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Performance Evaluation of Grid-Connected Photovoltaic System using SHOPTIDF
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gering concerns about the PRC are that it has little control

1. INTRODUCTION over the generation of accurate control signals and is prone to
The major components of the SH® ) variation in frequency deviations, which were not investigated
photovoltaic system are solar photovoltaic arraygiceal in [5-7]. The challengeposed by HCC are variable switching

frequencies and the impact of having highly electrostatic
resistance in the circuit, which were not discussed in [8]. The

The nonideal boost converter is preferred

boost converter because of its ability to cethe effects of performance of the model in {B1] was found prone to
parasitic capacitance, high efficiengy wer density, gisturbances due to uncertain convergeitoe twith reduced
lower magnitude of ripple voltage, lower duty cycle. stapility, reduced efficiency and higher harmonic distortions.

BT used as a SHOVPTIDF is a variable fractionarder controller. The
ed boost converter [1  gelection of fractionabrder controller is due to its ability to

2]. However, the boost con rSiRdlare modeled by state  gyppress chaotic behavior in scientific models evriiproving
space technique to stu e) steathte behavior while  tne stability of the system and robustness, thereby exhibiting a
ignoring the dynamic bga e dynamic modeling of boost  syperior dynamic response 18]. This proposed controller is
converters allows forfthe inat assessment of all components.  the modified form of TIDCF. The disparities in research
Therefore, the mod chnique, though being adequate, concerning the TIDCF design are rooted in longer simulation
fails to be accufate. HPTIDF controller is proposed  time, longer settling time, and attenuated noise rejection ability

to deliver the triggerigg pulse to the IGBT used in the proposed gjong with limited usage. The above research gaps are
erter. Some of thetable techniques for  a4dressed by replacing the TIDC with the proposed approach.

pulse include the extensive use of Phase LockedThe VPTIDF replaces the constant gains of TIDCF with error
Loops h Second Order Generalized Integrators{PLL  yarying controlparameters to improve the robustness of the
SOGI) [34], Proportional Resonant Controller (PRC}71b system. This suggested controller (SN®TIDF) uses a

Hystere Current Controller (HCC) -8, Ph_ase Locked prefilter (N ), which is a firstorder filter that was chosen due to
Loop-Feed Forward (PLIEF) [10], and Proportional Integral s gty to improve the controller response, in which case the
Derivative Controller (PIDC) [11]. The major concerns about sygem would experience less overshoot. The SHETIDF

the abovementioned control techniques including their effect  ntrol parameters are tuned by Spotted Hyena Optimization
on the SOGPLL with grid voltage variations an(_:i the impact Algorithm (SHO) to achieved an improved resporisg. [The

of temperaturechanges were not addressed iR4]3 The response of the controller is not always optimized in the process
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of optimizing the catrol parameters. A system must have a The suggestedinglephase solar photovoltaic system with
robust controller for it to be considered robust. Consideration SHO-VPTIDF provides the followindcey contributions:

of control parameters as variables that change in response to 7 In order to perform performance analysiof the
error facilitates achieving robustness. SNOTIDF employs photovoltaic model, it is designed in a simulatiased
this idea. software atmosphere.

A micro inverter reciwes direct feed of the DC voltage . .
generated by the boost converter. Low power inverters are - SHOVPTIDF  control strate_gy WithDQCSPWM s ]
formulated for the photovoltaic system to ensure superior

known as micro inverters. The foremost advantage of using a _
micro inverter is that despite poorer proficiency than string performance as well as enhanced devaluation of

inverters, efficacy largely increases duethe freedom with harmonic. .2

which each inverter unit can operatei[18]. The performance  Justificaton for superior performance assessment of
of micro inverters implemented in [118] facilitates harmonic harmonic distortions is done in the proposecﬁahdtovoltaic
mitigation and performance improvement under variations in

the input parameters. Utilizing a DQCSPWM technigte system. o

micro inverter system is tuned [l20]. By examining the Enhancement of robustnessmpgove of fault

Matignon stability theorem, the stability of the proposed
control technique is assessed [21]. The measurement of Total
Harmonic Distortion THD) is standardized by IEEE19

[22]. All power systems are subject to fault occurrence. Any
fault detecting system must be able to distinguish between a
healthy system and a malfunctioning one. Fault classification
must be used because it enhances system response. Machina A :
learning methos! like Levenberg Marquardt Algorithm are The rest of the manuscript is structured as follows. Section 2

: - o : t the mathematical modeling of mvattaic cell,non
used to identify faults (LMA). The ability to detect faults is presen BT L '
enhanced by the use of the Levenberg Marquardt Algorithm ideal boost gBertBFPDQCSPWM, and micro inveaemwell

