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Abstract: Non-conventional energy sources are gaining popularity since they have no carbon footprint. As
the world’s population rises and technology advances, so does the need for power. A conventional grid is
combined with renewable energy sources (RES) to supply this need. This link compromises the electrical
grid’s capacity to run safely and securely despite its benefits. Concerns about system power quality are
the most prominent difficulty since they directly influence consumer devices and grid system performance.
This article examines the power quality issues and associated worldwide standards for a conventional
power network. This article presents simulated examinations of the impact of Photovoltaic (PV) and Wind
Energy Conversion System (WECS) on the power quality of the Distribution System using the Modified
IEEE 33 Node Radial Distribution Test System. This inquiry considers power quality concerns such as
voltage fluctuations, voltage magnitude changes, and system harmonics. The Particle Swarm Optimisation
(PSO) approach is used to find the ideal position for the PV system. The D-STATCOM is used to improve
the system’s voltage profile and harmonics. For simulational analysis, the MATLAB/Simulink software
environment is employed.
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1. Introduction

The non-conventional energy sources are considered as green energy sources since they generate
electricity using natural resource including solar radiation, wind, water, wave currents and earth heat. They
leave the ecosystem with very small to zero carbon footprints. As a result, they provide a dependable
source of energy generation that is safer for the environment [1].

Renewable Energy Sources (RES) include solar photovoltaic (PV), wind, ocean and geo-thermal energy.
The two most popular non-conventional energy sources are solar and wind energy [1]. A solar power
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plant has an installed capacity of 849.47 MW and a wind power plant has an installed capacity of 824.87
MW globally. China is at the forefront of the development of solar and wind energy based technologies,
providing 40% and 36% respectively. With a 22% share, the European Union is the second highest donor
to the wind energy sector, while the United States is the third highest producer with a 16% share. In terms
of solar energy, Japan contributed 8.7% in 2022, while the United States contributed 11.1%, placing them
second and third respectively. India makes for 6.8% of the world’s installed solar energy capacity and 4%
of the world installed wind energy capacity [2]. The overall installed capacity of RES power plants was
100.68 MW in 2021, and it is increased to 186.07 MW in 2023, according to the Ministry of Power, India.
Solar power plants occupy 16.9% share and wind power plants holds 10.2% share from 186.07 MW. The
remaining are held by other Renewable Energy Sources [3].

The effects of unconventional energy sources on the electric system have been discussed by a number of
authors [4–9]. Reference [4] provides a thorough analysis of power quality problems, associated standards
and mitigation strategies for AC and DC systems. Another author investigated the effects of micro-grid on
power quality with the important goal of investigating supra-harmonics in the system [5]. It also includes a
comparison of several methods for enhancing the power quality of the system. Authors have defined power
quality, discussed associated international standards and impacts on power quality of the system [5]. In [6],
authors looked into how much solar rooftop system penetration might affect the voltage profile of residential
grids. To increase the voltage of the system, they also designed the dynamic voltage support (DVS) method.
When a wind power plant is connected to the grid, there are issues with the quality of the power because
of interdependency of reactive power and voltage [7]. The authors also looked into the need for reactive
power adjustment. The authors of [8] examined current developments in power electronics applications for
RES interconnection with a grid. Additionally, it examined the way distinct power electronics technologies
affected the system’s integration of solar and wind power plants in terms of power quality. D-STATCOM
was employed by the authors of [9] to apply sinusoidal pulse width modulation to reduce voltage sag and
voltage swell based power quality concerns. The D-STATCOM modelling was also provided. The control
design and dynamic modelling of D-STATCOM with the consideration of ultra-capacitors as an energy
storage for power quality improvement were reported in [10]. Another author discussed the D-STATCOM’s
performance for a distribution network, consisting of RES systems under various load conditions [11].
Hysteresis controller is used in [12] to imitate the D-STATCOM in order to reduce harmonics in the system.

The headings for this research article are as follows: Issues with power quality in electrical systems
are discussed in Section 2 along with the relevant standards. Power quality issues brought on by the
incorporation of RES are detailed in Section 3. Solar photovoltaic (PV) and wind energy conversion
system (WECS) are modelled and simulated in Section 4. The conventional power system that is taken
into consideration for the study is described in Section 5. The particle swarm optimization (PSO) method
is explained in Section 6. Section 7 covers understanding and design of D-STATCOM. Discussions and
outcomes are under Section 8. The conclusion of the article is contained in Section 9.

