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ABSTRACT The phase and frequency correction with a three-phase grid-connected solar photovoltaic-
distributed static compensator (SPV-DSTATCOM) is challenging. For grid-connected SPV-DSTATCOM,
this paper proposes a cascaded enhanced second-order general integrator frequency locked loop with prefilter
(CESOGI-FLL-WPF) controller. The suggested work uses the available SPV power to meet the active power
requirement of local loads. Furthermore, after addressing the local load demands, the extra SPV power is
pumped into the grid. The voltage source converter (VSC) operates as a DC/AC inverter when sunlight is
available and as a DSTATCOM when sunlight is not available. As a result, the VSC contributes to reactive
power compensation, improved power quality, improved power factor, zero voltage regulation, efficient
load balancing, and increased device utilization. The CESOGI-FLL-WPF controller is able to extract the
fundamental components from nonlinear load currents, resulting in superior harmonics compensation and
a highly rapid and stable dynamic response of the overall system under varied conditions. The suggested
system is modelled and simulated using the MATLAB/Simulink software. The proposed SPV-DSTATCOM
prototype is tested in the laboratory to ensure that it performs as expected.

INDEX TERMS DSTATCOM, MPPT, reactive power compensation, solar photovoltaic, THD minimization.

I. INTRODUCTION

Nowadays, the solar PV (SPV) is penetrated into the energy
sector at a faster rate across the world, subjected to policies
and market forces of demand supply [1]. The SPV is playing
a vital role to shift the conventional energy sector to green
and clean energy, owing to its non-polluting nature and rich
availability. The primary goal of the SPV system is to extract
the maximum power with higher efficiency from the available
power. Lower per unit cost and short payback period are
also important criteria considered during installation of the
SPV system [2], [3]. The grid-connected SPV system is the
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desired solution to enhance reliability of the overall power
system. As a result of higher penetration of the SPV in the
utility power system, many complications are introduced in
the power system such as increased harmonics level in the
currents due to the use of power electronics converters, volt-
age sag, reactive power imbalance, erroneous operation of the
protective devices, hampering the safety and security of the
system, introducing magnetizing current due to injection of
dc-offset and reduced reliability of the power system. More-
over, the availability of the power from the SPV system is
fluctuating with varying environments. To regulate the power
quality of the grid-connected SPV system, many international
standards and codes are proposed. As per IEEE 519 standard,
the total harmonics distortion (THD) of the grid currents must
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be below 5% [4]. The voltage fluctuations at the point of
common coupling (PCC) must be within 5% in compliance
with the IEEE-1547 standard [S]. According to IEEE-1547,
PCC DC current injection should be no greater than 0.5% of
output current. As a result, the grid-connected SPV system
requires an effective controller to keep the power quality and
DC offset rejection capability at or above the aforementioned
levels. Presently, this is a burning research issue, which draws
the attentions of many researchers across the world.

To overcome above-mentioned power quality issues
in the conventional grid-connected SPV system, the
SPV-DSTATCOM system is proposed in the literature. The
SPV-DSTATCOM system is capable of providing active
power demand of the load and injecting excess power
to the grid, preserving the desired power quality. Such
single-stage SPV systems suffer from the lower utilization
ratio of the power electronic devices. Because the power
converters remain unutilized when sunlight is not available.
Such lower utilization issue is addressed in the proposed
SPV-DSTATCOM system by operating the power convert-
ers to act as DSTATCOM during the absence of sunshine.
Thus, the device utilization factor of the SPV-DSTATCOM
is significantly improved by almost two times, so that the
overall cost of the system is lowered down considerably.
Many DSTATCOM topologies are investigated in the liter-
ature. The major objectives of the DSTATCOM are reactive
power compensation, harmonics elimination, compensating
the SPV power variations, maintaining load balance, and
providing zero voltage regulation to the low voltage distri-
bution networks. Hence, an efficient and robust controller is
needed for the DSTATCOM so that a constant voltage will
be maintained at the PCC irrespective of unbalanced load
and fluctuating environmental parameters. Several power
converter topologies are reported in the literature for DSTAT-
COM. To achieve efficient control of those converters, many
advanced control techniques are investigated in the literature.
As the generated power from the SPV fluctuates with the
variations of the environmental conditions, maximum Power-
Point tracking (MPPT) techniques are required to be adopted
to extract the optimum power from the SPV [6]-[8]. Several
efficient MPPT techniques are reported in the literature such
as perturb and observe (P&O) [9], variable step size, incre-
mental conductance (INC) [10], fuzzy logic-based MPPT,
voltage control [11], and current control [12]. This algorithm
is differed from one another by their implementation, tracking
speed, cost, etc. The P&O MPPT technique is commonly used
because of good performance, ease of implementation, and
less complexity in comparison with other MPPT techniques.