(LMA). The benefits of control theory, fractional calculus, as ?perisoop;_an%!ysis of tpé;rI?OVPt;l]'IDF—tpasled p(?olt_ovoltaic
machine learning based fault detent techniques, and systepn Section 3 presents the mathematical modelirigtD-

variation in control parameters have never been combine Pl'g t'E. Sch?n 4tr?|ves the ana(ljy3|s resfult as well as t(;]e
before. Thus, based on inspiration from the concepts mentione valiaation of € Improve performance an
above, a new control technique (SM®TIDF) and fault robustnessSection Spresents the concluding remarks.
detection mechanism are proposed for the solar ph
system [23]. Since there are no known records on comBbij

the advantages of fractioratder controllers, noideal boost . :
The major components of the proposed photovoltaic system are

converters, micro inverters, and fault prediction@ability, th . g i . .
P > Y photovoltaic cell, DQCSPWM triggering mechanisms, micro

authors of this study hawaken this gap as a mativation fo f : .
further research This manuscript presents % ative inverter, SHO-VPTIDF, and converter. Figure 1(a) depicts a

assimilation of techniques for the enhanc@ ance and framework of the proposed photovoltaic system. However,
c

fault prediction of the singiphase photovaltéic system. The _Figure 1(bd) shows the simula_tion model of _the proppsed non
novelty of the proposed photovoltaic Syéte des improved ideal boost converter along with photovoltaic cell. Figure 1(e)
stability, better robustss, upgraded.ac ,

mitigation ability, and improved I handle uncertainties.

identification ability,noise reduction ability of the SHO
VPTIDF-based photovoltai_c system are yaded.

The superior performance of thé SH@TIDF-based
photovoltaic system is validated by performing a relative
exploration with prevalent practices.

P;OBLEM FORMULATIONS

presents the working simulationodel of the PV system. The
appending sections show extensive modeling of the
photovoltaic system.
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Figure 1(a) Schematics of SH/PTIDF-based photovoltaic system; (b) mathematical model of solar cell; (c) ideatlistiel of boost converter;
(d) exact model of neideal model boost converter; (e) simulation model of SHXIDF-based photovoltaic system.

2.1 Solar Array components and equivalent resistance of all components. The
idealistic boost converter is depicted in Figure 1 (b), while
The inputs to the solar array are solar irradiance and Figure 1 (c, d) represents approximate and exactibtieal
temperature. The mathematical relatidpsiimong the current Boost Converter (NBC) models. The NBCnimdeled via the
generated by the photovoltaic cell )( voltage across the state space averaging technique, given that the state space
photovoltaic diode Y), reverse saturation currenty(), averaging technique contributes to the study of steady state and

photocurrent (py/), charge of an electronq(), Boltzmann dynamic behaviors.

coefficient (k ), diode ideality factor 4 ), and temperaturer()
are represented by Equation (1). The characteristicelaf s

2.2.1 Non-ideal Boost Converter

can be mathematically expressed by Equation (2) bipolartransistor (GBT ), one diode D ), and each of inductor
- e, nadcVdt 8 and capacitor i, andCqyt). The internal resistance of the
It"photo’I rsﬁ«EXpae;kiT 0 (1) P . lin . OUt) . .

e ¢ - photovoltaic array is denoted Bgp. Equivalent Series
= Rleakage ; ohoto! ¢ ; XindtJfRseries 98 Vg4 8(2) Resistance (ESR) ¢6BT,D, Lj, andCqytis represented by
Rseries'R leakagg® 6 ¢ d¥ter - leakag® RONIGBT: RDiode:Rin, and Rcg, respectively. Vi,
where I;is overall output C“”em’photo photo current,l g represents the forward voltage dropf The value of ESR is

) ) . typically |l ess than 1 Y. Th
the reverse saturation currefittemperature ifK, d;; diode alienated into two partsiGBT on period andiGBT off period
identity factor, qc charge of Ectron, Rgg e S€Ties [3].
resistance,R|eakag€ shunt resistanc&;g, nominal terminal 2.2.1.11GBT on

voltage, k Boltzmann constant, an, the voltage across the

Isp(t) represents the current received from the photovoltaic
diode In the ideal condition, it is assumed thaf . +>> 1 pp o1

array. The voltage from solar panels is represented;ly.

and is validated becaus®|gqyqqceXCeedRge i ThE Equation (6) represents the exciter loop equation

current through diode,lphoto, has dependencies “en ™ | . dISdT(t):'(Rlin +RONIGBT +Rsp)Isgt)+V (1) (6)

temperature and solarradiance. This is established by 1o study the NBC, a small perturbation curreng (pg) is

Equation (3) andysis represented in Equation (4 applied byCq;. It is expressed as a component of current of

Grr i i
fShortK scf B @ 3) Cout(lcout(t)). Iy (1)is expressed mathematically by

N Equation (7). : ) : )
__ Ishot*K sl ¢ &T nom@,, €dcEb 0 4) _ CoutdVeou(t) _ (RL[Rco RL[Rco (7)
o= EXPE—— 2 leout(t)= = Vagft)- =2 t
&VopertK vid ¢ 6 T ¢ pé ' % 2 coutl!) dt (RL+Rco) couf!) Rco repi)

¢ dif er The output voltage\(, (t)) is represented by Equation (8).
where  Kgeis  shortci perature, Ky RL|Re )
L o

voltage/temperature coeffi e in temperature in  V (t) :((RCO)VCOUt(t) -(R |_||RC0)| rLpdt) (8

| _ &RseriesR leakag
photo & Rleakage

ex

%K, irrp solar nomin al in W/i*mEbg band gap o )

. ) The state space equation is represented by Equation (9).
energy, Thom the | temperature. 1.3 is the magnitude of 0
identity factor of diode. Upon substitution of Equatior4{3n t2(t)=AiGBTON! 2(t)*B IGBTON!(t)+G IGBTONV ft; (9)
I(EEguatlon (1), t fied expression is mediated via Equation y(t)=CicBTONt2(t)*EicBTONY 1) *HIGBTONVib ;L/

The state space matricesA Ggron: Biceton : CiceTon
Eceron Cigeron » @nd Higgron) are represented below.

