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This paper deals with a shunt active power filter (SAPF) integrated in a photovoltaic (PV)
system, which is interfaced to the grid via a double-stage configuration, for simultaneously
improving the power quality in the existence of non-linear loads and injecting the PV
harvested power to the power grid. The direct power control (DPC) based on the
conventional Proportional-integral (PI) suffers from some shortcomings in the transient
state, such as large overshoots and undershoots in the voltage. Long response time is
another disadvantage when using such a controller. To overcome this situation, the
proposed control method is equipped by an anti windup fractional order proportional-
integral differentiator (AW-FOPID) regulator, replacing the standard PI or PID regulators
to maintain the DC link voltage at its desired value with small overshoots and undershoots
in the voltage, while maintaining a short response time. The AW-FOPID controller,
however, has five parameters, which makes it troublesome to tune. Accordingly, to adjust
this AW-FOPID parameters, the Particle Swarm Optimization (PSO) algorithm is
employed by minimizing the Integral Time Absolute Error (ITAE). Furthermore, an
intelligent algorithm for tracking the maximum power point (MPPT) based on fuzzy logic
has been applied to eventually resolve the drawback of the rapidly changing weather
conditions. The overall control scheme is examined by simulation using
MATLAB/Simulink software. The obtained simulation results and comparative study
demonstrate the feasibility and performance of this control strategy.
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1. INTRODUCTION

So far, most of the world's energy is generated from fossil
fuels (coal, oil, and gas), where these energy sources
contribute to harmful gas emissions which are heavily
involved in the global warming, as well as inducing pollution
of the earth and organisms [1]. Furthermore, the excessive
consumption of energy by these resources systematically leads
to reduction of reserves of this kind of energy potential.
Moreover, energy production is still a challenge of a great
importance for the coming years since it is continually
employed almost everywhere, i.e., in residential, commercial,
and industrial areas. A good alternative is the power
generation from renewable energies such as hydroelectric,
geothermal, biomass, wind, and photovoltaic (PV), which
operate without pollution effects on the atmosphere after use
[2]. The availability of solar energy as an environment-
friendly, unlimited, and free energy on the entire globe surface
[3] has prompted researchers to select it among other existing
sources of renewable energy for study and investigation.
Meanwhile, the rapid growth of nonlinear loads integration
causes problems in the electrical grids, such as reactive power
and harmonic currents [4, 5]. Active power filters (APF) are
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the most resorted to solution for reducing the negative
repercussions of such loads in the electrical grids [5]. Within
the APF family, the shunt active power filter (SAPF), which is
paralleled to the grid to inject a current that is opposing both
the current harmonics and reactive power emitted by the load,
to eventually make the current supplied by the electrical power
system sinusoidal and in phase with its voltage, is commonly
opted [6, 7]. An interesting combination would be to integrate
a SAPF in a PV system to harvest their granular features
mentioned above, all together [8, 9]. In the literature, many
techniques have been presented to control the APF. Direct
power control (DPC) is invented by Noguchi et al. in 1998
whose idea is inspired from the direct torque control (DTC)
intended for electrical machines drives [5, 10]. The DPC
method does not require current control loops or pulse-width-
modulator (PWM) block. The switching table based on the
correction of the reactive and active powers, as well as based
on the sector indicating the angular position of the source
voltage vector, is intended to select the switching states of the
converter [11, 12]. In this context, researchers gave great
importance to this table which was treated by Boukezata et al.
[8] to achieve good performance of the DPC control. In most
cases, the DPC is fed by a reference of zero reactive power and
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active one produced via the Proportional-Integral (PI)
regulator of the converter dc-link voltage [5, 8]. Various
control techniques are employed to maintain this latter at its
reference value optimally, regardless of the operating
conditions. Among those, the conventional PI controller is
simple to implement and presents a good response in steady
state [13, 14]. This controller, however, exhibits poor
performance during dynamic conditions, which are in the case
of SAPF integrated in a PV system start-up, changing solar
irradiance, and changing load.

