 BSS and PV Ratings
Algorithm Parameter Chosen Value Device Factor Value
FF nf 30 PV panel model Output 305.226 W
Bo 0.97 selected (SPR-30JE  gpen_circuit-voltage 642V
-WHT-U) o
y 0.92 Shortcircuit current 5.96A
o 0.5 Voltage/ current at 54.60 V
max 150 maximum power point /5.58A
HSA HMS 42 No o_f parallel strings, 66, 5
series connected
HMAR 0.93 modules per string
PTR 0.09 Li-ion battery Rated-Capacity of 450.0Ah
BW 0.13 battery
Tmax 150 Maximum capacity 550.0Ah
GA Population count 50 Nominal Voltage 650 V
rm 150 maximum voltage 757V
Alpha 0.85
Mutation 0.1 problem constraints. The selected parameters of the algo-
ACA Initial pheromone () le — 06 rithms are listed in Table 2. A harmony memory (HM)
Pheromone constant 1 comprising a number of candidate solutions, each represent-
Global pheromone decay rate 0.9 ing a harmony, is defined in the problem space as given in
Local pheromone decay rate 0.5 Eq. 20.
Tmax 150

yi(t) = yi(t = D+ Bij(y;(t = 1) — yi(t — 1)) + ae(rand — 0.5)
19)

3.1.3 Harmony search algorithm (HSA)

It is inspired from the musicians’ improvisation technique of
music, is a metaheuristic iterative optimization technique and
explores the problem space for optimal solution that max-
imizes the chosen fitness function (F) while fulfilling the

@ Springer

harm} harmé harm}\,
harm% harm% harmjz\,
HM = harm? harmg harmi,
harm{IMS harmIZ{MS e harmI;I}v[S
harm; — [harm; ;, harm;,, ..., ..., ..., ... jharm;,,]
(20)

The optimal design of MSF for the FLC is selected
as optimization problem with a aim of reducing the error
by optimally choosing fuzzy membership parameters a;, b;
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and c;. The quality of each harmony is assessed by a har-
mony fitness function (F), formed from the objective as
the chosen problem as Eq. 11. An improvised harmony
harm/ = (harm/, harmy/, L ;harmy) is generated by com-
paring a random number with HM adjusting rate (HMAR)
value as explained in Eq. (21).

if (rand () < HMAR)

: , | 5
harm; <— harm; = (harm; , harm; , --- ,harm

else

help it converge to global optima efficiently. This approach
allows for parallel exploration of the search space, increasing
the chances of finding the global optimum. It is less prone
to getting stuck in local optima, and it often finds high-

HMS )

i

harm '« harm € {harm (min) <> harm (max)}

end

(21)

Where, rand () is a random number (0 ~ 1). The pitch of
each variable in the improvised harmony is adjusted based
on the pitch tuning rate (PTR) by Eq. 22.

if (rand () <PTR)

quality solutions even in complex and non-convex search.
Similarly, the HSA can be scaled for large-scale optimiza-
tion problems by adjusting parameters and population sizes.
This scalability allows it to tackle problems of varying com-

harm ;< harm ; * rand()x BW

else

harm ;< harm ,
end

(22)

Where, BW denotes bandwidth. If the improvised har-
mony vector harm’ is superior than the worst harmony in
the HM, then the worst one is replaced by the new harmony
harm’. The generation of new Harmony is repeated till con-
vergence. Based on the F value, each firefly updates position,
HMAR, PTR in HSA improves the convergence process to
represent the global optima solution. The process is carried
out until it reaches maximum iterations (7™#*). Table 3 lists
the parameters that were selected for the optimizations that
were suggested and compared.

