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Abstract: This study presents a single-phase grid-tied photovoltaic (PV) system based on a global maximum power point
tracking (MPPT) technique, which is performed by means of the particle swarm optimisation (PSO) method. The PSO-
based MPPT technique is employed to solve problems related to mismatching phenomena, such as partial shading, in
which the PV arrays are commonly submitted. Considering the search of the global maximum power point under
partial shading, the effectiveness of the PSO-based MPPT technique is highlighted when compared with the well-
known perturb and observe MPPT technique, since both the mentioned MPPT techniques are used to determine the dc-
bus voltage reference to ensure a proper grid-tied inverter operation. A current generator algorithm based on a
synchronous reference frame is proposed, which operates in conjunction with a dc-bus controller and MPPT
algorithms, computing the reference current of the grid-tied inverter. In addition, the current generator controls the
energy processed by the PV system to avoid over power rating of the grid-tied inverter, since the active power
injection into the grid, reactive power compensation and harmonic currents suppression are carried out
simultaneously. The performance and feasibility of the grid-tied PV system are evaluated by means of simulation and

experimental results.

1 Introduction

In recent years, increasing attention has been given to electricity
generation from alternative and renewable sources, mainly due to
the increased demand in electricity consumption, as well as the
eminent worldwide appeal to reduce ecological and economic
impacts caused by power generation from non-renewable energy
sources, such as fossil fuels. For this reason, electrical energy
production from renewable energy sources, such as hydropower,
biomass, wind, sea, solar, and others, has increased considerably.

Among the many existing renewable energy sources, solar energy
has been highlighted, primarily due to its abundance on the Earth’s
surface. Thus, taking into account this scenario, the use of
photovoltaic (PV) systems has become indispensable in distributed
power generation.

Grid-connected PV systems are usually composed of PV arrays,
such that one or two energy conversion stages are used to perform
the interface between the PV array and the utility grid [1-13].
Generally, the voltage level available at the terminals of a given
PV array is not as high as desired to allow the use of a single DC—
AC converter to inject the power produced by the PV array into
the grid [5-8]. In this case, the use of a first conversion stage to
step-up the PV array voltage by using DC-DC converters is
necessary [7-11]. Thus, in order to decrease the boost ratio
required to obtain a high voltage at the first DC-DC conversion
stage output, series connections can be used. Therefore, each DC—
DC converter contributes a part of the total output voltage and,
hence, a lower boost ratio is required [10-13].

A single-phase PV system using a single-stage conversion to
inject active power into the utility grid has been presented in [5],
while in [14] an additional active power-line filtering function was
carried out in conjunction with the active power-line injection. In
[14], the perturb and observe (P&O) technique was used to obtain
the maximum power point tracking (MPPT) considering the PV
array surface under uniform solar radiation. In [12], where the PV
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system was composed of two stages of conversion, that is, a
cascade connection of the boost (step-up) converter and a
full-bridge inverter, the PV array surface was submitted to
non-uniform solar radiation. Thus, an MPPT technique based on
particle swarm optimisation (PSO) is employed to overcome the
problems related to partial shading. In this application, although
the active energy produced by the PV system is injected into the
grid, the active filtering is not taken into account.

In this paper, the implemented PV system is composed of a single
conversion stage, in which the PV array is directly connected to the
grid-tied inverter. The algorithm used to perform the MPPT is based
on the PSO method. In other words, the presented PSO-based MPPT
technique is used for tracking the global maximum power point
(GMPP) of the PV array. Different from the MPPT techniques
based on the local maximum power point (LMPP), such as the
P&O technique [14], a reduction in the effects related to the
occurrence of the shadowing phenomena is achieved, improving
the overall PV system performance. The proposed PV system
algorithm also considers the active power filtering, in order to
improve power quality indicators, such as the power factor (i.e.
line utilisation factor), harmonic pollution factor, and others [14,
15]. In other words, the aforementioned indicators can worsen due
to the increased use of non-linear loads connected to the power
supply systems.

Besides the suppression of the load harmonic currents, the active
power-line compensating carries out the load reactive power
compensation [14-23]. Thus, the proposed PV system can operate
as a shunt active power filter (APF) at the same time as the energy
produced by the PV array is injected into the grid, meaning that
the local loads can consume part or all the active energy produced
by the PV system. Therefore, the reference current used to control
the grid-tied inverter must be composed of active, reactive and
harmonic components. In this case, the reactive and harmonic
components are extracted from the load current by using a
synchronous reference frame (SRF) based algorithm, whereas the
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active component is obtained by means of the dc-bus voltage
controller. On the other hand, the voltage reference employed in
the dc-bus voltage controller is determined by the PSO-based
MPPT technique.