2. Power Quality: Issues and Related Standards

According to IEEE 1100-2005, the idea of powering and grounding electrical apparatus in a way that
ensures dependable working of apparatus, and it is nearby equipment, is defined as the power quality of any
electrical system [13]. Another way to describe power quality is the utility system’s capacity to produce an
electrical supply that is distortion and disturbance free in terms of system voltage and frequency [13].

The voltage, current and frequency of the system are principally responsible for a number of power
quality issues. The system’s voltage fluctuations, sag, swell, unbalance and flicker are the main power
quality problems [14]. Voltage or current waveform distortion is related to other power quality problems. It
encompasses the system’s harmonics, noise, notching, inter-harmonics and transients [14].
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Figure 1. Classifications of Power Quality Issues.

Systematic changes in the voltage magnitude are known as voltage fluctuations. Transients are another
problem with power quality. It is divided into two forms, (i) Impulsive and (ii) Oscillatory, as shown in
Figure 1. In terms of non-power frequency, impulsive transients are defined as instantaneous changes
in voltage, current or both. Its rising and falling time period serves as a signal for its unidirectional
characteristics. In contrast to impulsive transients, oscillatory transients are bidirectional [15]. Three terms
– interruption, sag and swell are used to describe short term voltage changes. Sag is defined by IEEE 1159 –
2009 as a decrease in voltage magnitude of 10% - 90% of its rated value at power frequency for a period of
time ranging from a half cycle to one minute [15]. Another problem with power quality is long term voltage
variations. Undervoltage, Overvoltage and Continuous interruptions are the three categories. Undervoltage
is characterized as a voltage drop of 10% - 20% over a period of more than 60 seconds at its fundamental
frequency [16]. Overvoltage is defined as a 10% - 20% rise in voltage magnitude over its rated voltage
for more than a minute at its power frequency. A sustained interruption is defined as a voltage magnitude
that approaches value for a period longer than a minute. Voltage imbalance is the ratio of zero or negative
sequence component to positive sequence component [16]. The power quality problem associated with
the system’s frequency is waveform distortion. As depicted in Figure 1, it is separated into five groups. A
waveform with a DC offset has a DC value present in terms of voltage and current [17]. Sinusoidal current
or voltage waveforms with integer multiples of the power frequency are called harmonics. Inter-harmonics
are sinusoidal shaped current or voltage waveforms with non-integer multiples of the power frequency [17].
A voltage distortion that occurs on a regular basis is referred to as notching. Electrical signals with a
frequency of less than 200 kHz in the phase conductor’s current or voltage are referred to be noise [18].
Table 1 presents the causes and impacts of various power quality problems on the power system [18].

There are numerous international standards that pertain to the system’s power quality. IEEE 519 is a
global standard that specifies acceptable behaviours and suggested harmonic limits for voltage and current
in the system [19]. This criterion guarantees that an electrical utility provides clean power to all of its
customers. Additionally, it guarantees that an electrical utility must safeguard all electrical equipment
against excessive harmonics. This harmonic current of equipment with an input current of less than 16 A is
restricted by IEC 61000-3-2. Limits for harmonic current are stated in IEC 61000-3-4 for equipment with
an input current greater than 16 A [19]. Electric power quality monitoring is mandated by IEEE 1159-1995.
The necessary techniques for determining power quality are presented in IEEE 1159-1995. It also includes
information on power quality monitoring of electrical power systems, such as a definition of the term and
information on impacts on power quality of the electrical grid and consumer electronics [19]. A reference
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Table 1. Power Quality Issues and Effects.

Power Quality
Issues

Causes Effects

Transients Lightening, Cable
Switching, Capacitor Bank
Energizing

Derangement of Electrical
Apparatus

Short Time
variations in
Voltage

Fault on System, Switching
on Large Load

Power Losses Increases,
Vandalization of load

Long Time
variations in
Voltage

Large Load Operation,
Capacitor Bank Switching

Poor regulation capabilities,
Transformer operation

Voltage Imbalance Unbalanced Three Phase
Load, Large Single Phase
Load

Reduced efficiency of power
converters

Harmonics Non-linear Loads, Power
Electronics Converter

Decreased efficiency of Converters

on equipment sensitivity under brief disturbances caused by voltage sag is IEEE 1205-1995. Limits for
harmonic distortion in voltage and current are also covered. Required methods and indices for voltage sag
are known as IEEE P164 [19].