The FFA is well-suited for solving global optimization
problems, where the goal is to find the best solution in a
search space. Its exploration and exploitation mechanisms

plexity. Moreover, it is problem-independent it does not rely
on prior knowledge of the optimization problem’s mathe-
matical structure. This makes it suitable for a wide range of
real-world applications. Actually, large-scale optimization is
the problem with the FFA. In a similar manner, the HSA algo-
rithm should require improvement in terms of convergence
speed. Therefore, combining the two methods is planned in
order to achieve improved convergence and outcomes. In this
work, the hybrid FFHSA adapts both the properties of FFA
and HAS to obtain the best optimal solution. The pseudocode
of the proposed hybrid algorithm is as follows:

@ Springer



3754 Electrical Engineering (2024) 106:3743-3770

Begin
Step 1. Read the problem data
Select the parameters: Set £=1; T"*, define y; set a, o at 7=0; set HMAR, PTR, BW, HMS,
set the number of fireflies.
Step 2. Evaluate the Brightness function F.
Step 3. While t < T
Sort the fireflies by brightness;
for &1 : assign value for i firefly (all fireflies) do
Run simulink obtain THD using Eq. 15
for /=1 : assign value for j* firefly (all fireflies) do
Run simulink obtain THD using Eq. 15
if (F/<F),) then

By computing Eq. 18, 17 move firefly j towards i by Eq. 19;

else
for £#=1 : (all harmonies) do
if (rand () < HMAR) then
Apply Eq. 21
if (rand () < PTR) then
Apply Eq. 22
end if
end for k
end if

Update attractiveness;
Update brightness;
end for j
end for i
Evaluate the brightness F.
Rank the fire flies largest brightness firefly is the required optimal solution;
=t+1;
Step 4. end
while End.
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3.2 ANN control scheme for reference current signal
generation

Figure 6 depicts the suggested ANN controller for the shunt
filter. An input layer (IPL), output layer (OPL), and hidden
layer (HIL) are present in the ANNC configuration. The IPL’s
goal is to gather provided data and transfer it to the HIL. It
is then multiplied by the weights on the linked links that
connect the IPL and HIL. In this case, mathematical compu-
tations are performed with a chosen bias on HIL. Finally, the
outcomes are resolved in OPL. To get the intended result, the
link’s weights are adjusted during training by analysing the
inaccuracy.

The Levenberg—Marquardt (LM) algorithm is a widely
used optimization technique for training ANN. The LM algo-
rithm is used to minimize the cost function by adjusting the
weights and biases of the neural network. The LM algorithm
relies on computing gradients, and back propagation (LMBP)
is used to calculate the gradients of the cost function with
respect to the network parameters (weights and biases). This
involves computing the gradients layer by layer, starting from
the output layer and propagating them backward through the
network. During the each iteration of the LM algorithm, the
network’s weights and biases are updated based on the cal-
culated gradients. The updates are determined by the LM
algorithm’s rules, which depend on the curvature and error
in the cost function. Therefore, LMBP technique is adopted
in this work to obtain faster convergence.

As seen in Fig. 8, the reference currents (irefshfa, irefshfb,
irefshic) are regarded as target data, whereas the load currents
(i1_a» 11_b i1_¢) and DC loss component (Aig.) acquired from
FFHSA are considered as input. Additionally, Fig. 9 depicts
the structure of the suggested BP for the generation of the
reference current signal in the HIL using 200 neurons. It is
believed that a hysteresis regulator with £ 0.25A and £ 0.5A
band can generate the necessary gating signals for the shunt
VSC.

3.3 Series filter

The primary contribution of SAPF is to provide appropriate
compensating voltages to mitigate grid voltage fluctuations
and maintain a stable voltage supply to the load. In Fig. 10,
the proposed control scheme for the series VSC is depicted.
The reference voltage signals (Vrefse_a, Vrefse_b’ Vrefse_c) are
generated using the supply voltage signals (Vg a, Vs b, and
Vs_¢) as input data, while the reference voltage is considered
as the target data for the ANNs. Figure 11 illustrates the
ANN’s structure, consisting of 200 neurons in a HIL. The
gating pulses for the series VSC are produced through PWM.

