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Abstract: This paper presents a variable step-size efficient learning modified P&O (LMPO)
MPPT algorithm and adaptive proportional–integral (API)-based control techniques for a
two-stage three-phase grid-integrated photovoltaic (TS-GIPV) system using an LCL filter.
The proposed novel controlled technique introduces two-stage systems under different
meteorological conditions and load deviations. The two-stage system with the presented
control technique includes maximum power point tracking (MPPT) techniques, interme-
diate DC-link voltage, and grid current synchronization with a voltage source converter
(VSC), respectively. This technique is implemented to improve the extract MPP of the solar
PV generator system. An innovative grid-side VSC control technique addresses DC link
regulation. Furthermore, this method regulates DC link voltage with an outer voltage loop
and an inner current loop controller. Distinctively, the proposed technique regulates the
inner loop while avoiding the outer loop. A control mechanism uses an API controller
to regulate DC link voltage, distribute power, and synchronize grid current in the face of
different scenarios. The fluctuating voltage of the DC link will be kept stable through power
balancing. Hence, this technique improves the system stability, dynamic response, and
component longevity by effectively reducing oscillations in the fluctuating DC link voltage
at twice the grid frequency. The total harmonic distortion (THD%) of the grid currents of
the PV power generated in the grid is maintained within the recommended limits. The
proposed technique is simulated and verified through MATLAB/Simulink 2019b under
different scenarios.

Keywords: grid-integrated PV system; boost converter; VCS; MPPT technique; LCL filter; PLL

1. Introduction
In recent years, the escalating demand for electricity worldwide, both domestically and

industrially, has posed significant challenges for many countries. Among these challenges,
the quest for sustainable energy alternatives stands out as paramount [1]. Renewable energy
sources (RESs) are the best existing reasonable option for meeting electricity demands.
This is why environmental groups have been supporting renewable energy sources. The
various types of RES include power generators such as solar power, wind power, fuel cells,
energy storage, biogas, geothermal, microturbines, etc., respectively. However, the concept
of solar energy will be one of the most important energy sources in the future. Recently,
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large-scale implementation in power electronic equipment by research and development
organizations has made wind power and solar generation more viable for domestic and
industrial applications around the world. This has enhanced the performance of grid-
integrated photovoltaic systems through innovative material and design strategies, as
presented in [2]. This RES has advantageous features like cleanliness, availability, reliability,
and eco-friendliness, as addressed in [3]. The rising popularity and expansion of renewable
energy have driven research and development across diverse fields and directions. Grid-
integrated photovoltaic systems have experienced a significant increase in popularity in
recent years.

These devices are responsible for transferring the generated energy into the grid and
tracking the MPP of solar PV generators. Researchers focus on extracting MPP via the MPPT
technique of solar PV systems to increase the maximum power conversion efficiency. However,
electricity generation and distribution based on RES systems have displayed a continuous
increase with a growth rate of 75% over the past three decades [4]. The solar PV industry has
attracted the attention of numerous researchers as an alternative form of renewable energy
generation in recent years [5]. Recently, photovoltaic system topologies, such as stand-alone,
grid-connected, and hybrid modes of operation, have been used to meet electricity demands
in the public sector [6–8]. In these configurations, standalone and hybrid systems are large
and often used in rural and remote areas. Therefore, a GIPV system without battery storage is
always preferred in terms of grid access. Ongoing research efforts worldwide are dedicated
to advancing MPPT techniques for solar PV array systems. In this research, a comparative
study is conducted to address the shortcomings of existing MPPT techniques used in a
two-stage three-phase grid-integrated photovoltaic system with a VSI converter connected
to the main grid using LCL filters. The traditional perturb and observe (PO) method is the
most widely used due to its simplicity, powerful performance, and low-cost implementation
with a microprocessor. However, this method has three main disadvantages: large oscillations,
a slow tracking response, low efficiency, and step size dependence, making it unsuitable
for rapid climate changes [9,10]. Attempts to overcome these limitations by improving or
modifying the existing PO MPPT technique have been discussed in [11–13], which increases
complexity. There are two main configurations for connecting PV and grid systems: single-
stage and two-stage configurations, as discussed in [14]. The single-stage configuration of
GIPV systems includes components such as a photovoltaic array, DC link capacitor, grid-
side converter (GSC), inverter-side filter, and grid, which reduce the weight and size of the
framework [15]. On the other hand, the two-stage system configuration depends on the power
output level of the TS-GIPV system and includes components such as a PV array, input filter,
optional boost converter, DC-link capacitor, grid-side converter, output filter, low-frequency
transformer, and main grid [16]. In the two-stage system, the complexity increases because
the GSC handles various tasks such as MPPT, DC voltage regulation, current management,
and grid synchronization. To reduce this complexity, a DC-DC boost converter is employed
in the two-stage system. The use of an intermediate boost converter between the PV source
and the DC/AC converter makes frequency regulation more challenging when the DC-link
capacitor voltage of the boost converter is detached from the generated voltage of the PV
array, as addressed in [13–15]. Reference [16] presents an intermediate converter that raises the
input-side voltage, reducing the number of photovoltaic panels in a two-stage GIPV system.
Mathematical modeling of the two-stage GIPV system is implemented, and its performance is
improved using an MPPT controller, DC link voltage controller, and DC/AC converter with
true and reactive power-controlling strategies and suitable duty cycles [17]. This framework
is categorized into three main steps: renewable energy sources, power conditioning, and the
utility grid. Additionally, the boost converter with MPPT techniques extracts the maximum
power from the PV module.
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The performance analysis of the proposed control technique is compared with traditional
control techniques. Table 1 highlights the superior performance of the PI-based P&O MPPT
compared to other MPPT techniques. As a result, the proposed novel variable step size
PI-based LMPO MPPT is implemented on a 2.56 kW PV module connected to the main grid.
This technique also enhances the system operation under realistic variations in meteorological
conditions and sudden load deviations. Moreover, the proposed MPPT technique improves
the tracking dynamic efficiency of the framework from 99.55% to 99.96%. The main outcomes
and contributions of this research work can be summarized as follows:

• The proposed new LMPO MPPT technique is based on the solar PV generating source
model. This technique develops a new formulation for quickly tracking the MPP’s
location. Furthermore, the performance analysis of a two-stage three-phase GIPV
system and the development of a new variable step-size efficient LMPO MPPT tech-
nique while considering the effect of the LCL filter and intermittency of the solar PV
generation system are discussed.

• A new adaptive DC link controller is presented as a solution to the DC offset issues
from the dynamic fluctuations in solar PV generating power. The recommended
controller is considered to be a useful remedy for the poor behavior of traditional PI
controllers. Furthermore, it improves the transient of the injected grid currents.

• The computational response time of the proposed technique is compared with con-
ventional P&O- [9] and MPO [12]-based controllers, which found that the proposed
technique has the least oscillations, higher efficiency, maximum power extraction, and
faster tracking response.

• The recommended limitations of IEEE are met by grid currents. The suggested strategy
reduces the total harmonic distortion (THD) for the grid and load currents by 1.26%,
according to a statistical analysis of the existing and proposed methodologies.

• The validation of the proposed control techniques is simulated in MATLAB/SIMULINK,
and the environment results are presented.

Table 1. System parameters of solar PV module and array [Kyocera-solar KD320GX-LPB PV].

