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Improvement of voltage stability for grid connected solar photovoltaic systems
using static synchronous compensator with recurrent neural network

Purpose. This article proposes a new control strategy for static synchronous compensator in utility grid system. The proposed
photovoltaic fed static synchronous compensator is utilized along with recurrent neural network based reference voltage generation
is presented in grid system network. The novelty of the proposed work consists in presenting a Landsman converter enhanced
photovoltaic fed static synchronous compensator with recurrent neural network algorithm, to generate voltage and maintain the
voltage-gain ratio. Methods. The proposed algorithm which provides sophisticated and cost-effective solution for utilization of
adaptive neuro-fuzzy inference system as maximum power point tracking assures controlled output and supports the extraction of
complete power from the photovoltaic panel. Grid is interconnected with solar power, voltage phase angle mismatch, harmonic and
voltage instability may occur in the distribution grid. The proposed control technique strategy is validated using MATLAB/Simulink
software and hardware model to analysis the working performances. Results. The results obtained show that the power quality issue,
the proposed system to overcome through elimination of harmonics, reference current generation is necessary, which is
accomplished by recurrent neural network. By recurrent neural network, the reference signal is generated more accurately and
accordingly the pulses are generated for controlling the inverter. Originality. Compensation of power quality issues, grid stability
and harmonic reduction in distribution network by using photovoltaic fed static synchronous compensator is utilized along with
recurrent neural network controller. Practical value. The work concerns the comparative study and the application of static
synchronous compensator with recurrent neural network controller to achieve a good performance control system of the distribution
network system. This article presents a comparative study between the conventional static synchronous compensator, static
synchronous compensator with recurrent neural network and hardware implementation with different load. The strategy based on the
use of a static synchronous compensator with recurrent neural network algorithm for the control of the continuous voltage stability
and harmonic for the distribution network-linear as well as non-linear loads in efficient manner. The study is validated by the
simulation results based on MATLAB/Simulink software and hardware model. References 29, tables 2, figures 25.

Key words: static synchronous compensator, photovoltaic fed, adaptive neuro-fuzzy inference system, recurrent neural network.

