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Using PSO-MPPT Technique For Grid Connected Photovoltaic Systems.
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This paper proposes a new control structure for.twi ult}evel three-phase inverter topolo-
gies for photovoltaic (PV) systems connecge the grid. This control scheme includes the

use of the space vector pulse wide mo&%(im S‘VPWM) technique to control the Diode
te

Clamped Inverter (DCI) and cascade in pologies, and the integration of the particle

swarm optimisation (PSO) tec niquﬁoprate the PV system at the Maximum Power
enta
a

Point (MPP). A FPGA implem on.of PSO based MPPT is proposed to overcome the
problem of MPP tracking un \\r ial shading conditions. This MPPT technique is vali-
dated under various PV a \bnﬁgurations in order to evaluate the behaviour of each PV
configuration und rlm%niform irradiance. A SVPWM control strategy is used in order

contwgl signals for the inverter and implemented for both DCI and cascade

inverter topblogies. Tpen, a comparative study of photovoltaic systems with these inverter
topologies is cagried out under Matlab/Simulink environment and evaluated on the basis of

MP Qmom’c distortion, cost, advantages and disadvantages. In order to test the prac-

in the Bedp approach has been used to bring the obtained results as close as possible to
Iit))and with a minimum of constraints. Based on the analysis of the obtained results,

sé’ﬂe experimental parameters are summarized and a comparison table is synthesized.

S “. Keywords: Photovoltaic systems, Multilevel inverters, PSO-MPPT, SVPWM, Grid-

connected system
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Publishihg INTRODUCTION

30 Which energy sources will be suitable to power our smart cities in the future? With the
s wide use of an energetic mix by many countries because of the wide variety of fossil and
» renewable energy sources and the increasing demands in energy of modern applications, the
;3 conversion of energy between the source and the load is becoming: ssential and crucial

s step in order to ensure adequate, high quality and efficient energ }nsumption. Renewable

55 energy could play a vital role in the future by its integrationﬁsg wered system and at
an

s any level, from small home applications to big electrical @?’5 15 Among a variety of
e

w renewable energy sources, Photovoltaic (PV) energy i beco a global issue as confirmed
s by Cop21 in their final declaration®. On the other hand, sea)chers and engineers are always
3 eager to improve the efficiency of PV cells an Pané?)ers to develop high quality control
w0 techniques in photovoltaic systems stand-alane or niccted to the grid, in order to improve
s the global efficiency of the energy Convers&%hqg)voltaic inverters are one of the essential
22 elements in grid connected photovoltaic systerms’. They allow first the conversion of the
s photovoltaic generator DC voltage t \3’93\

w4 into the utility grid. The optimi B% the energy production requires a suitable choice
se

oltage and then the injection of this latter

ss of the size and the type of in%
46 In addition, PV inverters have 6ther important functions when used in the context of

‘Iid}ch as:
Y.

effidiency of the PV installation by constantly looking for the MPP

47 connection to the utilit

18 e They optimize t

490 of the P .%en tor in relation to irradiation and temperature variations.
50 e Th pr/g)t the PV installation against all potentially dangerous operating anomalies
51 voltage defiation, current leakage...)®.

52 The type of inverters to be used depends on the installation and connection parameters of
531 phot§voltaic modules: connection in series or in parallel, different degrees of inclination
54 ‘B’e}w&an the modules, output voltage and solar irradiance. As a result of these technical
ss features of photovoltaic systems, the arrays configuration and the architecture of PV systems
ss connected to the grid can have important impacts on its operation®. Lot of research is carried

sz out on PV system configurations, such as Pendem et al.'?, Belhachet et al.!!, Horoufiany et

s al.'2. These researches involve the study and analysis of various photovoltaic panels settings
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Publighimger various partial shading scenarios, to assess the performance and ability of each setting
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to increase output power and reduce partial shading losses. The PV system architecture
depicts how the power converters are associated with PV modules. The circuit topology
of the power inverters can be changed to additionally enhance the yield energy from grid
connected PV system under partial shading conditions'3. It allow%he inverter to regularly
reap more energy than a string-level or arrays level inverter'4. 3

Grid connected PV inverter architectures normally havegfourséonceivable settings: (a)

central, (b) string, (c) multi-strings and (d) modular inver

m)T central inverter topology,

the most used one for its low cost and high product'vi&y, ig recommended in PV systems

with a power greater than 10 kW'®. Major disadvantages of €his topology are the utilization
of a high DC link voltage and one common MPPT. The s

to the central inverter topology, comprises a%@PPT at each string, leading to a

inverters topology, in contrast

maximum energy yield. Similarly, this toK; hasysome drawbacks with the PV modules
e