The phase-lock-loop (PLL) [13], synchronous reference
frame-based PLL (SRF-PLL) [14] are the traditional choice
for synchronization in the presence of two sources. It is
studied that conventional PLL leads to harmonic resonance,
which causes system instability [15]. Under distorted grid
conditions, SRF-PLL performance is degraded due to limited
bandwidth. There is a trade-off between large bandwidth and
narrow bandwidth. Large bandwidth causes a fast response
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and at the same time, it has poor filtering capability [16].
To overcome this issue, a delayed signal cancellation PLL
(DSC-PLL) based moving average filter (MAF) has been
presented in [17]. The drawback of this filter is due to the
introduction of the large latency, as it requires a larger fil-
ter window [18]. Sun et al. have proposed a tedious and
cumbersome control algorithm based on proper learning of
neurons [19]. A fourth- order optimization-based the least
mean fourth (LMF) algorithm has been proposed in [20].
It has extensive computation, large steady-state error, and
unable to block dc-offset [21]. To overcome the aforemen-
tioned problems, PLL-less method such as induceverter [22]
synchronverter [23], unit template [24] and frequency-lock-
loop (FLL) have been introduced in recent literature. The
drawback of the first two methods is their current limiting
properties, the unit template method depends on the sym-
metrical grid voltage. The performance of this method is
satisfactory under steady state conditions, but in the case
of weak grid its performance deteriorates. As a result, the
positive sequence component must be extracted from the
weak grid. To support this idea, SOGI has been intro-
duced [25]. Based on this technique, many researchers have
developed advanced control algorithms such as enhanced
PLL (EPLL) [26], quadrature PLL (QPLL) [27], SOGI
based frequency-lock-loop (SOGI-FLL) [28], multi SOGI-
FLL (MSOGI-FLL) [29]. In SOGI-FLL the frequency is
obtained through adaptive algorithm, whereas in PLL the fre-
quency is estimated through feedback path of the PLL block.
Thus, FLL has better performance in comparison with PLL.
However, the performance of FLL has severely hampered
with the presence of DC offset. The estimated frequency is
erroneous because the low frequency component is super-
imposed on the average value. An improved PR controller-
based SOGI-FLL is developed in [30] to address DC offset.
However, it is less effective during highly dynamic load
conditions.

In this paper, a novel CESOGI-FLL-WPF controller is
proposed for the SPV-DSTATCOM. The proposed controller
is constituted by connecting two ESOGI-FLL controllers
in a cascade manner. The filter associated with the first
ESOGI-FLL block performs as a prefilter, which rejects the
DC offset and suppresses the sub-harmonics from the input
signal. Another filter associated with the second ESOGI-FLL
block facilitates the extraction of the fundamental as well as
quadrature components of currents. The proposed controller
is tested under a variety of load circumstances, including both
static and dynamic loads. In addition, certain performances
of the proposed controller are compared with the ESOGI and
SOGI under the same experimental conditions. The proposed
controller is simple, reliable, and better at eliminating har-
monics and rejecting DC offsets than the ESOGI and SOGI.
The summary of the most important contributions made by
this paper are as follows:

« A novel CESOGI-FLL-WPF controller is proposed to

extract fundamental components as well as quadra-
ture components from the distorted load currents
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FIGURE 1. Three-phase grid integrated SPV-DSTATCOM system architecture.
for satisfactory operation of grid-connected SPV- TABLE 1. Experimental prototype parameters.
DSTATCOM system.
« Ensuring active power injection to the grid after fulfill- System quantities Values
ing the active. power demand of t.he Fonnected loads. Source voltage (rms) 3928 V, 38.54 V, 48.86 V L-N,
At the same time, the power quality issues are solved £=50 Hz
via SPV-DSTATCOM. .
o P&O MPPT technique is implemented to extract the Feeder impedance /R;; B 0331895 Ls = 0.03 mH, R,

maximum available power from the SPV.

« Enhancement of device utilization ratio as the grid con-
nected inverter (GCI) acts as DSTATCOM during night-
time or absence of sunlight.

