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Abstract—This work proposes a novel gradient descent least
squares regression (GDLSR) based neural network (NN)
structure for control of grid-integrated solar PV (Photovoltaic)
system with improved power quality. Here, a single layer neuron
structure is used for the extraction of fundamental component
(FC) from the load current. During FC extraction, GDLSR based
NN structure attenuates harmonic components, noise, DC offsets,
bias, notches and distortions from the nonlinear current, which
improves the power quality under normal as well as under
abnormal grid conditions. This single layer GDLSR-based NN
structure has a very simple architecture, which decreases the
computational burden and algorithm complexity. Therefore, it is
easy in implementation. In this work, the GDLSR based control
technique is tested on a single-phase single-stage grid-integrated
PV topology with the nonlinear loads. The prime objective of the
GDLSR based NN structure is to provide reactive power
compensation, power factor correction, harmonics filtering and
mitigation of other power quality issues. Moreover, when solar
irradiation is zero, then the DC link capacitor and VSC, act as a
distribution static compensator (DSTATCOM), which enhances
the utilization factor of the system. The proposed system is
modelled, and its performances are verified experimentally on a
developed prototype in different grid disturbances as well as
solar insolation variation conditions, which performances have
satisfied the motive of proposed technique as well as the IEEE-
519 standard.

Index Terms—Solar Energy, Grid Integration, DSTATCOM,
GDLSR based Control, Single-phase Grid, Single-stage
Topology, Power Quality.

I. INTRODUCTION

THE use of solar PV (Photovoltaic) generation for rural
electrification, is growing very rapidly. The popularity of
solar PV generation in the rural area, is due to its static nature,
easy installation, low maintenance, and zero fuel cost.
Therefore, government, as well as nongovernmental
organizations, are installing or supporting the installation of
rooftop PV system in rural areas for continuous electricity.
These schemes are also popular in the urban areas, because
they help to the user in monthly electricity charge reduction
and help to the utility during peak loading [1]. However, the
success and robustness of the solar PV power generation
(SPVPG), depend on control technique, which integrates the
SPVPG system to the grid as well as maintains the power
quality, through behaving as a distribution static compensator
(DSTATCOM) [2]. The DSTATCOM action of it, provides
reactive power compensation, power factor correction,
harmonics filtering and mitigation of other power quality
issues. Moreover, when solar irradiation is zero, then the DC
link capacitor and VSC (Voltage Source Converter), act as a
DSTATCOM [2], which enhances the utilization factor of it.
Therefore, all responsibilities are on the control technique.

In recent time, neural network (NN) based control techniques
have become popular [3]. Because recent advancement in NN
has reduced the computational burden and algorithm
complexity. Therefore, wide range NN based control
techniques are used in the online system [4][5]. In order to
make control fast and to increase the decision taking ability,
NN based control techniques are highly popular in grid
integration system [6]. Today, due to generic nature and
parallelized computation, frequently NN has been applied in
almost every control technique. Xie et al. [7] have given NN
based adaptive dynamic programming control in the
scheduling of vehicle-to-grid system. Mishra [8] has proposed
an updating of NN- based technique for an unified power flow
controller. Agarwal et al. [9] have proposed the least mean
square based NN structure for control purpose in the
distribution network. Venayagamoorthy et al. [10] have
proposed dynamic adaptive programming for the smart micro-
grid application. Similarly, some literature is available, where
NN is integrated with conventional control technique.

