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Introduction. This paper focuses on a renewable energy system coupled to a dual purpose power grid via a parallel active power filter
for injecting photovoltaic energy into the grid and improving the power quality in the presence of the non-linear load. The novelty of the
work consists in the combination of two advanced techniques — Fuzzy Logic Controller (FLC) and the optimized Anti-Windup Fractional
Order Proportional-Integral Differentiator (AW-FOPID) regulator based on Particle Swarm Optimization with the Spreading Factor
(PSO-SF) algorithm, applied to the improved Direct Power Control (DPC) strategy under different conditions related to climate
changes and healthy or infected electrical network. Purpose. Its main role is to improve the power quality and reject the perturbations
deforming the electrical network under distorted, unbalanced and balanced grid voltage conditions. Besides, the FLC is employed the
Maximum Power Point Tracking (MPPT) under any weather conditions. In addition, the optimized AW-FOPID controller leads to keep
the DC bus voltage at its reference value with small undershoots and overshoots in the voltage with a short response time in steady or
dynamic states. Methods. The rejection of disturbances affecting the grid is offered by the improved DPC. On the other hand, an
intelligent method based on fuzzy logic was used MPPT under any weather conditions. Furthermore, an AW-FOPID regulator based on
PSO-SF algorithm is used to keep the DC bus voltage at its reference value with small undershoots and overshoots in the voltage, while
keeping a fast response time. Results. The proposed system control is evaluated in various states of power source: distorted, unbalanced,
and balanced by simulation using MATLAB/Simulink. The simulation results illustrate the effectiveness and performance of the studied
control strategies. References 26, tables 8, figures 16.

Key words: improved direct power control, particle swarm optimization, disturbance rejection principle, fuzzy maximum
power point tracking.

Bemyn. 'V yiii cmammi ochoena yeéaea npudiiiemvCsi cucmemi GiOHOGNI08AHOT eHepeil, w0 3'€OHaHa 3 eHepeOCUCEMOI0 NOOBILIHO2O
NPUSHAYEHHsL Yepe3 NapanelbHull Qitbmp aKmueHOi NOMYNCHOCMI Ol NOOAyi (OmMoeneKmpudHoOi eHepeii 6 mepedcy ma NOKPaweHHs.
sAKocmi enexmpoenepeii 3a naagnocmi Heninitino2o nasanmaoicenns. Hoeuzna pobomu nonazcac y no€onanui 060x nepeoosux mMemooux —
Fuzzy Logic Controller (FLC) ma onmumizoganozo pezynsimopa Anti-Windup Fractional Order Proportional-Integral Differentiator (AW-
FOPID) Ha ocnosi onmumizayii poio yacmurok 3 koeghiyienmom posuuperts (PSO-SF), wo 3acmocogyemvcst 0o nokpawenoi cmpamezii
npamoeo ynpaeninns nomyaicricmio (DPC) y piznux ymoeax, nog'sizanux 3i sminamu Kiimamy ma ChpagHoio abo 3apaiceHolo enekmpuiHoio
mepeaceio. Mema. Hozo ocrosna pons nonsizae 6 nokpawenni akocmi enekmpoenepeii ma ycynenti 36ypers, uo 0eqopmyioms enekxmputmy
Mepedicy 8 yMo8ax cnomeopenoi, nesbanarncosanoi ma 36anancosanoi nanpyau mepexci. Kpim moezo, y FLC euxopucmosyemucs cucmema
8idcmedicenHs: mouku makcumanvhoi nomydcrocmi (MPPT) 3a 6y0b-sikux no2oonux ymos. Kpim moeo, onmumizoeanuti konmponep AW-
FOPID ooseéonsic niompumyeamu Hanpyey WuHu ROCMINHO20 CIMPYMY HA ONOPHOMY 3HAYEHHI 3 HeGeUKUMU GIOXUTEHHAMU | 6UKUOAMU
Hanpyeu 3 KOPOMKUM YACOM BI02VKY 6 CmaHi OuHamiyHoeo cmaty. Memoou. Biomosa 6i0 nepewixod, wjo 6niuearoms Ha mepesxicy,
sabe3neuye noxpaweruti DPC. 3 inwio2o 060Ky, inmenekmyanbruti Memoo, 3acHo8anull Ha Heyimkitl aoeiyi, euxopucmosysascs MPPT 3a
0YOb-sikux no2ooHux ymos. Kpim moeo, pecynamop AW-FOPID, 3acnosanuii na ancopummi PSO-SF, suxopucmogyemuvcs 0 niompumxu
ONOpHO20 3HAUEHHS HANPY2U NOCMIUHO20 CIPYMY WUHU 3 HEBeTUKUMU GIOXUNEHHAMU | GUKUOAMU Hanpyau, 30epiearodu npu Ybomy Manuil
uac gioeyky. Pesynomamu. Ilpononosane ynpagninHa cucmemor0 OYiHIOEMbCS Y PI3HUX CIIAHAX 0JICepend JHCUBTEHHA: CHOMBOPEHOMY,
He30anancoeanomy ma 306anaHCOBaHOMY WIAXOM Mooemosanns 3 euxopucmannaim MATLAB/Simulink. Pesynomamu mooemosants
imocmpyioms epeKmusHICIMs ma npooyKmMueHIiCmb suguenux cmpameeii ynpasninns. biomn. 26, tadn. 8, puc. 16.

