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Abstract

This work describes a photovoltaic generator connected to the grid by associating the parallel active filters to improve the
energy quality. The extraction of maximum power produced by the photovoltaic generators is done using the command of
Maximum Power Point Tracking (MPPT) by modified perturb and observe (P&O) algorithm. Furthermore, to reduce the
distortions due to the injected continuous quantities, the filtering of the harmonic quantities is done by four levels of active filters
using three switching cells per arm connected downstream of the seven-level inverters. The proposed algorithm and the model
of the active filter are evaluated. The calculation of the total harmonic distortion of the current after filtering shows acceptable
results. The rate of 0.21% obtained proves the power factor correction. Finally, the simulation results show that this rate is in
accordance with the Utility Connection Regulations. Besides, the performance of the algorithm has been demonstrated when the

solar panels are subjected to variations in irradiance.

Keywords: Harmonics, P&0O MPPT, Smart Grids, Filter.

1. Introduction

Nowadays, the demand and energy issues related to the quality
of distribution and transmission of electrical energy are
increasing, especially in the development of power electronic
devices [1] . These parameters of electrical energy shaping must
be considered before its use or connection to another source [2].
In the literature several filtering methods exist [3]. It is proposed
in this work, the use of parallel active filters for energy
compensation[4]. In the literature, several filtering methods
exist [5]. This work proposes the use of parallel active filters for
energy compensation [6]. The principle of compensation
consists in injecting a current in phase opposition with the
harmonics of the load (disturbance currents). The role of the
active power filter is therefore to improve the quality of the
electrical energy and to better respond to harmonic distortion
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problems [6]. These active filters, used in this work are based
on multicellular inverters. They allow the suppression of
harmonics and make the power factor close to unity [7].
Similarly, they reduce the inverse voltages injected into a
source. They also reduces the reverse voltages applied to the
filter switches [8]. One of the advantages of the multilevel
inverter topology used in this work is to limit the reverse voltage
stress on the switches. This is because the DC voltage of the
boost converter bus is only a portion [9]. The MPPT (Maximum
Power Point Tracking) control is used for its simplicity of
implementation, the solar photovoltaic energy is a form of
renewable energy. This energy allows producing electricity by
transforming part of the solar radiation thanks to a solar cell.
Photovoltaic installations are divided into two categories,
depending on whether they operate in a non-autonomous
manner or are connected to a public power distribution network.
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In this study, the focus is on grid-connected installations. The
need for the connection of photovoltaic generators results from
the fact that the output power of the photovoltaic generator
alone is not sufficient to meet the demand of the users.
Therefore, it is necessary to connect these generators to the
electrical networks.

In the first part of this work, the boost converter is presented
as well as its system controlled by the MPPT [11]. The second
part of this work is reserved for the modeling and control of
seven-level inverters. The principle of the active filter and the
structure of the three-phase inverter are studied in this part. The
principle of the active filter and the structure of the three-phase
inverter is studied in this part. The principle of the
transformation of two voltage levels and three voltage levels,
called two-phase Park transformation into three-phase, is also
presented[12]. The reference currents and voltages are studied
as well as the control of the multilevel inverter. The third part
presents the results of the simulations made in MATLAB. And
finally, a conclusion and perspectives constitute the last part of
the article. In addition, the results of the discussion are largely
analyzed and interpreted.
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2. Materials and Methods
2.1. Materials

2.1.1. Boost Chopper

The boost chopper is a static converter that converts DC
energy into DC energy, and its duty cycle is controlled by the
MPPT controller. The electrical diagram of this converter is
presented in figure 1 and by [8] [13]. The role of the boost
converter presented is to raise the voltage level delivered by
the photovoltaic generator at its output. There are several types
of DC-DC converters, including the boost chopper. For
example, there is the double boost chopper which has more
switches compared to the single boost. The latter can produce
more switching losses, Joule effect losses, switching delay,
even complexity of the MPPT algorithm, and risk of
redundancy. It has been shown that the Joule effect increases
when the voltage level or the filter switching cell increases.
Because, each switch produces a voltage drop, according to
the Joule law.

The boost converter is called a step-up converter. The input
voltage Ve and output voltage Vs are of the same order of
magnitude(a is the duty cycle of the boost converter), it is
defined as follows[14]:

Fig. 1. Model of the Boost converter.
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2.1.2. Diagram of the PV System

Fig. 2 shows the parts of the interface of the overall scheme,
it consists of the photovoltaic generator, the boost converter,
whose duty cycle is controlled by the PI controller.