2

a & AVj+Rseries 0 & Vg ©
@Bphoto! reexpee dtd Series 3 dt ¢(5)
leakagg® 8 ¢ ¥ oter =+ leakagé

2.2 Boost Converter

The inputs from photovoltaipanels are of low magnitude (in
the range of 20 to 25 volts). This lemagnitude voltage finds
little to no use when inverted to AC directly. Therefore, there
is a need for boost converter. The boost converter is modeled
in the scope of this study by cgidering the impacts of parasitic



|-(RoONIGBT *Rin +Rsp) o
A _ Lin .
IGBTON . (RL|Rco) |
(CoutRLRco)
1
Tin 0 o (RLIRco)
BIGBTON= (RLIIRCO) ‘CIGBTON (Rco)
(CoutRco) ! °
o {R
EIGBTON ( L"ORCO) :GiceTONT0 Q'

.
HiceTon =10 d

2.2.1.2 IGBT off

Ve, ut (t) denotes the voltage acrosg,; . After switching off
IGBT and successfully triggerirmy, the working equation of
NBC is expressed mathematically by Equation (10).

Lin dISTT(t) = '((RL +Rpiode *RsP) { R RCou)) sp( 9

R
'Mvcw(t)+V )+ (RLIRcout) rLpelt)-V

(10)

Rcout
The expression for-, (t)is denoted in Equation (11).
CoutdVeouft
'Cout(t)zomT&.m()
(RuReo) |y (RlReo) | (RUReS) (11)
“(Reo) R TRiRe, toul) T(Rgg RLPE

Vp(t) due to tiggering of D is expressed mathematically by
Equation (12).

_ (RLIRco)

Vi (t)= Veoutlt)- (RLIRco)! repet)

(Reo) (12)

{ R| Ro) k()

Utilizing Equations (1@12), the state variables for the
triggering ofD are expressed by Equations {(148).

22(031sHt) Vcouft) " u())qvb(t) 1rLPE)]" and

y(t)vl(t) 19t)"

25(t)=AicBTOFRZ {1)+B IGBTOFR( ) +G IGBTOFY 7 (13)
y(t)=CicBTOFFZA 1) +EicBTOFR( ) +HIGBTOF ft (14)
The state space matrices A|GBTOFF: BIGBTOFF:

CIGBTOFF: EicBTOFF: CicBTOFF: aNd HiggTORF) are
given below.

1301

‘-(RDiode’fRSF’*R L)"(( Ry RC')) 0

A|GBTOFF™= Hin
0 (RL|Rco)
(CoutRLRco)
R

i % (RL|Rco) LLHRCO)

BIGBTOFF= ‘CieBTORF I <0 (Rco)
(RLIRco) 1 0
(CoutRco)

_[0 ARL|[Rco). |1 . a7
EIGBTOFF_O ( HO 0)'GIGBTOFF_‘E # HiceTore=0 0
Through Equation (@3), the expression for the state space
matrices (A‘tot’BtOt’CtOt’EtOt’GtOt’ and HtOt) is

represented below.

Aot = DyA igeToNt DYA 16BTOFEB 1o~ DYB 1GBTON" DYB I6BTOFF

——> —> =

Ciot = DyCiceron * DYCiearorF: Etot = DYEiGBTON + DYEiGBTOFF:

-

Giot = DYGigaron + DYGigaTorr; Hiot = DYHigeTON + DyHlGBTOHi,/

where the expressionBy andDy=1-Dyrepresent dutyycle

and opposite of duty cycle, respectively. The expression of

state matrices is expressed below.

& ~ 6 ~ 0

PR DRpjode*Rsp+Rin (R L+R DDR|RCoyt0 -

= ONIGBT +DRpiode*Rsp+ m(9 L*Rcou} +DDRL Coutg D(RL|Rco)
Lin (LinRco)

D(RLIRco)  (RLlReo) (

Atot =

(CoutRco) (CouRLRcq

1 D[RR

Lin Lin
(RL|Reo)
(CoutRco)

IS(RI_HRCO) (R(LRHCRSO)

1 0

Btot= i Ctot

; Etot:{l -(RLHRCO)
(o 0

D

D o
Gtot =L, | Htot:O
0

The transfer function@(s)) for the YSwbtained after
performing small signal is expressed
mathematically via Equation (1

Vb (S

G(s) V—(S)) = Got ( !~ Aot) ot (15)