Mema. Y cmammi nponoHyemocs Ho8a cmpamecis YnpaeuiHHA CMAMUYHUM CUHXPOHHUM KOMHEHCAMOPOM 6 eHepeoCUCHeMi.
3anpononosanuii cmamuyHuLl CUHXPOHHUL KOMNEHCAMOP 3 HCUBTIEHHAM 610 (POMOENEKMPULHUX eNeMEHMIE BUKOPUCTOBYEMbCI PA3OM 3
2eHepamopoM ONOPHOI Hanpyeu HA OCHOBI HeUPOHHOI peKypeHmHOI Mmepedci, npeocmasneHum 8 mepedxci enepeocucmemu. Hoeuzna
3anpoONOHOBAHOI poOOMU NONA2AE Yy NOOAHHI CMAMUYHOZ0 CUHXPOHHO20 KOMNEHCAMOpA 3 NOKPAWEHUM HOmoeneKmpuHum
nepemeopiosavem JIGHOCMAaHQ 3 AneoOpUMMOM PeKypPeHmMHOL HelupoHHOI Mepedci Ol eeHepayii Hanpyeu ma niompumKku Koeqiyicnma
nocunenmsi 3a nanpyzoro. Memoou. 3anpononoganuil ancopumm, AKUll 3abesneuye egexmusne ma eKOHOMIuHe piuieHHs Ons
BUKOPUCIAHHA A0ANMUGHOT HElpO-HeuimKol cucmemu J0SIYHO20 GUEEOEHHsL SIK GIOCMENCEHHS. MOYKU MAKCUMATLHOL NOMYIHCHOCHI,
3a6e3neuye KOHMPONbOBAHUL GUXIO MA RNIOMPUMYE BUTYHEHHS NOGHOI nomydcHocmi 3 gomoeanseaniunoi naueni. Mepedica
63AEMON0G A3GHA 13 COHSIUHOIO €HEP2I€lo, ) PO3NOOLIbHINL MePedCci MOJICYmb SUHUKAMU HesiOnosiOHicmb (haz06020 Kyma Hanpyeu,
2apMOHIKU ma HecmabinbHicmb Hanpyeu. 3anpononosana cmpameeis Memooy YnpaeiinHs Nepesipacmucs 3 UKOPUCMAHHAM Mooenell
npoepamnozo 3abesnevennss MATLAB/Simulink ma anapamnoeo 3abesneuenns ons ananizy pobouux xapaxkmepucmux. Pesyniemamu.
Ompumani pesyromamu nOKasyiomy, wo npoonema AKOCmi eleKmpoenepeii, Ky 3anponoHoeana cucmema 001ae 3a O00NOMO20I0 YCYHEHHs
2apMmoHik,nompebye eenepayii emaioHHO20 CIMPYMY, WO 30IUCHIOEMbCS PeKyPEeHIMHOI0 HEUPOHHOI Mepediceio. 3a 00NOMO2010 PeKypeHmHOT
HelipoHHol Mepedici Oinblu MOUHO POPMYEMbCA eMANOHHUL CUSHAN | BIONOBIOHO 2eHEPYIOMbCS IMIYIbCU OISl KePYBAHHsL THEEPMOPOM.
Opuzinansnicms. Komnencayis npobnem 3 aKicmio eneKmpoenepeii, cmabiibHiCmio Mepedici ma 3HUNCEHHAM 2aAPMOHIK Y PO3NOOLIbHIl
Mepedici 3a 00NOMO2010 CHAMUYHO20 CUHXPOHHO20 KOMHEHCAmopa 3 (OmoeneKmputHUM JHCUBTEHHAM GUKOPUCTNOBYEMbC PA30OM i3
KOHMpONepom peKypeHmuoi Heuponnoi mepedxci. Ilpakmuuna wyinnicms. Poboma cmocyemvcs NOpiHANBHO20 OOCTIONCEHHA Ma
3acmocy8anHa CMamuiHO20 CUHXPOHHO20 KOMNEHCamopa 3 PeKypeHmHUM HelpoMepedicesuM KOHMPONepOM Ol OOCASHEHHS XOPOuloi
NPOOYKMUSHOCII CUCIEMU YRPAGTIIHHS CUCIEMOI0 PO3NOOLIbHOL Mepexci. Y yitl cmammi npedCcmagieno NopieHsibHe OOCHIONCEeHHS.
MPAOUYIiHO20 CMAMUYHO20 CUHXPOHHO20 KOMNEHCAmopd, CMAMUYHO20 CUHXPOHHO2O0 KOMNEHCAMOpA 3 DPEeKYPEHMHOIO HelpOHHOIO
Mepedicelo ma anapamuolo peanizayielo 3 pisnum Haganmagicennsim. Cmpamezis, wjo IpYHMYEMbCA HA BUKOPUCAHHI CIAMUYHOLO
CUHXPOHHO20 KOMNEHCAMOPA 3 PeKyPeHMHUM ANeOPUMMOM HelPOHHOT Mepedici Ol e(heKmugHo20 KOHmpomo cmabitbHocmi ROCMIliHOT
Hanpyeu ma 2apMOHIK ONA JUHIUHUX A HeNiHIUHUX HABAHMAJCEHb DPO3NOOLTbHOI Mepedci. J]ocriodcerHs niomeepoicyemvcs
Pe3yIbmamamu MoOemo8anis 3 ypaxyeannsm npoepamno-anapamnoi mooeni MATLAB/Simulink.. bi6n. 29, tabn. 2, puc. 25.

Kniouogi cnosa: eTaTHYHHN CHHXPOHHHUI KOMIeHCATOpP, (poTOeeKTPUYHE KUBJICHHS, aJaNTHBHA Heiipo-HediTka cHcTeMa
BHBE/JCHHSl, PEKYPEHTHA HeiipOHHA Mepeska.

Abbreviations
ANFIS Adaptive Neuro-Fuzzy Inference System PI Proportional-Integral
ANN Artificial Neural Network P-O Perturb-Observe
DVR Dynamic Voltage Restorer PV Photovoltaic
FACTS Flexible AC Transmission System RNN Recurrent Neural Network
FFT Fast Fourier Transform SEPIC Single Ended Primary Inductance Converter
FIS Fuzzy Inference System SRF Synchronous Reference Frame
IC Incremental Conductance STATCOM Static Synchronous Compensator
LSTM Long Short-Term Memory THD Total Harmonic Distortions
MPPT Maximum Power Point Tracking VSI Voltage Source Inverter
PCC Point of Common Coupling

Introduction. Nowadays, power quality is quality problems greatly affect the distribution side which
considered as a major issue in industrial sectors because results in malfunctioning and failure of sensitive loads
of increasing sensitive loads [1, 2]. In general, the power
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[3]. Majority of power quality issues are caused by non-
linear loads and harmonic imbalances [4]. Voltage
sag/swell, harmonic distortions, spikes and surges and
transient disruptions are the most serious power quality
issues that severely affect the power distribution system
[5, 6]. Thus in modern power systems, stability
enhancement and reactive power compensation are the
important actualities; DVR, a FACTS device is widely
employed in achieving so. It solves the voltage sag
problem in a unique way, however, it only compensates
for a specific proportion of sag, and so the power quality
problem is not totally eliminated [7-9].

