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ABSTRACT

A modified control strategy for grid-connected in-
verters is presented to enhance the integration of re-
newable energy sources while effectively addressing
challenges arising from unhealthy voltage and current
conditions. The study introduces an improved instanta-
neous reactive power theory–based control scheme that
utilizes positive-sequence components of grid voltages
and negative-sequence components of load currents to
regulate the grid-tied converter. To further enhance
dynamic performance, a proportional–integral controller
is incorporated to maintain dc-link voltage stability
under abnormal grid and load scenarios. The pro-
posed control approach is implemented and validated in
MATLAB/Simulink across a range of operating condi-
tions, including steady-state, dc offset, grid harmonics,
unbalanced grid voltages, and non-linear as well as
unbalanced loads, both with and without solar PV
integration. Simulation results demonstrate significant
improvements in power factor correction and reactive
power compensation, with robust controller perfor-
mance under varying irradiance levels. Comparative
analysis with recent control schemes highlights the
superior performance and effectiveness of the proposed
method. Moreover, the total harmonic distortion values
obtained across multiple test cases comply with IEEE-
519 standards, confirming the reliability and robustness
of the proposed control technique for grid-connected
renewable energy systems.

Keywords: Positive and negative sequence component,
VSI, Solar PV, Power quality, Unhealthy grid, IIRPT

1. INTRODUCTION
The growing electricity demand resulting from rapid

industrialization and rural electrification has intensi-
fied the need for integrating renewable energy sources
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alongside conventional non-renewable resources to meet
increasing load requirements. Renewable energy tech-
nologies not only alleviate the depletion of conventional
energy reserves but also mitigate environmental impacts,
minimize power losses, reduce operational costs, and
improve voltage profiles, thus contributing to the de-
velopment of sustainable and resilient power systems.
According to projections, the share of renewable energy
in distribution networks is expected to increase signif-
icantly, from 14% to 63% by 2050 [1]. This integra-
tion, commonly referred to as Distributed Generation
(DG), however, introduces several Power Quality (PQ)
issues—including voltage fluctuations, reactive power
imbalances, harmonic distortion, and excessive neutral
current—that can adversely affect grid stability and
overall power reliability. Among various renewable
technologies, photovoltaic (PV) systems have emerged
as the most rapidly expanding source of clean energy
across both residential and commercial sectors, driven by
technological advancements and supportive government
policies [2]. Despite their numerous advantages, pho-
tovoltaic (PV) systems encounter challenges associated
with efficiency, grid stability, and power quality (PQ).
Harmonic distortions in PV systems primarily originate
from power electronic interfaces, non-linear loads (NLL)
connected at the Point of Common Coupling (PCC),
and contaminated grid conditions prevalent in regions
such as India. These factors contribute to unbalanced
voltages, dc offsets, and various other PQ disturbances.
Addressing these issues is essential to ensure compliance
with IEEE Std. 519-2014, which specifies permissible
harmonic distortion limits based on system voltage levels
[3]. The inverter connected to a Distributed Generation
(DG) system can effectively function as a PQ conditioner,
thereby enhancing overall system performance.

To maximize the energy extraction from solar pho-
tovoltaic (PV) panels, various Maximum Power Point
Tracking (MPPT) techniques—such as Perturb and Ob-
serve (P&O) [4], Incremental Conductance [5], and artifi-
cial intelligence-based algorithms—are employed. These
techniques generate switching signals that control the
Insulated-Gate Bipolar Transistors (IGBTs) within DC–
DC converters, ensuring efficient impedance matching
and optimal energy transfer. Voltage Source Inverters
(VSIs) play a critical role in grid integration, operating
as active power filters or Distribution STATic COMpen-
sators (DSTATCOMs) tomitigate PQ issues [6]. By inject-
ing compensating anti-harmonic currents, DSTATCOMs
enhance grid performance and stability. A wide range of
control algorithms—from conventional schemes to adap-
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tive and generalized integrator-based approaches—have
been developed to effectively address PQ disturbances in
DG-connected systems. Conventional control algorithms
used to mitigate power quality issues in grid-connected
solar PV systems include Synchronous Reference Frame
(SRF) theory-based controllers [7], Instantaneous Reac-
tive Power Theory (IRPT) controllers [8], sliding mode
controllers, Kalman filter techniques, wavelet-transform
methods, and Discrete Fourier Transform (DFT) ap-
proaches. While these methods are widely adopted due
to their simplicity and ease of implementation, they
exhibit several drawbacks. SRF and IRPT controllers
often fail to perform adequately under grid voltage
disturbances, leading to slow dynamic responses and
ineffective compensation for harmonics and unbalanced
loads.

