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Recognition of Power Quality Issues Associated With
Grid Integrated Solar Photovoltaic Plant in

Experimental Framework
Om Prakash Mahela , Senior Member, IEEE, Abdul Gafoor Shaik , Neeraj Gupta, Mahdi Khosravy,

Baseem Khan , Member, IEEE, Hassan Haes Alhelou , and Sanjeevikumar Padmanaban , Senior Member, IEEE

Abstract—Enhancement in solar energy (SE) injection into the
power system network creates power quality (PQ) issues in the
supply. This article presents an approach supported by Stockwell
transform (S-transform) for assessment of PQ issues related with
the grid interfaced solar photovoltaic (SPV) system under various
operating conditions. This will help to enhance the SE integration
level into the utility grid. The set up, to perform assessment of
the PQ issues includes an emulated SPV system interfaced with
the utility at the point of common coupling (PCC). Measurements
of voltage and current signals are performed by utilizing power
network analyzer. The captured voltage signals are analyzed using
S-transform for the detection of a variety of PQ problems associ-
ated with the grid interfacing and outage of the SPV system. Effects
on PQ due to presence of the various types of loads at PCC have
also been investigated under the same operating conditions. Effect
of partial shading of SPV plates on the PQ is also investigated.
Harmonic analysis is performed for all the investigated events. The
proposed algorithm proved to be successful for detecting different
PQ disturbances under all the investigated operating conditions.

Index Terms—Power quality (PQ), solar energy (SE), solar
photovoltaic (SPV) system, Stockwell transform (S-transform),
utility grid.

I. INTRODUCTION

SOURCES of renewable energy (RE) generation have come
out as a vital solution to issues such as pollution, global
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warming, and rising energy demand [1]. Therefore, academi-
cians, researchers, government sectors, and utilities altogether
are trying to integrate RE sources into the utility grids. Recently,
the wind and solar energies are promoted worldwide as dis-
tributed generation (DG) sources at distribution level for the
generation of electricity. The solar photovoltaic (SPV) system
based energy is being developed very fast in the global scenario
due to its low operating cost and zero pollution. However, the
unpredictable nature of solar radiations leads to the unreliable
performance of the SPV system associated with the utility [2].
The operational events of SPV systems affect power quality
(PQ) of distribution networks to a large extent. Thus, significant
voltage transients are likely to occur during synchronization and
outage of the SPV system due to large current variations [3].

PQ issues, which include harmonics, voltage fluctuations,
reactive power compensation, reverse power flow and power
factor, limit the integration level of SPV generation into the
grid [4]. Higher penetration levels may cause operating problems
such as rejection of solar PV generators due to the presence of
PQ disturbances. Such refusal can avoid the penetration of SPV
generators to the grid [5]. Thus, assessment of PQ has vital im-
portance in deciding the permissible levels of SPV energy in the
utility grid. This PQ assessment has the importance, especially
in case of weak utility grid, where the current transients are likely
to cause large magnitude of voltage fluctuations.

Various PQ studies reported in the works of the literature have
considered different aspects such as type of solar PV plates,
converter, design, and insolation variations. Rodriguez et al. [6]
investigated the voltage unbalance sensitivity for the different
penetration levels in Spain distribution feeder, which helps us to
define the optimal penetration level. Urbanetz et al. [5] presented
the evaluation of PQ in the grid feeder of Brazil with a solar
PV system. Investigations of PQ issues in the grid with RE
sources due to changes in load and environmental characteristic
is reported in [7] and [8]. The PQ issues related to design
constraints of PV inverters were detailed in [4]. The Stockwell
transform (S-transform) and fuzzy C-means clustering-based
method to recognize the PQ events associated with solar energy
penetration using a simulation approach was reported in [9].
Silva et al. [10] investigated the effects of SPV interconnection
by the utilization of PQ indexes (PQI). PQ issues like long
term voltage variations and voltage unbalance were reported
in the same research. A transient model of PV plant, which is
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utilized for the PQ studies was presented in [11]. Plangklang
et al. [12] illustrated a simulation work for detecting the PQ
issues such as voltage swell, sag, frequency variations, total
harmonic distortions (THDs) and voltage ripple associated with
the rooftop PV, interfaced to the Thailand grid. Mahela et
al. [13] investigated the PQ issues associated with the operating
scenarios of SPV such as synchronization, outage, and solar
insolation deviations using discrete wavelet transform. In [14],
authors investigated the possible negative impacts of continuous
operation of SPV on the PQ parameters of the power utility
network. The impacts of current and voltage harmonics on
performances of the grid integrated SPV and their mitigation
using the active power filter is reported in [15]. A detailed study
of the issues related to voltage quality due to grid interfacing
of SPV and their working characteristics are analyzed and
presented in [16]. In [17], authors introduced an S-transform
supported method to recognize the PQ issues linked to operating
events in the grid by the penetration of wind energy (WE). A
variety of operational issues are rated in terms of PQ using the
proposed PQI. In [18], a technique for recognition of the inter
harmonics, because of design constraints of controller is utilized
to integrate SPV with the grid. In [19], authors introduced a
detailed study for assessment of the PQ and identification of
operational issues in the WE integrated distribution system with
the help of S-transform and fuzzy clustering.