2.1.3. Diagram of the four-Level Multicellular Filter

The active filters used are based on multicellular inverter.
Fig. 3 illustrates the four-level which is used for the control of
harmonics. This multicellular inverter is used as a parallel
active filter. The active multicell filtering in this work is not

DC DC GRID only oriented towards the possibility of having data acquisition
:XNEL N from integrated circuits and microcontrollers (Arduino,
DC AC Raspberry) on the one hand. Thus, the active four-level filter
with three switching cells per arm is chosen to allow the
I PARALEL switches to support only a fraction of the voltage at their input
| weer ACTIVE by the PI regulation used for their control. On the other hand,
FILTER the choice of this filter, which has fewer switches, is intended
to reduce any kind of losses.
Fig. 2. PV system overview diagram.
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Fig. 3. Electrical model of the 4-level multicellular filter.
2.2. Methods maximum energy produced by the photovoltaic generator. In

2.2.1. Maximum point method

The Maximum power Point tracking algorithm is an
optimization technique which is used to extract the maximum
power generated by a given signal [15]. An improved model
based on this technique is presented in this works. It differs
from the classical algorithm in that, it is based on a modified
P&O algorithm. The flowchart of this MPPT algorithm is
given in Fig. 4, it is clearly known that, it differs from the
classical algorithms. This new algorithm is used to extract the

816

the literature, many algorithms are developed. P&O is
considered as the most classical algorithm used, there are
optimization algorithms such as the IC and Fuzzy-PI that M
Sarvi,et al, compared as the solution for increasing the PV
output voltage, the hybrid PSO and P&O algorithm that MH
Zafar et al. proposed for Fast Altering illumination. The choice
of an algorithm usually depends on the complexity of the
problem to be solved. The P&O presented in this work is an
improved and simplified version algorithm, it takes as
parameters, the PV current and voltage input. In addition, its
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flowchart in Fig. 4 is quite different from others.

Oscillations are made around the MPP, the small amplitude or
step size variation will minimize the oscillation but will result
in a slightly slow MPPT. Therefore, a variable step size will
be used instead of fixed step size. In addition, the voltage
perturbation is chosen to be proportional to the abrupt change
in module power.

To increase the tracking speed and to solve the failure of the
MPPT under rapid changes of irradiance, it is important to
make an improvement. Knowing that the open-circuit voltage
Voc is affected by the variation of irradiance and temperature,

Vref = Koc *Voc (3)

where Koc is the proportionality constant for open-circuit
voltage and ranges between 0.71 and 0.78 in this case.

AV =V (k)-V (k—1) < AV, )
I(k)—1(k—
I (k-1) Np
where k is the sampling number; NP and Ns are the numbers

of parallel and series modules in array, respectively; AVSET is
the step size of voltage (v).

®)

the reference voltage is set to a fraction of the open-circuit . N xV
voltage to periodically check the variation of solar irradiance V., =V, = —M M | (k 7
g p y ref PSC

and to compensate for this variation, as follows: pm X Lsem
VARRY; C* AP where V*PSC is the reference voltage of the MPP under partial

ref = Vret T AV 2 shading (PSC) in volt; VocM is the module open-circuit
where Vref is the reference voltage of the MPP system: C'is a voltage in volt(v); IscM is the module short-circuit current in
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Fig. 4. Flowchart of the improved Perturb and Observe Algorithm.
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2.2.2. The P&O Control Algorithm

This technique allows the current generated by the
photovoltaic generators to maintain the upper extremum. Fig.
4. Shows the improved algorithm flowchart.

exp (

q(NsV+x—;RSI)

NgnKT

I = Nyl — Nyl

Where:
I Cell Output Current (A)
v Operating Voltage (V).
Vr Thermal Voltage (V).
Np Number of cells in parallel
Ipn Photocurrent (A)
Io Saturation current of the diode (A)

The irradiation is a random quantity [17], that is to say non-
linear, But the boost chopper has an advantage due to its
simplicity and its reduced number of switches [18]. It can
improve the quality of the electrical quantities produced by the
photovoltaic generators (PVG), when its duty cycle is defined
in the best conditions.