Quantity Symbols Value

PV Module data data
Power at MPP Pmpp 321 W
Voltage at MPP Vmpp 40.1 V
Current at MPP impp 7.99 A
Short-circuit current isc 8.6 A
Open-circuit voltage Voc 49.5 V
Power at MPP Pmpp 321 W
Voltage at MPP Vmpp 40.1 V
Current at MPP impp 7.99 A

PV Array
Power at MPP Pmpp 2.56 kW
Voltage at MPP Vmpp 320.8 V
Current at MPP ⟩mpp 2559/320.8 ≈ 7.99 A
Number of series strings Nser 320.8/40.1 = 8
Number of parallel strings Np 1

Overall, these findings underscore the potential of advanced MPPT and control tech-
niques to enhance the efficiency, stability, and reliability of grid-integrated PV systems,
paving the way for a more sustainable and resilient energy future.

The aim of this paper is the systematic configuration of a two-stage three-phase grid-
integrated PV system organized as follows: in Section 2, a brief explanation of the overall
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system configuration and its modeling (such as PV array, PV characteristics, dc-dc boost
converter, TS-GIPV inverter control, and LCL filter) are detailed. In Section 3, the proposed
controller design for the two-stage PV system is presented. In Section 4, the performance
improvement of the proposed control technique is verified through simulated results, and
comparative studies are discussed. Finally, a summary of the overall work, along with the
conclusion and the future scope of research, is given in Section 5.

2. Mathematical Modeling of Proposed Overall System Configuration
The overall system configuration block diagram of the 3-phase two-stage grid-integrated

PV system is shown in Figure 1. The selected 3.2 KVA inverter capacity is larger than the
maximum PV capacity of 2.5 kW and operates at a maximum PF of 0.8. The PV module
consists of eight strings, each used in parallel. However, this system is widely used in the
residential, commercial, and industrial sectors with a rated power of 1–30 kW [18]. In this
paper, the proposed TS-GIPV system configuration, which consists of a PV module, a boost
converter based on MPPT, a DC link capacitor, and a GSC-based SPWM, is connected to
the main grid with an LCL filter, respectively. Further, these components are classified into
two stages. Table 1 illustrates the system parameters of the solar PV module and array
[Kyocera-solar KD320GX-LPB PV], manufactured in North America [19]. In addition, proper
power sharing is achieved by injecting output reactive and active power into the main
grid through a power electronic converter (PEC) while maintaining the DC link voltage
through a boost converter in case of voltage fluctuations. The mathematical modeling of
the proposed LMPO MPPT and adaptive proportional integrated (API) control scheme is
validated through extensive simulations (MATLAB-2019R). The inverter filter parameters
include inductance L f _inv, capacitance C f , and grid-side inductance L f _g, respectively. In
this system, the performance of power quality is improved in a real PV plant through a
robust control mechanism. This mechanism effectively manages unknown disturbances and
maintains fluctuating DC link voltage (Vdc).
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Figure 1. Configuration of proposed two-stage GIPV system with LCL filter: (a) module-1: circuit diagram,
(b) control loop of DC-DC converter with MPPT, and (c) proposed outer/inner control loop structure.

2.1. Mathematical Design of Photovoltaic Cell

A single-diode circuit module of a solar PV cell is illustrated in Figure 2. The pho-
tovoltaic cell performance and characteristics to track the maximum power in extensive
simulation studies under erratic climatic conditions have been presented.
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The mathematical expression of the solar PV cell output current (ipv) is as follows. By
using KCL,

ipv = iph − (i d + ish

)
(1)

where ipv is the PV current, iph is the photocurrent, id is the diode current, and ish is the
shunt-resistant current. The diode current id in the solar PV cell can be expressed by
Equation (2):

id =

[
exp

q
(
vpv − ipvRs

)
AkT

]
− 1 (2)

where id is the leakage current of the diode, T is the actual cell temperature, q is the
electronic charge, A is the diode quality factor constant, and k is the Boltzmann constant,
respectively. According to Equation (1), the output current ipv generated by the PV cell can
be represented as Equation (3):

ipv = Pph − is

[
exp

(
q
(
vpv −Rsipv

)
AkkT ns

)
− 1

]
−

Vpv +Rsipv

Rsh
(3)

The luminous current iph is linearly dependent on PV irradiance affected by the
standard test conditions of temperature, which can be described by Equation (4):

iph =
[
isc + ki

(
T − Tre f

)]
× G

Ger f
(4)
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where isc is the short-circuit current, ki is the parameter of PV solar cell current, G is the solar
radiation, and T ref is the reference value of temperature. The saturation current changes in
the PV cell temperature can be expressed in Equations (5) and (6):

irs =
isc

exp
(
qVpv/AkT ns

)
− 1

(5)

and

is = irs

(
T
Tre f

)3

exp
qEq

AkT

[
1

Tre f
− 1

T

]
(6)

where irs is the saturation reverse current and Eq is the semiconductor energy band-gap in
meteorological conditions. If pervasively used, PV cells are connected in series and parallel
modes to form the PV array module interpolated to the availability of electricity. Here, the
modified output photovoltaic current is given by Equation (7):

ipv = iph\p − isnp

[
exp

q
(
Vpv −Rsipv

)
AkT ns

− 1

]
− np

vpv +Rsipv

nsRsh
(7)

where np and ns are a series array and parallel PV array, respectively.

2.2. The Effect of P-V and I-V Curve on PV Module at STC

As stated, the general routine of the standard radiation and temperature in research
are 1000 W/m2 and 25 ◦C. The characteristics of the solar PV module are based on the
occupationally available Kyocera solar KD320GX-LPB chosen to be used in the MATLAB
Simulink model and have been presented [20]. The electric parameters of the PV array
are given in detail in Table 1. The P-V and I-V characteristics of the PV module depend
on various meteorological conditions, such as a temperature (T STC = 0 ◦C to 60 ◦C) and
irradiance (G = 400 W/m2 to 1000 W/m2), as shown in Figure 3a,b.
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2.3. Mathematical Design of Boost-Converter Control Strategy

A boost converter is a power electronics device that converts the value of the average
voltage and current from a controlled low input to a high output by changing the duty
cycle “D” at a higher switching, which has been discussed in [21–24]. This converter is
one of the most crucial non-isolated step-up converters and is often used in linearized
photovoltaic systems for tracking the MPP generated by a PV array. In this work, the MPP
is tracked through the LMPO algorithm, which computes the MPPT reference voltage that
is controlled by a PI controller scheme [25]. Figure 1 depicts the overall configuration of
the DC-DC converter interconnected into a PV array. An equivalent circuit diagram of
the power boost converter for both turn-on and turn-off switching mode operations in
continuous conditions is shown in Figure 4. All components used in the proposed system
are ideal since there is no internal resistance in the circuit and no energy is required by the
components of the circuit.
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The mathematical design of the power boost converter under continuous operation can
be calculated by Equation (8). For the state of the turn-on time, the state–space equations are:

L
∂⟩L
∂t

= vcin − ⟩LR1

Cin
∂vCin

∂t
=

1
Req

(
veq − vCin

)
− ⟩L

C0
∂ve0

∂t
= −ve0

R


(8)

where vcin = input capacitor of voltage, ⟩L or ⟩pv = inductor current, and vc = capacitor
voltage. Let the variable states be x1 = ⟩L (⟩pv) and x2 = vc (v0), respectively. We can rewrite
the steady-state–space equations as:[ .

