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Abstract. The rising demand for renewable energy, particularly solar power, stems from
its immediate availability and the imperative to curb carbon emissions associated with
fossil fuel consumption. Consequently, there has been a significant surge in the
installation and development of grid-connected Photovoltaic (PV) systems. However,
integrating PV sources with the grid presents various challenges related to power
quality. This article aims to explore how grid-connected PV systems perform when faced
with different disruptions within the grid. To address this, a novel Dual Sliding Fourier
Transform (DSFT) Phase-Locked Loop (PLL) control strategy has been proposed. The
methodology involves modeling a typical grid-connected PV system. The proposed and
conventional control strategies to regulate the grid-connected inverter have been
implemented under four distinct disturbed conditions: frequency disturbance, harmonic
disturbance, phase jump disturbance, and DC offset disturbance. This approach is
further compared with the traditional techniques, namely Dual Second Order
Generalized Integrator (DSOGI PLL) and decoupled stationary reference frame (dof
PLL). The evaluation criterion considers the time required to track frequency changes,
mitigation of harmonics, and accuracy in phase error estimation. The findings reveal
that the DSFT PLL control strategy outperforms the conventional techniques across all
four disturbed conditions in the context of grid-connected PV systems.
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1. INTRODUCTION
1.1. Motivation

In recent times, fossil fuels have been the main source of power generation. Due to extreme
change in the environmental conditions and the incessant demand for energy, renewable energy
sources are gaining unprecedented interest. Renewable energy sources play a pivotal role in the
realm of energy generation, standing prominently as a key contributor to the global energy
landscape. These sources, which harness naturally replenishing elements such as sunlight, wind,
water, and geothermal heat, have become increasingly integral to addressing the growing
demand for sustainable and environmentally friendly energy solutions [1, 2]. Solar energy,
being an inexhaustible source of energy, is a good renewable energy source. Here, the solar
energy by the use of PV cells converts the solar or the PV energy into electrical energy. The
connection of PV with grid represents a pivotal advancement in renewable energy integration.
However, the grid integration comes with various issues posing a humber of problems related
to power quality, equipment disruption, complete failure of the grid connected system. Hence,
it is obligatory to overcome the disturbances for the safe working of grid connected
systems.

1.2. Literature Survey

The organization of PV cells into modules that are interconnected into various
configurations for optimizing the tracking of maximum power for the generation of electrical
energy has been discussed in [3-6]. For the effective utilization of PV power, PV systems are
integrated with grid. Authors in [7-11] discussed about the need of PV arrays and inverters for
the grid connection. Various consequences of power electronic converters have been presented
in [12].

The increased usage of nonlinear loads which include compact fluorescent lamps (CFLSs),
power electronics interfaced converters, etc. deteriorates the power quality and increases the
harmonic distortion of the grid connected PV system [13]. The synchronous reference frame
phase-locked loop (SRF PLL) [14] is a commonly employed method for achieving grid
synchronization in a grid-connected voltage source inverter (VSI). Its purpose is to precisely
determine the parameters of voltage, frequency, and phase angle under conditions of balanced
grid voltage as demonstrated in [15]. But, unfortunately, under unbalanced conditions, the
results of SRF-PLL produce errors; hence, they will not be able to accurately track the
parameters thereby affecting the stability of the grid connected PV system. To overcome the
drawback of conventional SRF-PLL, many researchers have examined several types of
modified SRF-PLL including double decoupled SRF-PLL (DDSRF-PLL) [16], second order
generalized integrator PLL (SOGI-PLL) [17], double second order generalized integrator
(DSOGI-PLL) which works well for strong grids, but may harm equipment with weak grids
[18], mixed second and third order generalized integrator PLL (MSTOGI-PLL) [19]. The
DDSRF-PLL extracts positive and negative components from grid voltages, thereby obtaining
better results of PLL by using a decoupling network. However, the control algorithm of
DDSRF-PLL is complex to implement. SOGI PLL is sensitive to variations (Sensitive to DC
Offset and low order harmonics), thus leading to a very poor dynamic response. The MSTOGI-
PLL method presented in [19], eliminates the dc offset of input signals in the SOGI. However,
it affects filtering capability, requires high bandwidth for fast response and has poor dynamic
performance. Sliding mode based control for the LCL grid inverters has been analyzed in [20]
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providing satisfactory performance but with a drawback of higher overshoots in responses. Dof3
PLL works well in the presence of unbalanced grid voltages [21]. Various asynchronous
techniques are also being researched and are compared with PLL based techniques in [22].

