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Abstract- An escalating solar Photovoltaic System (PVS) with grid integration is the most common solution for auxiliary
power demands. Despite its benefits, operating solar PVS under fast varying environmental conditions with nonlinear loads is
the most challenging job. Almost, the grid integration with solar PVS provides active power at Maximum Operating Point
(MOP) and also reactive power compensation without affecting the grid voltage stability. Consequently, a holistic single-stage
solar PVS is considered for harvesting solar power at variability conditions as a proposed system. This controls the voltage
stability of the grid by the reactive power compensation based on the P-Q capability curve. Also, it eliminates the overshoots
of voltage and current with reduced distortion at non-linear loads. A fruitful enhanced Beetle Antenna Search (e-BAS) tuned d-
q controller is proposed and implemented for deterministic grid integration of solar PVS to enhance the reactive power control
with minimum distortions. The ability of the proposed controller has been assessed through MATLAB/Simulink environments.
The simulation illustrations conclude that e-BAS tuned d-q controller reveals the betterment of grid integration solar PVS.

Keywords Reactive power; d-g controller; voltage source inverter; solar photovoltaic; grid voltage stability; BAS algorithms.

1. Introduction power generation. The large solar PVS are connected to the

grid in order to supply the electricity demands. The grid

In recent years, the growth of the population has
increased, and also electricity demand rises with the
development of power electronics applications. These
demands for electricity are distributed by non-conventional
sources namely hydro energy, wind energy, solar energy,
bio-energy, and geothermal energy [1], [2]. The International
Renewable Energy Agency (IRENA) March 2022 released
the statistics key data for global renewable generation
capacity in GW is reported in Fig. 1. Among the RESs solar
PVS has elegant benefits like no fuel, noise-free, pollution-
free, etc. which raises the growth of solar PVS in the field of

integration solar PVS undergoes active power and reactive
power for secondary services such as improvement in grid
power quality, grid voltage stability, compensation of
reactive power, etc.

In [3] classify the reactive power control techniques for
the voltage regulation in high Photovoltaic (PV) power
penetrations to resolve the shortcoming of voltage rise
disputes. Whereas [4], [5] highlights the reactive power
booster resource the grid voltage at voltage sag which
constrains the grid-connected inverters. In [6] focused on a
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grid-tied inverter for reactive power compensation to affirm
the grid voltage with the control techniques of the inverter
for the balanced operation of the grid integration. But [7], [8]
employed the control method to control the inverter using a
proportional-integral-resonant compensator for the constant
active power in the grid.

IRENA Statistics Key Data
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Fig. 1. IRENA Statistics key data for global generation
capacity in GW.

In [9] compares the performance of inverter with d-q
controller for different meta-heuristic algorithms to achieve
the efficiency, stability, and dynamic response of grid-
connected solar PVS. Whereas, [10] presents the grid-tied
inverter with the d-qg controller by intelligent fuzzy base
control algorithms to achieve real and reactive power support
to the grid integration. In [11] proposed the slide mode
controller for a grid-connected inverter with d-q controller
techniques with reduced harmonics and overall current
distortions with minimum overshoots. Similarly [12]
compares the grid inverter with the backstepping techniques
along with the slide mode controller and vector control
methods for injecting active and reactive power to the grid
integration.

In [13], [14] implemented the controller uses the
modulation index of the inverter and the load angle of grid
integration. It achieves fast-tracking responses with real and
reactive power compensations through the Voltage Sources
Inverter (VSI). However, [15] influence the generation of
reactive power through the solar PVS inverter with reduced
system losses. It can be achieved by increasing the overall
system loading with the unity power of the inverter. In [16]
develops the reliability under grid fault conditions for a
double-stage grid integration PVS. It shoots up solar PVS
power into the grid by disabling the driving point control to
reduce the outcomes of the inverter. Later it releases high
performances during the transient and the occurrences of grid
faults. Where [17] present the topology for NPC inverter
with state space analysis. It motivates the design and
modeling of the three-phase NPC inverter controller resulting
to maintain the DC voltage and proper tracking responses.

