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Unified Power Flow Controller for PV Systems Using AI-Driven
Power Quality Improvement Using Coupled Inductor Dual Boost
Converter
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Abstract. Voltage stability, power flow regulation, and Power Quality have become major issues as a
result of the increasing integration of renewable energy sources, especially photovoltaic (PV) systems,
into power transmission networks. The main objective of this research is to improve the power quality
(PQ) in power system utilizing Renewable Energy Sources (RESs), notably by eliminating the harmonic
content in voltage and current that arise from power electronics interfaces. To address this, a Unified
Power Flow Controller (UPFC), is proposed comprising both series and shunt converters interlinked
with DC-link capacitor. In addition, a Photovoltaic (PV) system is integrated with a Coupled Inductor
Dual Boost (CIDB) converter to ensure a stable and continuous energy supply. To accomplish these
objectives, a Coyote Optimized Radial Basis Function Neural Network (COA-RBFNN) based
Maximum Power Point Tracking (MPPT) is adopted for ensuring efficient energy extraction from PV
system. Furthermore, a Decoupled Neural Network (DNN) based control technique is integrated to
manage UPFC efficiently. The research is modelled and simulated in Matlab. The most important results
of the study demonstrate a significant improvement in improving PQ, even under changing load
conditions. Moreover, the converter ranks with improved efficiency of 88%, with improved voltage and
current characteristics. The significance of the results is found in the ability to integrate renewable
energy with contemporary power control technologies while guaranteeing dependable and high-quality
power delivery.
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Controler unificat al fluxului de putere pentru sisteme fotoelectrice care utilizeaza IA pentru a imbunatati
calitatea energiei electrice folosind un convertor dublu elevator cu inductor conectat
ICindam A., IlanjiAkilandam C., 2DugyalaV.
"Universitatea Annamalai, Cidambaram, India
Institutul de Tehnologie si Stiintd Kamala, Telangana, India.

Rezumat. Stabilitatea tensiunii, reglarea fluxului de putere si calitatea energiei electrice au devenit probleme
majore ca urmare a integrarii tot mai mari a surselor de energie regenerabild, in special a sistemelor fotovoltaice
(PV), in retelele de transport al energiei electrice. Obiectivul principal al acestei cercetéri este de a Tmbunatati
calitatea energiei electrice (PQ) in sistemul energetic care utilizeaza Surse de Energie Regenerabild (RES), in
special prin eliminarea continutului armonic de tensiune si curent care apare de la interfetele electronicii de putere.
Pentru a aborda acest lucru, se propune un Controler Unificat al Fluxului de Putere (UPFC), care cuprinde atat
convertoare serie, cit si convertoare shunt interconectate cu un condensator de curent continuu. In plus, un sistem
fotovoltaic (PV) este integrat cu un convertor Coupled Inductor Dual Boost (CIDB) pentru a asigura o alimentare
cu energie stabild si continud. Pentru a atinge acest obiectiv, se adopta o retea neuronala cu functii de baza radiale
optimizate Coyote (COA-RBFNN) bazatd pe urmarirea punctului de putere maxima (MPPT) pentru a asigura
extragerea eficientd a energiei din sistemul fotovoltaic. In plus, este integrati o tehnica de control bazati pe o retea
neuronald decuplata (DNN) pentru a gestiona eficient UPFC. Cercetarea este modelata si simulatd in Matlab. Cele
mai importante rezultate ale studiului demonstreaza o imbunatatire semnificativa a calitatii energiei generate (PQ),
chiar si in conditii de sarcina variabile. Mai mult, convertorul se claseaza cu o eficientd imbunatatitd de 88%, cu
caracteristici de tensiune si curent imbunatatite. Semnificatia rezultatelor consta in capacitatea de a integra energia
regenerabild cu tehnologiile contemporane de control al puterii, garantand in acelasi timp o furnizare de energie
fiabila si de nalta calitate.

