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Abstract—This paper presents a two-stage three-phase solar
photovoltaic (PV) system, which is controlled through a novel
enhanced second order generalized integrator (ESOGI) based
control technique. The proposed ESOGI is used for fundamental
component extraction from nonlinear load current and distorted
grid voltages. This integrator effectively and simultaneously
manages to address the DC offset, inter-harmonic and integrator
delay problems of the traditional SOGI. In addition, this control
technique provides power factor correction, harmonic elimina-
tion, and load balancing functionalities. The ESOGI controller
is used to generate reference grid currents for controlling the
voltage source converter (VSC), interfacing the PV panel with
the grid. Extensive simulation and experimental results on a
developed prototype in the laboratory, depict that the total
harmonic distortion (THD) of the grid injected currents and
voltages are found well under IEEE-519 standard.

Index Terms—Solar photovoltaic (PV) system, maximum
power point tracking (MPPT), second order generalized inte-
grator (SOGI), power quality.

I. INTRODUCTION

HE decarbonisation and decentralisation of power gener-
ation have spurred the growth of renewables especially
solar photovoltaics (PV). These PV systems are either used in
a standalone mode with appropriate battery storage facilities
or as a grid integrated system [2]-[4]. However, harnessing
solar energy comes with its own challenges, most important
of them are discussed in [1]. The PV technology is an effective
way to harness the solar energy for electricity production.
The requirement of storage batteries puts the stand alone
PV systems at an economical disadvantage against the grid
integrated PV systems. Thus, the grid integrated systems are
more prevalent especially where the grid is available [5]-[7].
The rapid proliferation of non-linear loads due to power
electronic switching used in magnetic ballast, and light emit-
ting diodes is adversely affecting the power quality of the
utility grid. These loads inject harmonic currents into the grid.
This situation is particularly challenging for the PV integration
and the requirement of injecting balanced positive sequence
currents into the grid needs the extraction of fundamental
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positive sequence component from the polluted load current.
Several different types of control schemes have been proposed
in the literature to meet this requirement. The noteworthy of
these PV integration control schemes are synchronous frame
theory [8], enhanced phase locked loop [9], instantaneous
reactive power theory [10], extended observer based sliding
mode control technique [11], fuzzy-logic based control [12],
fourth order generalized filter [13], adaptive notch filter [14],
and an adaptive control scheme [15].

The most commonly employed control technique for the
control of the interfacing inverter for the grid tied PV system
is the second order generalized integrator (SOGI); because of
its robustness and ease of implementation [16]. The SOGI acts
as a building block for the orthogonal signal generator (OSG)
and hence can be either used directly for frequency estimation
as a frequency locked loop [17] or indirectly through the dq
frame mapping [18]. The traditional SOGI controller, however,
suffers from three major disadvantages - a) the estimation
is erroneous if the input signal has a DC offset, b) ripple
content or inter-harmonics in the input signal also lead to
wrong estimation, and c) the usage of integrators in the control
structure introduces the integrator delay in the estimation pro-
cess. Various solutions have been proposed in the literature to
deal with these problems. Ghartemani et al. [19] addressed the
DC component problem of the SOGI algorithm by introducing
a new loop inside the SOGI structure. This additional loop
adds another integrator to the SOGI controller and helps in
the estimation of the DC offset in the input; the estimated
DC value is directed towards the output for its complete
cancellation in the final signal. Similarly, Golestan et al. [20]
addressed this DC component challenge by proposing a novel
phase locked loop (PLL) structure known as DC Immune-
PLL (DCI-PLL). They have been able to successfully achieve
the DC component rejection by comparing the current and the
delayed value of the signal under consideration. Further, Matas
et al. [21] have proposed a cascaded double SOGI approach
for the DC-offset voltage distortion problem of the conven-
tional SOGI. Infact this cascaded double SOGI structure is
sensitive to all kinds of subharmonics present in the signal
and could effectively remove all of these simultaneously.
The ripples or the inter-harmonics are effectively filtered by
the damped-SOGTI algorithm proposed in [22]. The damped-
SOGI implementation adds a feedback loop across the forward
path integrator; this feedback loop introduces a damping term
on the basic SOGI control, hence filtering out the ripples
in the input signal. Finally, the integrator delay problem is
overcome by discretizing the SOGI controller [23]. Since these
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challenges are not usually system specific and can occur in the
same system simultaneously or at different time intervals, thus
there is a need for an improved and robust SOGI controller
which is equipped with all the three functionalities. This is
the main aim of this paper to present such an ESOGI control
scheme.

