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Abstract — This paper presents a grid connected photovoltaic (PV)
system using a parallel multicellular inverter (PMI). We focus on
the optimized design of an LCL filter connecting a parallel
multicellular inverter by looking for the number which optimizes
the losses of the inverter, as well as the energy management by
controlling the power produced by the photovoltaic generator
(PVG). In order to transfer the power produced by the PVG to the
grid, the classical maximum power point tracking (MPPT)
algorithm called perturb and observe (P & 0) is used to maximize
the power produced by the PVG. The active and reactive power
control (PQ control) using a Phase-Locked Loop (PLL) for
synchronization is applied to the inverter. We present the value of
this innovative PV architecture using a PMI compared to the
conventional one. We show that this PQ control, although it is
classical, is well adapted to the PV architecture using a PMI. We
also present and discuss the simulation results obtained by using the
Matlab software (simulink and simpowersystems).

Keywords — Grid-connected PV system; optimal LCL filter
design; PQ control; PLL; Parallel Multicellular Inverter

1. INTRODUCTION

In grid-connected photovoltaic (PV) systems. static
converters plays an essential role in converting and preserving
the quality of electrical energy. Indeed, maximizing the power
transfer from the Photovoltaic Generator (PVG) to the
electrical grid and optimizing the system dynamics both
depend on the static converter technology used and its control
algorithms [1], [2], [3], [4]. In conventional PV system, a LCL
filter is often used to connect the inverter to the utility grid in
order to obtain a good attenuation of high frequency
harmonics generated by the inverter [5], [6], [7], [8], [9]-
However, even with an LCL filter, the passive components of
the filter remain bulky, heavy and expensive. Especially if it
must meet the requirements of the IEEE1547electrical
interconnection standard [10]. In addition. the control of the
conventional PV system requires a sophisticated control
method (sliding mode, control by return of states, cascading
etc.) because it is a third order filter (the capacitive effect is
not negligible) [11], [12], [13], [14], [15].

Hence the importance of using a parallel multicellular
inverter (PMI) whose waveform is better quality and easily
filterable with small passive components of the filter.
Especially, from a control point of view, the capacitive effect
can be neglected here and the filter order is reduced from
third order to first order as in [16]. But the use of this PMI
converter requires the search for the optimal number of cells

of the inverter that optimizes the system. That is to say which
gives a better compromise between the quality of the energy,
and the volume. Therefore the use of this innovative PV
architecture using a PMI in this domain should allow a gain in
volume of the filter, in system reliability and in quality of
energy. We deal with these issues in this paper.

So the objective of this work is to analyze the PV system
with PMI converter and to show that this is a very interesting
structure compared to the conventional solution. We are
particularly interested in control and sizing of this system, in a
context of use where, the system efficiency and the reliability
issues of the system should be taken into account. The grid
considered is low voltage with a RMS voltage equal to 230 V
and a frequency equal to 50 Hz but may vary in which a
power of a few kilowatts (kW), depending on the number of
PV panel is injected.

This work is organized around the following sections:
section 2 describes the system under study, section 3 presents
the modeling of the system, section 4 presents the control of
the system. Finally, section 5 presents the simulation results
and discussions.

2. DESCRIPTION OF THESYSTEM

Figure 1 shows the proposed architecture of the grid
connected PV system.

The system is composed of the PV G, the three-phase PMI,
the LCL filter and the utility grid. It is controlled by a
conventional decoupled active and reactive control ( PQ
control) combined with a conventional Maximum Power
Point Tracking Perturb and Observe (MPPT P&O).


mailto:chabakata.mahamat@univ-angers.fr
mailto:elhassane.margoum@uit.ac.ma

Three-phase PMI

LCL filter

PVG i1 L L2 i2 Utility grid
WW—;——.WL——.——L‘ :
-
S an-—-—-swt@-|-
cva)— p——a Y l RN I
DCoftage f current /. AC voltage & current
sensing A 6q ML Segnsing
Vabe ) labc
mppT | lpv* PMI control
Controller

Figure 1 Diagram of the grid-connected PV system and its control

3. MODELING AND SIZING OF THE SYSTEM

3.1.4. modeling of the Photovoltaic generator (PVG)

The PVG was modeled according to irradiance G and
temperature T. Under standard conditions of temperature and
irradiance ( = 25C° and G = 1000 W/ m? ) as shown
in Figure 1. This PVG is composed of forty (40) “SolarWord
SW260 mono” PV panels [17] connected in series and in
parallel to provide a power of ten kilowatts (10 kW).

Thus, the basic element of the PVG is a PV cell which is
a pn - junction of silicon whose behavior is comparable to a
current source in parallel with a diode.