This paper is organised as follows: The overall description of the
PV system, the adopted PV model, the algorithm used to generate the
current reference of the grid-tied inverter, both the AC-current and
the DC-bus voltage controllers and the phase-locked loop (PLL)
system are discussed in Section 2. Section 3 describes the MPPT
algorithms based on the P&O and PSO methods, and the criteria
used to determine the DC-bus voltage reference. In Section 4, the
performance and feasibility of the grid-tied PV system are
evaluated by means of simulations, as well as by using a
laboratory prototype for experimental validation. Finally, the
conclusions are presented in Section 5.

2 Description of the PV system

The complete scheme of the single-phase grid-tied PV system is
shown in Fig. 1, which includes the PV array, the single-phase
full-bridge (1F-B) inverter, the analog-to-digital (A/D) converters,
the PLL system, the SRF-based and PSO-based MPPT algorithms,
and the DC-bus voltage and AC-current controllers.

In this section, the PV model description and the PLL and
SRF-based algorithms are presented, as well as the controllers,
whereas the MPPT algorithms are described in the next section.

2.1 PV model description

The solar cell equivalent electrical circuit presented in [24] was
adopted in this paper, which is represented by a current source
shown in Fig. 2a, where the PV cell output current i, the
photocurrent /,p,, the reverse saturation current /,, the diode reverse

saturation current /., the PV array voltage V},, and the PV array
open circuit voltage V. are given, respectively, by (1)—(6).

oc_pv
. V+i,R
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Ip= [Isc + «(T — Tr)]m )
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Vo = VNM, ®)
Voc,pv = VOCNSMS (6)

where V'is the output voltage at PV cell terminals; [, and I, are the
photocurrent and reverse saturation currents, respectively; R, and R,
are the series and shunt resistances, respectively; ¢ is the electron
charge; n is the ideality factor of the junction p-n; k is the
Boltzmann constant; 7' represents the ambient temperature, in
Kelvin; G is the power density of the solar radiation; 7} is the
nominal temperature, in Kelvin (298 K); Isc is the short circuit
current at standard test conditions (STC) (7,=25°C, and G =1000
W/m?); « is the temperature coefficient; 7, is the reverse saturation
current in STC; E, is the band gap energy (1.1eV), V. is the
open circuit voltage of the PV cells; N; is the number of PV cells;
and M is the number of the PV arrays connected in series.

The Newton—Raphson numeric method [25] is used to calculate
the PV cell current (i,,) given by (1), due to the non-linear
relationship between i#,, and V. Thus, i, is achieved by using a
calculation routine implemented in the PV model shown in
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Fig. 1 Complete scheme of the single-phase grid-tied PV system
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Fig. 2 PV model

a Equivalent circuit of the PV cell
b Block diagram of the PV model
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Fig. 2b, where the input parameters of the PV model are the output
voltage (V},y), power solar radiation (G), and ambient temperature
(T), which are obtained in STC [24].

2.2 PV system reference current generation

The PV system reference current must include the active component
that represents the energy produced by the PV array, and the reactive
and harmonic components of the load. The active component is
obtained from the DC-bus voltage controller, whereas the
remaining components are obtained using the modified
single-phase SRF-based algorithm presented in Fig. 3a, and
described in detail in [23]. Based on the fictitious two-phase
stationary reference frame, the direct component (d-axis) is given
by id=idy. +id,, where idy. represents the active fundamental
component, and idy, is part of the load current harmonic
components. On the other hand, the synchronous rotating
quadrature current component (g-axis) is given by ig=iqq4c + ign,
where igq. represents the reactive fundamental component, and ig;,
is the remaining part of the load current harmonic components. As
can be noted, the fundamental active component is achieved using
a 2nd order Butterworth low-pass filter (LPF). In addition, a PLL
system estimates the utility grid phase-angle, allowing the
generation of the coordinates sin(6) and cos(€), which define the
synchronous unit vector used in the SRF-based algorithm, where 6
is the estimated phase-angle of the utility voltage (6 = 6yy). Thus,
both the direct and quadrature currents (id, ig) are obtained by (7).
As a result, the current isgy generated by the SRF-based algorithm
(Fig. 3a) is given by (8).

[ﬂ _ os (6 sin(Gp“)) [ ?a} o

! sin(Opn) —cos(GPH ‘s

isRp = idhcos(epn) + iqsin(Opll) ®)

fpy ac = idccos(aPll . The output signal obtained from the dc-bus
voltage controller (iy.) determines if the PV system will absorb
active power from the grid or will furnish active power to the grid.
Furthermore, iy also represents the losses related to both the
inductor filter Ly and the switching devices. In other words, i
controls the total active power demanded by the PV system to
regulate the dc-bus voltage.