In-depth literature review on ‘control techniques for the
grid integrated solar PV system’ depicts that several novel
fundamental  extraction, harmonics elimination and
synchronization techniques have been proposed for efficient
control of grid integrated solar PV system. The dqO-
transformation based SRF (Synchronous Rotating Frame) [11]
control technique is a most popular technique. Because, in
normal condition, it performs very good UPF (Unity Power
Factor) operation or reactive power support to the grid.
However, due to load unbalances, the second harmonic
component is dominant in dgO-components. Therefore, for
mitigation of second harmonic component, a low-pass filter is
used, which slows down the performances of SRF based
control technique. Moreover, recently, researchers have
proposed several adaptive control algorithms, such as fuzzy
adaptive control, learning based control, power delta control
etc. However, at abnormal grid conditions, the performances
of these control techniques, are not reported, which is the
essential phenomenon of the distribution grid. The other
control techniques like, discrete-Fourier transform (DFT) [12],
PM (Prony’s method) [13], frequency locked loop (FLL),
second-order generalized integrator (SOGI) [14] and Kalman
filter (KF) [15] have been proposed to handle the abnormal
grid conditions. However, none of these techniques, is suitable
for all types of grid adverse conditions, such as FLL and SOGI
based control techniques are unable to handle lower order
harmonics and DC offset. The fixed length window with
stationary waveform is required for searching in DFT based
control technique, which is not suitable for online searching.
The performance of PM is appreciable in different grid
adverse conditions. However, in the PM technique, the higher
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order polynomial equation and its solution process, create a
huge computational burden on the processor, which is not
suitable for the low-cost microcontroller. Similarly, KF based
control technique is good for estimation using correction and
prediction process. Moreover, the modified version of KF, like
extended KF and linear KF based control techniques, is also
good for the PV integrated grid system. However, during state
variable estimation, linearization, prediction and correction,
the derivative properties are used, which is the source of
burden and algorithm complexity on the processor. Therefore,
a heavy computational burden arises on the processor, which
is not suitable for a low-cost microcontroller. Model predictive
control technique is also popular for good steady-state
response, but during dynamic condition, its responses are
poor, due to its predictive nature, which is based on the
previous dataset. Similarly, resonant controllers, for tracking
the sinusoidal inverter current in the grid-connected system
[16], show a good steady state response with low harmonics
content in injected grid current. However, during the transient
condition, performance rapidly deteriorates, due to the
changes in the grid frequency [17].

Recently, several adaptive control algorithms have been
developed, like discrete Fourier transform, SOGI [14], FLL,
KF [15], least mean square [18], least mean fourth (LMF)
[19], Leaky LMF [20] etc. However, the major issues with
these techniques are that the performances of these algorithms
are not examined under abnormal grid conditions, those are
most frequent, unusual and critical phenomenon in distributed
power generation system.

Therefore, in this paper, a novel gradient descent least
squares regression (GDLSR) based control algorithm is
developed for robust and efficient control of grid-tied solar PV
array system. GDLSR technique belongs to the affine
projection family, where Laplacian kernel function [21] is
integrated into weight updating process for quick pattern
recognition of fundamental component. Due to the
hybridization of gradient descent vector with least squares
regression, this technique is free from the derivative term, so
the computational burden is low, as well as the performance of
GDLSR control is instantaneous and suitable for the high-
frequency system.

The performance of GDLSR is tested on the single phase
single stage grid-connected solar PV system, where loads are
connected at the PCC (Point of Common Coupling) [22].
During testing, nonlinear loads are considered, and tested over
every possible conditions, such as during irradiation changing
condition, nonlinear load variation. Moreover, when PV
power generation is more than the load demand, then extra
power is supplied to the grid, and considered grid conditions
are, grid over-voltage, grid under-voltage, harmonics in grid
voltage. Moreover, it is tested on low solar irradiation, when
PV power generation is less than the required load demand,
then to fulfil the load demand, extra power is drowned from
the grid. However, when solar irradiation is zero, then the
system operates like DSTATCOM [23]. These all functions
are performed on the developed prototype, and demonstrated
through test results as well as proven by analysis on the IEEE-
519 standard.