x1
.
x2

]
=

[
0 0
0 − 1

RC

][
x1

x2

]
+

[
1/L
0

]
vpv,

.
x = Ax1 + Bu1 (9)

At the state turn-off time, when s = 0, the explained circuit in the state equations is
obtained as:

L ∂⟩L
∂t = vpv − vc

C ∂vC
∂t = ⟩L − vc

R

}
(10)

In the state–space:[ .
x1
.
x2

]
=

[
0 − 1−D

L
1−D
C − 1

RC

][
x1

x2

]
+

[
1
L 0
0 − 1

C

]
vpv,

.
x = Ax2 + Bu2 (11)
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The matrices of the state–space can be expressed in Equations (9)–(11); [A] = [A1]× D
+ [A2]× (1 − D). The transfer function of the above state–space model is V0(s)/d(s):

V0(s)/∂(s) = C(|sI − A|)−1[(A1 − A2)X + (B1 − B2)vi] + [C1 − C2]x (12)

and

V0(s)/∂(s) =
Vi

[(
1
LC

)
−
(

s
RC(1−D)2

)]
(

s2 + s
RC + (1−D)2

LC

) (13)

where At = state matrix for Ton time, AT = state matrix for Toff period, and Vo is the output
voltage. Afterwords, the switch position will be established by tracking the aforesaid
optimization issues and the control system diagram of the power boost converter, as shown
in Figure 5.
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2.4. Mathematical Modeling of TS-GIPV Inverter

The power equivalent circuit of the three-phase TS-GIPV system consists of six bidi-
rectional switches (s1–6), which convert DC/AC power to connect the main grid through
passive LCL filters (L f _inv, C f and L f _g), as shown in Figure 6. However, the bidirectional
switching device is also known as a power electronics converter (PEC), which is made up
of each power switching device IGBT containing an antiparallel parallel diode. The main
purpose of the three-lag voltage source inverter (VSI) integrated into the utility grid is to
perform a high-quality power load. The selection of the size inverter capacity from 3 to
5 kVA is greater than the maximum PV capacity of 2.56 kW, which operates the maximum
power factor of 0.8 at the capacity of the max PV generation. The structure of the solar PV
inverter is dynamic under the d-axis and q-axis of synchronous rotating-frame transforma-
tion into electrical quantities, as shown in Figure 6. The three-phase electrical parameter
is transformed into two-axis quantities (direct and quadrature) and can be obtained by
Clark’s/Park’s transformation [26–28]. The mathematical explanation of the dynamic
output voltage of the grid-integrated PV inverter is presented by Equation (14) [5,29]:V f _inv

a

V f _inv
b

V f _inv
c

 =
Vdc
3

 2 −1 −1
−1 2 −1
−1 −1 2


 f1

f2

f3

 (14)

where V f _inv
a , V f _inv

b , and V f _inv
c represent the converter side voltages; Vdc is DC link voltage;

and f1, f2, and f3 are the switching signals of the SPWM inverter. Thus, the differential
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equation of the DC/AC converter to grid can be explained in terms of the voltage and
current of an LCL filter, as given by Equations (15)–(17), as follows.

L f _inv
∂

∂t

⟩
f _inv
a

⟩ f _inv
b
⟩ f _inv

c

 =

V f _inv
a

V f _inv
b

V f _inv
c

−

Vc f
a

Vc f
b

Vc f
c

 (15)

C f
∂

∂t

Vc f
a

Vc f
b

Vc f
c

 =

⟩
f _inv
a

⟩ f _inv
b
⟩ f _inv

c

−

⟩
f _g
a

⟩ f _g
b
⟩ f _g

c

 (16)

L f _g
∂

∂t

⟩
f _g
a

⟩ f _g
b
⟩ f _g

c

 =

Vc f
a

Vc f
b

Vc f
c

−

V f _g
a

V f _g
b

V f _g
c

 (17)

where L f _inv-L f _g and C f values are the first–second inductor and capacitor of the LCL filter;

V f _g
a , V f _g

b , and V f _g
c represent the grid side voltages; ⟩ f _g

a , ⟩ f _g
b , and ⟩ f _g

c are grid side flows of

currents; and Vc f
a , Vc f

a , and Vc f
a are the drop voltages across the filter capacitors, respectively.
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Equations (15)–(17) are further transformed into a static d-q reference frame, which is
expressed through true and reactive power that is decoupled, allowing the controller to be
controlled individually. Applying the Park transformation, our system can be expressed by
the means of two mathematical expressions, as given in Equations (18)–(20):

L f _inv
∂

∂t

[
⟩ f _inv

d
⟩ f _inv

q

]
=

[
V f _inv

d
V f _inv

q

]
−
[

Vc f
d

Vc f
q

]
− 3

2
ωaL f _inv

[
−⟩ f _inv

q

⟩ f _inv
d

]
(18)

C f
∂

∂t

[
Vc f

d
Vc f

q

]
=

[
⟩ f _inv

d
⟩ f _inv

q

]
−
[
⟩ f _g

d
⟩ f _g

q

]
− 3

2
ωaC f

[
−Vc f

q

Vc f
d

]
(19)

L f _g
∂

∂t

[
⟩ f _g

d
⟩ f _g

q

]
=

[
Vc f

d
Vc f

q

]
−
[

V f _g
d

V f _g
q

]
− 3

2
ωaL f _g

[
−⟩ f _g

q

⟩ f _g
d

]
(20)

where V f _inv
d −V f _inv

q , V f _g
d −V f _g

q , ⟩ f _inv
d −⟩ f _inv

q , and ⟩ f _g
d −⟩ f _g

q represent the d-q axis com-
ponents of the inverter side voltages, currents, and grid side voltage flows of currents; and
Vc f

a , Vc f
a , and Vc f

a are drop voltages across the filter capacitors, respectively. The instanta-
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neous active and reactive powers sharing rated values with the utility grid are specified in
Equations (21) and (22), respectively.

Active Power, P =
3
2

(
V

fg
d ·⟩ fg

d + V
fg
q ·⟩ fg

q

)
(21)

Reactive Power, Q =
3
2

(
−V f _g

d ·⟩ fg
q + V f _g

q ·⟩ f _g
d

)
(22)

In the d-q reference frame, V f _g
d and ⟩ f _g

d represent d-axis quantities, and V f _g
d and ⟩ f _g

q are
the q-axis quantities of the grid side voltage and current, respectively. To maintain grid
power efficiency [30], V f _g

d is set to be zero for a balanced system. The active and reactive
power, with appropriate assumptions, are as follows:

Grid Active power, Pg =
3
2
·
(

V
fg
d ·⟩ fg

d

)
(23)

Grid Reactive power,Qg =
3
2
·
(
−V f _g

d ·⟩ fg
q

)
(24)

2.5. Steady-State–Space Modeling of LCL Filter

The significant purpose of a passive LCL filter is to convert the voltages from the switch
device into current. This filter is commonly used to interface among the PV inverter and
main grid to reduce the switching harmonics generated for injection into the grid, as shown
in Figure 7. However, the THD level of the currents according to the IEEE 519 standard
2022 edition in a three-phase system is about 5% [30]. The induction of this filter is smaller
than that of the L filter, which reduces harmonics at the switching frequency. Therefore, the
appropriate size of this filter ensures a better-quality grid current. An electrical equivalent
circuit configuration of a passive LCL filter (single-phase system) is depicted in Figure 7.
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Figure 7. Electrical equivalent circuit configuration of LCL filter.