Kmouosi cnosa: mokpaiiene nmpsive KepyBaHHsI MOTYKHICTIO, ONTHUMi3aIlisi POI0 YACTHHOK, NPUHIINN NPUIYLIIEHHS MepPelKos,
HediTKe BiCTeskeHHsI TOUKH MAKCUMAJILHOI IOTYKHOCTI.

1. Introduction. Energy production is a major
concern in the future because it is considered one of the
engines of sustainability of development projects [1].
Currently, fossil fuels provide the majority of the world’s
energy (gas, oil, and coal). Excessive use of non-renewable
energy depletes reserves of this type of energy and
contributes to greenhouse gas emissions, which pollute the
environment and deadly threat to organisms [2]. Solar
energy’s availability is as an environmentally friendly,
limitless, and free power source on the entire glob’s surface
[3]. Meanwhile, the growing usage of non-linear loads in
the residential sector, and industrial sectors, causes
problems related to the quality of energy [4]. These devices
act as generators of harmonic currents inducing a
consumption of reactive power [5]. To remedy these
disadvantages, a curative solution consists in connecting a
filtering device composing of an inverter in parallel with
the system: nonlinear load — three-phase power source [6].
This Shunt Active Power Filter (SAPF) injects a current
that opposes the reactive power and current harmonics
emitted by the nonlinear load, to eventually makes the

source current sinusoidal and in phase with its voltage, is
frequently used [7, 8]. In the literature, many commands
schemes have been adopted to control the SAPF.
Hysteresis current approach is one of the most known
methods [9]. However, it operates with a variable switching
frequency [6]. To overcome such problem, authors have
been suggested other commands such as Direct Power
Control (DPC) [10, 11]. This command does not need
Pulse-Width Modulation (PWM) or current control loops
[12]. DPC is represented by a reference to the active power
and another reference of the zero reactive power [13].
Nevertheless, these methods present also some issues
related to high sampling rate and variable switching
frequency [5]. To remedy these disadvantages, it is
important to introduce other DPC structures. These later are
represented in the DPC with space vector modulation
which is used a linear Proportional Integral (PI) controllers
and modulator of wvoltage instead of a hysteresis
comparators and switching table [14]. However, this
method requires the use of setting of the PI regulators and
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coordinate transforms. For this reason, researchers, suggest
other technique that known as predictive DPC,
characterized by high accuracy [15]. Although this method
needs complex calculations [9]. Nevertheless, when the
aforementioned commands are used in distorted or
unbalanced conditions of the power source, the
performance of the system is deteriorated with degradation
of the Total Harmonic Distortion (THD) contents which
appears in input currents.

Goal of the article. This paper presents a new DPC
method in order to improve the power quality under
distorted, unbalanced or balanced grid voltage conditions.
Moreover, this command needs to have zero disturbance
references in reactive and active power.

Various regulators are used to keep the DC-link
voltage at its desired value. Among them, the traditional
PI regulator, which offers an excellent responsiveness in
steady state [16], but performs poorly in transient states
[11]. To remedy this problem, the suggested regulator in
this paper is performed by an Anti-Windup Fractional
Order Proportional-Integral Differentiator AW-FO(PI’D")
regulator, replacing the traditional PI regulator that
maintains the DC-link voltage at its reference value. This
AW-FO(PI’D") regulator with two extra freedom degrees
¢ and # presents shorter response time and better dynamic
response compared to the traditional PI regulator [17, 18].
In contrast to the traditional PI regulator used in DPC,
which has poor responses in dynamic conditions, the
output of the AW-FOPID regulator contributes to the
delivery of the active power. Concerning the setting of the
AW-FOPID parameters, Particle Swarm Optimization
(PSO) technique is used to minimize the objective
function. In fact, this is the first time that the optimized
AW-FOPID regulator has been integrated into the new
DPC configuration.