MPPT and own inverter. The maig we s of the modular inverter configuration is its

associated in series. In the modular in ertr\po ogy'®, each module is fitted with its own
=
complex and costly control systgm. wlﬁ?string inverter topology is a suitable setup!?,
situated somewhere between the m inverter and the string inverter topologies. In this
arrangement, each PV stringg\\antrolled easily and separately.
Given the large bod 0%3 published on inverter topologies and MPPT techniques for
shaded PV arrays, s h

h us:

£
it MIPPT for strings of solar cells associated through bypass diodes

ple et al.!®, Roman et al.', which proposed a micro-inverter

architecture to imple

1'20

in a PV module. In\Vu et al.?’, another group of high-effectiveness DC/AC PV inverter

with a variety“ef input DC voltage is proposed. A new scheme for a distributed synchronous

boost cofyertédr (DMPPT) is proposed by Adinolfi et al.?!. A system utilizing an additional
full bfidge invegter to perform MPPT operation is provided by Debnath et al.?2.
Différent }’V system architectures employing Power Conditioning Units (PCUs) with

di 'erent‘jechnologies are developed by Spertino et al.?3. Islam et al.?* proposed an improved

ﬂ%two ogy for grid connected photovoltaic inverter with reduced leakage current. Common

de (CM) characteristics are studied in details. The drawback of this system is the cost of
the small scale inverter. Control and circuit techniques to mitigate partial shading effects in
photovoltaic arrays is presented by Bidram et al.?, a brief discussion of their characteristics

and the approaches suggested in each category is provided.
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nected to the grid. In section 2, grid connected PV systems with their different PV modules
configurations are presented and discussed. In section 3, PSO-MPPT control algorithm is

developed and implemented into FPGA chip and tested under extreme partial shading sce-

the SVPWM al-

narios. An experimental prototype for testing purposes has been indplemented in this paper
to determine which configuration extracts maximum power. I %&

g sequences generation.

gorithm for both cascade and diode clamped inverters are gxplaified in details, including
the duty cycles calculation, reference vector location an %N{

The control of the three-phase multilevel inverter throug LEL Filter is described. The
ﬁ

FPGA implementation of the SVPWM algorithm with th rdware in the Loop (HIL)

approach is then proposed. Simulations and real time 1 mentation results are given at

the end of this section. Conclusion is given in‘sﬁnt—
}}}ECT

5
2. PHOTOVOLTAIC SYSTEM K URES

2.1. Common DC sources (Ce&iﬁz&
y. _\j\,

topology)

DC-DC Converter with PSO-MPPT
T T

DC-AC Diode Clamped Inverter
T — - =A==

< .
) Lo
- \/ K - Il1 > %
Qb Flilter e
)

L Load -
s

FIG. 1: Diode clamped inverter integrated with common DC sources (Centralized).

Central topology presented in Fig. 1 was based on centralized inverters (Diode clamped

inverter) that interfaced a large number of PV modules to the grid. The PV modules

4
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Publishiwgie distributed into strings, each one producing the required high voltage to avoid further
s amplification. Through string diodes, these strings were connected in parallel. A centralized
w0 system has many advantages in the case of projects with large homogeneous photovoltaic
o generators. Their watt-peak cost may be lower and maintenance can be facilitated because
m  of the centralized setting. However, they still have some limita,t%s such as high voltage
2 in DC cables, power losses due to a centralized MPPT, mism Mbetween the PV
3 modules and losses in the string diodes. Above a certain size of a installation, it becomes
us  more practical to opt for a centralized topology in order 0-3\/01 complications due to the

us use of a decentralized topology. ~

-

us 2.2. Separate DC sources (Decentralized@y\sg
L
‘\\
4 N

\A DC-AC C]asca]ded ]Inverter

/ / Filter LCL

xﬁ l

<Q Load -
N

4 N

écade inverter integrated with separate DC sources (Decentralized).