Therefore, one of the excellent FACTS device called
STATCOM is utilized in this work which assists in
improvising the sag/ swell control, dynamic voltage
control, real and reactive power control etc., providing
better power quality and voltage stability [10-12]. Due to
advanced technologies including incorporation of large-
scale renewable distributed generation, enhanced
communication as well as control methods, and increased
storage capacity, generation of power and distribution
networks are facing significant variations. Owing to the
static structure, minimal size, and low cost for
maintenance, solar PV dependent energy generation
systems are widely used by various renewable resources
for the generation of power [13]. Since solar PV energy is
intermittent, the PV systems are combined with storage
systems for energy as well as other sources for renewable
energy to ensure trustworthy functioning. This is attained
by the parallel connection of DC-DC converters with PV
panel [14]. A DC-DC converter is necessary amidst the
inverter and the PV panel for avoiding large number of
PV panels connected in series manner. This converter is
also essential in power generation of PV system for
providing electrical isolation [15].

Regarding DC-DC converters, boost converters are
used in increasing the PV panel voltage and their
incorporation reduces the input ripple current obtained
from the solar panel, increasing the panel’s reliability and
extraction power [16]. Despite these benefits, boost
converters have a discontinuous input and output,
necessitating a greater number of switching devices. This
influences the circuit dynamics by causing fluctuations in
the gain of the circuit [17]. To overcome this limitation, a
buck-boost converter has been developed, which has a
wide input and output voltage range with increased
performance. It achieves an additional input feature that
increases the dc input voltage range, greatly improving
the PV panel’s versatility but possesses centralized
operation [18]. Zeta converter is also utilized in PV
systems which generate minimal ripple current and
improved voltage gain but the gain of voltage is sensible
with the inductance leakage [19]. CUK converters
employed by the PV panel exhibited minimal switching
losses together with better voltage regulation and greater
efficiency providing versatile operation. However, due to
the resulting sharp speed up/down voltage, these
converters lagged, impacting the precise utilization [20].
Furthermore, CUK converter utilization is restricted to the
medium-low power range, as high-power operation
necessitates large input and output inductors, and the
converter is harmed when linked to a utility grid due to

grid voltage fluctuations [21, 22]. Moreover, SEPIC
converters are utilized in PV systems to generate an
output which is non-inverting and is considered as easy to
drive due to the referenced switch towards ground node.
However, these converters are not finer in terms of cost
and efficiency [23]. In order to tackle these issues,
Landsman converter is exploited which offers noiseless
operation with improved efficiency.

To extract the full quantity of solar power, the DC-DC
converter is used in conjunction with a MPPT controller. It is
a significant component included in PV systems to improve
the efficiency of extracting renewable energy. Numerous
schemes for MPPT control are proposed and in most of them,
PV voltage is selected as the variable for control because of
its enhanced characteristics for stability [24]. P-O is a
commonly used MPPT algorithm because of its simplicity
and cost-effectiveness. The perturbation’s phase size is
estimated by the tradeoff amidst MPPT precision and MPPT
rate which is little tedious. The use of IC instead of
P-O, which is free of oscillations while tracking the maximum
power point, yields more precise performance. Despite these
benefits, this approach is limited by environmental conditions
[25]. These flaws are overcome by employing closed loop
control algorithms that balance the DC-link voltages, resulting
in minimal distortions and efficiently preserving the grid
system’s power quality [26]. Closed loop algorithms produce
optimal results when dealing with external disruptions,
allowing grids to operate in real time but result in high
emission costs due to less emission allowance [27]. To
overcome these issues, ANFIS is exploited in this approach
which combines the benefits of complementary ANN and
fuzzy logic algorithms, resulting in better fuzzy controller
accuracy and a shorter development time.

Furthermore, the converter’s output DC voltage is
transformed to AC voltage, which is accomplished by a 3¢
VSI that is grid connected. The synchronization of grid is
regarded as a significant challenge due to issues such as
voltage distortions induced by local nonlinear loads and grid
disturbances. The basic elements of the common coupling
voltage point are evaluated with the consideration of power
quality variations for achieving improved synchronization of
grid [28, 29]. These grid synchronization frameworks
improve control efficiency and interpolate improved grid
quality power, resulting in precise outcomes. The control
architectures considered are complex hybrid systems that
combine classical and modern techniques, such as artificial
intelligence and statistical models.