« Improvement of stability of the system under both unbal-

Ripple filter Ry=6Q,Cr=10 puF
3-® rectifier with RL load of 4

Q, 40 mH

Non-linear load

anced load and dynamic load conditions.

MATLAB/Simulink software is used to execute the simula-
tions. The potency of the proposed controller is confirmed
through simulations followed by experimental tests on the
developed hardware prototype.

The following are the sections that make up this
manuscript: Section II describes the CESOGI-FLL-WPF
control architecture and the shunt compensator configuration.
Experimental validation and comparisons with other control
structures are discussed in Section III, which includes the
desirable findings. Section IV comes to a conclusion.

Il. CESOGI-FLL-WPF METHODOLOGY FOR
SPV-DSTATCOM

A. SPV-DSTATCOM SYSTEM DESCRIPTION

A three-phase, three-wire SPV-DSTATCOM with grid inte-
gration is shown schematically in Fig. 1. This system includes
an SPV array, three-phase grid with source impedance, linear
and nonlinear loads, three-phase GCI, and an interfacing
inductor with a ripple filter. The three-phase nonlinear and
linear loads are fed from three-phase alternating current (AC)
mains. The SPV with GCI is linked through an inductor
filter at the point of common coupling (PCC) in order to
eliminate phase current ripples at high switching frequencies.
An uncontrolled diode bridge rectifier and a series RL load
are used to create the nonlinear load. Besides the load and
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Load power
Load current
PI tuning parameter

Py = 1.49kW, Q1 = 309V ar
12.59 A
Ky =0.152, K;y = 0.016, K,

=0.0136, K;» =0.0019

Vi =150V, Cge = 2200 uF, Ly
=5 mH, A=0.0126

Py = 141 W, Vorspp = 1104
V, Icmpp =6.7A,

Vpo = 11127V, I, = 6.64 A

DSTATCOM parameter

PV emulator rating

grid side phase currents, PV voltage and current, PCC line-
to-line voltages are measured through hall-effect current and
voltage sensors. These sensed signals are given feedback to
the proposed controller. At PCC, noise from voltage sig-
nals is removed using a ripple filter. The grid integrated
SPV-DSTATCOM system has experimental parameters as
shown in Table 1.

B. CONTROL ARCHITECTURE

On the weak grid, the positive sequence voltage can be
extracted using the CESOGI-FLL-WPF control structure.
It is used for grid synchronization to estimate the unit tem-
plates. Once the fundamental components are calculated, the
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FIGURE 2. CESOGI-FLL-WPF and ESOGI-FLL structure for estimation of
unit template.

proposed control structure is used to generate GCI gate pulses
with estimated reference currents for the hysteresis controller.

1) UNIT TEMPLATE GENERATION
The calculation of the unit template is carried on by sensing
two line-line voltages. It is converted to phase voltages as (1).

Vsa 2 1
1

v | == | -1 1 [V”b] 1)
3 2

Vb
Ve _ 1 sbc

These phase voltages are passed through CESOGI-FLL-WPF
and follow a simple calculation to get the positive sequence
component Oh, vi, W) of each phase is shown in Fig. 2.
The positive sequence components of the PCC voltages are
calculated as

VYo =ve1 — g, Vl/; = Va2 + Vg1 2

From Fig. 2, the transfer functions of the CESOGI-FLL-WPF
in between the output signal and input signal are as follows:

Val 2
2[5 [ o

In Fig. 3(a), the bode plot of the suggested control structure
is shown in comparison with the ESOGI and SOGI control
structures. The proposed controller is examined to see how
it rejects DC offsets and eliminates harmonics of lower and
higher orders. The proposed controller has a positive phase
margin and a positive gain margin, indicating stability. The
root locus plot reveals that the system is more stable at R! =
0.2 as shown in Fig. 3(b). The proposed controller’s stability
is tested under transient grid frequency (f) conditions and
shown in Fig. 3(c). The PCC voltages are being utilized to
evaluate the magnitude and phase of the unit template (up, €
{tpa, upp, upc}) as (4).

5R'ws? + Rlw?s
+ 10R ws? + (5 + RHw?s + 5R1w?

upr =W /v, x efa,b,c} %)
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FIGURE 3. Frequency response analysis: (a) comparison in between
CESOGI-FLL-WPF, ESOGI and SOGI, (b) root locus map for selection of R1,
(c) root locus map with varying frequency.
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where the amplitude of the terminal voltage is represented by

ve (= 0. 816,/u + u? b +u ) In this case, the quadrature

unit templates are calculated once again as (5).