Sliding mode controllers, though robust, introduce
chattering effects that degrade system stability. Kalman
filter techniques are computationally intensive and sensi-
tive to modelling inaccuracies, while wavelet-transform
and DFT methods struggle with real-time adaptability,
limiting their ability to address sudden grid fluctuations
and DC offsets. To overcome these limitations, adaptive
control algorithms have been developed, including ADA-
LINE (ADAptive LInear NEuron) [9], Recursive Least
Square (RLS) [10], Least Mean Square (LMS) [11], Least
Mean Fourth (LMF) [12], Improved Linear Sinusoidal
Tracer (ILST) [13], Variable Step Size Least Mean Square
(VSSLMS) [14], and Adaptive Notch Filter (ANF) [15].
These adaptive controllers provide better tracking and
compensation under varying load conditions. However,
they also possess significant disadvantages. Adaptive
controllers are computationally complex, requiring ex-
tensive tuning and longer processing times, which can
hinder real-time performance.

Additionally, they often fail to eliminate the effects
of DC offsets in grid voltages, grid harmonics, and
unbalanced grid conditions, which are critical for en-
suring stable power quality. To address the shortcom-
ings of adaptive controllers, generalized integrator-based
control algorithms such as second-Order Generalized
Integrator (SOGI) [16], Improved SOGI (ISOGI) [17],
Mixed Second and Third OGI (MSTOGI) [18], Cascaded
SOGI (CSOGI) [19], Second-Order SOGI (SOSOGI) [20],
Cascaded Non- Identical SOGI (CNISOGI) [21], Fifth
OGI (FOGI) [22] and Sixth OGI (SiOGI) [23] have been
introduced. These methods enhance harmonic extraction
and improve dynamic response. Despite their advan-
tages, generalized integrator controllers are complex
to implement and require careful design to prevent
stability issues, particularly under rapidly fluctuating
grid conditions. Conventional controllers, while easy
to implement, lack the capability to operate effectively
under unhealthy grid voltage conditions and exhibit slow
response times. In contrast, adaptive and generalized in-
tegrator controllers, though more effective, are complex
and challenging to deploy in practical applications.

To overcome these limitations, this research intro-

duces an improved IRPT (IIRPT) control scheme that
incorporates positive and negative sequence component
extraction. The proposed IIRPT first calculates the
positive sequence component from unhealthy grid volt-
ages, addressing power quality issues introduced by grid
disturbances. Simultaneously, it calculates the negative
sequence component from load currents, compensating
for harmonic distortions. By integrating these two
blocks into the conventional IRPT framework, the system
achieves faster response times and enhanced capability to
manage unhealthy grid conditions, ensuring robust and
reliable grid-connected solar PV performance.

The paper is structured as follows. Section I provides
an introduction to the research topic. Section II describes
the modelling of the grid-connected solar photovoltaic
(PV) system. Section III discusses the conventional con-
trol scheme, while Section IV details the proposed control
approach. Section V presents the simulation results
and corresponding analyses, followed by a comparative
evaluation of the proposed method in Section VI. Finally,
Section VII concludes the paper by summarizing the key
findings and highlighting potential directions for future
work.

2. MODEL DESCRIPTION OF THE
GRID-CONNECTED SOLAR PV SYSTEM

Figure 1 shows the proposed system model. The
proposed systemmodel addresses power quality issues in
a grid-connected solar photovoltaic (PV) system through
an advanced integration of power electronics and control
strategies. The system connects a three-phase grid to
the solar PV array via a Voltage Source Inverter (VSI)
and a DC-DC boost converter. To ensure maximum
power extraction from the solar PV, Maximum Power
Point Tracking (MPPT) is implemented using the Perturb
and Observe (P&O) algorithm. The MPPT algorithm
generates a control signal for the DC-DC boost converter
to achieve impedance matching, ensuring that maximum
power is delivered to the load, with any surplus directed
to the grid. The output of the DC-DC converter is
connected to the VSI, which functions as a shunt active
power filter. A Proportional-Integral (PI) controller is
employed to maintain a constant voltage across the
DC link capacitor, ensuring stable operation of the
VSI. Interfacing inductors are incorporated between the
solar PV and the grid to minimize current ripple. The
system also addresses harmonic distortions generated
by a nonlinear and unbalanced load through the use
of an IIRPT-based controller. This controller generates
a compensation signal, which is processed by a hys-
teresis controller to produce anti-harmonic currents for
effective mitigation. Furthermore, the proposed model
accommodates an unhealthy grid with line impedance,
enhancing its applicability to practical scenarios. This
integrated approach effectively mitigates power quality
issues, ensuring efficient and reliable operation of the
grid-connected solar PV system. All the simulation
parameter values utilized in this study are presented in
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Fig. 1: Proposed system mode.