In the ideal case, a PV cell can be modeled by a current
generator in parallel with a diode. In this configuration the
current injected by the source is representative of the
irradiance and PV cell surface.

In the real case, a finer model adds two resistances (Cf.
Figure 2). One in series (R,) and the other in parallel (Rgy).
R, characterizes the voltage drops due to the connection
contacts between the different cells while Ry, characterizes
the leakage current in the diode [1], [3]. A double-diode PV
cell models exist in the literature as in [18] and in [19]. A
comparative study between single-diode and double-diode
model of PV cell was made in [19].To simplify, we choose
the single-diode PV cell. In this case, the equivalent
electrical model of a PV cell is given in Figure 2.

Where:
Ly, - Photocurrent (in A)

Ly, - Cell current (in A)

V- Cell voltage (in V)
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Ipv

lph E‘B DS“IZJ pﬂsh

Figure 2. Equivalent diagram of a PV cell [1]

Vpv

Mathematical model that governs the scheme of Figure 2 is
indicated in (1).

Q(Vpy+Rs1
( p—;x; pV) _ 1] _ VpU+RS'1p1i (1)

Ipv = Iph — I [6
I, : Saturation current of the diode (in A)
T : Cell temperature (in K)
n : Quality factor of the cell (n is between 1 and 2)
K : Boltzmann constant. K = 1.38 10"%( in J/K)
Q : Charge of an electron. Q = 1.16.10"° (iin C)
3.2.4. Principle of the Multicellular Parallel Inverter
The simplified diagram of the three-phase PMI with g

interleaved magnetically independent cells is shown in
Figure 3. The PV is replaced here by its DC voltage (1,,).
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Figure 3. Three-phase PMI with q interleaved cells [20]
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Where: x = a, b, c is the name of the considered phase of the
inverter. g is the number of the interleaved cells. L, (i =
1,2, ...q) are the cell interleaving inductances (inverter side
inductances). K;,and K';,, are the switches of the inverter.

Three-phase PMI interleaved cells have already been
studied in [1], [16], [20], [21] and [22]. This converter is also
available asa DC / DC boost converter [23], [24].

As in a conventional inverter, the two switches of the same
inverter arm are controlled complementarily.

Ky, =K' ;wherei={1,2.....qg}andx = {a,b,c}.

The q different switching cells are shifted by zq—" and
controlled with the same duty cycle [3], [4]. The three phases
of the inverter (a, b, c) are also shifted by 2?”

To simplify, the study of the three-phase inverter can be
reduced to a single phase. Figure 4 shows the waveforms of a
one phase of the PMIwith four independent interleaved cells
when a RL load is connected [20].

(a): PMl inverter (q = 4) (b): conventional inverter
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Figure 4. Waveforms of the PMI voltage vs time [20]

It can be seen that contrary to the waveform of the
conventional inverter (Figure 4.b), the waveform of the PMI
is more sinusoidal (Figure 4.a). Indeed, the harmonic content
of this waveform is less rich in harmonics. Moreover, these
harmonics are at the apparent frequency which is equal to q
times the switching frequency. So it is easy to filter them.
We can therefore use small caliber passive elements (less
bulky and less expensive) to make the filter. In addition,
dividing the output power makes it possible to choose small
caliber switches (less expensive) thus reducing the overall
volume and cost of the system.

3.2.1. Equation of tensions: temporal approach

In order to comply with the IEEE1547 standard for
interconnection of electrical systems [10], capacitors and
inductances have been added to the cell interleaving
inductances of the PMI thus forming an LCL filter, R,
resistances has also been added to dampen the resonance
phenomenon caused by capacitors. The load Z; (see Figure 3)
is also replaced by the utility grid which is modeled by a
voltage source (V) in series with an inductance (included in
L,,). Where L,, are the grid side inductances. To facilitate
modeling, a fictitious neutral marked 0 was created. In this
case, Figure 5 shows the grid connected PM1.
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Figure 5. Simplified grid connected PMI



The inverter voltages relative to the fictitious neutral noted
(Vo) take discrete values as shown in (2).
Wherei =1,2,..qandx = a, b, c.

Vixo = % if K =1and K, =0 )

Vio = =22 if Kiy = 0 and Ky' =1
By applying the law of meshes in Figure 5, we obtain (6).

VixO - Vixn - VnO =0 (3)

Where V,,, is the common mode voltage and V;,, are the line
to neutral inverter voltages.