2.2.3. Equation of the generated Current

The equation for a mixed array formed by the series
connection of Ns cells and Np parallel module is generalized
as follows [16] :

a(NsV+DS R
) — 1] — % (8)
Np sh
Rs Series Resistance of Cell (Q)
Ns Number of cells in series
Rsu Shunt Resistance of Cell (Q)
n Ideality Factor
k Boltzmann constant (13805-10-23
Nm/°K)

2.2.4. The influence of temperature on the I-V
characteristics and P-V curves of the PV module

The simulations are done for constant irradiance (G =
1000W / m?) for different temperatures (20°C, 25°C, 30°C,
35°C, 40°C). Fig. 5 shows the I-V characteristics of PV
module for different operating temperatures. The maximum
power point is reached and remains constant during these
variations.
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Photovoltage (V)

Fig. 5. impact of the temperature on the characteristic 1-V and maximum power in the module

Fig. 6 shows the P-V curves for different variations of the
Temperature of the photovoltaic module at a constant

irradiance, known as test conditions (G = 1000W / m?). The
power point function is defined.
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Fig. 6. impact of the temperature on the characteristic P-V Curves

2.2.5. Solar Module MSX 60/MSX 64 Characteristics
Table 2 provides the photovoltaic parameter of MSX 60/MSX 64

solar cell.

Table 1. Electrical Characteristics of the MSX 60/MSX 64 PV Module [19].

characteristics

E (G = 10000/ m?).

Maximum power(W)

Maximum voltage(V)

Maximum current(mA/Cm?)

Open circuit voltage(V)

Open circuit current(mA/Cm?)

Temperature range(°C)

Number of cells in series

Number of cells in parallel

reference values
1000

P 15.80

Vimp 18

Linp 47

Ve 7.61

Tser 43.8

-40° to +85

N 82

Np 6

2.2.6. Seven-level inverter topology
The Fig. 7 illustrates seven-level inverters with cascade
topology. These inverters offer the advantages of having

819

several sources in parallel as well as having a reduced number
of switches that. Many switches connected produce Joule
effect losses [20].
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Fig. 7. The Control unit for complementary arms.

2.2.7. Triangular Sine PWM Modulation Technics
The Sine-triangular modulation consists of using triangular carriers of the same amplitude for a given level. Fig. 8 shows the
modulation of a seven-level inverter with 6 carriers

-reference are Vr\:fi 2 3

b
y vWﬂWVWvWﬁWV'
N G Y S

Time (s}

Fig. 8. Modulation of a seven-level inverter

The modulation of multilevel inverters are discussed , and the most used in the literature is that known as triangulo-sinusoidal
[21] where the arms of each switching cell are complementary to each other two by two. Fig. 9 represents this switching cell.
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Fig. 9. Control unit for complementary arms.

which is represented in Fig. 10. This voltage between phase
2.2.8. The 7-level inverter output voltages before filtering and neutral has a distorted form and this is due to the DC values
The simulation gave the shape of the voltage of a phase, produced by the photovoltaic generators (PVG).

T

30—

-10 =

Inverter Voltage (V)
-]

[\] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)

Fig. 10. The voltage waveform of a 7-level inverter.

The output voltages of the 7-level inverter are always full of harmonics as shown in Fig. 10. The table 2 presents the different
values the voltage supported by each switch of the 7- level inverter.
Table 2. Switch switching table.
S1 S2 S3 S4 S5 S6 Va
Ve
2V4d/3
Va/3
0
-Vu/3
-2V4/3
-V

©S OO = == =
—_—_—_ 0 o © o
O — o —- o o o
c o oo o o —~
O — 0o 0o —~ o o
S o = 0o o = o

Table 2 gives the different these values that each switch of the seven-level inverters supports.
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2.2.9. Block diagram of the overall system in Simulink

Fig. 11 shows the global diagram, which consists of the
PVG, converter, inverter, active filter and networks, through a
PCC which is determined. It represents the block diagram
realized in Simulink. It highlights the global system used: the

Proposed P&0

generators connected to the choppers boosted by the MPPT
control, the seven-level inverters upstream of the active
multicell filters. A transformer is placed upstream of the
electrical networks to act as a disconnector. The electrical
networks are three-phase and balanced before the injection of
the currents from the 7 level inverters.

Param
Cortinwous
K
sk S[7] powergui
’—DV Proposed_MPPT
= > EeT
! FWM Generabr Debiock
(DC-DO) Convererst Vave pm Measurement
o aneom
—_— Vi
Irradiance (Wim*2) / 6 0 6 \ kA |
Gv L1 - —<Vahc
madlance *
= L - ]
D - ,Hlahc
cm ==
s —]—a a s
4 @ o ‘b
I [ d
s
4
PV Ansy L
Temperature (d2g C) J
Groopl i 23 Seven-level [ =57 - :
T!-n:-er;.ﬁeE Cn =2 liverter - i« . |ACTIVE MULTICELLULAR
. .- :| INVERTER+DATA ACQUISITION
~ .|AND CONTROL

Fig. 11. Block diagram of the system.