17 or PY installations with heterogeneous configurations such as different inclinations and
uwm\a 1ons, modules and strings of different sizes, modules with high manufacturing tol-
ne erance or shaded modules, it is preferable to opt for decentralized concept using several
20 DC-DC converters as shown in Fig. 2. With several DC-DC converters, it is possible to
21 adapt to the different operating points of the various PV modules of the system. A string

122 inverter is then connected with a series of PV modules with the same characteristics. The
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different from each other. However, the yield of a string is directly dependent on the module
having the lowest yield. So, if a module is partially shaded by tree leaves, dust or if it has
a slight defect, the whole string will suffer. The use of a micro-converters can solve this

problem as the PV modules are independent of each other. A m%ﬂe having a defect can

also be disconnected while waiting to be cleaned or fixed withetit,affecting the rest of the

ule than one converter

modules. The major disadvantage still faced by micro-converters,ié their cost. It is indeed
obvious, that it is more costly to put one converter pe %}f\x&d

for 10 modules. Nevertheless, the cost can be competiti r cemplex installations which

—
incorporate a monitoring system. Decentralized sysfiems still have the option of replacing
only one element in case of failure of one PV mcei;e or Steing or a drop in efficiency, while

keeping the PV system in operation; thus red&'&o@ime and it is even better and more

advantageous when using micro—inverters.‘\\

\
3. DC-DC SIDE CONTROL C%N@DED PHOTOVOLTAIC ARRAYS
~
3.1. PV module model \\
In order to simulate the be%\ of the solar cell, the two-diode model equivalent circuit
of a PV cell, shown in

%Sed. The PV module is composed by Ng PV cells associated
f the PV module is described by Eq. (1),

V +1RsNg V +1RsNg V +IRsN;
—— | —1| -T2 |lezp| ———— ) 1| - [ ————— (1)
a1V Ns a2 Vr Ng R, N;
Rs 1
+

Y Y-S

|
|

\ FIG. 3: Equivalent circuit of a solar cell.

142

143

where I and V refer respectively to the current and the voltage of the PV module. The
PV module, SM55, is used in this paper. The parameters of this module under the standard

6
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TABLE I: SM55 module specifications

Parameters Valzle
Maximum power (P,,4:) 5(
Short circuit current (/) % A -

Open circuit voltage(V,.) p l\@\[
Current at Praz (Lmpp) ‘Q)@A

Voltage at Praz (Vingp) ("‘“‘ \17 4V
Temperature coefficient of Iy, (K 1)( - \ij 10-3 A/ AA°C

Temperature coefficient of V. (Q}}s “4-77x 10-3 V/AA°C

Number of series cells in the %d\]t_} 36
Number of bypass dlodes \\, 2

3.2. Influence of partial sh@\

Under uniform 1rrad1ance§'d\ s, the PV module exhibits a single MPP. However,
when a part of the PV oﬂmﬁeceives different levels of irradiance from those of others due

The shaded PV d:?ﬂs ' geffreverse biased and behave as a loads receiving current from the
ce

fully illuminat 'hich causes hot spot phenomenon that results in the damage of these

cells. e}iis problem, by-pass diodes are used. As a result, the P-V characteristics

1 MPPs when the PV module is subject to partial shading.
The P-V ¢ xé: is then characterized by one global MPP (GMPP) and several local
R, (BMP

Fig. 4(b})shows the corresponding static P-V characteristic curves for two different shading

. Fig. 4(a) shows a PV array containing of two modules connected in series.

?b}t(ins. For the first case, the PV panel receives a uniform solar irradiance, thus, the P-V

ciwrve exhibits one MPP. In the second case, the tracking of the GMPP becomes a more
challenging task, we can notice the appearance of four MPPs whose GMPP is P = 52,89
W at V' = 27.59 V. Thus, the P-V characteristic can take various forms according to the

shading pattern.
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T A
NG
3
(a) o
« )

= Uniforme irradiance

Partial shading

100 —

80 —

60—

Power (W)

40

20—

30
E\ Curve number 2 0 10 Voltage (V)

4 (b)

FIG. 4: (a): T%O\F“&rnodules associated in series; (b): The P-V curves of the Two PV
modules under uniform and partial shading conditions.
£
w1 3.3. MPP. ontroller based on PSO algorithm

)

162 ever%l conventional MPPT algorithms have been proposed in the literature?®. These

-

W}Q s are efficient under uniform conditions; however, they are limited under partial shad-

- conditions. They cannot differentiate between LMPP and GMPP and can be trapped
s into a LMPP. To overcome this problem, methaheuristic algorithms are increasingly taken
16 into consideration and are proposed by numerous scientists to manage multimodal P-V

167 characteristic curves under partial shading conditions®3!. Thanks to its ability to handle
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MPPT is used in this paper. PSO is a population-based meta-heuristic approach that was
developed by Eberhart and Kennedy in 199532, The PSO algorithm is inspired by the social
behaviour of swarming animals, such as bird flocking and fish schooling. Each particle in
the swarm is considered as an answer of the issue and it is alloc?éd a velocity and a po-
sition. Each particles velocity is influenced by the particles o perience as well as the