3. Power Quality Issues due to RES Integration

Grid integration of RES adds power quality (PQ) difficulties into the system; including i) voltage related
to PQ issues, ii) harmonics. Voltage fluctuations, voltage sag, voltage swell are voltage related PQ concerns
caused by the intermittent nature of RES and grid disturbances. Power electronics converters are at the
heart of renewable energy systems and are responsible for the existence of harmonic. These challenges are
divided into two categories: Renewable Side and Utility Side.

3.1. Renewable Energy Side

The output of a RES system might fluctuate erratically due to the unpredictability and non-control of
wind and PV solar. This uncertainty has an impact on the system’s voltage. It introduces voltage sag, swell
and fluctuations into the system [20]. A mismatch between the load generation of power causes fluctuations
in the system’s output power. This can cause the system to start flickering. Only devices or local utility
systems are impacted by power quality issues when RES penetration is low [20]. Power quality problems
have an impact on overall system operating parameters when the penetration level is high.

3.2. Grid Side

Disruptions on the grid may have an impact on the system’s power quality. Voltage disturbance is
brought on by the fault if it happens in the system. Under the L-G fault state, it results in voltage sag in
one phase and voltage swell in other two phases [8]. After the failure has been fixed, voltage fluctuations
may be introduced. A mismatch between the power of the load and the power of the generator results from
imbalanced loads. The power will fluctuate as a result. In addition, 90% of the system’s load is non-linear,
which introduces harmonics in the system [8].
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4. Modelling and Simulation of Renewable Energy Sources

4.1. Photovoltaic Array System

The solar array system for integration with a traditional power system consists of a photovoltaic (PV)
array, an inverter and a filter. The following equations perform mathematical modelling based on a single
diode equivalent circuit [21]. The PV array system is shown in Figure 2.

Figure 2. Photovoltaic Array System.
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The PV array’s output current is given by Equation (1). Equation Equation (2) provides the photon
current (IOH), ID is the current flowing through the PV modules as shown in Equations (3) and (4) is
presenting current IO which is diode saturation current and IPA shown in Equation Equation (5) is current
flowing through equivalent shunt resistance of PV modules (RSH) [21]. RSE is the equivalent series
resistance offered by the PV modules. V is the voltage that the PV array achieves. ISC is the short circuit
current of PV array. TC is the real time temperature in kelvin. G is the real time irradiance in W/m2. A is
the ideality factor of PV Module and ki is the temperature coefficient of short circuit current of PV module
[22].
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The PV array is connected to the power grid by a 3 phase IGBT based inverter. To extract maximum
power from the PV array, maximum power point tracking (MPPT) is employed [22]. The inverter is
controlled using a method based on the d-q coupling theory. The PV array system is modelled under STC
as well as under different irradiance levels. The PV parameters are shown in Table 2.

Table 2. PV Array and PV Inverter Parameters.

PV Array Characteristics

Irradiance Level (W/m2) 1000 800 600 400
Maximum Power (MW) 1.5 1.2 0.9 0.6
Optimum Operating Voltage (VMPP) 2200 2200 2200 2200
Optimum Operating Current (IMPP) 662 510 380 260
No. of Modules in Series 80 80 80 80
No. of Modules in Parallel 80 65 48 33

PV Inverter Specifications

Max. DC Power (MW) 1.7 Max. AC Output Current 80.3
Max. DC Input Voltage 2500 Rated AC Power (MVA) 1.53
Max. DC Input Current 680 Nominal AC Voltage (kV) 11
Min. DC Input Voltage 2200 AC Power Frequency (Hz) 50

4.2. Wind Energy Conversion System (WECS)

A wind turbine, motor system, induction generator and filter makes up the wind energy conversion
system (WECS). The marker offers two different WECS configurations, one is fixed speed and another is
variable speed. The variable speed arrangement is frequently utilised for grid integration [23]. This article
employs DFIG (Doubly Fed Induction Generator) configuration which comprises AC – DC –AC converter
to regulate the induction generator’s speed and offer decoupling between the mechanical and electrical
frequencies of the turbine. In Figure 3, the arrangement is displayed. The maximum power that can be
extracted is determined using Equation Equation (6). It is possible to synchronise a wind turbine with an
induction generator by utilising a drive train [24].