Cuvinte-cheie: calitatea energiei, fotovoltaica, convertor elevator cu inductor cuplat, algotitm de optimizare
Coyote, retea neuronala.
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YHuGUUUpOBaHHBIN KOHTPOJIep NOTOKA MOLUIHOCTH ISl JOTOJIEKTPHYECKHUX CHCTEM C
ucnojab3opanneM MU niisl moBhIIeHNS KavyecTBA 3JeKTPOIHEPTHHU ¢ HCIO0JIb30BaHNeM IBOIHOT 0
NMOBBIIIAOIIEro Npeodpa3oBaTe/isi CO CBA3AHHLIM HHIYKTOPOM
"Yunpam A., 'Unamxunakuaangam C., 2lyreismua B.
1YHI/IBepCI/ITeT Amnnamanan, Yunnambapan, Uaaus
3 UucrutyT TexHonornii u naykn Kamanel, Tenanrana, Vnus.

Annomayusn. CTaOUIbHOCTD HANIPSHKEHUS, PETYJIMPOBAHUE TIOTOKA MOIITHOCTH M KQU€CTBO JIEKTPOIHEPTUH CTAIIN
OCHOBHBIMH TIpOOJIEMaMH B pe3yJbTaTe pacTylleld WHTErpanid BO30OHOBISAEMBIX HCTOYHHUKOB 3HEPIHUH,
ocobeHHo (otornekTpudeckux (PV) cuctem, B cetn mepenaun 3nekTpodHeprur. OCHOBHOW IENBIO JTAHHOTO
UCCIEZIOBaHMS SBIACTCS IIOBBIIICHHE KaudecTBa 3i1ekTposHepruu (PQ) B »Heprocucreme, HCHONB3YIOMEH
BO300HOBIsIEMbIe HCTOYHHUKH dHeprun (B1D), B wacTHOCTH, ITyTeM yCTpaHEHHS TAPMOHHYECKUX COCTABIISFOIINX
HaNpsDKEHUS M TOKA, BOSHUKAIOUINX B WHTEpdeiicax CHIOBOH 3JIEKTPOHMKH. [l perieHus 3Toi MpoOieMBbl
mpearaeTcsi  YHAQUIMPOBAHHBIH  KoHTpoiulep motoka wMommHoctn (UPFC), Bimowarommit  Kak
MOCJIe/IOBATENIbHBIE, TaKk M INYHTHPYIOIIME IpeoOpa3oBarTelid, COCIMHEHHbIE C KOHJCHCAaTOPOM 3BEHa
nocrostHHOrO Toka. Kpome Toro, ¢oroanekrpuueckas (PV) cucrema mHTerpupoBaHa ¢ mpeodpas3oBareieM Co
CBSI3aHHBIMH MHIYKTOPaMH C JBOMHBIM MOBBINIa0NINM npeodpaszoatesneM (CIDB) mist oGecrieuenus cTabuiIbHOM
U HENpephIBHOM Mojauu 3Hepruu. Jlias TOCTHKEHUS OJTUX LeNeld HCIONb3yeTcs OTCIeKUBAaHHE TOUYKU
MakcuManbHO# MoHocTH (MPPT) Ha ocHOBE ONTHMH3HPOBAaHHOW paJnalIbHOM 0a3uCHON (QyHKINU HEHPOHHOI
cetu Coyote (COA-RBFNN) mist obecrieueHus 3QEKTHBHOTO HM3BICUCHHUS SHEPIHU U3 (POTOINEKTPUUCCKOM
cucteMsl. KpoMe TOro, MHTETpHpOBaH METOJ YIIPaBJICHUS Ha OCHOBE pa3Bs3aHHOU HelipoHHO cetn (DNN) mms
a¢dexruBHOTO ypasinenus UPFC. ccrenoBanme cMoaeIpoBaHO ¥ CMOJETHPOBaHO B cpene Matlab. Hambonee
Ba)XKHBIC PE3YJIBTATHI HCCIICOBAHUS AEMOHCTPUPYIOT 3HAUUTENBHOE YIIyUIICHHE Ka4eCTBA HIIEKTPOIHEPTHH JJaXKe
NpU M3MEHEHNH Harpysku. boiee Toro, mpeodpasosatens nmeer nossimeHHbIH KITJ[ Ha 88% n ymydmieHHble
XapaKTEePUCTUKN HANpsDKCHUS M TOKA. 3HAYMMOCTh PE3yJbTATOB 3aKJIIOYAeTCS B BO3MOXKHOCTH WHTErpaliu
BO300HOBJISIEMOIl PHEPTUH C COBPEMEHHBIMU TEXHOJIOTHSIMH YTIPABICHHS AJIEKTPONMTAHUEM, TapaHTHPYS IpH

3TOM HAJIKHYIO U BBICOKOKAUECTBEHHYIO TI0AA4y AJICKTPOIHEPTUH.
Knrwouesvie cnosa: KauecTBO MOIIHOCTH, (DOTOBOJBTAMKA, [IBOMHOHN MOBBINIAIOMINKA IpeoOpa3oBaTesb CO
CBSI3aHHBIMHU MHIYKTOpamHu, onTuMu3upoBanHslil 1t Coyote RBFNN MPPT, DNN.