4 Results with discussions

The UPVBSS with ANNC was designed using MATLAB
2016a. In Table 3, you can find the specifications for the
solar system and BSS. Additionally, Table 4 displays the
parameters for the system and UPQC. To demonstrate the
functionality of the developed ANNC-FFHSA, four test
cases were chosen, each involving various permutations
of rectifier-based nonlinear loads, balanced or unbalanced
source voltages, and different circumstances such as voltage
swell, disturbance, and voltage sag, with varying irradiation
(G) and a temperature of 25 °C, as outlined in Table 5. Specif-
ically, for the first three studies, a balanced phase supply
(V) was selected, while an unequal phase supply was used
for case 4. The first case examined balanced voltage sag,
while cases 2 and 3 focused on sag and disturbance issues.
The minimization of THD, improvement in PF and main-
taining constant DLCV were considered as prime motive in
this work. To show the working of the proposed ANN-based
FFHSA, the results are compared with GA and ACA meth-
ods. The convergence plot of MSE for proposed FFHSA in
comparison with GA and ACA for casel is given in Fig. 12.
The PF is extracted from the obtained THD by Eq. 23.

1
PF = cos % ——— (23)
V1 + THD?

The magnitude of voltage during sag/ swell (Vsag/swel) 15
evaluated by Eq. (24)

Vi — Vg \%
Vsag/swell = 7 = Vsle (24)

The compensated voltage supplied by series converter is
in Eq. (25)

Ve =Vi = Vs (25)

The compensated current supplied by series converter is
in by Eq. (26)

ish =i —ig (26)

For Case 1, balanced Vg is chosen, and it is used to assess
the performance of SAPF. In this scenario, 30% voltage sag
was intentionally introduced into the Vg from 0.25 s t0 0.35 s,
as depicted in Fig. 13a. The ANNC recognizes the dip, in the
voltage effectively and supplies the required compensating
voltage to maintain terminal voltage constant. To investi-
gate the performance of SHAPF of proposed ANNC-FFHSA,
load 1 and load 4 were considered. The load terminal cur-
rent waveform is identified to be polluted with harmonics,
nonsinusoidal and balanced as exhibited in Fig. 13b. The

@ Springer



3756 Electrical Engineering (2024) 106:3743-3770

Hysterisis
Current
Controller
1sh aish_b Ish_ C
Fig. 8 Shunt VSC controller
Fig.9 structure of ANNC for
reference current generation Hidden Output

Fig. 10 Series-VSC controller

PWM
voltage
Controller

Fig.11 Series ANNC structure

Table 4 Gris system’s & Device specifications

Supply f:50Hertz; Lg: 0.15 milliHenery; R: 0.1€2;V;: 415Volts
DClink Cqgc: 9400 microfarad; Vdrsf = 700Volts
Loads Bridged rectifier 3phase balanced load: L = ImH, R = 102

Un-balanced RL branch 3 phase load: R1 =10 2,R2=20,R3=15Q,L1 =1.5mH, L2 =3.5mH, L3 = 2.5mH
Un-balanced 3 ® R type load: R1 =50 2, R2 =10,R3 =30 Q
Balanced nonlinear Load: P = 500 W, Q = 9000 Kvar
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Table 5 Case studies

Circumstance Case study 1 Case study 2 Case study 3 Case study 4
Balanced Vg v v v
Unbalanced Vg v
Vsag v
Vswell v
Voltage distortion v
Trradiation of 1000 w/m? v v
Variable Irradiance v v
Solar Temperature of 25%¢ v v
Solar Temperature of 24 °C 4 4
Load variation 4 4
Load 1 v v v
Load 2 v v
Load 3 v v v
Load 4 v
GA ACA ANNC-FFHSA
1.4
1.2
1
M o8
S
E
0.6
04
0.2 ‘ ] :
0 u
2 27 52 77 102 127
Iteration

Fig. 12 Comparison of convergence characteristics for case-1

method that was developed effectively mitigated the distor-
tions in the source current. As aresult, the THD of the current
decreased significantly, dropping from 29.94 t0 3.61%. Addi-
tionally, the PF increased substantially to 0.99899, which is
very close to unity. In addition, the proposed technique regu-
lates the DLCV by maintaining the constant voltage of 700 V

as highlighted in Fig. 13c for constant 1000W/m? irradiation
and 25% of constant temperature.