1.3. Paper Contributions

It has been seen from the existing literature survey, that most researchers consider only
PID tuning to give a trade-off condition having a single disturbance in the grid for the
analysis of the control technique. In this article, four different types of disturbances are
considered for the evaluation of the presented novel control strategy. The major
contributions of this research paper are mentioned below:

1) Anew control strategy Dual Sliding Fourier Transform (DSFT) has been developed for
the first time which takes Fourier transformation into consideration playing a crucial role
in frequency tracking. Here, the Fourier transform identifies the grid frequency without
compromising the power system’s overall stability and reliability.

2) The proposed control strategy has been tested for four disturbances: frequency
disturbance, harmonic disturbance, phase jump disturbance and DC offset disturbance.

3) Simulink model of the proposed strategy (DSFT) has been implemented and compared
with traditional control techniques (DSOGI PLL and daf PLL) to validate the
effectiveness and are found to be beneficial for grids polluted with different types of
disturbances.

4) The results attained in the research paper result in high immunity of the grid
connected structure and elimination of complex PID controller tuning.

1.4. Paper Organization

The article is organized as follows: In Section 2, description of the grid connected PV
system is presented, Section 3 comprises the control strategies, the result analysis has been
done in Section 4 and Section 5 summarizes the paper along with the future scope of the
proposed control technique.

2. DESCRIPTION OF PV SYSTEM

The block diagram depicting grid connected Photovoltaic system is shown in Fig. 1
which comprises of PV array, DC-DC Boost converter, DC-AC converter (inverter),
control strategy for the pulses of the inverter, loads and grid.

PV DC-DC DC-AC Grid
Array = converter [®| converter

|

Control Load’s
Strategy

Fig. 1 Block Diagram of grid connected PV system
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PV array converts daylight (irradiance) into electricity. The PV Array, shown in Fig.1,
generates 33.4 KW of maximum power having 9 parallel strings; each string has 17 modules
connected in series. The number of cells per module are 60 having an open circuit voltage (V,)
of 36.6V, short circuit current (I;.) of 7.97A, maximum power point voltage (Vp,p,,) of 29.3V
and maximum power point current (Ir,,,) of 7.47A. DC-DC converter used is the boost
converter, required to boost the PV voltage to tone with DC link voltage. DC-AC converter
used in the grid connection takes the DC input and converts it into AC. It molds the current into
sinusoidal waveform in a way that it can be fed into the electric utility grid.

Fig. 2 presents the structure of a 3-phase inverter used in Grid connected PV system.
Here, the inverter performs the function of frequency synchronization and maintenance of
DC-link voltage. The topology uses six insulated gate bi-polar transistor (IGBT) switches
connected in bridge configuration (these switches are considered to be ideal, i.e., balanced
voltages and constant dc link voltage). Inverters also add layer for the protection of devices
from power outages, over-voltage and over current.

©.04

S5 £ Vga

. W@r_ﬁ

Vdc | + b

A

E

Fig. 2 Three phase grid connected inverter [23]

The grid under examination in this paper is regarded as a contaminated unit that has been
intentionally subjected to various disturbances. All the disturbances like frequency variation,
harmonic distortion, phase jump and DC offset disturbance have been introduced to analyze
their impact on the grid's performance.

3. CONTROL STRATEGIES

This paper deals with different control strategies, namely:
3.1. Traditional Control Strategies:
3.1.1. DSOGI PLL
3.1.2. dup PLL
3.2. Proposed Dual Sliding Fourier Transform (DSFT) PLL and its implementation

3.1. Traditional Control Strategies

Traditional control strategies considered in this paper are DSOGI PLL and daf PLL for
the reason that these have been widely used in the literature by the researchers.