To overcome this situation, the proposed control in this
paper is carried out by an anti windup fractional order
proportional-integral differentiator AW-FO(PID") controller,
replacing the standard PI regulator that keeps the DC bus
voltage at its desired value. The benefits offered by this AW-
FO(PI?D") regulator with two extra freedom degrees & and n
allows having better dynamic response and shorter response
time compared to the conventional PI controller [15-17].
Moreover, the output of the proposed AW-FOPID controller
effectively participates in the delivery of the active power
compared to the standard PI regulator employed in DPC that
suffers from weak responses in dynamic mode. Indeed, this is
the first time that the AW-FOPID controller requiring the
determination of five optimized parameters has been
incorporated into the DPC. Regarding the adjustment of this
AW-FOPID parameters, Particle Swarm Optimization (PSO)
algorithm is used to minimize the Integral Time Absolute
Error (ITAE) [18].

As the solar insolation varies, the voltage corresponding the
maximum power point (MPPT) varies. Therefore, several
algorithms of MPPT such as incremental conductance (IC),
perturb and observe (P&O), and hill climbing (HC) have been
proposed in the literature [19, 20]. The advantages offered by
these aforementioned algorithms reside in the ease of
calculation and implementation. Due to the deficiencies of the
aforementioned algorithms especially during dynamically
changing weather conditions, intelligent controllers like fuzzy
logic has been used in tracking effectively the maximum
power point (MPPT) in PV systems, whatever abrupt changes
affecting solar irradiance and temperature [9, 21]. On the other
hand, the design of fuzzy MPPT proposed in this paper is not
subject to well-defined criteria but is mainly based on
experience.

This paper is sectioned in the following way: Description of
the operating principle of the SAPF is explained in Section 2;
The principle of the DPC applied to the SAPF together with
PSO tuned AW-FO(PI’D") controller design to regulates the
DC-link voltage, and fuzzy logic controller (FLC) for tracking
the maximum power point, are presented in Section 3.
Simulation results are given and discussed in Section 4.
Finally, the presented work is concluded in Section 5.

2. DESCRIPTION OF THE OPERATING PRINCIPLE
OF THE SAPF

APFs are, in simple words, systems that are used to
eliminate the harmonics pollution along the power line caused
by the non linear loads, as well as the reactive power induced
by those loads, regardless of their nature [5]. The voltage
source connected in parallel with the non-linear load, becomes
nearly sinusoidal because the SAPF injects harmonics current
with the same amplitude and opposite in phase to the load’
sone. Regarding the reactive power, it is compensated by

injecting filtering current with a phase that is opposed to the
line’s current one [12, 22].
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Figure 1. Simplified schematic of the SAPF

Figure 1 shows a simplified schematic of a SAPF.
According to this figure, the source’s current can be expressed
in the following form

=1 +1; (1)

where I is the source current; /; is the load current; and Zris the
compensation current.

3. OPERATION PRINCIPLE OF THE PROPOSED DPC
WITH AW-FOPID STRATEGY ARTICULATED ON
THE PV-CONNECTED SAPF

3.1 Direct power control

The basic principle of DPC was proposed by Noguchi [11],
while it was initially inspired from the DTC of electric motors
control [23]. In the DPC strategy, reactive and active powers
imitate, respectively, the electromagnetic torque and the
amplitude of the stator flux of the DTC. This non-linear
method is known as a direct power control technique because
it chooses the optimal voltage vector without need for any
modulation technique or coordinates transformation. The
basic concept of the DPC is to select the appropriate states
from the switching table based on localisation of the source
voltage vector and errors [22-24].

In the proposed DPC method, the continuous bus voltage is
maintained at the desired level through an AW-FOPID
regulator-based voltage regulation loop.