In [18] proposes the compensation of reactive power by
preventing unintentional fluctuations in the reactive power
flow. It measured the grid impedance to mitigate Power
Factor (PF) control and the reactive power fluctuation for
better transmission flow. Although, [19] intended system
gives an efficient solution for reactive power compensation
using a new active distribution network. It also reduces
operating losses with improved voltage levels at balanced

system accuracy and better efficiency. In [20] proves the
active and reactive power performance at double-stage grid
integrations in solar PVS. The simple algorithm of slide
mode control with direct power control provides good results
in both steady and transient states. But, [21] present a non-
linear control method called feedback linearization to reduce
the nonlinearity and disturbance existing in the solar PVS.
The linear matrix constraints with D-stability criteria and
state-feedback benefits for the improvement of system
response are applied to the controller to reduce the
perturbation and interferences.

In [22], [23] investigates the reliability of active and the
reactive power of solar PVS. To avoid voltage destruction
from the system failure the reactive power shortage is
compared to the real power shortage for the different load
scheduling. Appropriately, the reactive power reduced the
risk impact of reliability in solar PVS. However, [24], [25]
achieves reactive power regulation through the grid-tied
inverter of solar PVS. The 30 MW solar PVS is compared to
the theoretical analysis of solar PVS without compensating
devices for reactive power capacity. Also, the results are
achieved in controlling voltage and PF with its system
efficiency. In [26] presented the techniques to restore
unknown reactive power value from the grid-connected solar
PVS. This technique uses non-linear least squares and
manual tuning for filters. It results are compared with the
conventional active power that is separated from other
techniques. But [27] discusses a novel modulation technique
to improve the DC regulation of solar PVS by compensating
reactive power. It results are achieved by less compensation
of reactive power with reduced switching events.

Based on the prior studies the collected hand-outs of
solar PVS are that the variability of solar power harvesting
failed to include in the grid stability, also the power
generation does not follow the holistic approaches in grid-
tied solar PVS. The probabilistic of the grid integration in
solar PVS is assessing the voltage stability for limited low-
power generation [28], [29]. However, studies include the
semblance of deterministic in reactive power compensation
without considering a capability curve during the interchange
of grid power. Moreover, it failed to deliver the impact of
variable loads, grid current, and THDs performance in the
grid-tied solar PVS. The recent studies create negative
effects due to the presence of nonlinear load and the impact
of overshoot in voltage and current during the behaviour of
dynamic analysis.

In the essence of the above studies, this research work
arises an approach for a holistic evaluation of grid integration
solar PVS. The variability due to the fast varying
environmental conditions has been considered in the
proposed system for solar power harvesting and the voltage
stability is controlled by the real and reactive power
compensation at the Maximum Operating Point (MOP). The
reactive power compensation of the proposed system is
limited by the Qmax and Qmin based on the P-Q capability
curve. Also, the proposed solar PVS have been analysis the
grid behaviour in terms of grid current and THDs at variable
nonlinear loads. The impact of voltage and current overshoot
has been eliminated by the proposed system. In this regard,
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an enhanced Beetle Antenna Search (e-BAS) tuned d-q
controller is considered the proposed system, and the
Analysis of Variance (ANOVA) tuned d-q controller is
considered a conventional system. The conventional system
is chosen based on the prior study of various techniques in
solar PVS and ended ANOVA from statistical method which
is not in meta-heuristic algorithms.

Intention for the choice of proposed system is, in [30]
presented the BAS algorithms for tuning the PID controller
to upgrade the competence of the proposed system. Whereas
[31] explains that the BAS method achieved the exploration
and exploitation also, the outcomes are better in respect of
accuracy, stability, and robustness. Moreover, [32]
implement the BAS procedure for enhancement of maximal
power tracking under non-uniform shading conditions.
However, BAS technique [33] succeeds overloading in the
grid at peak power generation with less complexity of solar
PVS.