Various techniques utilized to process the signals, such as
Hilbert–Huang transform, S-transform, Fourier transform (FT),
wavelet transform (WT), and short-time Fourier transform
(STFT), which are widely used to detect various PQ distur-
bances. Due to the fixed window size, the performance of the
STFT is limited. Although, WT with changeable size of window
is established to be useful for detecting and locating different
contents of frequency by overcoming the restrictions of STFT.
But the performance of the WT is considerably influenced due to
the availability of noise in the electrical signal [20]. S-transform
can minimize the disadvantages associated with the WT due
to its capability of performing rationally accurate magnitude
and phase spectrum of the investigated signals when noise is
present [20], [21]. Artificial intelligent methods such as fuzzy
C-means clustering, genetic algorithm, neural network, fuzzy
expert system, and support vector machine are used to classify
different PQ problems [20].

This article presents an experimental study of PQ problems
linked to the various operating scenarios of SPV plant connected
to the grid. The experimental set up includes a single-phase SPV
integrated with an emulated grid through the point of common
coupling (PCC) with various types of loads. Operational events
considered for the investigation include synchronization and
outage. These operational scenarios are different from the cases
encountered in any SPV system such as outage during night
time and passing of clouds. The effects of variation in solar
insolation (passing of clouds) are environmental effects of the
solar PV system on the PQ, which have already been reported
in the literature. Proposed article investigates the effects of
sudden interfacing of the SPV plant to the utility grid and its
sudden outage from the utility grid, on the quality of power. PQ
evaluation is performed for operating scenarios of interfacing

Fig. 1. Block scheme of PQ assessment.

and outage of SPV in the availability of a variety of demands
at the same point. Voltage and current signals are recorded at
PCC at the time of different operating scenarios of this study.
The captured voltage waveforms are analyzed by utilizing mul-
tiresolution based on S-transform for investigating various PQ
events. The published literature mainly focused on the PQ issues
because of solar insolation variation, converters, and SPV plates
design constraints but missed the operational scenarios, which
are introduced in this article. Main contributions of this article
is detailed as follows.

1) This article proposed an approach using S-transform
based plots for recognition of PQ disturbances related to
the various operating scenarios such as interfacing and
outage of the SPV system, integrated with the grid in
experimental framework. This is achieved using the plots
such as sum absolute values (SAV), frequency contour
(FC), frequency-amplitude (FM) plot, and amplitude plot.

2) Furthermore, as specific contribution, this article pro-
posed the SAV plot for enhancing the performance of
S-transform to analyze the PQ events.

3) Introduction of PQ assessment at the time of operational
scenarios of interfacing and outage, the proposition of
PQI for identifying the PQ problems linked to the utility
interfacing an SPV are the major contributions of this
article.

4) Analysis of the harmonics associated with the investigated
operational events is also performed to find the level of
different harmonics during the events.

5) This article will help to find out the PQ issues linked to the
utility interfaced SPV. This will help to initiate suitable PQ
mitigation method to minimize these disturbances. Fur-
thermore, this will help for enhancing the SE integration
level in the grid.

This article is structured into six segments. Section II presents
the improved S-transform based methodology for PQ assess-
ment, proposed PQI and mathematical formulation for proposed
algorithm. Section III presents the experimental hardware and
data acquisition system (DAS). The experimental results and
their analysis using the proposed algorithm are presented in
Section IV. Section V deals with the comparison of various case
studies, followed by conclusion in the Section VI.

II. S-TRANSFORM-BASED PQ RECOGNITION ALGORITHM

Fig. 1 describes the proposed algorithm used to recognize the
PQ disturbances. Input signal to this algorithm is voltage and cur-
rent recorded from the hardware set-up and processed using the
proposed algorithm in the MATLAB software. It has three major

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on October 26,2020 at 13:01:09 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