In Case 2, much like in Case 1, balanced Vg is employed.
To assess the effectiveness of SAPF, a 30% voltage swell was
induced in the time interval from 0.4 s to 0.5 s. However,
ANNC identifies the hike in voltage in the grid current and
eliminates it by injecting the required compensating voltage
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Fig. 13 continued

as illustrated in Fig. 14a. The ij waveform was identified to
be sinusoidal and unbalanced due to the combination of load
2 & 3. To demonstrate the variation in load current waveform
load 3 is included at 0.6 s as seen in Fig. 14b. However, the
suggested method successfully suppresses current THD, i.e.
from 11.54% to 3.58%, which is lesser than other techniques
and the PF rises to almost unity. Here, variable G and load
change is considered simultaneously under constant temper-
ature of 25 °C. However, the suggested method maintains
constant DLCV of 700 V during G variations as shown in
Fig. l4c.

In case3, the V is selected to be balanced and validated
by inserting a disturbance from 0.6 to 0.7 s as demonstrated
in Fig. 15a. Nonetheless, the ANNC successfully identifies
and mitigates the disturbance by delivering the necessary
voltage, as demonstrated in Fig. 13a. Likewise, to assess the
effectiveness of the SHAPF, Load 1, in combination with
Load 3, was taken into account. This combination resulted
in a highly polluted and unbalanced current waveform, as
depicted in Fig. 15b. The proposed approach effectively elim-
inates the imperfections and corrects the imbalance in the
current signal. The THD of current signal falls from 24.33 to

3.48%, and the PF rises to almost unity. Besides, the proposed
controller keeps DLCV constant for temperature variation as
shown in Fig. 15c¢.

For Case 4, unbalanced Vg is selected. The ANNC-
controlled SAPF successfully detects these imbalances and
efficiently rectifies them, as depicted in Fig. 16a. In this sce-
nario, Load 1 was connected in combination with Load 2 and
Load 3. Load 2 was introduced at 0.3 s, and Load 3 at 0.5 s,
resulting in a polluted and unbalanced load current wave-
form, as illustrated in Fig. 16b. The THD of the current was
notably reduced, dropping from 21.86 to 4.51%, and the PF
increased to unity. In addition, the proposed controller holds
constant DLCV during load variation, temperature as well as
irradiation variation successfully shown in Fig. 16c.

Table 6 gives the THD and PF comparison of the pro-
posed method (ANN-FFHSA) with those of other standard
methods like GA, PS-O and other controllers available in the
survey. It clearly exhibits that proposed method has much
lower THD and higher PF when compared to other tech-
niques. Figure 12 portrays that proposed FFHSA reaches to
lower MSE of 0.01107 in lower number of iterations (25) has
fast convergence when compared GA (52) and ACA (45).
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(a) Supply voltage with sag, seires compensated voltage, Load terminal voltage

sV
4

(b) Load terminal current, shunt compensated current, source voltage

Fig. 14 Signal for the suggested method for the case study two
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Fig. 14 continued

The optimized MSE values of proposed method with GA,
ACA are listed in Table 7. In Table 8, we compare the maxi-
mum, minimum, and average of THD values achieved by the
50 trials for case-1 using the PPFO method. Additionally,
the success rate is also provided within the table. It reveals
that the average THD attained by the FFHSA algorithm is
much close to the lowest THD value. Moreover, compared
to current methods, the success rate after 50 trials is higher.
These results, which show both a higher success rate and
lower THD, provide statistical evidence of the robustness of

the proposed method in its ability to consistently converge
towards the best global solution. However, Fig. 17 represents
the spectrum of source current for the proposed system for all
the test cases. The switching frequencies [24] and sampling
time are 10 kHz and 10 ws. Furthermore, Fig. 18 shows the
superior performance of the proposed approach in rapidly
achieving stability in DLCYV, taking less than 0.1 s, which
is notably shorter than the durations required by alternative
methods.
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Table 6 THD and PF comparison