Table 1: Design parameters of PV cell, boost converter, DC
link capacitor, interfacing inductor, PI controller gain.

Specification Silmulation Value
PV Power 33.5 kW
Irradiation (𝐺) 1,000 W/m2

Open circuit voltage (𝑉𝑜𝑐) 36.6 V
Short circuit current (𝐼𝑠𝑐) 7.97 A
Maximum power point
voltage (𝑉𝑚𝑝)

29.3 V

Maximum power point
current (𝐼𝑚𝑝)

7.47 A

Series panels 17
Parallel panels 9
Line inductance (𝐿) 4.5 mH
Three phase grid voltage (𝑉𝑔) 415 V
Supply frequency (𝑓 ) 50 Hz
DC link voltage (𝑉𝑑𝑐) 700 V
Interfacing inductor (𝐿𝑓 ) 3 mH
DC link capacitor (𝐶𝑑𝑐) 4,500 𝜇F
Line impedance (𝑍1)

𝑅 = 0.01Ω
𝐿 = 0.72 mH

Proportional gain (𝐾𝑃 ) 2
Integral gain (𝐾𝐼 ) 0.1

Table 1.

3. CONVENTIONAL IRPT

Figure 2 represent the block diagram of the Instan-
taneous Reactive Power Theory (IRPT) based controller,
also known as the p–q theory, is a powerful and widely
used control algorithm for mitigating power quality
issues in grid-connected solar photovoltaic (PV) systems.
This algorithm is based on the instantaneous analysis

Fig. 2: Conventional instantaneous reactive power con-
troller.

of three-phase currents and voltages in the stationary
𝛼𝛽 coordinate system, obtained through Clarke trans-
formation. The IRPT decomposes the load currents
into instantaneous active (𝑷 ) and reactive (𝑸) power
components, enabling the identification and extraction
of unwanted components such as harmonics, unbalanced
currents, and reactive power in real time. The reference
compensating currents are derived by eliminating the
oscillatory and reactive parts of the instantaneous power,
leaving only the fundamental active power component
that should be supplied by the grid. These reference
currents are then converted back to the three-phase
system and tracked by the inverter using a current
control strategy, typically implemented with hysteresis
or PWM-based modulation techniques. By dynamically
injecting these compensating currents into the grid,
the IRPT-based control algorithm effectively suppresses
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harmonics, balances unbalanced loads, and provides
reactive power support, thereby enhancing the overall
power quality, improving voltage stability, and ensuring
efficient integration of solar PV systems with the utility
grid. However, the conventional IRPT-based controller
is unable to effectively handle unhealthy grid voltage
conditions, such as DC offsets, harmonics, and unbal-
anced grid voltages. To enhance its adaptability and
overcome these limitations, improvements are required
in the control strategy. In this research, an Improved
IRPT (IIRPT)-based controller is proposed, where, instead
of directly utilizing the (𝛼𝛽) components of the grid
voltage, the positive-sequence component of the grid
voltage is employed. Similarly, in place of the (𝛼𝛽)
components of the load current, the negative-sequence
component of the load current is used. This modification
enhances the capability of the controller, enabling it to
effectively address unhealthy grid voltage conditions and
thereby improving overall system performance.

4. PROPOSED CONTROL ALGORITHM
The proposed controller algorithm is systematically

organized into three subsections to ensure a compre-
hensive approach to achieving effective control. The
first subsection details the methodology for calculating
the positive and negative sequence components of the
grid voltage and load current, which are crucial for
accurately capturing the asymmetries and imbalances
in the system. Building on this, the second subsection
elaborates on the generation of the reference signal using
these extracted sequence components, ensuring that the
control objectives align with the desired operational con-
ditions. Finally, the third subsection outlines the process
of generating the firing signals through a hysteresis
controller, which provides precise switching actions to
achieve robust and stable performance. Together, these
subsections integrate seamlessly to form a cohesive and
efficient controller design.