The rest of the paper is organised as follows: Section II
discusses the system configuration with the help of a repre-
sentative figure. Section III presents the main control aspects
of the two stage grid tied PV system. The full control scheme
includes an MPPT controller and the proposed ESOGI for
efficient grid synchronisation of the PV system. The elaborate
experimental results with appropriate discussions are presented
in Section IV. The proposed controller is tested under various
conditions of load imbalance, harmonics, and varying solar
insolation. Finally, the paper is concluded in Section V.

II. SYSTEM CONFIGURATION

The system configuration is shown in Fig. 1. The full system
comprises of a PV string, which is a combination of small
PV panels connected in series and parallel, a boost or step up
converter, a DC link capacitor, a 3-phase insulated gate bipolar
transistor (IGBT) based VSC, interfacing inductors, ripple
filter, linear and non-linear loads and a three phase grid. The
appropriate control of the VSC and the grid synchronization is
achieved aptly by the proposed controller, while a maximum
power point tracking (MPPT) controller is used to control
the boost controller in order to extract maximum power from
the PV panel. Since both the grid and the AC side of the
VSC behave as voltage sources, so they are connected through
series inductors, which absorb the instantaneous voltage dif-
ferences between them. Moreover, interfacing inductors help
in smoothening the output current of the VSC. Therefore, the
selection of their inductance values depend on the allowable
current ripple. The voltage at the point of common coupling
(PCC) is filtered for any ripple harmonics by connecting a
ripple filter in shunt at the PCC. These ripples are generated
by the switching of the VSC. A combination of linear and
non-linear local loads are also fed from the PCC. The non-
linear load is emulated by connecting an RL load bank through
diode bridge rectifier. The ratings of the components for the
laboratory prototype are decided by the various key relations
given in [24].

III. CONTROL PHILOSOPHY

A two stage control is employed to not only effectively
generate appropriate gating pulses for the VSC but also to
operate the PV system at its maximum power point. The
maximum power point tracking (MPPT) of the PV system
is achieved by the perturb and observe (P&O) algorithm.
The P&O algorithm is the most widely used MPPT scheme
due to its simplicity and ease of implementation [25]-[26].
The MPPT algorithm generates the reference DC link voltage
corresponding to the maximum power point at the current
operating conditions.
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A. Control Algorithm for the VSC Switching

The full control scheme for generating the VSC gating
pulses is depicted in Fig. 2. The full control scheme is
subdivided into certain sections such as generation of unit
templates, extraction of fundamental component of the load
current, estimation of the loss term, calculation of the PV feed-
forward term, and generation of the 3-phase reference grid
currents. The reference grid currents are utilized to generate
switching pulses for the VSC switches.

1) Generation of Unit Templates: The unit templates are
computed by sensing only two line voltages whose fundamen-
tal components are extracted by using the ESOGI - which
effectively filters out any harmonics present in the sensed
signals. The filtered line voltages are then used to estimate
the 3-phase voltages through the following transformation.

Via 2 1
V| =1/3 -1 1 F‘f’“b} (1)
Ve —1 —2| LVgbe

The computed 3-phase voltages are used for calculating the
terminal voltage (V}) at the PCC, which is defined as follows
[27],

2
Vi = \/3(Vg2a + Vg2b + ngc)

The in-phase (upq, upy and up.) and quadrature-phase (ugqq,
ugp and ug.) unit voltage templates are estimated using the
positive sequence 3-phase grid voltage and the magnitude of
the terminal voltage at the PCC, as follows,