J

where the unitary m a
by 1 ands, respectiv
2.3 Micro Inver@

Vp(t) fromyNBQJ is converted into alternating quantity using

inverter. The foremost advantages of using-pawer

ers are improved effectiveness, improved safety,
inglépoint failure, and scope for future expansioneTh
inverters have lower proficiency than string inverters,
but’the ability of individual inverters to act freely sets poles
apart[17-18]. The scope of future expansion of micro inverters
is wider and easier to implement. Micro inverter systems are
flexibly modifiable as power demands increase or decrease
over time. In contrast, the size of a strimgsed inverter should

be determined by the maximum power. When future growth is




anticipated, it is possible to choose a larger than usual string In order to simplify the computations, Equations-@Ij in the
inverter, but doing so for an uncertain future raises costs stationary reference frame are transformed into tating
regardless. Since many micro inverter manufacturers provide reference frame represented by Equation (30).
applications or websites to check their products, checking and Vinv_d= (Ry+R)igr L+l Jigv (L Ly ) drid 1 Jﬂ
maintenance are also made simpler. DQCSPWM is used to

trigger the switches in theiamo inverter system. Vinv_g=(R1R2)iqr( Ll 2i q¥ (2L ) drid 3 ’9

Wy represents  the nominal angular frequency. The

22)

2.3.1 Harmonic ) )
relationship betweevt,, , vgridand the voltage control

The measure of all components of harmonic present in an gjgnals (V¢ gandve_q) of dq axis is expressed by Equation
electrical current signal is termed as the total harmonic -

distortion. The extensive use of power electrdmsed (23). _
switches leads to the induction of harmonictatisons in Viv.d=Ve a ¥ (1b 2 & ) drid
electrical signals. It is represented symbolically tHay. Viny = Ve_q- ¥ (1L 5 4 )drid %
Numerous potential avenues exist for

harmonics to impact electricity systems. Moreover, the Ve g@nd Vg qare used to calculate,
mentioned impact results in the unnecessary tripping of circuit mathematically expressed by Equatien (24).
breakes, reduced power factors, higher heat generation, R

(R1+R )i gt L 1L Ji
reduced efficiency, and increased electromagnetic emissions. It _ _
is out intention to maintain the low value #ft; as it reduces Ve F(R*RQigr L1+

peak current, improves power factor, and efficiencye Th  The minimum num
standard for measuringyd; is provided by IEEE519[22]. U fto dq transformati

fi

afiables required for singlase
0. Hence, in order to undetdd

todqtransfo friction variableg@nd iE) is created.

2.4 Direct and Quadrature Control -based Sinusoidal .
Pulse Width Modulation (DQCSPWM) The mat tical” equivalence figyand ip is expressed by

In order to design the proposed switching strategy,

computational model of the SH@PTIDF-based photovoltaic (dPLl_)TfJ
system is used [190]. The voltage and current from grid are _ u (25)
represented byvgqand iy, respectively. The volta in(dpy ) Y

is friction component is the phase shifted version of the
original measured signalThe expression for U ftodq
transformation and vice versa is expressed by Equations (26

current from micro inverter are represented Wy, and iq,

respectively. Micro inverter and grid are intercg
filter. The resistance and inductance of the inve

represented bR, andl;, respectively. The res

@ 27), respectively.
a nd .

|cos (d)|] |
inductance of the grid side are representedGpnd 1. The B |sin(d) (26)
coupling capacitance is representedCby combined ‘d‘: cos(l ) sl r‘ 27)
dynamic equation of the grid andginvertey/is represebied q |sind) cqls
Equations (1618). The application ofdg transformation withd =g in the two
Vinv=Raiz+sLi1+V cf (16) . _ _
Vef =Rai2+sL 2+V grid @ (17) reference currents((andlq) is expressed in Equation (28).
|1—.2+Lf (18) id lm(cog @pLL ) *°s 'PIIL)( th ) =1 3

. X % i (28)

The componen n Viny are represented by;, iqzlm(-cos(dpu_ ) . ®iLn ( dpLL) + sEyn ( Q}
and v res ifely. The impact of; can be neglected The insertion of delay makes the system response slower. This

slow response of the system is addressed by using error signal

while e current controller. Thus, Equation (16) is

(itj-i 0 to generate the error (steady state) indh&ame. Let

U and U ( be the errors ford - axis(direct axis) andq - axis

Vi U R1+R2) i0+s( L1+L2)i 5V or i (19) (quadrature axis), res*pectlvely. Itis assumedo that urv1der steady
- state conditions,ip =i ;. The expression folUand U tis

Vinv_p = (R1+ RZ)' b+s( L+ LZ)' BV gr (20) represented by Equations ¢29).

wherei, and i, are expressed by Equation (21).

ig=i=1 gosd Pl

ib =i=lpsin(d %’I, (21)
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where fgyand V|, represent the switching frequency and DC

Odg i - i a
o s b } link voltage, respectively. The grid side inductar,( and the
v dgﬂ | (cpopd b +)pusii( nod) gL C)q;ﬁ(zg) filter capacitor (s ) are represented by Equations &,
0 dgza i.i (i Fc)_Q(LB d) b+ i) %_Lil_ sin Cf respectively.
-Y . ] ,} (ka +1
U dg:lj [ 'i - (i pc)_o&s d ; Lo= A (38)
o * . ~ Cf ><(fSW)
Uggig - i J Cs =0.1xG, (39)
o & % N 1 : .
N qg:U_ ( s d Ldog ) 6P (-1 )SE Yvhe:ce karepresznt.s tlhe ;ttenuatlon factor. Elzctl;omr?gnetlc f
. u (30) |ntgr erences and ripple e ects are gompensate y the use o
V] qg:{ O @ £ P)_S(Lib )d ) +)i|€|_-|_i COsit resistance R; ) alongside C; . Equation (40) expresses the
ol x 1 mathematical equivalender R .
oq,:(f;@, Ciplsdn d i 1
8 g y Rf :(Sq eres) (40)

Equations (2438) are applied to generate a sinusoidal reference
for the Sinusoidal Pulse With Malation (SPWM). The
intersection between the sinusoidal reference and the square
carrier wave determines the operating states of DQCSPWM.