The instantaneous active and reactive powers are calculated
starting from the following equations:

P =V I, +Vly +VI|

sa ' sa sb " sb SC ° sC (2)

1
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The reference of the reactive power is set to zero value to
ensure a unity power factor. Whereas, the reference of the
active power is developed with the multiplication of the peak



value of the current source generated by the AW-FOPID
regulator and the optimal value of the PV generator voltage.
Then, the powers are compared and the obtained errors are
applied to the hysteresis regulators [9, 22, 24]. The used
hysteresis regulators allow restricting the errors of the
instantaneous reactive and active powers in the desired band,
as shown in Figure 2. The output of the controller switches
between 1 and 0, where it is 1 if the error is positive and 0
otherwise. The influence of each control vector applied to the
APF on the reactive and active powers is dependent on the
actual position of the source voltage vector. Thus, the
switching Table 1 has as inputs the signals from both
hysteresis comparators and the information on the source
voltage vector.
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Figure 2. General structure of SAPF controlled by the
proposed DPC approach in presence of the PV system

Table 1. Switching table of DPC strategy

Cp Cg 6, 0, 63 04 65 05 67 05 69 019 011 01,
1 1 v v, vi v9g vV, V; V3 Vg Vs V; Vs TV
1 0 v, v, vg v9 vV, V; Vy Vg V; V; Vg Vg
0 1 wvg vy vy vy vV, V3 V3 V4 V4 Vs Vs Vg
0 0 vy vy V) V3 V3 V4 Vs Vs Vs Vg Vg Vy

Figure 3. Sectors on stationary coordinates

According to the angle between the inverter output voltage
reference and the o axis, the sector will be selected as shown
in Figure 3. Consequently, the angle is determined by an
inverse trigonometric function based on the vector
components of the voltage in the fixed reference space (o, B):

1 VS,B
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p is the number of the sector. Accordingly the inverter
output voltage reference is selected based on the desired
reactive and active power values.

3.2 Particle swarm optimization (PSO) based fractional
order PID" controller design

3.2.1 AW-FOPID controller

The conventional PI controller suffers from some weakness
in the dynamic state. To overcome this drawback, the proposed
control is carried out by an AW-FOPID, replacing the standard
PI regulator to keep the DC bus voltage at its desired value
with shorter response time during dynamic conditions, while
the overshoots and undershoots are maintained at minimum
levels. The AW-FOPI*D" has been introduced in 1999 with its
general form in which the integral and derivative action orders,
€ and n respectively, are not integers [25], as shown in Figure
4. The AW-FOPID controller has good convergence and
conservation of the adjusted variable to its desired value.
Moreover, due to the better dynamic response, flexibility and
low sensitivity to eventual variations of the system parameters,
AW-FOPID controllers belong to the dominating industrial
controllers which have attracted the attention of several
researches in different fields, such as: aerospace control
systems [26], hypersonic flight vehicle, and automatic voltage
regulation [27-30].

Figure 4. AW-FOPID controller structure

From Figure 4, the transfer function G(s) of the AW-FOPID
controller is calculated by the following equation:

U(s) _

E(s)

where K, K; Kyare the proportional, integral and derivative
gain factors, respectively; €, 1 are the integral and derivative
orders respectively; R(s) is the input signal; C(s) represents the
plant’s transfer function; £(s) is the error signal and Y(s) is the
output signal.

It can be noticed that the selection of & m gives the
conventional controllers, i.e. PID controller (g, n=1), PD
controller (¢ =0) and PI controller (n =0).

(1) Approximation method of fractional order operators

The method proposed by Oustaloup [31] is more elaborated
and more convenient to approximate the fractional order (FO)
to Laplace transfer functions (TFs). The term s* of the
Oustaloup’s approximation model is defined in the study [32],
where s is the Laplace transform variable and o is a real
number which ranges between -1 and 1. s* is designated as an
FO differentiator if (0<a<1) and as an FO integrator (—1<a<0).
Moreover, this method is called recursive Oustaloup's filter
and it distributed in a limited frequency band [wb wh]. So, the
approximate of the fractional order (FO) to Laplace transfer
functions (TFs) is assessed as follows:

G(s)=

K, +Kis™ +K;s”

(6)
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With o’ and ok are respectively the zeros and poles of
interval k; K represents the adjustment gain; o, and oy are
respectively the low and high frequencies; N is the number of
poles and zeros, and (2N+1) is the approximation function
order.