The goal of this paper is the synthesis of a recurrent
neural network based reference current generation control
structure and the identification of the latest trends. The
main findings are summarized in the development of
increasingly robust controllers for operation with
improved efficiency, power quality, stability, safety, and
economics. A Landsman converter is exploited which acts
as a ripple filter and boosts the oscillating PV voltage. An
MPPT controller adopting ANFIS is utilized for providing
better accuracy. RNN based reference current generation
is utilized for effective harmonic elimination. A 3¢ VSI
for inverting the input DC voltage along with LC filter
and AC grid is also employed in STATCOM applications.

Proposed control system. The schematic diagram
for the proposed approach is given in Fig. 1, in which the
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voltage stability of the power system is enhanced by the
implementation of STATCOM. PV power is applied to
the STATCOM along a Landsman converter. The point of
functioning of PV array is at the maximum power point
while the converter power is grid synchronized. For the
controlling of Landsman converter, an MPPT controller is
connected which tracks the maximum power by
evaluating the current as well as voltage obtained from
the PV array. It regulates the reference voltage or duty
cycle for matching the power to instant power point. The
MPPT controller exploits ANFIS and is non-linear and
varies in accordance with time. It performs the evaluation
of signals and its optimal selection thus mitigating the
steady-state error.

3Phase AC Source

Vlabc
1 Source .
\‘b " Inductance 4 pec M Load
S IL abc
v
Vsabc Isabc T
LC Filter
vDc |
T | Landsman L,
m“— converter 3Ph-VsI
e I
= T
P Pulses P Pulses
Vpy
—_ PWM PWM
\pL ANFIS MPPT 1 Generator Generator
RNN Based i AC Current
Vs abc »| Refference Sgﬁgﬁfls —
Is abc | current controller
Generator

Fig. 1. Schematic diagram of the proposed approach

RNN based reference current generation is utilized
in this work, by which the harmonics are eliminated for
any change in load and source voltage. Thus, the pulses
for controlling the VSI are generated by using hysteresis
current controller, thereby providing reactive power
compensation and harmonic elimination.

Modeling of PV system. A solar cell is essentially a
semiconductor diode that is exposed to irradiance. This
solar irradiance comprises of photons having various
levels of energy of which few are absorbed in p-n
junction. The photons with minimum energy level when
compared to the solar cell’s band gap are unusable. The
photons with maximum energy when compared to band
gap are utilized in the range similar to band gap. The
equivalent circuits generally utilized for the PV cell
modeling consists of a single diode offering better
tradeoff between simplicity and accuracy and the
corresponding diagram is shown in Fig. 2.

1 out Rs +
S —
I vd ‘} I sh
Vout
Lt ¥ Ry
VD

Fig. 2. Equivalent circuit of PV cell

The photo current /,;, is based on the solar radiation
R and temperature T and is given by

Lo = Lpp(Trep )} kg (T = Trr )): (1

Iph(Tref):Ri'[sc

re

(Ter ). @)

where 1,,(T,,) is the photo current corresponding to
nominal temperature T, ; R, is the radiation which is
nominal obtained by PV’s constructor; k& is the constant
which is given as
Isc(T)_Isc(Tref)
ko =S seref ) 3)
T=Ty

where I,. is the current across short circuit.

In PV system, the temperature of environment is a
nominal one and from (1), (2) for T'= T,; the photo current
I, depends on solar radiation and is given as

R
Iph :Iph(Tref):R_']sc(Tref)' (4)
ref
Equation (5) denotes diode equation in which V,,,
and 7, are the current as well as voltage outputs, [, is

the saturation current of the diode VD, V}, is the thermal
voltage of the diode, R, is the resistance in series

Id==I&n{exp[fzziiléﬂilgiJ—d}. (5)
Vin
The current across parallel resistance is given as
Ish _ Vout +Iout 'Rs ) (6)
Rsh

The V-I characteristic equation is given as

Iout = Iph - Isat {CXP[ Vout i [out s RS J - 1:| —

Vin
_(Vout +Iout 'Rs J
Rsh

Thus, the modeling of PV system is performed and
from (7), the output voltage and the input voltage are
evaluated.

Modeling of Landsman converter. Landsman
converter is a DC-DC converter which is used to enhance
the voltage attained from the PV system providing a
noiseless operation. The converter is designed to function
in continuous conduction mode irrespective of irradiance
level variations. The connection diagram of the proposed
Landsman converter is given in Fig. 3.