M signal (the particle

experience of its neighbors. For the application of the PSO algosithm in MPPT, the opti-
mization variable to be taken into account is the duty cyc N

position) and it is adjusted directly by the MPPT cont i"‘"@qg 5 shows the complete
—

flowchart of the proposed PSO-MPPT method. Initially, a

with IV, = 3 particles is defined. Maximizing th‘ power ut of the PV panel is the goal

of the optimization process, which is the ﬁtn&xu;l@. Using Eq. (2) and Eq. (3), the
atio

new duty cycles are then updated for eaclr{\

VL = VF 4 017“1‘(‘&;\}0%) + cary (dgbest - df) )
k

=

duty cycle solution vector

\
\& = df + V! 3)

where w is the inertia coefficient; ci“and c, are the acceleration coefficients; r; and ro are

numbers in [0,1] for each iteration t. dppest; is the personal
d dyes: denotes the best position reached by the particles of the

uniformly distributed r

best position of partigle 1

swarm. The con?lio s‘ﬁOW}} in the Eq. (4) is used as a convergence criterion.

5\ |di* —dit < Ad (4)

£
Du _t_:_g<r\yi;}g weather and loading conditions, the global MPP is usually changing.
The Kﬁilg rithm should be able to continuously distinguish the variety of shading
cénfigura

PT
ton and search for the new global MPP. The search procedure is initialized when
the llo)ing condition (Eq. (5)) is met.

NI

P new P as
‘ PV PV1 t| = AP (5)
PPVlast

where Ppy e and Ppyas are the values of PV power in two successive sample periods and

AP presents the power tolerance.
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[ sTArRT |

$

PSO initialisation :

N =3; w=04; c; =0.5; ¢c; =0.75;

Initialise d{®’ and V;*; = 1,23

w

AR RS N
[y
V,
4 /

[ Sense V,,,, and [, ar? eﬁlc te B, ]

(€]
dpbest i = di
Kk
Ppbest i = R( )
(€]
e
= F,

4| =yt 1

Yes

/ /[ >enerate the new duty cycles using eq (2) and (3) ]
=
4% k=k+1
/
- 4

)
Oy

Convergence
criterion is met ?

—*ch

[ Output the dpese ]

)/"‘\

Shading pattern
changed ?

/

FIG. 5: Complete flowchart of the proposed PSO-MPPT method.
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In order to select the optimal PV systems architectures and circuit topologies offering
the highest performance and to evaluate the behaviour of each PV inverter setting due
to non-uniform irradiation, we performed tests under different { ing scenarios for two
PV architectures: string and modular. A FPGA-based contgol chmtotype, shown
in Fig. 6, was developed for this purpose. The schematic pl‘@% of the first considered

igf)(a). he experimental results

—~—
obtained for this topology under two scenarios of partidlsha are shown in Figs. 9 and 10.

PV system architecture, string architecture, is shown in

The resulted P-V curves are characterized by the présence §f multiple MPPs: for scenario

1: PLMPP = 31.9 W and PGMPP = 49.6 W. and for.gcenario 2 : PLMPPl = 25 W and

Poypp = 81.7 W. The GMPP is on the left ofsthe B=V curve for the two scenarios, with
Vaurp = 23.8V in scenariol and Vgap —\435\\/ n scenario 2. It can be seen that the
PSO algorithm has effectively found th in the two cases and the operating point is
maintained around V' = 23.8V and ;‘2)\

In scenario 2. \\

n scenario l and V=435 Vand [ =187 A
~

FIG. 6: Components of PV system under test.

11
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21 The schematic prototype of the second considered PV systems architectures, modular

22 architecture is shown in Fig. 8(a). The experimental results obtained for this topology

=

213 under two scenarios of partial shading are shown in Figs. 9 and 10. This figures show the

212 P-V curves for each separate PV module as well as the results of the MPP tracking.

12
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UL DC-DC DC-DC DC-DC DC
PSO-  rwm Micro ICISP?;r = Micro ;Sl',?,:r = Micro PS,,C;:, Micro
MPPT converter converter convert - onverter
o || || S
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FIG. 8: (a): Schematic prototype of the proposed modular architecture control;
(b): Measured array voltage, current and power waveforms during MPPT process under a

uniform pattern for module 1; (c¢): under shading pattern for module 2.
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FIG. 9: Experimental waveforms er Wrradiance Condition Scenario 1 (ICS1) containing

(voltage, currentypower and P — V' characteristic curve).