(2) Particle swarm optimization (PSO)

According to (6), the AW-FOPID controller has five
parameters to be adjusted (K4, K, Ki, & and ). To tune these
parameters, the PSO algorithm is used by minimizing the
objective function (F). PSO algorithm is a stochastic
population-based computer algorithm to find an optimal
solution to a problem. This technique was initially invented by
Russel James Kennedy and Eberhart in 1995. It was developed
based on the behaviour of some animals, such as fish and birds
[28, 29]. In PSO algorithm, each individual is named “particle”
which is considered as a candidate solution to find the optimal
solution to the problem. A particle’s position is affected by its
own best found position, as well as the position of the best
particle in its neighbourhood. For the local best PSO, a smaller
neighbourhoods are determined for each particle. Whereas in
the global best PSO, the neighborhood for each particle is all
particle’s of swarm (entire swarm).

The fitness function evaluates and quantifies the
performance of a particle [28, 30]. The personal best position
of the particle i is estimated as

yi () TEF(x (t+1) > F(y; (1)
{KG+D”FMG+DG¥MGD

y; (t+12)

With x; is the particle's current position; F is the objective
function. This best position of the particle iis updated at time
step ¢. For the global best position, y is defined as:

y = min{F (Yo (), ........ (Y, ()} (12)

With s is the swarm’s size. The standard equations of PSO
for each dimension j: je {1,..., Nq } are given as:

Vv, j=@.v; ; (t) +¢.A +C,A, (13)
% (D) =x ) +Vi(t+D) (14)

where:
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Alzrl,j'(yi,j(t)_xi,j(t)) (15)

A, =r2,j'(y?(t)_xi,j(t)) (16)

v;, ;1s the jth element of the velocity vector of the ith particle,
o is the inertia weight, ¢, and c; are the acceleration constants,
and 11, 12jare random coefficients in the range [0, 1]. When
the velocity updates tend to zero, this process is stopped.

Various optimization criteria are used for adjusting the
process controllers. Among those, the minimization of Integral
Time Absolute Error (ITAE):

Min F = Min[Tt|e(t)|dt] (17)

The PSO algorithm used to design the AW-FOPID
controller parameters is represented in Figure 5.

/ s

Y(e)
Gls)

R(s)
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R(s) —. Els)
.'. ;

- ¥

u(s)

cts) >

Figure 5. PSO-based AW-FOPID controller parameters
design

In every iteration, each particle needs to update its own best
individual fitness. The individual fitness of each particle is
measured by using the Integral Time Absolute Error (ITAE)
which can be expressed as:

N
€
r=0

N

MSE = (18)

where, N denotes the total number of points for which the
optimization is carried out, t, is the time rang of simulation. In
this study, PSO with the spreading factor (PSO-SF) [32-38] is
used and modified so that the algorithm can be used to tune
the AW-FOPID controller parameters. By using the spreading
factor approach, the values of the acceleration coefficient and
inertia weight can be linearly converged to the predefined
values over time as illustrated by the following equations:

__ A (—current epoch/(SFxtotal epoch))
w, =¢€ (19)
where: SF = 0.5(spread + deviation).
¢, =C, = 2x(1—(current epoch/total epoch)) (20)

The instructions to be followed by the algorithm of tuning
process of AW-FOPID controller by PSO are given as follows:

1- Initialize the parameters and specify the lower and upper
bounds of the five controller parameters: inertia weight (we)
from O to 1, acceleration coefficients range (c; and c¢») from
0.05 to 2, position range from 0.01 to 15 and velocity range
from -0.001 to 0.5;



2- Randomly distribute particles within specified ranges;

3- While current number of epochs is less than 1000;

4- Evaluate the fitness of each particle using Eq. (18) with
MSE tends to 0;

5- If the current individual fitness is better than the previous
individual fitness, then update new individual fitness;

6- Identify the best particle fitness among the swarm;

7- If the current population fitness is better than the previous
population fitness, then update new population fitness;

8- Calculate the velocity and update the position using Eqns.
(13) and (14) respectively;

9- Calculate the new values of the acceleration coefficients
and the inertia weight using Eqns. (20) and (19) respectively;

10- End.