Performance Analysis of PLL Control Strategies on Grid Connected PV System... 373

3.1.1. DSOGI PLL

Dual Second Order Generalized Integrator (DSOGI-PLL) [24] control strategy
translates the three-phase voltage from the abc to aff reference frame. A positive sequence
calculator is used to extract the positive sequence voltage components of off frame as
shown in Fig. 3.These are then translated to dq reference frame. Here, SRF PLL is
employed to achieve phase locking by closed-loop control of the g-axis component of
voltage. However, DSOGI PLL is not suitable for weak grids, has large convergence time,
has high frequency overshoot and may harm grid connected equipments.

abc Positive
components sequence SRF PLL
Calculator

Fig. 3 Structure of DSOGI PLL

3.1.2. daf PLL

dof PLL [25] refers to decoupled stationary reference frame PLL which has evolved from
the combination of decoupled double synchronous reference frame PLL (DDSRF PLL) and
stationary reference frame PLL (off PLL) strategies. dofy PLL uses decoupling of voltage
sequence from DDSRF PLL and uses aff PLL algorithm for estimation of phase angle. The
structure of daf PLL is shown in Fig. 4 [25]. The benefit of daf PLL is that it works with
distortions, which is the drawback of SRF PLL. However, it suffers from high overshoot of
phase angle tracking error when a fault occurs and has non immunity to DC offset and

harmonics.
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Fig. 4 Structure of dof PLL [25]
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3.2. Proposed Dual Sliding Fourier Transform PLL and its implementation

In this paper, Dual Sliding Fourier Transform (DSFT) PLL control strategy has been
proposed. DSFT PLL aims to overcome the drawbacks of Sliding Fourier Transform (SFT)
technique [26], [27] involving long settling time, requirement of PID tuning, elimination of
harmonics, etc. Here, two stages of SFT are connected in such a way that fast and accurate
estimate of frequency variation is detected. For example, if there is a sudden change in the
frequency of the grid, the controller is designed in such a way that the model tracks the change
within the shortest time. The estimated frequency of the first stage of DSFT PLL defines the
window size for the second stage of DSFT PLL. Mathematical analysis of SFT PLL which
forms the base for DSFT PLL is presented using (1) to (25).

A balanced set of three phase sinusoidal voltage Vg is considered as grid voltages for
the three phases with E (volts), being the peak value and fy (Hz) being the frequency. Vq is
given in (1).

Vga = Esin(2nfgt + 0)
. 2
Vgo = Esin(2nfyt — ;" +0) 1)

Vge = Esin(2nfyt + 2 +0)
where, 6 represents the initial phase shift (radians) of voltage Vg,, f, is assumed constant
for the analysis.

The three-phase voltages undergo processing through sine and cosine filters employing
the principle of orthogonal signal generation as outlined in [28-30]. The filtering is done
based on the assumption that the filters are made using two orthogonal sets of balanced
equations, which originally have same grid phase sequence, running at nominal (pre-
known) frequency f, (Hz), having unity amplitude.

The first set is called as direct set or the sine set, represented by V., given by sine
functions as shown in (2).

Veax = sin(2xf,t)
Vebx = sin(2nfyt — =) @)
Veex = sin(2nf, t + 2?”)

The second set is called as quadratic set or the cosine set, represented by V.
cosine functions as shown in (3).

y» given by

Veay = cos(2nf,t)

Vepy = cos(2af,t — %) ©)
Veey = cos(2mf,t + ?)

Fourier transform is applied on the (1) - (3) using the integrations given by (4) and (5),
which are the compact versions for the three phases, here, i = a,b,c (three phases) and Ty is
the time period, given by T, = 1/f.

1 ,t+T
Xj = T_n ft ! Veix Vgidt (4)

1 (t+Tp
Yi= 3o ft Veiy Vgidt 5)
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For f, being any positive and a non-zero value, two cases will arise while solving the
integrals:

Case (i): when the value of two frequencies are not equal i.e. f; + f,(off-nominal
frequency case)

Case (ii): arises when f, = f;, (nominal frequency case).

Case (i): The case of ‘off-nominal frequency’
For |fg-fy|<f,, x; andy;, the active component (direct) and reactive component
(quadratic) are functions of frequencies and time as follows:

For Phase A:
X, (t) = kq cos[wpt + 0 + A6;] — k,cos[wrt + 6 + A6, ] (6)
ya(t) = Ky sin[wpt + 0 + A0;] + k,sin[wrt + 0 + A0, ] (7
For Phase B:
Xp(t) = Ky cos[wpt + 6 + AB;] — k,cos[wrt + 6 + AB, + ?] (8)
yu () =k, sin[wpt + 0 + A0, ] + k,sin[wyt + 0 + AD, + %] (9)
For Phase C:
xc(t) = ky cos[wpt + 0 + A8 ] — kycos[wrt + 0 + A0, — 7] (10)
ye(t) = ky sin[wpt + 0 + A0, ] + kpsin[wrt + 0 + 40, — 7] (12)
where,
wp = 2n(f, — f,) (12)
wr = 2n(fy + fy) (13)
26, =2 (14)
_ Esin(46,)
ky = Eoot (15)
AD, = ;”TT (16)
__ Esin(A0;)
k, = 240, an