215 Considering the ¢énfi ‘Qns of available photovoltaic system architectures: string,
215 modular that has#b /eng,nined under two possible shading scenarios, a detailed obser-
217 vation of Figs. 7 towl0 and the results shown in Table II |, show that the performance of
23 the PV gene ths variable and the choice of the most optimal and appropriate configura-
210 tion depefids stro ly on the shading pattern, the intensity of shading, the type of shading
20 affectifigethe V/array (uniform or not) and the used configuration. In order to obtain a
a1 practically u%ble voltage, it is essential to use a series connection of solar cells in an array.
22 S 1(:(; ths“e is a considerable loss of power due to non-uniform illumination in a serial array,
2 re t be taken to ensure that all cells associated in series get a similar irradiance under

AN .
2 erent shading patterns.

=

25 A number of these strings are connected in parallel to obtain the required power. Such
26 care will give better protection to the grid and at the same time, the total energy production

27 will be higher.

14
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FIG. 10: Experimental vvavgﬁO der Irradiance Condition Scenario 2 (ICS2)
containing (Voltagg.'c\uu\t, ower and P — V characteristic curve).

N

enta} results of a PV system architectures under two irradiance

o
o
o
-
o
o
o
(3,1
-
(3,1
o

o

Y,

TABLE II: Experi

condition scenarios

scenario_1 scenario_2
L&z
P ﬁq{‘ip{(A) Voltage(V) Power(W) Current(A)| Voltage(V) Power(W)
Mod&l \ 2.49 13.05 32.5 2.31 13.6 31.5
'ﬁ ‘ r 4

ﬁodule& = 0.73 17.9 13.11 2.10 12.72 26.8

&;M 0.54 14.6 8 1.88 12.42 23.4

%oﬁl% 0.41 13.6 5.7 0.42 13.57 5.7

gc‘r\lng(AIS) 2.10 23.8 49.6 1.8 43.52 81.7
Modular |maximum power extracted= 59.31W maximum power extracted= 87.4W
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Publishingin this paper, the string and modular connections are compared under different shaded
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patterns. In these conditions, it can be seen that the modular connection is dominant. The
result show also the benefit of inserting an adaptation stage with PSO-based MPPT between
the PV array and the load in order to optimize the produced power at any time. The choice
of the PV inverter used to inject this power extracted into the gri%/éepends strongly on the
architecture of the photovoltaic arrays used. The following segtien deseribes how the PV

inverter converts and delivers the energy produced with max'm\fﬁciency and safety into

the grid. )
&.\
_—
(‘T{

4. DC-AC SIDE CONTROL FOR PV INVE R& CONNECTED TO THE

-

GRID
,)
L -

4.1. Introduction \‘\\
\

The most widely known inverter, té&g&re the two-stage inverters. These two-level
inverters are limited in voltage and 1>ow'er. In order to increase both of them, several
irﬁ%&o in parallel, resulting in a complex control and an

Mder to overcome these drawbacks, the multilevel con-

inverters are usually connecte

increase in the cost of the syste
version structures provi emhstions y connecting power semiconductors in series®*. There

are three main topolggies‘af multi-level inverters:

£

Y V)N | I

e Diode Cla W er (DCI) which is a structure with common potential distribution
ig. It

as shO\Q
° Mué\e/\

The five-level solution is presented in this paper.

vel )hverters with nested cells, this structure requires separate DC voltages.

)

ﬂ
L izlevel inverters in cascade as shown in Fig. 2. The five-level solution is also

préented in this paper.

\ <

e adoption of these structures in industrial installations has been motivated by many
advantages such as the reduction of the harmonic distortion rate, the improvement of the
power factor, the minimization of the filtering quantities and the almost sinusoidal output

voltage.
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FIG. 11: (A) Space vector diag FS e-level inverter. (B): Modes of operation:

a):sinusoidal; ( bf@\{od ulation [I; (c):over-modulation II
4.2. Control and modulz%\i

trategy based on the SVPWM

Since, Bhagwat a@d St )1(} * who have first discussed the approach of the multilevel
£
pulse width modulat (PyVM converter, various PWM strategies have been studied in

d35737

details, develo ed and implemente . PWM is widely used in Voltage Source Inverter

(VSI), sinc

le frequency and variable voltage outputs can be obtained. Among all

strategied, spdce veetor modulation (SVPWM) outstand all the techniques because of its
m

powerful co t(blhty to optimize switching waveform, switching pulse pattern, vector re-
nSe tlo and duty cycle calculation.

gi
n thl‘a paper, SVPWM technique is developed in order to generate PWM control signals
%the inverter. This technique has many advantages such as low power losses, higher DC
efficiency, variable frequency and voltage magnitude control. SVPWM has also a wide
linear modulation range, low computations and it is relatively easy to implement. Progress
in processors has reduced the computation time and made the SVPWM almost the favoured

PWM technique.
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FIG. 12: Switching Sequenc diaxer 5-level space vector PWM.

