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ABSTRACT
In order to improve the efficiency of photovoltaic panels it is necessary to introduce the technique of Maximum Power Point (the
technique of the MPPT). In the literature, several strategies are mentioned, among which the perturbation and observation (P&O0)
algorithm. The aim of this work is to a simulation study in MATLAB of a photovoltaic panel connected to the network using DC-DC
and DC-AC converters. DC Boost converter is checked by the MPPT command to adjust the output voltage of the photovoltaic panel
and maximize the power produced by the photovoltaic panel. The PI controller is used to control the inverter three-phase to make the
connection of the photovoltaic panel to a three-phase electrical network.
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1. INTRODUCTION

The renewable energy market has grown rapidly over
the past decade due to deteriorating environmental quality
and the escalating price of fossil fuels.

Renewable energy has become today like a potential so-
lution for pollution because it is more appropriate and more
efficient and clean.

The rapid development of solar energy has gradually
appeared in the form of small electrical installations con-
nected to the Low Voltage (LV) network and solar farms
directly connected to the Medium and High Voltage (HV,
MYV) network.

In order to improve the efficiency of photovoltaic panels
it is necessary to introduce the technique of the Maximum
Power Point (the technique of MPPT). In the literature, sev-
eral strategies are mentioned, among which the perturbation
and observation algorithm (P&O).

The aim of this work consists of a study by simulation
under MATLAB of a photovoltaic panel connected to the
electrical network using DC-DC and DC-AC converters.

2. SUBJECT

One way to benefit from photovoltaic energy is to con-
nect PV systems into a electrical network. Since most elec-
trical networks operate on AC and PV systems produce
electrical energy continuously, this incompatibility can be
resolved by converting the electrical energy produced by
PV systems from DC to AC using an inverter.

In this paper, we will discuss the modeling and design
of a three phase inverter controlled by PI control for our two
stage photovoltaic system and how to make it connected in
a three phase electrical network considering the character-
istics of the electrical network. Since the input source of the
inverter is a voltage source we used the three phase voltage
inverter.

A general diagram of a PV system connected to the
electrical network is shown in Figure [I] and consists of
three main components: PV panel (or generator), power
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converter (inverter and chopper) and the alternative net-
work. Since the power generated by the photovoltaic panels
is direct current, the power converter, which is a technol-
ogy based on power electronics, is needed to convert the
direct current of the photovoltaic panels into alternating
current. In other words, the power converter plays an im-
portant role in controlling the power supply and at the same
time ensuring a good integration between the PV and the
network. Additionally, other specifications are imposed by
requirements network to make network-connected PV sys-
tems more resilient and user-friendly:

1- Reliable or secure power supply;

2- Flexible control of active and reactive power;

3- Dynamic network support as required;

4- System status monitoring, protection and communica-
tion;

5- High efficiency and reliability, low cost and small vol-
ume [9].

Electrica
network

DC/DC DC/AC

Photovoltaic
panels

MPPT PWM
>

Fig.1 General diagram of a PV system connected to the
electrical network [22]

The control of the PV system is activated via the power
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converter, which acts as an interface between the PV and
the network. For the two-stage PV system the first stage dc-
dc conversion is responsible for controlling the PV power,
while the stage of dc-ac conversion is in charge of network
interactivity. From the PV side, the converter dc-regulates
the power extracted from the photovoltaic generators by
controlling the point of the photovoltaic generator (for ex-
ample, the photovoltaic voltage) depending on the charac-
teristic P (V) of the PV. This can be done using a controller
proportional-integral (PI) to regulate the voltage of the PV,
the reference of which is determined he MPPT algorithm,
to continuously monitor the MPP and maximize energy ef-
ficiency during operation.

As the PV power is controlled by the DC-DC converter,
the role of the DC-AC conversion is to ensure that the ex-
tracted power is supplied to thenetwork. A possible way to
do this is to regulate the voltage of the DC link, since the
voltage of the continuous link must be kept constant when
the continuous supply and the alternative diet are balanced.
In doing so, the output of the voltage controller ntinuous
link will give a required amplitude of the network current,
depending on the difference between the reference and the
measured DC link voltage. Then the current eference net-
work I, can be obtained by multiplying the amplitude of
the network current I, by sin(6r), where 6r is the phase an-
gle of the network voltage supplied by a loop a phase lock
(PLL) [9].

The functional diagram of the VSI control in the refer-
ence dq is illustrated in figure[2]

Voltage controller

PV
Maodulation

HH

PWMinwv

Metwork synchronisation

Fig. 2 Functional diagram of VSI control in reference dq

The PLL is adopted to provide the phase information of
thenetwork voltage, which is needed to transform the net-
work currents into their components dq I; and I, in the dgq
coordinate system, and then transform the voltage control
signal back into the abc mark.

