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Abstract— Photovoltaic generation has grown with continuous
developments that allow new functionalities such as power factor
correction or multilevel voltage generation. However, the
increment in the complexity of control algorithms requires
expensive digital systems for their correct implementation.
Therefore, this paper presents a new simplified reactive power
control technique based on the d-q rotating frame theory allowing
power factor correction by injecting phase-shifted or in-phase
current to the power grid from photovoltaic arrays. Furthermore,
the high conversion efficiency rate result is due to the use of an
MPPT algorithm. Finally, the proposed simplified reactive power
control was constructed to be used in a 7-level H-bridge power
inverter. Simulated results of the proposed simplified control
scheme verify low-THD in the current and a high-performance
during active or reactive power injection into the single-phase
electrical grid.
Keywords—photovoltaic array, current control, gridconnected, multilevel inverter, single-phase control, reactive
power control.

I.

INTRODUCTION

In the development of solar generation systems, there has been
a trend towards integrating a more significant number of
capacities with a pursuit to lower the number of electronic
devices [1]. Through multilevel topology, some advantages
such as current with low harmonic distortion, the increase in the
power capability of the inverter, and small size of the output
filters can be reached due to the type of step voltage the system
generates[2].
However, this type of inverter has the disadvantage of requiring
a complex control system due to multilevel modulation
algorithms and the necessity of software sections to operate
added systems. Some added systems can be; reactive power
injection, which allows an improvement on the quality of
electrical power at the Common Connection Point (CCP), [3],
[4] or the balancing of the power generated by the different
arrays of solar panels, to operate with partial shading conditions
[2]. These drawbacks result in more software sections inside the
control to perform all the functions successfully.
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Fig. 1. Simplified diagram of the single-phase 7-level inverter based on three
cascaded H-bridges.

Another problem related to the complexity of the control
algorithm is the need for a powerful and expensive digital
system required to execute the entire algorithm every switching
period, resulting in the use of expensive technologies like
FPGAs [5].
To solve this problem, a new control system is proposed to
operate a 7-level inverter with active and reactive power
injection capability through a low-complexity control
algorithm that allows using a cascaded H-bridge multilevel
topology as power hardware.
II. STUDIED SYSTEM
In this research, a 7-level inverter was built with three cascaded
H-bridges using IGBT transistors as power switches. Each Hbridge is fed by an array of two solar panels connected in series,
generating a total of 61.92 Volts at the maximum power point.
A 2400 μF capacitor is used to stabilize the array voltage, and
a 2.2 mH common-mode inductive filter is added between the
output of the multilevel inverter and the single-phase
distribution grid modeled as an AC voltage source. In total, 6

Fig. 2. Proposed control scheme

Solartec solar panels model S60MC-250 are used, and each one
delivers 250 Watts of power at its maximum generation point
[6]. A schematic of the 7-level inverter used in this research can
be seen in Fig. 1.
This inverter follows the single-stage structure replacing with a
capacitor the DC-DC converter used in the double-stage
topologies [7]–[9]. This reduction in the number of circuits
allows lower hardware costs and increases the inverter's
efficiency since fewer switching elements dissipate power.
A common-mode L-type filter is used to reduce current
harmonic distortion (THD) at the output. These filters are
simpler than LCL filters used in [10] and have a smaller size
than their single-coil counterparts; moreover, common-mode
filters can tolerate higher currents and have lower magnetic
saturation in the core due to the arrangement coils [11].
On DC stage, voltage and current sensors are placed at the
output of each of the three solar panel arrays to calculate the
maximum power point [12], [13]. On the other hand, the AC
stage sensors are placed in two different sections at the output
of the multilevel inverter. The voltage sensor is placed at the
terminals of the single-phase AC distribution network after the
inductive filter, while the current sensor is placed before the
filter. With the voltage sensor and the PLL block, the angle ρ of
the single-phase voltage signal can be estimated, while with the
current sensor, the feedback information for inverter control is
obtained.
The measurement of feedback current is taken before the
inductive filter. If a load was connected at the common
connection point (CCP), the current demanded by the load
could affect the control feedback loop. Therefore, only by
placing the sensor before the inductive filter, the output current
of the multilevel inverter is measured, and this change gives the
system the ability to inject current into the grid or assist the
single-phase grid in the generation of electric power for the
consumption of a load connected at the CCP.
III.

arrays to increase the efficiency of the developed system [2],
[14]. For this purpose, the maximum current of every
photovoltaic array
is calculated through the
, ,
Maximum Power Point Tracking algorithm (MPPT) known as
Incremental Conductance (IncCond). The IncCond algorithm is
used to calculate the current at the maximum power point using
voltage and current sensors placed at the output of the solar
panels. The calculation of the currents
, , is performed as
shown in the flowchart in Fig. 3.
When the maximum power current of each of the PV arrays
is estimated, these values are summed as seen in (1)
, ,
to obtain the total maximum power current
, which is used
to estimate the current references the PI controllers.
(1)
This control proposal assumes equal and uniform solar
radiation on all solar panels; therefore, the stage responsible for
balancing the currents drawn from each PV array is omitted. It
is possible to maintain the simplicity of the control algorithm.