MAHELA et al.: RECOGNITION OF PQ ISSUES ASSOCIATED WITH GRID INTEGRATED SPV PLANT IN EXPERIMENTAL FRAMEWORK 3

processing stages for PQ recognition. First stage includes the
computation of maximum deviation in the recorded frequency
by directly monitoring the frequency. The second stage performs
the processing of voltage signals recorded from hardware set-up
in MATLAB software using the S-transform based algorithm at
a sampling frequency of 1 kHz to obtain different feature plots.
The third stage performs the computation of THDs in recorded
voltage and current by utilizing the fast Fourier transform (FFT).
PQ problems are linked to the variety of operational scenarios
of the PV system while feeding power to the different types
of demands, which are processed by utilizing S-transform sup-
ported multiresolution of voltage waveforms with the help of
MATLAB software. Three feature plots, i.e., time-FC (namely
frequency or S-contour), amplitude-time (AM) curve, and FM
curve are computed though the S-transform depended multires-
olution investigation of the voltage signals. For normalization
of the parameters, maximum values are utilized. To improve
the performance of the developed technique, a plot designated
as SAV plot is specifically introduced in this article. Sum of
absolute values of each column of the S-matrix is utilized to
obtain the SAV curve. For detecting the PQ issues related to
various operating scenarios, these feature curves are utilized.
Deviations in the proposed amplitude curve and SAV curve will
help to recognize the magnitude related PQ issues such as sag,
swell, and momentary interruption (MI). The FM curve and FC
will help us to recognize the frequency-related disturbances such
as harmonics and frequency variations. However, all types of
curves and contour will help us to recognize the PQ disturbances,
i.e., impulsive transient (IT), oscillatory transient (OT), flicker,
etc. Hence, by analysis of the proposed S-transform based plots,
all types of PQ disturbances can be recognized effectively.
Furthermore, FFT is employed to compute the total harmonic
distortions in voltage (THDv) and current (THDi) signals. By
constant monitoring of the system frequency, deviations in the
power frequency are detected in this article. As mentioned above
discussed features would be used to recognize the individual
PQ issues, i.e., voltage sag, swell, fluctuations, MI, IT, OT,
spike, harmonics, flicker, frequency variations, etc. However, the
simultaneous incidence of one or more of these PQ disturbances
may reduce the effect of one another or sometimes may also in-
crease the effect. Hence, to investigate the effect of simultaneous
incidence of these PQ disturbances due to solar PV operations
and partial shading conditions in the presence of different nature
of loads, the above-mentioned features are utilized to compute
a PQI, which is used to rate the different operating scenarios
concerning the PQ as detailed in (1). Furthermore, the proposed
approach will recognize the PQ disturbances due to the load
dynamics. The algorithm is successfully validated to recognize
the standard PQ disturbances reported in [22] and [23]. In these
signals, the dynamics of the disturbances is relatively higher
compared to the signals of the real-time power system network
with solar energy penetration.

Computational complexity of the algorithm will depend on
the number of samples. At a sampling frequency of 1 kHz
(20 samples per cycle), the maximum computational time is
0.051 s whereas at a sampling frequency of 2 kHz (40 samples
per cycle), the maximum computational time is 0.162 s. Hence,

when sampling frequency is increased twice then computational
time will increase by 3.176 times. Furthermore, size of the ST-
matrix also increases with increase in the sampling frequency,
which requires large storage capacity. If sampling frequency
is decreased below 1 kHz, then some information may lost.
Therefore, optimum sampling frequency for the proposed study
is considered equal to 1 kHz. The proposed algorithm will be
implemented in the online PQ monitoring devices where actual
waveforms will be taken from the real-time network of power
and these will be processed in the software using the proposed
algorithm and display the identified PQ events.

A. Power Quality Index

Maximum deviations in the magnitude and SAV curve, power
frequency, THDv , and THDi are utilized to define the PQI, which
rate the operating scenarios of the PV system in terms of PQ.
Time instants of PQ problems are also taken into considerations
to calculate PQI. The following equation computes the PQI:

PQI =

( |ΔA|t1 + |ΔS|t2 + |Δf |t3 + THDv + THDi

5

)

× 100 (1)

where ΔA (unit less), ΔS (unit less), and Δf (unit is hertz
but only magnitude is considered) illustrated the maximum
deviations in the AM curve, SAV curve, and in power frequency,
correspondingly. THDv and THDi correspond to the THDv and
current, correspondingly. t1, t2, and t3 characterize the time
duration of the disturbances in AM, SAV, and frequency. For the
higher amount of PQI, quality of power in the grid is greatly
impacted. Hence, this PQI is utilized in the PQ monitoring com-
ponents to observe the combined effect of all PQ disturbances
on the quality of power.

B. Stockwell Transform

Spectrum phase and magnitude contain the information about
the PQ disturbance. For utilizing the information presented in
phase of the continuous WT (CWT), modification is made in the
phase of mother wavelet. This section details with the process
of decomposition of a signal h(t) using the S-transform. Hence,
units will depend on the nature of function h(t). The voltage
signal is considered as h(t), which has the unit volt (V). The
CWT of the function h(t) is described as [24]

W (τ, a) =

∫ ∞

−∞
h(t)ω(t− τ, a)dt (2)

where ω(t, d) represents the scaled replica of fundamental
mother wavelet, and d represents dilation. Dilation factor is the
inverse of the frequency [25].

By multiplying the CWT with a phase factor, S-transform of
the function h(t) is obtained [26]

S(τ, f) = ei2πftW (τ, d). (3)

Furthermore, the mother wavelet is described as follows [24]:

w(t, f) =
|f |√
2π

e−
t2f2

2 e−i2πft. (4)
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Fig. 2. Experimental set-up of the PQ measurement system.

