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Abstract: This paper introduces a Direct Power Control (DPC)-based strategy designed to enhance power quality in grid-
connected photovoltaic (PV) systems. The proposed system architecture incorporates a DC/DC boost converter alongside a
three-phase inverter, ensuring efficient energy transfer and effective grid interaction. To maximize energy extraction from the
PV array, the Perturb and Observe (P&O) algorithm is employed for Maximum Power Point Tracking (MPPT), enabling
optimal performance under varying environmental conditions. The DPC methodology directly regulates instantaneous active
and reactive power, achieving unity power factor (UPF) operation by maintaining reactive power at zero. The control strategy
employs rotating coordinate transformations and precise grid voltage phase tracking, resulting in robust synchronization and
improved dynamic behavior. To further simplify the design and improve the grid performances, an LCL filtering stage has
been introduced in this work. Hence, the proposed approach demonstrates significant robustness against load disturbances and
variability in operating conditions. Through detailed simulations, the system's performance is validated, showcasing its ability
to enhance grid quality, maintain stability, and ensure seamless operation during both transient and steady-state scenarios. The
results emphasize the potential of this DPC-based control strategy as an efficient, reliable, and scalable solution for improving
grid power quality in PV-integrated energy systems.
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1. Introduction toward clean energy. PV is expected to triple within
the next two decades, reflecting its pivotal role in
global energy strategies [2]. As energy consumption
continues to serve as a fundamental indicator of indus-
trial and societal progress, the growing need for sus-
tainable power sources becomes increasingly critical.
By harnessing the inexhaustible potential of solar en-
ergy, PV offer a sustainable pathway to address the

pressing challenges of rising energy demands

The increasing global demand for energy, coupled
with the urgent need to address environmental sustain-
ability, has brought renewable energy sources to the
forefront of modern innovation. Among these, solar
energy stands out for its reliability, minimal mainte-
nance requirements, and extended service life. In par-
ticular, photovoltaic (PV) systems have emerged as a
transformative solution to meet the dual objectives of
energy security and environmental protection [1]. Re-
cent advancements in technology and supportive
global policies aimed at mitigating climate change
have amplified the adoption of PV systems, solidify-
ing their role as key contributors to the transition

and ecological preservation [3]-[4].

One of the most compelling applications of photovol-
taic technology are the grid-connected systems using
photovoltaics (PV) have appeared as a pivotal solution
in the transition toward renewable energy, leveraging
solar power to satisfy the increasing demand for hy-
gienic and sustainable electricity [5]. These systems
operate by converting sunlight into direct current (DC)
power through solar panels, which is then trans-
formed into alternating current (AC) by an inverter to
ensure compatibility with the existing electrical grid.
The seamless integration of PV systems into the grid
not only allows for the efficient distribution of gener-
ated power but also eliminates the need for extensive
energy storage infrastructure, making them more cost-
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effective and practical for widespread adoption [6].
Among their numerous advantages, grid-connected
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PV systems can considerably lower greenhouse gas
emissions and improve energy security, and stabiliz-
ing electricity costs. Additionally, They make bidirec-
tional power flow possible, allowing surplus energy
produced during the hottest parts of the day to be re-
turned to the grid, further optimizing resource utiliza-
tion. By harnessing the inexhaustible potential of solar
energy, these systems indicate

a transformative step toward achieving a more sus-
tainable and resilient energy future [7].

Besides that, Maximum Power Point Tracking
(MPPT) has become a critical focus in modern photo-
voltaic (PV) applications to address the inherent chal-
lenges posed by the high cost of solar cells, their rela-
tively low efficiency, and the variability of power out-
put under changing environmental circonstances [8].
Among the diverse MPPT strategies, the method of
P&O is distinguished by its simplicity and efficacy in
enhancing photovoltaic system performance.
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Fig. 1. Global control system configuration

Given the nonlinear behavior of PV modules under
fluctuating temperature and irradiance, the algorithm
of P&O plays an essential role in guaranteeing the con-
stant extraction of maximum available power [9]. By
dynamically adjusting the operating point of the PV
array through iterative perturbation and evaluation,
this algorithm enables real-time tracking of the peak
power point. This process not only enhances the over-
all efficiency of PV systems but also contributes sig-
nificantly to the effective utilization of renewable en-
ergy resources. As a result, P&0O-based MPPT control
has proven to be a robust and reliable approach, ensur-
ing seamless integration of solar energy into modern
energy infrastructures while maximizing its economic
and ecological benefits [10].