CONTROL ALGORITHM PROPOSAL

The proposed algorithm presented in this work is shown in Fig.
2. Due to the low conversion rate of the solar panels, it is
necessary to extract the maximum power from each of the

Fig. 3. Flowchart of the MPPT algorithm used for the calculation of the
reference current.

Fig.4.

PLL block diagram

By measuring the grid voltage and using a single-phase PLL,
the value of the angle of the grid voltage is estimated. The
structure of the PLL used can be seen in Fig. 4. Through
cascaded low pass filters, two current signals, and shifted
90° from each other, are generated from the output current of
and
the multilevel inverter. With the current signals
together with the voltage angle , Park's transformation is
performed to obtain and in the rotating reference frame dq. These currents are used as feedback values in the PI controls.
, ∗ is assigned a value equal
To generate ∗ and ∗ from
to or less than
, and the calculation of the reference
component ∗ is performed by (2).
∗

∗
∗

(2)

∗

The reference currents and are used to calculate the PI
controls' error values through (3) and (4). To estimate the error
of the PI control of the d component, ∗ must change the sign.
In the computation of ∗ , there is no change.
1 ∗

∗

∗

(3)
(4)

Table I shows the values of the PI controls used in this control
proposal.
TABLE I
Proportional
Integral
Proportional
Integral
Proportional
Integral

PI CONTROLLER PARAMETERS

Controller of the d component
0.09
2.95
Controller of the q component
0.087

4.8
PLL
0.0034
21

Fig.5.

Scheme of the 7-level modulation technique

The signal is modulated through the Phase Shifted - Pulse
Width Modulation technique (PS - PWM). This modulation
technique is like unipolar modulation and so uses the signal
as input and a second signal identical to the previous one but
with a phase shift of 180° between the two signals. The 7-level
voltage generation at the inverter's output is achieved through
the displacement of the carrier signals by an angle # calculated
through (5).
#

180°/()

(5)

The value of () is the number of cells used for the multilevel
inverter; in this application, ()
3 to synthesize the outputs
of a 7-level inverter. Each cell uses four control signals which
can be seen in the general scheme in Fig. 5 as +,- ./, where
. represents the transistor to be controlled and / the cell to
which it belongs. In total, the proposed 7-level inverter needs
to generate 12 outputs. This multilevel modulation technique is
selected to control each power cell using the same control signal
independently and for the multiplicative effect of the modulator
output frequency, which allows a low level of harmonic
distortion at the output [15]. For this application, a switching
frequency of 6 kHz is used, which allows the use of digital
controllers with low computational power that require more
time to execute the control algorithm.
IV.

SIMULATED RESULTS

The 7-level inverter, including its proposed control algorithm
was programmed using Matlab Simulink software to validate
the results of the proposed control. The proposed control
scheme and the single-phase 7-level inverter that have been
studied in this experiment are shown in Fig. 1 and Fig. 2.
A. First test

The results obtained at the output of the two PI controls are the
voltage components
and
, which are in the d-q
!"
frame. An inverse Park transformation is performed to obtain
the control signal, and two sine signals and , are obtained.
Since the developed system is single-phase, only the
component is used as the control signal.

This experiment is performed with variable solar radiation and
no current phase shift to observe the performance of the
proposed control during the tracking of the maximum power
point while maintaining a purely active power generation. The
value of the reference ∗ is set to zero, and the ∗ component is
equal to the value of the maximum power total current
.

Fig. 7. Ideal power generated by the PV array and true power extracted for
the multilevel inverter
Fig. 6. Performance of the proposed control during peak current tracking with
variable solar radiation.

It starts at 0 0 with a radiation value of 300 ,/1 ; this
value is maintained until 0 0.2 seconds, where an increase
reaches 900 ,/1 at 0 0.4 seconds.
In Fig. 6, it can be seen how the presented control algorithm can
adjust the output current depending on the solar radiation.
At time 0 0.6 seconds, solar radiation starts to decrease, and
400 ,/1 is reached at 0 0.8 seconds. At time 0 1
second, the solar radiation starts a new change, and it reaches
1000 ,/1 at 0 1.2 seconds; this value does not change at
the end of the simulation at 0 1.4 seconds.
During solar radiation changes, the control tries to estimate the
current at the point of maximum power through the MPPT
algorithms. By locating this value, the maximum power
generated by each array of solar panels can be extracted.
The control's efficiency is increased since all the energy
produced by the solar panels is used. The efficiency 7 of the
proposed control is calculated by (6) using the true power +
and the ideal power +8
generated by the solar panels.