—2V/3 0 0

2

Upa
Upp 0 -2v3 0 v

Upe | —1 0 0 —2V3 ng 3)
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2) Extracting Fundamental Component of the Load Cur-
rent: The structure of the proposed ESOGI is shown in Fig.
3. The ESOGI extracts the fundamental positive sequence
component (K/) and a orthogonal component (K) of the
input signal (¢;). The ESOGI filter makes use of three discrete
integrators. ESOGI is the enhanced version of the classical
SOGI. In the first step, SOGI is discretized by using a
trapezoidal concept of the integrator, which is more accurate
with respect to forward or backward Euler discrete integrator.
The discrete SOGI is described as,

ETs(z+1)
/% (z—1)

The accuracy of the discrete integrator is further enhanced by
using noise eliminating factor, which is described as,

/ — fTS(z + eiaTS)

(z —eoT%)

Where T is the sampling time, ¢ is integrator gain, and o is
the noise eliminating constant.

The issue of DC offset is solved by using a separate
feedback loop, which extracts the DC component from the
output signal and subtracts it from the input signal. Therefore

(4)

&)
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Fig. 2: Structure of control algorithm for switching of VSC

the ESOGI is capable to eliminate the DC offset, noise and
delay from the input signal.

The open loop transfer functions for the extracted in-phase
Kk} and quadrature-phase k.’ components of the input signal, 7
are given as,

K, 5K+ K32 6
i 5+ 10KB+ (5+ K)B2+ 5K/ ©)
K 1 K} 8y

5_75(1+K5)X s {6+ K)B+5Kp%} —KB| (T)

where [ is given as,

_ wiTy(z + e ")
S PP

Fig. 4 compares the performance of the ESOGI and the
conventional SOGI through their Bode diagrams for both the
in-phase and orthogonal transfer functions. The Bode plots of
both these transfer functions clearly depict better performance
of the ESOGI controller over that of the conventional SOGI in
terms of the filtering capability. This is because the magnitude
plot in both the transfer functions has a relatively lower value
in the lower frequency spectrum for the ESOGI controller
which shows better harmonic and interharmonic mitigation

®)
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Fig. 4: (a) Bode plot for in-phase component transfer func-
tion (b) Bode plot for quadrature-phase component transfer
function

capabilities. In addition to this, Fig. 4b shows that the magni-
tude plot of the quadrature-phase component transfer function
exhibits a positive gain in the lower frequency range for the
traditional SOGI controller depicting that this controller is
unable to eliminate the DC offset in the input signal. However,
the same plot for the ESOGI controller is considerably below
zero and hence ESOGI possesses good DC offset impact
mitigation property.

3) Parameter Design Procedure: The tuning of the param-
eters for the ESOGI is done in the ‘s’ domain. The open loop
transfer function for the in-phase component in the ‘s’ domain
is written as:

_ 5Kws? + Kw?s
583 + 10Kws? + (5 + K)w?s + 5Kw3

!
ki
1
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The characteristic equation of the controller is easily derived
from (9) as follows:

1+ Gip(s) =0
s3 + 3Kws? + (1 +0.4K)s + Kw® =0

(10)
Y

The stability of (11) is analysed through the Routh’s stability
criteria. During this stability analysis procedure the quantities
in the first column are always maintained positive. The most
suitable value of the parameter K is found to be:

K=05 (12)

It is evident that the parameter tuning process is simple as
compared to other related techniques in the literature. This is
because of the unique property of the proposed controller that
it needs tuning for only a single parameter (K) to determine
the overall performance. While at the same time other related
techniques proposed in the literature require tuning of more
than one parameters. As an example the FLL-DR (frequecny
locked loop with enhanced DC offset rejection) [19], and
SOSF (second-order sequence filter) [28] have two tunable
parameters. Moreover, the FOGI (fifth-order generalized inte-
grator) [29] has three parameters and the aSDSC (delayed
signal cancellation) operator [30] even has five parameters
which need to be tuned.