Hence, S-transform in the explicit form is presented as fol-
lows [24]:

S(τ, f) =

∫ ∞

−∞
h(t)

|f |√
2π

e−
(τ−t)2f2

2 e−i2πftdt. (5)

Signal h(t) that represents the PQ disturbance is defined in
discrete-time series as h[kT ], k = 0, 1, . . ., N − 1 with sam-
pling time T . For time series h(t), the discrete FT is presented
as [27]

H
[ n

NT

]
=

1

N

N−1∑
k=0

h[kT ]e
−i2πnk

N (6)

where n = 0, 1, . . ., N − 1. Explicit representation of the S-
transform of the h[kT ] is described as (letting f → n/NT and
τ → jT ) [26]

S
[
jT,

n

NT

]
=

N−1∑
m=o

H

[
m+ n

NT

]
e−

2π2m2

n2 e
i2πmj

N ;n �= 0 (7)

and for n = 0 voice, it is described as

S [jT, 0] =
1

N

N−1∑
m=o

H
[ m

NT

]
. (8)

The outcome of S-transform is computed as the complex
N ×M matrix represented as the S-matrix. The column of
this matrix corresponds to definite time while the row of
this matrix is related to the definite frequency. To compute
the amplitude and phase of S-matrix, |S[jT, n/NT ]|, and
tan−1(imag(S[jT, n/NT ])/real(S[jT, n/NT ])), respectively,
are utilized [28], [29].

III. EXPERIMENTAL HARDWARE AND DATA ACQUISITION

The set-up for performing the PQ assessment is presented
in Fig. 2. The emulated weak grid consists of a one-phase
voltage source of 220 V in series with an inductor of 30mH

TABLE I
CHARACTERISTIC AND RATINGS OF SOLAR CELL MODULE

TABLE II
DAS AND DATA ANALYSIS COMPONENTS

with short-circuit rating of 5 kVA. It is integrated with an SPV
plant of capacity 230 W. The SPV system has the solar cell
module, joint box, charge controller, battery, and grid connected
inverter. The solar cell module consists of the solar cells of
polycrystalline silicon. The characteristics and rated parameters
of the solar cell module are provided in Table I. The outdoor SPV
panel supplies power to the storage battery of capacity 55AH,
24 V through the joint box and a battery charge controller. The
joint box consists of a fuse and diode for protection of the solar
generator. The battery charge controller is the dc–dc converter.
Hence, voltage of the input power to this converter is the same as
the voltage of the solar module output. Solar PV module operates
at maximum power voltage (Vmp) equal to 29.3 V. Output voltage
of the dc–dc converter is 24 V and constant, which is same
as the battery voltage. Solar PV module output voltage may
change depending on the level of solar insolation. Hence, dc–dc
converter eliminates variations in the solar output voltage and
gives a constant output voltage. The charge controller controls
the charging and discharging of the battery within limits, thereby
maximizing the battery life time. Battery is used to compensate
variations in the SPV energy production. A dc–ac converter is
employed to convert the dc energy produced by the SPV system
to ac energy and connects the same to the utility grid at PCC.
The output voltage of the dc–ac converter is 230 V, one-phase
ac. Pulsewidth modulation controllers are used for the control
of the dc–dc converter and dc–ac converter in the hardware
set-up [30]–[32].

Fig. 3 presented the DAS installed at PCC for assessing the
PQ. Power flows from the SPV module to the utility grid through
the path as, PV module → dc–dc converter → dc–ac converter
→ transformer → current transformer (CT)→ PCC → utility
grid. An arrow in Fig. 3 indicates this direction of power flow.
Components of the DAS are detailed in Table II. The current
supplied by the SPV system is recorded with the help of the
CT, and the voltage on the PCC is recorded using the potential
transformer (PT). PQ analyzer is used to record these voltage
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Fig. 3. Measurement system of PQ.

TABLE III
STATUS OF THE DEMANDS AT PCC

and current signals. Hence, CT, PT, and PQ analyzer are the
main components of the DAS. These recorded data are analyzed
using the proposed algorithm with the help of laptop in both
the online and offline mode. The data acquisition is performed
under the events of interfacing and outage in the accessibility
of a variety of loads at PCC. The case of partial shading of the
SPV module is also considered. Nature of the demands situated
at the PCC include resistive, resistive inductive (RL), induction
motor (IM), and nonlinear (NL) as detailed in Table III. Grid
synchronization device (GSD) is utilized to connect the PV
system at PCC. By closing and opening of the GSD, interfacing
and outage operations are performed in this study.

Various case studies associated with the outages are rep-
resented as C1-0–C1-4 whereas studies associated with the
synchronization is designated as C2-0–C2-4 and detailed in
Table IV.

IV. CASE STUDIES OF PQ ASSESSMENT

The experimental set-up detailed in Section III, is utilized to
create the outage and interfacing of SPV plant with the grid in
the accessibility of various types of loads at PCC. The outage
and interfacing are carried out with the help of GSD. The voltage
signal captured at PCC is processed by utilizing multiresolution
investigation based on S-transform. This analysis is compared
with that of standard PQ disturbances reported in [22] and [23].
PV array output voltage and dc–dc converter output voltage
obtained from the recorded time series data are described in
Fig. 4(a) and (b), respectively. These values are constant and

TABLE IV
OPERATING SCENARIOS

Fig. 4. (a) PV array output voltage. (b) DC–DC converter output voltage.

equal to rated values of 29.3 and 24 V in respective order.
However, the change in solar insolation may slightly deviate
the PV array output voltage. DC–DC converter output voltage
remains constant because variations in the voltage are absorbed
by the battery and charge controller. Various case studies are
illustrated in the following sections.
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Fig. 5. (a) Voltage waveforms and respectiveS-transform supported plots with
outage of SPV plant and no load at PCC. (b) Voltage waveforms and respective
S-transform supported plots with the interfacing of SPV plant to grid and no
load at PCC.