Case Method THD PF
Phase-a Phase-b Phase-c

1 NO UPQC 29.94 0.7674 0.7775 0.7952
FFHSA 3.61 0.9989 0.9899 1
GA 4.07 0.9787 0.9768 0.9209
ACA 3.94 0.9998 0.9925 0.9974
Pq 4.02 0.9524 0.9554 0.9586
SRF 3.98 0.9657 0.9756 0.9778
SRF [28] 5.47 - - -

2 NO UPQC 11.54 0.8814 0.8972 0.8301
FFHSA 348 1 1 0.9999
GA 4.98 1 0.9984 0.9978
ACA 4.74 0.9999 0.9889 0.9945
Pq 4.72 0.9862 0.9879 0.9865
SRF 4.27 0.9878 0.9875 0.9867

3 NO UPQC 24.33 0.8115 0.8908 0.8017
FFHSA 348 1 0.9999 1
GA 3.79 0.9968 0.9849 0.9889
ACA 3.69 0.9908 0.9817 0.9827
p-q 3.78 0.9973 0.9987 0.9978
SRF 3.57 0.9978 0.9989 0.9979

4 NO UPQC 21.86 0.7352 0.7496 0.7991
FFHSA 4.51 0.9999 1 0.9997
GA 4.18 0.9324 0.9651 0.9878
ACA 343 0.9881 0.9857 0.9858
pP-q 3.92 0.9978 0.9984 0.9988
SRF 3.47 0.9989 0.9997 0.9994

Bold values indicate the results of proposed method to exhibit its superiority to the compared methods

Table 7 Comparison of MSE

Case Method MSE

1 GA 0.01254
ACA 0.01129
ANNC-FFHSA 0.01107

2 GA 0.02728
ACA 0.02704
ANNC-FFHSA 0.02041

3 GA 0.01925
ACA 0.01472
ANNC-FFHSA 0.01201

4 GA 0.07814
ACA 0.07451
ANNC-FFHSA 0.05148

Bold values indicate the results of proposed method to exhibit its superiority to the compared methods
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Table 8 Statistical comparison of

THD result for case-1 Optimization method THD % Success rate
Maximum value Minimum value Average
GA 5.61 4.07 4.84 77
ACA 4.27 3.94 4.10 84
FFHSA 3.59 3.61 3.60 90
Fig. 17 THD spectrum for all FFT analysis

case studies
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Fig. 17 continued
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5 Conclusion

This work suggests a Al approach for a solar battery-
connected UPQC utilizing an ANNC. The ANNC, trained
using the LMBP algorithm, is recommended for the inte-
gration of solar batteries with the UPQC. The objective is
to generate the necessary reference signals for the shunt
and series VSCs without the need for conventional trans-
formations such as abc to dq0 to af. In addition, the ANFIS
parameters are optimally selected by adopting FFHSA algo-
rithm with a view of minimizing MSE effectively. However,
the proposed UPVBSS maintains constant DLCV during
loads and solar irradiation, temperature variations, suppress
the current harmonics improves the shape of current wave-
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form thereby boosting up the PF, eliminates the fluctuations
of voltage. After analyzing the THD and PF of the system in
the absence of the UPQC, the THD values were found to be
29.94% for casel, 11.54% for case2, and 24.33% and 21.86%
for case3 and 4, respectively. However, through the imple-
mentation of the proposed FFHSA, the THD values were
significantly reduced to 3.61%, 3.48%, 3.48%, and 4.51%
for the respective cases. This clearly demonstrates that the
FFHS A method effectively brought down the THD to accept-
able levels and improved the PF to nearly unity. In future,
the developed method can be expanded for the microgrid
associated multilevel UPQC. In addition, the controllers and
parameters can be optimally tuned by using advanced meta-
heuristic algorithms.
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