As the irradiation varies, several techniques of
Maximum Power Point Tracking (MPPT) have been
proposed [19, 20]. In our research, Fuzzy Logic Controller
(FLC) has been used to track the MPPT and to solve the
problem of the rapidly changing irradiance [9]. This work
proposes a combination of two advanced techniques, the
optimized AW-FOPID and FLC, applied to the Improved
DPC (IDPC) strategy under different conditions related to
climate changes and healthy or infected electrical network.

2. Description of solar SAPF controlled by the
IDPC with optimized AW-FOPID regulator based on
PSO-SF algorithm.

2.1. Description of IDPC strategy for the SAPF. The
rejection of disturbances affecting the grid is provided by the
IDPC command. Its principle role consists to eliminate the
unwanted harmonics of the source currents due to
contamination and unbalance of the power in the presence of
the photovoltaic (PV) system. The IDPC approach needs no
reactive and active power perturbation reference to reject the
influence of the deformed electrical network as shown in
Fig. 1 [21]. The currents participating to the calculation of
reactive and active powers are assessed as follows:
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Fig. 1. SAPF articulated on the IDPC method with PV system

In the IDPC, the amplitude of the input currents 7.«
is given by the multiplication of the output voltage
regulator AW-FOPID by the measured V. voltage. This
first result obtained is multiplied by a value gain

x/E / \/gU . So, fundamental terms of these currents are

delivered from the phase-locked loop block. The three
reference source currents can be formulated as:

1 :a I nax sin(a)t)
Loy | =| Inax sin(er —27/3) | )

I L sin(ot +27/3)

sc

Substitution (2) in (1) gives the following equation:

élsa [sa Imax Sln(Q)t)
E g | =| Ly || Imax sin(@r —27/3) | . 3)
o | L | | Imax sin(er +27/3)

Consequently, instantaneous reactive and active powers
(O, and P,.) provided by the harmonic component:

Oy = % [(Vsb - V:vc)élsa + (V;c ~Vsa )asb + (V:va - Vsb)‘flsc] 5(4)

Py = Vsaflsa + Vsbé’sb + Vscasc > 5)

where I, Iy, L, Ve Ve, Vie are the distorted or unbalanced
source currents and voltages of the phase 4, B, C.

In this IDPC controller, the references of the active
and reactive powers are set to zero value to ensure
rejection of grid disturbances which are emitted by the
load and to achieve a sinusoidal input current. For this
reason, both reference active (psc’) and reference reactive
(gsc”) powers and are set to zero.

2.2. AW-FOPID regulator based on PSO with the
spreading factor (PSO-SF) algorithm.

Optimized AW-FOPID regulator. The traditional PI
regulator suffers from some problem in the transient states
[16]. To remedy this issue, the proposed regulator is
performed by AW-FO(PI’D"), replacing the traditional PI
regulator to keep the DC bus voltage at its reference value
with small undershoots and overshoots in the voltage. The
AW-FOPI’D” has a general form that includes the derivative
n and the integral ¢ actions order, which are not integers
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(Fig. 2). From Fig. 2, the transfer function of the optimized
AW-FOPID regulator is given:

Uls -

G(s):%zKp + K578+ Kys, (6)
where K,;, K,, K; are the derivative, proportional and
integral gain factors, respectively; #, ¢ are the derivative
and integral orders respectively; Y(s) is the output signal;
R(s) is the input signal, E(s) is the error; C(s) is the plant’s
transfer function. It is obvious that the choice of # and ¢
gives the traditional regulators, i.e. PI regulator ( = 0)
and PID regulator (e, n = 1).

Fig. 2. General form regulator

a) Fractional Order Method. The technique
suggested by Oustaloup in 1995 [17] adequate to
approximate the Fractional Order (FO) to Laplace transfer
functions. The Oustaloup’s approximation model’s term
s’ is valid in the range [-1; 1]. s” as an FO integrator if
pe[-1; 0] and as an FO differentiator if f<[0; 1]. In
addition, this approximation employs a recursive
distribution of zeroes and poles. So, the Oustaloup’s
approximation is evaluated as:

M ,
P =k [ T%, ©)
b M S+ y
where:
K=aof, ®)
[k+M+O.5(1+ﬂ)J
2M+1
o = wb(ﬂJ " , ©
Wy
[k+M+O.5(lfﬂ)j
2M+1
o} = o, (ﬂ o (10)
Wy

where ), @, are the high and low frequencies, respectively;
K is the adjustment gain; M is the number of zeros and
poles; w; and w,’ are respectively the poles and zeros of
interval k; (2M + 1) is the approximation function order.