4) Estimation of the Loss Term: The loss component rep-
resents the required amount of power for maintaining the
reference DC link voltage. This loss component is estimated by
passing the error of the sensed DC link voltage (V) and the
reference DC link voltage (V) through a PI controller. The
adaptive reference DC link voltage is used, which is generated
from the instantaneous value of the terminal voltage , V;,

V. =1.1V3V; (13)

Moreover, the sensed DC link voltage is filtered through a low
pass filter (LPF) before its comparison with the reference DC
link voltage. This means the loss term is estimated as follows:

ILoss = (kp + k’l/S)(Vd/(. — Vdc) (14)

5) Computation of PV Feed-Forward Component: For a fast
dynamic response, towards the changes in solar insolation and
the terminal grid voltage, a term known as PV feed-forward
(PVFF) component is used in the control scheme. When the
solar insolation changes, the net active power fed into the grid
also changes, which manifests through oscillations in the grid
currents - which are mitigated by the PVFF component. This
component is computed as,

15)

It is clear from (15) that the instantaneous changes in the
solar insolation and grid voltage are reflected in the PVFF
component through Ppy and V; respectively. It is also clear
that PVFF component is present in the control only when the
system is working in the grid integrated mode. However, when
the solar insolation falls to zero and the PV system begins to
render ancillary services in the D-STATCOM mode the PVFF
term vanishes as the generated PV power, Ppy/, becomes zero.
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6) Computation of Net Grid Current Component: The grid
currents are assumed to come out of the grid terminals and
since the losses and the local load currents are assumed to
be drawn from the grid while as the PVFF component is fed
into the grid, the net grid current component is computed as
follows,

Inet = Iz,ayg + ILoss (16)

— Iy

Here, I ,,, is the average per phase active component of
load currents. The load current of each phase is filtered for the
harmonic distortions to obtain the corresponding fundamental
components by passing each of them separately through the
proposed ESOGI controller. These sinusoidal fundamental
components are given as an input to a sample and hold (S&H)
logic which is triggered by a zero crossing detector (ZCD)
logic; the ZCD is inturn triggered by the quadrature-phase
unit template corresponding to the same phase. This procedure
extracts a constant active component I7 , . of the phase load
currents. Thus, the average per phase active component of load
currents is given as,

_ Iza + IZb + Izc

Iz,avg - 3 (17)

7) Generation of VSC Switching Pulses: The 3-phase ref-
erence grid currents (I,, I, and Ig.) are computed by
multiplying the respective in-phase unit voltage templates with
the net load component of the current.

I;]a = IpetUpq (18)
I;b = Inetupb (19)
I!/]c = Inetupc (20)

The comparison of these reference grid currents with the
sensed grid currents (I4q, g5, and I,.) produces the error,
which is processed by the indirect hysteresis current controller
to generate switching pulses for the appropriate switching of
the VSC.

IV. EXPERIMENTAL RESULTS

A prototype, shown in Fig. 5, for a two stage three phase PV
grid integrated system is developed in the laboratory to verify
the proposed controller. The PV power generating system
is realized by a solar PV array simulator (AMETEK make
ETS600 x 17DPVF) of 3.8 kW capacity with the maximum
power point coordinates on the VI curve as (250 V, 15.2 A).
The two line PCC voltages and the DC link voltage are sensed
through Hall-Effect voltage sensors (LV25-P), while the three
load currents along with the PV current are sensed by Hall-
Effect type current sensors (LA55-P). The proposed controller
is implemented on a digital signal processor (DSP, dSPACE-
1104), while the electrical isolation between the high power
VSC signals and the low power DSP signals is achieved by
employing opto couplers. Various waveforms are recorded by
a power analyzer (Fluke make, model: 43B) and a digital scope
oscilloscope (Agilent make, model: DCO0614A). The list of
parameters and other relevant quantities of the experimental
set-up are given in Appendix.