Equations (6) to (11) represent the active and reactive components for the three phases
comprising of two sinusoidal terms. It is observed from these set of equations that one of
the sine term has higher magnitude (k,) and lower frequency (wp), while the second sine
term has lower magnitude (k,) and higher frequency (w+). From (6), (8) and (10), it is
evident that these are for balanced set of three phases in cosine terms which results in zero
sum. Similarly, the second terms of (7), (9) and (11) show that these are for balanced set
of three phases in sine terms which results in zero sum.

Hence, the sum of the two components x; and y;(active and reactive) are calculated and
given by (18) and (19), respectively.

Xj = Xi_a 3k, cos[wpt + 6 + A6, ] (18)
Vi = Niza 3kysin[wpt 4+ 6 4+ A6, ] (19)
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Equation (20) is obtained by dividing (19) by (18).
"= tan[wpt + 6 + A0,] (20)

1

Substituting (12) in (20), we get (21).
2n(f, — f,)t+ 0 + A0, = tan* & (21)

Xt

Rearranging (21) and using (1), the phase angle for the first phase 6, can be obtained
and given by (22).

0, = 2mfyt+ 60 = tan~ X 4 2nft — A0, (22)
t
Equation (23) can be obtained by substituting (14) and (12) in (22).
0, = tan—1% 4 2nf ¢ — “lefn) 23)
Xt fn
As fg is a constant value, so
Ay _ o
At

where AB; and 8 both are constants, so, their time derivatives will be zero. Therefore, the
value of fg can be calculated by taking the time derivative of (22) and is given in (24):

fo === (tan1X) +f, (24)

Xt
As f, is estimated, 8 can be estimated using (22) and A6, can be estimated using (14).
E, the peak value of the voltage, can then be estimated with the help of (15), (18) and (19)

and is given in (25):
— 2_8 2
E= 3 sin (A0;) X"+ Y (25)

A0, . . . 2 > 5
where, TR is the magnitude correction factor and 3 Jx:2 + y,2 is the uncompensated
magnitude.

Case (ii): The case of ‘Nominal frequency’
For f;=f;, using (23), the phase angle 6, of grid voltage V;, is expressed as (26)

0, = 2nfyt+0 = tan™? % + 2xf, t (26)
t
This makes case (ii) as a special case of the off-nominal case (i).

3.2.1. Implementation of the Proposed Dual Sliding Fourier Transform PLL

In DSFT PLL, the second stage Fourier transform finds its filter frequency using the
grid frequency determined from the first stage.

Fig. 5 presents the generation of x; and y; using (4) and (5) wherein the value gets
updated with every sample of grid voltage. To update the integrals, constant width delays
are considered. The formulation of active and reactive components for the three phases
using SFT is shown in Fig. 6.
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Grid frequency is estimated using (24) in the stage 1 i.e. using the first SFT. The
schematic representation of grid frequency is depicted in Fig. 7.

¥

xE

Xp

i h

Xt

¥

Fig. 7 Estimation of grid frequency using SFT
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Fig. 8 presents the proposed system of DSFT PLL. In this, stage 1 SFT has fixed
window width i.e. the delay is fixed. This provides the estimate of actual frequency (fg; in
Fig. 8) of grid voltage. This estimated frequency is then filtered using Filter 1 in order to
attenuate the ripples of high frequency. The output of this filter (fg;; in Fig. 8) is then passed
to the stage 2 SFT where the size of the window is variable. The filter output of Filter 1
controls the duration of the delay needed. The filtered frequency is integrated in order to
find the filter phase angle. This drives the sine/cosine filters of second stage SFT. The
output frequency, fg;; from stage 2 is also filtered using Filter 2 to get a smooth estimate of
grid frequency. The output phase angle from second stage is added to the filter phase angle
in order to estimate the required grid positive sequence phase angle.