The LCL filter parameters are the inverter and grid side inductances L f _inv and L f _g

(in henry), the capacitance C f (in farad), and series resistances R f , Rg, and Rd (in ohm),
respectively. The selected parameters are based on the state–space mathematical expression,
expressed by the following Equations (25)–(27):

[
v f _inv

abc (t)
]
=
[

L f _inv

]d
[
⟩ f _inv

abc (t)
]

dt
+
[
vC f (t)

]
(25)

[
vabc

C f
(t)
]
=
[

L f _g

] [⟩abc
g (t)

]
dt

+
[
vabc

g (t)
]

(26)[
⟩abc

inv(t)
]
=
[
⟩abc

C f
(t)
]
+
[
⟩abc

g (t)
]

(27)
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here vabc
inv(t)− vabc

g (t) are the three-phase inverter and grid voltages (in volts), ⟩abc
inv(t)− ⟩abc

g (t)
are the inverter and grid currents, and vabc

C f
(t) is the three-phase filter capacitor voltage (in

volts), which will be an actuated variable of the filter, generated through PWM, respectively.
According to Equations (25)–(27), the application of Park transformation into the rotating
d-axis and q-axis reference frame (based on Park/Clarke conversion) results in vdq

inv(t), vdq
Cf
(t),

and ⟩dq
inv(t). These expressions can be represented by Equations (28)–(30), respectively.

[
vdq

inv(t)
]
=
[
vdq

C f
(t)
]
+
[
L f _inv

] 1
L f _invZ f _inv

−ωg

ωg
1

L f _invZ f _inv

×
[
⟩dq

inv(t)
]

(28)

[
vdq

C f
(t)
]
=
[
vdq

g (t)
]
+
[
L f _g

] 1
L f _gZ f _g

−ωg

ωg
1

L f _gZ f _g

×
[
⟩dq

g (t)
]

(29)

[
⟩dq

inv(t)
]
= D

[
⟩dq

g (t)
]
+
[
C f

] 1
C f ZC f

−ωg

ωg
1

C f ZC f

×
[
vdq

C f
(t)
]

(30)

where vdq
inv(t)− vdq

g (t) are three-phase inverter and grid voltages in the stationary d-axis and

q-axis reference frame, ⟩dq
inv(t)− ⟩dq

g (t) are the inverter and grid currents in the d-q reference

frame, and vdq
C f
(t) is the three-phase filter capacitor voltage, respectively. According to

Equations (28)–(30), the transfer functions can be represented by Equations (31) and (32),
expressed as follows [31].

H1(s) =
Ig(s)

Vinv(s)

∣∣∣∣
Vg=0

= −
1 + sC fRd

s3L finv
L fg C f + s2C fRd(L finv

+L fg

)
+ s(L finv

+ L f _g)

(31)

H2(s) =
Ig(s)
Vg(s)

∣∣∣∣
Vinv=0

=
1 + s2L f _invC f 1 + sC fRd

s3L f _invL f _gC f + s2C fRd(L f _inv+L f _g

)
+ s(L f _inv + L f _g)

(32)

where H1(s) and H2(s) are the T.F. of the converter and grid voltage current concerning
the three-phase system, respectively. To design and calculate the LCL filter parameters for
both the converter and grid sides, the inverter-side inductance can be constrained by the
output ripple current. This ripple current is typically limited to around 10% of the nominal
amplitude, as specified in Equation (33). Moreover, the LCL filter data are collected, as
depicted in Table 2.

L f _inv =
Vdc

6 fsw∆⟩L,max
(33)

where ∆iL,max is the highest ripple current at VSI, fsw is the switching frequency of the
system, and vdc is the DC link voltage. The base capacitor Cbase and impedance Zbase of the
filter can be derived by Equations (34) and (35):

Zbase =
V2

g_ab

Pn
(34)

Cbase =
1

ωsZbase
=

1
2π fsZbase

(35)
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where Pn is the rated nominal power (in watts), Cbase is the rated capacitance (in F), Vab
g is

the line rms voltage of the main grid (in volt), and fs is the supply frequency in (Hz). From
Equation (36), the ripple current of 10% of the rated nominal current is:

∆⟩L,max = ripple% × Pn
√

2
3Vph

= 0.1 × ⟩L,max (36)

The design of a grid-side filter inductor (L f _g) is described in Equation (37) as follows.

L f _g = r ×L f _inv (37)

where r is the relation factor ( r ≤ 1) between L f _inv and L f _g.

Table 2. Specification parameters of the TS-GIPV system.

Quantity Symbols Value

Grid parameters data data
System rated power Pmpp 2.5 kW
Grid voltage (RMS) Vg_LL 415 V
Grid frequency fg 50 Hz
Inverter switching frequency fs 12k Hz
Inverter peak current Imax 10.0 A
LCL filter inductance L f , Lg 0.5 mH
LCL filter capacitance Cf 95 µF
DC link voltage vdc 680 V
Grid resistance Rs 2
Grid Inductance Ls 3.0 mH
DC link capacitor Cdc 1250 µF

Boost converter parameters
Boost inductance Lb 5.5 mH
boost capacitor (C in) Cin 120 µF
Converter switching frequency fsw 10 kHz

According to the LCL filter, the damping resistance (Rd) expected to avoid resonance is
acquired concerning the resonant frequency ( f res) (in Hz) and is given in Equations (38) and (39).

Rd =
1

3 ωres C f
(38)

Resonance frequency:

fres =
1

2π

√
L f _inv + L f _g

L f _invL f _gC f
(39)

As described above, a bode plot diagram of the LCL filter of two T.F.s (H1 and H2) with
and without passive damping is depicted in Figure 8. However, the LCL filter achieves a
higher attenuation power than the L and LC filters at higher frequencies, while the L, LC,
and LCL filters are almost equal in the lower-frequency range.
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3. Proposed Control Technique and Its Comparison with Other Techniques
In this section, the proposed system with control approaches consists of MPPT, inter-

mediate DC link voltage regulation, and grid current synchronization, as shown in Figure 1.
Firstly, the new efficient variable step-size LMPO MPPT control technique, designed for
an improved MPP response of the PV array, is tested under four different scenarios. Fur-
thermore, the second-level controller proposes a new VSC control technique related to the
DC link outer voltage loop and inner current loop controller to achieve better regulation
of the DC link voltage compared to the existing control scheme. As mentioned above, the
generated solar photovoltaic power is injected into the main grid with a higher power
quality. A voltage regulation controller based on an adaptive PI (API) controller is devel-
oped to maintain the fluctuating output voltage of the DC link. This ensures proper power
sharing and grid current synchronization at the desired values. The proposed MPPT control
technique eliminates the drawbacks of conventional techniques, such as large oscillations,
slow tracking speed, and low efficiency.