4.1 Extraction of positive and negative sequence
component stage

In electrical engineering, the positive and negative
sequence components are critical for analysing three-
phase systems under various unhealthy conditions. The
positive sequence component represents a balanced set
of three-phase phasors rotating in the same direction
as the original system, whereas the negative sequence
component represents a set of phasors rotating in the
opposite direction. These phasors may exhibit balanced
or unbalanced magnitudes and phase differences. In
this study, the positive sequence component of an
unhealthy three-phase grid voltage is determined using
symmetrical component theory, providing a balanced
representation of the grid voltage. Meanwhile, the
negative sequence component is derived from the three-
phase nonlinear and unbalanced load current using the
same theory. The negative sequence component of the
load current highlights system unbalances, which can

lead to harmonics, overheating, or equipment damage.
The positive sequence voltage (𝑉1) is calculated from the
grid voltages (𝑉𝑔𝑎, 𝑉𝑔𝑏, 𝑉𝑔𝑐) using the following equation.

⎧⎪
⎨
⎪⎩

𝑉𝑎1 = 1
3 (𝑉𝑔𝑎 + 𝜆𝑉𝑔𝑏 + 𝜆2𝑉𝑔𝑐)
𝑉𝑏1 = 𝜆2 (𝑉𝑎1)
𝑉𝑐1 = 𝜆(𝑉𝑎1)

(1)

and the negative sequence current (𝐼2) is computed
from the load currents (𝐼𝐿𝑎, 𝐼𝐿𝑏, 𝐼𝐿𝑐) using following
equations.

⎧⎪
⎨
⎪⎩

𝐼𝑎2 = 1
3 (𝐼𝐿𝑎 + 𝜆2𝐼𝐿𝑏 + 𝜆𝐼𝐿𝑐)

𝐼𝑏2 = 𝜆2 (𝐼𝑎2)
𝐼𝑐2 = 𝜆(𝐼𝑎2)

(2)

where (𝑒𝑗2𝜋/3) denotes the 120∘ phase shift operator.
This approach is fundamental for the precise analysis,
mitigation of system imbalances, and effective control of
three-phase systems in modern power grids.

4.2 Improved instantaneous reactive power theory
Figure 3 shows the modified Instantaneous Reactive

Power Technique is a modified form of Instantaneous
Reactive Power Theory. The modified Instantaneous
Reactive Power Technique uses the positive sequence
component of grid voltage and the negative sequence
component of load current to obtain the reference volt-
age. Firstly, the value of positive sequence component
𝑉𝑎1, 𝑉𝑏1, 𝑉𝑐1 of 𝑉𝑔𝑎𝑏𝑐 which is grid voltage is obtained,
and the value of negative sequence component 𝐼𝑎2, 𝐼𝑏2,
𝐼𝑐2 of load current 𝐼𝐿𝑎𝑏𝑐 is obtained. After that, with
the help of Clark’s transformation of positive sequence
voltage and negative sequence current, the value of 𝛼𝛽
component has been obtained through the following
equation.

[
𝑉𝛼1
𝑉𝛽1 ] = √2/3

[
1 −1/√2 −1/√2
0 √3/2 −√3/2 ]

⎡⎢⎢⎣

𝑉𝑎1
𝑉𝑏1
𝑉𝑐1

⎤⎥⎥⎦
(3)

[
𝐼𝛼2
𝐼𝛽2 ] = √2/3

[
1 −1/√2 −1/√2
0 √3/2 −√3/2 ]

⎡⎢⎢⎣

𝐼𝑎2
𝐼𝑏2
𝐼𝑐2

⎤⎥⎥⎦
(4)

where 𝑉𝑎1, 𝑉𝑏1, 𝑉𝑐1 represents the positive sequence
component of the grid voltage and 𝐼𝑎2, 𝐼𝑏2, 𝐼𝑐2 represents
the negative sequence component of the load current 𝑉𝛼1,
𝑉𝛽1 represent the positive sequence voltage of 𝛼𝛽 and
𝐼𝛼2, 𝐼𝛽2 represent the negative sequence current of 𝛼𝛽
current.

After that with the help of 𝑉𝛼1, 𝑉𝛽1, 𝐼𝛼2 and 𝐼𝛽2 the
value of active and reactive power can be determined
with the help of the following equations.