Moreover, in Voltage Source Inverters (VSIs), three-
phase grid-connected PV systems and Phase-Locked
Loops (PLLs) serve as indispensable components that
bridge the gap between efficient power generation and
seamless grid integration. Building upon the effective-
ness of MPPT algorithms, which ensure optimal en-
ergy extraction under varying environmental condi-
tions, VSIs take charge of converting the DC output
current from the PV array into AC current that aligns

with grid requirements [11]. This conversion is per-
formed with high precision, minimizing harmonic dis-
tortion and ensuring stable operation even during dy-
namic and static load changes. The PLL complements
this functionality by facilitating accurate synchroniza-
tion of the photovoltaic system with the grid by moni-
toring the phase angle, frequency, and amplitude of the
grid voltage in real time. This synchronization is criti-
cal for ensuring smooth power exchange, maintaining
stability, and preventing disturbances in the grid [12].
Together, the VSI and PLL improves the overall effi-
ciency and dependability of the system, making them
crucial for the successful deployment of grid-con-
nected photovoltaic systems.

Otherwise, for active and reactive power improve-
ment, many control strategies were used in literature
[13]-[14]-[15]. In this paper, we have employed the
DPC technique. The method is based on the VVSI com-
mutation states generating where the objective is se-
lecting the appropriate voltage vector to be applied on
the VSI semi-conductors gates to ensure best perfor-
mances in term of quickness response and stability of
the utility grid by regulating the DC bus voltage at VSI
input to manage both active and reactive power flows
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under nature's imposed climatic conditions.
2. System overview

The studied conversion chain consists of several key
components working in harmony to efficiently inte-
grate photovoltaic (PV) energy into the grid. At its
core, the system features a photovoltaic generator
(PVG) coupled with a boost converter, which is regu-
lated by an optimal MPPT algorithm. This ensures the
extraction of the maximum power from the PVG under
varying environmental conditions. A pulse-width
modulation (PWM) block generates the duty cycle (o),
which serves as the control signal for the semiconduc-
tor switch (K) of the boost converter. The filtered out-
put of the boost converter is then utilized to drive the
three-phase inverter, which is connected to the grid
through an LCL filter, ensuring smooth energy trans-
fer and reduced harmonic distortion. The operation of
the three-phase inverter is precisely managed by a
DPC block, enabling robust regulation of active and
reactive power. Figure 1 illustrates the overall archi-
tecture of the system under study, showcasing the
seamless integration and functionality of its compo-
nents.

2.1. PV unit model

The mathematical model of PV units is a cornerstone
for understanding and optimizing their performance,
enabling accurate predictions of electrical behavior
under varying environmental conditions. This model
begins at the PV cell level, the fundamental building
block of PV systems, and extends to the PV array,
which comprises interconnected modules designed for
large-scale energy production [16]. As depicted in fig-
ure 2, the PV cell is considered as a semiconductor de-
vice that converts sunlight into electrical energy
through the photovoltaic effect. The equivalent circuit
of a PV cell consists of a current sourcelp,;, represent-
ing the photocurrent, a diode for the p-n junction, and
resistive elements R, (series resistance) and R, (shunt
resistance) to account for losses. The output current
I,y Of the PV cell is given by [17]:
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Fig. 2.Electrical PV cell equivalent scheme

aVp Vb
loye = Iph — Ipg enkpTo —1 _R_sh
1

Where,V,,.; is the PV cell terminal voltage, I, the di-
ode saturation current, g is the electron charge,V, is
the voltage across the diode given by V, =V, +
It Rs . Also, npresents the diode ideality factor, typ-
ically comprises between 1 and 2. The Kj factor pre-
sents the Boltzmann constant and T, is the cell operat-
ing temperature (in Kalvin).