Fig. 5: Laboratory prototype of two stage three phase grid
integrated system

A. Steady State Performance of the System Under Non-Linear
Load

Fig. 6 depicts the steady state performance of the developed
laboratory prototype when a non-linear local load is present at
the PCC. Fig. 6a and Fig. 6b respectively show the voltage-
current waveform of the phase ‘a’ of the grid and the active-
reactive power injected into the grid. Similar waveforms for
the VSC and the load are shown in Fig. 6¢c-6d and 6e-6f
respectively. The negative sign of the grid active power in
Fig. 6b implies that the grid absorbs active power which is
supplied by the PV array. The load real power is also supplied
by the PV array and hence the active power output from
the VSC, as shown in Fig. 6d, is almost equal to the sum
of the grid and load active powers. The slight discrepancy
is owing to the various losses. It is also clear from these
figures that the displacement power factor is unity for the
grid, load and the VSC. The results of harmonic analysis of
the various important signals are shown in the Fig. 6g-6j. The
total harmonic distortion (THD) for the ‘a’ phase current of
the VSC is reported as 10.2%; this higher value of the THD is
due to the fact that the VSC supplies currents to the non-linear
local load as well. The THD of the non-linear local load is
way higher at 26.5% as is clear from Fig. 6h. However, it is
clear from Fig. 6i and Fig. 6] that the THD of the grid current
and the grid voltage is found to be well under the 5% specified
in the IEEE-519 standard.

B. Dynamic Performance of the System Under Load Unbal-
ance

Fig. 7 shows the dynamic performance of the grid integrated
PV system when the ‘a’ phase load is withdrawn during the
experiment. Fig. 7a shows that the phase ‘a’ grid current still
remains sinusoidal even after the removal of that particular
phase load, however the magnitude of the grid current in-
creases after the load withdrawal so as to divert the lost phase
‘a’ load power to the grid. The dynamics in the phase ‘b’
are shown in Fig. 7b - it is clear that the grid current in
this phase also exhibits the same behaviour as that of the
phase ‘a’ i.e. remaining sinusoidal throughout and increasing
in magnitude after the load unbalance. Various intermediate
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control signals are shown in Fig. 7c. It is clear that the loss
component and the feed-forward component of the current
remain unaltered. However, the removal of phase ‘a’ load
manifests in a decrease of the average load current which
in turn results in a corresponding net decrease in the net
current signal of the controller. Finally, Fig. 7d demonstrates
that various electrical signals like the DC link voltage, and
PV voltage, current and power are not affected by the load
removal, as is expected, because there is no change in the
solar insolation.
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RECALL H [20] ! RECALL MW [15]

C. Change in Solar Insolation

® v Fig. 8 depicts the behaviour of the system when the solar

Fig. 6: Steady state performace for non linear load (a) Vyab, Iga  insolation changes. The first test under this category is carried
(b) Py, Qg (©) Vyab, Lvsca (d) Pose; Quse (©) Vgab, Ira () by decreasing the solar insolation from 1000 W/m? to 800
Pr,Qr, THD of (2) lysca (h) Ira () Iga G) Vgab W/m? and various signals of interest are shown in Fig. 8a.
The DC link voltage is found to be stable whereas the PV
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Fig. 9: Performance of the system for (a) over voltage (b)
under voltage

voltage and current exhibit a decrement as the solar insolation
is decreased, which is expected. The reduced solar insolation
implies that the available PV output power also decreases
and hence the power injected into the grid reduces, since
the load is kept constant; this is evident as the phase ‘a’
grid current decreases in magnitude. The second test for this
category is carried by abruptly removing the solar insolation
and the performance in this case is displayed in Fig. 8b.
The DC link voltage is maintained fairly stable by the PI
controller. The output voltage and the current of the PV
array collapse immediately due to lack of any solar insolation.
Prior to removing the solar insolation, the PV array has been
generating active power which is partly used to supply the load
and partly being injected into the grid. However after the solar
insolation collapses, the load is fed by the grid. This is clear
from the phase ‘a’ grid current which changes its direction as
the solar insolation goes to zero.