Figure 3. Wind Energy Conversion System (WECS).

PMA =
1
2

ρ AW V3
WI

CP(λ, β) (6)
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PMA is the wattage output of a wind turbine. V3
WI

denotes wind velocity in meters per second. ρ is
the density of air in kilograms per cubic meter. AW is the swept area of the turbine in m2. The tip speed
ratio is denoted by β. CP is the turbine performance coefficient and is a function of λ and β [24]. The tip
speed ratio (TSR) is the ratio of the wind turbine’s rotor tip speed to the wind speed, because it is directly
related to the turbine’s power output. The TSR is optimized for different wind speeds to attain a maximum
value. The highest value can be discovered by plotting the CP vs. λ graph with different pitch angles
β [25]. Table 3 shows the parameters of WECS under varying wind speed conditions.

Table 3. Wind Energy Conversion System Parameters

Wind Turbine Parameters

Wind Speed (m/s) 4 7 10 13
Turbine Output Power (MW) 0.85 0.9 1.0 1.5
Initial Wind Speed (m/s) 4 4 4 4

Induction Generator Parameters

Rated Power (MVA) 1.65 Rated Frequency 50 Hz
Rated Voltage (Stator) (V) 575 Rated Voltage (Rotor) (V) 1975

Converter Specifications

Max. DC Power (MW) 1.7 Max. Output Current (A) 150
Max. DC Input Voltage (V) 2100 Rated AC Power (MVA) 1.65
Max. DC Input Current (A) 810 Nominal AC Voltage 11 kV
Min. DC Input Voltage (V) 1975 AC Power Frequency (Hz) 50 Hz

5. System Under Study

The modified IEEE 33 Node Radial Distribution Test System is considered in this paper as shown
in Figure 4. System consisting 66 kV substation with 100 MVA short circuit capacity. The substation
transformer is rated 8 MVA, 66 kV/11 kV. Node 1 is representation of substation node. Node 2 to Node 18
are 11 kV feeders.

Figure 4. Modified IEEE 33 Node Radial Distribution System.
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The system has 6 distribution transformers connected at Node 4, Node 6, Node 8, Node 10, Node 12
and Node 14 respectively. The transformers at Node 4, Node 8 and Node 12 are rated at 1600 kVA, 11 kV/
0.433 kV and Node 6, Node 10 and Node 14 are rated 1000 kVA, 11 kV/ 0.433 kV. Node 19 to Node 33 are
0.433 kV feeders. Moreover, Node 28 to Node 33 are nodes consisting linear and non-linear load. Table 4
shows the summary of the system. The load parameters of the system are shown in Table 5.

Table 4. Summary of System under Study.

Total Generation 3.21 MW 2.30 MVAR
Total Load 3.02 MW 2.23 MVAR
Total Losses 0.192 MW 0.068 MVAR
No. of Buses 33 –
No. of Branches 32 –
No. of Loads 7 –
No. of Substation 1 –

Table 5. Load Parameters of System.

Node No Phase A Phase B Phase C

P(kW) Q(kVAR) P(kW) Q(kVAR) P(kW) Q(kVAR)

28 501.2 362.9 498.1 368.4 510.1 358.3
29 395.9 303.9 403.3 315.6 385.3 323.2
30 503.7 351.6 510.4 365.6 495.6 345.3
31 530.6 356.6 520.2 350.2 535.1 342.6
32 497.2 308.2 505.6 320.2 490.2 296.9
33 249.4 134.6 255.3 128.3 240.2 141.4

Non Linear Rectifier Load – 346.7 kW, 315.1 kVAR

6. Particle Swarm Optimization (PSO)

The cooperative and gregarious behavior many species adopt to meet their needs drives particle swarm
optimization (PSO). It primarily focuses on the population and behavior of the horde of fish and flock of
birds that make up the population [26]. The optimization approach is based on identifying the best particle
on individual and global scales and the particle’s current location to determine the particle’s upcoming
travel in space. It also takes into account the particle’s velocity [26].

vi,m+1 = ωvi,m + C1r1(pi,b − xi,m) + C2r2(gb,t − xi,m), (7)

xi,m+1 = xi,m + vi,m+1, (8)

where r1 and r2 are random values between [0, 1], m is the number of particles in the search space, and i is
the number of iterations considered. The acceleration factors are C1 and C2. The inertia weight is ω.