[
𝑃
𝑄 ] = [

𝐼𝛼2 𝐼𝛽2
−𝐼𝛽2 𝐼𝛼2 ] [

𝑉𝛼1
𝑉𝛽1 ] (5)
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Fig. 3: Positive and negative sequence component based IIRPT controller.

After calculating the active and reactive power, the
AC component of the active power and the full reactive
power are utilized to generate the (𝛼𝛽) components of the
compensation current. The active power contains both
AC and DC components. To extract the AC component,
the DC component of the active power is first subtracted
from the total active power. The DC active power is
obtained using a low-pass filter (LPF). After determining
the AC component, the power loss component (𝑃𝑙𝑜𝑠𝑠)
is added, and the photovoltaic (PV) output power is
subtracted. The addition of (𝑃𝑙𝑜𝑠𝑠) accounts for the
switching losses of the voltage source inverter (VSI),
which also generates harmonics, necessitating harmonics
compensation in the current. The subtraction of PV-
generated power ensures the proper balance of power
flow between the grid and the load. This balance
maintains a steady power supply from the grid to the load
when solar irradiance is 0 𝑊 /𝑚2 and ensures the residual
power flows back to the grid when solar irradiance is
1000 𝑊 /𝑚2. The AC active power is calculated using the
equation provided below.

𝑃𝑎𝑐 = 𝑃 − 𝑃𝑑𝑐 + 𝑃𝑙𝑜𝑠𝑠 − 𝑃𝑃 𝑉 (6)

The value of 𝛼𝛽 reference voltage can be determined
with the help of the following equations.

[
𝐼𝑐𝛼
𝐼𝑐𝛽 ] = 1

𝑉 2
𝛼1 + 𝑉 2

𝛽1
[

𝑉𝛼1 −𝑉 𝛽1
𝑉𝛽1 𝑉𝛼1 ] [

𝑃𝑎𝑐
−𝑄 ] (7)

With the help of inverse Clark transformation to 𝛼𝛽
reference voltage, the value of 𝑎𝑏𝑐 reference voltage can

be determined with the help of the following equations.

⎡⎢⎢⎣

𝐼𝑐𝑎
𝐼𝑐𝑏
𝐼𝑐𝑐

⎤⎥⎥⎦
= √2/3

⎡
⎢
⎢
⎣

1 1
−1/2 √3/2
−1/2 −√3/2

⎤
⎥
⎥
⎦

[
𝐼𝑐𝛼
𝐼𝑐𝛽 ] (8)

The switching signal for the voltage source inverter is
generated using the hysteresis voltage controller.

4.3 Calculation of firing signal for the VSI
After calculating the reference signal, a hysteresis

controller is employed to generate the firing signals
for the Voltage Source Inverter (VSI). The hysteresis
controller operates by comparing the generated reference
signal with the grid current, both of which serve as its
inputs. This comparison determines whether the VSI
should switch its state to produce the required anti-
harmonic current. The controller maintains the output
current within a predefined hysteresis band around
the reference signal. Whenever the current deviates
beyond the upper or lower bounds of this band, the
hysteresis controller adjusts the VSI switching state
accordingly, ensuring accurate tracking of the reference
signal. This dynamic switching effectively minimizes
harmonic distortions and enhances the overall power
quality.

5. RESULTS AND DISCUSSION
5.1 Simulation results under various grid voltage

condition with solar irradiance 1000 𝑊 /𝑚2

Figures 4, 5, 6, and 7 present the simulation results
under various grid voltage scenarios with both nonlinear
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Fig. 4: Simulation under healthy grid voltage with non-
linear and unbalanced load condition at a solar irradiance
of 1000 𝑊 /𝑚2.

and unbalanced load conditions, considering a constant
solar irradiance of 1000 W/m². Under these conditions,
power flows from the solar PV system to the load,
with any excess power being supplied to the grid.
Specifically, Figure 4 depicts the simulation results under
a healthy grid voltage condition, Figure 5 illustrates
the scenario with a DC offset in the grid voltage,
Figure 6 represents the grid voltage with harmonics,
and Figure 7 demonstrates the unbalanced grid voltage
condition. Each of these simulations includes seven
distinct waveforms: three-phase grid voltage, solar PV-
generated current, three-phase load current, three-phase
grid current, voltage source inverter output current,
compensation current, and DC link voltage. In all cases,
a non-linear load is connected for half of the simulation
time, while an unbalanced load is connected for the
remaining half. In Figure 5 a DC voltage source is used
to introduce the DC offset component, while, in Figure
6, a three-phase programmable voltage source block in
MATLAB Simulink is utilized to introduce harmonics.
Similarly, in Figure 7, an unbalanced grid voltage is
generated using a three-phase voltage source in which
the phase magnitudes are varied. Prior to the application
of the controller, the grid current is significantly distorted
and non-sinusoidal; however, after implementing the
controller, the grid current is effectively regulated to a
purely sinusoidal waveform. The FFT analysis of the
grid current, as shown in Table 2, confirms that the
total harmonic distortion (THD) is reduced to below 5%,
demonstrating the effectiveness of the proposed control
strategy in improving power quality in grid-tied solar PV
systems.