Uga 1 0 2 =2 Upg
ugp | =—=1, 3 1 -1 Uph (@)

e | 23| 31 <1 | e

2) ESTIMATION OF FUNDAMENTAL LOAD CURRENT

The fundamental, quadrature, and harmonic components are
all present in the sensed three-phase load currents. Active
power is represented by the fundamental component, while
the quadrature component represents the reactive power.
CESOGI-FLL-WPF estimates both the fundamental (i, fipp,
and 7,.) and quadrature (%igq, figp and /i) components of the
measured load current. PV-DSTATCOM uses the reference
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FIGURE 4. Block diagram of CESOGI-FLL-WPF control algorithm for
generating gate pulses.

current calculated after the fundamental component current
calculation is completed. Fig. 4 depicts the process of sep-
arating the essential components. Prior to being detected by
a zero-crossing detector (ZCD), the estimated fundamental
components are transmitted via a sample and hold circuit to
confirm their accuracy. In each phase, two separate ZCDs
are used to produce either /i, or fig. The unit template
Upy (ugy) triggers the ZCD corresponding to fipy (figy). The
average value of the fundamental (%,,) component can be
deduced as (6). Similarly, the quadrature (i, ) component can
be evaluated as (7).

hp = ©)

UJ |

UJI»—a

Z

hig = Z (7)
a,b,c

3) POWER LOSS ESTIMATION
To maintain the actual DC-link voltage at its reference value,
a capacitor needs to draw extra current. The supply voltage is
in phase with this current. This current keeps the system loss
constant during the steady state. By charging and discharging
during transient states, it helps keep the DC-link voltage at
its reference voltage [31]. It is calculated by passing the
difference between the reference (Vd 3 ) and the actual (V ('))
DC-link voltages through a PI tuner. It is written in a discrete
manner as (15)

hgloss = h?pl(:s)s + KP[VS;L)’,err - ﬁila e}r)r] + Ki ﬁilc) err ®
where the error between the reference and actual DC link
voltage is denoted by Vdc o (= Vjcl — v *(’)
is estimated by using the MPP operation of P&O
algorithm [32].
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4) REFERENCE CURRENT EXTRACTION
The grid provides the loss current components as well as
the active power current components for the connected load.
In addition, the SPV unit also provides the active power at
the PCC, considered as feedforward term 7ip,,.

— 2 Vpylpy

Py,

where Vpy and Ipy are the measured SPV voltage and cur-
rent, respectively. Now, the net active power current compo-
nent (fi,) required from the grid can be derived as in (10).

hsp = hlp + hcploss - hpv (10)

©))

By multiplying the net component by the relevant unit tem-
plates, the fundamental reference currents can be evaluated
as (11).

fye = Upefip,  x € {a, b, c} (11)

The reactive reference current for zero voltage regula-
tion (ZVR) can be derived from the voltage control loop’s
output using a PI controller. Initially, the terminal error volt-
age is evaluated as

Wy =i (12)

where v ) is the reference terminal voltage from (1) and v(’)

is the measured value of the terminal voltage.
. . |
B = oD+ Kyl — Vi 1+ Kl (13)

The net reactive current component (/i) is calculated using
the difference between the fundamental reactive current com-
ponent required by load and the AC loss component, i.e.,

heg = hicqg — hyg (14)
The reactive current component is estimated as (15).

in = ughyy, x€{a,b,c} (15)

Eventually, the grid current references are evaluated as (15).

iy =iy + 1, X €la,b,c} (16)
The current error is yielded by the reducing the sensed grid
currents (igq, isp, isc) from reference currents (if,, if, it.).
Gate pulses are generated by passing these errors through
the hysteresis current controller. Hysteresis band of 0.05 A

is used for the proposed control action.

Ill. EXPERIMENTAL VERIFICATION

To prove the potentiality of the proposed controller, a lab-
oratory prototype of the proposed system is developed.
A GCI of three-phase two-level configuration is used. The
non-linear loads are realized by diode-bridge rectifier con-
nected with R-L loads. A solar PV simulator (Chroma made)
is adopted for physical realization of the SPV power gen-
eration. The DC-Link voltage and line voltages at PCC are
sensed using the hall effect voltage sensors (LEM LV 25P).
The three-phase load currents, three-phase grid currents and
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FIGURE 5. The experimental laboratory prototype of grid connected
SPV-DSTATCOM.
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FIGURE 6. MPP response of PV array at 1000W /m?.