Finally, the PV sys>em reference current (i) is given by (9), where

l: = iSRF + ipv_ac (9)

Since the grid-tied inverter is able to handle the active current from
the PV system and the reactive and harmonic load currents,
simultaneously, the inverter over power rating can occur. In other
words, the desired inverter design must guarantee that all active
current produced from the PV system is injected into the grid,
plus part or all non-active compensation currents generated by
the load. Thus, the current isgr must be limited, such that (10)
can replace (9).

i: = KiSRF + ipv,ac (10)

As can be noted, (10) differs from (9) by the insertion of the gain K.
This gain, which appears in Fig. 1 and is computed by (11), controls
the amplitude of isgrr avoiding an over power rating of the grid-tied
inverter.

. 2
[SRFmax \/ inv pV -ac \/ mv (ldc/\/i)

I SRF I SRF I SRF

(1)

where Isrrmax 1S the maximum allowed rms compensation current
and Igrp is the actual rms current obtained from the SRF
algorithm shown in Fig. 3a.
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On the other hand, the maximum grid-tied inverter rms current
(finy) 1s given by (12), such that

Ly = \ ISZRFmax + ]gvfac (12)
where [

ov_ac = lac/ V/2 is the PV array rms active current, which is
calculated by using the current iy, obtained from the dc-bus
voltage controller shown in Fig. 3c.
Thus, from (12) Isrrmax can be calculated as follows

ISRFmax = 11%1\/ [gv_ac (1 3)

Thereby, when Ispr < Isrrmax the gain K is set to 1, meaning that the
power rate of the grid inverter will not be exceeded. Otherwise, when
IsgrF > IsrFmax> K must be lesser than 1, meaning that the amplitude
of the current isrr must be reduced in order to avoid over power
rating of the grid-tied inverter. Fig. 3b presents the gain K against
the nominal rms SRF-current (/sgp).

2.3 AC-current and DC-bus control loops

The block diagram of the current controller used to control the 1F-B
inverter is shown in Fig. 3¢, considering that the current reference i}
is achieved from the SRF-current generator presented in Fig. 3a.
Based on Fig. 3¢, L and Ry are, respectively, the inductance and
resistance of the L-filter connected to the grid, and Kpwwm
represents the static gain of the PWM converter, which is
calculated considering the peak value of the PWM triangular
carrier [26].

Since the compensating reference current i is not continuous, a
proportional-integral multi-resonant (PI-MR) controller [27, 28] is
used to control the current synthetised by the 1F-B inverter. Thus,
an infinite open loop gain at the resonant frequency (®,) is
achieved, resulting in null errors in steady state [27].

Thus, the transfer function of the PI-MR controller is given as
follows

Gpr_mr(8) = kp; + h + Z (52 + (mw ) )
1

m=1

= Gp(9)+ Y Gyrem)(s) (14)

m=1

where kp; and ky; represent, respectively, the proportional and integral
gains of the current PI controller, k,, represents the resonant gains
at a specific resonant frequency, ; is the fundamental frequency,
and m=1,3,5,...,n

In this paper n=9, which means that the resonant terms are
composed of the 1st, 3rd, Sth, 7th and 9th components. To
compensate the load reactive component, as well as the active
component injected into the grid, both at fundamental frequency,
in (14) the fundamental component (m = 1) is considered.

The DC-bus voltage controller is also presented in Fig. 3c. As
discussed in Section 2.2, this controller provides the signal iq,
which is used to determine the amplitude of the active current
injected into the grid. Thereby, the DC-bus control loop must
present reduced bandwidth in order to avoid distortions in
reference current (i}).

The PI DC-bus controller gains, kp, and ki, and the PI AC-current
controller gains (kp; and ky;) presented in (14), are determined using
the design procedure presented in [23], which is based on the
frequency response method via Bode diagram. This method can be
used when the phase margin and the 0dB gain crossover
frequency are employed as design specifications. In addition, the
multi-resonant controller gains (k,) are obtained in order to
guarantee that each one of the multi-resonant crossover frequencies
(Wem), related to Gumrem), are equal to the adopted crossover
frequency (w.) used in the PI AC-current controller design
specification, such that o, = @;.
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Fig. 3 PV system

a Block diagram of the SRF-current generator

b Constant K used to control the power flow through the PV system

¢ Block diagram of the current control loop and DC-link voltage controller
d Single-phase AF-af-pPLL scheme

2.4 Phase-locked loop system

As aforementioned in the previous sections, the PLL

system

estimates the utility phase-angle that is used to generate the

coordinates (sin(6), cos(d)) of the unit vector employed
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in the

SRF-based algorithm, as well as to generate the sinusoidal current
(ipv) that composes part of the total PV reference current i;.