5.2 Simulation results under various grid voltage
scenario with solar irradiance 0 𝑊 /𝑚2

Figures 8, 9, 11, and 12 illustrate the simulation results
under various grid voltage conditions, considering a
nonlinear and unbalanced load with solar irradiance at

Fig. 5: imulation under grid voltage with DC offset, non-
linear and unbalanced load condition at a solar irradiance
of 1000 𝑊 /𝑚2.

Fig. 6: Simulation under grid voltage with harmonics, non-
linear and unbalanced load condition at a solar irradiance
of 1000 𝑊 /𝑚2.

0 W/m². This scenario implies that the solar PV system
does not generate electricity and, as a result, the power
flows entirely from the grid to the load. Specifically,
Figure 8 represents the simulation results under a healthy
grid voltage condition, while Figure 9 shows the scenario
where the grid voltage contains a DC offset. Figure 10
presents the case of harmonic grid voltage, and Figure
11 illustrates the simulation results under an unbalanced
grid voltage condition. Each of these figures contains
six waveform representations, which include the three-
phase grid voltage, three-phase load current, three-
phase grid current, three-phase voltage source inverter
(VSI) output current, compensation current, and DC-link
voltage. The analysis of these simulation results reveals
that before the implementation of the controller, the grid
current is not completely sinusoidal and contains signif-
icant harmonic distortions. However, after applying the
controller, the grid current becomes nearly sinusoidal, as
confirmed by the Fast Fourier Transform (FFT) analysis
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Fig. 7: Simulation under unbalanced grid voltage con-
ditions with nonlinear and unbalanced loads at a solar
irradiance of 1000 𝑊 /𝑚2.

Fig. 8: Simulation under healthy grid voltage with non-
linear and unbalanced load condition at a solar irradiance
of 0 𝑊 /𝑚2.

shown in Table 2. The FFT analysis demonstrates that
under all the considered grid voltage scenarios and
different load conditions, the Total Harmonic Distortion
(THD) in the grid current remains below 5%, ensuring
compliance with standard power quality requirements.
These results highlight the effectiveness of the controller
inmitigating harmonics and improving the overall power
quality, even under adverse grid conditions and complex
load scenarios.

5.3 Simulation result under sag and swell condition
Voltage sag and swell are common power quality

disturbances that occur due to sudden changes in load,
faults in the power system, or switching operations.
Figure 12 illustrates the simulation results under sag
and swell conditions, considering a solar irradiance of
1000 W/m². The figure comprises nine waveforms,
including three-phase grid voltage with sag and swell,

Fig. 9: Simulation under grid voltage with DC offset, non-
linear and unbalanced load condition at a solar irradiance
of 0 𝑊 /𝑚2.

Fig. 10: Simulation under grid voltage with harmonics,
non-linear and unbalanced load condition at a solar
irradiance of 0 𝑊 /𝑚2

Fig. 11: Simulation under unbalanced grid voltage con-
ditions with nonlinear and unbalanced loads at a solar
irradiance of 0 𝑊 /𝑚2.

positive sequence grid current, positive sequence alpha-
beta components of the grid current, three-phase load
current, negative sequence components of the load
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Table 2: Comparative THD analysis before and after applying the controller.