SPV output current are sensed using hall effect current sen-
sors (LEM 55P). The power circuit and gate pulse circuit
are optically isolated by an optocoupler (TLP250). The DSP
controller (ASPACE 1202) is used to implement the proposed
CESOGI-FLL-WPF controller. A power analyzer (YOKO-
GAYA WT500) and a YOKOGAYA made four channel DSO
(DLM2024) are employed to record the performance of the
system during experiments. The screenshot of the laboratory
setup for the proposed system is shown is Fig. 5. All the data
regarding the tests are summarized in Appendix.

A. STEADY-STATE PERFORMANCE ANALYSIS

The steady state performance of the proposed system is tested
under balanced grid and load conditions. Both the linear
load and nonlinear load are connected to the system. The
MPPT (P&O) performance under steady state condition at
1000 w/m2 irradiance is shown in Fig. 6. It is observed
from I-V curve and P-V curve that the voltage and current
corresponding to MPP are 118 V and 8.4 A, respectively.
The MPPT efficiency is showing as 99.6%, which claimed
that the maximum available power is extracted from the SPV.

161400

The reference currents for A-phase (iy,), B-phase (i};,) and
C-phase (if.) are produced by the controller. The A-phase
load current (iz,) and the three-phase reference currents are
plotted in Fig. 7(a). The compensation currents are provided
by the GCI. The three-phase compensation currents and mea-
sured dc-link voltage waveforms are shown in Fig. 7(b).
The waveforms of the line voltage (vy¢p) at PCC and the
three-phase currents (i5,, iy, i%,) injected by the grid are
depicted in Fig. 7(c). Initially, the magnitude of the grid
currents is high, and their waveforms are distorted to some
extent. Because the power generated by the SPV is zero
initially, so the total load demand is supplied from the grid.
After a few cycles, the SPV starts power generation and
the SPV-DSTATCOM also starts its functioning. Total active
power demand of the connected loads is shared between the
SPV and the grid, and GCI produces compensation currents.
Hence, the magnitude of the grid currents is reduced, and their
waveform becomes close to sinusoidal. Such phenomenon
of grid current is numerically proved by the power analyzer
results shown in Fig. 8. The power analyzer results for the
grid side before compensation and after compensation are
presented in Figs. 8(a) and 8(b) respectively. Before compen-
sation, the magnitude of the grid current is 12.5A, and the
active and reactive power provided by the grid are 1.4 kW
and 0.309 kVar, respectively. When SPV-DSTATCOM starts
its functioning, the magnitude of grid current is reduced to
5.86A, and the active and reactive power injected by the grid
are also reduced to 0.718KW and 0.084KVAR respectively.
The THD analysis of individual phase currents of the grid are
presented in Figs. 8(c)-8(e), respectively.

B. EXTRA POWER DELIVERY TO GRID

When SPV-DSTATCOM starts its functioning, it extracts the
maximum power from the SPV at a given irradiance value.
The whole amount of the generated PV power is supplied
to the loads. To fulfil the total active power demand of the
loads, the loads draw the deficit amount of active power
from the grid. Thus, both the SPV and the grid share the
total active power demand of the loads. When the connected
loads are suddenly reduced to a value that is less than the
power generated by the SPV at that time. Now the whole
active power demand of the load is provided by the SPV.
The excess generated power of the SPV is injected to the
grid. The waveforms of the grid voltage, grid current, dc-
link voltage, and PV output current are shown in Fig. 9.
It is noticed that the grid voltage and grid current prior
to such a sudden change of load are in phase with each
other. In this phase, the relationship between grid voltage
and grid current indicates that the grid is injecting active
power to the load. Just after the curtailment of load, the grid
voltage becomes out of phase with the grid current. Such
out-of-phase relationships prove that the SPV-DSTATCOM
system in delivering active power to the grid. However, the
magnitude of dc-link voltage and PV output current both
remain unchanged prior and after load changes. Under the
circumstances of such sudden load changes, the waveforms
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FIGURE 7. Steady-state experimental results with balance grid and non-linear loading: (a) iy g, i5q, iJy: isc) (b) ica: ichs icc: Ve (€) Vsap: isas isp. fsc-
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FIGURE 8. Steady-state experimental results with balance grid and non-linear loading: power quality analysis (a) before compensation, (b) after