A. Contribution

The salient features of this work, are as follows:

e A novel gradient descent least squares regression based
control algorithm is developed for robust and efficient
performance of grid-integrated solar PV array system.

e The developed gradient descent least squares regression
based control algorithm belongs to the affine projection
family, where the Laplacian kernel function is integrated
into the weight updating process for quick pattern
recognition.

e The developed technique is validated experimentally in
different adverse conditions, such as, over-voltage, under-
voltage, distorted grid voltage, variable load condition,
different types of solar irradiation variation condition etc.

e For an increase the utilization of the system, the control
technique is developed in such a way that in daytime the
system behaves like solar power fed grid integrated system,
and in nighttime, this system behaves like DSTATCOM.

Il. SYSTEM CONFIGURATION

A single-stage topology of single-phase grid-tied solar PV
system is given in Fig.1, where solar PV power is supplied to
the grid, through a single-phase VSC in such a way that the
operating point of PV array is at MPP (Maximum Power
Point) and, the converter power is synchronized to the grid.
Here for control, an incremental conductance (InC) MPPT
algorithm [24], and GDLSR based control algorithm, are used
for control of DC-AC VSC. In this configuration, at the PCC,
ripple filter (Cq, Ry), the grid through interfacing inductor (L,
Ri»), and the output terminals of VSC are connected. Here, the
ripple filter is used for absorbing switching ripples, which are
produced by VSC. The main objective of the control scheme is
during PV power generation, the available power is fed to the
grid at UPF [25].
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Fig.1 Grid-tied solar PV array.

I11. CONTROL APPROACH

In the proposed control scheme, a novel GDLSR based
control strategy is used, where GDLSR algorithm is used for
extraction of the fundamental component from load current.
The GDLSSR based control strategy is shown in Fig.2.

0278-0046 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2018.2886765, IEEE

Transactions on Industrial Electronics

First, INC MPPT technique is used, which produces a
reference DC link voltage (Vpcrr) for operating it on
maximum power.

After this, by using a bandpass filter, the fundamental
component of PCC voltage (vsp) [22] is extracted from the grid
voltage (vs). This vg, is in-phase quantity of vs. The quadrature
component (vsq) of v, is produced by shifting of +m/2 w.r.t. Vg
The transfer function of bandpass filter is derived as,

k(z—-1) (1)

T, = 2
z? +(k—2)><z+[1—k+2j

Where, k=V2xwxT,, T, and w are sampling period and natural
frequency (2xf), respectively.

The amplitude of v,, unit-template in-phase (uy) [26] and a
quadrature component (ugs) are calculated as,

V, = W @
V,
ups = N (3)
2 2
,,Vsp + Vg
V.
U, =——8—9 @)
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Fig.2 Control scheme for single-stage single-phase grid-connected PV system.

For improving the dynamic performances, by using the solar
PV dynamic reflection component (lpy), the impact of
instantaneous reflection in solar power (Ppy) oOn iy is
considered, which is derived as,
2P ®)
2 2
Vo Vg

IDpv =
For maintaining the DC link voltage, Vpcret is compared with
the sensed DC link voltage (Vpc), which generates DC link
voltage error (epc= Vpcrer - Vpc)- This epc is fed to the Pl
(Proportional Integral) controller, which gives the value of the
DC loss component (8pc), as,

foe (1+1) = Gyxen () + G, Y e () (6)

Where, Gp and G, are proportional and integral gains of the Pl
controller, which regulates the DC link voltage.

For maintaining the vpcc (PCC voltage) [22], reference PCC
voltage (Vy,) is compared with the sensed PCC voltage (Vy),
which generates AC link voltage error (eac= Vyn - Vy). This eac
is fed to the PI controller, which gives the value of the AC loss
component (fac), as,

Brc(+1) =G xe,c(n) + Gla‘zeAC (n) )

Where, Gp, and G,, are proportional and integral gains of the
PI controller, that regulates vpcc.

For generating active (isspa) and reactive (issqa) components of
reference grid current, as well as for generating estimated
active (Lps) and reactive weight component (L,), two separate
GDLSR control blocks are used, which are the function of
load current (iL), Ugs, Ug, resultant active weight component
(Lap), and resultant reactive weight component (L,g).