[ 1.Ca

(7
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L, Vs VD

WP |1 N
R
_‘, Va Lb Cb p— VO

The input voltage is given by ¥V, and the output
voltage is given by V. The switch is represented as VS
and the output resistance is denoted as R. The current
across the inductors L,, L, and the voltage across C, are
continuous in nature. It has the ability to boost the output
and functions in boost mode when the value of duty ratio
is greater than 50 %.

Operating mode 1 — switch ON. In operating mode 1,
the switch is in ON condition and the voltage of capacitor

Fig. 3. Landsman converter
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C, termed as V, reverse biases the diode. The current
across L, termed as I, flows along the switch. Since Ve,
is greater than the resultant voltage ¥y, and C, discharges
along the switch, transmitting energy to the inductor L,
and the output. Hence, V¢, decreases and [}, increases and
the input supplies energy to the input inductor L,,.

Operating mode 2 — switch OFF. In operating
mode 2, the switch is in OFF condition and the forward
biasing of diode results in a configuration of circuit as
given in Fig. 3. The current across inductor L, termed as
I, flows along the diode VD. The inductor L, transmits
its energy retained to output across the diode.
Consequently, C, is charged across the diode with the
energy from both the input as well as L, and hence, Ve,
increases while /I;;, decreases.

The ripple in the input current /;, is calculated by
considering the flow of all the ripple component of L,
across C,. Ag represents the additional flux and the peak-
to-peak ripple current is given by:

Alp, = A¢/La : (®)

At switch off condition, the current across C, is
given as:

— _ AV, Ca
ICa ILa Ca (I—D)-ts > )
where D is the duty ratio; ¢ is the switching period.

The voltage ripple content of V¢, is given as:

1
AV, =4 .(1-D)-1;. (10)
Ca
Substitute (10) in (8):
14 :l.i.ll_ﬂl.(l_p).t? L
2 L, 2-C, 2
(1D
0 1,0-D)
8-L,-C, 2
where f;,, = 1/¢, is the switching frequency.
Equation (11) is normalized as:
Ay, _ 1 .(1—2D). 12)
I, 8L,-Cp f5
So, we have:
D
I1,=7——"1y. 13
La (1 —D) 0 (13)
where I is the current at the output side.
Substitute (13) in (11)
L=——sn0 (14)

8'fszw'Ca'AILa

Modelling of MPPT controller. In «neuro-fuzzy»
method different learning concepts from the neural
network literature are applied to a FIS. Figure 4 shows the
model of ANFIS and it possesses the merits of both
neural network as well as fuzzy logic controllers.
Comparing with existing techniques of MPPT, the ANFIS
adopted MPPT controller offers improved accuracy for
tracking with high convergence speed.

The three major components present in the ANFIS
are a rule based one dealing with choosing fuzzy rules,
a database concept representing the membership functions
of fuzzy rules and a decision engine for depicting the
output adopting inference procedure. Expert awareness

X1

w1
KX

Layer 3

:@_‘;

Layer 5

HRERERE

A% Layer 2

Layer 1 layer 4

Fig. 4. Proposed ANFIS model

encompasses fuzzy logic principles, while neural network
schemes are developed with the data base. Furthermore, the
neuro-fuzzy approach appears to be appropriate if the
system’s data as well as information sources are available.
In this approach, ANFIS based MPPT controller is utilized
in PV system for tracking optimal power with minimal
oscillation and the optimized fuzzy rules are attained by the
embedding of the behavior of the complete system.

The outputs are obtained as the linear combination of
the corresponding inputs and the fuzzy rules are given below:

1. Whena:Xl, b= Y[ thenFl = i]a +j1a+k1;

2. When a :Xz, b= Y2 thean = i2a +j2£1 +k2;

Layer 1 comprises adaptive nodes capable of
generating membership gradings of linguistic labels
depending on assumed signals utilizing a proper
parameterized membership function given as:

O, ZﬂXp(a): ) (15)

1+

Xp

where O, represents the p™ node output of initial layer;
a is the node input p; X; is the linguistic label obtained
from X = (X;, Xo, Y3, Y») which represents the fuzzy set
and {x,, »,, z,; represents the premise parameter set
utilized for adjusting the membership function’s shape.