%

268 SVPWM scheme with an ov oiﬁbn mode for a multilevel inverter is proposed.
%0 The main objective of the S PM ique is to estimate the reference voltage vector
20 (Vier) instantaneously by relati

on vectors. More precisely, fQ?Eﬁrty PWM period, the reference vector (V,.r) is averaged by

Wltchlng states corresponding to the reference space

space vegtors for some duration of time and a null vector for the rest

4

ape}v, a switching sequence is elaborated using the common-mode

a2 using its two adjace

a3 of the period. Ingh
o voltage elimin tlon\%en e, for any triangle there could be numerous switching sequences.

s However, o a only one sequence can be executed at any switching time. An order is

s identified{in Big. 12 for each triangle in Fig. 11(A). The triangle in odd sectors [S;, Ss, S5]

o7 has idertical
s d tL 108 o)d

This %ructure has been applied to a five-level cascaded inverter and can be extended to

4—ratios order. Also, the triangle in even sectors [Ss, S;, Sg] has identical

279
280 @3&%& evel inverters. The structure can be utilized for both cascaded H-bridge inverters
1 angd DCI topologies and can certainly be extended to include over-modulation range. Having
22 determined the triangle A;, the shift vector V, is now calculated by following the switching
283 sequences which vary from a triangle to another. For each triangle, we require an organiza-

24 tion to order the on-times calculated ¢, &, t, in desired sequence of [ty — 1, — t, — tg].

18


http://dx.doi.org/10.1063/1.5043067

s.nus4ﬂ]as.mausan§bmss accepte@;&mwmsmmhhm&f Clidk bvin dararadhan version mfmeonix{

AllZ

Publlshq(n)g

rrrrrr

Va:Vb:Ve (V)
(o]

400

300

| | ] 200
N 1 100

o
—100
H‘ —200

sinusoidal mode mi=0.89

500
400
300
! | { =200
I | 1 100
o
-109
U ] -20(0
-300
-40(0

M

0.38 0.4
Time (s)

—-50
0.38 0.4

"j)»as N, o038

(a)
overmodulation mode | mi=0é overmodulation mode Il mi=0.98

0.4

600

400

200

Vab;Vbc;Vea (V)

600

1 —20¢9

—4OOW
—60(0

0.38 0.4 0.3

0.35

T&ﬁhso 38 oO. 0.4
Ti (s)

0.36 0.37

0.38

0.39

0.4

285

286

287

2

@

8

289

290

292

293

294

295

\\
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4.3. an exﬂerlmental implementation of the SVPWM

Slmulatl

Based o ab/ Simulink, several simulations were carried out to evaluate the control
and sync oniza,tlo algorithms. The SVPWM output is generated from the Simulink. The
develggjo ams determine first the position of the reference vector according to the

enCy fs = 5 kHz and the fundamental frequency f = 50 Hz. On the basis

of\the s §tor selected, where the reference vector is located, the switching sequence and the

output simulation in the case of a switching frequency of 5 kHz. Moreover and in order to

2 \ atlng time for different switching states are computed. Fig. 13 illustrates the results of

check the feasibility of the SVPWM that has been depicted above, implementation on FPGA
circuit is used to execute the proposed control. Fig. 14(a) represents the block diagram of

the proposed VHDL program where clk is the input clock and m: is the modulation index.
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PublishingThe experimental inverter pulses [S11-S14] are presented in Figs. 14(b) and 14(c) for mi =
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U&lpoxer electronics, are all examples illustrating the complexity of this evolving sector

0.82; mi = 0.92. The computation process is similar for each reference vector located in any
of the 96 sub-triangles; nevertheless, the resultant switching states, switching sequences of
the voltage vectors, are different in each sub-triangle. All the functional blocks in Fig. 14(a)

are described using VHDL coding. Fig. 15 presents the simulated 24-pulses gate control

signals generated by SVPWM algorithm for cascaded inverter Figwl5(ajand diode clamped

look up tables (LUTSs) are used. Different criteria are c

inverter Fig. 15(b) by Xilinx ISE. To store the switching sequences dnd the switching states,
L%esl\fo example, simplicity,

flexibility and computation accuracy, while designing the« VHDEL code. The VHDL code
—
includes a number of computational blocks, such as, s&ctor idsnt fier, switching state selector

and on-time calculator. The proposed work, tatﬁ"in‘co unt some key design measures

in order to simplify hardware design and enhaﬁilﬁ‘ﬁtion precision.