When the magnitude of reference wavg, Jexceeds that of

where ¥ ggrepresents angular resonant frequency. Equation (3)

helps to establish the filtering strategy for the photovoltaic
system and is depicted kigure 1.

2.6 Fault Classification

carrier wave {.4,), the positive pulse is generated. While the
neqative pulse is generatecuit... exceeds.. The modulation A fault can be broadly defined as an abnormal working
9 P 9 Mear c situation. Faults based on clearance time can be divided into

index and output voltage\f,,,,) of the micro inverter are  two types: small duration faults and long duration faults. The

expressed mathemedilly by Equations (3B2). former are typically voltage sag faulasid last for anywhere
between 5 and 12 cycles. Long duration faults are mostly

V,
ma:Vc(;r (31) cleared by 30 cycles. Neural networks based on machine
learning are trained to distinguish among eight different
Vi=V, a2n 2Ton 32) operating conditions. Grid open circuit faults, grid short dfcu
nv=rs —1T faults, load open circuit faults, load short circuit faults, in
¢ open circuit faults, inverter device faults, and converterd Ve
where Typ is the width of thent pulse andT is the total time faults are the faults that are taken into considerafi

used tarigger the switches present in the micro inverter. conditions. The inputs to the fault classifief a
of load current as denoted fyy,q4, grid curre
2.5 Filter currert inv, load voltagevioad, grid vol
i L i ) voltagevinv, irradiance denoted biyr ce) Frequencyfreq
Harmonic components exist in signals coming from the micro temperatur boost conv It ¢ boost
inverter. These gratuitous signals are removed by using LCL emperatureésmp, boost conve 0 . .O aqe:l ’ oos_,
filter. The base impedancez(,), base capacitae (C; ), and converter output currendc , total haimonic distortiorhdloadi

, solar panel voltagepanel, 2 dlapanel currentpanel. A

maximum value of load current {,55) for the LCL filter are . .

, i neural network is trained/te nize different types of faults
expressed in Equations (33). that occur in a ph gESystem as part of the fault
Zp :Vbnzpl_l (33) classification mechafism, whictpis based on machine learning

1 techniques. A o] eural Network (FFNN) is used
Cbz(\”g 43) (34) by the LMA to [kealizg faults. In an FFNbased ANN, loops

1 do not forpamn on travels through the input node to the
I max=0-333RV21{ Vi) (39) hidden nges a!d, then, to the output node. In the hidden layer,
where R represent active power ang filter voltage, e math ial optimization is com@ét Data preparation

rocessing are also done in the hidden layer-tadid
lemented by the aid of twentywo hidden layers,
three outputs, and fourteen inputs [23].

respectively. In order to achievelustness in the filter design,
a tolerance of 10% is allowed in the values of the filter
components. Inverter side inductancg j and change in load

current allowing a change of 10% are represented by Equations  °1 | evenberg-Marquardt Algorithm (LMA)
(36-37).
Vb

_ LevenbergMarquardt Algorihm (LMA), a machine learning
1 06ty *Imax

based algorithm, is used as a fault detection algorithm. LMA
_ employs computing gradient and Jacobian matrix techniques
Phax = 0 rdak (87) for quicker and efficient fault tracking. LMA is effectively

(36)



lowering the values of the cost function)( The mathematical
expression for the cost function is givergquation (41). 50
m
f=a ei2
i=1
where mcharacterizes the number of data samples. This
performancdails to optimize quickly; hence, the cost function
is remodified and represented Bguation (42).
m
f= & tpeal?‘|e pea|< (42)
peak=1
Equation (43) expresses the relationship among Jacobian
matrix, error vector, and parameter vectofhe error vector
and parameter vector are represented &y andwj,

E
]

(41)

Voltage(volts)

-
=

=

respectively.

Jij ::%'j (43)

parameters, respectively. The gradient vect@f ) and
Hessian approximationH; ) are used for generating the slope

of the vector field and local minima and maxima pointse Th

—

£ 10
where i and j represent inances of a dataset and number of £

& o

=

=

-

Voltage Waveform
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Output Voltage Waveform

mathematical expression fa@f and H; is given byEquation -200

(44). 0 0.2 0.4 0.6 0.8 1
T T. Time (seconds)

Df=2j'.e; i j+o | 44 .
e e “ A Y (b)

where / and | represent damping factor andentity matrix,
respectively. An increase if causes the iterations to fail,
while a decrease il value is associated with the improved
cost function optimization. This, in turn, speeds
iterations. The exgssion for the next set of weighth+1))
used for determining the progress of LMA is givéh,in Equati
(45).