The organizations of this research work progress;
Section 2 discusses the contest of solar PVS and its beliefs.
Section 3 disputes the implementation of the proposed
controller and the simulation results and its explanation is
portrayed in Section 4. As a final point, a conclusion reveals
the perfection of the research progress.

2. Formularized Approach of Solar PVS

The grid integration of solar PVS consider as a proposed
system is represented in Fig. 2.

DC-AC Inverter
Grid 7
Transformer A
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Fig. 2. A simple layout diagram of grid integration solar
PVS.

This solar PVS is a single-stage system consisting of
solar PVS cells in modules on the PV side and a VS| with a
proposed d-q controller on the grid side. The illustration of
solar PVS activates the intended e-BAS tuned d-q controller.
On the grid connected VSI with e-BAS tuned controller
gains the value of controller to regulate the MOP i.e
Maximum Power Point Tracking (MPPT) and to regulate
maximum active and reactive power into the grid. Table 1
specifies the parameter identification of the solar PV panel
considered in the proposed system.

2.1. ANOVA Technique

Professor R.A. Fisher developed the Analysis of
Variance (ANOVA) theory as a statistical method [34]. The
ANOVA methods are used in more than a few areas in
sociology, psychology, finances, etc. The conventional
ANOVA technique is an optimization way out by

“population” in the preliminary group of the data which
determines by the value of the F-table. The optimum
ANOVA techniques run through assured practices of
numerical theory tests by relating the premeditated value of
the F-ratio value to the F-limit value for the decision of an
alternative hypothesis (Ha) or null hypothesis (Ho). The
summarization of one-way ANOVA steps [35] is specified in
Fig. 3.

Table 1. Identification of solar PVS cell

Description Ratings
Number of cells in series | ncells = 72
Optimal voltage, V Vinax = 37.1V
Optimal current, A Imax = 8.62 A
Optimal power, W Pmax = 320 W
Short circuit current, A | lsc =9.08 A
Open circuit voltage, C | Voc =45V

1

Formulized the sum of square ($53) and
mean square (MS3) for variance between

Get the F-limit value for significant value |

Collect the number of rows (7), Collect the
number of columns (c), Get the sample
values (T), Get the total number of items

w

Calculate the degree of freedom (4.f) ie
(k-1, (n-k), (n-1)

*

Calculate the mean of each sample and

mean of each saﬂe mean I

Formulized the sum of square ($S3) and
mean square (MS;) for variance between

. | §

Fig. 3. Summarization of ANOVA technique in flowchart.

Taken as insignificant I

Taken as significant |

2.2. BAS Technique

The coleopteran family includes a beetle that has two
lengthy antennae for forage and also to odour the prey. When
beetles sense a higher odour of prey through antennae on the
right side it would travel toward the same direction i.e right
side. Similarly, when beetles sense the other side on the left
side they would travel toward the opposite direction i.e left
side. Based on this forage, the beetle reaches the least length
from the position to succeed in the optimum solution. The
searching action is exhibited as a Meta-heuristic technique as
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Beetle Antenna Search (BAS) technique and its habitual
searching behaviour is shown in Fig. 4.

P

Fig. 4. Beetle searching behaviour.

The various step involved in BAS technique is specified
by stages as:

Stage 1: f[p(t)] is the objective function of the BAS
technique where p(t) represents the precise beetle position at
time ‘t’. The optimum value f[p(t)] is attained by recurs of
high odor foraging.

Stage 2: pm(t) is the random position of beetles in the M™"
position where m =1, 2, .....M. Initially iteration setas j =0
t0 jmaxi iS the maximum of iteration.

Stage 3: The searching of beetle antennae in a direction at
initial exploration is normalized by

rand (dims,1)

°= [rand (dims 1|

@)

where, € — is the vector unit direction, rand — represents a
random function, dims— denotes a structural space in the

searching path, and |||| — specifies the normalization.