INTRODUCTION [8], and Dynamic Voltage Restorer (DVR) [9].
Shunt FACTS devices comprise of various types
which includes Static VAR Compensators (SVC)
[10] and Static Synchronous Compensators
(STATCOM) [11]. Additionally, combining
series and shunt devices enable to attain the
benefits of both devices, for which the highly
considered and demanded device is UPFC [12].

Significantly, UPFC allows controlling the load
voltage and rectifying source voltage harmonics.
Furthermore, it is essential to attain optimum
control of UPFC, for which various control
approaches are developed including Adaptive
Neuro-Fuzzy (ANFIS) based UPFC [13] designed
for high-voltage transmission applications, the
implementation of ANFIS-UPFC significantly
reduces active power, overshoot and settling, and
provides enhanced control  performance.
However, this approach is prone to increased
computational complexity leading to less
effective system performance. Consecutively,
Artificial Neural Network (ANN) [14] controlled
UPFC achieves rapid response rate, enhanced
adaptability, increased robustness and higher
transmission. But ANN-UPFC requires additional
training, which leads to overfitting issues,
thereby, increasing the complexity. Henceforth,
considering these limitations and to prevail over

At present, major aim is to attain enhanced
alternative for fossil fuel base energy sources due
to their hazardous and negative impacts on the
environment, which in turn causes severe
damages [1]. This issue led to the development of
RES based power generation approaches,
currently there are various RES available, among
which, PV is widely utilized due to simple and
easy integration with reduced expenses [2].
However, connecting PV source to the grid
produces certain drawbacks including power
imbalance and quality issues, which are raised due
to the increased harmonics within the PV system.
[3] Therefore, considering these shortcomings
and to mitigate these limitations, Flexible
Alternating Current Transmission Systems
(FACTS) are developed [4]. The implementation
of FACTS allows smooth connection and
transmission of power between the source and
receiver [5-6]. Generally, FACTS are connected
in series and shunt connections, of which series
FACTS devices enable the optimum system
performance by balancing the voltage levels,
altering active power and allowing improved
control of transmission. Series devices include
Thyristor Controller Series Capacitor (TCSC) [7],
Static Synchronous Series Compensator (SSSC)
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them, this paper utilizes DNN for attaining UPFC
performance by contributing enhanced ability to
adapt towards varying active and reactive power
requirements, thus enhancing the entire system
stability and reliability. Moreover, to provide
consistent and sustainable power supply, PV
system is integrated, for which, the initial PV

output voltage produced is generally low, which
makes it essential for power converters to boost
the PV power production [15]. To further extract
maximum power along with continuous
monitoring, MPPT approaches are preferred.
Table 1 displays the merits and demerits of both
conventional converters and MPPT approaches.

Tablel
Merits and Demerits of both conventional converters and MPPT approaches
Reference Converter MPPT Merits Demerits
[16] DC-DC Converter Ant Bee Colony | eIncreased Efficiency ¢ Increased Expenses
(ABC) ¢Enhanced  tracking | ¢ Computational
ability Complexity
[17] High Gain DC-DC | Adaptive Step | o Increased Voltage | ¢ Complicated
converter Genetic Algorithm gain Implementation
(ASGAO) ¢ Reduced Losses ¢Increased  Processing
optimized RBFN time
[18] Interleaved Boost | Adaptive Stepped | o Improved System | #Requires additional
Converter Scaled Perturb and performance tuning
Observe (ASSPO) | e Reduced Voltage | ¢Increased Complexity
optimized ANN ripples
[19] DC-AC Converter Cuckoo Search | eIncreased Efficiency ¢ Reduced convergence
Optimized ANN ¢Enhanced  tracking | #Increased component
quality count