3.3 Fuzzy logic MPPT controller

3.3.1 Photovoltaic array model

The photovoltaic array employed in the developed system
is a KC200GT, characterized by a single diode model [33, 34].
From Figure 6, the equivalent circuit of the PV cell is
illustrated by a current source in parallel with a diode and
series/parallel resistors.

Rs |
W——

Dyl

Ipv,cell -

Figure 6. Electrical equivalent circuit of a PV cell

The current relation of the PV cell is represented by the next
equation:

| =1 e[%) -1 1)

pv,cell — IO,cell

where:

Ipvz(lpv,n_'_l<lAT)C;E (22)

n

Lpycenis the generated current by the incident light; Jycen is
the leakage current of the diode; K is Boltzmann’s constant, all
measured in ampere [JK']; T is the effective cell’s
temperature, measured in Kelvin [K]; ¢ is the electron’s charge,
measured in Coulomb [C]; a is the non-ideal junction factor,
measured in ampere; L., is the solar generated current at the
nominal condition; A=7-T,(T,and T is the nominal and actual
temperatures, measured in Kelvin [K]; respectively); G.(W/m?)
is the nominal irradiation; G is the irradiation and K;is the
short circuit current/temperature coefficient.

Considering the PV panel series and shunt resistors gives
the following:

q(V+IRy)
aN KT

L) v

pv
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where: N;is the number of cells mounted in series. A practical
PV array consists of many PV cells connected in series and in
parallel. This is achieved by adding some the series and
parallel coefficients as follows [35]:

NV

NSSV+IRS(NSSNpp)J
-1

(24)
NV + IR, (Nsszp)
Rp (N%Pp>

where: N is the number of PV panels mounted in series and
Npp is the number of PV panels mounted in parallel.

3.3.2 Maximum power point tracking (MPPT)

(1) Fuzzy logic controller

Fuzzy logic method is employed for tracking the MPP of
PV module to achieve good efficiency under any weather
conditions. The fuzzy logic approach is very efficient for both
linear and nonlinear controlled systems, while the
mathematical model is not needed [9, 21].

Knowledge base

A

Input Output
— > —

Fuzzification |—» Rulesinference |—>» Defuzzification

Figure 7. Fuzzy logic controller block diagram

Generally, the FLC is executed in three essential steps:
Fuzzification, Rules inference, and Defuzzificationas shown
in Figure 7 [21, 36]. The Fuzzification step is the process of
changing the digital input variables into linguistic equivalent,
which are achieved by using membership functions. The Rules
inference step determines the output of the fuzzy logic
controller by Mamdani method with a max-min technique
depending on the set belonging to the rule base. The
Defuzzification step converts the linguistic variables into a
crisp value which calculates the output control variable. Since
at the MPP of the PV array, AP(k) and AV(k) are null, the
proposed algorithm, therefore, has two input variables, which
are based on Eqns. (25) and (26) [37]:

AP =P(k)—P(k—1) (25)

AV =V (k)-V(k-1) (26)
where: P(k), P(k-1), V(k), and V(k-1) are respectively, the PV
power and voltage at the sampling times k and (k-1),
respectively. These inputs of the fuzzy MPPT are represented
by the error E and its variation AE [36, 37]:

AP

AV
AB(K) = E(K) —E(k -1)

B = @7)



The input variables E(k) and AE(k) are divided into five
fuzzy sets which are denoted as: Negative Big (NB), Negative
Small (NS), Zero (Z0O), Positive Small (PS), and Positive Big
(PB). The rule base connects the fuzzy inputs to the fuzzy
output by the master rule of syntax: " if X and Y, then Z" [9,
37], as listed in Table 2.