Voltage variation is minimized by applying the PSO approach to discover the ideal spot for the
integration of RES. Below is a list of the algorithm for PSO [27].

• Step I: Enter information on the bus voltage, the line impedance and the susceptance.
• Step II: Establish the number of variables, particle population, upper and lower bounds for each

variable, number of iterations, inertia weight and acceleration factors.
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• Step III: Using random numbers and velocities, with i = 0, initialize the unsettled population.
• Step IV: Initialize the bus count with b = 0.
• Step V: Apply the below objective function to determine the minimal value of each particle:

f = min

(
N

∑
b=1

vb,PL − vb,rated

vb,rated

)
, (9)

where b = 1 : N
N = number of buses

• Step VI: Check whether the particle is within the given boundaries. If the particle does not fall between
the top and lower bounds, it is discarded as a solution.

−0.06 ≤ f ≤ 0.06

• Step VII: For each particle, the estimated value is analogized with the best value for the peculiar
particle. Therefore, that value is listed as the individual’s best pbe and if that value is lower than pbe,
the linked particle’s position is upgraded.

• Step VIII: The particle associated to the lowest pbe is regarded as the best particle globally or gbe.
• Step IX: Equations (7) and (8) update the position and velocities of particle.

7. D-STATCOM : A Mitigation Technique

Figure 5 depicts a D-STATCOM, a distribution static synchronous compensator. A voltage source
converter (VSC), a DC link capacitor, a line filter and a coupling transformer are all included in a
D-STATCOM [28]. It is a shunt connected to the system. By changing the voltage drop between VSC
and the point where D-STATCOM is connected, the current is compensated. Power quality problems like
voltage fluctuations, voltage and current THD, voltage sag and voltage swell are mitigated or reduced using
D-STATCOM. PWM and d-q coupling theory can be used to control D-STATCOM [28]. The following
equations can be used to design the device.

Figure 5. Configuration of D-STATCOM.

VDC =
2
√

2VLL√
3m

(10)
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1
2

CDC
{

V2
DC − V2

DC1
}
= k13VL−LLL−Lat (11)

Lr =

√
3VDC

12a fsicr
(12)

where VL−L is the line to line voltage of the system, m is the modulation index, VDC is the DC link
voltage, k1 is the factor for overloading, fs is the switching frequency of VSC, icr is the ripple line current,
which is 10% - 15% of line current, CDC is the DC link capacitor and Lr is the filter inductor [29].

UsingEquation (10), DC link voltage is calculated. The value of DC link capacitor and AC filter inductor
is found out using Equations (11) and (12) respectively [30]. The location of D-STATCOM is found using
the analysis of the voltage profile of each bus for different levels of penetration of RES. The location of
D-STATCOM is at bus 18 [30]. Table 6 lists the D-STATCOM system parameters.

Table 6. Parameters of D-STATCOM

Parameter Value

DC Link Voltage 25 kV
DC Link Capacitor 307 µF
AC Ripple Inductor 93.96 mH
Switching Frequency 10 kHz

8. Results and Discussions

A load flow analysis examines the impact of high RES penetration rate. Using PSO algorithm, the
optimal location of RES is found which is at bus 18. The penetration of RES is ranging from 1 MW to 2.5
MW.

8.1. Impacts on Voltage Profile

As demonstrated in Table 7, the voltage without RES integration is less than 1 P.U. at each node. The
introduction of RES into the system raises the voltage to 1.04 – 1.05 P.U. from 1 P.U. The D-STATCOM is
integrated to control the voltage across all nodes. As demonstrated in Table 7, D-STATCOM keeps the
voltage between 1.00 P.U. and 1.04 P.U. Figure 6 compares different instances for load node 28 to node 33,
the node closest to the substation, node 4 and the node farthest from the substation, node 18.

As shown inFigure 6, without integration of RES, the voltage is less than one P.U. However, with the
integration of the optimal position of RES at Node 4, the voltage is enhanced to more than 1.05 P.U. from
0.99 P.U. It has been regulated since the establishment of D-STATCOM.