[isspa7 Lpa:l = fGDLSR(iL'ups’Lap) } (8)

I:issqa’ an:l = fGDLSR (iL' uqs' Laq)
Where L, and Ly are calculated as,

Lap :/BDC +Lpa_|Dpv (9)
Laq = ﬂAC - an (10)

The reference iq (igrer) is produced as,
igref =1I"x isspa + (1_ 1—‘) x issqa (11)

Where, for UPF operation, /=1, and for reactive power
support operation 7=0, means at a time only one operation is
performed.

The switching pulses (S, Sz, Sz, and S;) of the voltage source
converter are generated by using a hysteresis controller, where
the input signals are igre and i

A. Incremental Conductance Algorithm

The efficiency of the solar PV array is improved by using a
MPPT algorithm, which forces to operate it at the maximum
power point. The most popular MPPT technique, InC [24] is
used here, because it is easy in implementation. The logic of
InC is as follows,

if Oy =0, then Vocmew =Vocreton
if Ovp, =0,else if dip, >0, then Ve ew =Vocreos —AE
else Voorgren =Vooreo +AS 12)
if iy | oy =—py /oy, teN Voere, =Voors
else, qelse if Oy / OVoy > —loy [ Vey, then Vogmew =Vocreos +AE

else VDCrefnew :VDCrefold _Ag

Where, Ava:PPVneW'PPVoId: Ava:VPVneW'VPVoId, and Aé: is SteP
change of reference DC voltage.

++ The pseudo code for InC is given as follows,
begin (InC)

Aipy = ipvnew' ipvold ;

AVpy = Vpvnew = Vpvolds

If (Avy, =0)
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1f (di, #0)

If (dip>0)

Vocrefnew = Vbcrefold T4E

else  Vocretew = Vocrefold -4<; end

end
else

If(Aipv/Ava 56' ipv/ va)

If (Aip/A gy >- gl V)

Vocretew = Vbcrefold =A<

else VDCrefnew = VDCrefoId +A4:; end

end
end.

B. Gradient Descent Least Squares Regression (GDLSR)
based NN Structure

The GDLSR technique is a hybrid of gradient descent vector
with least squares regression, which belongs to the affine
projection family. Moreover, here the Laplacian kernel
function [21] is used for quick pattern recognition.

L) u

#p(N) _{>_'

Lpa(n+1)

Ups(N)

o @_. isspa(N+1)
ap

Fig.3 Block model of GDLSR for active weight component.

The GDLSR smoothly adjusts the conventional cost
functions, which minimizes the tracking errors, improves
quick pattern recognition, and filter performance. Here,
prediction error (¢a,) of the active weight component is
derived as,

¢ape (n) = iL (n) —u ps (n) X Lpa (n) (13)
Through proper adjustment and updating of active weight
(Lpa(n)), the ¢,pe is minimized, which is defined as,

4, (N)x U (M) x By ()
K, (#,(n), o, (n))
Where, Q is leaky learning rate of Ly,(n), and Laplacian kernel
function is K,. ap(n) and up(n) are autocorrelation factor and
designed parameter, respectively, which give an additional

degree of freedom.
Where, u, and K, are described as,

Ka (:up (n), Op (n)) = e’QXH#D(”)”’D(”)H (15)
g, (N+1) = 73 41, () + 6 x (o, (N+1) )’ (16)

Where, 7 and ¢ are accelerating parameters. The ap(n) is
described as,

o, (N+1) = 9x o, (N) +(1— F)x b, (N) < . (-1 (17)
isspa IS generated as,

sspa gp = U

Lo (n+2) = (1-Qx 22, (n) ) x L, () + (14)

(18)

For easy and smooth implementation as well as better
understanding, the block model of GDLSR, for Lp(n) and isspa
generation is illustrated in Fig.3.
Similarly, the prediction error (gaq) Of the reactive weight
component is derived as,
Pge (N) =i (M) — U (M) x L, (M) (19)