3.1. Conventional MPPT Technique

A flowchart of the conventional PO and modified PO MPPT tracking algorithms is
shown in Figure 9. This is the most popular technique for the industrial sector because it is
simple, low-cost, requires minimal sensors, and operates directly [9]. The simple operation
of the conventional controller changes the PV voltages in a similar direction at ∆P/∆v > 0.
Otherwise, the MPPT control technique inverts the PV voltage efficient variable step size in
the direction of the maximum power point, which is represented in Figure 10a. However,
conventional PO MPPT changes the location of the system operating point by varying
the PV array’s operating voltage by a voltage increment (∆v), which changes the PV
array’s output power by a voltage increment (∆P). The oscillations’ amplitude around
the MPP depends on the variable step size used. A performance analysis of the P&O
and MPO control techniques of MPP with efficient small and large voltage step sizes can
be conducted [10–17]. The conventional MPPTs offer advantages but suffer from several
drawbacks. In the modified PO, the perturbation cycle takes into account the variable step
size rather than the fixed step size as shown in in Figure 10b. The expansive oscillations
around the MPP will cause a loss of productive power if the step size is kept large to
accomplish a fast dynamic response. Therefore, a modified PO technique to overcome
these drawbacks is presented [18]. However, the main issues of this MPPT method include
steady-state oscillations, a large step size, and a slow tracking response at the maximum
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power point. This makes it less suitable for changing climatic conditions when employing
the largest perturbation step size. Therefore, the MPP is quickly achieved but power losses
are caused by increased steady-state oscillations. Although the power loss caused by the
steady-state perturbation can be reduced by a smaller perturbation step, the tracking speed
will be slower.
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Figure 9. Flowcharts of existing MPPT techniques (a) P&O [5,9,14] and (b) existing modified P&O
MPPT [12,15,18].
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step-size LMPO MPPT with solar PV irradiance enhancement.

3.2. Proposed LMPO MPPT Technique

As mentioned above in Section 3.1, the conventional MPPT techniques are unable to
deliver quick and precise tracking responses around the MPP. This perturbation is set to
a fixed step, and if the step size is maintained as large to accomplish the rapid tracking
response, more oscillations will increase around the MPP, causing a loss of power output.
However, to mitigate these drawbacks, the proposed efficient variable step-size LMPO
MPPT technique has been used. To address research gaps, this work proposes a novel MPPT
control approach. Its operation can be summarized as follows: if the power fluctuation∣∣∆P̂ ∣∣ is greater than the threshold power value ε, the perturbing step size is ξ1; if the
power fluctuation

∣∣∆P̂ ∣∣ is less than the small value ε, the perturbing step size is ξ2, where
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ε assumes that the maximum power is a small meteorological condition. A flowchart
showing the proposed LMPO MPPT method is illustrated in Figure 11. The varying step
size is determined by Equation (39):

∂̂(s) = ∂̂(s − 1)± ξ̂1 (40)

where ∂̂(s) is the real duty cycle, ∂̂(s − 1) = the earlier value of the real duty cycle at the
sth sampling time, and ξ̂1 = m.

∣∣∆P̂/∆v̂
∣∣ = the variable power steps and stepping factor in

refs. [17–19]. The variable step size can be expressed as a function of the varying voltage
and power, as given in Equations (40)–(42):

∂̂(s) = ∂̂(s − 1)± ξ̂2 (41)

∆P̂ = P̂(s)− P̂(s − 1) (42)

∆v̂ = v̂(s)− v̂(s − 1) (43)

where ∆P̂ is the automatically adjusted power for a varying irradiance and ∆v̂ is the
variable step voltage determined by the irradiance and cell temperature at the sth sam-
pling time, respectively. Several output steps of the proposed MPO-MPPT technique are
illustrated as follows:

∂̂ξ1(s) = ∂̂(s − 1)± ⇕ ∗
∣∣∣∣∣∆P̂∆ϑ̂

∣∣∣∣∣ = ∂̂(s − 1)± ⇕ ∗
∣∣∣∣∣ P̂(s)− P̂(s − 1)

v̂(s)− v̂(s − 1)

∣∣∣∣∣ (44)

∂̂ξ2(s) = ∂̂(s − 1)± ⇕ ∗
∣∣∆P̂ ∣∣ = ∂̂(s − 1)± ⇕ ∗

∣∣P̂(s)− P̂(s − 1)
∣∣ (45)
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Here, m = a scaling factor automatically adjusted at the step size, and ξ̂1 = m.
∣∣∆P̂/∆V̂

∣∣
and ξ̂2 = m.|∆P̂ | are automated step changes of the solar PV module under variable
changes, respectively. The scaling factors’ numerical equation is as follows:m.

∣∣∣∆P̂
∆v̂

∣∣∣
ξ̂1_min

≥ ξ̂1_min

m.
∣∣∆P̂ ∣∣

ξ̂2_max
≤ ξ̂2_max

(46)

where ξ̂2_max is a predefined value that represents a higher limit for the virtual duty cycle.
The effective power |∆P̂ | of the perturb and observe technique is:

∣∣∂P̂/∂v̂
∣∣ = i +

∂⟩̂
∂v̂

v ≜ i +
∆⟩̂
∆v̂

v (47)

and ∣∣∆P̂ ∣∣ = (i + ∆⟩̂
)
(v + ∆v)− ⟩v =

∣∣dP̂/dv̂
∣∣.∆v̂ + ∆⟩̂.∆v̂ (48)

3.3. Several Steps of Proposed Control Strategy

Performance analysis of the proposed novel efficient modified PO MPPT control
technique employed with PO and INC can be built using the following steps:

• Step I: The PV side input voltage v̂(s) and current ⟩̂(s) are determined via sampling
while determining the initial nth values. Then, the nth power value of P(s) is calculated
using the product of the current ⟩̂(s) and voltage v̂(s), respectively.

• Step II: Measuring the values of
∣∣∆P̂ ∣∣ and |∆v̂|, respectively.

• Step III: If the power
∣∣∆P̂ ∣∣ is a variable higher than the minimum small value ε, then

ξ1 = perturbingstepsize. The ξ1 is defined by Equation (44) and refers to a pulse
generator that drives the switching of the power boost converter topology.

• Step IV: If the varying power
∣∣∆P̂ ∣∣ is lower than the diminutive value ε, then

ξ2= perturbing step size. The ξ2 is defined by Equation (45) and refers to the same
as above, indicating that the weather conditions, such as temperature and irradiance,
have changed rapidly.

• Step V: The final step is updating the optimum individual solution predicted for each
v̂(s − 1) = v̂(s), ⟩̂(s) = ⟩̂(s − 1), and their duty cycles at MPP based on each of the above.