Fig. 3d presents the single-phase PLL system implemented in this
paper. It uses a non-autonomous adaptive filter (AF) operating
together with the of-pPLL originating in the AF-of-pPLL scheme
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presented in detail in [29], where the design requirements and
procedures for determining the proportional (kpp;) and integral
(ki) controller gains to guarantee its stability are discussed. This
PLL scheme presents good performance when submitted to utility
disturbances, such as voltage harmonics, voltage sags/swells,
phase-angle jumps and frequency variations. Based on Fig. 3d, AF
gain K. =u/T,, where T, is the DSP sampling time, u is the
adaptation step time, and A is the amplitude of the fundamental
utility voltage. The amplitude 4 is calculated based on the weights
w; and w, of the AF, such that 4 = \/w? + w3 [29].

3 MPPT techniques

In this section the descriptions of MPPT techniques based on PSO
and P&O methods are presented. In addition, the criteria used for
determining the DC-bus voltage reference are also discussed.

3.1 P&O-based MPPT technique

The implemented P&O MPPT algorithm is presented in Fig. 4a [30],
in which a comparison between the current calculated PV power
(Ppv) and measured PV voltage (V) and their previous values is
carried out. If both the PV array power and voltage increase, the
control increases the voltage reference (V). On the other hand, if
the voltage decreases the voltage reference must also decrease. An
inverse logic is adopted when the PV array power decreases. Thus,
the MPPT algorithm operates by incrementing or decrementing the
voltage reference Vj, (Fig. 1) to extract the maximum power of
the PV array.

An appropriate voltage step size (Av) must be chosen to assure the
good performance of the P&O MPPT technique. Thus, for small Av,

Start

v

Acquire and Read:
Vo 0,0 0V,

Podt) = Vo fthindt)

the state-steady error is reduced. However, when fast changes occur
in the environmental conditions, the algorithm can become less
efficient. On the other hand, when Av reaches large values, the
losses in steady-state increase due to the oscillations around the
MPP [31]. In addition, the P&O MPPT algorithm runs at a
constant sampling time (7g ) so that small values of Tg
imply in fast transients when solar radiation changes occur. On the
other hand, large values of Tg  make the system slower, causing

losses in the power extracted from the PV array [31, 32].

3.2 PSO-based MPPT technique

The PSO method is a population-based stochastic optimisation
algorithm for global optimisation [33]. It is based on the behaviour
of social groups such as schools of fish or flocks of birds. Due to
the fact that it is recursively exploited, an improved performance
can be gained by the interactions between individuals, or more
specifically by imitation of successful individuals. The movements
of the particles are based on (15) and (16) [33, 34].

VL =k 4+ 0 R, (Pbest; — x¥) + @,R,(Gbest —xf)  (15)
A= a4t (16)

where: v is the adjusted particle speed; w is the inertia weight of the
previous velocity in the present speed calculation; @, and @, are the
acceleration coefficients regarding the influences of the best particles
and best global positions in the velocity updating, respectively. Pbest
and Gbest are the best local and best global position found until the
kth iteration by fitness function, respectively; R, and R, are random
variables with uniform distribution; R; and R, €[0, 1].

Initialize randomly the
position and velocity of
the particles

AV = Vo ft) - Vift-A1)
AP = Poft) - Ppft-Av)
Vault-Ar) = Vi)
Poft-At) = Pot)

AP =0

Return

a

Fig. 4 MPPT Algorithms

a Block diagram of P&O MPPT algorithm
b Flowchart of the PSO method applied to the PV system
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The algorithm of Fig. 4b describes the functioning of the
PSO-based MPPT technique applied in this work.

To elaborate further on the inertia weight, it can be observed that a
relatively larger value of w is helpful for global optimum, and less
influenced by the best global and local positions. On the other
hand, a relatively smaller value for w is helpful for convergence,
that is, smaller inertial weight encourages the local exploration,
such that the particles are more attracted towards Pbest and Gbest.
Hence, in order to achieve a balance between the global and local
search abilities, a linear inertia weight, which is defined by (17),
decreases  during the algorithm convergence  process,
demonstrating good global and local search capabilities in the
initial and final iterations, respectively [35].