b) PSO with the Spreading Factor (PSO-SF).
Depending on (6), the optimized AW-FOPID regulator
has 5 parameters to be tuned (K, Kj, K, 1, &). Therefore,
the PSO technique is used to tune the AW-FOPID
parameters by minimizing the objective function f. PSO is
a stochastic optimization algorithm based on the
behaviour of swarms such as birds and fish [22-24]. In
PSO technique, particle is regarded a potential solution
for determining the best solution to the problem.
Moreover, the position of a particle is influenced by its
own best found position. The best position of the particle
is given as:

) i )2 00
yl‘(’“)‘{x,-w) it )< f0ne) P

where f is the objective function; x; is the particle’s
current position which is updated at time step .
The basic PSO equations can be represented as:

x(t+1)=x;(0)+Vi(e+1), (12)
Vi,j:a"vi,j(t)+cl'A1+02'A2a (13)

where:
Ay=n, '(J’i,j(f)—xi,j(f)); (14)
A2:r25j~(y7(t)—xi,j(t)), (15)

where ¢y, ¢, are the acceleration constants, v;; is the j’h
element of the velocity vector of the i particle; 7y, r»; are
the random coefficients; @ is the inertia weight. This
operation is stopped when the velocity updates tend to zero.

In PSO algorithm, each particle must update its own
best individual objective function in each iteration. The
individual objective function of each particle is calculated
by using the integral time absolute error (MSE — Mean

Squared Error):
N
MSE="¢? /N :

£,=0
where ¢, is the time rang of simulation; N is the total
number of points for which the optimization is carried
out; e is the error signal.

In this work, PSO with the spreading factor (PSO-SF)
[25] is used instead of standard PSO to set the AW-FOPID
regulator parameters. By applying the PSO-SF technique,
the acceleration coefficient (c; and ¢,) and inertia weight
(w) are given:

¢1 = ¢ =2-(1 — (current epoch / total epoch));
= e(—current epoch / (SFxtotal epoch));
where SF = 0.5(spread + deviation).

The algorithm’s instructions to be followed of the
tuning this regulator by PSO-SF:

1. Initialize the parameters of the 5 controller
parameters: position range varies from 0.01 to 15; inertia
weight @ from 0 to 1; velocity range varies from —0.001
to 0.5; acceleration ¢; and ¢, from 0.01 to 2;

2. Distribute particles at random within predefined
ranges;

3. Evaluate the objective function by using (16) with
MSE tending to 0;

4. Update new individual fitness if the present
individual fitness is better to the prior individual fitness;

5. Identify the best particle objective function among
the swarm,;

6. Update the new population fitness if the present
population fitness is better than the prior population
fitness;

7. Use (12), (13) to determine the velocity and update
the position;

8.Use (17), (18) to determine the new acceleration
coefficients ¢; and ¢, and the inertia weight w;

9. End.

2.3. Fuzzy MPPT. FLC is employed for tracking the
MPP of PV array under any weather conditions [3]. This
algorithm is very efficient for both nonlinear and linear
systems [26]. The FLC has 3 steps: fuzzification,
defuzzification and rules inference. The inputs of fuzzy
MPPT are usually represented by a change in error AE
and an error £ [9]:

(16)

(17)
(18)
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{ (k)=apP/ay
E(k)=E(k ) E(k -
AV =W(k) - V(k—-1), (20)
AP = P(k) — P(k—1); (21)
where V(k — 1), W(k), P(k — 1), P(k) are respectively the
voltage and the power of the PV at the sampling times (k— 1)
and £ [9].

The input variables AE(k) and E(k) of fuzzy MPPT are
divided into 5 fuzzy sets: Negative Small (NS), Positive Big
(PB), Positive Small (PS), Zero (ZO) and Negative Big (NB).
The rule base connects the fuzzy inputs to the fuzzy output
by the syntax: «if L and M, then N» [9] (Table 1).

Table 1
Fuzzy MPPT
VEINE—| NB | NS | zO | PS | PB
NB PS | PB | PB | NB | NS
NS ZO | PS | PS | NS | ZO
Z0 Z0 | ZO | ZO | ZO | ZO

PS ZO | NS | NS | PS | ZO
PB NS | NB | NB | PB | PS

19
) (19)

where:

The incremental duty cycle AD is calculated as [9]:

n
PRIE
=0

where AD; is the value corresponding to AD; w is the
weighting factor; # is the maximum number of effective rules.