2.2. DC-DC stage and MPPT control

The DC/DC conversion stage plays a critical role in
PV systems by ensuring efficient energy transfer and
voltage adaptation between the PV array and the grid-
connected inverter [19]. In our study, a boost converter
as sown in Figure 3 is used to elevate the output volt-
age of the PV array to the desired level, addressing the
inherent variability in solar energy generation.
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Fig. 3.DC/DC boost conversion stage

The dynamic behavior of the boost converter can be
described using state-space equations derived from its
operation in two modes, "switch ON" and "switch
OFF". During the ON state, the inductor stores energy,
while in the OFF state, the stored energy is transferred
to the load via the diode. The voltage across the capac-
itor and the current through the inductor can be mod-
elled as [20]:

dVpc __ iL(1-d)-Ipc
dt Cout

@

dipc _ Vpc(1—=d)-Vaout
L

ac
®)
2.3. MPPT control strategy
The P&O method optimizes the boost converter's per-
formance by dynamically modifying the duty cycle d

to sustain the maximum power point (MPP) of the
photovoltaic array. This process involves perturbing
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the operating point of the PV array and observing
changes in its power output. If power increases, the
perturbation continues in the same direction; if power
decreases, the direction is reversed. This iterative ad-
justment ensures that the boost converter operates at
the MPP, maximizing energy extraction from the PV
array. Together, the mathematical model of the boost

converter and the P&O algorithm provide an efficient
framework for achieving optimal power control in PV
systems [21]. The below flowchart illustrating the op-
eration of the P&O algorithm visually represents the
iterative decision-making process, providing a clear
understanding of its functionality and integration into
the control of the DC boost bloc [22].
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Fig. 4. MPPT flowchart control

3.
4. Modeling of the voltage source inverter

Grid-connected systems refer to photovoltaic systems
integrated into distribution nodes to supply electricity
directly to the grid. This connection is facilitated
through an inverter, which not only transforms the di-
rect current (DC) produced by the solar panels into al-
ternating current (AC) but also ensures synchroniza-
tion with the grid in terms of voltage and frequency.
These systems play a vital role in supporting energy
distribution and maintaining seamless integration with
existing electrical networks. The voltage source in-
verter is composed of three switching arms using in-
sulated-gate bipolar transistors (IGBTs), where each
arm consists of two cells. Each cell includes a diode
and an IGBT connected in an anti-parallel configura-
tion. All components are assumed to operate as ideal
switches. The primary function of the three-phase in-
verter is to transfer power from the DC side to the grid.

The output of the inverter can produce two voltage lev-
els based on the DC supply voltage and the states of
the switches. The operation of the two switches within
the same arm is complementary, meaning when one
switch conducts, the other is blocked. The state of each
switch is determined by control signalsS,,S,, and S..
The eight possible output voltage states of the inverter
are detailed in Table 1.

Table.1.VSI output generated voltages

Case N° Sa Sb Sc Va Vb Ve
1 0 0 © 0 0 0
2 0 0 1 -Vg/3 -Vae/3  -Va/3
3 0 1 0 -Vu/3 2*V4/3 -Val3
4 0 1 1 -2*Vu/3 Vi/3  Val3

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2025, 13(1), 70-78 |73



5 1 0 0 2*Vu¢/3 -Va/3 -Vil3
6 1 0 1 Viael3  2*Vgel3 Va3
7 1 1 0 V3 Vi/3 Va3
8 1 1 1 0 0 0

5. Direct Power Control

(DPC) is an advanced power control approach strat-
egy grounded in the theory of instantaneous power
[23]-[24]. Its core principle involves selecting the op-
timal switching state for power semiconductors using
a switching table combined with hysteresis compari-
sons. Specifically, the reference value for active power
is derived from the output of the DC bus voltage reg-
ulatorVpc, while the reactive power reference is set to
zero to ensure operation at a unity power factor.

Active power P is defined as the scalar product of vol-
tage and current components, while reactive power Q
is expressed as the vector product of same compo-
nents.

P = Vala + Vﬁlﬁ

Q =Velg — Vgl,
(4)
Where, V,, I, V., and I represent the Clarke compo-

nents of the instantaneous values of three-phase volt-
ages and currents.

The errors in active power (dP) and reactive power
(dQ) are given by the following expressions [25]:

dP = P — P (5)
dQ = Qref - Q
(6)

Where P, represents the desired active of power, P
the actual active of power, Q,.r desired reactive
power, and Q the actual reactive power. Moreover, the
angular of position 6,, for the grid voltage vector is de-
termined using the following formula:

v,
6, = arctan (—“)
Vg

(")

Where, in the case of field division into 12 sectors as
shown in the figure, we have:

%(n—Z) s(en—l)sg(n—n
(8)
n=1,23, ..., 12.