G—k\"
wlk] = (Winitial = Whina1) (T) + Whnal (17

where Winiia1 and wgy, are the initial and final weight inertia,
respectively, such that wiyital > Weinal, G 18 the maximum number of
iterations, and m € [0.6;1.4] is the non-linear index [35].

In the PSO-based MPPT, the values of the initial voltage
magnitude particles are obtained within the PV system operation
range. In addition, the output references (VZC,,), given by (18),
represent the voltages in which the convergence of the method
occurs. The PSO convergence is based on the objective function
or fitness function. In this work, the objective function compares
the current PV power system with the PV power obtained from the
previous iteration, as shown by (19). Finally, the restart criterion is
defined in (20), and considering G < 10, the convergence condition
is established.

[Vdcl Vdc2 e Vdcn] (18)
k k—1
Ph, > P (19)
Py =Py,
BB ar (20)

where 7 is the number of partlcles of the PSO method; Pk !is the
power obtained in the previous iteration; P is the power obtalned
in the actual iteration, and AP is the mlnlmum relative error. In
this work it was considered that AP=0.1, O, =1.5, @, =1.2,
Winitiat = 0.9, and wgna =0.4 according to [35, 36], while the
number of particles employed was equal to five. When the PSO
method reaches the convergence, the Vi chosen is related to the
Gbest.

3.3 Criteria for choosing the DC-bus voltage reference

Since the PV system operates by injecting energy into the grid and,
simultaneously, acts as APF, the DC-bus voltage must be regulated,
such that the minimum DC-link voltage (V4. ) guarantees a proper
operation of the grid-tied inverter. In other words, the dc-bus voltage
must be regulated according to the amount of power available in the
PV array. Thus, when the power produced by the PV array is enough,
considering that the environmental conditions are favourable (solar
radiation and temperature), the DC-bus voltage reference Vj, is
always defined by the MPPT algorithm, such that V3, = Vypp is
greater than Vg, . In this case, the power produced by the PV
array is all 1nJected into the grid.

On the other hand, in unfavourable environmental conditions, in
which the voltage at the maximum output power conditions
(Vmpp) 1s not enough to guarantee the DC-bus voltage, the
algorithm defines the DC-bus voltage reference to a constant value
(V. = Vmpp), in order to guarantee the system operation.

In this paper, the PV array is comprised of 10 series connected PV
modules providing maximum power of around 2.4 kW, where during
normal operating conditions, the Vypp is around 308 V (G= 1000
W/m?, T'=25°C). On the other hand, taking into account a critical
operation condition, such as G=100 W/m? and T=75°C, the
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Table 1 STC of the solarworld sunmodule plus SW 245 PV array

maximum PV power Prax =245 W
maximum power point voltage Vinpp=30.8V
maximum power point current lnpp=7.96 A
open circuit voltage Voc=37.5V
short-circuit current lsc=8.49 A

Vmpp Will be equal to 214 V. Thus, the chosen minimum DC-bus
voltage is equal to Vg, =210V to ensure a proper inverter
operation, considering the followmg aspects: (i) peak amplitude of
the utility voltage (180 V for nominal utility rms voltage); (ii)
losses in both switching devices and passive components (L-filter
and DC-bus capacitor); and (iii) DC-bus voltage dynamic when
load transients occur. In addition, for partial shading occurrence
involving at least three PV modules, the bypass diodes will
reduce the operation voltage to around 216 V, such that the choice
of Vg = Vg, =210V represents an acceptable voltage level to
allow adequate PV system operation.

As can be noted, when the MPPT algorithm operates with constant
voltage V. = Vg, ., the maximum power available in the PV array is
not extracted. On the other hand, the PV system continues providing
active energy to the grid and performing the active filtering. In cases
where the PV array is out, the system remains operating only as a
shunt APF, and the DC-bus voltage is controlled using the energy
provided from the grid. In this case, the total active energy

consumed by the load is drained from the grid.

4 Simulation results

The PV system presented in Fig.