Finally, the duty cycle is calculated by adding this
modification to the control’s prior value:

D(k+ 1) = D(k) + AD(k). (23)

3. Presentation and discussion of results. To
validate the performance and feasibility of the approaches
suggested in this paper, several simulation tests were run
in the MATLAB/Simulink. Table 2 lists the parameters
that were used for these tests.

AD:iijDj (22)

Table 2
Parameters for the simulation

Parameter Value Parameter Value
L,, mH 0.1 |L, mH 0.566
R, Q 0.1 |R, Q 0.01
Switching frequency 20 Switching frequency 5
(DC/AC converter), kHz (DC/DC boost converter), kHz
Ve, V 70 Ve V 227.68
., Hz 50 |C,, uF 20
L, mH 10 |L,,, mH 3
R, Q 40 |K; 60
R, Q 0.01 |K, 0.95
Cye, WF 2200 |N 2
n 0.5 |e 0.4

Figure 3 illustrates the relationship between the current
I and power P generated by the PV generator in response to
different solar irradiation profiles G. Initially, prior to time
t = 0.5 s, no power or current is produced when the solar
irradiation is at zero. Subsequently, from 0.5 s to 2 s, the
PV’s power and current follow specific trajectories
determined by the irradiation profile. During this period, the
irradiation gradually rises from 0 to 800 W/m® until #=0.9 s,
resulting in the generation of 30 A with 4 kW output by
using the FLC. At = 0.9 s, the solar irradiation decreases
from 800 to 300 W/m?, leading to a decline in current

from 30 A to 10 A and power from 4 kW to 1.43 kW.
Then, at t = 1.3 s, the solar irradiation increases again,
reaching 1000 W/m* and maintaining this level, thereby
providing 5 kW with 40 A output.

2
1000 G, W/m . .
0 | | 1S
0.5 1 1.5 2
P, W
5000 r ! I
0 | | [
0.5 1 1.5 2
50 LA .
0

0.5 1 1.5 2
Fig. 3. Irradiation profile, power and current of the PV module

Figure 4 illustrates powers evolutions, obtained by the
IDPC with optimized AW-FOPID and FLC MPPT. When
the solar irradiation G = 0, the grid supplies the power P; to
the non-linear load P,. Subsequently, upon the integration of
the PV system, during the time interval [0.5, 2] s, the PV
generator caters to the load’s power demand Pj; with any
excess power being fed back into the electrical network.
From 0.1 to 2 s, the grid’s reactive power Q; is reduced to
zero following the installation of the SAPF.

P,W; O, VAr
——P,

5000

—X—P Py —O0—Q;

4000 |
3000 -
2000

1000 -

0=

-1000

-2000

-3000

-4000

0.5 1 15 s 2
Fig. 4. Powers evolution for the proposed DPC

Figures 5, 7 display the current /; and voltage V
waveforms of the source, load current /, and filter current 7,
before and after filtering with and without the PV module.

In the absence of filtering and without PV
integration, the source current exhibits distortion and
deformation, with a THD of 30.35 %. However, upon the
insertion of the SAPF at r = 0.1 s, the source current
transforms into a sinusoidal waveform and synchronizes
with the network voltage. Consequently, the THD is
significantly reduced to 3.33 % for the IDPC with
optimized AW-FOPID and 1.68 % for the IDPC with PI
control (Table 3). Subsequently, during the period from
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0.5 s to 2 s, SAPF comes into operation, ensuring that the
source currents remain sinusoidal and in opposite phase to
their corresponding voltages. As a result, the THD further
decreases to 2.47 % for the IDPC with optimized AW-
FOPID and 1.57 % for the IDPC with PI control (Table 3).

Viabe, V
00 A I A I A e A
o T A AN
Vi V 0.1 0.2 0.3 0.4 0.5 0.6 t,s 0.7
100 E . T T T T T T |
o MMM
-100 i f i f i f
0.1 0.2 0.3 0.4 0.5 06 1S 07
20 Lo A T : T T T :
0 MVWWWWWWWW
0 . ‘ . . . !
If A 0.1 0.2 0.3 0.4 0.5 0.6 £,s 0.7
20 7‘ @ T T T T T T |
0 WY
=20 b L | L L L f
Ty A 1 0.2 0.3 0.4 0.5 06 £,S 0.7
= p | | - : .
0
0.1 0.2 0.3 0.4 0.5 06 ts 0.7

Fig. 5. Zoomed-in view on the SAPF articulated on
IDPC with FLC and optimized AW-FOPID regulator:
source currents and voltages, load and filter currents

Table 3
Comparison of source current THD for balanced network voltage

Source current THD, %
Control Without SAPF SAPF
SAPF | without PV | with PV
IDPC approach
with optimized 30.35 3.33 2.47
AW-FOPID regulator
IDPC approach with
standard PI regulator 3035 01.68 1.57

The DC-link voltage V. stabilizes at its reference value
Verer during the introduction of the SAPF, and at each change
in irradiation it returns to V. justified by the exchange of
energy between the nonlinear load, the grid, and the SAPF as
shown in Fig. 6, 8 and Table 4.