Through proper adjustment and updating of reactive weight
(Lga(n)), the ¢4qe is minimized, which is defined as,

n+1)=(1-Qx g (n))xL_(n +,uq(n)xuqs(n)><¢aqe(n) (20)

Lo (N 1) = (1= Qx 11, () ) Ly () < (1., (0)

Where, Q is leaky learning rate of Lgs(n), and Laplacian kernel
function is K. g4(n) and u4(n) are autocorrelation factor and
designed parameter, respectively, which give an additional
degree of freedom.
The 14 and K, are described as,

K, (4 (), 54 (n)) =&

Hy(N+1) =7 1,(n) +g><(c7q (I’|+1))2
Where, 7 and ¢ are accelerating parameters.
The g4(n) is defined as,
T (N+1) = Ix o, (N) + (1~ F) X e (N) x B (N—1)  (23)
Issqa IS Calculated as,

Qx\yq(n) aq ()]

(21)
(22)

=L, XUy (24)
For easy implementation, the block model of GDLSR, for
Lga(n) and issqa generation is shown in Fig. 4

Lea(n)

Hq(n)

Ugs(N)

L) @—' hona(+1)
aq

Fig.4 Block model of GDLSR for the reactive weight component.
Fig. 5 presents the block diagram of GDLSR based NN
structure for active and reactive filtered conductance weight
calculation process. The process of GDLSR based control
technique is described through flowchart, which is shown in
Fig.6.
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Fig.5 Block diagram of GDLSR-based NN Structure.
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IV. RESULTS AND DISCUSSION

A prototype of the system is developed for performance
evaluation of GDLSR based control technique, as shown in
Fig.7.

Fig.7 Photograph of the prototype.

To realize the PV characteristic, a solar PV simulator
(AMETEK, ETS600x17DPVF) is used, and it is integrated to
the main grid. During integration, for PV power conversion
into AC form, load feeding, and synchronization, a single-
phase VSC is used. The RC filter and interfacing inductor, are
used for harmonics and switching ripples mitigation. A
DSpace (Digital Signal Processor for Applied and Control
Engineering) controller (1202-DSPACE) is used for execution
of control techniques. Hall-Effect current (LA-55p) and
voltage (LV-25) sensors are used for sensing all signals. For
voltage and current measurement, a multimeter (Fluke-115) is
used. A power quality analyzer (Fluke-43B) is used for
analysis of harmonic spectra of current and voltage.
Differential voltage probes (HAMEG-115Hz) and current
probes (Tektronix-A622) are used for voltage and current
measurement. A digital storage oscilloscope (DSO7014A) is
used for recording dynamic performance. In Table I, the
system parameters are given.

TABLE |
SYSTEM PARAMETERS

Parameter| Value [Parameter|Value [Parameter|ValueParameter| Value
lsc 6A Pload [800W F 50Hz Vs 154.4V
Voe 250V AE 2V Cn  |10puF ¢ 0.00001]
Vg | 215.4V Q 10.00020 Rg 10Q r 1
Inpp | 5.688A 9 0.2 Lin  |[5mH| Gp, Gpa | 0.1
Prpp  [1.224kW| T 0.001 Rn  ]0.5Q| G, G, | 0.001

A. Operation at Nonlinear Loads

Here, it is assumed that the produced solar PV power is
more than the load demand. Therefore, after meeting the load
demand, the rest power is supplied to the grid. During power
feeding into the grid, different adverse conditions are
considered such as, grid under-voltage, grid overvoltage and
distorted v, condition. However, the main task is to, maintain
the power quality and %THD [27][28] of iy is under the
acceptable limit, according to the IEEE-519 standard [29].

1) Operation under normal grid voltage condition

The steady-state responses under normal v, condition, are
illustrated in Figs.8-10, where a nonlinear load is connected at
PCC.

0 _500v/ @ 100A/ @ 100A/ @ 500v/ ¥ 1451s 20008/ [ Auta? § @ 356V

s Ch.1: 500 V/div.
ig Ch.2 : 10 A/div.
LI Ch.3: 10 A/div.