3. METHODS
3.1. PV system

To model a photovoltaic system we will use the single
diode model which is one of the most used models. This
model includes a combination of a photo-generated con-
trolled current source Ipg, a diode D described by the single
exponential Shockley equation and a shunt resistor Rsh and
a series resistor Rs modeling the power losses . The equiv-
alent circuit of a photovoltaic system is given in Figure [3}
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Fig. 3 Equivalent circuit of a PV system

From Kirchhoff’s law the current delivered by the pho-
tovoltaic cell is given as follows:

I=Ipy—1Is— Iy (1)
The parallel branch current described as follows:
V+RJI 'V,
Ly = = 2
sh Ry, Ry, ( )

The current flowing through the diode described as follows:

Va
I =1 (e"Vt - 1)

Where :
I; : the inverse saturation current
n the ideality factor of the diode
V; : the thermal voltage which is given by the following
relation:
-
q
Where :
k : Boltzmann constant (1,380650 times10~23J/K)
q : the electronic charge (1,602176 times10~1°C)
Nj : the number of cells connected in series.

3

“

The inverse saturation current /g is given by the follow-
ing equation:

T, 3 ( Ego( 7’1:7](’ T ) >
L =1 (Tref> e 4)
The saturation current /g, is given by the following relation:
I = e@{;c)c_l (6)
Where :

1. : short circuit current of the solar cell
Vo : open circuit voltage of the solar cell
E,, : the energy band gap of the semiconductor.

The photo-generated current Ipy can be evaluated for
any arbitrary value of irradiance G and cell temperature 7
using the following equation:

iIcc + ki(Tc - Tref)
Gre f

Where :

Gyey - the irradiance

T,.s : the temperature of the cell at standard test conditions
ki(A/°C) : the temperature coefficient of the current

I, : the short circuit current of the solar cell at standard test

)

Ipy =
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conditions (STC).

So the output current of a PV [ system is described as
follows:

Ya
I =Ipy — I (e("V’)—]>—Vd ®)
Rn

3.2. DC Boost Converter

The parallel chopper is also called booster chopper is
a static converter that allows to provide an output voltage
whose average value is greater than that of the input volt-
age [12].

The Parallel Chopper circuit is illustrated in figure ] Its
output voltage V, is always greater than the input voltage V
for steady-state operation.

The Parallel Chopper consists of an inductor L, a con-
trolled switch S (usually an IGBT or MOSFET), a diode
D, a filter capacitor C and a load resistor R. switch S is
activated and deactivated at the switching frequency f; =
fraclT with the duty cycle alpha = fractonT, where ton
is the time interval when the switch S is on and o between
Oand 1.

The Parallel Chopper can operate in continuous or dis-
continuous conduction mode, depending on the current
waveform of the inductor. The Parallel Chopper in discon-
tinuous conduction mode cannot operate at R = oo because
the filter capacitor has no path to discharge [13].

L i

KR :
+ - [l
Hs tic

Vs S

Fig. 4 Ideal equivalent circuit of the parallel chopper [14]

=]
]
=]

Our goal is to design a parallel chopper for which to
use its output voltage as an input in a three-phase inverter
to convert from direct to alternating and for that the output
voltage that we want is follows the voltage of our electrical
network which is V, = 400V.

The input quantities that we will use in our chopper will
be the maximum operating quantities of the PV in STC as
illustrated in table [Tl

The desired ripple value for the current in the inductor
ir s 5 % and 1 % for the output voltage V,,.

The switching frequency we are going to use is f; =
16KHz.

The duty cycle is:
Vem 31.3
=1- =1—-—"-=0.922
¢ v, 400
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The load resistor:

V2 400%
R=1--2%2=—=5926Q

Pm 270 ?
The current i;:

P 270

i = — =——=0.684
LTy, T 400
The ripples:

Air =0.05 x i;, =0.05 x 0.68 = 0.034A

Ay =0.01 xV, =0.01 x400 =4V

To find the minimum values of the inductance L and the
capacitor C we will use the equations:

Ve 31.3x0.922
Linin = = =0.053H
T fAL 16 x 103 X 0.034
V. 400 x 0.922
Cmin 0% X — 97uF

T fRA, 16 x 10% X 592.6 x 4

3.3. MPPT command

By definition, an MPPT command, associated with an
intermediate adaptation stage, makes it possible to operate
a PV so as to continuously produce the maximum of its
power whatever the weather conditions (temperature and
radiation), the MPPT command of the converter places the
system at the maximum operating point (VPPM and IPPM).
The MPPT control varies the duty cycle of the static con-
verter, using an appropriate electrical signal, to get the max-
imum power that the PV can deliver. The MPPT algorithm
can be more or less complicated to find the MPP. In gen-
eral, it is based on the variation of the duty cycle of the
static converter as a function of the evolution of the input
parameters of the latter (I and V and consequently of the
power of the PV) until it is placed on the MPP [16].