Layer 2 comprises nodes which are fixed and
designated as I1, further represented as the firing strength
of every rule. The fuzzy AND of all inputs is taken as the
output of every node:

Osp =Wy = iy (@) py (b) p=12,..  (16)

Layer 3 results are firing strengths which are
normalized and the p™ node output is given by the ratio of
the firing strength of p™ rule to the total of all rules of
firing strengths:

0, == 17

TP W W,
Layer 4 outputs are calculated by the adaptive nodes
depending on parameters utilizin?:

O4p =W, -Fp=W,-li,-a+j,-b+k,), (18)

where W_p is the firing strength from the third layer and

(ip, Yp» k) are the nodes consequent parameter set.
Layer 5 estimates the overall output of ANFIS from
the total of the inputs of nodes:
P
p ZW pFp
Os), :ZWP 'F, =it

£ 14
S,
i=1

(19)
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The current, power of the PV system and the duty
cycle ratio of the converter are obtained as outputs by
ANFIS controller. The input labels permit the ANFIS for
generating the converter command which is further fed to
the converter for ensuring power adaptation.

RNN based reference current generation. The
increased usage of non-linear loads leads to distortions in
current and voltage; however, there are several methods
to mitigate harmonics. The injection of opposite
harmonics in the PCC is one of the effective methods. For
this, accurate reference current generation is necessary
and this is accomplished in this work by RNN. The
illustration of RNN is given in Fig. 5 and the process of
harmonics extraction is in Fig. 6.

Hidden layer

Qutput Layer

bias 1

W1 (k) ik}

vn (k)

Y

d1{Kk-1)

dn(K-1)

———————

Fig. 5. Structure of RNN
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ﬂ

Vdc (ref)

Current
Controller

DC
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Fig. 6. Reference current generation

The structure of RNN resembles Elman network, in
which the hidden layer’s output at (k1), is taken as the
additional input for every sample step k. As the feedback
is included from the prior step, an additional memory is
included so that the neural network has the ability to grasp
the dynamic behavior of the system. Back-propagation
training is utilized for updating the weights.

By RNN, the harmonic components i, is extracted
from the load current i; and the expression relating the
harmonic component and load current is given as:

ih = iL - iba.ve; (20)
where the fundamental component is denoted as iy, the

reference current i:d is generated exactly by RNN

thereby eliminating the harmonics.

RNN consists of numerous successive recurrent
layers, and these layers are sequentially modeled in order
to map the sequence with other sequences. RNN has a

strong capability in order to capture the contextual data
from the sequence. RNN can operate the sequences with
arbitrary length. RNN is the extension of feed forward
neural network with the presence of loops in hidden
layers. RNN takes the input with the sequence of samples
and identifies the time relationship between the samples.
The LSTM solves the classification issues by adding the
network parameters with the hidden node and releases the
state based on the input values. RNN achieves better
performance than LSTM by activating the states based on
network events. The regular RNN node consists of a
single bias and weight. The RNN is evaluated using the
gated recurrent unit and LSTM. The one-to-one network
configuration is formed using the network parameters,
where the time step of each input data generates the
output with the specific time step.

o Forget gate layer;

e Input gate layer;

e Output gate layer;

o State gate layer.

The input and the forget gate controls the previous
hidden state and the present input state that contributes to
the cells state. However, the input, output, and the forget
gate activation is scaled using the sigmoid function, and
the output of the hidden state is filtered using the
hyperbolic function. The optimization of network
parameters using the stochastic gradient is achieved based
on the sequence of input data. However, the
hyperparameters are the structure of the network (size and
layers), sequence length, batch size, momentum, and
learning rate, respectively. The hyperparameters are set
through the stochastic or manual search.

The input of the RNN is the sequence of vectors as
{1, ¥2»» - yu} the sequence of hidden states as
{z1, z3, ..., zy} and the output unit as {vi, vs, ..., vy}
respectively.

The recurrent layer consists of the recurrent function
d, which takes the input vector yx and the hidden unit of
the previous state zx as the input and generates the hidden
state as:

Zx:d(yx,zx—l):tanh(P~yx+Q~zx—1). 21)
Moreover, the output units are calculated as:
vx = soft max(R -2x), (22)

where P, O, R are the weight matrices; and the activation
function tanh indicates the hyperbolic tangent function.

RNN uses the highly complicated function in order
to learn and control the information flow in the recurrent
layer for capturing the long term dependencies.

Results and discussions. The analysis of PV fed
STATCOM assisting harmonics elimination, providing
voltage stability is validated through MATLAB environment
in this work. The output voltage of the PV system has been
enhanced by exploiting the Landsman converter, through
which the performance of the system is improved. The DC-
link voltage stability is regulated through the ANFIS adopted
MPPT controller offering high accuracy with increased
speed of convergence. The specifications of PV module and
Landsman converter are illustrated in Table 1.