Fig. 6. (a) Voltage waveforms and respective S-transform supported plots
with outage of SPV plant and resistive load at PCC. (b) Voltage waveforms and
respective S-transform supported plots with the synchronization of SPV plant
to grid and resistive load at PCC.

A. No Demand Available at PCC

In the fourth cycle, the outage of SPV plant from the grid is
performed by opening the GSD. Fig. 5(a) presents the related
S-transform depended plots of voltage signal at PCC. ITs pres-
ence is shown by the peaks available in the AM and SAV plots.
A contour with a small peak in the FC, also indicates the same.
Low amplitude voltage sag is found in the AM plot. Increase
in the amplitude of the FM curve after 0.30 of normalized
frequency shows the occurrence of high-frequency harmonics
in the voltage single.

The SPV plant is synchronized with grid in the first cycle.
Fig. 5(b) presents the S-transform depended curves of voltage
waveforms. Voltage swell is identified by rise in magnitude of the
AM plot whereas variation in the amplitude also illustrates the
voltage fluctuations. Harmonics’ presence is shown by continu-
ous spikes, existing on the surface of the SAV plot. Furthermore,
harmonics are also indicated by the upper portion of the FC.
Increase in the magnitude of FM plot beyond the normalized
frequency of 0.35 identifies the harmonics of higher order.

B. Resistive Demand at PCC

In the fourth cycle, outage of the SPV system is performed
and the S-transform based curves of voltage signals associated
with this outage event are presented in Fig. 6(a). Decreased
magnitude of AM plot detects sag in the voltage. Rise in the

Fig. 7. (a) Voltage waveform and respective S-transform supported plots with
outage of SPV plant and RL load at PCC. (b) Voltage waveform and respective
S-transform supported plots with the interfacing of SPV plant to grid and RL
load at PCC.

magnitude of FM plot above normalized frequency of 0.35
indicates availability of the harmonics of higher order.

In the first cycle, the SPV system is interfaced to the grid in the
accessibility of resistive load at PCC. Fig. 6(b) illustrated the S-
transform depended plots of voltage signal. Increased magnitude
of AM plot detects swell in the voltage. Presence of the voltage
fluctuations and flickers is indicated by the sustained deviations
in the AM plot. Availability of the harmonics is indicated by the
continuous spikes present on surface of the SAV plot. The rise
in the amount of FM plot beyond 0.3 of normalized frequency
identified as the accessibility of higher order harmonics.

C. RL Demand at PCC

At the fourth cycle, outage of the SPV system from the
network of utility is performed in the accessibility of RL load at
PCC. The associated S-transform depended curves of voltage
waveforms are illustrated in Fig. 7(a). A salient contour in
the FC at 0.08 s detects the availability of OT. The decreased
magnitude of AM plot presents the accessibility of voltage sag.
Variation in the nature of ripples on plane of the SAV plot at
the instant of outage of the SPV plant indicates the additional
harmonics injected. The increasing trend in the FM curve beyond
the normalized frequency of 0.15 indicates that wide range of
harmonics are present after the outage.

At the 12th cycle, the SPV system with the RL load at
PCC is interfaced with the grid. The corresponding S-transform
depended curves of voltage waveforms are shown in Fig. 7(b).
Increased magnitude of AM plot illustrates the occurrence of
swell in the voltage waveform, followed by the synchroniza-
tion. The finite value of the FM curve beyond the normalized
frequency of 0.35 indicates the accessibility of harmonics of
the higher order whereas finite amplitude between normalized
frequencies among 0.15–0.3 present the availability of lower
order harmonic components.

D. IM Connected at PCC

The outage of the SPV system from the utility in the acces-
sibility of IM load is computed in the fourth cycle. Fig. 8(a)
details the associated S-transform depended plots of voltage
waveforms. The availability of IT is recognized by peaks of high
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Fig. 8. (a) Voltage waveforms and respective S-transform supported plots
with outage of SPV plant and IM demand at PCC. (b) Voltage waveforms and
respective S-transform supported plots with the synchronization of SPV plant
to grid and IM demand at PCC.

Fig. 9. (a) Voltage waveforms and respectiveS-transform supported plots with
outage of SPV plant and NL load at PCC. (b) Voltage waveforms and respective
S-transform supported plots during event of synchronization of solar PV plant
to grid and NL load at PCC.

magnitude in the AM and SAV curves. The projected contour at
0.07 s in FC detects the availability of OT. AM curve presented
the voltage sag of low magnitude. Availability of the harmonics
of higher order is detected by the finite values in the FM curve
above 0.35 of normalized frequency.

In the second cycle, the S-transform-based curves of volt-
age waveform with grid interfacing of the SPV system in the
accessibility of IM load is computed and detailed in Fig. 8(b).
It is deduced from the amplitude curve that the voltage swell
is present followed by the synchronization. It also created the
voltage fluctuations and flickers. Finite values of FM curve be-
yond the normalized frequency of 0.18 illustrated the occurrence
of a wide range of harmonics with the higher order harmonics
beyond the normalized frequency of 0.35.

