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Abstract:

In this paper, a grid-tied photovoltaic power conditioning system with an LCL filter is presented, which is capable of
injecting high-quality current and maintaining strong stability under disturbances. Since the output voltage of
photovoltaic cells is lower than the grid voltage, a DC—DC converter is employed to step up the voltage, and an inverter
with an LCL filter is used to convert the DC voltage into the AC voltage required by the grid. LCL filters exhibit
excellent performance in attenuating switching harmonics; however, one of their main drawbacks is the inherent
resonance, which can lead to system instability. When digital control is applied to grid-tied inverters, control delays,
comprising computational and pulse-width modulation (PWM) delays, can further weaken inverter stability against
variations in grid impedance. In this study, a capacitor current feedback method is employed to damp the inherent
resonance of the LCL filter, and a lead compensator is introduced in the capacitor current feedback path to compensate
for control delays in the grid-tied photovoltaic power conditioning system. To verify the effectiveness of the proposed
approach, a step-by-step design procedure is presented for both the lead compensator and the closed-loop system
parameters. Simulation results of the grid-tied photovoltaic power conditioning system with an LCL filter, obtained
using MATLAB/Simulink, confirm the validity and effectiveness of the proposed method.
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1. Motivation of the work

Conventional power generation systems are undergoing a
major transformation, and distributed energy resources
(DERs) are increasingly taking a larger share compared
to fossil-fuel-based energy sources. Photovoltaic (PV)
cells have attracted significant attention in recent decades
due to their high potential, low cost, and mass production
capability. In distributed generation systems, the
generated voltage level is generally low and strongly
dependent on environmental conditions. Therefore, the
use of power electronic converters in distributed
generation systems is unavoidable. To convert power
from photovoltaic cells to the required grid or load
power, the use of a voltage source inverter (VSI) or
current source inverter alone is not sufficient due to the
low generated voltage level. Hence, a DC/DC converter
is typically employed between the PV system and the
inverter to boost the voltage.

A voltage source inverter (VSI) is an essential interface
between the power generation unit and the power grid for
grid-connected operation [1]. To reduce high-order
harmonics in the inverter output current in grid-
connected systems, the presence of an LCL filter between
the inverter and the power grid is necessary. The LCL
filter inherently exhibits resonance, which may lead to
system instability. To address this issue, the inherent
resonance of the LCL filter must be damped [2]. Most
grid-connected inverters are digitally controlled due to
their high flexibility. However, due to digital control
delay [3], the performance of capacitor current feedback
damping is weakened. Capacitor current feedback is
equivalent to a frequency-dependent virtual resistor. In
the frequency range where this virtual resistance behaves
as a negative resistance, it introduces right-half-plane
poles into the system, thereby destabilizing the system.

2. Contributions

In this paper, in order to improve the stability and current
quality of a grid-connected solar array power
conditioning system equipped with an LCL filter, a
phase-lead compensator is employed in the capacitor
current feedback path. By this approach, a virtual RC
network is effectively obtained in parallel with the LCL
filter capacitor, which significantly enlarges the region of
virtual positive resistance (VPRR) without modifying the
sampling instants of the measured signal. In this way, the
forbidden frequency band associated with the LCL filter
resonance is eliminated, and the resonance frequency
limitation is removed.

With proper and accurate design of the closed-loop
parameters, the grid-connected solar array power
conditioning system equipped with an LCL filter can
maintain its stability against grid impedance variations
and operate with high reliability, high robustness, and
strong immunity to noise.

The contributions of this paper are summarized as
follows:

1. The proposal of a simple-structure and easily
implementable phase-lead compensator for a grid-
connected solar array power conditioning system with
an LCL filter;

2. The analytical explanation of how the forbidden
resonance frequency band of the LCL filter is
eliminated by the proposed phase-lead compensator,
enabling robust system operation under wide
variations of grid impedance;

3. The development of a step-by-step procedure for
designing the closed-loop control parameters of the
studied system in the presence of the proposed phase-
lead compensator.

3. Procedures
In this paper, a capacitor current feedback method is
employed to damp the inherent resonance of the LCL
filter, along with a lead compensator inserted in the
capacitor current feedback path to compensate for the
control delay in the grid-connected photovoltaic power
conditioning system. Considering that the output voltage
of the photovoltaic (PV) cells is lower than the grid
voltage, a DC—DC converter is utilized in the structure of
the grid-connected photovoltaic power conditioning
system under study. To verify the correctness of the
proposed method, a step-by-step design procedure is
provided for the lead compensator and the closed-loop
system  parameters. The  proposed phase-lead
compensator can influence and improve the performance
of the grid-connected inverter with an LCL filter from
several aspects, as follows:

1. The proposed lead compensator is simple, easy to
understand, and robust against switching-frequency
noise without requiring any modification of the
modulation index.

2. The proposed lead compensator increases the boundary
frequency of the virtual positive resistance region
(VPRR) and effectively compensates for the digital
control delay.

3. The proposed lead compensator eliminates the
forbidden frequency region of the LCL filter
resonance and improves the robust performance of the
inverter against wide variations in grid impedance.

4. Findings

Grid-connected photovoltaic power generation systems
are commonly used in low-voltage distribution networks.
In this study, variations in weather conditions, with
irradiance decreasing from 1000 W/m? to 800 W/m? are
considered. Injecting a sinusoidal current into the grid is
one of the primary objectives of the inverter control
system. The injected current exhibits a sinusoidal
waveform. Moreover, even when the irradiance
decreases, the current waveform maintains its sinusoidal
shape, demonstrating the system’s stability under
irradiance variations. The voltage and current waveforms
at the point of common coupling (PCC) are sinusoidal,
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and no phase difference is observed between them. This
corresponds to unity power factor operation in the
injected power, indicating correct operation of the PLL
and the proposed control system. The THD of the
injected grid current is 1.75%, which is a very acceptable
value.

5. Conclusion

Voltage source inverters are widely used for transferring
power from photovoltaic arrays to low-voltage grid-
connected networks. However, grid-connected voltage
source inverters equipped with an LCL filter and active
capacitor current feedback damping are highly sensitive
to grid impedance variations in weak grid conditions.
When the grid impedance varies significantly, control
delays may lead to system instability. To address this
issue, a lead compensator is proposed in the capacitor
current feedback path. The combination of capacitor
current feedback and the proposed lead compensator
increases the boundary frequency from approximately
fs/6 to f/4 In addition, it reduces and may even eliminate
the forbidden resonance frequency region of the LCL
filter. To ensure the correctness and effectiveness of the
proposed method, a step-by-step design procedure is
presented for the lead compensator as well as for the
current controller and capacitor current feedback
parameters. Simulation results of the grid-connected
photovoltaic array power conditioning system under
weak grid conditions demonstrate that the proposed
control strategy maintains system stability under grid
impedance variations. Moreover, the quality of the
injected grid current remains highly satisfactory even in
the presence of harmonic distortion in the grid.
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