The integration of PV systems into power grids
introduces power quality issues, mainly due to
harmonics from power electronic interfaces.
FACTS devices offer limited compensation,
while UPFC provides a more complete solution
but relies heavily on effective control.
Conventional control methods face challenges
like complexity, slow response, and poor
adaptability. Similarly, existing MPPT techniques
and converter designs, though efficient, are often
complex and lack robustness under variable
conditions. These gaps underline the need for an
intelligent, integrated framework for efficient
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energy extraction, resilient UPFC control, and
enhanced harmonic mitigation.Considering the
demerits of above mentioned conventional
converters and MPPT approaches, this paper
develops a novel converter and MPPT topology to
prevail over the above listed shortcomings. Here,
Coupled Inductor Dual Boost converter is
deployed along with Coyote optimized RBFNN
MPPT approach as in Figure 1. The proposed
system is designed and developed using DNN
controlled UPFC system which is powered
utilizing PV.
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Fig.1. Proposed System Block Diagram.
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A.Modelling of UPFC

UPFC comprises of both series and shunt active
power filters which is illustrated in Figure 2.

Shunt
Converter

Series

Converter
DC-LINK

L
-

UPFC

Fig.2. UPFC structure.

a.Series Converter

Figure 3 represents the structure of series
converter control, here, the voltage is estimated
by Phase-Locked Loop (PLL) and then it is
transformed intod —g axes via the dgq

transformer, which is expressed using, Where, V¢
indicates the quadrature axes voltage, the three-
phase voltages are denoted as[V” v VC:Iand
V¢ implies to the direct axes voltage, that is

levelled using the low-pass filter, which is
attained using,

1 1 !
yo 2 2 2 ye
20 . . 2 . 2
ve|= 3|50 (ar)  sin(ar- ?ﬁ) sin(att + Tﬁ) 4810
Ve Ve
2 2
cos(ar)  cos(ar— Tﬁ) cos(at + Tﬁ)
Vd(dv) — Vd _ Vd(ac) (2)
Vsaht
9]
d-q Vi d iy vl'h S
> LPF Tnverse = w
Transform Controller =
Transform =)
. Vg q | ~

LPF

T

vLabr —

Fig.3.Structure of series converter control.

The dgq voltage is then retreated back to the three-
phase voltage which is utilized as the reference

voltage. Later, the deployed controller
compensates the variations attained between these
signals.

sin(at) 1 1
ke 2 i)
w2 . 2 (3)
|4 =3 sin(ar)  sin(at _T) 1| Ve
VRL' 27[ Vo
cos(at)  cos(at - T) 1
b.Shunt Converter

Figure 4 displays the structure of shunt converter
control, where the converter operation starts by
transforming current and voltage to o, [ as
expressed in equation (4), using which the active
and reactive power are calculated by equation (5),

1 11
] 0 2 \/5 2 Ia
[ ¢ = 2 1 __1 __1 ]b ( 4)
PRSI BT,
o V3 B
2 2]
pl |y« py¥ I .
- 5
o |- v |
Vm—l_ip
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e f ||y
[aIZIEIiw T::i::r Inverse & Controller fuumsfp
he _ii Caleulation Trasirn
] 4
[“ M « _,‘j + 0 & l. L,
I i _qﬁ ‘ﬁ

Vicre 0 M

Fig.4. Structure of shunt converter control.

To obtain the reference values for o< andf, active
power (P) is passed through LPF which is then
transformed as represented in equation (6).

PULSES
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(6)
Moreover, to obtain enhanced UPFC performance
by improving its ability to control power flow by
enabling to adapt towards varying active and
reactive power requirements, DNN using which
improves the overall system stability and
reliability.

B.Modelling of DNN

The DNN based UPFC control approach is
utilized to attain enhanced and controlled UPFC
performance which is generally multi-layered
feed-forward NN structure. Generally, DNN
comprises of three layers which is input, hidden
and output layer respectively. Figure 5 represents
the structure of DNN control system for UPFC,
each layer is connected through weights. The
major aim of DNN is to attain enhanced control of
the system parameters including active and
reactive power along with voltage.

R1(S)

R2(S)

Fig.5.

DNN based UPFC control approach.