E. NL Demand at PCC

An SCR-based one-phase converter feeding power to the
resistive demand of rating 200 W is linked at PCC to investigate
the PQ issues in the events of grid synchronization and outage
of the SPV system. The outage of the SPV system from the
utility in the existence of NL demand is initiated in the third
cycle. The respective S-transform depended curves of voltage
waveforms are presented in Fig. 9(a). A salient contour in the
FC presents the availability of OT. Decreased magnitude of the
AM plot indicates the presence of voltage sag for a duration of

Fig. 10. Voltage waveforms and respective S-transform supported plots with
partial shading and resistive load at PCC.

0.02 s. A large peak in the SAV curve indicates the presence of
IT. A wide range of harmonics is detected by increasing order
of FM curve over entire range of the normalized frequency.

The SPV system with NL demand (described earlier) at PCC
is synchronized to the grid in the third cycle (0.06 s). The
related S-transform depended curves of voltage waveforms are
presented in Fig. 9(b). The continuous train of circular contours
in the FC presents the availability of notches. Sustained ripples
in the upper portion of the FC indicate the harmonics. Ripples
on the SAV curve after the synchronization event illustrate the
occurrence of harmonics. Rise in the amplitude of harmonics
with the order is illustrated by the continuous increase in the
FM curve with normalized frequency.

F. Effect of Partial Shading

For investigating the consequence of partial shading on the
PQ of supplied energy by the solar PV plant, 33% of the SPV
module area is covered. A resistive load of 400 W (one-phase)
is connected at the PCC. The voltage signal and respective
S-transform-based curves of voltage waveforms for the event
of partial shading are presented in Fig. 10. It is observed that
due to the event of partial shading, the PQ problems linked with
the change in voltage amplitude such as sag, swell, and MI are
not observed. However, harmonics are detected by increasing
order of FM curve throughout the range of normalized frequency.
THDv and THDi, respectively, are observed as 0.531% and
2.421%. Hence, partial shading of the PV modules introduces
the PQ issues related to the harmonics. The sudden change in the
shading is not investigated due to the experimental limitation.

G. Harmonic Analysis

The single-sided amplitude spectrum of voltage and current
signals computed using the Fast FT during the operation of
grid synchronization of the solar PV plant in the existence of
resistive load as illustrated in Fig. 11(a) and (b), respectively.
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TABLE V
THDs OF CURRENT

Fig. 11. Single-sided amplitude spectrum during event of grid synchronization
of solar PV plant in the presence of resistive load. (a) Voltage signal. (b) Current
signal.

It is observed that higher order harmonics are presented in the
voltage and current signals. However, the magnitude of higher
order harmonics is more dominant in current signals compared
to the voltage signals. Due to the space limitation, the spectrum
analysis is not discussed for all events. However, the comparative
study of THD in voltage and current is included in this section.

THDi have been obtained using WT 3000 PQ analyzer, used
in the experimental set-up, for all the investigated events and
provided in Table V. Furthermore, the results obtained by the
FFT analysis are also included in this table. An error is computed
between the results obtained by the PQ analyzer and computed
using FFT to show the effectiveness of the proposed algorithm.
Error is computed using the following relation:

E =
TE − TS

TE
× 100 (9)

where E percentage error in computation of THD in current,
TE: THDi recorded using WT 3000 PQ analyzer, TS: THDi

computed using FFT analysis. It is observed from Table V
that percentage error in the THD values recorded using the
PQ analyzer and computed using FFT is less than 3%. Hence,
proposed algorithm effectively identifies the THD during the
investigated events.

Magnitude of the disturbances observed during the different
events/scenario discussed in above-mentioned sections is small
due to the low solar energy penetration level. Due to the lim-
itation of available hardware this penetration level can not be
increased. Magnitude of the PQ disturbances will increase with
increase in level of solar energy penetration, which also be ef-
fectively recognized by the proposed algorithm. This algorithm
effectively recognizes any type of PQ disturbance available in
the signal. However, magnitude of PQ disturbance associated
with the signal will depend on the source and nature of grid,
level of solar energy, converters, loads etc.

TABLE VI
THDs OF CURRENT AND VOLTAGE

TABLE VII
MAXIMUM FREQUENCY VARIATION AND PQI

V. CASE STUDIES: COMPARISON

All the investigated events have been compared to rate in
terms of PQ using the values of THD, maximum deviations
in frequency and values of PQI. THD of voltage (THDv) and
current (THDi) calculated using FFT and presented in Table VI.
It can be seen from the values that THDv and THDi are more
in case of outage event compared to the synchronization event.
Highest values of THDv and THDi are found with NL load
at PCC compared to the various kinds of demands in both the
events of synchronization and outage. The next level of THDs
is found with IM load at PCC. It is seen that the values of THDv

are less in the presence of RL load compared to the resistive load
at PCC.