D. Performance for Under Voltage and Over Voltage Condi-
tion

The behaviour of the controller under the over and under
voltage conditions is depicted in Fig. 9. The dynamics of
various signals of interest for the over voltage case are shown
in Fig. 9a. Since the loads connected at the PCC are constant
impedance type, thus as the over voltage condition occurs the
load current increases, and a greater share of PV generated
power is taken by the load. This leaves the grid with a smaller
uptake of the power. Hence, the grid current sag after the over
voltage phenomenon is explained. However, it is evident that
the grid currents remain balanced and sinusoidal all the time.
Similarly, Fig. 9b shows the operation of the system for the
under voltage situation. As expected, for the same reasons, the
load current shows a dip whereas the grid current experiences a
rise, but more importantly, remaining sinusoidal and balanced.

E. Behaviour of Controller for Imbalanced Grid Voltages

Fig. 10 depicts the behaviour of the controller for the sce-
nario when the grid voltages are imbalanced. The imbalanced
grid voltages are shown in Fig. 10a whereas the grid currents
stay balanced as is evident from Fig. 10b. This is due to the
fact that the positive sequence of the grid voltages are used for
the computation of the unit templates. This procedure nullifies

()

Fig. 10: Dynamics of the controller for imbalanced grid
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Fig. 11: Performance of the controller under distorted grid
voltages

the imbalance, and a balanced set of reference grid currents
is generated.

F. Performance of the Controller in Case of Distorted Grid
Voltages

Fig. 11 shows the performance of the system for the scenario
when the grid voltages are appreciably distorted. The wave-
form of the distorted grid voltage and the associated current
is captured in Fig. 11a, while as the harmonic spectrum of the
grid voltage is depicted in Fig. 11b, which clearly shows that
the THD of the grid voltage is higher than the recommended
level as per the IEEE 519 standard. The effectiveness of the
controller is evident from Fig. 11c which shows the THD of
the grid current. The THD is found to be just 1.5% which
is well below the recommended upper limit of 5% as per
the IEEE 519 standard. This means that the controller is
able to maintain a distortionless sinusoidal grid current even
when the grid voltage is distorted. Various internal signals
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TABLE I: Comparative analysis of grid current THD values
achieved by state-of-the-art algorithms in comparison with the
proposed algorithm

HARMOHICS

HARMOHICS

. . Value of Grid Current THD for Different Algorithms
Operating Condition Pronosed
pe MSOGI | DSOGI-GE | DCI-PLL
algorithm
Normal operation with
nonlinear loads (T"HD,1,) 1.0% 2.5% 4.9% 3.6%
Low solar
irradiation (100W/m?2) 4.6% >3% >3% >3%
Grid under-voltage o .
@ ) condition 1.5% 3.9% 3.4% 4.1%
Grid over-voltage 2.1% 42% 4.0% 4.7%
condition
Imbalanced grid voltage
condition 1.9% 3.7% 3.9% 5.5%
Distorted grid voltage 1.5% 27% 38% 449
condition ’ ) ' )
Night time operation
(DSTATCOM mode) 1.7% 4.6% 3.4% 4.4%

TABLE II: Comparative performance analysis of state-of-the-

1 5 9 13 17 21 25 29 33 37 41 45 49 R R : R R
art algorithms in comparison with the proposed algorithm

RECALL

Parameters Proposed | 16061 | DSOGIGE | DCIPLL
algorithm
Comp utatlpnal Low Low Medium High
complexity
DC link . . .
voltage oscillations Low High High Medium
Accuracy High Low medium Poor
THD of Low Poor Medium Medium
grid current
DSP speed High High Low High
Sampling time 30us 30us 40us 30us
0% @ 13 17 21 25 29 33 37 41 45 48 AlgOIiithm Medium Low Low High
RECALL W @3 M R COI‘.ﬂp exity .
equirement o Low Low Low High
(O] cache memory

Fig. 12: THD analysis of the grid current in a distorted grid
voltage scenario obtained through (a) ESOGI (b) DSOGI-GE

(¢) DCI-PLL (d) SOGI (¢) MSOGI is evident from the fact that it is able to achieve the lowest

THD, of 1.5%, in the grid current among all of the controllers.
The other controllers have a THD of more than 1.8 times the
ESOGI in the grid current, with 3.8%, 4.4%, 4.9%, and 2.7%
respectively for DSOGI-DE, DCI-PLL, SOGI, and MSOGI.