N

4.4. Hardware in the loop imple\‘l\ir\b&tm_n (HIL)

Traditionally, industrial contr t&e\ﬁerformed directly on physical equipment (eg, a
production line), or on the e@, or on a laboratory test-bench. These approaches

have the advantage to be realisticy but they could be very costly, unsuccessful or even dan-
gerous. The HIL test r/@\bremedies to these disadvantages. In this case, the physical
installation under teét is replaced by a computer model, executed in real time on a sim-
ulator equipped with /utp’/ outputs (I/0) interfacing with the systems control and other
equipments.

hi)sNator can thus accurately reproduce the controlled system and its

dynamics, 1fas its instrumentation (sensors/actuators), to test their closed-loop inter-

actions waghofit going through a real system. The real-time simulation of power electronics
systeris remaing one of the most ambitious challenges of simulation with hardware in the
loapa( . Input/output capabilities for PWM capture, closed loop simulation latency,
m tched‘fesolution of coupled switches and fault injection at all levels of a complex system
38,39

c hardware implementation is performed in the Xilinx (XC5VLX50-1FFG676) FPGA
circuit and Simulink via Ethernet cable (Fig. 16). The FPGA in the Loop (FIL) generates

the PWM signals, used to control the three phase inverter in Simulink. As it can be seen

from Fig. 16, the main control targets are attained.

22


http://dx.doi.org/10.1063/1.5043067

| This manuscript was accepted by Renewable Sustainable Energy. Click here to see the version of record.|

AlPP

Publishin g'"he waveform of the output voltage is very close to that simulated in Fig. 13. The results
27 of the co-simulation obtained show the correct practice of the VHDL codes developed and

1s confirm the possibility of a practical implementation of the digital controller designed for

444 |
FPGA
& \__ XC5VLX50 /
TR
‘i\
MAT, B
SIMU
» £ N
FIG. 16: Schematic prototyp@are in the loop for the five-level 3-phase inverter

29 the system.

with Matlab/FPGA.

line to line output vo rter mi=0.82 line to line output voltage inverter mi=0.92

600

400

Voltage (V)

0.04 0.06 0.08
Time (s) Time (s)

FIG. 17: The hardware in the loop results for the five-level 3-phase inverter with Mat-
lab/FPGA.
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Publishi#a®  Requirements for active and reactive power injected

331 One of the objectives to achieve by the inverter is the control of the current from the
sz PV arrays and the power injected into the network according to the appropriate standards.
33 These advanced features can be provided by next-generation pho?foltaic systems and will
s be improved in the future to ensure efficient and reliable use o %0 oltaic systems. On

15 this basis, active and reactive power injection strategies for three*phase PV systems are

<

_—
s 4.5.1.  The PQ theory 3

36 explored in this paper.

130 and the instantaneous imaginary power Q dge

o

don the (d-q) axes as' :

338 From the instantaneous line current and pxg;ol@e, the instantaneous real power P
de

Ug_q Z'27d

340 —

s the real and imaginary power . This is exceptionally appropriate to better clarify

341 In the following descriptioqi\ ) eurrent will be set as function of the voltages and

a3 the physical significanc 6&% power characterized in P-Q hypothesis. Therefore, it is

s concelvable to write:

345 /

1 Ug.d Ygq P,
X

TV Eirv 2T
g-d 9-q “Vgq Vgd Qg

us 4.9.2. {put/ CL filter

-

347 TheY Ver>er, which is the key component of the grid connected PV system, is associated
us  tothe gfjd through an LCL filter arrangement. The switching frequency should be much
349 ‘fh@hg an the grid frequency and the parasitic parameters are ignored**2. In view of this
0 SUpposition, the current and voltage in the system can be investigated without consideration
;1 of the high-frequency components. In the steady state, the grid phase currents Is,, Is,, and
32 Iy, are controlled to be in phase with the consistent grid phase voltages V., Vg, and Vi,

33 which are given in equation (8):
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v-gd() V-cd g I-1d 0 V-cd

Power
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FIG. 18: Block diagram of a three phase grid CO-ITH%PV inverter control.