Table VII presents the maximum frequency deviations and
PQI for the outage and synchronization events with different
types of loads at PCC. It can be observed that the frequency
deviations are more in case of synchronization compared to those
associated with the outage. Maximum frequency deviation in
case of outage event is found with the NL load at PCC followed
by the IM, RL load, no-load, and resistive load. The same trend
of frequency deviations can also be observed with the synchro-
nization. Values of PQI are more in case of synchronization
compared to those associated with the outage. Value of PQI for
outage cases is maximum with the NL load followed by IM load,
RL load, resistive load, and no load. The same trend is observed
with the synchronization event.

VI. CONCLUSION

This article provided the PQ evaluation of grid interfaced
with an SPV system under various operating conditions using
S-transform. A grid integrated SPV is emulated in the laboratory
to assess PQ problems linked to the synchronization and outage
of the SPV system with different types of load at PCC. The
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voltage and current signals computed by utilizing PQ analyzer
are investigated offline using S-transform. Effect of various
types of load connected at the PCC is also observed. PQ issues
observed in the case of synchronization include voltage swell,
voltage fluctuations, flicker, notches, harmonics, and frequency
variations. PQ issues such as harmonics, IT, OT, sag in voltage,
and frequency deviations are observed in case of an outage event.
Harmonics are detected during the event of partial shading of
SPV module.

Detailed analysis of harmonics is performed for all the in-
vestigated events. The THDs of voltage and current waveforms
are found to be more in the event of outage, whereas the
PQI and frequency deviations are found to be more in case
of synchronization. Maximum values of THDs in the voltage
and current, PQI and frequency deviations are associated with
the NL load connected at the PCC followed by the IM load.
Thus, the proposed technique can efficiently be used to measure
and compare the various PQ issues associated with the outage
and synchronization events with different types of demands at
PCC. Lastly, the output of the algorithm introduced in this article
can be used to initiate the PQ improvement action, which is
considered as future work.

REFERENCES

[1] R. K. Agarwal, I. Hussain, and B. Singh, “LMF-based control algorithm
for single stage three-phase grid integrated solar PV system,” IEEE Trans.
Sustain. Energy, vol. 7, no. 4, pp. 1379–1387, Oct. 2016.

[2] O. P. Mahela and A. G. Shaik, “Comprehensive overview of grid interfaced
solar photovoltaic systems,” Renewable Sustain. Energy Rev., vol. 68,
pp. 316–332, 2017.

[3] S. R. Mohanty, P. K. Ray, N. Kishor, and B. K. Panigrahi, “Classification
of disturbances in hybrid DG system using modular PNN and SVM,” Int.
J. Elect. Power Energy Syst., vol. 44, no. 1, pp. 764–777, 2013.

[4] S. Patra, N. Kishor, S. R. Mohanty, and P. K. Ray, “Power quality
assessment in 3-phase grid connected PV system with single and dual
stage circuits,” Int. J. Elect. Power Energy Syst., vol. 75, pp. 275–288,
2016.

[5] J. Urbanetz, P. Braun, and R. Ruther, “Power quality analysis of grid-
connected solar photovoltaic generators in Brazil,” Energy Convers. Man-
age., vol. 64, pp. 8–14, 2012.

[6] F. J. Ruiz-Rodriguez, J. C. Hernandez, and F. Jurado, “Voltage unbal-
ance assessment in secondary radial distribution networks with single-
phase photovoltaic systems,” Int. J. Elect. Power Energy Syst., vol. 64,
pp. 646–654, 2015.

[7] P. K. Ray, S. R. Mohanty, and N. Kishor, “Classification of power quality
disturbances due to environmental characteristics in distributed genera-
tion system,” IEEE Trans. Sustain. Energy, vol. 4, no. 2, pp. 302–313,
Apr. 2013.

[8] P. K. Ray, S. R. Mohanty, N. Kishor, and J. P. S. Catalao, “Optimal
feature and decision tree-based classification of power quality disturbances
in distributed generation systems,” IEEE Trans. Sustain. Energy, vol. 5,
no. 1, pp. 200–208, Jan. 2014.

[9] O. P. Mahela and A. G. Shaik, “Power quality recognition in distribution
system with solar energy penetration using S-transform and fuzzy C-means
clustering,” Renewable Energy, vol. 106, pp. 37–51, 2017.

[10] E. N. M. Silva, A. B. Rodrigues, and M. da Guia da Silva, “Stochastic
assessment of the impact of photovoltaic distributed generation on the
power quality indices of distribution networks,” Elect. Power Syst. Res.,
vol. 135, pp. 59–67, 2016.

[11] M. Patsalides, V. Efthymiou, A. Stavrou, and G. E. Georghiou, “A generic
transient PV system model for power quality studies,” Renewable Energy,
vol. 89, pp. 526–542, 2016.

[12] B. Plangklang, N. Thanomsat, and T. Phuksamak, “A verification analysis
of power quality and energy yield of a large scale PV rooftop,” Energy
Rep., vol. 2, pp. 1–7, 2016.

[13] O. P. Mahela and A. G. Shaik, “Detection of power quality events asso-
ciated with grid integration of 100kw solar PV plant,” in Proc. Int. Conf.
Energy Econ. Environment, Mar. 2015, pp. 1–6.