Stage 4: The higher odor sensed by beetle antennae from
neither the right side nor the left side is normalized by

p(t) = p(t)' +d'e @
p(t) = p(t) -d’'e ®)

where, p(t)j and p(t)lj — indicates the precise position of

¥
beetles right and left respectively at j" iteration, p(t)j -

indicates the precise position of beetle at j™ iteration, di -
indicates the antennae sensing length at j™ iteration, and j —
indicates the count of iteration j = 0 at initially.

Stage 5: When foraging progresses in higher odor beetle
moves to the next precise position neither the right side nor
left side is given by

p(t)'"* = p(t)' + 25" &sign(p(t)! - p(t)}) 4)
where, z — indicates the direction of the beetle’s movement,

&' —indicates the change in step size of beetles movement
in j" iteration and Sign(.) — indicates the sign is specified by

(dA)>0[1

sign(dA) = sign(p(t)j - p(t),j)z (dA)=0/0 5)
(dA)<0-1

Stage 6: The foraging detecting length through antennae d ]

and the changing step size while searching 51 can be
remodeled as

d*=y,.d'+0.01 (6)
oM =y,.5! 7)
where, y,; and Y, — lies between 0 and 1 known as

reduction factor (commonly a constant)
2.3. BAS Technique

Fig.2 illustrates the layout diagram of solar PVS with a
d-q controller. At PCC, the measured per-phase voltage is
denoted by Vanc wWhich is revealed by the output of VSI
voltage as Vao,po.co-

The balanced voltage equation is given by equation (8)

Va ia Aia VaO
V, [=Ry| 1, [+ L] Al |+, (8)
Vc ic AIc VcO

By equation (8), the balanced equation of voltage and
current in the d-q transformation is given by (9) and (10)

'V, i Al =iy | [V
ol e e

i i AV ~V
Bl S el ol +coc{ ql} (10)
I I AVql Vy,

where, Vg1 and Vg1 — are the voltage in the d-g transformation
at PCC, Vqy and Vg — are the output voltage of the inverter in
the d-g transformation, R; and L, — are the resistance and
inductance of the AC filter and w — is the angular frequency
of voltage at PCC.

At steady-state conditions, the output of the inverter is
given by equations (11) and (12)

Vg = Riy — oL, +Vy — 0’LCV, (11)
V,; = Rii, + alyiy + @RCV, (12)

At PCC, the grid power real and reactive is specified by
equations (13) and (14)

P(t) =Vl (13)
Q(t) =Vl (14)
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Finally, the real and reactive power supplied at PCC is
given by equations (15) and (16)

VaiVy
Pprig = —— (15)
oL,
\/2 2
3. Implementation of BAS Controller and d-q

Controller

The main objective proposed BAS controller is to extract
the maximum generation from the PV cell and to improve
the performance with the help of tuning the Proportional-
Integral (PI) regulator. The usefulness of the BAS technique
is operating in two ways one is to locate the operating point
and the second is to tune the Pl controller of the d-q
controller.

3.1. BAS as MOP Controller

The effectiveness of the BAS controller is to track the
operating point of solar PVS. The BAS technique is tuned to
control the MOP to obtain the optimal duty cycle and to
harvest maximum power generation from solar PVS
modules. In the BAS technique, the behaviour of the beetle is
discussed from Stage 1 to Stage 6 with its equation (1) — (7)
in Section 2. The beetle behaviour is measured as random
walk length and step size movement from one position to
another position. The solar PVS power and duty cycle
represent the suitability value and position of the beetle

respectively. The sensing length antennae d Jand step size

0 are calculated initially from equations (2) or (3) and (4)
respectively. These calibrated parameters are fed to the input
of BAS techniques to trace the MOP. At this stage, the solar
PVS module voltage is equated to the voltage reference
acquired from the BAS techniques to attain a MOP.