2.2.10. Load Profile

Synchronization is required to change a two phase into a three-

phase transformation which is known park transform[12].
. These voltages undergo the Park transformation known as

three-phase two-phase, and are controlled and injected into the

power grids utilities, through the 4-level multicellular inverter.

The electrical networks constitute the load.
1

1
vy V2 VZ V2 |[ug,
2 1 1
|:Uo<l :\/; 1 E _E [Ubnl (9)
E _ﬁ Uen
2 2

1 1 1
VZ VI V2 |y
5 1 1 ca
S R | 1 (20)
0 ¥ _¥3|He
2 2

The currents are broken down into the fundamental (I, Ig)

and the harmonics ( I, Ip):

equations of these transformations’ models are given in
equations (Eq. 2, 4 and 6.)
The reference voltages are the output voltages of the seven-

level inverters

The equations that lead to Park’s direct transformation [22]
are below. In the space a-f voltages and currents can be
expressed:

{I“ =T+ 1, a1

The instantaneous harmonic active and reactive powers are
calculated by the relation:

=155 )

(42)

To simultaneously compensate for reactive power and
harmonic currents generated by the non-linear load, reference
currents should include p, g et g as below:
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[i“—ref] 1 U°< _Uﬁ'] [p] refl
Ilg ref va+vﬁ vﬂ lrele f

1 Ve ] [0]
va+vﬁ Vﬁ q

<—ref

0

V3

o
lg—rer

1
2 ] (64)
ref3 l
2

(53)

The reference currents in the a-b-c tag are given by: )
The model used is that of the PQ theory [23] developed and

implemented in MATLAB/Simulink to extract the reference
currents.

2.2.11. Simulink model of park’s transformation from ABC to DQ and DQ to ABC phase.
Fig. 12 presents the block diagram model in matlab/Simulink, made from the previous equations (Eq.3,6,8) [24]:

Product
2 »jus »f
Va1 | x
C w2 Prosenz
sz "
V3
ez
2phio Zoh 1
O ox
Produzz
x
Products
Products

Fig. 12. The Block diagram of the park transform.

2.2.12. ldentification of harmonics of Fourier transform
The Fourier transform allows to identify harmonics of even  For the given order i harmonic we have the equations:
and odd rank [25]. Assuming Vam, the line-to-phase voltage

grid, the equations are follow: hy = % (Slcos(ocl) + S,cos(oc,) +
-.+Spcos(ocp)) n=1 (98)
Vam(wt) =

> (ay(sin(nwt)); by =0 (75

h; = 4Va (SlCOS(l o) + Sycos(i «y) +

. .+Spcos(z ocp)) n=i (109)
bn = = [Z Vamar) (sin (not) d(wt),
a, =0 Where:
b, =0vVn
(16) n : Odd number
V. : Supply voltage or Vo, = Vp =V,
After integration, equations of harmonics of order n are resulting from the inverse
given: transformation of Park
h; : Fundamental of the output voltages
h, = % (Slcos(n 1) + Sycos(n «; : Switching angles
o) + . +Spcos(n o(,,)) (87) Si : signofcos

823



Journal of Solar Energy Research Volume 6 Number 3 Summer (2021) 814-828

0 <ot <y ... <X < g Where:
I : harmonic component of rank 4
THD = I : fundamental component

x2x2 mop-1,.. (P )2 . .
\/ 5 Zico it Daiss—(IF_, cos(ay) (20) 3. Results and discussion
P cos(a;)

3.1. Current waveform

The THD is defined as follow [26]: 3.1.1. current Output before filtering
The presence of harmonics in electrical networks distorts
THD (%) = 100 + [¥1=° (Ihz) 1) the currents, as shown in Fig.13. The role of multicell filters is

=2 \n? to remove these disturbing lines as shown in the Fig. 17.