Here, the input layer is fed with the desired
voltage, active and reactive power output values,
and hidden layer is where the actual process takes
place using the neuron layers which enables
control of voltage, active and reactive power.
Hidden layer is the composition of PID control
structure which are contained as neurons. The PID
control structure adjusts the weights via the back-
propagation learning algorithm, thereby, attaining
decoupling. Lastly, the output layer generates the
control signals including the series voltage and
shunt reactive power. Furthermore, the to assure
accurate control signals for both series and shunt
converter, DDSRF theory based PWM generator
is deployed which enables increased robustness
for grid-connected PV based UPFC system.
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C.Modelling of DDSRF Theory based PWM
Generator

The DDSREF, three phase power component is
determined using,

(ot +¢,) Wt +¢,)

>

+7,

=

2r 2
y(a)t_?‘l"(pl) y(wt_7+¢2) (7)

[

SN N e

23

2z 2
y(wt+?+(0l) y(wt+7+(/?z)

The unsymmetrical voltage source is expressed
using,

Vil V| [Va] [Ve2]
Vo= Vi |=| Vi [#[ Vs |¥| Vi | ®
Vel Vol Val Ve
And the current source compo;lent is,
[as Iao Ial [a2
I =1 (=1 [+ Ly |F| Lo | 9
Ics [co Ic] IcZ_

According to Clark’s transformation, three-phase
voltage is determined as,

[ =
| =

1
(10)
VS

S

af30 = 1

(0]

Significantly, the real and imaginary power is
calculated utilizing,

o= |G e
N = l\)‘ﬁ N

V V,
MR I
q _VB Va

Considering the stationary reference frame, the
voltage vector comprises of similar frequency as
of the rotating system angular frequency. Thus, by
dividing the positive and the negative sequence
component, the Park’s transformation equation is
determined using,

~ cos(wt) —sinat)
Vi = Vs { —-sinwt)  cos(wt )} (2
) ~cos(wt)  —sinor)
Vo =V [ sin o) - cos(a)t)] (2

Based on the above equations,
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%

dgl

=V (14)

Significantly, the instantaneous PQ theory
obtained from Park’s transformation is attained
using the decoupled current and voltage values,
Which are calculated using,

P =

1 _deV

2 [V .

(15)

= %I:lel/qll/dZI/qZJ

(16)

v

dl _V;l d2

3
QZZEI:

(17)

According to the decoupled current and voltage,
the reference signal generated is represented as,

qu
1
__[le Vi dequ:| Idz
gl
1y (18)
qu
[ dl ql dZ q2:|
Idl (19)

Henceforth, the reference voltage and current for
compensating the source voltage deviations and
the load current harmonics is obtained through
DDSRF Theory based PWM generator.

E.Modelling of PV fed Coupled Inductor Dual
Boost converter

Coupled Inductor Dual Boost converter in Figure
6 operates in four different modes which are given
in Figure 7. Figure 8 represents the timing
diagram of the proposed converter attained during
the operating modes.
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AW

Fig.6. Coupled Inductor Dual Boost
Converter.
Mode 1:

In this mode, both the switches S; and S, are kept
in ON condition, thus both the coupled inductors
Cl; and CI, provide energy to the output, while
the output diode current keeps decreasing until it
becomes zero.

_ 2, v,
! 2n+1 (20)
VLm — vin _VO
o 2n+1 (21)
v _(vzn — VO)
T dn+l (22)

And the magnetizing inductor current, resonant
current and diode current is given by,

Lm Lm t
[ (0) = ( +1) m() (1 )(23)
( — 0)
Iy, (1) =——"—= 5 R) )+ I (8)
(2n+DL, (24)
2nv, +v,
i, ()= iDL +1)Lr() i, (t) o
i lel (t) leZ (t) B iLr (t)
Dow 2n+1 (26)
Mode 2:

Switch Sy is turned ON and switch S, is turned
OFF, here, switch S; enable to store energy in
magnetizing inductor. And the output power is

supplied through the capacitor discharge
respectively
Mode 3:

In mode 3, S, is OFF, while S; is kept in ON
state, where as diode D, is also turned OFF,
leading to direct delivery of input voltage to the
inductor and the magnetizing inductor. Moreover,
the load is charged through the discharging of
capacitor C, respectively.

Ro
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Fig. 8. Timing Waveform proposed converter.
Mode 4:

During this mode, switch S; is kept in OFF state,
while S, is ON. Here, S; is kept in OFF state
making v;,,1 quite similar to the input voltage and
V1.m> similar to the negative input voltage and the
output current is delivered via the capacitor C,
respectively.