By developing equation (3) the following equation systems
are obtained for the three phases of the interleaved cell
inverter:

VlaO - Vlan - VnO =0
V2a0 - VZan - VnO =0

anO - ann - VnO =0
Vibo = Vibn = Vo =0
Vabo = Vapn = Vo =0 @]

quO - qun — V=0
Vico=Vien = Vo =0
Vaco = Vaen = Vo =

cho - chn =V =0

Summing up the elements of (4) and assuming that the set of
simple voltages forms a balanced system of 3q phases, the
second column of (4) disappears. So (4) becomes (5).

Z)Cc=a Z?=1 Viso =3qVpo =0 ®)

Therefore, the common mode voltage is expressed by (6).

v = Z=aZiy Vive ©®
no 3q

Knowing the common mode voltage V,,, and the cell
voltage vector of the inverter V,,, (relative to the fictitious
neutral) and by using (3), we can deduce the expression of
the line to phase voltage vector of the inverter in (7).
ix0 — VnO )

Vien =

From these equations, we now focus on the design of the
passive elements of the LCL filter.

3.2.2. Electrical sizing of passive elements

Passive electrical sizing consists in determining the values
of passive elements of the Figure 5 by respecting the
standard IEEE1547 which imposes a voltage drop and a
current ripple to be respected [10].

To simplify the study, from Figure 5 we set:

Vixn = Vl! le = L2x = L3x .= qu = th
ey = Uy, by = lp, oy = U, Ly = Ly and 1 = V5.
In this case, Figure 5 becomes Figure 6.
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Figure 6. Simplified diagram of the LCL filter

The challenge is now what are the minimum values of the
passive elements of the LCL filter to comply with the
IEEE1547 standard ?

This IEEE1547 standard allows [10]:

- Inverter side current ripple: 10% - i; < Ai; < 20% - i,
- Grid side current ripple equal to Ai, = 0.3% - i,

- Drop voltage equal to AV, = 10% - V,

- Variation of reactive power equal to Q. < 5% - P,.
Where: P, is the rated power, i; = :7"1 is the inverter side

. P, . . .
currentand i, = ﬁ is the grid side current.
2

Indeed, S, = P, + Q,,. But we don’t inject reactive power
into the grid. So thanks to the PQ control, we must be able to
set the reactive power to zero (Q,, = 0). So the apparent
power is equal to the active power ( S, = B, ).

To calculate the values of passive elements of the LCL
filter, many authors impose simplifying hypotheses in which
they connect the neutral of the utility grid to the midpoint of
the inverter (fictitious neutral: point 0) and consider the
inverter as a DC converter to find the current ripple
expression as a function of inductance, switching frequency,
DC voltage (V},,) and duty cycle [25]. Knowing the ripple
formula allows to find the inductance on the inverter side.
The value of the capacitor is found by using the formula of
the reactive power generated by the capacitor. Then,
knowing L, and C and by using the transfer function of the
LCL filter, it is easy to find the grid side inductance L.

But their method is based on unrealistic assumptions.

Indeed, in the case of the inverter, the duty cycle changes
over time. The output voltage of the inverter is also a
function of time and depends on the grid voltage [25].
In [1] and [25], authors calculated the value of passive
elements by numerical method which consists in calculating
the Fast Fourier Transform ( FFT) of currents and voltages
on both sides of the LCL filter. This method gave us the
elements of Table 1.



Table 1. Electrical parameters of the system

Symbol Parameter Value Unit
P, Rated power 10 kw
Vv PV voltage 700 \%
v, Grid RMS grid voltage 230 \
fow Switching frequency 20 kHz
f Grid frequency 50 Hz

Maximum inverter side .
Alim current ripple 20%-i; ~3 A
Maximum grid side current .
Al ripple 0.3% - i, ~ 43.5 mA
L, Inverter side inductance 35 mH
L, Grid side inductance 3 mH
R; Inverter side resistance 0.5 Q
R, Grid side resistance 0.5 Q
C Capacity 1.5 uF
R¢ Damping resistance 3.86 Q

Specifications:
Pn fsw,f,Vk, Ik
etc.

Inductances
calculation:Lk

Stepl

Step2

Step3

Arbitrary choice of
densities of currents
(Jx), conductor
sections (Scuk) and
diameters calculation
(Dcuk)

v

Comparison with
Skin thickness
at fsw and 100 ° C.

Choice of conductor
and determination
of filling factor kB

Stepd

~v

Choice of maximum
inductions (Bkmax)

and areas products
calculation (ApLk )

Knowing the electrical values of the system parameters,
we now focus on the physical dimensioning of the filter
inductances.

