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ABSTRACT

In this paper, a novel approach for implementing the maximum power point that could be generated from
a photovoltaic (PV) panel while eliminating the need for current sensors through the application of the Hill
Climbing algorithm is proposed. The active power generated by the PV panel is injected into the grid via a
three-phase inverter using voltage-oriented voltage control with Spatial Vector Modulation (SVM). The
developed strategy ensures minimal ripples for both active and reactive power and produces a sinusoidal
alternating current waveform, even under varying lighting conditions. A comprehensive description of the
adopted control strategy is provided and validated through numerical simulations conducted in
MATLAB/Simulink environment. Furthermore, the performance of the proposed method is assessed by
analyzing the simulation results. In an attempt to validate the effectiveness of the proposed approach, an
implementation of the inverter control was conducted with the DSpace 1104 board, and the results

underscored the feasibility and effectiveness of the employed approach for grid-connected PV systems.
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I.  INTRODUCTION

During the recent decades, significant attention and focus
have been directed towards the operation of three-phase
bidirectional converters employing Pulse-Width Modulation
(PWM). These converters have undergone rapid evolution, and
have become attractive solutions for various industrial
applications. Their key benefits include bidirectional power
flow capabilities, decoupled power control, and the ability to
maintain low level harmonic current distortions [1]. Numerous
efforts have been undertaken and various control strategies
have been employed to achieve low current distortion and
stable switching frequencies [1]. Two predominant converter
control strategies have emerged, namely the Direct Power
Control (DPC) [2-4] and the Voltage-Oriented Control (VOC)
[1]. DPC topologies often result in significant switching
frequency variation with active and reactive power changes. In
an effort to enhance these strategies, Model Predictive Control
(MPC) [5] has been employed, effectively reducing harmonic
distortions in grid-side currents. However, MPC demands a
relatively high sampling frequency to achieve optimal
performance, incurring substantial computational costs and,

consequently, requiring expensive DSP or FPGA hardware.
These drawbacks are evident in discrete control approaches
such as DPC for converter control [5]. The control method
relies on a predefined switching table, where selection is made
to minimize errors between the output and its reference. This
minimization process aims to reduce discrepancies between the
control references and the actual instantaneous active and
reactive power values in the case of DPC. One of the most
mature and widely recognized control strategies for PWM
converters is VOC [6-8], where electrical grid currents are
decomposed into direct and quadrature components in the dq
plane. According to [9], the VOC strategy ensures swift
transient response and high static performance through internal
current control loops.

Solar energy, owing to its relatively low maintenance and
installation costs, has emerged as a promising resource in
energy systems [10, 11], and rapidly became a significant
component of the energy balance. This technology harnesses
the sun as a primary energy source, meaning that the energy
supplied by PVs depends on the irradiance and ambient
temperature. The PV current-voltage characteristics are
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typically represented by nonlinear equations that lack analytical
solutions. These numerous climate-related variations
necessitate the use of algorithms to track the maximum power
generated by the PV generators. The two most commonly used
configurations in a grid-connected PV system are the single-
stage and the two-stage configurations. The presence of
multiple energy conversion stages impacts the overall
efficiency, reliability, and cost of the system [12]. Single-stage
energy conversion offers several advantages, including basic
configuration, high overall efficiency, minimized cost, and
compact weight. However, a control method must be
developed in extent to ensure that maximum available energy
can be efficiently extracted and transmitted from the PV
generator to the grid.

To harness the maximum power from PV panels, robust
and fast Maximum Power Point Tracking (MPPT) techniques
have become of great importance in the operation of all PV
systems. Many approaches and techniques have been proposed
to track the Maximum Power Point (MPP). Conventional
strategies, such as the Perturb and Observe (P&O) algorithm,
Incremental Conductance (IC), Hill Climbing (HC) algorithm,
and advanced methods like Particle Swarm Optimization
(PSO), adaptive control, fuzzy logic controllers, and hybrid
methods, combining classical and intelligent algorithms, have
been explored. Authors in [13] introduced a P&O method for a
converter connected to a PV system, whereas in [14], an IC
controller for a two-stage grid-connected PV system was
developed. These methods are straightforward and easy to
implement. However, the obtained results showed that these
approaches exhibit oscillations, which diminish the efficiency
and stability of the system under steady-state conditions, in
addition to requiring the use of two measuring devices, thereby
increasing the costs of the proposed controllers. Methods based
on fuzzy logic, sliding mode approaches, predictive techniques,
adaptive strategies, and other techniques have gamered the
attention of numerous researchers. In [15], the authors
developed a neural network algorithm for the Single-Stage
Grid-Connected PV (SSGC-PV) system. The functions are
heavily depended on experimentation and subsequently exert a
significant influence on control performance. Adaptive control
[16] and backstepping and terminal sliding mode [10] have also
been employed for MPPT control in a PV systems. While these
approaches demonstrate improved performance in various
weather conditions, their complexity, slow dynamics, and
lower efficiency in poorly defined conditions are major
challenges. In [17], a predictive method was proposed for
MPPT tracking, revealing high efficiency under various
disturbance conditions. However, its fundamental issue lies in
the computational load, resulting in significantly higher
computation requirements and longer processing times.