3.4. Performance of Dynamic Efficiency

For applications of PV energy conversion systems, such as small- and large-scale
PV plants, satellites, electric vehicles, space aircraft, etc., the mathematical calculation of
instantaneous efficiency can be expressed in Equation (48), as [26]:

ηmppt_instant(%) =
Pmpp_out(t)
Pmpp_in(t)

× 100 (49)

The average MPPT efficiency is calculated in Equation (34) as:

ηmppt_avg(%) =

∫
Pmpp_out(t)dt∫
Pmpp_in(t)dt

× 100 (50)

where, Pmpp_in is theoretical generated power and Pmpp_out is the generated output power
at the stipulated time from the PV array by MPPT. It is calculated by multiplying the
genuine value of PV voltage and current. A lot has been reviewed in the area of controller-
based PV systems [31].
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3.5. Controller Design of the Adaptive DC-Link Voltage Fluctuations Control

As mentioned previously, an adaptive PI-based link voltage fluctuations control strat-
egy is proposed for the TS-GIPV system, as shown in Figure 1c. The main link regulation
is necessary to maintain the DC-link voltage between the boost converter and inverter,
which tracks any reference voltage values and voltage regulation across the -link capacitor.
Therefore, to maintain a higher potential than the grid, any reference voltage should be se-
lected such that it is higher than the grid peak voltage by 10% to sustain a higher one-sided
potential than the grid [32,33]. However, in the proposed control technique, several key
aspects of the results are validated through simulation. These include the DC-link voltage
(vdc), the active power (P) injected into the main grid, reactive power, d-q axis current, and
three-phase RMS current (⟩abc), respectively. The generated PV reference value is combined
with the measured solar PV input voltage (vpv) and current value (⟩pv) to manage the duty
ratio of the DC-DC converter, which results in the desired output voltage being obtained.
After this scenario, the boost converter output is employed as a DC input source for the
VSC, further involving grid integration control.

3.6. Controller Design for GIPV Inverter Inner Current and Outer Voltage Loop Control

In this section, a modified inner and outer current-voltage controller based on the PI
control method for the TS-GIPV system is presented and detailed. The main aim of this
control system is to inject solar photovoltaic energy into the grid with high grid current.
A cross-coupling method and feedforward controller are used to achieve a safe operating
current from the VSC, as shown in Figure 1c. A list of rated specification parameters and
ranges of controllers is shown in Table 3. The feedforward controller stays connected with
varying meteorological conditions. Therefore, a double-loop feed-forward control system
based on an adaptive proportional integration (API) controller was created to maintain
the grid-side inverter current functioning within acceptable limits. However, the overall
control techniques are typical multiple-loop controls that include internal current loops,
external voltage loops, power loops, and phase-locked loops (PLL), as addressed in [33].
The inner current loop control strategy is also a proportional-integral controller used to
achieve high power factor integration. The output voltage loop control technique is based
on the PI control technique, which can enhance the accuracy and fast-tracking response of
the reference link voltage (vre f

dc ) at MPPT output. The generated PV power loop realized by
the MPPT technique ensures that the system is operating at MPP under realistic variations
of meteorological conditions and load variations. The phase-locked loop (PLL) controls
an estimated angle (θ) for the grid phase angle, as presented in [32,34]. However, Park’s
transformation also requires a PWM generator, which creates gate pulses for the inverter.
The use of space vector pulse width modulation for PWM generation results in lower
switching stress, lower dv/dt stress, higher power factor, and lower line current harmonics,
which are crucial for any GIPV system. The purpose of this section is to discuss the control
technique of each converter used in a GIPV system. The dynamics of the proposed control
technique used in this system in different scenarios are analyzed by varying the input
source parameters.
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Table 3. Specification of control parameters and ranges of the controllers.

Quantity Symbols Value

DC link voltage: Proportional Gain kp_dc 0.11
DC link voltage: Integral Gain ki_dc 3.85
q-axis current: Proportional Gain kp_q 0.35
q-axis current: Integral Gain ki_q 38.5
SRF Phase-lock loop: Proportional Gain kp_PLL 0.65
SRF Phase-lock loop: Integral Gain ki_PLL 45.22
Converter switching frequency fsw 10 kHz

4. Results and Discussion
In this paper, a three-phase two-stage grid-integrated PV solar (2.5 kW) system is

considered, as shown in Figure 1. This system’s simulated results are validated through the
MATLAB/Simulink 2019a platform. The proposed system is subjected to various dynamic
operations on both the PV side as well as the GSC side. Lists of the rated specification
parameters used in this system are shown in Tables 2 and 3, respectively. The robustness of
the proposed technique is simulated and verified under four different test scenarios, namely,
Scenario I: varying irradiance at a fixed temperature, Scenario II: varying temperature at a
fixed irradiance, Scenario III: a one-day real-time irradiance profile, and Scenario IV: the
overall performance under dynamic load deviations. In addition, we highlight the benefits
and enhanced system performance of the proposed technique, such as minimized steady-
state oscillation, extraction of optimum power, improved efficiency, and fast-tracking
response, as compared to conventional methods.

4.1. Scenario I: Performance of Proposed Control System Under Varying Irradiance at Fixed Temperature

In this section, the performance improvement of the proposed LMPO MPPT technique
while subjected to dynamic behavior under varying irradiance is applied to the TW-GIPV
system with a fixed ambient temperature (TSTC = 25 ◦C) condition. The extensive simulation
results are verified on the PV side and grid side in Scenario I, as shown in Figures 12 and 13,
respectively. The simulated results are validated on the PV side in three stages S11, S12,
and S13, respectively. Figure 12a shows that the pattern of irradiance variation with rapid
changes in levels for S11 is from 300 W/m2 to 1000 W/m2 from trs11 = 0 s to 1.0 s; S12 is from
1000 W/m2 to 600 W/m2 from trs12 = 1.0 s to 2.5 s, and S13 is reported at level 1000 W/m2

from trs13 = 2.5 s to 4.0 s, respectively. The theoretical values of maximum power obtained
for S11, S12, and S13 are 2.56 kW, 1.94 kW, 1.28 kW, and 2.56 kW, respectively. During this
scenario, the PV-side simulated results of the proposed technique are compared with the
conventional technique. For the tracking response of the proposed technique, traditional
PO [9] and MPO [12] algorithms are compared regarding the PV power output, efficiency,
voltage, and current, as shown in Figure 12a–d. The proposed MPPT technique, in contrast
to the traditional techniques, offers low-power steady-state oscillations and a short settling
period. From the validated results of the PV side, it is clear that the proposed control technique
gives the smallest oscillation around the MPP with the fast-tracking response, fewer power
ripples, and enhanced efficiency, which is better than other conventional MPPT techniques.
The output voltage and current are illustrated in Figure 12c,d, respectively. The performance
evaluation of the proposed tracking technique, compared with the other two traditional
techniques in terms of the voltage ripple, settling time, and tracking efficiency, is presented
in Table 4. A comparative specification summary of the proposed and conventional DC-link
controller of the GIPV System is shown in Table 5. The comparative analysis of the proposed
LMPO MPPT technique offers enhanced operating efficiency (99.68%) and rise time (15 ms)
compared with the other traditional techniques. In addition, the proposed technique mitigates
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the requirement for voltage and current sensors, which increases the system footprint and
cost. Furthermore, Figure 13a–e presents the validated results obtained for the GSC under
the proposed and conventional control techniques in Scenario I, respectively. The DC link
reference voltage is successfully regulated at vre f

dc = 680 V, as shown in Figure 13a, with
less oscillation and tolerable dynamic stability under sudden step changes in the PV output
power, demonstrating the resilience and operational reliability of the developed controller.
In addition, the grid current components on the d-axis and q-axis also follow their reference
values, as presented in Figure 13b,c. To achieve the unity power factor operation, the q-axis
current is regulated to zero (injecting only the true power). In Figure 13d, it is apparent that
no reactive power is being added to the grid while the active power varies in response to the
PV array’s output, as shown in the zoomed-in view. The three-phase voltage Vabc

g and current
⟩abc

g on the grid-side converter are shown in Figure 13d,e (illustrated in the zoomed-in views).
The overall performance of the controller and the GIPV system parameters are summarized
in Table 6.