2-L,
ML, 2L,

vy = (27)
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2L,

v, =V, —— 28

Lml IN LM+2LR ( )
2-L,

v, =V, —=%—. 29
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F.Modelling of Coyote Optimized RBFNN
based MPPT

Figure 9 showcases the representation of RBFNN.

RADIAL BASIS LAYER

INPUT LAYER OUTPUT LAYER

Fig. 9. RBFNN architecture.

The relation among the hidden and output layer is
depicted by,

e
h,=e

(30)

h
Vi =2, W, kh, (31)
Where, d, h and o indicates the number of neurons
present in the input, hidden and output layer
respectively. x;, h; and y, indicates the i;neuron
in the input layer, j;; neuron in the hidden layer

2-L .
V,, ———=— and the k;j, neuron in the output
LM R

The input name
. T
i, = [xl, Xy e xd] W the

ok
output weights. The j;; neuron centre vector is
denoted byc;, o indicates the width of the hidden

Vy =

layer. vectors

represents

neuron and”x I ” denotes the Euclidean
distance among the input and the output vector.
To further enhance RBFNN performance, tuning
algorithm plays a major part, by deploying these
algorithms enables to attain enhanced tuning of
RBFNN parameters. Here, RBFNN parameters
are tuned using the Coyote Optimization
algorithm. COA is preferred over other
optimization techniques due to its balanced
exploration and exploitation capabilities, inspired
by the intelligent and adaptive social behavior of
coyotes in nature. Unlike traditional algorithms,
which may suffer from premature convergence or
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require extensive parameter tuning, COA
dynamically adapts to the search environment,
maintaining diversity in the population and
avoiding local optima traps. Its lightweight
structure, minimal control parameters and high
convergence speed make it especially suitable for
real-time applications. Additionally, COA
exhibits robust performance across a wide range
of nonlinear, multidimensional optimization
problems, providing a more reliable and
computationally efficient solution compared to
other heuristic approaches. The flow chart is
presented in Figure 10. The integration of COA
enables to attain improved convergence speed,
robustness and reliability by providing accurate
tracking of MPP even under varying
environmental circumstances. COA is a
population-based algorithm that is developed
replicating the behaviour of coyotes. Where, in
COA, the total populations of the coyotes are
divided into N, and N .Therefore, the entire

population of COA is attained by multiplying N,,
andN,. Where, for each coyote in the pack at time
particular instinct is represented  using,

I C e -
xX= (xl, Xyyeues x_l.) = soc”’ where, j indicates

the dimension of the search space respectively.

The COA operation starts with initializing the
global population of the coyotes, that is for each
coyote in the pack comprising of j;; dimension is
given by,

soc””! =1b, +r,(ub;=1b;), j=1,2,........j(32)

Where, [b; and ub; indicates the lower, upper
bound, 7; represents the randomly generated real
number ranging between 0 and 1 respectively.

The second step is to determine the present
social condition, which indicates the objective
function cost,

fit?" = f(soc!) (33)

P, =0.005N; (34)

Considering equation (36), to prevent from P,
becoming greater than 1, N, is restricted to certain
limit, then the updated coyote social condition is
expressed using,
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— bt
new . =s0c;” + 1o, + 1,0, (35)

Where, r; and 1, indicates the equally divided
random numbers between 0 and 1 respectively.
Here, §; and 6, is given by,

— P pit
6, =a” —soc); (36)
_ Apt pit
0, =" —sock, 37)
Where,
St
ﬂp,t _ S(p,w'c,+|)/'2,' Neis oda
i sPt gt
N2 NC-¢-1/2]7 otherwise
(38)
it
a” =i{socl  c= {1,2,....Nc}
ceC™n f(soct”"}
The new social condition is calculated using,
newﬂt{”" = f(neWmc’f’" ) (39)
It is determined utilizing,
P>t
new ., , new, . <fit
SOCf’ t+l_ soct file! (40)
soc?', otherwise

The birth of the new coyote is represented using,

p’[ ¢ e
socy”; , rnd; <p orj=j

pup]’.”t = soc,f’z’fj , Vndj <p,+p,orj=Jj,(41)

R;, otherwise

Where,p, =1/j , p

, (l—p_v)/Z,, here k;
and k, are the randomly chosen coyotes from p —
th pack, j; and j, are random dimensions, pg
indicates scatter property, p, denotes association
property, R; implies the random number and
finally rnd; is random number between 0 and 1
respectively. Therefore, the overall proposed
system ensures improved system control
performance by achieving stable and reliable
power supply with enhanced output power quality

even under varying system circumstances.
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Fig. 10. COA optimized Flowchart.