7

+
+8

+8

.∗

∗ ,/1

(8)

The maximum efficiency calculated through (6), (7), and (8) is
0.99, and a minimum value is 0.96. During the simulation, the
efficiency varies inside this range depending on the solar
radiation received by the solar panels. In Fig. 7, a graph with
the ideal power generated by the solar panels and the true power
used for the multilevel inverter can be seen. The ripple in the
true power curve generated by the multilevel inverter is due to
the charging and discharging of the capacitors connected
between each H-bridge and the solar panels. The larger the
value of each capacitor, the smaller the ripple in the extracted
power. However, a higher value of the capacitors impacts the
dynamic response of the proposed control causing it to be
slower and insensitive to small changes in solar radiation.
In Fig. 8, it is possible to see a close-up of Fig. 6 showing the
instant where the control starts. The control takes three cycles
of the grid voltage waveform to begin injecting the current in
phase (at 0 0.04 seconds) and up to 6 cycles for the peak
value of the current waveform to reach the reference value
calculated by the MPPT algorithm.

(6)

+
is calculated through (7) using the voltage and current
measurements , , and
, , of each of the three solar panel
arrays. This value represents the power generated by each solar
panel
array
used
for
the
multilevel
inverter.

+

∗

∗

∗

(7)

+8
is estimated at a fixed temperature using (8) and
represents the power that the solar panel can ideally generate at
a given solar radiation value.
The way to calculate +8
is through the solar radiation
received by the panels, the power delivered by the solar panel,
which the manufacturer gives in ,/1 , and the number . of
solar
panels
used
in
the
design.

Fig. 8. Time instant at which the proposed control begins to synchronize with
the single-phase voltage grid

Fig. 9.

THD of current with solar radiation of 300 ,/1

Fig. 11.
The angle of the current concerning the voltage and reactive
power injected into the grid

Fig. 10.

THD of current with solar radiation of 1000 ,/1

An analysis of the harmonic distortion counting the first 50
harmonics of the current generated by the multilevel inverter is
observed in Table II. The THD values are lower than the IEEE
Std 519-2014 standard sets as a maximum limit of 5 % in
harmonic distortion in the current [16] despite the variable solar
radiation. Fig. 9 and Fig. 10 show two of the THD analysis of
the current at different solar radiation conditions.
TABLE II

THD OF CURRENT

Solar radiation
<== >/?@
A== >/?@
B== >/?@

C=== >/?@

At instant 0 0.142 second, 70 % of
is set as the value
of ∗ , and the rest is placed in ∗ . It is possible to observe how
the reactive power reaches a value of approximately -975 VAR.
At this moment, the current overtakes the voltage, and there is
an angle between them of 42.5°.
In 0 0.45 seconds, a new change in ; ∗ is made, and -70% of
is reached as a new value of ; ∗ at 0 0.6 seconds. This
negative percentage generates a current 47° delayed concerning
the grid voltage, and the multilevel inverter generates a reactive
power of 1150 VAR.
The time instant where the current and voltage of the multilevel
inverter are in phase occurs after time 0 1 second. The
changes in angle and reactive power injected into the grid can
be seen in Fig. 11.
Performing an analysis of the harmonic distortion in the current
generated by the 7-level inverter, Table III shows the current
THD values during each phase change with constant radiation
of 700 ,/1 . Fig. 12 and Fig. 13 show the THD analysis of
the current when injecting reactive power to the grid.

THD of current
3.70 %
2.98 %
2.19 %
2.18 %

B. Second test
The second experiment allows observing the system's
performance when injecting reactive power to the grid through
the current phase shift.
For this experiment, constant solar radiation of 700 ,/1 is
used and, only the value of the reference currents ∗ and ∗ in
the PI controls are changed. The experiment starts with 100 %
of
sets in the ∗ component and 0 % in the ∗ component.

Fig.12. THD of the injected current when generating -975 VAR of reactive
power

[5]

[6]
[7]

[8]

Fig.13. THD of the injected current when generating 1150 VAR of reactive
power

TABLE III
% of
D∗E
30
30

% of
D∗F
+70
-70%

THD AND REACTIVE POWER GENERATED
Reactive power
-975 VAR
1150 VAR

V.

Angle of the current
concerning voltage
42.5°
-47.0°

[10]
THD
2.60 %
3.43 %
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