Optimized MPPT techniques based on metaheuristic
algorithms such as PSO [18] and an Adaptive Neuro Fuzzy
Inference System (ANFIS) [19] for PV system control have
also been introduced. Simulations and experimental outcomes
have demonstrated extremely rapid MPPT for sudden changes
in irradiance, with minimized steady-state oscillations.
However, these methods require highly powerful processors to
perform the computations.

This paper introduces a novel sensorless MPPT control
strategy based on the line current in the rotating frame.
Voltage-oriented control has been achieved through a fixed
switching frequency and it has been combined with a space
vector modulation. The performance of the proposed VOC-
SVM control has been tested under varying irradiance
conditions through simulation and experimental tests.

II. PROPOSED SYSTEM CONTROL

A. Inverter Control

The VOC control strategy involves two coordinate system
transformations. The first transformation is performed in the
fixed (0,B) axis, and the second is carried out in the rotating
(d,q) system. The goal of these transformations is to align the
current vectors with the voltage vectors. This method provides
the decoupling of the current vector components, ensuring a
network current with no Total Harmonic Distortion (THD) and
the injection of reactive power into the network through the i,
current component. The VOC control comprises two control
loops, with one loop focused on the current (internal loop),
while the second loop is applied to voltage (external loop). A
limitation of this approach is the variable-frequency switching
of IGBTs. To overcome this limitation, the application of SVM
is used to establish a constant switching frequency [20]. In the
subsequent sections of this paper, it is assumed that the filter's
resistance is negligible. In the case of a balanced three-phase
system without a neutral conductor, the equation governing the
voltages and currents of the controlled converter are expressed
by:
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The three-phase quantities in a balanced system in abc
coordinates, defined as Yqp.c. can also be transformed into the
stationary off coordinates using the transformation matrix
provided by (2)
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In Figure 1, the voltage-oriented control diagram based on
virtual flux is depicted, illustrating the coordinate system
transformations (af to dq) and the application of SVM to
maintain a constant switching frequency.

The transformation of voltage equations into the rotating
(dq) Park coordinate system leads to the following system of
equations:
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Equation (5) governs the powers in the rotating reference
frame for a balanced system. The power generated by the PV
converter is synchronized with the electrical grid through the
use of Phase-Locked Loop (PLL) control.

Vgq igq)

(&)

3 ( .
pgd] _ )3 Wgalga ~
9gq

g(vgd igq ~ Vgqlga)

AC grid

L1 @
w_+

abc
ap PLL

T

€gq€gd iy iq

e
—>
Ved
€gq
Ve
o
lyg
i |
Fig. 1. Voltage-oriented control diagram based on virtual flux.

B. MPPT Control

The Hill Climbing algorithm is employed to adjust the i,
current, shifting the operating point along the PV generator's
characteristic curve, within a predefined maximum limit. The
search process persists until the maximum current point is
reached or closely approached. This approach has gained
popularity among manufacturers for its simplicity and
avoidance of complex calculations. Additionally, it enables the
switch of the measurement sensor from the DC current to the
line current in the rotating frame (i,), resulting in benefits such
as simplicity, speed, reliability, and cost reduction. Figure 2
displays the proposed MPPT algorithm control.