3.2.3. Physical design of inductances L, and L,

Knowing the values of L,and L, (see Table 1) we are
interested in their physical design which consists of
determining the magnetic core, the number of turns, the air
gap value, the joule losses, the iron losses and the
temperature rise of each inductance. For this, we have based
on the area product method presented in [25] and [26].
Knowing the rated current flowing through each inductance,
it is possible to reasonably choose a current density and thus
to calculate the section of the conductor that is necessary to
carry out the winding of the inductance. As indicated in
Figure 7, the method is summarized here in eight steps
(where k = 1,2).

v
Choice of cores,
Hence the iron sections
ares known (AelLk ), numbers
Ofturns calculation ({ Nk ) and

air gaps calculation (ek)

Steps

Joule losses
estimated (Pjk) and
iron losses
estimated (Pfk)

Step6

Y

Resistances deduction:
Rk Step?

v

Temperature
evaluation

Step8

Temperature
correct

Figure 7. Principle of the area product metho



3.2.3.1. Classical steps of the method (from step 1 to
step 5)

In this section, we group all the classical steps of the
method, that is from step 1 to step 5.

Knowing the effective current, the first step consists of
choosing the density of the current ( J,, ) in order to calculate
the diameter and section of the copper. In general, J, is
between 1 A / mm?and 10 A / mm? [26]. The formula for
the copper section is given in (8). Where k=1,2 (k=1
indcates the inverter side element whereas k = 2, indicates
the grid side element).

Scuk = ;_k (8)

k

Where: S, copper section of the conductor; I, effective
current; J,, current density.

From (8), we can deduce the formula of the copper diameter
in (9). Where D.,;, (k = 1,2) is the cooper diameter of the
conductor.

[4- 9
Dcuk — 4—5‘;“_]( ( )

This diameter of the conductor is compared to the skin
thickness at the temperature equal to 100 ° C. Equations (10)
and (11) indicate the skin thickness at T, and T,
respectively. Where T, and T; are the considered
temperatures (T, = 20°Cand T, = 100 °C).

By = — (10)
Voo 1T fsw
5, L (11)

- Vool1+a(T-To)l- w-m-fsw

Where:p, = 0.0172 puQ - m, copper resistivity at T,; oy,

copper conductivity (o, = i =58.1uQ"t-m™1), §,, skin
thickness at Ty ; &, skin thickness at T,; a, copper coefficient
(a = 0.0038); b, permeability of the medium; u,, Vacuum
permeability; u,, relative permeability. p = yg - @, = po =
41 - 1077 H/m (because copper permeability is equal to
pr =1 H/m).

Table 2 summarizes the evolution of the skin thickness
according to the cutting frequency.

Table 2. Evolution of the skin thickness

Frequency 5 kHz 10 kHz 20kHz | 25KkHz 50 kHz
skin thickness at | 930 660pm 467um | 417pum 295um
20°C (&y) pum
skin thickness at | 1100 754um 533um | 477um 337um
100°C (6,) um

The choice of the conductor is made by comparing the
diameter of the conductor's copper to the skin thickness at

T, = 100 °C and according to the switching frequency of the
system. In our case, the switching frequency is fixed to f;,, =
20 kHz s0 6; = 533 um.

The choice of the conductor allow to calculate the filling
coefficient (kg) and the expansion factor (kz). Where kg is
the filling coefficient and ky is the expansion factor. kg is
the ratio between the wire section (copper + insulator) and

_ on
the copper section (k = % ) whereas k. takes

into account the difference between the circular shape of the
conductor and the rectangular shape of the wire insulation.

1r-a2

N

. i l —_
For a circular cable, kj = <2deswface - _ —a _ T
square surface a2 a? 4

In general, one adopts a value of coefficient of expansion

kF = 05

To calculate the areas product, it is necessary to calculate
the winding surface (Sp,) and the iron section (4.). They
are given in (12) and (13) respectively [1], [26].

Ao = fetames 2
k Ie
Sbk=Nk‘5cuk'k—B=Nk‘kk, kg (13)
F Flk
Where: L, inductance (k =1,2); Iynax, Mmaximum

current; Bp,q,, Mmaximum induction [27] (generally, B, =
300 mT for ferrite cores); N, number of turns.
Hence the areas product (4,.):

Lk'lk'rrmwc2
‘/E'kF']k'Bmax

Aprk = Aek * Spx = kg - (14)
Once the areas product is calculated, a magnetic core must be
chosen whose areas product is greater than or equal to the
calculated areas product by using (14) [26].

For example, if the calculated areas product is equal to
Aprx = 314800 mm?*, we can choice magnetic core whose
areas product is equal to 4,,, = 349180 mm* [27].

The knowledge of the iron section allow to calculate the
number of turns as shown in (15).

— L Ikmax (15)
k Aek'Bmax
To calculate the length of gaps we have:
Ni? (16)

Lk:

Reot

Where: R;,;, total reluctance; L, inductance; and N,
number of turns. The total reluctance which is the sum of the
reluctance of the iron and the air-gap as indicated in (17).