RESULTS AND DISCUSSION

The developed UPFC system powered using PV
with novel converter and MPPT approach is
implemented using MAT lab with specifications
in Table 2 and their obtained results are discussed
in detail along with their comparative analysis in
this section.

Table 2
Parameter Specifications
Parameters | Values
PV system
Open circuit voltage 37.25V
V; 29.95V
Ln 8.35 Amps

Connected in series 2
Short Circuit Voltage 8.95A

Connected in Parallel 7
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CI-Dual Boost Converter
Switching Frequency 10 kHz
Lyp1, Lim1, L1, Lpz, Limz 4.7 mH
Cl' CZ 22 l.lF

The simulations are carried out at sag and swell
conditions for testing real-time adaptability. PV
source acts as the main energy input and the DC-
link capacitor couples series and shunt converters.
The DC-link reference voltage is set around 600-
750V, the capacitor voltage and inductor current
are initially assumed to be zero.

SAG CONDITION

In Figure 11, the occurrence of sag condition is
clearly illustrated along with PF waveform.
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POWER FACTOR WAVEFORM
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Fig.11. Power Factor and Three Phase AC grid Performance waveform.

INFUT VOLTAGE WAVEFORM TO THE CI.DUAL
BOOST CONVERTER

INPUT CURRENT WAVEFORM OF THE CI-DUAL
BOOST CONVERTER
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Fig.12. Input and output waveform of CI-dual Boost converter.

Figure 12 represents the CI-dual Boost converter
performance, where the first graph showcases the
input voltage waveform of the proposed converter
which depicts stable and consistent value of
around 70 V without any fluctuations for the
entire taken time period of 0.6 seconds. While, the
second graph implies the input current, which
immediately drops down and further shows minor
deviations. Significantly, the output current and

voltage waveform are provided, in which the both
the current and voltage shows major fluctuations.
Figure 13 indicates the DC-Link voltage
waveform under sag condition, where it is depict
able that, the voltage progressively rises with
gradual fluctuations and later continues to
fluctuate, indicating the voltage fluctuates due to
sag condition which needs to be stabilized for
better system performance.

DC LINK VOLTAGE WAVEFORM (REF AND ACT)

1000

T

GO0

Voltage [V}

_—  —

oz

Time [seconds)

.9

Fig. 13.DC-Link Voltage waveform.
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Fig. 14. Reference/Actual AC voltage and current Waveform.

Figure 14 implies the reference/actual AC voltage
and current for the series and shunt converter. In

Figure 15, the first two graph depicts the three-
phase load voltage and current waveform.

THREE PHASE LOAD VOLTAGE WAVEFORM THREE PHASE LOAD CURRENT WAVEFORM

T oo

0.3
Time (seconds)

0.4 0.5 0.6

o1 o2 o3

Time (seconds)

o4 os o6

Fig.15. Three Phase Load voltage and current waveform with real and reactive power.

graph comprising the three-phase AC grid voltage

SWELL CONDITION is initially maintained between the voltages of
In Figure 16 below denotes the three-phase AC
grid performance waveform along with power
factor, where the graph shows that, power factor
rapidly increases with certain deviations and later
stabilizes at around 0.1 seconds and later is
continuously maintained at that value. The second

+300V, which then around 0.3 seconds slightly
rises and later is maintained at the previous
voltage level. Significantly, the third graph
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depicts the three-phase AC gird current
waveform, which shows fluctuations. Finally, the
last graph comprises of both three-phase grid
voltage and current waveform.
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Fig. 16. Three phase grid performance waveform.
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Fig. 17. CI-Dual Boost Converter Performance waveform.

Figurel7above  indicates  the  converter  Figure 18 demonstrates the DC-Link voltage
input/output voltage and current waveform. waveform

DC LINK VOLTAGE WAVEFORM (REF AND ACT)
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Fig. 18. DC-Link voltage.

The efficiency of the converter is calculated by,
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Fig.19. Reference AC voltage and current waveform.