[14] W. Grycan, B. Brusilowicz, and M. Kupaj, “Photovoltaic farm impact
on parameters of power quality and the current legislation,” Sol. Energy,
vol. 165, pp. 189–198, 2018.

[15] W. U. Tareen, S. Mekhilef, M. Seyedmahmoudian, and B. Horan, “Active
power filter (APF) for mitigation of power quality issues in grid integration
of wind and photovoltaic energy conversion system,” Renewable Sustain.
Energy Rev., vol. 70, pp. 635–655, 2017.

[16] A. Chidurala, T. Saha, and N. Mithulananthan, “Field investigation of
voltage quality issues in distribution network with PV penetration,”
in Proc. IEEE PES Asia-Pac. Power Energy Eng. Conf., Nov. 2015,
pp. 1–5.

[17] O. P. Mahela, “Assessment of power quality in the utility grid inte-
grated with wind energy generation,” IET Power Electron., Jan. 2020.
[Online]. Available: https://digital-library.theiet.org/content/journals/10.
1049/iet-pel.2019.1351

[18] A. Sangwongwanich, Y. Yang, D. Sera, H. Soltani, and F. Blaabjerg, “Anal-
ysis and modeling of interharmonics from grid-connected photovoltaic
systems,” IEEE Trans. Power Electron., vol. 33, no. 10, pp. 8353–8364,
Oct. 2018.

[19] O. P. Mahela, B. Khan, H. H. Alhelou, and P. Siano, “Power quality
assessment and event detection in distribution network with wind energy
penetration using Stockwell transform and fuzzy clustering,” IEEE Trans.
Ind. Informat., vol. 16, no. 11, pp. 6922–6932, Nov. 2020.

[20] O. P. Mahela, A. G. Shaik, and N. Gupta, “A critical review of detection
and classification of power quality events,” Renewable Sustain. Energy
Rev., vol. 41, pp. 495–505, 2015.

[21] R. Kumar, B. Singh, D. T. Shahani, A. Chandra, and K. Al-Haddad,
“Recognition of power-quality disturbances using s-transform-based ann
classifier and rule-based decision tree,” IEEE Trans. Ind. Appl., vol. 51,
no. 2, pp. 1249–1258, Mar. 2015.

[22] O. P. Mahela and A. G. Shaik, “Recognition of power quality disturbances
using S-transform based ruled decision tree and fuzzy C-means clustering
classifiers,” Appl. Soft Comput., vol. 59, pp. 243–257, 2017.

[23] O. P. Mahela and A. G. Shaik, “Recognition of power quality distur-
bances using S-transform and fuzzy C-means clustering,” in Proc. Int.
Conf. Cogeneration, Small Power Plants District Energy, Sep. 2016,
pp. 1–6.

[24] A. G. Shaik and O. P. Mahela, “Power quality assessment and event
detection in hybrid power system,” Elect. Power Syst. Res., vol. 161,
pp. 26–44, 2018.

[25] P. K. Ray, N. Kishor, and S. R. Mohanty, “Islanding and power quality dis-
turbance detection in grid-connected hybrid power system using wavelet
and S-transform,” IEEE Trans. Smart Grid, vol. 3, no. 3, pp. 1082–1094,
Sep. 2012.

[26] R. G. Stockwell, L. Mansinha, and R. P. Lowe, “Localization of the
complex spectrum: The S transform,” IEEE Trans. Signal Process.,
vol. 44, no. 4, pp. 998–1001, Apr. 1996.

[27] I. W. C. Lee and P. K. Dash, “S-transform-based intelligent system for
classification of power quality disturbance signals,” IEEE Trans. Ind.
Electron., vol. 50, no. 4, pp. 800–805, Aug. 2003.

[28] H. S. Behera, P. K. Dash, and B. Biswal, “Power quality time series data
mining using S-transform and fuzzy expert system,” Appl. Soft Comput.,
vol. 10, no. 3, pp. 945–955, 2010.

[29] P. K. Dash, K. B. Panigrahi, and G. Panda, “Power quality analysis
using s-transform,” IEEE Trans. Power Del., vol. 18, no. 2, pp. 406–411,
Apr. 2003.

[30] R. Boopathi, R. Jayanthi, and M. M. T. Ansari, “Maximum power point
tracking-based hybrid pulse width modulation for harmonic reduction in
wind energy conversion systems,” Comput. Elect. Eng., vol. 86, 2020,
Art. no. 106711.

[31] T. Liu and Z.-P. Jiang, “Distributed control of multi-agent systems with
pulse-width-modulated controllers,” Automatica, vol. 119, 2020, Art. no.
109020.

[32] O. Oghorada, L. Zhang, B. Esan, and E. Dickson, “Carrier-based si-
nusoidal pulse-width modulation techniques for flying capacitor mod-
ular multi-level cascaded converter,” Heliyon, vol. 5, no. 12, 2019,
Art. no. e03022.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on October 26,2020 at 13:01:09 UTC from IEEE Xplore.  Restrictions apply. 

https://digital-library.theiet.org/content/journals/10.1049/iet-pel.2019.1351