Operating
condition

% THD
before controller

application

% THD
after controller
application with

solar PV

% THD
after controller

application without
solar PV

Normal grid voltage
with nonlinear load 28.33 % 0.96 % 3.37 %

Grid voltage with DC offset
and nonlinear load 28.46 % 0.93 % 3.22 %

Grid voltage
with harmonics
and nonlinear load

38.16 % 1.66 % 3.22 %

Unbalanced grid
voltage with
nonlinear load

25.85 % 0.70 % 4.07 %

Normal grid voltage with
unbalanced load - 0.74 % 3.80 %

Grid voltage
with DC offset and
unbalanced load

- 0.79 % 3.80 %

Grid voltage
with harmonics
and unbalanced load

25 % 1.41 % 3.54 %

Unbalanced grid voltage
with unbalanced load - 0.65 % 4.65 %

Sag with nonlinear load 28.33 % 1.45 % -
Swell with nonlinear load 28.33 % 1.89 % -

Fig. 12: Simulation result under sag and swell condition.

current, alpha-beta components of the load current, VSI
output current, three-phase grid current, and DC link
voltage. The simulation was conducted using MATLAB
software, where a three-phase programmable source
block was employed to generate the sag and swell
conditions. The analysis considers a nonlinear load,
with the sag condition occurring between 0.15 and 0.25
seconds and the swell condition occurring between 0.35
and 0.45 seconds. During the sag condition, the grid
voltage decreases, leading to a reduction in the demand

for load current. Consequently, the power generated by
the solar PV system is distributed such that less power
is supplied to the load, while a greater portion is fed
back into the grid, as observed in the eighth waveform
of the simulation results. Conversely, during the swell
condition, the grid voltage increases, reducing the load
current demand. As a result, less power is transferred to
the grid, which is also evident in the eighth waveform
of the figure. These findings demonstrate the impact of
voltage variations on power distribution and highlight
the role of solar PV in maintaining system stability under
fluctuating grid conditions. Also, the grid current is
compositely sinusoidal whose FFT analysis done which
is shown in Table 2 which is less than 5%.

5.4 Simulation result under changing solar irradi-
ance condition

Figure 13 presents the simulation results under vary-
ing solar irradiance conditions, illustrating the impact on
power generation and distribution. The figure includes
seven waveforms: solar PV output current, solar PV
generated output voltage, solar power generated, load
power demand, VSI output power, grid power, and three-
phase grid current. As solar irradiance fluctuates, the
corresponding solar PV output current also varies, as
depicted in the first waveform. From 0 to 0.2 seconds,
the solar irradiance decreases; however, the PV system
continues to generate sufficient power, which is first
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Table 3: Comparative analysis of the proposed controller to previously published controller.

Controller IRPT [8] SRF [7] ADALINE [9] LMS [11] Proposed
Controller category Conventional Conventional Adaptive Adaptive Adaptive
Oscillation in the output More More More More Less
Complexity of the controller Less Less More More Less
Extraction of positive
sequence component Not possible Not possible Not possible Not possible Possible

Grid synchronization Poor Good Poor Poor Best
Accuracy Less Less Less Less High
DC link voltage Not stable Less stable Not stable Not stable More stable
PLL Not required Required Not required Not required Not required
DC offset elimination
capability No No No No Yes

Current harmonics
elimination Less Less Less Less High

Voltage harmonics
elimination No No No No Yes

Lower order harmonics
elimination Less Less Less Less High

Higher harmonics
elimination Less Less Less Less High

Voltage unbalancing
elimination No No No No Yes

Current unbalancing
elimination Less Less Less Less High

Performance of under
sag condition Less Less Less Less High

Performance of under
swell condition Less Less Less Less High

Performance under
changing solar irradiance Bad Normal Bad Bad High

Power factor Low Low Low Low High
Sampling time for simulation 5 𝜇s 5 𝜇s 5 𝜇s 5 𝜇s 5 𝜇s

Fig. 13: Simulation result under changing solar irradiance
condition.

supplied to the load and then to the grid, indicated by the
negative power in the sixth waveform. Between 0.2 and
0.4 seconds, solar irradiance remains constant at a very

low level of approximately 20𝑊 /𝑚2, resulting inminimal
or no power generation from the PV system. Under this
condition, the grid supplies power to the load, as shown
by the positive power in the sixth waveform. From 0.4
to 0.6 seconds, solar irradiance increases again, leading
to a rise in solar PV power generation. Consequently,
grid power becomes negative once more, indicating that
excess power from the PV system is being fed into the
grid. Throughout these variations, the three-phase grid
current remains purely sinusoidal, demonstrating the
effectiveness of the controller in maintaining stable and
efficient power flow under dynamic operating conditions.