Wit i = -(j(')T.j(I) +d0 [1) o (('b j (4

Current(Ampere)

2.7 Open-Loop Response

Supervening suections deliberate u th aractessic
areginvestigated under

the solar photovoltaic system, whi
varied operational settings.
2.7.1 Open-Loop Mode for, 350

The converter used i S script uses IGBT that is pulsed

—

at 30 KHz, and a simiple pulse generator is used for triggering g
IGBTs. The bo on r steps up the voltage from 24 volts =
from the solaf\subsystem to 44.48 volts with a ripple of %’
1.02v i presents the output voltage of the boost B
. (=]

conve en loop where the magnitude of the voltage £

s between 43.98 volts and 45 volts. The

reasons pehind the output voltage ripples.

—
h I
n —

Qutput Current Waveform

0 0.2 0.4 0.6 0.8 1
Time (seconds)
(©)

Output Power

0 0.2 0.4 0.6 0.8 1
Time (seconds)

(d)
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Fundamental (S0Hz)=2.728 (liy ) of the inverter is 1.5 ampere; and the apparent power (
THD=1.35% R,y ) of the inverter is 340watts, as represented in Figure 2(b
' ' ' d). Figure 2(e) signifies the current harmonic distortiem()

found at 1.63%. The opdaop result exploration suggested the
application of a controkchnique.

b2

2.7.2 Open-Loop Fault Analysis

=

The opedoop system is subjected to the converter device fault
at 0.2 second, load fault at 0.3 second, invetéstice fault at
0.4 second, and grid fault at 0.5 second. The impact of fault on
0 the operoop sysém is evident in Figure 3. The opkrop
0 S 10 15 20 system fails to recover from the impact of fault. Based on the
Harmonicorder openloop analysis, using a control strategy for achieving better
outcome is recommended.

Magnitude

(e)
Figure 2 Parameters of opdoop photovoltaic system: (a) Voltage
output of NBC; (b) Operloop micro inverter voltage output; (c)
Output current of opefoop micro inverter; (d) Output power of open

loop micro inverter; (efhd; plot.

2.7.2 Open-Loop Micro Inverter

The pulse generator provides 30 KHz switchiirgjuency for
the switches present in the micro inverter. The output voltage (

Vi) Of the micro inverter is 226volts; the alternating current
. temp E 200 verid g vioad ? . ipanel
< 30 £ £ 100 4
= -0 g 100 & s0 £2
= E 0 E 0 S0 T (
0 0.5 1~ 0 0.5 1 7 0 0.5 1 < oo 0.5 1
Time (seconds) Time (seconds) Time (seconds) Time (seconds)
= . . L .
Z 110 irradiance = igrid = iload = vpanel
= E 30 £ 0.6 = 20
= Z 20 Z 0.4 =
E 1000 = = S o
g g 10 g 0.2 =
= 5 0 = o =
= 900 = = = =20
= 0 0.5 1 < e 0.5 1 “ o 0.5 1~ o 0.5 1
o~ Time (seconds) Time (seconds) Time (seconds) Time (seconds)
— vde —_ vinv freq ide
= = 40 —_ T
Ed = = so -4
0 20 & 20 = )2
= ] = "
= 0 = 0 =
K I 49.5
- 0 0.5 1 7 e 0.5 1 0 0.5 1 ©
Time (seconds) Time (seconds) Time (seconds) 0 0.5 1
—_ inv =1 thdloadi
Eo03 =
Z 0.2 = 1o
= 2 5
= 0 = 0
L]
0 0.5 1 = o 0.5 1
Time (seconds) Time (seconds)
Figure 3 Fault analysis of the opdnap syst
3 CONTROL ALGORITHMS PTIDF stands defined inthe appending sub

S ns.
In this section, SHO/PTIDF is discussed in detail. The
performance of the SHQPTIDF controllerbased 3.1)8HGVPTIDF

photovoltaic system in terms of stability, accuracy, and
robustness is studied. The controller performance indices such SHO-VPTIDF used in the proposed photovoltaic system is
demonstrated in Figure 3(a). The controller output is control

ith iate iustification for th ol ; signal (u(t)), while the input signal is error signad(f)). The
with -appropriate justification for the controfier periormance  r,nsfer Function TF) for the SHOVPTIDF is expressed as
(12-14), similar toEquation (46)

as thd;, Viny » liny » By » @nd Vpare accessed and analyzed



a 5 8 U+ The control parameters off gridconnected
QK gxN oxN . ; X .
TF:( Kyxs' ) +Kda"N 3XSO b1 %x 2 135 (46) photovoltaic systems are estimated using the SHO approach in
Nz+s +(S +N1)(S +N2) order to control the output voltagerf,, ). The optimization
where the tilt gain is represented Ky, accelerabn gainkK,, variables have been selected to support determining the best

settings for the VPTIDF controlle Table 1 represents the
. - o parameters of the SHO optimization approach. The
N, N coefficient of acceleration$), b, and coefficient of optimization is carried out till the stopping criterion (maximum
derivative 9. The suggested model reacts to the fitness iteration) is reached. The optimal values of control parameters
function (Integral Time Absolute Errorfag )) and the lowest ~ are adopted from the optimized results based orlativest
value is employe to evaluate the control parameters. The Vvalue ofiTAE. The optimized values of control
mathematical equivalence WhEe is highlighted by Equation ~ along with their limits are placed in Table 2.