AL A A e s AN
 VAVAVEVAVEAVAVEAVEVEVE
b/ v ‘\.Y_, ./ Lx_"‘,' S N/ N S S
Vbc
H Ch.4 : 500 V /div.

Fig.8 Waveforms under normal condition.

In Fig.8, iy and v, are out of phase from each other, which
shows that after meeting the load demand, the rest solar power
is fed to the grid, and Vpc is maintained at the required value.
Moreover, the square waveform of i depicts that load is
highly nonlinear in nature.

Fig.9(b) shows that after meeting the load demand, extra
409W power is fed to the grid. In Figs.9(c)-(d), the harmonic
spectra of vs and iy show that the THD of the grid voltage and
current are 1.2% and 1.4%, which is well within the
permissible limit of 5% according to the IEEE-519 standard.
Moreover, in Fig.9(a), iy and vs are out of phase from each
other, as well as in Fig.9(b) negative power, shows that extra
Ppy is supplied to the grid.
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Fig.9 Waveforms of (a) vs and ig, (b) power fed into grid, (c) harmonic

spectrum of vs, and (d) harmonic spectrum of i,.
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Fig.10 Waveforms of PV and load components.
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In Fig.10, the waveforms of Vpy and Ipy at solar insolation
1000W/m? are given, which shows a good tracking behaviour
behaviour. Moreover, the waveforms of isp.(n) and Lea(n),
which are extracted from i by using GDLSR based control
algorithm are given in Fig.10. The sinusoidal waveform of
isspa(N), and constant Lpa(n), show the strong estimation ability
of GDLSR algorithm.

2) Operation at grid over-voltage

During testing for grid voltages fluctuation, at over voltage
condition, the fluctuation in grid voltage of approximately

20% is taken, which test responses are shown in Fig.11.
0 soov/ B S50A/ B 1004/ @ 500v/ s 47.49s 20008/ | Auto? Pat 9500
Vs Overvoltage

ig Ch.1: 500 V/div]

(Ijh.z : 5 A/div.
i |\|‘|” ""W

10 A/dlv
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PRI

r»‘|‘| W'uf..lhh M ‘.h.‘um,yu'uml.wm,';w”‘uuu""m HHI\ HIH \Hlflw,l‘\lwlL ”.L

High i_ due to Overvoltage Ch 3

'-HVDC -
Ch.4 : 500 V /div

Fig.11 Waveforms during overvoltage condition.

Moreover, harmonics spectra of grid current and grid voltage
are shown in Fig.12. The waveforms at over-voltage depict
that, the v; at PCC is increased, so due to constant supply
power, the iy is decreased. Moreover, since P, (load power) is
directly propositional to the square of v, so P, as well as i, is
increased. However, due to strong control ability, the Vp¢ is
regulated to required value, and a balanced power is fed to the
load, which is shown in Fig.11. Moreover, after meeting the
load demand, the extra power is supplied to the grid. During
this process, the THD of iy is still low and within the
permissible limit of 5% according to the IEEE-519 standard,
which is shown in Fig.12. The achieved %THD of iy and v, are
2.4% and 2.3%, as well as the value of iy and v are 2.26A and
180V, WhICh are shown in Figs.12(a)-(c).
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Fig.12 Waveforms of, (a) vs and ig, (b)-(c) harmonic spectrum of iy and vs,
under the condition of grid overvoltage.

3) Operation at grid under-voltage

During testing at grid under-voltage condition, the
fluctuation in grid voltage of approximately 15% is taken,
which test responses are shown in Fig.13. Moreover,
harmonics spectra of grid current and PCC voltage are shown
in Fig.14. The waveforms at under-voltage depict that the v; at
PCC is decreased, so due to constant supply power, the iy is
increased. Moreover, since P, is directly propositional to the
square of v, so i is decreased. However, due to strong control
ability, the Vpc is maintained to required value, and a balanced
power is fed to the load, which is shown in Fig.13. Moreover,
after fulfil the load demand, the extra power is supplied to the

grid. During this process, the THD of iy is still low and within
the permissible limit of 5% according to the IEEE-519
standard, which is shown in Fig.14. The achieved %THD of i
and v are 2.6% and 2.1%, as well as the value of iy and v, are
3.328A and 122.9V, which are shown in Figs.14(a)-(c).