The MPPT needs a fast and intelligent control system to
counter rapidly changing weather data or load changes [9].

The purpose of the DC to DC converter is to isolate the
DC input from the DC output so that the output can be ad-
justed for maximum power. The MPPT command typically
uses a [17] microprocessor.

The MPPT control consists of two basic components,
the dc-dc converter and its controller. As shown in Fig 3]

Many techniques have been introduced to catch MPP.
These techniques differ by their complexity, their cost, their
efficiency, their response and their robustness, among these
techniques the most used is the technique of P&O (pertur-
bation and observation).
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Laod

Battery

L4
T

Photovoltaic
Panel

MPPT command

Fig. 5 Photovoltaic system controlled by the MPPT command
9]

The perturbation and observation technique or algo-
rithm (P&O) a procedure in which one variable is changed
(disturbed) and the effect of the change on another variable
is monitored (observed). (P&O is also known as the esca-
lation method).

The P&O technique is a widely used approach in MPPT
research because it is simple and only requires voltage and
current measurements of the photovoltaic panel Vpy and Ipy
respectively, it can track the maximum power point even
when variations in illumination and temperature. The ad-
vantage of this method is that it has the particularity of hav-
ing a simple regulatory structure, and few parameters mea-
sured. It can deduce the maximum power point even during
variations in illumination and temperature, for all these rea-
sons, the P&O method has become an extended approach
in MPPT research. [8]

Start P and O

Read Vpy and Ipy

APpy = Ppy = Ppy_oug

APWM =
PWM - PWM_old

PWM =

PWM_old + K|

PWM =

PWM =

PWM_old - K|

PWM_old + K]

PWM =
PWM_old - K

l

l

l

|
|

Return to start P and O

Fig. 6 Flowchart of the P&O algorithm

If DeltaP > 0 then the voltage disturbance moves the
operating point to a point closer to the MPP and we con-
tinue to disturb the voltage in the same direction this will

move the operating point until reaching the MPP.
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If DeltaP < 0 the operating point moves away from the
PPM then we disturb the voltage with an algebraic sign op-
posite to the previous sign to move the operating point until
reaching the MPP.

AP MPP
b av =0 X
D ppfr—————
= LH:'JJF N, Right
S| ap-
g AV =) .
= AP = ﬂ
AW
Valtage [V] ‘;-.!T"r"

Fig. 7 Principle of operation of the P&O method

3.4. Three-phase voltage inverter

Three-phase voltage inverter is mainly used to convert
constant DC voltage to AC voltage with variable amplitude
and frequency. Figure [§] shows a schematic diagram of a
three phase voltage inverter. It is made up of six switches
S1 — Se with each phase output connected to the middle of
each branch of the inverter. Its three branches are normally
delayed by an angle of 120° in order to generate a three-
phase AC power supply. The inverter switches each have a
50% ratio and switching occurs after every 7 /6 of the time.
Switches S and S4, switches S, and S5, and switches S3
and S¢ complement each other.

In the simplest form, three reference signals are com-
pared to a high frequency carrier waveform (PWM) to con-
trol the output AC voltage of the inverter. The result of this
comparison in each leg is used to turn the switches on or off.
It should be noted that the switches in each branch must be
actuated interchangeably, in order to avoid a short circuit to
the DC power supply [18], [19].

Y TY L J;:—- v
Y b L~ Th—s vy
Y=,

L

N cr— ‘

| -._W
Sti} *D' 55‘:;} Ds S‘.’J xDp,
] ‘ J

Fig. 8 Electrical diagram of a three-phase voltage inverter [18]

V., Vp and V, are the output voltages of the inverter, i, i

and i, are the output currents of the inverter.