5.5 Power factor under various grid voltage sce-
nario with non-linear load condition

In grid-connected solar PV systems, low power factor
can result from various factors, including the presence
of harmonics, voltage imbalances, and DC offsets in the
grid voltage, as well as the impact of nonlinear loads.
These factors introduce distortions in the current wave-
form, leading to reduced power factor and inefficient
power transfer. Figure 14 illustrates the power factor



10 ECTI TRANSACTIONS ON ELECTRICAL ENGINEERING, ELECTRONICS, AND COMMUNICATIONS VOL.24, NO.1 FEBRUARY 2026

Fig. 14: Power factor under various grid voltage scenario
with non-linear load condition.

under different grid voltage scenarios with nonlinear
load conditions. The simulation results present four
distinct waveforms: power factor under healthy grid
voltage conditions, power factor under grid harmonics
conditions, power factor under grid voltage with DC
offset conditions, and power factor under unbalanced
grid voltage conditions. It is evident from the results
that, prior to implementing the proposed controller,
these grid disturbances significantly affect the power
factor. However, after applying the proposed controller,
the power factor under all grid voltage conditions is
approximately unity. This demonstrates the effectiveness
of the proposed controller in mitigating the adverse
effects of grid disturbances and maintaining a unity
power factor, thereby improving the overall power
quality and efficiency of the system.

5.6 FFT analysis

Table 2 presents the FFT analysis of the grid current
under various grid voltage and load conditions, both
before and after applying the proposed controller. It
is observed that before applying the controller, the
Total Harmonic Distortion (THD) in the grid current
exceeds 5%, whereas after the implementation of the
controller, the THD is effectively reduced to below 5%
for both cases—with and without solar PV integration.
This significant reduction in THD demonstrates the
effectiveness of the proposed controller in improving the
power quality of the system. Hence, from Table 2, it can
be concluded that the proposed controller successfully
mitigates various power quality issues under different
grid voltage and load conditions.

6. COMPARATIVE ANALYSIS OF THE PROPOSED
CONTROLLER TO PREVIOUSLY PUBLISHED
CONTROLLER

A detailed comparative evaluation of the proposed
adaptive controller against various previously reported

conventional and adaptive control techniques is pre-
sented in Table 3. The comparison considers several
key performance parameters, including control com-
plexity, grid synchronization capability, accuracy, DC-
link voltage stability, harmonic elimination, and perfor-
mance under abnormal grid and solar conditions. The
proposed adaptive controller exhibits superior dynamic
performance with significantly reduced oscillations in
the output, enhanced accuracy, and improved DC-link
voltage stability compared to earlier controllers. Unlike
other methods, it can extract the positive sequence com-
ponent and effectively eliminate DC offset, voltage and
current harmonics, as well as lower- and higher-order
harmonic distortions. Furthermore, it demonstrates
excellent performance under grid voltage unbalance,
voltage sag and swell, and varying solar irradiance
conditions, while maintaining a high-power factor. In
contrast, conventional controllers suffer from higher os-
cillations, poor harmonic compensation, and instability
under dynamic grid and load conditions. Earlier adaptive
controllers show moderate improvements but still lack
effective DC offset removal and harmonic mitigation
capabilities. The proposed controller, while maintaining
low implementation complexity and similar sampling
time (5 𝜇𝑠), achieves best-in-class performance in all
critical evaluation metrics, validating its robustness and
effectiveness for grid-tied PV systems under diverse
operating scenarios.

7. CONCLUSION

This research presents a modified control scheme for
grid-connected inverters that enhances the integration
of renewable energy sources by effectively addressing
challenges posed by unhealthy voltage and current
conditions. The proposed improved instantaneous re-
active power theory (IIRPT) utilizes positive sequence
components from grid voltages and negative sequence
elements from load currents to regulate the grid-tied
converter. By incorporating a proportional-integral
(PI) controller, the scheme effectively manages the DC
bus voltage under various grid disturbances and load
conditions. The performance of the proposed method
is thoroughly evaluated in Matlab/Simulink across mul-
tiple operating scenarios, including steady-state, DC
offset, grid harmonics, unbalanced grid voltages, and
nonlinear and unbalanced loads, both with and without
solar PV integration. The results confirm significant
improvements in power factor and reactive power com-
pensation, demonstrating the controller’s capability to
maintain grid stability under varying irradiance levels.
Additionally, comparative analysis with existing studies
highlights the superiority of the proposed scheme, while
the FFT analysis of the grid current verifies that the
total harmonic distortion (THD) remainswithin IEEE-519
standards. These findings validate the robustness and
reliability of the proposed control approach, making it a
viable solution for enhancing the performance and power
quality of grid-connected renewable energy systems.
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