Riot = Ripon + Rair—gap 17)

Iron and air-gap reluctances are indicated in (18) and in
(19) respectively.
I, (18)
e Ho - Ak

Ripon =
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R.; =% (19)
TITER T g - Agi
Where: [, average length of the field line; e, air-gap
length.

By replacing Rion and Rair_gap With their expressions, (16)
becomes (20).

N2 Ng2-po-A 20
Lk = le k ex = kl_e+(; ek ( )
WhoAek  HoAek Wk
Moreover, if we formulate the hypothesis of the

concentration of electromagnetic energy in air-gap, the
inductance is expressed by (21). Indeed, to calculate the air
gap, we can make the approximation according to which
electromagnetic energy in the magnetic core is negligible

compared to that of the air-gap. That isi—e K ey [26].

L, = Nklze'HO'Aek = L, = Ni*-po-Aek (21)
;"'Ek ek
So we can deduce the air-gap length in (22).
- NP Aek (22)

ep = e
Now, we discuss the losses in the LCL filter in the following
section.

3.2.3.2. Estimates LCL filter losses

In this section, we estimate the losses in the LCL filter
which are composed of losses in the inductances and losses
due to the capacitors and the damping resistances. Losses in
the inductances are consisting of joule losses and iron losses.

Iron losses in the inductances are lower in the case of
losses due to the small ripple of the current in the
inductances. Joule losses can be minimized by varying the
length and number of turns.

Joule losses Py (k = 1,2) are calculated according to
the following formula.

Pie(f) = Ziz1 Re(f) - I (f)? (23)
Where: f, working frequency; i =1,...h represents the
frequency components; Ry, internal resistances of the
inductances and I,,, effective currents (k = 1, 2).

For k = 1, we obtain the joules losses in inductance L; and
for k = 2, we have the joules losses in L,.

The formula of the resistance is indicated in (24).

_ PNkLn
Re() =5
Where:p, material resistivity; N, number of turns;
L,, average length of a spire and S, effective conductor
section (copper + insulator).
To estimate iron losses, we consider the Steinmetz
model [26] given in equation (25).

(24)

Pv — kst . Bmaant . fﬁst (25)

Where: P, (in kW/m?3) is the density iron 10sses; Bypax (i
mT ) is the maximum material induction; f (in kHz) is the
working frequency; kg, as; and B, are the coefficients of
Steinmetz (without unit). Iron losses are then calculated by
multiplying the sum of the density iron losses (B,) by the
volume of the magnetic core (V,;) as in (26).

(26)

— h
Piron_k - Vek t =1 Pv

Where: P;op  iron losses; V., magnetic core volume; i =
1,.. h represents the frequency components.

Losses due to capacitor and damping resistance are
expressed by (27) [1].

PC_Rf =Y Rs- Ic(h)z + Rf : Ic(h)z (27)

Where:R,, capacitor internal resistance; Ry, damping
resistance and I.(h) is the effective current flowing through
the capacitor.

Knowing the losses in the inductances, we can now evaluate
the temperature in the magnetic circuit. The losses in the
capacitor and the damping resistance do not affect the
temperature of the magnetic circuit.

3.2.3.3. Evaluation of the circuit temperature
In reality, a thermal model of a magnetic circuit
contains a thermal resistance of convection between the core
and the ambient, a thermal resistance of conduction between
the conductors and the core and a thermal resistance of
convection of the conductors. To simplify, we choose the
simplified thermal model presented in [1] and indicated in
the following equation.
o = AT =R (Pooni + Bie) (29

R =—
th_k
- Piron_k*Pjk

Where: R, thermal resistance [27] (given by the
manufacturer) and AT is the temperature difference (AT =
Tmax — Tamp: Tmax,» Maximum temperature; Ty, ambient
temperature).

3.2.3.3. Estimations of losses in the inverter
Losses due to the inverter consist of the conduction losses
and switching losses of the inverter switches. The switching
and conduction losses of the converter are given by equations
(29) and (30) respectively [1].

(29)

Vpv
Peom = VLCE (Ecom'fsw)
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v, (30)
Peong = VL: [VO-Imoy + Ron-lkz]

Where: Py, switching losses; P4, conduction losses; V,,,,.
PV voltage (input DC voltage of the inverter); Vg, the
voltage indicated in the transistor datasheet; E.,,,, switching
energy; fs.w, switching frequency; V,, threshold voltage of the
switch; R,,,, resistance of the switch; I, effective current.