-

P

Vi Vntag ()
- Vg | = % — 27/3) (8)
Ve mcos(wt + 27/3)
™

s where w and V,, are the angular fre ey and the amplitude of the phase voltage, re-
16 spectively. The equations des 1&&

ri he'woltage and current of the three phase LCL filter
37 are: \\d;
L = Vo — Ryiy, — Vi

L% =
50 & Cp ek = ), — iy (9)
/ 4 4 Ly%2k = Vo, — Ryioy, — Vg
350 where & i&Qph number equal to {1,2,3} ,
&
—

a

360 a;k: linearization control for the PV inverter systems

4.5.3.
361 A three-phase system is modelled by a current injector with its power regulation. The
2 comtrol g)(stem regulates the power injected by the PV system into the connection point
363 337 &mction of the temperature and irradiance. The purpose of this control is to impose
s the active and reactive powers injected by the PV system at the connection point of the
35 distribution network, by defining the desired set point values P and Q. In reality, the active
6 power P is set by the MPPT module of the PV system and the reactive power Q is zero.

367
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368 Moreover, this imposition of power will directly participates through the regulation of the

30 DC bus, to the selection of the active current (Id) sent to the network. By measuring the

s currents and the three-phase voltages at the connection point, it is possible to determine the
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Publi;shing'rents to be injected. The process of this model is described in Fig. 18. From the voltages

372
373
374
375
376
377
378
379
380
381
382
383
384
385

386

w©
=

<
=

and currents measured at the grid connection point, the active and reactive powers are
determined. These powers are controlled by a simple Proportional-Integral type correctors.
Where V; and V, are the direct and quadrature components of the voltage, measured at
the point of common coupling (PCC), in the Park reference. I 2{(d I, are the direct and
quadrature components of the reference product current by th Sy on the network
to which it is connected. P and Q are the reference powers o PV system. Therefore
these currents depend on the power demands as well as o Ne easured at the point
of connection. A PLL is used to synchronize the Parli\Kh%mmation to the pulse of the
measured voltage across the network. Thus, as shown in Figs®19(a) and 19(b), in steady

state, the quadratic component V, is zero and tk@% ponent Vy at the output of the
Park transformation is an image of the ampli%& measured voltage. These currents
ce

are then converted into the three-phase refe .
currents injected into the network, shown in*Eig. 20, will thus regulate the powers at their
k

set value. The limit for the componen ig chosen as a function of the maximum output
current of the inverter and of th XQM of the DC source.

e amplitude and the phase shift of the

A\

4 | III;"M !iﬂl “m! M" |
SO T

5 ; ; ; —-30
\’)O\ 0.5 1 1.5 2 1.1 1.15 1.2 1.25 1.

Time (seconds)

FIG. 20: The phase angle between current injected and grid voltage at point of common

coupling (PCC).
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Publishi#@  Total Harmonic Distortion (THD) analysis

Fundamental (50Hz) = 482 , THD= 0.25% Fundamental (50Hz) = 448.4 , THD= 0.29%
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FIG. 21: The ‘%: rement for five-level inverter cascade (a):voltage,(c):current and
volt

diode clamp ):current.

388 surement for both five-level inverters is shown in Fig. 21. The output THD
389 cade inverter is presented in Fig. 21(a) and the output THD voltage for diode
300 (Keil}nverter is presented in Fig. 21(b). The output THD current for cascade and diode
3 x RG] are presented respectively in Fig. 21(c) and Fig. 21(d). The simulation results in

21 demonstrate that the SVPWM based multilevel system has an output line-to-line

392
33 voltage and current with a very low THD. When the modulation index is increased, better
s performance can be achieved. This demonstrates that the proposed scheme can reduce the

ss THD which is an necessary condition in grid connected PV systems.
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In this paper, a control structure for grid connected photovoltaic systems using two dif-
ferent three-phase multilevel inverter topologies has been presented. The studied topologies
comprise two basic groups based on the decoupling method: D(@ﬁ and cascade inverter

ed the basis of PSO-
&

topologies. These topologies are presented, compared and eva

MPPT technique, component ratings, harmonic distortion, gos antages and disadvan-

tages. A study of the PV generators under different scenari

of partial shading was also car-
ried out. In addition, the benefits of the SVPWM contro De'me..have been demonstrated.
The different control blocks of the control structur%:l-h'n PSO-MPPT and SVPWM
algorithm have been implemented based on FPGA chip with low resource consumption and
reduced execution time than conventional met (Q'T h‘e)lse of a FPGA-circuit in the design
of the embedded controller reduces Comple%o;es speed and adds flexibility to the
design of the control circuit. The co-simula imulink/Xilinx based on the Hardware In
the Loop approach was demonstrated to shew the correct operation of the developed FPGA
implementation and to confirm the phect\ of a practical implementation of the designed
digital controller scheme in a gri w ted PV system. The proposed control structure
for grid connected photovoltaic % using a PSO-MPPT and the two multilevel inverter

topologies is a good solu

'oﬁptimize the energy yield from PV generators and to enhance

the quality of the enefgy mjectéd into the grid.
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