VDC buss \4
230

280 T T T T
228
260 226 : 1
224
240 F 222 1
05 1 s 2 i
220 * 8
200 C L 1 1 L L 1 VC 1 VC’\‘E./ L i
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 18 1,8

Fig. 6. Zoom on DC-link voltage of the SAPF articulated on
IDPC with FLC and optimized AW-FOPID regulator

During the period [0.1, 0.5] s, where G = 0, it can be
seen that V. decreases from 226.27 V to 225.12 V for
optimized AW-FOPID and 159.99 V for PI with response
time 0.0182 s and 0.13 s, respectively. When G = 800 W/m?
during [0.5-0.9] s, it can be noticed that V. increases from
226.27V 10 229.26 V for optimized AW-FOPID and 265.7 V
for PI with response time 0.077 s and 0.19 s, respectively.
When G = 300 W/m® during the period [0.9-1.3] s, it can be
observed that V. decreases from 226.27 V to 221.99 V for
optimized AW-FOPID and 193.68 V for PI with response
time 0.047 s and 0.12 s, respectively. Finally, in the period
[1.3-2] s, where G = 1000 W/m’, it can be seen that

V. increases from 226.27 V to 227.3 V for optimized
AW-FOPID and 237.5 V for PI with response time 0.174 s

and 0.29 s, respectively.
Viabe, V
B
Vi V O 02 0.3 0.4 05 06 & s
_io I, A 0:' 0:" 0:3 0:4 0:5 0:6 t,s
(== il

Fig. 7. Zoom of SAPF articulated on IDPC with FLC and PI
regulator: source currents and voltages, load and filter currents
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Fig. 8. Zoom on DC-link voltage of the SAPF articulated on
IDPC equipped with FLC and PI regulator

Table 4
Comparison of the optimized AW-FOPID with traditional PI
regulator under balanced network voltage and variations in
solar irradiation

IDPC approach with | IDPC approach with
Control optimized AW-FOPID PI regulator
regulator
SAPF without Voltage drop Voltage drop
PV AV, V of 1.15 of 66.28
SAPF without
PV AL 0.0182 0.13
Overshoot of 2.99 Overshoot of 39.43
SAPF with Voltage drop Voltage drop
PV AV, V of 4.28 of 32.59
Overshoot of 1.03 Overshoot of 11.23
SAPF with 0.077 0.19
PV AL s 0.047 0.12
’ 0.174 0.29

The optimized AW-FOPID regulator demonstrates

notable advantages over the traditional PI regulator under
balanced network voltage and varying solar irradiation
conditions. Figures 6, 8 and Table 4 present the performance
comparison, highlighting the following key aspects:

o Voltage drops. The optimized AW-FOPID regulator
exhibits reduced voltage drops compared to the traditional
PI regulator. This means that the AW-FOPID controller
maintains a more stable voltage profile, minimizing
fluctuations and ensuring a smoother operation.

76

Electrical Engineering & Electromechanics, 2024, no. 3



e Voltage overshoots. The optimized AW-FOPID
regulator also shows smaller voltage overshoots than the
traditional PI regulator. This implies that the AW-FOPID
controller achieves better control over the system’s response,
preventing excessive deviations and maintaining tighter
regulation.

e Short response time. The optimized AW-FOPID
regulator achieves a shorter response time compared to
the traditional PI regulator. This indicates that the AW-
FOPID controller can rapidly adapt to changes in the
system, providing quicker and more accurate adjustments.

In summary, the optimized AW-FOPID regulator
outperforms the traditional PI regulator in terms of
voltage stability, response speed, and overall system
control, making it a more efficient and effective choice
for systems operating under balanced network voltage and
varying solar irradiation conditions.

Unbalanced and distorted network voltages tests.
A first test based on unbalanced network voltages is
performed to test the robustness of the IDPC: V,, =70V,
Ve = 120 V, V. = 60 V. The simulation results of the
SAPF articulated on IDPC equipped with the optimized
AW-FOPID, PI regulator and FLC, operating under
unbalanced network voltage, are shown in Fig. 9, 11.