3.2. BAS Tuned d-q Controller

The BAS method presented in this research is also used
for tuning the Pl in the d-q controller to extract considerable
power from the solar PVS. The BAS tuned d-q controller
consists of two loops named as voltage and current loop with
two PI regulators in each loop respectively as shown in Fig.
5. Each loop prefers an optimal value of Pl regulators
decided by BAS techniques for proportional gain (K,) and
integral gain (Kj). In routine, the BAS controller found three
sets of values and by using a priori test to obtain an optimal
gain value as given in Table 2.

The current loop allows precise active power to the grid;
however, the voltage loop involves the preordained voltage
reference suitable to the local loads. The abc and of
transformation in the d-g controller converts the grid current
and grid voltage into d-gq components. The developed error
from the aggregation of DC-link voltage (V4) and DC-link
voltage reference (Vacrer) flows over the PI controller in a

voltage loop. The DC-link voltage can be controlled by
comparing the actual grid current of the d-axis (is) and the
current controller of the d-axis (i) provided by the output of
the PI controller. Simultaneously, the g-axis can be estimated
with grid voltage (Vius) and the bus voltage reference (Vousrer)
like the d-axis.

I Non-Linear Load

Solar PVS I

3@ Grid
i L 4

P s
B

Modules

Voltage Loop

Fig. 5. Proposed e-BAS tuned d-q controller.
Table 2. Gain value of Pl Regulator

Factor Kp Ki

Current Loop | 0.963 | 291

0.978 | 225

Voltage Loop

The solar PVS obtains the reference voltage value in the
current loop by means of —v*y and —v'q it can be raised up
using the grid voltage as the new d-g voltage is specified by
the equation (17) and (18)

V

dnew

=Ri, + Lc:j—ls— wli, +V, (17)

. di i
Vinew = Rig + Ld—s—a)LId +V, (18)

The variation of frequency in terms of both the phase
value and theta value in solar PVS and grid are tracked by
Phase Locked Loop (PLL) in Fig. 6. By using inverse park
transformation the new d-q voltage is converted into abc
voltage and current which is associated to the PWM
modulator for the purposes of generating the gate pules to the
VSI.

The main objective is to fine-tune the controller with
BAS techniques in order to exclude the nonlinear state.
Likewise, to maintain a continuous voltage across the
capacitor (DC-link capacitor) for minimizing the error values
based on equations (19) and (20).
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-V } (19)

bus

For minimizing: {V,

This is subject to:

]t
LPF
L |
| = —————— .
| ot A
t o ;
i Ll _P1_|-—{ vco =
Voltage ——»| ab _|—> q 1
: 1
1 . BAS Tuned

Gain Controller

Fig. 6. Structure of PLL.

The modification of our research feature scaling factor is
introduced in order to decrease the training data time of the
steps as given in equation (21)

P — /\(P”-)

Rit)=—

21
MARAE @)

where, v (P”) and A (PU) — is minimum and maximum of
steps value

These equations resolve the objective function of the
proposed solar PVS for tuning the gain values of the
controller by employing the e-BAS techniques with error
minimization. To harvest the feasible amount of active and
reactive power from solar PVS modules with the minimum
fluctuations. Finally, the real and reactive power regulation is
succeeded by constraints in equation (20) of operating the
DC voltage control between the voltage reference (V'y) and
DC-link capacitor voltage (Vac).

3.3. P-Q capability Curve of Solar PVS
The point (P, Q) originates the P-Q capability curve at

the MOP condition. This curve enhances the sharing of
reactive power at grid-tied solar PVS as shown in Fig. 7.

ey
P
Rated Grid Power | Pgridpv
Solar PVS siinil
Module Power /7 _ I N
Sgridpv
-Q Qmin Qmax +Q

Fig. 7. P-Q capability curve with Q limits.