In order to estimate the losses in the inverter, we
considered the 1.2 kV /10 A module [28] from "infineon"
(referenced by: FS10R12VT3) which meets our
specifications in terms of maximum current, DC input

System efficiency is given by (31).

n= (Pn;Ptot) % 100 (31)

Where: P,, rated power (P, = 10 kKW); P,,;,total system
losses.

Table 3 shows losses of the global system (inverter +
filter) and system efficiency as a function of the cells number
g(g=1,..8).

Where: P; = Pj; + Pj,, total joule losses in L; and L,;
Piron = Piron 1 + Piron 2, total iron losses;
Piot et = Pj + Piron + Pc gy, total LCL filter losses, Py, =

inverter voltage and switching frequency [1]. Peot 1ot + Prot sc, total system losses; Prop sc = Poom +
o . P.,.a4, total semiconductors losses;
3.2.4. System efficiency calculation
Table 3. System result
Symbol | Signification Value Unity
q Cell number 1 2 3 4 5 6 7 8
Pj Joule losses 878 503.6 503.87 332.7 346.5 491.56 | 515.23 | 634.52 | W
Piron Iron losses 65.82 | 304 384 35.9 0.04 0.045 [ 005 | 0.057 | mw
Pc gy Losses in C and 0.96 0.24 0.13 0.098 0.087 0.084 | 0.08 0.07 w
Ry
Prot ¢, | total losses in 944.7 | 503.6 | 503.87 | 3327 346.55 491.62 | 515.28 | 634.52| W
LCL filter
P.ona conduction losses | 220.74 | 145.5 144.24 | 14292 | 142.56 142.86 | 143.2 | 143.87 | W
P.om switching losses 264.16 | 224.7 187.23 | 166.93 | 154.47 146.13 | 140.1 | 135.58| W
Proe sc | total losses in 4849 | 370.3 33147 | 309.84 | 297 288.98 283.32| 279.46 | W
semiconductors
Piot total system 1400 874.12 862.5 642.65 643.67 780.6 | 798.68 | 914.06 | W
losses
n System efficiency | 86 91.3 91.4 93.6 93.5 92.2 92 90.86 | %
Figure 8 shows total losses and system efficiency as a function of the cells number (q).
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Figure 8. Total losses (a) and system efficiency (b) vs cell number



As shown in Figure 8, optimal cell number which
optimizes the losses is obtained for ¢ = 4. Indeed, in the
case of qg=4, total losses are lower (
P,,; = 642.65 W) as shown in Figure 8.a. This gives the
highest system efficiency (n = 93.6 %) as shown in Figure
8.b.

So our optimal number of cell is equal to g = 4

We are now interested in control of the system in the

following section.

4. CONTROL OF THE SYSTEM

As announced in section 2, to control our system, we use a
PQ — control combined with MPPT P&O control. In this
case, system control is shown in Figure 9. PVG is controlled
to operate at the maximum by MPPT controller. To simplify,
we use a conventional MPPT P&O [29], [30] in this paper
(see Figure 10). The MPPT block delivers a reference
current I,,," which is used as a reference current by the
inverter control (PMI control).

In fact, as shown in Figure 9, a Park transform is carried
out with the three-phase current to pass from the abc frame
to the Park frame (abc / dq). Two components of current are
therefore obtained: d—axis current (I;) and g—axis current
(I;) which represent the image of active power (P) and

reactive power (Q ) respectively. Two PI controllers are used
to controller these currents (I; and I;). These current
components are also called direct current (I; ) and quadrature
current (I,).

So by controlling I; we control active power P indirectly
(see equations 32 and 33). And by controlling I,, reactive
power Q is controlled. In this paper, we don’t inject reactive
power into the grid so as not to disturb it. Hence I, = 0 (see
Figure 9), therefore Q = 0. And 1, current is controlled at
the maximum amplitude of the current delivered by MPPT
controller. Our system is synchronized with the grid by the
phase locked loop (PLL) whose input is a three-phase voltage
V. (x = a,b,c) and the output is the rotation angle of the
Park transform (6,).

Finally, we apply the inverse park transform to obtain
three reference voltages. Each reference voltage is compared
to a high frequency carrier wave to deliver the PWM signals
used to control the MPI inverter, as showing Figure 9.

Three-phase PMI ,
it L Efllter_ . Utility grid
@i]Kl @J]KQ@;]Kgg[;]M I Ligy | |__ W
A LR @ | m@vg |
s I b |
. |4§ IB"V e | |
. @KZ'@QK@K“' o . ; mc'@
o l_ — e—
/ .
Ipvl Jva /[ PWM signals PLL
MPPT '@
controller 4 cariers

Ipv*j
Vi

Figure 9. System control

In the next paragraph, we give the principle of the MPPT P&O algorithm based on current perturbation.