8.2. Impacts on Voltage Fluctuations

Voltage waveform variations increased as a result of RES connections. It may have variations due to
non-linear loads and switching of big loads without RES integration, but these are avoidable, as shown
in Figure 7. Because of intermittent nature of PV system and the unpredictable wind speed, variations
increased significantly after RES integration, as illustrated in Figures 8 and 9 depicts the results of
connecting D-STATCOM to the system. The variations are decreased to an acceptable level, as indicated in
the Figure 9.
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Table 7. Impacts on Voltage Profile

Node No Without RES
Integration

With Optimally
Located RES

With Optimally Located
RES and D-STATCOM

Voltage (P.U.)

1 1.0000 1.0000 1.0000
2 0.9986 1.0510 1.0350
4 0.9870 1.0560 1.0340
6 0.9956 1.0480 1.0220
8 0.9945 1.0500 1.0270
10 0.9738 1.0430 1.0250
12 0.9833 1.0420 1.0260
14 0.9630 1.0460 1.0310

Figure 6. Impacts on Voltage Profile.

Figure 7. Voltage fluctuations without integration of RES.
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Figure 8. Voltage fluctuations with optimally located RES.

Figure 9. Voltage fluctuations with optimally located RES and D-STATCOM.

8.3. Impacts on Harmonics

Non-linear loads in the conventional system cause harmonics in the system. Because of the power
electronics involved with renewable energy systems, the voltage and current harmonics distortion increased
with the incorporation of RES. Table 8 shows the current THD (Total Harmonic Distortion) and voltage
THD without RES integration, optimally located and integrated RES into system and optimally located
RES and D-STATCOM integrated into system. Table 8 shows that, in the absence of RES integration, the
appearance of harmonics in the system is attributed solely to non-linear loads. THD in voltage and current
must be less than 5%, according to IEEE 519 [31]. Except for node 33, all nodes have current and voltage
THD less than the prescribed limit, because node 33 is connected to a non-linear load, it has a greater THD.
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The harmonics in the system have increased from 1% - 2% to 4% - 5% with the integration of RES. When
D-STATCOM is connected to the system, the harmonics in the system are significantly reduced.

Table 8. Impacts on Harmonics

Node No Voltage THD (%) Current THD (%)

Without RES With RES With RES +
D-STATCOM

Without RES With RES With RES +
D-STATCOM

4 3.67 9.73 2.89 0.70 2.75 0.20
28 2.67 6.86 3.69 1.44 2.90 1.37
29 2.94 7.59 3.53 1.36 2.77 1.08
30 2.98 7.72 3.31 1.25 2.60 1.18
31 2.99 7.94 2.70 0.89 2.11 1.06
32 2.71 7.09 3.01 1.07 2.37 1.04
33 22.70 40.22 8.44 7.89 8.52 6.64

9. Conclusions

Grid integration of RES is feasible to reduce CO2 emissions. It helps to minimize the load on the
conventional grid. However, it does provide certain obstacles in comparison to the reliable and secure
operation. Power quality difficulties, low voltage ride through capability, and active – reactive power control
are all part of challenges of grid integration. This article investigated power quality issues in the system
due to integration of RES. It contains the system’s voltage profile, voltage fluctuations and harmonics. The
voltage magnitude of the system increased from 1 P.U. due to the connectivity of PV and WECS, which
may produce voltage instability in the system. Voltage fluctuations can cause devices to flicker. It can also
cause Undervoltage or overvoltage. The higher harmonics in the system cause equipment to overheat. As a
result, in order to work with RES sources, mitigation strategies must be used.

MATLAB/Simulink is used to model the PV array system and the wind energy conversion system.
Modified IEEE 33 Node Radial Distribution Test System is analyzed and simulated as a conventional
system in this paper. The ideal site for the integration of RES is determined using the PSO algorithm. The
D-STATCOM is used to mitigate power quality issues caused by the integration of RES into the traditional
system. The harmonic analysis is carried out without the RES integration scenario, with optimally located
RES integrated with system and optimally located RES and D-STATCOM into the system. The effects of
RES integration on voltage profile and voltage fluctuations are included in this article with optimal location
of RES and D-STATCOM. To conduct simulation studies and investigations, the MATLAB/Simulink
software environment is used.
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