The capability curve depends on the power, voltage, and
current rating of the solar PVS. Also, the active power
depends on the rating and size of solar PVS modules. Based

on the locality, the maximum power extracted from solar
PVS modules depends on the solar irradiation (G) and the
temperature (T) of the environment. The maximal harvesting
power of Solar PVS at MOP is given by

P G T

max ' min

=Vyorl MOP|G T (22)

max ' min

where, G__ T

max ' min — 1S the maximum G and minimum T at the

locality of solar PVS, V,,opl,0p — is the voltage and current

at MOP of solar PVS and Pyl — is the module power at
MOP of solar PVS.

The connected VSI of solar PVS is designed to
habituate Pos . This denotes that a solar PV'S simplifies the

transmission of extracted maximum workable power P,\ng

in the form of real power to the grid integration at unity PF.
At the locality environment condition, the active and reactive
power of capability of solar PVS is given by equations (23)
and (24)

d

I:)gridpv = 77VSI Pl\TC?P (23)
[q2 2

Qgridpv: Sgridpv_F)gridpv (24)

where, 7\ is efficiency of VSI in solar PVS,

Sgrigy = Pmax  — IS power rating in MVA, and

(— Qgride’Qgridpv) — is the range of reactive power limited
in equation (24)

Also, the VSI output voltage in terms of the d-q
reference frame with the solar PVS module is given by

vamodule
Vovsi = T, m, Cos ¢ (25)
vamod ule .
Vavs ===, msing (26)

where, @ — is the phase angle of frequency in grid voltage

and M, —is the modulation index of grid-connected VSI

4. Implementation of BAS Controller

Controller

and d-q

4.1. Proposed Modeling of Solar PVS

The solar PVS has been preferred with 5 solar PVS
modules with a series voltage of 37.1 V per module and the
total series voltage (Vp) of solar PVS is 185.5 V. The
intended single-stage solar PVS contains solar PVS module
cells, VSI, and AC filters with grid integration. The intended
system achieves the imbalance voltage by enhancing the
optimal gate pulse to VSI to attain a maximum power of
solar PVS. The detailed modification is specified in this
subsection to precise a standard analysis for the possibility to
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perceive the intended e-BAS tuned d-q controller in solar
PVS. The achieved performance analysis is tested in
MATLAB/Simulink to harvest the maximum amount of solar
power. This section gives the comparative study between the
proposed system e-BAS tuned PI in d-g controller and
ANOVA-tuned d-q controller. The parameter considered in
this simulation for solar PVS configuration is specified in
Table 3.

Table 3. Chosen parameters for solar PVS

At normal operating conditions, the reactive power in the
grid integration is regulated by maintaining the constant
voltage at the PCC. But, when the high power penetration
increases, it is a mandatory enhancement of real and reactive
power regulation in grid integration. To eradicate this
situation, a real power injection to the grid should be lesser
than the rated capacity value of VSI. In such a way, the VSI
is used for compensating the necessary reactive power
injected into the grid. The constant voltage profile is
maintained and the proposed e-BAS tuned d-q controller
regulates the reactive power compensation which is better
than the conventional system.

Table 4. Active power at variability conditions

Solar PVS Factor Ratings
AC Grid Line voltage /1) \/ /50 1z
frequency
Vsl Capacity / 120 KVA / 415 + 1% V
Voltage

Grid transformer | Voltage rating | 415V /11 kV

PV system _Solar_ F?VS_ Refer the Table 1
identification

Variable local Unbalanced .

load load 60 kVA, lagging

4.2. Behaviour of Active and Reactive Power for e-BAS
Tuned Pl in d-q Controller

The grid performance of solar PVS is tested by choosing
a temperature of 25°C with variable solar insolation. In this
study, a constant current is assumed for an intended and
conventional system. The variable solar irradiation pattern is
considered with an increase and decrease in solar insolation
from 700 W/m? to 1000 W/m? in the variation of 50 W/m?,
100 W/m?, and 150 W/m? are shown in Fig. 8(a). The
predicted solar irradiance is measured by a solar power meter
in our meteorological environments.