Current(A)

| | 1 | | 1 | | 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time(s)

Fig. 13. Current waveform before filtering.

frequencies are odd multiples of 50 Hertz. In this work, the

3.1.2. Current injected by the filter in the network active filter eliminates the harmonic lines up to order 21.

Fig. 14, shows the shape of the currents that the active filters ~ However, the most harmful harmonics are those with a rank
inject in the networks, in order to cancel the signals whose lower than or equal to 21.
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Current (A)

| | | | | | | | |
0 0.02 0.04 0.06 0.08 Time(s)®1 0.12 0.14 0.16 0.18 0.2

Fig. 14. Reference current of the filter to be injected in the Network.

3.1.3. Module under partial shading
of the performance using both the classic and the improved

Consideri dul tected by two diod der PSC
ORSIGeriig one MOoCU's profeeied by TWD CIoTes untet P&O methods are both simulated as shown in Fig. 15.

of one cell by 75%, and the of this module and the simulation

B (oo 150
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74 NN SN U U R NS MRS S S e
R oo Py
dF-———l—qxp—— A — | —— o —— = — — | I I | | 1 ! | |
Lot b 0 0 0 dm o .
— 35T it et ety ity ety 100 - E— I I Pt oL
< T T N - : e ]
~ 3r--r--a-- a1 T T T $ I I | { I | 1
S | Lo i1 1 E I MPP | 1 | Lo
= 25F-———l———d——— 4—— il e EE o R EE | [} | I | | I [ |
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Voltage (V) Voltage (V)

Fig. 15. I-V and P-V characteristics for improved P&O MPPT algorithm under partial shading.
Fig.16. shows the MPP when implementing both classical  tracking efficiency increased drastically from 88% with

algorithm and improved P&O algorithms, comparing them  classic P&O to 99% with improved P&O under steady-state
with the theoretically calculated MPP. It is noted that the  condition for some variations.
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140

Improved P&O
*  Theoretical MPP
— Traditional MPP

120

100
ks
< 80
=
=3
3 60
o
=
& 40

Day hours

Fig. 16. Power generated by the MPP algorithm

Fig. 17 shows clearly the harmonics of odd order that are
eliminated, up to the rank n=21. It is shown by the
disappearance of their spectrum. However, the most harmful
harmonics are those of odd rank and especially of rank 3, 5,
7,9 [27]. In the same way as it is found in the literature review,
[28] in their work obtains a low THD, by inserting a
transformer in the system configuration. To reduce the
harmonics [3] used to realize an active filter based on
multilevel inverters, and thus the increase of the irradiance
would reduce the THD. [29] realized that it is possible to
eliminate these harmonic lines by hybridization of several

renewable sources, which still leaves limitations that [13]
show in their work. On the other hands, [30] from two
secondary sources have found an acceptable rate for ranks less
than 9. But from all these works, nothing guarantees that the
values would be maintained if the rate of harmonics is
calculated until rank 21.

3.1.4. Total Harmonic Distortion (THD)

The THD of the current of the inverter provides a very low
rate, for a fundamental from 65 to 50Hz. Harmonic lines have
almost disappeared as shown in Fig. 17.

Fundamental (50Hz) = 65 , THD= 0.21%

100 ]
=
o]
Tt aso| 1
]
£
S
S 60| 1
=
L,
©® aof .
2
—
faee] L i
: 20

o I | I A . I

o 5 10 15 20

25

Harmonic order

Fig. 17. Frequency spectrum of the current after filtering.
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The voltage and current of the inverter are in phase, Fig. 18
which proves the power factor correction and the balance of
the network after increasing the voltages of the seven-stage
inverters. Our proposed model is interesting because we have

reduced the THD with a reduced number of switches that most
often create losses, thanks to the MPPT algorithm improved on
the Fig. 4.
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-150

— Inv Current (A) — Inv Voltage (V)

VAL

NARRRARY
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Time (s)
Fig. 18. Current and voltage wave forms of the 7-level inverter after filtering.
4. Conclusion three-phase seven-level inverter show the correction of the

In this work, the modeling of the step-up converter and
the four multi-cell filters with three switching cells per arm
have been made, the 7-level inverter is presented. The
analysis of the performance of the filter and the improved
algorithm is widely commented on. This filtering system is
an ideal solution to solve the problem of load shedding in
isolated sites as in connected networks for optimal control of
reactive power through a digital data acquisition card. The
input voltage of the filter is dimensioned so as to allow
control by multiple agents; which gives a perspective to
smart grids. The voltage and current of each phase of the
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THD Total Harmonic Distortion

MPPT Maximum Power Point Tracking

PVG Photovoltaic Generators

IEEE Institute of Electrical and Electronics Engineers
P&O Perturb and observe
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