derivative gainK, coefficient of tilt n, prefilter gains Ny,

(47). In the proposed model, better performance including a UPPer bounds of the control parameters are_ob through
lower harmonic content and a higher system voltage is caused Optimization done individually by both methodshel block
by the lowesvalue of the fitness function. diagram of the SHEPTIDF contrdP tect % shown in
Figure 3(a). The working principle of is‘¢l€arly described
ITAE = fle(t)|x txdt 47 by the aid of the flowchart repres d indkigurer3(b).
0 Table 1 Optimization p ters for SHO
where | e(t) | denotes the error signal magnitude. The control Number of search agents,‘ ) 30
parameters are estimated with the help of the SHO strategy in Control Parameter (rand@m vegiby [5.0]
an effort to improve the performanad the photovoltaic :
systen|16]. SHO has the capability to provide the best optimal Random Variable %t [0.5,1]
solutions to the optimization problem. The optimization (SHO) Number of Generations” 1000
is achieved through abatement in cost functiomg ). The -

advantages of SHO like greatgccuracy, greater probability,
simplicity in implementation, high convergence power,
simplicity in equations, and best outcome with the capability to
avoid local optima proclaim its preeminence over most
optimization techniques.

Y Gt i i ion_
i Tilt Gain K e Tilt Functlonmux\.

t n
K g"
nmin

Y

Z “ontrol
Signal

Error
Signal







1307

[nitialize number of search agents, Random vector
constant, Random variable constant, number of
Generations

Y
Calculate the fitness value of each search agent

.
4

Y
Define the group of optimal solutions

Y
Update the position of search agent

Y

Calculate the fitness value of the updated search agents

Y

Update the position of each search agent if there is a
better solution than previous optimal solution

Y

Update the group of spotted hyena based on updated
fitness value of the search agent

Check the stopping criteria

NO

(b)

Figure 4 (a) Schematic representation@lO-VPTIDF; (b) Flow chart ofSHO.

4 OUTCOMES AND DELIBERATIONS

The objectives of thisection are to examine the results of the
SHO-VPTIDF-based photovoltaic model and to demonstrate
how the proposed strategy has improved in terms of
performance, robustness, and stability.

4.1 Control Action

The analysis of control parameter sensitivjbstifies the
control action of the proposed controller.

4.1.1 Control Parameter Sensitivity Analysis
The settings of the controller affect the system performance.

Thus, a control parameter setting is of significant importance
[16]. The optimization teakique employs the fitness function

to optimize control parameters, but the response is not

the controllers tend to present poor robustness and maximize

Return optimal solution

fast system response, and reduced overlapping. The u
lower ranges of control parameters are preskim Table

based on the tilt gain. Improper tuning has
increase system oscillations. The parametric vari
gain is plotted in Figure 5 (a). Reduction jg the mag

plotted in Flgure 5 (a). The
derivative facilitate proper t
disturbance rejection The

otted in Figure 5 (b). The
2 of TLBBHOA regulated

VPFOTDAF controll *- using a lgpass filter. The
low-pass filter is implemen d by'Using prefilter gaihg (N,

, andN3). The gaam variation of prefilter gains\g , N,

optimized. Control parameters are considered as constants andandNy) is in Figure 5 (c). The variation\4f is
resente ure 5 (d). The variation Vyis 0.20 volts

rise time. The optimization of response wbustness is

achieved by allowing control parameters to vary depending on

the error. The error signal f)) can be expressed

mathematically in Equation (48).
2

t
f () :A\}Zé e 2 |dt (48)

The TLBO-HHOA regulaed VPFOTDAF is modeled for
variation of control parameters. The variation of control

parameters aims to give a better disturbance rejection ability,

%.



Table 2The optimized control parameter values along with upper and
lower bound

Paramet¢ Indices Lower | Indices |Upper | Optimize
r Name Limit Name Limit d Values
Kt K{nin 0.2692 max [0538 [ 0.2791
Ka KIin 0.2174] max [0.3812 | 0.3333
K min 0.3801] «max |0.6462 | 0.4%45
d | KI KN
n amin | 0.2712] ymax  [0.70712 0.5054
] gnin | 0.6192] ymax |0.8462 [ 0.7174
b pMin 0.1082| pmax |0.594 | 0.4055
) Jmin 0.14 | jmax | 0.3319] 0.2311
Ny Nmin | 68.654] ymax | 225.65¢123.8861

1 1
N, NoMin | 44.68 | ,max [189.678| 99.87
N3 NgTin | 234.64§ \gmax | 296.38[ 271.12
Parameter Variation Plot
08
—
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Parameter Variation Plot
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Figure 5 (a) The \ariation oft , K4, K /& and @ i

U,b, and 9; (c) variation ofNy, N, , ; (d
trol param

Vb with the modification o

O

4.2 Closed Loop Boos rter

The low voltag S
necessary

r panels lacks direct util@matThus,
need to be in place to heighten the
solar panels. This enhancement is achieved

witched at 370 KHz by the VPTIDF controller.

resents the output voltage from the relift Luo

. In lowrating converters, the average value of output
is 48 volts. For lowating converters, 50 volts is a

Ve

lift converter islesigned to give an output voltage of 50 volts.
Voltage Waveform
50
40 (

Voltage(volts)

0 0.2 0.4 0.6
Time (seconds)

Figure 6 DC voltage output of the boost converter

0.8 1

4.3 Closed Loop Micro Inverter

The micro inverter inverts the steppeap DC voltage into AC.