The comparative performance analysis of the proposed
ESOGI against the state-of-the-art algorithms is also presented
in Table I and II for detailed analysis. The conventional
algorithms selected for this comparison are the MSOGI,
DSOGI-GE and DCI-PLL. It is clear from Table I that the
proposed control scheme performs better under all the operat-
ing conditions when the achieved THD values are compared.
Moreover, Table II depicts the other advantages of the ESOGI
like low computational burden, more stable DC link voltage,
and control accuracy.

of interest, which depict the functioning of the ESOGI, are
shown in Fig. 11d. This figure shows that the unit templates
and the positive sequence phase voltages are smooth and
sinusoidal. This is because of the fact that the proposed
controller uses the positive sequence phase voltages, rather
than the actual voltages which are distorted in this case, to
derive the unit templates. These smooth unit templates ensure
the reference grid currents are distortionless with a permissible
THD content.

1) Comparative Analysis: Fig. 12 shows the comparison of
the ESOGI with different state of the art controllers available
in the literature. The different controllers selected for the
comparative analysis with the proposed ESOGI are Double

Second-Order Generalized Integrator - Gradient Estimator O Solar PV to DSTATCOM Mode of Operation

(DSOGI-GE) [21], DC-Immune - Phase-Locked Loops (DCI-
PLL) [20], SOGI [31], and Modified SOGI (MSOGTI) proposed
by Karimi et al [19]. The comparative tests are performed
for a distorted grid voltage scenario with the same levels of
distortion as given in Fig. 11b. All the controllers are able to
achieve the grid current with a relatively lower distortion than
the grid voltage. However, the main advantage of the ESOGI

Fig. 13 shows the response of the system when there is
a loss of solar insolation. In such case, the solar PV system
behaves as a DSTATCOM and continues to meet the reactive
power requirements of the load connected at the PCC. It is
clear from Fig. 13a that as the DSTATCOM mode sets in, the
grid current undergoes a 180° phase reversal - which implies
that the load active power is now being supplied by the grid
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Fig. 13: Transition from PV to DSTATCOM mode (a)
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in the absence of the PV power. Fig. 13b shows that the PV
current, and consequently the PV power, is reduced to zero
in the DSTATCOM mode. However, the controller is able to
maintain a stable DC link voltage irrespective of the transition.

V. CONCLUSION

A novel enhanced second order generalized integrator (ES-
OGI) based control technique has been proposed for the
integration of two stage three phase PV system with the
grid. The proposed controller has been found to exhibit
better performance in respect to most of the conventional
second order generalized integrator (SOGI) based controls
in terms of fast convergence rate, good noise immunity, DC
offset removal, and ripple harmonics damping. The proposed
controller has been found to produce good steady state and
dynamic performance under the influence of unbalanced non
linear loads, distorted voltages, and varying solar insolation
conditions. In case the solar insolation is absent, at night
or during clouds, the system operates as a D-STATCOM
and continues to provide the ancillary services for effective
mitigation of PQ issues. Under all the operating conditions,
the THD of the grid current is found to be well under the
threshold set in the IEEE 519 standard. Extensive simulation
and experimental tests imply the proposed controller is feasible
for the grid integrated PV systems.

APPENDIX

Simulation parameters: Three phase grid voltage = 150 V,
system frequency = 50 Hz, supply inductance = 200 mH,
supply resistance = 150 (2, interfacing inductor = 3.5 mH,
ripple filter resistance = 3 2, ripple filter capacitance = 3.7
uF, K, = 0.1, K; = 0.001, PV array open circuit voltage =
290.4 V, PV array short circuit current = 15.68 A, PV peak
power = 3.8 kW.

Experimental parameters: Three phase grid voltage = 150
V, system frequency = 50 Hz, interfacing inductance = 4 mH,
ripple filter resistance = 5 €Q, ripple filter capacitance = 5 uF,
K, =0.23, K; = 0.001, PV open circuit voltage = 290.4 V,
PV short circuit current = 15.68 A, PV peak power = 3.8 kW.
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