The proposed work is implemented in MATLAB
depicted in Fig. 7 and the obtained results are given
below.
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Table 1
Specifications PV module and Landsman converter

Parameter name Value
Cells in a module 36
Modules in series 17
Modules in parallel 4
Open circuit voltage V,., V 21
Short circuit current /,., A 7.1
Converter duty ratio D 0.5
Capacitance C,, uF 4.7
Capacitance C,, uF 1000
Inductance L,, mH 0.9
Inductance L;, mH 5.4
Capacitance Cj, uF 650
Resistance R, Q 0.03
Inductance L, mH 0.7
Resistance R; Q 0.01

Pop MMPSC
Controller

Fig. 7.Control block of RNN

Figure 8 indicates the waveform for solar irradiation.
Its increase leads to the increase of output current as well
as voltage. This results in maximum power output in this
mode of operation.

Figure 9 indicates the waveform for temperature.
The increase in operating temperature results in the
marginal increase of output current, but leads to decrease
in output voltage and hence results in the decrease of net
output power.
. Irradiation‘, W/m? T,°C

1000

£10% s +10°, s

1 1 15 2

0

Fig. 9. Waveform for
temperature
Figures 10, 11 denote the waveforms for output
voltage and output current in PV panel respectively. The
output voltage obtained is a constant DC voltage with
varying time.

0s 1 15 2
Fig. 8. Waveform for solar
irradiation
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+10°, s,
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+10° s

Fig. 10. Output voltage waveform  Fig. 1. Output current
for PV panel waveform for PV panel

Figures 12, 13 denote the output voltage waveform as
well as output current waveform for a switched boost
Landsman converter. The adopted ANFIS based MPPT
extracts maximum power from the PV panel and is fed to
the converter which further minimizes the ripples.

LA

700
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500 fr - e e
400 }f---

300
200 f--------e--
L1 [

2z 0.5 1 15 2
Fig. 13. Output current
waveform for switched boost
Landsman converter

0s 1 1.8
Fig. 12. Output voltage
waveform for switched boost
Landsman converter

Figure 14 denotes the AC output voltage waveform
for VSI with varying magnitude and frequency. The
comparison of reference signal is performed with a carrier
waveform of increased frequency for controlling the
inverter’s AC output voltage.

Figure 15 indicates the output voltage waveform for
grid which is sinusoidal in nature with constant voltage
and frequency.

+10%,s
2

Fig. 1;1. Output Volt;;lge
waveform for VSI

Fig. 15. Output voltage
waveform for grid

Figure 16 indicates the output current waveform for
grid which is sinusoidal in shape during its operation
maintaining constant voltage and frequency. The grid
current THD (Fig. 17) has been observed as 3.5 %, which
satisfies the IEEE standard.
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Fig. 16. Oufput current waveform for grid
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Fig. 17. Grid current THD
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The performance of the converter is analyzed in
terms of its efficiency and voltage gain ratio. In both the
aspects the proposed Landsman converter provides better
results as shown in Fig. 18, with a maximum efficiency of
92 % and gain of 10.

Efficiency(%) and Voltage-Gain Comparison

100
80
80
40
A A

20

Efficiency

Voltage-Gain

Boost Cuk Sepic Landsman

B voltage-Gain M Efficiency

Fig. 18. Comparison of efficiency and voltage-gain for
Landsman converter

The tracking efficiency of the proposed MPPT
algorithm is revealed to be more effective when analogized
with conventional algorithms like P-O, IC and fuzzy. The
tracking efficiency (Fig. 19) of P-O algorithm, IC, fuzzy and
ANFIS are observed as 81 %, 84 %, 89 % and 92 %
respectively.

Tracking Efficiency(%) of Various MPPT Algorithms
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Fig. 19. Comparison of tracking efficiency

DC-link voltage control plays a key role in determining
the overall performance of the system, by which the voltage
stability is ensured. Better settling time and THD is
accomplished by using the proposed RNN based reference
current generation whereas the PI controller and SRF theory
delivers relatively low values depicted in Table 2.

Table 2
Comparison of settling time and THD
PI SRF | RNN
Settling time, s-10° | 32 | 2.7 | 1.75
THD 47%(42%(3.5%

Experimental setup. The PV array integrated utility
grid using high gain converters hardware setup shown in
Fig. 20. The operation of the STATCOM under two
different cases.

Method 1. In this method the outer loop and inner
loop of the grid used is PI voltage regulator and PI current
controller.