1 is evaluated by means of

numerical simulation using a MATLAB/Simulink tool, in which
the PV systems inject active energy into the grid and perform

Table 2 Parameters adopted in the simulation and experimental tests

nominal utility rms voltage
nominal utility frequency
full-bridge converter nominal power
nominal rms current of the
full-bridge converter

inductive filter

inductive filter resistance

load capacitance

load resistance

nominal load apparent power
load active power

fundamental power factor (load)
power factor (load)

commutation inductance

MPP dc-bus voltage

dc-bus capacitor

switching frequency

sampling frequency A/D converter
PWM gain

current PI-MR controller gains

crossover frequency (current Pl
controller)

phase-margin (current Pl controller)
dc-bus PI controller gains
crossover frequency (dc-bus
controller)

phase-margin (dc-bus controller)
PLL PI controller gains

crossover frequency (PLL PI
controller)

phase-margin (PLL PI controller)
AF gain

cut off frequency (SRF controller)
(2nd order LPF Butterworth filter)
P&O voltage step size

P&O sampling time

PSO minimum error

PSO acceleration coefficients
PSO inertia weights

Ve=127V
f=60 Hz
Sinv=2540 VA
fow =20 A

Li=1.5mH
R.s=0.48Q
C=940 pF
R=100Q
S, =380 VA
P.=260 W
PF,=0.99
PF=0.70
L|_ =1.2mH
V4c =308V
Cac=2115 pF
fsw =20 kHz
fs =60 kHz
Kpwm =5.33x107*
kpi=175.25; k;=29727; k; = 15700;
k3 =15627; ks = 15482; k; = 15265;
kg =14975
¢ = 15708 rad/s

PM,; =89.9°
kpy = 0.0996; ki, =0.0902
wey =47.124 rad/s

PM, =88.9°
kppil = 424.3; kipi = 32234
w,_p =430.874 rad/s

PM, =80°
K. =420
f. =30 Hz

Av=1V
Toyper =05
AP=0.1
0, =150, =12
Winitial = 0.9; Wiina = 0.4
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Fig. 5 PV system

a PV array considering the Cases 1 and 2
b Characteristic curves for the Cases 1 and 2

active power-line compensation. All parts of the simulated system
were discretised, including the SRF and PLL algorithms and
controllers. The discretisation is carried out to achieve simulation
results as close as possible to the real system. In addition, the
delays related to the signal data acquisitions, which are introduced
by the anti-aliasing filters and the dead-time of the switching
devices were also taken into account in the simulations. The
parameters employed in the simulations related to the PV module
are presented in Table 1, whereas Table 2 summarises the
parameters of the shunt APF and the gains of the PI-MR, PI
DC-link, and PI-PLL controllers.

The comparison analysis between the MPPT-based on P&O and
PSO are based on the PV array presented in Fig. 5a, whose
characteristic curves (Pp, X V},,) are shown in Fig. 5b. As can be
seen, two solar radiation conditions are considered. In the first, the
PV array is submitted to normal atmospheric conditions (Case 1),
and in the second, it is submitted to shading conditions (Case 2).
As can be noted in Case 1, there is only a GMPP, while in Case
2, apart from the GMPP an LMPP appears.

In Figs. 6a and b, the P&O and PSO MPPT algorithms are
evaluated considering Case 1 (uniform solar radiation intensity),
where the quantities of voltage and current involved in the PV
system operation are shown. As can be observed, both the PSO
and P&O MPPT algorithms are able to search the GMPP available
in the PV array. Nevertheless, in steady state, the power extracted
using the PSO-MPPT algorithm presents reduced oscillations
around the maximum point when compared with the P&O-MPPT
algorithm. In addition, since the active power-line is performed,
even when a non-linear load is connected, the source current (is) is
almost sinusoidal, as can be seen in Figs. 6a and b, where the
source current i5 is shown in the opposite phase with the utility
voltage vs. This means that P,, is higher than the load active
power Py, such that Py, is provided to both utility grid and the load.

Figs. 7a and b present the behaviour of the PV system submitted
to the partial shading condition (Case 2). As can be observed, when
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partial shading occurs, the PSO-based MPPT technique reaches the
GMPP, whereas the P&O-based MPPT technique reaches the LMPP.
This can occur depending on the operation power point of the PV
system. In other words, the P&O-based MPPT technique can track
either in the GMPP or in the LMPP, whereas the PSO-based
MPPT always reaches the GMPP. As can be seen the source
current (i) is also almost sinusoidal even when non-linear loads
are connected to the grid.

Fig. 7 shows the utility voltage and the active current injected into
the grid obtained from the energy extracted from the PV system by
using the P&O and PSO MPPT techniques. As can be noted, the
amplitude of the injected current (i;) into the grid is higher, when
the PSO-based MPPT technique is used.

By means of the simulation results shown in Fig. 6, it can be
observed that both MPPT algorithms reach the GMPP when the
PV array is submitted to uniform solar radiation. Although the
P&O algorithm reaches the MPP faster than the PSO-based MPPT,
it can be observed that higher oscillations appear in steady state.
Taking into account the partial shading conditions shown in
Fig. 7, despite PSO-based MPPT being slower than the
P&O-based MPPT, it can be noted that due to its convergence
with the GMPP, the tracking efficiency for extracting the PV
power is around 99.95%. On the other hand, since the P&O-based
MPPT converges to the LMPP, its tracking efficiency is only
71.93%. The main simulation results used for comparing the
performance of the MPPT techniques based on both P&O and
PSO are presented in Table 3.