Table 4. Performance matrices of tracking responses, efficiency, error%, and THD% of GIPV system
in different scenarios.

Scenarios MPPTs↓ trs (s) %ePPV %eVDC %egd %egq (ηavg%) THD%

I
P&O [9] 0.51 2.78 3.50 2.65 2.64 97.62 4.11

MP&O [12] 0.37 2.24 2.89 1.35 1.32 98.89 3.87
Proposed MPPT 0.25 0.58 0.45 0.21 0.12 99.68 2.60

II
P&O [9] 0.41 2.75 3.22 2.69 2.22 97.45 4.10

MP&O [12] 0.38 2.22 2.65 1.37 1.38 98.81 3.48
Proposed MPPT 0.21 0.60 0.38 0.22 0.11 99.59 2.86

III
P&O [9] 0.41 2.67 3.49 2.62 2.21 97.61 4.12

MP&O [12] 0.37 2.18 2.62 1.39 1.38 98.86 3.28
Proposed MPPT 0.24 0.54 0.38 0.25 0.13 99.65 2.69
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Table 5. Comparative summary between proposed and conventional DC-link controller of GIPV System.

Parameter Details
Dc-Link Controller

PI Adaptive Technique

Dynamic conditions Poor Excellent
Implementation Easy Easy
No of parameters 2*(Kp, Ki) 1(N)
Tuning efforts Exists (low) Very easy
Sudden step change Good Excellent
Computation cost Moderate Low
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Table 6. Overall performance summary of controller and TS-GIPV system.

Parameters/MPPTs> PO [9] MPO [12] Proposed Work

Settling rise time (ms) 120 90 17
PV side voltage (V) 320 320.99 320.5
PV side current (A) 7.99 7.89 7.99

PV actual power (kW) 2.515 2.534 2.564
Ripple power (kW) 0.55 0.28 0.12

Dynamic efficiency (η%) 98.27 98.99 99.65
Grid voltage (line-line) 415 415 415
Grid active power (kW) 2.511 2.525 2.554
DC link voltage ripple 30 12 9

Total harmonics distortion (THD%) 3.11 2.77 2.60
Complexity of algorithm Low Low Moderate
Feasibility to implement Yes Yes Yes

Dynamic behavior Poor Moderate Very Good
Protection features No No Yes

Switching frequency Fixed Fixed Fixed
PI Requirements 3 2 2

Steady-state performance Good Very good Excellent
Dependency on parameters High Low Low

4.2. Scenario II: Performance of Proposed Control System Under Varying Temperature at Fixed Irradiance

The sudden changing temperature and fixed irradiance (GSTC = 1000 W/m2) condition
is applied to the same system. The extensive simulation results are validated on the PV side
and grid-side converter (GSC), as shown in Figures 14 and 15, respectively. Figure 14a shows
the pattern of temperature variation with sudden changes in levels for S21 from 25 ◦C to 45 ◦C
from trs11 = 0 s to 1.0 s; S22 from 45 ◦C to 35 ◦C from trs22 = 1.0 s to 2.5 s, and S23 reported
at a level of 35 ◦C from trs23 = 2.5 s to 4.0 s, respectively. The irradiance slope shows step
signals, which do not always accurately reflect the actual environmental circumstances, despite
the dynamic characteristics of the sudden step-changing temperature profile. The system’s
output power shows that the step size offered by the proposed method does not significantly
increase the system’s ability to track time. Nevertheless, the proposed algorithm is capable
of reducing the ripple generation power during steady-state conditions. The improvement
in the extracted PV output power using the proposed MPPT technique compared to the
other two traditional techniques is shown in Figure 14b. The proposed MPPT technique, in
contrast to the traditional techniques, offers low-power steady-state oscillations and a short
settling period. The power oscillations are almost similar to those of the traditional MPO [5]
strategy and the settling time is comparable to the traditional P&O technique. Therefore, the
proposed approach combines the benefits of both the P&O [3] and MPO traditional tracking
algorithms. The PV-side results are validated and the proposed MPPT technique provides
the fewest steady-state oscillations around MPP with a fast-tracking response, less power
ripples, and an effectively improved efficiency, which is better than conventional MPPT
techniques. The output voltage and current are illustrated in Figures 13c and 14d, respectively.
A performance evaluation of the proposed tracking technique compared with the other
two traditional techniques in terms of the voltage ripple, settling time, and tracking efficiency
is shown in Table 4. Furthermore, Figure 15a–d represents the performance analysis of the
grid-side validated results obtained for the proposed and conventional control techniques at
varying temperatures and a fixed irradiance (GSTC = 1000 W/m2), respectively. The DC link
reference voltage is successfully regulated at vDC = 680 volts, as shown in Figure 15a, with
less oscillation and tolerable dynamic stability under sudden step changes in the PV output
power, demonstrating the resilience and operational reliability of the developed controller.
In addition, the grid current components on the d-axis and q-axis also follow their reference
values, as presented in Figure 15b. To achieve the unity power factor operation, the q-axis
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current is regulated to zero (injecting only the true power). In Figure 15c, it is apparent that no
reactive power is being added to the grid while the active power varies in response to the PV
array’s output, as shown in the zoomed-in view. The three-phase current ⟩abc

g on the grid-side
converter is shown in Figure 15d (illustrated in the zoomed-in view). The overall performance
of the controller and GIPV system parameters are summarized in Table 6.

4.3. Scenario III: Performance Evaluation of Proposed Control System Under One-Day Real-Time
Irradiance Profile

The dynamic behavior of the proposed MPPT control technique is evaluated under
sudden changing irradiance and a fixed temperature (25 ◦C) using one-day real-time irradiance
data samples. The one-day real-time values were collected from the weather station, which
were collected using the sensor at a sample rate of 60 s and stored in the database at intervals
of 60 s. In Figure 16a, sudden changes in irradiance on a special day at the beginning of June
2023 are illustrated. To simulate the sudden shift in irradiance, 40 irradiance data samples are
gathered at regular intervals between 11:30 a.m. and 12:30 p.m. Therefore, the collected data
are presented as a step input, with changes occurring every 0.1 s. A comparison of the solar PV-
side output power harvested results, validated by employing the conventional and proposed
tracking control techniques, is shown in Figure 16b. It can be observed that the proposed
LMPO-MPPT technique accurately tracks the MPP under varying meteorological conditions
and provides a fast-tracking response with a lower ripple output power as compared to
the conventional techniques. Furthermore, the GSC under the proposed and conventional
control techniques in Scenario III are shown in Figure 17a–c, respectively. It is expected that
the findings will be collected once the system is synchronized with the utility grid. The DC
link reference voltage is successfully regulated at approximately Vdc = 680 V, as shown in
Figure 17a. In addition, the grid current components on the d-axis and q-axis also follow their
reference values, as presented in Figure 17b. To achieve the unity power factor operation,
the q-axis current is regulated to zero (injecting only the true power). The parameters of the
tracking responses, efficiency, error, and THD% of the GIPV system in different scenarios
are shown in Table 4. In Figure 17c, it is apparent that no reactive power is being added to
the grid while the active power varies in response to the PV array’s output, as shown in the
zoomed view. Using the proposed control technique improves both the grid-side and PV-side
results in terms of their ripple output power, fast tracking, improved efficiency, and response
settling time, respectively.