compensation, % THD analysis for (c) isa, (d) isp, (€) isc-

of the A-phase compensation current provided by the GCI, A-
phase load current, dc-loss component, and net active weight
component are plotted in Fig. 9(b). Prior to load change,
the compensation current provided by the GCI is composed
of active component current and harmonics current. When
the nonlinear loads are suddenly withdrawn from the sys-
tem, the requirements of harmonics currents become null.
Hence, the compensation current only consists of the active
components of the load current. As a result, both the load
current and compensation current become nearly sinusoidal.
As the dc-link voltages remain unchanged, the magnitude of
DC loss component remains unaltered. As the grid current
is decreased after the withdrawal of nonlinear loads, the
magnitude of the net active current increases after such load
withdrawal.

C. NIGHT MODE TO DAY MODE TRANSITION
The SPV power output is reduced to zero during the night
because of zero solar irradiance at that period. Hence, the

VOLUME 9, 2021

PV output current also becomes zero. The SPV-DSTATCOM
performs as DSTATCOM, maintaining 105 V dc-link volt-
age. When the solar irradiance value is increased from zero
to a threshold value, the SPV starts power generation. The
magnitude of PV current is increased from 0 to 8.4 A, and
the dc-link voltage is maintained at 118 V, corresponding
to the MPP. With the increase of PV current, the magnitude
of the grid current is decreased and becomes in phase with
the grid voltage. The variations of grid voltage, grid current,
dc-link voltage, and PV current during the transition from
night mode to day mode are plotted in Fig. 10(a). During
such transition, the waveforms of the compensation current,
A-phase load current, dc-loss component, and active weight
component are shown in Fig. 10(b). During nighttime, the
compensation current generated by the GCI contains only the
harmonic components. When SVP starts generation, the GCI
starts to deliver active component current in addition to the
harmonics current. Then the grid currents become in phase
with the grid voltages.
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FIGURE 10. Experimental results with sudden absence of solar irradiation: (a) vsq, isa, iy q: Vac: Ipv (b) ica, ipq: Yeploss: Ysp-

D. PERFORMANCE ANALYSIS WITH CHANGE IN SOLAR
INSOLATION

The proposed system is subjected to a step change of
solar irradiance from 1000 w/m? to 500 w/m?. The MPPT
response after such change is shown in Fig. 11. It is noticed
that the PV output current is reduced to 4.8A and V,y, is
reduced to 103V. The MPPT is working with 99.9% effi-
ciency. The PV array is delivering 500W power. Under such
sudden change of solar irradiance, the dynamic behavior
of the dc-link voltage, PV current, A-phase compensation
current, and A-phase grid current are plotted in Fig. 12(a).
It is revealed that the magnitude of dc-link voltage, PV cur-
rent, and compensation current are reduced with the reduc-
tion of generated power of the PV array. However, the
magnitude of the grid current is increased to satisfy the
load demand. The grid line voltage and reference currents
produced by the controller are shown in Fig. 12(b). It is
noticed that the magnitude of the reference current increases
with the reduction of PV output power. Following such
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FIGURE 11. MPP response of PV array at 500l /m?.

reference currents, the magnitude of the grid current is
increased.

E. PERFORMANCE ON WEAK GRID

The environment of the weak grid is created by putting
an external resistance in series with the B-phase of the
grid. The magnitude of B-phase grid voltage is reduced
from 40V to 30V, which causes an unbalanced three-phase
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grid voltage. The waveform of grid voltage and grid cur-
rent before compensation is depicted in Fig. 13(a). When
the SPV-DSTATCOM starts its working, the magnitude of
the grid current becomes constant even under unbalanced
grid voltage conditions, as presented in Fig. 13(b). The

THD analysis of A-phase, B-phase, and C-phase of the
grid are shown in Figs. 13(c)-13(e), respectively. For all
three phases, the THD values are within 5%, which is in
accordance with the IEEE 519 standard. The power qual-
ity analysis of the weak grid with compensation is shown
in Fig. 13(f).