4.1. MAXIMUM POWER POINT TRACKING PERTURB AND OBSERVE (MPPT P&O)

The principle of the MPPT P&O is given in figure 10.



|Start: choice C I

I measure of Vpv(t-1) and Ipv(t-1) I

measure of Vpv(t) and Ipv(t)

N

Ppv (t-1) = Vpv(t-1) * Ipv(t-1)
Ppv (t) = Vpv(t)* Ipv(t)

| Ipv* =lpv*+C | [ 1pv* =1pv* - C

l

Ipv* = Ipv* + | [pv*=ipv*-C |

N

i

I Return |

Figure 10. Flowchart of MPPT P&O (based on current)

This MPPT P&O algorithm is widely studied in literature,
for example in [13], [29] and [30]. Its principle is very
simple. We disturb the current (or the voltage) and we see if
the power increases or not. In our case, we have chosen to act
on the current (with C = 0.01) because we need a current at
the output of the MPPT block to be used as a reference by the
current PI controller.

4.2. POWERS AND CURRENTS RELATIONSHIP

The active (P) and reactive (Q) powers are written in the
Park frame as follows [31]:

{P = E(led +V,1,)

3
Q =35 (Vala = Valy)
We deduce the components of the dq —axis current in (33).

(32)

2 (PVa+Q-Vg
la=3 Va2 +vg? 33
2 (PVg—QVyq (33)
lo =3\ 702
d TVq

4.3. HIGHLIGHTING OF THE PWM (PULSE WIDTH
MODULATION)

The principle of the PWM is based on comparing
fundamental voltage (V,."; x =a,b,c) to a carrier high
frequency to generate a PWM signal used to control an
inverter arm. The fundamental frequency signal is equal to
the grid frequency (f =50 Hz ) whereas the carrier
frequency is equal to the switching frequency (f;, = 20

10

kHz). The two switches of the same cell are controlled
complementarily (as in the conventional inverter).

Figure 11 shows the details of the PWM block for one
phase of the inverter. This figure is also valid for the other
phases of the inverter but the three references voltages (V,*)
are shifted by 2m/3. Each reference voltage is compared
with four carriers which they are regularly shifted by Ty,,/4 .

Vx* * | NOT
(50 Hz) _!":| .
0 Comparator 1
Carrier . ~or
(20 kHz) _@
Tsw/4
Comparator 2
] : -
2Tswi4
Comparator 3
2
%
3Tswid e @

Comparator 4

Figure 11. PWM control of one phase of the inverter



4.4. PHASE LOCKED LooP (PLL) oo Irradiance G (W/m2) vs time t (s)

To synchronize our system on the utility grid. it is —

necessary to use a PLL. In the literature. several types of PLL
are presented but we select the three-phase PLL based
voltage also called PLL Park [1], [11] and [16]. lts block soor
diagram is shown in Figure 12. The principle of this PLL is 700
to apply the Park transform to the three-phase grid voltages
and adjust the g-axis voltage component (V) to zero (V" =
0).

1000

900 -

500

400 [

Irradiance G (W/m2)

B e IS
= g L | ' 200

100 |

9 ap /dq: R(-q) — 0o o.‘s 1 1.‘5 2 2.‘5 3
< Time t(s)
Vo VB Figure 13. Irradiance (G) variation on time

Abc/ap

A

T T T Somme simulations results are shown in Figure 14 to

Va Vb Ve Figure 21.

Figure 12. Diagram of the PLL Park [16]

«10% Photovoltaic power Ppv (W) vs time t (s)

Ppv

Concordia transform is first applied to the grid voltages
(V) to obtain the alpha-beta voltages (V,z). Then we do a T
rotation R(—6,) to obtain dg- voltages (V4,) [16]
Thus. (34) is obtained.
14 _ (6r-0e)\ _ (A40)

(VZ ) - V\/§ (Cs(;rsl(el;—es)) - V‘/3_ (E’?;(A@)) (34)
Where IV = 230 V is the RMS grid voltage. 6, the estimated
angle, and 8, is the grid voltage angle (6, = wt).

The PLL locks when 6, = 6,.. This condition is achieved if 05|
the P1 controller regulates V, to zero.

0.5

Power Ppv (W)

5. SIMULATION RESULTS AND DISCUSSIONS E

e
5.1. Simulation results Time t (s)
Figure 14. Photovoltaic generator output power (Py,,) variation
Simulation is done using Matlab Simulink and
SimPower Systems by considering the specifications given
in Tablel and with the following PI controller parameters:

Direct current (Id) vs time
25 T T T

- Pl parameters of the PLL : k,; = 180 and k;; = 3200 ol ' ' m—
- Pl parameters of current (I; and I;) controllers: M,....................f
k,, = 0.05and k;; =1 Br
- Sample time: T, = 500 ns 10
To know how to set the parameters of a PI controller, refer 2 5 {‘
to [16]. E w
In order to test the control, at input of PVG (see Figure § .