The dilemma of solar insolation variation is considered
in the analysis by increase or decrease in variation as neither
50 W/m? nor 100 W/m? or 150 W/m? for every second. The
solar PVS harvests the maximum amount of power from the
solar PVS modules at MOP. The terminal voltage of the DC-
link capacitor is controlled by VSI for the smooth function of
grid integration. Fig. 8(b) illustrates the solar PVS module
voltage for both the conventional and proposed system. The
consequences of the intended and conventional systems are
illustrated in Fig. 8(c) and Fig. 8(d) is a real and reactive
power distributed by VSI to the grid integration.

Based on the illustration of active power the proposed e-
BAS tuned Pl d-q controller regulates the active power
which is greater than the conventional system. Also, Table 4
specifies the comparison value of real power boosted to the
grid and the Fig. 9 zoomed view gives clear evidence for
regulated active power in proposed and conventional
systems.

Active Power in kW
Description |rradia210e Conventional | Proposed
(W/m?) System System
(ANOVA) (e-BAS)
100 106.8 108.0
Decr_easirTg in 150 87.5 90.0
step irradiance
50 81.8 84.0
50 87.3 89.5
|ncre_asin<__:1 in 150 105.7 107.8
step irradiance
100 118.8 120.0

High priority is given to active power injection by the e-
BAS tuned d-g controller of solar PVS and equation (21)
controls the maximum possible reactive power compensation
to the grid integration. The range of reactive power to the
grid is limited by Qmax and Qmin Which is decided by the
obtainability of real power and the PF angle. The limitations
consider for the reactive power compensation by the VSI are
10% to 100% of active power and 0 to 100% of reactive
power with the rated value of solar PVS. Table 5 specifies
the constraints of the VSI with the real and reactive power
values. The tabularized value concludes that the e-BAS tuned
d-q controller has better performances in voltage regulation
than the conventional system.

4.3. Behaviour of Proposed Solar PVS in Grid Integration

The limited load environment of the proposed solar PVS
is examined by variable solar irradiance. In an occurrence of
zero power generation of solar PVS, the gird is segregated
from solar PVS to exclude the grid blackouts. Moreover, the
harvested solar PVS power is transmitted from VSI to the
grid integration with the distortion in load observed by the
proposed and conventional system was illustrates in Fig. 10.
The grid voltage and grid current waveforms for the
conventional and intended system in Fig. 10(a), Fig. 10(d),
Fig. 10(c) and Fig. 10(f) respectively where the waveform is
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twists out due to the non-linear loads at PCC for the
conventional system.
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Fig. 8. (a) Patten of solar irradiance, (b) Solar PVS voltage, (c) Grid Active power of solar PVS in kW, (d) Grid Reactive
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Zoom A ZoomB Zoom C
i f [—‘;
\\ ——BAS [ —BAS 100 ——BAS

= < 110 <
gus | ——ANOVA | § | —AnOvA = | — Anova
= = 95
5 110 N g 1 AN g
£ & 90 _-— & 9
2 2 pa e con
=1 £ 80 ; ‘S g5 vi8a
< 100 < i < ]

| |

0.1 0.11 0.12 0.13 0.14 0.2 021~ 022 0.23 0.24 0.3 0.31 0.32 0.33 0.34
Times (secs) Times (secs) Times (secs)
(a) (b) (©)

1599



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
P. Meganathan et al., Vol.13, No.4, December, 2023

Zoom D Zoom E Zoom F
‘ ,
——BAS x:0.6083
— 110 ——BAS 120 ; %35
= —— ANOVA = \ |——~Anova 120 =
~ L vy:107.8 ~
5 100 5 g 115
= = ‘.J‘rrl‘, T =
o X:0.4042 o o
& A < 100 3
g 90 k 2 g 1o
= 8 S
Q
o £ ——BAS
< g 105 —— ANOVA
0.4 0.41 . 0.42 0.43 0.44 0.5 0.51 0.52 0.53 0.54 0.6 061 0.62 0.63 0.64
Times (secs) Times (secs) Times (secs)

(d) (e)

Fig. 9. Zoom view of active power at variability conditions.