0 s00v/ B 50A/ B 100A/ @ 500v/ ¢ 2058s 20008/ [ Auto? § [ 356V

S — Under Voltage

High iy due to under-Voltage Ch.1:

500 V/div|

‘Ch.2 : 5 A/div.

“w'""”h L A

VYUV

10 A/dlv

Low i, due to under -Voltage

3Voc
Ch.4 : 500 V /div/|

Fig.13 Waveforms under the condition of grid under-voltage.
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Fig.14 Waveforms of, (a) vs and ig, (b)-(c) harmonic spectrum of ig and v,
under grid under-voltage condition.

4) Operation at distorted grid voltage condition

Performances under distorted vs condition are shown in Fig.15,
and analyzed by using a power analyzer, which obtained
waveforms are shown in Fig.16.
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Fig.15 Waveforms under distorted Vg condition.

Here THD of distorted vy, is 7.8%, which is shown in
Fig.16(c). Moreover, at PCC, the nonlinear load is attached. In
this highly nonlinear situation, the proposed control technique
has performed very well and properly fed the load. After fulfil
the load demand, the extra power is successfully transferred to
the grid, where THD of ig is only 2.1%, at unity power factor,
which is shown in Fig.16(d). The waveforms of v, iy and
power are shown in Figs. 16(a) (b)
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Fig.16 Waveforms of, (a) vs and ig, (b) power supply into the grid, (c)
harmonic spectrum of v and (C) ig.
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5) Comparative Analysis under Distorted Grid Voltage and
Nonlinear Load Condition

For comparative analysis, on same circuitry condition, SRFT,
LMS and proposed GDLSR techniques are tested. During
testing, the nonlinear load is attached, at PCC and distorted
grid voltage situation is taken, which harmonic spectra are
shown in Fig.17(a) and Fig.17(b). The THD of i_ and vs are
18.9% and 7.8%, respectively. In this highly nonlinear
condition, the objectives of the controllers are, first the load
demand is fulfilled, and after that the rest power is fed to the
grid at unity power factor. In this situation, the obtained
harmonic spectrum of iy shows that the achieved THD of iy by
using SRFT based control technique is very poor, that is 4.9%,
which is shown in Fig.18(a). In the case of LMS based control
technique, the THD of iy is improved, that is 4.4%, which is
shown in Fig.18(b). However, Fig.18(c) shows that the
obtained THD of iy by using GDLSR technique is only 2.2%,
which depicts a significant difference, in comparison to state
of art techniques.
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Fig. 18 Harmonic spectrum of ig, using (a) SRFT, (b) LMS, and (c) GDLSR.

B. Operation during Solar Insolation Variation Condition
During the insolation variation condition, it is tested for
insolation rise, as well as tested for insolation fall. In this
condition, insolation jumps from 800W/m? to 1000W/m?,
which steady-state performances are shown in Fig.19.
Fig.19 shows that in both conditions, the tracking efficiency
is approximately close to 100%.
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Operating _
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Fig.19 steady state performance at (a) 800W/m? and (b) 1000W/m? .

1) Operation during irradiation rise

During irradiation rise condition, an increase in solar
insolation from 800W/m? to 1000W/m? is considered, which
output waveforms are shown in Fig.20.

Fig.20 shows that an InC technique has tracked very
smoothly the maximum power point, as well as in this
operation, the i, is constant, and Vpc is increased. Because, in
single stage topology, PV array is directly attached to DC link.
Moreover, a dynamic reflection component is used in control,

which enhances the performance during dynamic condition.
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Fig.20 Waveform during insolation rise.