Method 2. In the method the outer voltage loop used
in PI voltage regulator and inner current loop used as
RNN current controller. The above different methods to
assure the controller performance at different system
parameters, the local loads on grid side and solar
irradiance has been changed as follows:

g Output voltage \
¥ . P .

|\

.Jlﬂﬂ

DC link after boosting

Fig. 20. Hardware setup for grid connected solar PV systems
using STATCOM

1. Without any break 10 kW inductive load is applied
and 0.8 s with 5 kW one more inductive load is applied.

2. Duration of 0.4 s to 0.6 s solar irradiance is changed
from 1000 W/m” to 600 W/m’.

In hardware circuit, displays the voltage and current
before the boost converter of PV terminal. The current is
changed with respect to change in irradiance of the solar
PV panel. The PV array voltage level is changed by using
high gain.

The proposed RNN controller shows better
harmonic reduction than existing PI current controller.
Moreover, the voltage stability of the system maintain
with solar PV interconnected with distribution grid even
under dynamic changes.

The load current of solar interconnected PV system
is shown in Fig. 21.

For various operating condition the single stage grid
connected system was studied and the off mode grid with
solar PV system for disconnected source voltage depicted
in Fig. 22.

The isolation condition of 1000 W/m® is 400 V PV
model power for reactive power by the inverter output
shown in Fig. 23.

In this case the isolation level on the PV panel was
varied as shown in the Fig. 24.

The FFT analysis of output voltage for the grid
interconnected THD is depicted in Fig. 25 and the
reduced THD is 4.24 %.

I, mA

2 —rated current

1 —load current

0 0.005 001 0015 0.02 0.025 003 0035 0.04

Fig. 21. Load current

Electrical Engineering & Electromechanics, 2022, no. 2

75



. - . = . . 4 coupling
Source is e el e 3z
Disconnected -

........................... T
off

100Mhz.

Volts/Div

Coarse

Probe
100X
Voltage

o Invert

AR

CH1  zo0¥ CH2 20.0A Ms.00ms CH1 16.0V

Fig. 22. Disconnected source voltage

-

P pv

- “‘—"'l-‘".-&-u*!‘h;h APy Ay g g WW/W

/ TL decrease F grid
2 4 Heating load ON f Mw
SPIM ON Vdc
wrt L
I
I pce
- s
CH115KWIdv CH2 15KNHdiv  CH3 400V /div Ch423Ady  Tiiva2s s

Fig. 24. PV module power P,,, active power P, supplied by
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for switching ON of local load

The observation.

1. The proposed model, active power, reactive power
injected for different isolation level, the inverter DC link
voltage and current fed to the grid.

2. The THD level of the current is found to be below 5 %.

3. The reactive power is maintained at zero level in
order to ensure the unity power factor operation.

4. Reactive power injected by the system voltage
regulation at the terminal of the inverter the can be adjusted.

5. The system for a strong interconnection grid system,
the performance of the controller is much better and faster as
compared to that for a weak interconnected grid system.

While implementing the practical consequences,
there will be a ripple current significant rise whenever the
inverter feeds non-linear load, and its majority of concern
is magnetizing current. The hardware prototype sampling
time, harmonics will be slightly higher than its simulation
results. It can be suppressed by either increasing the
number of levels of inverter or designing a filter.

Conclusions.

In this paper, an efficient way of regulating voltage
stability and mitigating harmonics is addressed by using a
photovoltaic fed static synchronous compensator with
recurrent neural network. Static synchronous compensator
is basically shunt connected, which provides reactive
power compensation and voltage stability. DC-DC
converters has been incorporated with photovoltaic systems
and Landsman converter has been utilized in this work

+

2
1000 Wi Ppv

" soowim 2 /
T - e wim?

P AL
200 wim 2

CH3 400V/div CH423Adiv T/div2sS

CH 1 1.5KW idiv CH2 1.5 Kvar/div
Fig. 23. PV module power P,,, reactive power Q4 supplied by
inverter, DC link voltage V., current at the PCC I,
for variable isolation
Fundamental frequency (50 Hz) = 121.1, THD =4.2 %

Magnitude, %
%]

0 200 400
Fig. 25. The performance of FFT analysis of output voltage for THD

£00 800 7 Hz 100

along with adaptive neuro-fuzzy inference system
maximum power point tracking for tracking the maximum
power from the photovoltaic, along with DC-link voltage
regulation. The chosen converter provides better efficiency
and voltage-gain ratio when compared with other
converters. Recurrent neural network assists in the
generation of reference signal, so that the harmonics that
occur in the system are effectively mitigated. The
validation of the proposed work is carried out through
simulation in MATLAB and also tested with hardware
model. It has been observed that the total harmonic
distortions is minimized to 5 % which suits IEEE standard.
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