f“ - fgi - fgif ~ fgii fg
Filter 1 " Filter2
Viabe Stage 1 SFT Stage 2 SFT 0,

Fig. 8 Structure of proposed DSFT PLL

4, RESULTS

The proposed control strategy has been simulated for grid connected PV system and is
compared with daff PLL and DSOGI PLL in MATLAB Simulink. The simulink model of the
proposed strategy implemented in MATLAB/Simulink is presented in Fig. 9. Fig. 9(a) shows
the overall structure of proposed control strategy, whereas, Fig. 9 (b) depicts the detailed internal
structure of DSFT block where the two stages of SFT and two filters have been used for the
estimation of phase and frequency. The simulation parameters for the proposed strategy are
tabulated in Table 1. Here, the simulations are carried out for four disturbed conditions: frequency
disturbance, harmonic disturbance, phase jump disturbance and DC offset disturbance.

i VD5
theta_est_SFT 2 phase Ve_filt
V_estimated

phase <[theta_est_SFT2
Vgabc ) freq [est_freq_SFT2
mag <emag 5712}

DSFT

PWM Generator

o
Uref Pulses = 4’@

Fig. 9(a) Simulink model of proposed control strategy
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Internal structure of
DSFT block

Vgabe est_freq Hz | 11

Internal structure of
Stage 1 and Stage 2 SFT

Fig. 9(b) Internal Structure of DSFT block

Fig. 9 Implementation of proposed control strategy
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Table 1 Simulation parameters for proposed strategy

Parameter Value
Frequency, fnom (Hz) 50
Sample time, Ts (sec) 0.00015625
pi 3.14
Step time (5) 2/fnom
Gain, K 0.7071

where fnom is the nominal frequency (the frequency on which the control strategy has been
built), Ts is the sample time of the control strategy, step time is the time given to the step
generator for enabling the input and K is the gain involved in the estimation of theta.

4.1. Frequency Disturbance

Frequency disturbance deals with shift in grid frequency from 50 Hz to a different
value. Here, the frequency is disturbed for two conditions (a) long duration frequency
distortion with a shift in frequency from 50 Hz to 50.34 Hz and (b) short duration frequency
distortion with a shift in grid frequency from 50 Hz to 52 Hz. Fig. 10 and Fig. 11 shows
the frequency comparison and phase error comparison respectively with frequency
distortion as a grid disturbance.

4.1.1. Long duration frequency disturbance from 0.2 sec to 1.0 sec

Here, frequency disturbance is given for a long duration of 0.8 seconds and has been
analyzed for three different control strategies (proposed DUAL SFT (DSFT) PLL, DSOGI
PLL and dof PLL). Fig. 10 and Fig. 11 illustrate the comparison of PLL techniques
considering frequency disturbance in terms of frequency and phase error respectively. Fig.
10 infers that DSFT PLL control strategy took 0.02 seconds to track the frequency change;
DSOGI PLL strategy took 0.1 seconds to track whereas dafp PLL strategy took around 0.3
seconds to track the frequency change. From Fig.11, we see that DSFT PLL settles the
phase error in 0.02 seconds; DSOGI PLL settles the phase error in 0.15 seconds while dof3
PLL is unable to settle the phase error.

PSOCIPLL ~ dofPLL VL Ty
~ DUALSFTPLL
e ——————
v - e
=
@
3
P ) B BTy TENENS. ¥ S N
= 48 Long duration Frequency distortion Short duration Frequency distortion
50 Hz> 5034 Hz R i
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 18
Time (s)

Fig. 10 Frequency comparison of PLL techniques with frequency disturbance
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Fig. 11 Phase error comparison of PLL techniques with frequency disturbance

4.1.2. Short duration frequency disturbance from 1.4 sec to 1.6 sec

Here, the frequency disturbance prevails for a short duration of 0.2 seconds. Fig. 10 and
Fig. 11 demonstrate the frequency and phase error comparison respectively for the three
control strategies (proposed DSFT PLL, DSOGI PLL and daff PLL). It has been observed
that DSFT PLL took the least time to track the change in frequency which is around 0.02
seconds, DSOGI PLL tracks the frequency change in around 0.1 seconds while dofy PLL was
unable to track from Fig. 10. In terms of the phase error comparison, Fig. 11 shows that DSFT
PLL settles to zero in 0.02 seconds while DSOGI PLL took 0.15 seconds to settle and daf3
PLL was unable to settle. Comparative results obtained for the frequency disturbance in terms
of frequency tracking time and phase error settling time are tabulated in Table 2.