Figures 9, 11 display the source currents and
voltages, the load currents and filter currents, after and
before filtering, with and without PV array under
unbalanced network voltages. Before filtering and without
PV, the source current is deformed with THD is 30.32 %.
After the SAPF is inserted at the instant 0.1 s, the source
current becomes sinusoidal and synchronizes with
network voltage. The THD in this situation is 3.76 % for
the IDPC with optimized AW-FOPID and 3.21 % for the
IDPC with PI (Table 5). Then from 0.5 to 2 s, the SAPF
starts operating, where the source currents stay sinusoidal
and in opposition phase with the corresponding voltages.
So, THD is 4.57 % for the IDPC with optimized
AW-FOPID and 3.8 % for the IDPC with PI (Table 5).

Table 5
Comparison of source current THD for unbalanced network voltage

THD of source current, %
Conirol IDPC apprgach IDPC approach
with optimized with standard
AW-FOPID regulator | PI regulator
Without SAPF 30.32 30.32
SAPF without PV 3.76 3.21
SAPF with PV 4.57 3.8

During the period [0.1, 0.5] s, where G = 0, it can be
seen that V., increases from 226.27 V to 242.16 V for
optimized AW-FOPID with response time 7.65 ms. The
simulation results of the solar SAPF articulated on the
IDPC equipped with the optimized AW-FOPID, PI
regulator and FLC controller, operating under unbalanced
network voltage, are shown in Fig. 9, 11. Whereas, it can
be observed that 7, decreases from 226.27 V to 225.06 V
for optimized AW-FOPID and 169.89 V for PI with
response time 8 ms and 0.109 s, respectively. However,
when G = 800W/m* during [0.5-0.9] s, it can be noticed
that V. increases from 22627 V to 229.79 V for
optimized AW-FOPID and 275.1 V for PI with response
time 22.5 ms and 0.155 s, respectively.
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Fig. 9. Zoom of SAPF articulated on the IDPC with FLC and
optimized AW-FOPID regulator under unbalanced network
voltages: source currents and voltages, load and filter currents
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Fig. 10. Zoom on DC-link voltage of the SAPF articulated on
the IDPC with FLC and optimized AW-PID regulator under
unbalanced network voltages
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Fig. 11. Zoomed of SAPF articulated on the IDPC with FLC and
PI regulator under unbalanced network voltages: source currents
and voltages, load and filter currents

During the insertion of the SAPF, the DC-link voltage
V. stabilizes at its reference value V... Additionally, at each
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change in solar irradiation, the DC-link voltage returns to the
reference value V.. (Fig. 10, 12, Table 6). Then, when
G =300 W/m’ during the period [0.9-1.3] s, it can be observed
that V.. decreases from 226.27 V to 220.54 V for optimized
AW-FOPID and 188 V for PI with response time 16.93 ms
and 0.12 s, respectively. Finally, in the period [1.3-2] s,

where G = 1000 W/m?, it can be seen that V, increases from
226.27 V to 246.81 V for PI with response time 0.7 s.
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Fig. 12. Zoom on DC-link voltage of the SAPF articulated on
the IDPC equipped with FLC and PI regulator under unbalanced
network voltages

Table 6
Comparison of the optimized AW-FOPID with traditional PI
regulator under unbalanced network voltage and variations in
solar irradiation

IDPC approach with | IDPC approach with PI
Control optimized AW-FOPID regulator
regulator
SAPF without | Overshoot of 15.89 Voltage drop
PV AV, V Voltage drop of 1.21 of 56.38
SAPF without 0.00765 0.109
PV AL s 0.008 )
SAPF with PV| Overshootof 3.52 |  Overshoot of 48.83
AV, V Voltage drop of 5.73 Voltage drop of 38.27
’ ) Overshoot of 20.54
. 0.155
SAPF with PV 0.0225 012
At,s 0.01693 6'7

In summary, the optimized AW-FOPID controller
demonstrates better performance in maintaining the DC-
link voltage V. closer to its reference value V.., during
varying solar irradiation. It achieves faster response times
and smaller voltage deviations compared to the traditional
PI controller in most situations.

As a result, the optimized AW-FOPID regulator has
a smaller voltage drops and overshoots with a short
response time under unbalanced network voltage with
variations in solar irradiation compared to those obtained
from the traditional PI controller (Fig. 10, 12, Table 6).