A load having an impedance of 100+240¢ Y i s c o
across the micro inverter. Micro inverter provides an inverted
voltage of 220 volts, load current of 2 ampere, and power
consumed by the load, which is of 360 watt. Figure® 6
represent the inverted \abe, load current, and power
consumed by load.



Output Voltage Waveform
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Figure 7 Output voltage of micro inverter
Output Current Waveform
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Figure 8 Output current of micro inverter
Qutput Power
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Figure 9 Output power of micro inverter

A threeterminal transformer connected to both the
grid and proposed solgshotovoltaic system (solar Micro
Inverter) feeds the load of 12KW. Figure 9 shows the

130¢

contribution of the grid, proposed solar photovoltaic system,
and the consumption of energy from the load. The magnitude
of RMS voltage supplied by both the grid and iree is
162.5volts, while grid delivers a current of 6.3 ampere and a
current of 11.63 ampere fed by the inverter. The voltage across

the load is 169.5 volts with a current of 8.134 ampere.
Grid Current Plot

Inverter Current Plot Load Current Plot

b
®

£

Current (Amp)
2
Current (Amp)
£

Current(Amp)

]

o o
0 0ns 1 o 0.5 1 0.5 1

Time (seconds) Time (seconds) Time (seconds)
(a) (b) (e)
Grid voltage Plot Inverter Voltage plot Load Voltage plot
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=0 =0 =r
bt ki bt
= = =
= 5 i = s
[ [ [
0 0.s 1 0 0.8 1 0 0.5 1
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(d) (e) (O]
Figure 10(a) Current supplied by grid; (b) Current suppliedigro
Inverter; (c) Current consumed by load connected; (d) Voltage
supplied by grid; (e) Voltage supplied by Micro Inverter; (f) Voltage ‘
consumed by load connected.

4.4 Closed Loop Fault Analysis

The closed loop system is subjected ddault at
0.2 second, load fault at 0.3 second erter device fault at 0.4
second, and grid fault at 0.5 0 S valuedoafl,

vioad, inv, vload, vgrid, vinv
idc, thdloadi, vpanel, and,i
classifier. The impact of fa

iance, freq, temp, vdc,

e inputs to the LMA
losed loop system is evident
in Figure 11. The clo oop'system had minor impact of fault
on the proposed phatgvoltaic system. It clearly shows that the
photovoltaic s connected in the closed loop
condition, is able to récover from the fault and its performance
is not impzd e presence of faults. Due to the ability of
adaptive {optimal control technique (SH@TIDF) to self

just, th ts of faults on thestym output are kept to a
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Figure 11 Fault analysis of the closddw_cw

4.5 Robustness Analysis

The ability to endure rapid or abnormal change in operating
conditions is called the robustness of the system. The operatin
conditions of he proposed photovoltaic system are irradi

and temperature. The robustness is verified if the change |
operating conditions do not impact the system responses.
robustness of the proposed photovoltaic system is analyzedfor
changes in the voltagecurrent, and power of micro
inverter. The optimal operating range of temperatures for
photovoltaic activity is from 2@ to 48C. The deviation in the
RMS value is from 160.98 volts to 161.24 volts, as represented
in Figure 12(a). This deviation of 0.26Its amounts to 0.162%
variation from the full load. The deviation for the output current
from the micro inverter is between 1.4125 amp and 1.4135
ampere. This deviation in current of 0.001 amp amounts to
0.074% variation from full load, as representedrigure 12

(b). The variation in the output power of the micro inverter
from full load is 0.645%, as represented in Figure 12 {¢)e
variation is between 248.3 watts and 294.8 watts. The power
per unit area is received from the sun on the horizontehcairf

at the sea level. The maximum value of irradiance is 1361
watt/square meter (W/RL The variation in irradiance is from
700 W/MPto 1361 W/M. Theirradiance range is chosen to be
an optimal range for generation of voltage from photovoltaic
panels. Tk output voltage of a micro inverter varies from
160.98 volts to 164.5 volts, as depicted in Figure 12 (d). This
variation of 3.52 volts is 2.18% from full load. Figure 12(e)
represents the variation of current from the micro inverter. This
variation in tke output current of the micro inverter is 0.003
amp (1.4125 amp to 1.4155 amp), which is 0.022% of full load
current. The deviation in power is of 10 watts (245 watt to 255
watt). The 4.03% deviation in the output power of micro
inverter is represented iRigure 12(f). The proposed system
witnesses minute variatiorfaithin the tolerance level of 5%)
under largescale fluctuations in operating conditions. The PV

_ ipanel
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g2
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idce
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system is not prone to disturbances, thereby exhibiting robust
characteristics.

@)

(b)