9), we keep temperature constant (T = 25 C °) and vary

irradiance (G) on time as follows: -10
- Forte[01]s,G =1000W/m?,
- Forte[12]s,G=800W/m?,
- Andforte[23]s,G = 1000 W/m?. 20

. .. . .. . 0 0.5 1 1.5 2 25 3
Figure 13 shows this irradiance variation on time. Time (s)
Figure 15. d-axis current (I ;) variation

11



Power P (W)

Current (A)

11000

Quadrature current Iq vs time

30 T
E—
10000
25 | 1
9000
20 | b
8000
7000 15 1
6000 §, 10 _
c
5000 o
S s T
4000 (@]
3000 0 r’
2000 -5 b
1000 -10 1
o ‘ | . | .
0 0.5 1 1.5 2 25 3 15 . . . . .
Time t(s) 0 0.5 1 15 2 2.5 3
. . L Ti
Figure 16. Active power (P) variation . | Times) .
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Figure 17. Grid actual current (in the abc frame) variation
(a): Total harmonic distorsion (THD) of grid voltage (b): Total harmonic distorsion (THD) of grid current
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Figure 20. Frequency analysis curves
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Figure 21. PLL simulation result

5.2. Interpretation of the results

Figure 14 shows the variation of the PVG output power
noted P,,. It can be noted that under normal irradiance
conditions (G = 1000 W/m? ), for ¢ € [0 1]s and for ¢t €
[2 3]s, the power of the PVG is equal to the rated power that
we want to inject into the grid (B,, = B, = 10 kW). And for
t €[12]s, irradiance decrease to G = 800 W/m?, so
B,, = 8.3 kW. This effectively corresponds to the power of
forty (40) “SolarWord SW260 mono” PV panels under
MPPT in the considered conditions of irradiance G.

Figure 15, 16 and 17 show d-axis current (I4), active
power (P) and grid actual current (in the abc frame)
variations respectively. They follow the irradiance variation
to. That is to say that they increase or decrease according to
G. We can see in Figure 16 that, under normal irradiance
conditions (¢ = 1000 W/m? ), active power is slightly
below 10 kW (P = 9.4 kW). This is normal because it is
due to losses. Indeed, the system efficiency is equal to n =
93.6 %.

The zoom on Figure 17 shows that the actual current (in
the abc frame) is quasi-sinusoidal. So LCL filter filtered high
frequency harmonics.

13

Figure 18 and 19 show g-axis current (I;) and reactive
power (Q) respectively. We can see that I, and Q are always
equal to zero in steady state. So we don’t inject reactive
power @ into the grid. Only active power (P) is injected.

The previous results (from Figure 14 to Figure 19) show
that the developed PQ — control combined with MPPT
control tracks the references and can be validated.

Figure 20 shows voltage and current total harmonic
distortion (THD). We can notice that the THD of voltage is
equal to 0.01% (see Figure 20.a) whereas the THD of current
is equal to 1.2 % (see Figure 20.b). Both THD respect the
IEE1547 standard which requires to be smaller than 5 % for
the first fifty harmonics [10].

Finally, Figure 21 shows the superposition of one phase
(phase a) of injected grid current and grid voltage (of the
same phase). We can see that, at the steady state (at t =
100 ms), the current (i,) and the grid voltage (V,) are in
phase and have the same frequency (f = 50 Hz). So the
developed PLL synchronized our system with the grid in
about 100 ms.



6. CONCLUSION

The developed PQ-control combined with MPPT P&O
control followed the variation of the irradiance (G) by
injecting only active power (P) into the grid. Reactive power
(Q) is forced to zero. The PLL synchronized our system with
the grid in about 100 ms.

The design method made it possible to identify an
optimum number of cells at ¢ = 4. We have shown in this
case that the system efficiency is increased by 7.6 %
compared to the conventional system (93.6 % vs 86 %).

The LCL filter has been sized to obtain a THD of voltage
equal to 0.01% and a THD of current equal to 1.28 %.

The design method and simulation results showed the
value of the PMI. We have shown that the strengths of this
inverter is the quality of the waveforms (see Figure 4) and
the reliability of the system (several interleaved cells).

However, the disadvantage of the proposed architecture is
the number of semiconductors switches used for the PMI
fabrication. Fortunately, this disadvantage can be mitigated
by the reliability of the system, the system efficiency and the
low price of components semiconductors (low class) [20].
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