Table 2. Fuzzy logic decision table

E/AE NB NS ZO PS PB
NB PS PB PB NB NS
NS ZO PS PS NS ZO
70 ZO ZO ZO Z0 ZO
PS ZO NS NS PS ZO
PB NS NB NB PB PS
o 1[\B NS Z0 PS PG]
5
5 0.8+
Qo
€06}
=
5 0.4 F
3
;';0.2'
a o
2 -1 0 1 2
E
o 1[NB NS Z0 PS PB]
®
5 0.8
Q0
So06F
=
%5 0.4t
(]
go.z-
[0
Qo0
-10 -5 0 5 10
AE
NB NS Z0 PS PB
o 1 1
2 )
508F
e}
Eo06f
=
%5 0.4t
3
;-;0.2'
0 o
-0.5 0 0.5
AD

Figure 8. Membership functions for inputs and output
variables

For ease of calculation, equilateral triangle membership
functions are chosen (Figure 8). The center of gravity method
for defuzzification step is used to calculate the incremental
duty cycle AD as [9, 37]:

> W,AD,
Jfon J J (28)
j=0 WJ'

AD =

With: n is the maximum number of effective rules, w
represents the weighting factor and AD; is the value
corresponding to AD. Finally, the duty cycle is obtained by
adding this change to the previous value of the control duty
cycle as expressed in the following [37]:
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D(K+1)=D(K)+AD(K) (29)

4. SIMULATION RESULTS

To validate the feasibility and performance of the control
technique proposed in this paper, various simulation tests
under MATLAB/Simulink environment were conducted. The
simulation model parameters used for these tests are presented
in Tables 3 and 4.

Table 3. Simulation parameters

Parameters Values with dimensions
Vs, Fs 70 V, 50 Hz
Fswitching (DC/AC APF converter) 20 KHz
Ls, Rs 0.1mH, 0.1 Q
L, Ri 0.566 mH, 0.01 Q
Lt, Rt, Cac 2.5 mH, 0.01Q, 2200 pF
L,R 10 mH, 40 Q
Cpv, Lpv 20 uF, 3 mH
DC bus voltage reference (Veref) 227.68 V
Fswitehing (DC/DC boost converter) 5 kHz
N 2
@b, Oh 102 rad/s, 10% rad/s
Kp, Ki, Ka 0.95, 60, 0.011
& n 0.4,0.5

Table 4. Parameters of PSO

Parameters Values with dimensions
Swarm size 10
Number of iterations 100
I1, 12 0.1,0.1
cl, C2 0.566, 0.01
1000 |
2 500t
©
0 : : :
0.5 1 15 2
40 f ‘
=<
= 20°F
0
6000
2 4000 |
>
o
& 2000 f

0.5 1 L5 2
t(s)

Figure 9. Irradiation profile, current, and power of the PV
array

Figure 9 shows the adopted solar irradiance profile, along
with the PV array power and current. Firstly, with null
irradiation, no current and power are generated until 0.4s.
Then, from 0.4s to 2s they follow their trajectories imposed by
the applied irradiation profile. Consequently, the irradiance
increases from 0 to 600W/m? until 0.8s passes, providing 3kW
with 25A by applying the FLC-based MPPT algorithm. At 0.8s,
the solar irradiance decreases suddenly from 600 to 400W/m?
tailed by a power decrease from 3kW to 1.99kW with



decreasing current from 25A to 15A. At 0.09s, the solar
irradiance increases gradually until it reaches 1000W/m? at 1s,
and continues at this level until the end of the profile by
generating SkW with 40A. The harvested power under the
whole profile is injected to the grid through the multifunctional
SAPF, considering both control methods under test, i.e. the
proposed AW-FOPID and its counterpart the PI and PID, all
integrated into DPC.

Figures 10, 13 and 16 show the active and reactive powers
of the SAPF controlled using DPC with the standard PI, PID
and AW-FOPID regulators, respectively, combined with FLC
MPPT controller. When the irradiation is zero, the electrical
network supplies all the power (Ps) to the load (P1). After the
PV array starts in the time interval [0.4, 2]s, the PV array
simultaneously supplies the demanded power by the non-
linear load and the rest of the energy (Pf) is transferred to the
electrical network. During the time interval [0.1, 2]s, while the
SAPF is inserted, the reactive power of the network (Qs)
becomes null since the reactive power demanded by the load
is compensated by the SAPF. While before filtering it was the
grid who provides the reactive power to the non-linear load.