F. TRANSIENT STATE PERFORMANCE WITH

UNBALANCE LOADING

The dynamic behavior of the system under balanced grid and
unbalanced load conditions are shown in Fig.14. The unbal-
anced load environment is created by the sudden removing
of the B-phase load. The dc-link voltage and compensation
currents for all three phases are shown in Fig. 14(a). The load
current for A-phase and C-phase, dc-link voltage, and PV
current are shown in Fig. 14(b). Net requirement of harmonics
currents by the load is reduced due to the removing of B-phase
load. Hence, the B-phase compensation current produced by
the GCI is also reduced. It is noticed that the magnitude of
dc-link voltage and PV current both remain constant even
under such dynamic conditions. The grid currents for all
three phases are depicted in Fig. 14(c). It is observed that
the magnitude of the grid current is reduced after removing
the B-phase load. As the SPV power outputs remain the
same, the grid current magnitude is reduced to cope with
the reduced load condition, and the grid current waveforms
remain sinusoidal.

Element1 Element2. Element3. = (3p4w),
- . seenenegeenecene . Ut 60V u2 60V U3 60V
Grid Voltage |* 1div=60V | 11 WExt 12 WExt 13 v Ext
e V141,138 35.009 40.086 38.745
i reasseaasts Tecessss Teseee -
/\ R X , 468 4.24 4.79 v _4.57
Wi 1 - A e R e = -
(" PowO BOR0, 01477, 071914 " T0.531 1y
< 1 - -
som 0.1925, 0.1485, 0.1920. Q533Qk
¢ 1 “r "
J o Wl 00136, 0.0157, 0.0149, <0.0441;
r 1 e
A 0.9975 0.9944 0.9970 0.9965
¢ 1
i 4.06 6.06 4.44 4.82
- o 1l BAN30 =cema= o ms=mss
Grid current X 1div=6A Grid current [X 1div=6A | « wr zo017 ... 1T
(@) (b) ©
PLL ut o [or. (11AT hdffzNor. 11 1[Al hdf2) ), v [or. 12 1T hafAor. 12 Al hdid]  pLL vt [or T3 [a1_hdfLz1] or T3 AT hdfl7]
Freq 50.003 Hz [ot. 4.56 de .03 -0.722 Freq 50.020 Hz fTot. 115 dc ~0.06 -1.426 Fre 50.007 Hz Tot 1.70 dc 0.04 0.947
q
1 4.55 99.921 | 2 0.03  0.726 1 4.14 99.919 | 2 0.06 1.346 1 4.70 99.923 | 2 0.03 0.732
Urms1  40.964 v | 3 0.04  0.977 | 4 0.05  1.206 urms2  34.913v | 3 0.05 1.312| 4 0.05 1.204 urms3  39.991v | 3 0.10 2.212 | 4 0.04 0.877
Irms1 4.58 4 | 5§ 0.10  2.131 1 6 0.05  1.078 Irms2 4.13a | 5 0.06 1.391| 6 0.02 0.594 Irms3 4748 | 5 0.05 1.111| 6 0.03 0.536
3] 0.1872kw | 7 0.06 1.290 | 8 0.04  0.896 P2 0.1436kW | 7 0.07 1.656 | 8 0.03 0.803 P3 0.1888kW | 7 0.02 0.425| 8 0.04 0.846
s1 0.1876kva | 9 0.02  0.493 | 10 0.00  0.052 s2 0.1443kva | 9 0.06 1.339 (10 0.01 0.124 s3 0.1894kva | 9 0.07  1.536 [ 10 0.01 0.175
al 0.0125kvar| 11 0.06 1.255 | 12 0.03  0.606 a2 0.0148kvar| 11 0.03 0.724 (12 0.01 0.293 Q3 0.0141kvar| 11 0.05 1.007 |12 0.02 0.468
Al 0.9978 113 0.00  0.105 | 14 0.04  0.796 A2 0.9947 13 0.01  0.250 |14 0.01 0.277 A3 0.9972 13 0.04 0.869 |14 0.02 0.361
1 3.83 15 0.02  0.355 16 0.03  0.607 2 5.88° |15 0.03 0.665 |16 0.01 0.174 3 4.26° |15 0.01 0.179 | 16 0.02 0.448
Lem==a |7 0.01  0.295 | 18 g.01 o0.217 .. __ 17 0.01 0.232 |18 0.01 0.310 i 17 0.04 0.798 |18 0.01  0.171
uthil " 2.679 /%[ 19 0.02 0.440 | 20 0.01  0.175 uthd2 ¢~ 73.567 % |19 0.01 0.199 | 20 0.00 0.100 uthd3 ,”2.605 %[ 19 0.02  0.391 |20 0.01 0.189
Ithil S, 3.908 z.°| 21 0.01 0.153 |22 0.02 0.347 Ithd2 "~-.3,756 7 21 0.01 0.191 |22 0.01 0.191 Ithd3 ~_3.812 % f21 0.00 0.065 |22 0.01 0.299
Pthi1 2% |23 0.01 0.190 | 24 0.01 0.239 Pthd2 0.007 z |23 0.00 0.099 |24 0.00 0.063 Pthd3 0956"7 | 23 0.00 0.081 |24 0.01  0.120
25 0.00 0.043 |26 0.01  0.163 25 0.01 0.151 |26 0.00 0.073 25 0.01 0.130 | 26 0.01 0.113
27 0.01 0.224 |28 0.00 0.081 27 0.01 0.176 | 28 0.00 0.082 27 0.01 0.215 |28 0.01 0.123
[Zpace[®] 15 29 0.01 0.241|30 0.00 0.071 [EPace[] 2/5 29 0.00 0.102 | 30 0.00 0.032 [EPace] 3/5 29 0.00 0.085 |30 0.00 0.063
31 0.00 0.061 |32 0.00 0.054 31 0.00 0.099 |32 0.00 0.076 31 0.00 0.043 |32 0.01 0.107
33 0.00 0.030 |34 0.00 0.070 33 0.00 0.050 |34 0.00 0.044 33 0.00 0.081 |34 0.00 0.075
35 0.00 0.079 |36 0.00 0.051 35 0.00 0.055 |36 0.00 0.046 35 0.00 0.060 |36 0.00 0.069
37 0.00 0.015 |38 0.00 0.055 37 0.00 0.091 |38 0.00 0.041 37 0.01 0.125 |38 0.00 0.025
39 0.00  0.073 |40 0.00  0.046 39 0.00  0.025 | 40 0.00 _ 0.050 39 0.00 0.085 |40 0.00 0.061
(@) (e ®