Table 2 Comparison of control strategies for frequency disturbance

Frequency tracking Phase Error Settling

Type of Disturbance Control Strategy time (sec) time (Sec)
Long duration Proposed DSFT PLL 0.02 0.02
frequency disturbance DSOGI PLL 0.1 0.15

(0.8 seconds) dof PLL 0.3 Unable to settle
Short duration Proposed DSFT PLL 0.02 0.02
frequency disturbance DSOGI PLL 0.1 0.15

(0.2 seconds) dof PLL Unable to track Unable to track

4.2. Harmonic Disturbance

Harmonic disturbance, here, refers to the harmonic injections in the grid voltage [31-
33]. The disturbance is analyzed in two categories (a) Injection of 3™ and 5™ harmonic
component with fundamental component and (b) Injection of 3", 5 7t and 9" harmonic
component with fundamental component.

Fig. 12 (a) shows the grid voltage of phase A when 3™ and 5™ harmonic component
gets injected and Fig. 12 (b) shows the grid voltage of phase A when 3™, 5" 7t and 9®"
harmonic component gets injected as disturbance from 0.5 sec to 0.85 sec.
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Fig. 12(a) Grid voltage with 3 and 5" harmonic component injection in phase A
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Fig. 12(b) Grid voltage with 3", 5 7" and 9t harmonic component injection in phase A

Fig. 12 Grid Voltage with harmonic components

The frequency comparison of the proposed DSFT PLL technique with the DSOGI PLL and
dof} PLL techniques for the disturbance period between 0.5 to 0.85 seconds is illustrated in Fig.
13. It clearly shows that for DSFT PLL, the frequency remains 50 Hz throughout the disturbance
period while for the DSOGI PLL frequency varies in range of 49Hz-51Hz and for do PLL, the
range of variation of frequency is 44Hz-56Hz during the disturbance period.

The effect of PLL control techniques on the grid voltage during harmonic disturbance
period is depicted in Fig. 14. Fig. 14(a), Fig. 14(b) and Fig. 14(c) display the grid voltage
of the proposed control strategy DSFT PLL, DSOGI PLL strategy and doff PLL strategy
respectively. It shows that DSFT PLL reconstructs the voltage, which was harmed during
the injection of harmonics, DSOGI PLL reduces the amplitude of the grid voltage and dof
is inefficient in removing the harmonics from the system. The output of daf PLL is non-
sinusoidal in nature.
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Fig. 13 Frequency comparison of PLL techniques with harmonic disturbance
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Fig. 14(a) Grid voltage with harmonic disturbance using proposed DSFT PLL control
technique
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Fig. 14(b) Grid voltage with harmonic disturbance using DSOGI PLL control technique
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Fig. 14 Effect of PLL control techniques on the grid voltage with harmonic disturbance

The comparison results attained for the three control techniques i.e. DSFT PLL, DSOGI
PLL and dof PLL on grid voltage with harmonic distortion has been tabulated in Table 3.
It infers that the proposed DSFT strategy works better than DSOGI PLL and doff PLL
techniques for the harmonic disturbance.

Table 3 Comparison of grid voltage for different control strategies in the presence of
harmonic disturbance

Type of Disturbance Control Strategy h(j:r:?oﬁ?(lztg?sil?rlégzge
Proposed DSFT PLL 220V
Harmonic component injection DSOGI PLL 200V
dafp PLL 250 V

4.3. Phase Jump Disturbance

In this paper, a shift of +90 degrees at 1.1 seconds and -90 degrees at 1.5 seconds has
been considered. During this disturbance, the grid voltage undergoes a phase shift.
The grid voltage for phase A during the phase jump disturbance period is shown in Fig. 15.

-4
200 \ Liay
e fin 1y
%0 il LIl g
= AL 1Y)
=) \ ] \
- 1 |
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Fig. 15 Injection of Phase jump disturbance in grid voltage
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Fig. 16 and Fig. 17 present the comparison of frequency and phase error for different
PLL strategies considering phase jump disturbance, respectively. In Fig. 16, the DSFT PLL
settles to 50 Hz frequency in 0.02 seconds, DSOGI PLL shows damped oscillations and, it
hardly settles to the 50 Hz frequency, while dafl PLL settles in 0.1 seconds to 50 Hz.