2) Operation during irradiation fall

During irradiation fall condition, a decrease in solar
insolation from 1000W/m? to 800W/m? is considered, which

output waveforms are shown in Fig.21.
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Fig.21 ‘Waveform during |nso|at|on fall.

Fig.21 shows that maximum power point is reached using an
InC algorithm, as well as in this operation, the i_ is constant,
and Vpc is decreased. Because, in single stage topology, DC
link is directly attached to PV array.

C. Operation during Day-to-Night Condition

In day-to-night condition, during the daytime, solar PV power
is used to fulfil the load demand, and if some power is left,
then it is fed into the grid. Moreover, during the night time,
when the solar power is zero, then the load demand is fulfilled
by taking power from the grid, and VSC acts as a
DSTATCOM, which provides reactive power support. These

performances for day-to-night mode, are shown in Figs.22-24.
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F|g.22 Waveforms of PV during day-to-night condition.
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In Fig.23, during the daytime, iy and v, are out of phase,
which shows that the power is fed into the grid. Moreover, in
Fig.23 and Fig.24 during night time, iy and v are in the same
phase, which shows that power is supplied from the grid. In
both conditions, the Vpc is maintained to required value,
which has only possible due to the strong controlling ability of
the GDLSR based VSC control.

0 s00v/ B 100A/ @ 100A/ @ 500/ -ﬁe 31.48s 50008/ Stop § [ 248V
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Fig.23 Waveforms of grid and load durihg day-'to-nigh't condition.

The waveforms of Ipy and Vpy in both situations are shown in
Fig.22, which shows that i, is constant. Because during mode
change, Ppy decreases continually and when Ppy is less than
the P, then the grid starts supplying power to the load. The
waveforms of power quality analysis, during DSTATCOM
mode of operation, are shown in Fig.24, which shows that the
%THDs of v; and iy are 2.1% and 2.2%. A comparative
analysis of proposed technique with the popular state of the art
technique is given in Table Il, which shows that the proposed
GDLSR based technique is superior w.r.t. other techniques.
However, the algorithm complexity of GDLSR based control
technique is high. Therefore, for easy implementation and to
reduce the algorithm complexity, the block diagrams of
GDLSR for active and reactive component are given in Fig.3
and Fig.4, respectively, as well as flowchart is given in Fig.6.
Moreover, in the case of GDLSR technique, the requirement
of the cache memory is slightly high w.r.t. SRFT technique,
but w.rt. LMS technique, the requirement of the cache
memory is less. Therefore, the proposed GDLSR based
control technique, fulfils the motive of the work.
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Fig.24 Waveforms during DSTATCOM operation, (a) vs and ig, (b) supply
power, (c)-(d) harmonic spectrum of vs and i.

TABLE Il: COMPARATIVE ANALYSIS OF PROPOSED NN BASED
ALGORITHM WITH CONVENTIONAL ALGORITHM

Parameter Proposed Algorithm| SRFT [9] LMS [7]
No. of Computation Low High Low

DC link Voltage Oscillation Low High Medium
Accuracy High Medium Poor

THDs in Grid Current Low Medium Medium
DSP Speed High Low High
Sampling Time 30us 40us 30us

Algorithm Complexity High Low Medium
Requirement of Cache Medium Low | Hign

V. CONCLUSION

A novel control technique namely gradient descent least
squares regression (GDLSR) based NN control algorithm for
grid-integrated solar PV system has been developed. This
single layer GDLSR-based NN structure has a very simple
architecture, which reduces the computational burden and
algorithm complexity. Therefore, it is easy in implementation.
The performance of proposed NN based control technique has
been evaluated under abnormal conditions, such as, over-
voltage, under-voltage, distortion in the grid voltage, nonlinear
loading and solar irradiation variation. Experimental results
have shown satisfactory performance of its operation at unity
power factor under every types of abnormal conditions.
Moreover, the THDs of grid voltage and grid current have
been observed within the IEEE-519 standard.
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