5 Experimental results

This section presents the experimental tests related to the PV system
operating with the MPPT technique based on the PSO method,
where the digital signal processor (model TMS320F28335, Texas
Instruments), shown in Fig. 1, was used to implement the MPPT
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a Simulation results for the P&O-based MPPT technique (Case 1 — without partial shading condition) — utility voltage v;, source current i;, compensating current 7. (inverter current), and

load current i, PV array voltage V,,, PV array current i,,, and PV array power Py,

b Simulation results for PSO-based MPPT technique (Case 1): Utility voltage v, PV system currents (i, i and i), PV array voltage V., PV array current iy, and PV array power P,

technique, the SRF-current generator, the PLL algorithm and all
controllers. A non-linear load composed of a full-bridge diode
rectifier followed by RC load was used in the tests, whereas in the
full-bridge converter two IGBT modules (SK40GB 123,
Semikron) were employed with their proper drivers. The switching
frequency of the PWM converter was set at 20 kHz. In addition,
three current transducers (model LEM LA 100-P) were used to
measure the PV system currents of the PV array, the load and the
grid-tied inverter, while the input ac voltage and the dc-link
voltage (PV array voltage) were measured using two voltage
transducers (model LEM LV 25-P).

Fig. 8a shows the experimental characteristic curve related to the
PV array power (P,,) against the time, the PV array quantities
(voltage (V,y), current (i,,) and power (Pp,,)), without partial
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shading (Case 1). In this condition, the maximum power available
in the PV array is around 1770 W. As can be noted, both the
MPPT techniques tracked at the MPP (GMPP). In Fig. 8b the
same quantities are presented considering the PV array under
partial shading (Case 2). As can be observed, the PSO-based
MPPT technique reaches the GMPP, whereas the P&O-based
MPPT technique reaches the LMPP. The experimental PV system
characteristic curves (P, xt) were obtained by means of the
charging of the dc-bus capacitor.

The performance of the PV system operating as an APF is
evaluated by means of the experimental results shown in Fig. 9,
where the following quantities are presented: source voltage (vy),
source current (i), inverter current (i.) and load current (ip).
Figs. 9a—c refer to the PV system operating using the P&O-MPPT,
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a P&O-based MPPT technique — Utility voltage vy, PV system currents g, i, and i, PV array voltage V},,, PV array current iy, and PV array power Py,
b PSO-based MPPT technique: Utility voltage vs, PV system currents (i, i. and i), PV array voltage V},,, PV array current iy, and PV array power Py,

Table 3 Main simulation results used to compare the performance of
the MPPT techniques based on P&0O and PSO

Without partial
shading

With partial
shading

P&0O PSO P&O PSO

time to reach the MPP (s) 15 150 15 150
power oscillation in steady state (%) 0.02 0.009 0.06 0.008
PV power extracted at MPP (W) 2442 2442 1384 1939
tracking efficiency (%) 99.96 99.96 71.93 99.95
1188

while Figs. 9d—f refer to the PV system operating using the
PSO-MPPT.

Three different tests related to the PV system operation were taken
into account, as follows: (i) only active power injection into the grid,
considering the non-linear load disconnected (test 1: P,,>0 and
Pp=0); (ii)) active power filtering (load reactive power
compensation and harmonic current suppression) and active power
injection into the grid (test 2: P,, > Py); and (iii) only active power
filtering (test 3: Py, =0).

In test 1, all the active power produced by the PV array (P,,) is
injected into the grid due to the load being disconnected. As can
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Fig. 8 Experimental results considering cases 1 and 2

a Case 1: PV array characteristic curve (300 W/div; 20 ms/div), P&0O-based MPPT technique: PV array voltage (V},y), current (i), power (Ppy) (75 V/div, 1.5A/div, 300 W/div; 2 s/div),
and PSO-based MPPT technique: PV array voltage (V,,), current (i), power (Pp,) (75 V/div, 1.5A/div, 300 W/div; 2 s/div)
b Case 2: PV array characteristic curve (300 W/div; 20 ms/div), P&O-based MPPT technique: PV array voltage (¥},,), current (i), power (Py,) (75 V/div, 1.5A/div, 300 W/div; 2 s/div),
and PSO-based MPPT technique: PV array voltage (V},,), current (i), power (Ppy) (75 V/div, 1.5A/div, 300 W/div; 2 s/div)

be noted in Figs. 9a and d, the sinusoidal source current i is in Figs. 9b and e, the PV power (Pp,) is provided to the utility grid
opposite phase with the utility voltage vg; in test 2, the Py, is and load, simultaneously, while the active power filtering is also
higher than the load active power Pp. Thus, as can be seen in carried out. Finally, Figs. 9c and f present the experimental results