Phase Jump,

/| N\ _ DSOGIPLL \
so. Y I
! L

| Dual SFTPLL |'
— L bl
11| \ A ) |

DSFTPLL
DSOGIFLL

100}

40

Frequency (Hz)
o
[—)

20| v/ \:;
1.1 12 13 14 1.5 1.6 1.7 1.8
Time (s)

Fig. 16 Frequency comparison of PLL techniques with phase jump disturbance
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Fig. 17 Phase error comparison of PLL techniques with phase jump disturbance

The results obtained for proposed DSFT PLL, DSOGI PLL and daf PLL in terms of
frequency tracking time and phase error settling time with phase jump disturbance is
tabulated in Table 4.

Table 4 Comparison table for phase jump disturbance for frequency tracking and phase
error settling time

Control Strategy Frequency tracking time (Sec) Phase Error Settling time (Sec)
Proposed DSFT PLL 0.02 0.02

DSOGI PLL Damped oscillations Damped oscillations

doff PLL 0.1 0.1

Table 4 clearly demonstrates that DSOGI PLL has damped oscillations, dof settles to
zero error in 0.1 seconds while the proposed control technique DSFT PLL settles to zero
phase error in only 0.02 seconds.
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4.4. DC Offset Disturbance

In this type of disturbance, the DC offset value as presented in Fig. 18 gets added to the
grid voltage. Here, the disturbance period ranges from 1.4 seconds to 1.65 seconds, during
which 0.1*E (E is the peak of grid voltage) is added to phase A of grid voltage.
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Fig. 18 Injection of DC offset disturbance in phase A of grid voltage

Fig. 19 illustrates the variation of frequencies in comparison with the original frequency
kept at 50 Hz depicting that DSOGI PLL and doff PLL both results in oscillations. The
oscillations of DSOGI PLL are much higher than daf§ PLL, whereas proposed DSFT PLL
tracks 50 Hz frequency in 0.04 seconds.
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Fig. 19 Frequency comparison of PLL techniques with DC offset disturbance

The comparison of PLL techniques in terms of phase error settling time for DC offset
disturbance is given in Fig. 20.
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Fig. 20 Phase Error comparison of PLL techniques with DC offset disturbance
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Table 5 presents the frequency tracking time and the phase error settling time of all the
considered PLL techniques under the DC offset disturbance condition. It infers that DSOGI
PLL and dof PLL both have oscillations. It also presents that DSFT PLL settles to zero
phase error in 0.03 seconds and tracks 50Hz frequency in 0.04 seconds.

Table 5 Comparison of control strategies on frequency tracking time and phase error
settling time with DC offset disturbance

Control Strategy Frequency tracking time (Sec) Phase error settling time (Sec)
Proposed DSFT PLL 0.04 0.03

DSOGI PLL Oscillation Oscillation

doff PLL Oscillation Oscillation

5. CONCLUSION

This paper meticulously examines the performance of a grid-connected PV system in
the presence of a disturbed grid connection, specifically addressing four types of
disturbances: frequency disturbance, harmonic disturbance, phase jump disturbance, and
DC offset disturbance. The evaluation is based on key performance parameters, namely
frequency tracking time and phase error settling time.

A novel proposed control strategy, Dual Sliding Fourier Transform (DSFT) Phase-
Locked Loop (PLL), has been scrutinized under the influence of these disturbances and
further compared against the conventional control strategies facing major drawbacks of
large settling time, requirement of PID tuning, ineffectiveness in eliminating distortions,
high frequency overshoots, namely, DSOGI PLL and daf PLL.

The uniqueness of the proposed system is underscored by its superior performance,
demonstrating that the DSFT PLL control strategy surpasses the efficacy of the other
control strategies. The proposed DSFT PLL avoids sustained oscillations and has shorter
settling time over DSOGI PLL and daf PLL. The DSFT PLL effectively mitigates harmonics
induced by grid disturbances, contributing to a cleaner signal and provides high immunity
of the grid connected structure. Also, the strategy eliminates the necessity of PID controllers
involving complex computations for tuning purposes.

These findings underscore the considerable potential of the proposed control strategy
for enhancing the performance of grid-connected PV systems with grid disturbances
implying a more reliable and resilient operation of solar power systems. The proposed
strategy is versatile and can be extended to address multiple disturbances for real time
applications such as faulty oscillations, low voltage ride-through and load fluctuations.
This implies a broad applicability of the strategy. The economic feasibility of the proposed
strategy can also be worked upon in future. The demonstrated novelty of the technique
positions it as a valuable contribution to the field of grid-connected PV systems.
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