< P Pl Pf
Z 5000 s
5
% V.
[ 0F v
2
5
<
-5000 : ! :

0.5 1 15 2

7] Q
S

2 500 |
w
2
e
2
2 -500 -

0.5 1 15 2

t(s)

Figure 10. Active and reactive powers of the SAPF based on
conventional DPC with the standard PI regulator integrated
with fuzzy logic MPPT controller
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Figure 11. Zoomed-in view on DC bus voltage of the SAPF
obtained by the conventional DPC with the standard PI
regulator
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Figure 12. Source voltage and current with FFT of the latter
of the SAPF based on the conventional DPC with the
standard PI regulator: (a) without SAPF, (b) with SAPF and
(c) with solar SAPF
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conventional DPC equipped with the standard PID regulator
and fuzzy logic MPPT controller



On the other hand, the DC bus voltage (Vqc) is regulated to
its reference value (Verwr) during the insertion of the SAPF at
the instant t = 0.1s, and it is supposed to be kept at Vereven
during irradiance variations due to the exchange of power
between the grid, the non-linear load, and the APF, as shown
in Figures 11, 14 and 17. During the time interval [0.1-0.4]s,
where the solar irradiance equals to 0 w/m?, it can be noticed
that V4. increases from 227.68V to 242.888V for PI, 232.578V
for PID and 231.268V for AW-FOPID with response time
0.1186s, 0.08s and 0.00435s, respectively.

However, when the solar irradiance equals to 600W/m?
during the time interval [0.4-0.8]s, it can be seen that Vg
increases from 227.68V to 252.788V for PI, 230.028V for PID
and 229.248V for AW-FOPID with response time 0.225s,
0.12s and 0.0053s, respectively. Then, when the solar
irradiance equals to 400W/m? during the time interval [0.8-
0.9]s, it can be noticed that Vg decreases from 227.68V to
215.008V for PI, 225.368V for PID and 226.209V for AW-
FOPID with response time 0.114s, 0.08s and 0.0045s,
respectively. Finally, in the time interval [0.9-2]s when the
solar irradiance increases from 400 to 1000W/m?, it can be
observed that V. increases from 227.68V to 244.488V for PI,
229.668V for PID and 228.468 V for AW-FOPID with
response time 0.261s, 0.15s and 0.00022s, respectively.
Consequently, it is clear that the proposed AW-FOPID
controller has a smaller overshoots and voltage drops with
smaller response time during irradiation changes compared to
its counterparts, the conventional PI and PID regulators, as
shown in Figures11, 14, 17 and Table 5.

Figures 12, 15, 18, 19 and 20 show the waveforms of the
source voltages (Vs) and currents (Is) along with their FFT
analysis, the currents of the filter (If), and the currents of the
load (I1). These variables are shown before and after filtering,
and without and with PV array, together with their respective
zooms. Before filtering and between Os and 0.1s, the form of
the source current is distorted and rich in harmonics, which are
generated by the nonlinear load, as shown in Figures 12(a),
15(a), and 20(a).
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Figure 14. Zoomed-in view on DC bus voltage of the SAPF
obtained by the conventional DPC with the standard PID
regulator
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Figure 15. Source voltage and current with FFT of the latter
of the SAPF based on conventional DPC equipped with the
standard PID regulator: (a) without SAPF, (b) with SAPF and
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Figure 16. Active and reactive powers of the SAPF based on
proposed DPC with the AW-FOPID regulator associated with
fuzzy logic MPPT controller
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Figure 17. Zoomed-in view on DC bus voltage of the SAPF
obtained by the conventional DPC with the proposed AW-
FOPID regulator
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Figure 18. Simulation results of the solar FAP based on
proposed DPC equipped with the AW-FOPID regulator and
fuzzy MPPT controller. Source voltages and currents, filter
and load currents
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Figure 19. Zoomed-in view on the simulation results of the
SAPF based on proposed DPC with the AW-FOPID
regulator associated with fuzzy MPPT controller: source
voltages and currents, filter and load currents