The LC filter output voltages and currents are labeled

as Vur, Vo, Ver and ipq, iy, irc. Since the output of the in-
verter is periodic, the voltage and current dynamics of the
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LC filter can be written to the d-q reference as follows: the voltage uy and ug is expressed by:
d . : (1
CfEVCd:Cf(DVCq-Fld—lLd ) uf:ll(Rf—l-SLf)—‘rlc <sC+Rd> (18)
f
d . (1
CfEVCq:waVCd"qu_qu (10) ug:ll(Rg+SLg)+lC <SC‘]‘+Rd> (19)
where s is the Laplace operator. Rewrite the equation
d and|19in terms of impedances, then:
Lfaidz —rrig+L@iy +Va—Veq (11 [-1—_7] @]
up| _ |2 —Ziz| iy (20)
Ug 7y —Zpn| iz
d . . . sh-
Ly i = =siq+ Lyl + Vg =Veq (12) With:
1
where C; is the capacitance of the filter, Ly is the induc- 11 = Ry +sLy+Rq+ 5C; @b
tance of the filter, r¢ is the resistor of the inductance of the
filter and omega is the angular frequency.
After some mathematical manipulation, the equations E] Zip =Ry + L (22)
and [[2] are rewritten in the following compact form: sCy
. 1
CiVe=CiWi Ve +1-11, (13) Zyy =R;+ — (23)
SCf
; 1
Lel = —rpl + LWyl +U — V¢ (14)  Zjy =Rg+sLy+Ry+— 24

where Ve (), I.(t), I1(t), U(t) represent respectively the
load voltage, the load current, the input current of the LC
filter and 1 command entry, defined as:

Ve — Vca I = iLd J— Iy U= Va
ch ’ iLq ’ Iq ’ Vq

where W, is an auxiliary antisymmetric matrix defined as
follows:

(15)

(16)

e[

—o 0

3.5. PIregulator implementation

The model of the inverter with corrector can be de-
rived from the single-phase diagram of the inverter (Figure
[0) which mainly consists of the inverter’s LCL filter.

+Voe -

Fig. 9 Representation of a single phase of the inverter [20]

According to Kirchhoff’s law we have: the current i is
expressed by:
ie=11—1I a7
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SCf

For the PI corrector, there are two parameters K, and K;.
These parameters can be determined using the ziegler and
nichols method.

The transfer function of the closed loop system in the
discrete time domain is given by:

GBF (Z) = CPI(Z)Hsz (Z)

_ Cr(@Hy(@) 25
1+ Cpi(2)Hyys(2) >

subsection Principle of the Ziegler and Nichols method:
This method is a semi-empirical method that allows to cal-
culate suitable values for the various parameters in type P,
PI and PID correctors. The principle consists in bringing,
by increasing the gain of an uncorrected system, to the os-
cillation limit. We measure the period Ty of the oscilla-
tions and the corresponding added static gain Ky. Then we
use the table[T]to calculate the coefficients of the correctors
[21].

The general form of the PID corrector is given by:

1
Corp = K (1 PRI TDS> (26)
Tis

Table 1 Table of the Ziegler and Nichols method

Corrector type Kp T; Tp

P Corrector 0.5 Ky - -

PI Corrector 045Ky | 0.8 T -
PID Corrector 06Ky | 05Ty | 0.125 Ty
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4. RESULTS

To do our simulation we will use the Simulink tool in
the MATLAB software.

In this simulation we will use the SRP — 270 — 6PB — |
HYV module its electrical characteristics at STC (irradiance |
1000W /m? and module temperature 25°) are shown in the =/
table 2 ° |

Fig. 11 The output voltage V,(¢) of the parallel chopper

Table 2 electrical characteristics of SRP-270-6PB-HV at STC controlled by MPPT.
[12]
greatness Values .
Maximum power Py, 270 W " ,r
Open circuit voltage V., 391V
Short- circuit current /.. 8.99 A o2 ;‘:
Maximum supply voltage Vp,, 31.3Vv
Maximum power current Ip,, 8.63A ’ e o > o o o ”
Maximum efficiency 1, 16.6% Fig. 12 The output current /,() of the parallel chopper
controlled by MPPT
Temperature coefficient of P,y —0.35%/°C
Temperature coefficient of V., —0.27%/°C
Temperature coefficient of I, 0.05%/°C
Operating temperature —40 ~
+85°C
Nominal operating temperature of | 4542°C
the cell

Fig. 13 the output power of the three-phase inverter P, ()

the characteristics of the inverter output are shown in
the following figures:

AT A 'x";
TR

Fig. 10 Simulation scheme

”\v
TN u/

VWA

The characteristics of output voltage V,, output current
I, and output power P, are shown in the following figures:

Fig. 14 The output voltage and current of the three-phase
inverter V,(¢) and I, ()
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L \’*\// "
)
Fig. 15 The output power P, (¢) of the parallel chopper
controlled by MPPT
— —

Fig. 16 The harmonic distortion rate of the output current and
voltage of the inverter

We can observed that the LCL filter to improve the form
of the voltage and current supplied to the electrical network
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