A Boa W
Qe g o Netuiag | st N 1

Fig. 9 PV system performance using P&O MPPT technique (100 V/div, 204/div, 5 ms/div)

a Utility voltage vs and currents i, i. and i (test 1: P,, =1670 W and P_.=0 W)

b Utility voltage v and currents i, i, and ir (test 2: Py, = 1700 W and P =260 W)

¢ Utility voltage v, and currents i, i. and it (test 3: P, =0 W and P =260 W); PV system performance using PSO-MPPT technique
d Utility voltage v, and currents i, i. and i (test 1: P,, 1650 W and P =0 W)

e Utility voltage v, and currents i, i, and i (test 2: Py, = 1670 W and P =260 W)

f Utility voltage v and currents i, i. and iy (test 3: P,,=0 W and Pp =260 W)
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Table 4 THD of the source and load currents for the load composed of
a full-bridge diode rectifier followed by RC load (experimental results)

Tests 1,2 and 3 (THD %) (THD %)
P&0O PSO
method method
i is i is

1. Active power injection considering the - 2.2 - 2.0

non-linear load disconnected: (P, >0 and P_=0)

2. Active power injection into the grid with active 70.2 3.6 70.2 3.5
power-line filtering: (Py, > P,)

3. Active power-line filtering (reactive and
harmonic current compensation): (P,, =0 and
P.>0)

70.2 9.0 702 9.0

Table 5 Main experimental results used to compare the performance of
the MPPT techniques based on P&O and PSO

Without With partial
partial shading
shading

P&0O PSO P&O PSO

time to reach the MPP (s) 175 105 14 118
power oscillation in steady state (%) 10.0 5.1 18.7 7.6
PV power extracted at MPP (W) 1746 1770 750 1400
tracking efficiency (%) 98.6 100.0 52.05 99.93

for test 3, where Py, is null. In this condition, the PV system
performs only the active power filtering function.

Table 4 presents the total harmonic distortion (THD) related to the
compensated source current i; considering the three tests imposed to
the PV system. As can be observed, the THD of the source current
was reduced in all tests, mainly in test 1 (P,, >0 and P_=0),
where the PV system is only injecting active power into the grid
(THD; <5%) [37]. In tests 1 and 2 it can be also noted that the
source current THDs for the PSO-MPPT are lower than for the
P&O-MPPT technique.

Table 5 summarises the main results obtained from the
experimental tests involving the MPPT techniques based on P&O
and PSO. Similar to the simulation results, the experimental tests
show that the PSO-based MPPT operating in partial shading
conditions demands more time to reach the GMPP, when
compared with the P&O-based MPPT. On the other hand, it
presents lower oscillations in steady state. In addition, the MPPT
based on PSO presents tracking efficiency around 99.93% at the
GMPP, while the tracking efficiency found for the P&O-based
MPPT at LMPP is around 55.05%. In other words, although the
convergence time of the PSO-based MPPT is higher than the
P&O-based MPPT, its efficiency is higher because the GMPP is
always reached.

6 Conclusions

This paper presents implementation of a single-phase single-stage
grid-tied PV system with active power-line filtering capability. The
global MPPT technique was carried out by using the PSO method,
in order to overcome mismatching phenomena problems related to
partial shading. The PSO-based MPPT technique performance was
compared with the MPPT technique based on P&O. Compared
with the P&O-MPPT method, the PSO-MPPT was always able to
reach the GMPP, allowing the increase of the PV system efficiency.

An SRF-current generator algorithm was proposed to perform the
active power injection into the grid and the active power-line
conditioning, allowing the load harmonic currents suppression, as
well as the load reactive power compensation. Therefore, an
effective power factor correction was carried out (unity power
factor). Since the PV system handles the active energy produced
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by the PV array, as well as the energy used for the active
conditioning, a calculation algorithm was proposed, which was
integrated into the SRF-based current generator in order to limit
the amount of the power processed by the grid-tied inverter. Thus,
over power rating of the grid-tied inverter was avoided.

Considering the PV system under partial shading and based on the
results obtained by means of simulations and experiments, the
grid-tied PV system using the PSO-based MPPT technique
presented superior performance when compared with the
P&O-based MPPT technique.
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