Figure 19 represents the reference/actual current
and voltage waveform for both the series and
shunt converter. Where the first two graph
showcases the reference and actual current
waveform for the shunt converter, here both

THREE PHASE LOAD VOLTAGE WAVEFORM
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reference and actual current shows certain
oscillations and fluctuations. The other two
graphs depict the reference and actual voltage for
the shunt converter which also contains minor
fluctuations.
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Fig. 20. Three Phase Load performance waveform with Real and Reactive power.
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Fig. 21. THD waveforms.

Figure 20 indicates the three-phase load voltage
and current waveform along with real and reactive
power waveform. Figure 21 shows the THD
waveforms for three phases A, B, C indicating
values of 0.62%, 0.62% and 0.64% respectively.
Figure 22 implies the comparison graph between
the proposed MPPT approach and other
conventional technique like ABC-MPPT [16].
And from the above graph it is evident that
proposed MPPT approach depicted improved
performance.

COMPARISON OF MPPT
4~ ABC-MPPT  =@=COA-RBFNN
120
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80
60 I ¢
40
20
0
sr|_11h1g &M‘rl' s:r::, Powerat  Tracking
time ripples Tracked global max  factor
4 ABC-MPPT 0.16 0.25 61.16 6498 9841
== COA-RBFNN 0015 0.19 72.67 80.56 99.28

Fig.22. Comparison of MPPT Approach.
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Figure 23 indicates the error rate comparison
between the proposed approach and ABC based
MPPT [16], where it is notable that, proposed
Approach attained comparably reduced error than
that of the conventional technique, referring to the
highly stable and reliable MPPT performance
Table 3 represents the comparison of UPFC
control topologies which implies the superior
performance of the proposed DNN controlled
UPFC than the other approaches.
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Fig.23.Comparison of error rate.

Table 3
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Comparison of UPFC Control topologies

UPFC control Receiving End Power Loss Loss Minimized
Approach Power
ANFIS-UPFC [20] 330.5 25 71.50
DNN-UPFC 340 18 85.30
Table 4
THD comparison
Ref | Published Method Load Voltage THD% Source Current THD%
Year
Phase | Phase | Phase Phase Phase Phase
A B C A B C
[21] 2023 SRF, Robust 1.0~1.5% 1.0~1.5%
[22] 2023 ANFIS, SRF - - - 1.77% | 1.77% | 1.77%
[23] 2022 ANN 0.72% | 0.71% | 0.71% | 2.97% | 2.96% | 2.97%
[24] 2022 ANN, SRF 2.3% 1.7% 1.6% 1.3% 1.4% 1.3%
[25] 2022 PI, SRF 2.4% 1.9% 1.6% 2.5% 2.6% 2.4%
Prop - COA-RBFNN-DNN | (0.59% | 0.65% | 0.64% | 0.62% | 0.62% | 0.64%

Table 4 presents a comparative analysis of THD.
The table highlights various hybrid and intelligent
control techniques. Most previous works show
moderate THD performance, with voltage THD
ranging from 0.71% to 2.4% and current THD
from 1.3% to 2.97%. Notably, the proposed COA-
RBFNN-DNN approach achieves the lowest THD
values, with voltage THD between 0.59% and
0.65% and current THD between 0.62% and
0.64% across all three phases. This indicates
superior harmonic suppression capabilities of the
proposed method, making it highly effective for
power quality enhancement compared to existing
techniques.

CONCLUSION

The proposed COA-RBFNN-DNN-based UPFC
system demonstrates significant improvement in
PQ enhancement by effectively minimizing
voltage and current harmonics. The integration of
a coupled inductor dual boost converter enables
high voltage gain with reduced losses, while the
COA-optimized RBFNNbased MPPT achieves
faster convergence, lower power ripples and
higher tracking accuracy of 99.28% compared to
traditional techniques. Moreover, the system
exhibits a converter efficiency of 88% and

achieves superior harmonic suppression, with
voltage THD reduced to as low as 0.59% and
current THD to 0.62%, outperforming existing
methods. Despite these achievements, the system
validation is confined to MATLAB/Simulink
simulations, lacking hardware implementation.
Future research could explore hardware-in-the-
loop (HIL) testing, incorporation of real-time
adaptive learning models to further enhance
robustness and scalability.
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