Table 5. Comparison outcomes of P, Q, S and cos @

Limitation

S in% P in kW Qin kVAR Sin kVA PF (cos ®@)

P Q | ANOVA | e-BAS | ANOVA | e-BAS | ANOVA | e-BAS | ANOVA | e-BAS

0 | 100 0 0 119.28 120 119.25 120 0 0

10 | 90 11.88 12.37 108.12 | 107.63 | 108.77 | 108.34 | 0.1092 | 0.1142

20 | 80 23.90 24.35 96.10 95.65 99.03 98.78 0.2413 | 0.2467

30 | 70 35.75 36.50 84.25 83.50 91.52 91.13 0.3906 | 0.4005

40 | 60 57.89 48.36 72.11 71.64 86.56 86.43 0.5532 | 0.5595

50 | 50 59.77 60.48 60.23 59.52 84.85 84.86 0.7044 | 0.7127

60 | 40 71.55 72.70 48.45 47.30 86.41 86.73 0.8280 | 0.8382

70 | 30 83.94 84.31 36.06. 35.69 91.36 91.55 0.9188 | 0.9209

80 | 20 95.71 96.54 24.29 23.46 98.74 99.35 0.9693 | 0.9717

90 | 10 107.83 | 108.42 12.17 11.58 108.51 | 109.04 | 0.9937 | 0.9943

100| O 119.76 | 120.49 0.24 0 119.76 | 120.49 | 0.9945 | 0.9967
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Fig. 10. Grid outcomes of solar PVS in per phase (a) Conventional Solar PVS Voltage (V), (b) Conventional Solar PVS Load

current (A), (c) Conventional Solar PVS Grid Current (A), (d)

Intended solar PVS Voltage (V), (e) Intended solar PVS Load

current (A), (f) Intended solar PVS Current (A).

The achievable total harmonics distortions (THDs) of the
conventional and intended system in terms of voltage THDs
and current THDs are illustrated in Fig. 11 and Fig. 12. The
conventional system voltage THDs is 0.12% and current
THDs is 5.93% whereas the proposed system attained the

Fundamental (50Hz) = 230.0, THD= 0.12%
T T

e
>

Mag (% of Fundamental)
L

0 AARRRRRRARRRRRRNRRnS]
0 2 4 6 8 10 12 14 16 18 20
Harmonic order

(a)

voltage THDs of 0.09% and current THDs of 2.09%. It is
found that the proposed e-BAS tuned d-q controller has low
harmonic distortion than the conventional system and also
the voltage and current THDs lie within the harmonic limits
enforced by international standards.

Fundamental (50Hz) = 63.86 , THD= §.93%
T T T T T

Mag (% of Fundamental)
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Fig. 11. THDs outcomes of conventional system (a) THDs of Solar PVS Voltage, (b) THDs of Solar PVS Currents.
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Fig. 12. THDs outcomes of intended system (a) THDs of solar PVS Voltage, (b) THDs of solar PVS Currents.

5. Conclusion

The grid integration of single-stage solar PVS has been
evaluated for the reactive power compensation by using an e-
BAS tuned d-g controller as a proposed system. An
improved grid performance of active and reactive power is
examined at the variability of environmental conditions. The
proposed controller regulates grid voltage stability by
limiting the reactive power from Qmax t0 Qmin based on the P-
Q capability curves and also intended solar PVS carried out
the holistic process at grid integration. The deterministic
power harvesting is attained by sustaining the MOP at the
variability conditions. The simulation illustrations and the
tabulation are evidence of the superiority of the proposed e-
BAS d-g controller over the conventional system. Therefore,
voltage stability is achieved by controlling the real and
reactive power by e-BAS tuned d-q controller as a proposed

system. The grid analysis is proved in terms of voltage THDs
as 0.09% and current THDs as 2.09% where the distortions
lie within the limitation of international standards.
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