321

10— ' ' T 1100 _
< Z
ER @W ' 2
4 >
10 L . . | 1 -100
0.02 0.04 0.06 0.08 0.1
t(s)
Fundamental (50Hz) = 4.947 , THD= 29.58%
&
s 5
0
0 5 10 15 20
Harmonic order
(a)
10 ' T ' T 3100
< >
S o o %
4 >
_10 L | I I | -100
0.15 0.2 0.25 0.3 0.35
t(s)

Fundamental (50Hz) = 4492 THD 3.16%

10
on
0 . | | L o

10 15 20
Harmonic order

(b)

Isa (A)

1.85 1.9 1.95 2
t(s)

Fundamental (50Hz) = 22.87 , THD=1.90%

1.8

0 5 10 15 20
Harmonic order

(©)

Figure 20. Source voltage and current with FFT of the latter
of the SAPF based on proposed DPC with the AW-FOPID
regulator: (a) without SAPF, (b) with SAPF and (c) with
solar SAPF

The value of current total harmonics distortion (THD) was
equal to 29.58%. However, the source current becomes
sinusoidal and in phase with the network voltage after the
insertion of the SAPF at 0.1s, where the THD decreased to
3.81% for the DPC with PI, 3.69% for the DPC with PID and
3.16% for the DPC with AW-FOPID, as shown in Figures
12(b), 15(b), and 20(b). Then from 0.4 to 2s, the SAPF is
interfaced with the PV system.

From Figures 12(c), 15(c), and 20(c), it is worth to note that,
the source current remains sinusoidal despite the change in the
irradiation and is opposed in phase with the source voltages.
Consequently, the THD is 2.95%, 2.35% and 1.9% for the
conventional PI, PID and AW-FOPID regulators, respectively.



Table 5. Comparative study of the proposed AW-FOPID with conventional Pl and PID controllers before and after introducing
fuzzy logic MPPT controller

Recorded values in transient state for the dc bus voltage using the PI, PID, and AW-FOPID controller

SAPF without PV AV(V)  SAPF without PV At (s) SAPF with PV AV(V) SAPF with PV At (s)

. Overshoot of 1.56 0.0053

Pmi‘g‘ff: DD F:é: I‘J"I’::E) 'rA‘W' Overshoot of 3.58 0.00435 Voltage drop of 1.479 0.0045

9 Overshoot of 0.78 0.00022
. . Overshoot of 2.34 0.12
Conventlir;atlllf)ii’(i with PID Overshoot of 4.89 0.08 Voltage drop of 2.32 0.08
9 Overshoot of 1.98 0.15
. . Overshoot of 25.1 0.225
i?gxggygﬁl rzplﬁa\{[v(;trh Overshoot of 15.2 0.1186 Voltage drop of 12.68 0.114
g Overshoot of 16.8 0.261

From the Table 5, it is clear that the proposed AW-FOPID
controller has smaller overshoots and undershoots with shorter
response time during irradiation change compared to its
counterparts, the conventional PI and PID regulators.

5. CONCLUSION

In this paper, a DPC based on AW-FOPID regulator for a
multifunctional PV system integrated into the grid is proposed.
This AW-FOPID regulator parameters are optimized by using
PSO algorithm. Therefore, in the proposed DPC control, the
active power and maximal current are delivered optimally
thanks to the AW-FOPID controller replacing the classical PI
regulator. Besides, the FLC-based MPPT has been used to
track and maintain the MPP of the PV system even under
rapidly increasing or decreasing irradiance. The results of
simulation obtained by MATLAB/Simulink software shown a
significant superiority of the proposed control in terms of
current THD, overshoot and undershoots in the DC bus
voltage, as well as its response time under solar irradiance
changes compared to those obtained from the conventional PI
and PID regulators. The analysis of the obtained simulation
results when using the optimized AW-FOPID regulator
confirms the advantages of the latter through a better
flexibility for the adjustment of the dynamic system and a
higher efficiency with a fast convergence of the regulated
quantity to its reference. However, the difficulty of
determining the five optimized parameters remains the major
drawback which has been solved in our research work by the
PSO technique.

The future work will be reserved for the study of the solar
shunt active power filter connected to an infected (unbalanced
and polluted) power grid.
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