Fig. 5.Possible sectors selector

Using the error signals and the angular position, a
switching table is constructed, storing all the switching
states dP and dQ of the converter. These states take
the value "1" to indicate an increase in the controlled
variable (P or Q) and "0" to indicate a decrease. The
dual-level hysteresis regulators for instantaneous ac-
tive and reactive power can be described as follows:

If, Py —P=HBP dP=1

If, ey =P <HBP dP=0

9

The same for reactive power:

If, Qe —Q=HBQ dQ=1

If, Qres —Q <HBQ dQ=0

(10)

However, the optimal switching states of the converter
can be uniquely determined at any specific moment

based on the combination of input signals, utilizing
Table 2.

Table 2.VSI switching sectors
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5. Simulation results

In the context of analysing the conversion structure
under study, we initially conducted a numerical simu-
lation of the I-V (I,, = f(V,,)) and P-V (B, =
f(V,»)) characteristics of the photovoltaic generator
(PVG), as illustrated in Table 3. This simulation was
performed considering four levels of solar irradiance:
200 W/mz, 400 W/mz2, 600 W/m2, and the standard ref-
erence level of 1000 W/m2. Consequently, Figure 6
presents the simulation results of these characteristics,
while Table 4 records the associated characteristic val-
ues, including the irradiation level (G), the maximum
voltage of the PVG (1, mqx), the open-circuit current
(Icc), and the maximum power (B, max)-

Table 3. PV Parameters

Parallel strings 3

Cells per module 60

Voltage at the peak power point (V) 29,3

Short-circuit current (A) 7,97

Maximum of Power (W) 218,871

Series-connected modules per string 7

Open circuit voltage (V) 36,6

Current at MPP (A) 747
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Fig. 6. Characteristics of the photovoltaic genera-
tor of I-V and P-V

Table 4. Characteristics associated values of PVG

, -V and P-V
G(W/ m2) va_max(V) lec (A) va_max(V)
200 202,99 4,80 914,54

400 206,70 9,59 1859
600 207,31 14,38 2792
1000 205,1 23,91 4596

Subsequently, we analysed the overall operation of the
system under standard temperature conditions (25°C)
and a varying irradiation profile, as illustrated in Fig-
ure 7. The figure also demonstrates the required vari-
able power levels and the evolution of the duty cycle
controlling the field-effect transistor (IGBT) of the
boost converter. It was observed that the duty cycle
adjusts in accordance with changes in the irradiation
level and remains within acceptable ranges. Moreover,
the photovoltaic voltage waveform at the output of the
boost converter is displayed at the bottom of this illus-
tration. It is noted that the voltage consistently aligns
with its reference value (Vp = 700V) set at the in-
verter input. However, each change in irradiation level
causes a slight fluctuation in the voltage before it rap-
idly stabilizes at its desired value.

Figure 8 provides detailed enlargements of the voltage
and current waveforms within the distribution net-
work, as well as the voltage across the terminals of the
variable load and the current flowing through it. The
voltage remains sinusoidal and maintains fixed mag-
nitudes, while the network currents fluctuate based on
irradiation variations. Additionally, the currents pass-
ing through the load oscillate depending on the power
demanded by the load. Under maximum load condi-
tions (P = 5KW and Q = 1KW), the current intensity
can reach approximately 10A, while in reduced load
scenarios, the current amplitude hovers around 2A.

The PV generator maintains a consistent power output,
as depicted at the bottom of the graph, demonstrating
that despite irradiation variations, the system operates
at its maximum energy production capacity, as out-
lined in Table 2 through efficient MPPT management.

Furthermore, Figure 9 initially highlights the enlarged
signals feeding into the DPC. This includes the hyste-
resis controller output for the active power component,
the hysteresis controller output for the reactive power
component, and the progression across the twelve cor-
responding sectors. The selection of the voltage vector
at the inverter output is determined based on the
switching table of the DPC (see Table 1) using these
inputs and direct power control. The final data series
confirms that the reactive and active power values pre-
cisely match their reference targets.
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system connected to a distribution grid. It is found that
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the adopted approach ensures efficient management of
active and reactive power while maintaining perfect
regulation of the inverter input voltage regardless of
climatic variations. The analysis of the results reveals
that the considered control offers good control
dynamics characterized by a rapid and precise
response to variations in sunlight conditions or system
loads as well as an adaptation of the operating point of




the photovoltaic generator to its maximum power.
Furthermore, the control has proven to be a robust and
efficient solution ensuring both performance,
robustness and stability of the overall system
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