FIGURE 13. Dynamic condition analysis under unbalance grid voltage: phase voltage and current of (a) before compensation, (b) after compensation, %
THD of (c) isa, (d) isp. (e) isc. (f) power quality at grid side after compensation.
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FIGURE 15. Comparison between CESOGI-WPF, ESOGI, SOGI: (a) dynamic response of weight component with removal of B-phase load, at steady state,
(b) A-phase grid current THD for SOGI-FLL, (c) A-phase grid current THD for MSOGI.

TABLE 2. Comparative analysis.

Algorithm Grid cur- | dc-offset steady
rent THD | rejection state error
SOGI-FLL | 4.9% less rejection | slow
[25] capability
MSOGI 4.5% moderate re- | moderate
[33] jection capa-
bility
Proposed 2.5% more quick
rejection response
capability

G. COMPARISON RESULT

The weight component dynamic behavior of the proposed
controller is compared with two existing controllers, MSOGI
and SOGI-FLL, with B-phase load removed. Such a compari-
son is presented in Fig. 15(a). which reveals that the proposed
controller is superior to the other two controllers in terms
of steady state error dynamics, dc-offset rejection capability,
convergence time, and response time. The THD analysis
of A-phase grid current under SOGI-FLL and MSOGI are
separately shown in Fig. 15(b) and 15(c), respectively. It is
revealed that the THD value of A-phase grid current under
the proposed controller is less compared to that of under
SOGI-FLL and MSOGI. The whole comparisons as men-
tioned above are summarized in Table 2.
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IV. CONCLUSION

The performance of the SPV-DTATCOM system using
CESOGI-FLL-WPF controller is validated through the exper-
iments conducted on the developed prototype. The proposed
controller exhibits satisfactory performance in terms of THD,
steady state error, dc-offset rejection capability, dynamic
response, extraction of maximum power, load balancing, and
reactive power compensation when the system is subjected to
changing solar irradiance, weak grid conditions, load with-
drawal condition and night mode to day mode transition.
Operation of the system as DSTATCOM is satisfactory in
the absence of PV power. The utilization ration of the power
electronic devices is improved significantly as it is working
as DSTATCOM during the absence of sunlight. Hence, effi-
ciency of the overall system is considerably increased with
the reduction of overall cost. The THD of the grid currents
under the proposed controller are in accordance with the
IEEE 519 standard. The proposed controller outperforms the
two existing controllers, SOGI-FLL and MSOGI.
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