III. DISCUSSION OF EXPERIMENTAL AND
SIMULATION RESULTS

Experimental validation of the novel approach and the
performance of the proposed control were tested utilizing the

DSpace 1104 board. Simulation analysis was conducted in
MATLAB/Simulink for the single-stage grid-connected PV
generator under various irradiance variations. The simulation
block diagram of the control block is portrayed in Figure 3. It is
mainly composed of the MPPT algorithm block that guarantees
maximum power tracking and generates the corresponding
reference voltage from the measured current i;, from the
external control to provide the reference current in the d-axis,
and from two internal current control blocks to have the
inverter control voltages V,; and V,. Fixed frequency control is
carried out by the SVM block. The currents and voltages in the
dq-axis and the locking loop are obtained by transformation
blocks from the voltages and currents measured at the electrical
grid. Tables I and II provide the simulation and practical
validation parameters.
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Fig. 2. The proposed MPPT algorithm.
Ed & Eq & phi phi
vd & Vg SVM
=) — Eo
Vabc " 1d Eq vd vd

phi1 »qref Vg

-ref T - »d ref

Id_ref  Phi

i

MPPT
Fig. 3. Simulink model of the proposed control approach.
TABLE L SIMULATION AND PRACTICAL VALIDATION
PARAMETERS
Designation Simulation Experimentation
RMS Line to Line voltage 220V -50Hz 220V - 50 Hz
Line inductors L 12 mH 12 mH
DC bus Capacitor: C 1100 uF 1100 uF
K, (outer loop) 0.2 0.2
K; (outer loop) 10 ¢! 105!
K4 (inner loop) 0.2 0.2
K4 (inner loop) 10 ¢! 105!
K, (inner loop) 0.2 0.2
K, (inner loop) 10sT 10sT
Sampling time 7, / Ode 10 ps (Fixed step) 70 ps (Fixed step)
DC bus voltage 325V 325V
Switching frequency 5 KHz 5 KHz
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TABLE IL PV PANEL PARAMETERS 1000
Designations Values E 500!
Module type ENN solar Energiy EST-110 =
Maximum power generated by PV 109.2 W =t 600 |
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o L ™ 4007
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Fig. 5. Simulation and experimental results.
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Figures 5 (a) and (b) showcase the inner current loop
performance for the d-axis current. The i, current accurately
follows its reference, which is generated by the PV panels,
whether in the simulation results or in the practical validation.
In Figures 5 (c) and (d), it can be observed that the current
injected into the electrical grid exhibits a sinusoidal form with
minimal distortion. The internal controller is responsible for
maintaining the q-axis current at an average value of zero
during variations in the irradiance, as depicted in the simulation
and experimental result illustrated in Figures 5 (e) and (f).
Figures 5 (g) and (h) depict the variations in the active power
injected into the grid for simulation and experimental tests,
respectively. It can be seen that the injected power closely
tracks its reference value with negligible error across the entire
range of irradiance variations. This strongly implies that the
Hill Climbing algorithm is very effective and underlines the
sensorless MPPT control system's rapid response. The reactive
power response can be evaluated through Figures 5 (i) and (j),
where the defined values of reactive power remain close to
their reference. This implies that the PV system generates an
electrical energy with an important power factor. Figures 5 (k)
and (1) evidently showcase that the SVM control parameters are
pristine. In fact, V, maintains a null value and exhibits no
harmonics, resulting in a notably efficient control of the
system. Table III offers a comparison between the method
proposed in [10] and the approach employed in this paper.

TABLE III. COMPARISON TABLE
Proposed
Evaluated parameters method [10]
Convergence ability to the MPP Medium High
Efficiency of MPPT (%) 95 t0 99.50 99.33
Control variable Voltage Duty cycle
. . 1 current sensor
Required sensors Estimated | Voltage sensor
Sampling Intelligent control
Control strategy method based on FLC
Algorithm complexity Low High
Overall system performance (%) 96 93

IV. CONCLUSION

This paper describes a voltage-oriented control of a three-
phase grid-connected photovoltaic inverter, based on a
sensorless maximum power point tracking strategy. The main
objective of the control system is to obtain the maximum
power from the photovoltaic panel and to regulate the bus
voltage to the desired reference value, employing a MPPT
algorithm, while guaranteeing sinusoidal current injection into
the network for active and reactive power injection scenarios.
The newly introduced strategies were synthesized and
evaluated via the Matlab environment and the DSpace 1104
platform. Moreover, the implemented control system exhibits
excellent performance in stable and transient scenarios at low
cost. In conclusion, the proposed control method aims to
decrease the number of sensors, improve system efficiency,
reduce cost, and lighten the weight of the system while
minimizing CPU-level computation.
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