4.4. Performance Analysis of Dynamic Response and Harmonics

The proposed control technique has been examined for its transient response to DC link
voltage regulation [4]. The influence of dynamic and transient voltage ripple response on
the DC side has been investigated in terms of the total harmonic distortion [20–22] present
in the output current at the grid side under different scenarios. Scenario I is discussed in
Section 4.1, where the system starts with step changes (from 300 W/m2 to 1000 W/m2 and
from 1000 W/m2 to 600 W/m2). The proposed control technique provides a DC link voltage
of approximately 680 V under steady-state conditions, with an initial overshoot of 20.18% and
a response settling time (trs) of 0.35 s for the simulated results of Vdc performance, as shown
in Figure 12. The harmonic spectra of the supply current and load currents are displayed
in Figure 18. The total harmonic distortion (THD) of the grid current is 2.60%, and the load
current THD is 15.56%. The performance matrices of tracking responses, efficiency, %error,
and THD% of the GIPV system were studied in different scenarios.
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Figure 14. PV-side simulated results performance of proposed control technique in Scenario II: (a) varying
temperature at fixed irradiance, (b) PV output power, Ppv, (c) PV output voltage, Vpv, and (d) PV output
current, ipv.
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5. Future Trends
The performance evaluation of new control techniques for a two-stage grid-integrated

solar PV generation system is proposed. This work shows a comparative analysis of the
proposed control technique for a two-stage GIPV generation system under various scenar-
ios. The control strategies that are described include MPPT, an adaptive accomplishment of
MPPT, reactive and active power regulation, and robustness evaluation and enhancement.
However, some challenges must be discussed to improve the existing work and open up
new avenues for future research. We summarize a few suggestions for future research work
on the GIPV system, which are as follows:

• In the case of MPPT control strategies, maximizing power extraction in partial shading
scenarios is a recent trend. However, the complexity of its execution impedes the
practical application of these technologies.

• In addition to the MPPT function, a variety of power control algorithms are imple-
mented. The photovoltaic system should be capable of supporting the grid. In this
case, different functions must be incorporated into the MPPT procedure, such as con-
tinuous power generation, which is necessary to protect the grid against overloading
under circumstances of peak power generation.

• A robust improvement of the LMPO-based MPPT and adaptive PI control was demon-
strated. In this regard, analytical techniques and observers can be employed.

• Optimization techniques for estimating irradiance in terms of short-term forecasting
for varying meteorological conditions can be incorporated for MPPT implementation.

• LMPO MPPT algorithms can be simplified and calculated more efficiently, particularly
when multiple inverters are used.

• A sensorless control technique is recommended as an alternative technique in the case
of sensor failure when the control target can be met with the least number of sensors.
However, this could cause the controller’s quality to decline.

6. Conclusions
In this paper, the proposed control technique LMPO MPPT is employed for a 2.56 kW

two-stage three-phase grid-integrated PV system with an LCL filter. The proposed tech-
nique is based on a variable step size by optimizing the main objective, i.e., the MPP of
the photovoltaic system. The tracking accuracy of the proposed technique is validated
and compared with conventional techniques. In the second stage of the GIPV system, a
novel design DC link voltage regulation controller is employed in the outer-loop control
to maintain the DC link voltage as constant at an appropriate value throughout solar
photovoltaic intermittency. A detailed scenario study is carried out under varying me-
teorological conditions, such as Scenario I: varying irradiance and a fixed temperature;
Scenario II: varying temperature and a fixed irradiance; and Scenario III: a one-day real-
time irradiance profile. It was found that the proposed techniques enhanced the rapid
tracking and dynamic response, high efficiency, and reduced oscillation in a steady state,
with reduced sensitivity to unexpected disturbances and less fluctuation in the DC link
voltage during transient conditions. Moreover, suitable inverter functioning and sinusoidal
currents injected into the main grid with less THD% (within the IEEE-519 standard 2022
edition) were demonstrated. In future research, the proposed LMPO-MPPT will be hy-
bridized with AI-based techniques to extract the global MPP under varied partial shading
circumstances for GIPV systems. Overall, our contributions underscore the importance
of continuous research and innovation in advancing renewable energy technologies for a
sustainable future. Furthermore, practical and comprehensive experimental testing of the
suggested control technique will be conducted, and sufficient preparation will be made for
its real-time implementation.
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List of Abbreviations and Symbols

MPPT Maximum power point tracking STC Standard test condition
DC Direct current AC Alternative current
PO Perturb and observed VSC Voltage source converter
MPO Modified PO API Adaptive proportional integrated
LMPO Learning-based modified PO MPP Maximum power point
PV Photovoltaic MPPT Maximum power point tracking
G Solar irradiance; THD Total harmonic distortion
T Temperature PLL Phase lock loop
TS-GIPV Two-stage grid integrated PV RES Renewable energy source
GSC Grid side converter PEC Power electronic converter
KCL Kirchhoff’s current law PWM Pulse width modulation
Lf_inv, Cf, Lf_g, Passive LCL filters Vdc, DC-link voltage
ipv Input PV current Pmpp Maximum rated power
Vmpp PV maximum rated voltage fs Switching frequency

Vf_inv
a , Vf_inv

b , and Vf_inv
c 3-phase inverter side voltages d-axis and q-axis Direct and quadrature axis

⟩f_g
a , ⟩f_g

b , and ⟩f_g
c 3-phase grid side current Vf_inv

d − Vf_inv
q d-q axis inverter side voltages

Vf_g
d −Vf_g

q d-q axis grid side voltages ⟩f_inv
d −⟩f_inv

q d-q axis inverter side currents

⟩f_g
d −⟩f_g

q d-q axis grid side currents Pg Grid active power

Vcf
a , Vcf

a and Vcf
a Drop voltage across the Qg Reactive power

filter capacitors
vabc

inv (t)−vabc
g (t) 3-phase inverter and grid voltages ⟩abc

inv (t)−⟩abc
g (t) Inverter and grid currents

vabc
Cf

(t) 3-phase filter capacitor voltages vdc DC-link voltage

vdq
inv(t)−vdq

g (t) 3-phase inverter and grid voltages in fsw Switching frequency of the system
stationary d- q-axis reference

vdq
Cf
(t) 3-phase filter capacitor voltages Cbase and Zbase Base capacitor and impedance of the filter

∆iL,max Highest ripple current at VSI Rd Damping resistance

⟩dq
inv(t)−⟩dq

g (t) d-q reference of inverter and fres Resonant frequency
grid currents

Lf,Lg LCL filter inductance Pmpp System rated power
Vg_LL Grid voltage (RMS) Impp Maximum PV current
∂̂(s) Real duty cycle ξ1 Variable power steps and stepping factor
∆P̂ Automatically adjusted power for ∆v̂ Variable step voltage

varying irradiance
kp_q and ki_q q-axis current: proportional and ξ̂2_max Higher limit for the virtual duty cycle

integral gain
kp_dc and ki_dc Proportional and integral gain m Scaling factor
kp_PLL and ki_PLL SRF Phase lock-loop: proportional

and integral gain
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