The second test of the IDPC approach’s robustness
is articulated on network voltage distortion. In this test,
the fundamental input voltages are superimposed with the
fifth harmonic voltage. The simulation results of the solar
SAPF articulated on the IDPC equipped with the
optimized AW-FOPID, PI regulator and FLC controller,
operating under distorted network voltage (Fig. 13, 15).

Figures 13, 15 present the waveforms of source
currents and voltages, load currents, and filter currents
before and after filtering, with and without the PV array
under distorted network conditions. Initially, the source
current is distorted and deformed with a THD of 36.9 %.
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Fig. 13. Zoom of SAPF articulated on IDPC with FLC and
optimized AW-PID regulator under distorted network voltages:
source currents and voltages, load and filter currents

Upon the insertion of the SAPF at # = 0.1 s, the source
current undergoes significant improvement, transforming
into a sinusoidal waveform and synchronizing with the
network voltage. The THD reduces to 2.97 % for the IDPC
with optimized AW-FOPID and 3.02 % for the IDPC with
PI control (Table 7).

Subsequently, from 0.5 s to 2 s, the SAPF becomes
operational, resulting in the source currents remaining
sinusoidal and in opposition phase to their corresponding
voltages. During this period, the THD is 4.62 % for the
IDPC with optimized AW-FOPID and 3.15 % for the
IDPC with PI control (Table 7).

During the introduction of the SAPF, the DC-link
voltage V. stabilizes at its designated value V., and
whenever there is a change in solar irradiation, it returns

to this reference value (Fig. 14, 16, Table 8).
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Fig. 14. Zoom on DC-link voltage of the SAPF articulated on
the IDPC equipped with FLC and optimized AW-PID regulator
under distorted network voltages
Table 7
Comparison of source current THD under distorted network
voltage with variations in solar irradiation

THD of source current, %
Control IDPC appr(?ach IDPC approach
with optimized with standard
AW-FOPID regulator| PI regulator
Without SAPF 36.9 36.9
SAPF without PV 2.97 3.02
SAPF with PV 4.62 3.15
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Table 8
Comparison of the optimized AW-FOPID with classical PI
under distorted grid voltage with variations in solar irradiation

IDPC approach with | IDPC approach with PI
Control optimized AW-FOPID regulator
. regulator
lS)éPAFV\’N{Ehout Overshoot of 1.64 V(ﬁ?agge;i;op
SAPF with
v A t,V:“ out 0.1 0.13
SAPF with PV|  Oversh £3.29 Overshoot of 40.73
A7V | Vollge dropor4as | Voluge drop of 3228
SAPF with PV 0.052 g 12
Aty s 0.0296 0.'3 13
Viabe, V.
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Fig. 15. Zoom of SAPF articulated on IDPC with FLC and PI
regulator under distorted network voltages: source currents and

voltages, load and filter currents
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Fig. 16. Zoom on DC-link voltage of the SAPF articulated on
the IDPC equipped with FLC and PI regulator under distorted
network voltages

Let’s summarize the observations during different periods:
e Period [0.1, 0.5] s (G =0).
Optimized AW-FOPID: V. increases from 226.27 V to
227.91 V with a response time 0.1 s.
PI: V. decreases from 226.27 V to 157 V with a response
time 0.13 s.
e Period [0.5, 0.9] s (G =800 W/m?):
Optimized AW-FOPID: V, increases from 226.27 V to
229.56 V with a response time 0.052 s.
PI: V. increases from 226.27 V to 267 V with a response
time 0.18 s.

e Period [0.9, 1.3] s (G =300 W/m?):

Optimized AW-FOPID: V. decreases from 226.27 V to
221.99 V with a response time 0.0296 s.

PI: V, decreases from 22627 V to 193.99 V with a
response time 0.15 s.

e Period [1.3, 2] s (G =1000 W/m?):

PI: V. increases from 226.2 V to 238.5 V with a response
time 0.313 s.

In summary, the DC-link voltage V, in the system
remains stable at the reference value V.. during SAPF
insertion and readjusts to this value at every change in solar
irradiation. The  optimized AW-FOPID  regulator
successfully maintains V. close to its reference value with
faster response times with fewer and smaller voltage
deviations in most situations compared to the traditional PI
regulator. However, during G = 1000 W/m?, the PI regulator
exhibits a higher response time and a slightly higher ¥, value
compared to the optimized AW-FOPID regulator. As a
result, the optimized AW-FOPID regulator has a smaller
voltage drops and overshoots with a short response time
under distorted network voltage with variations in solar
irradiation compared to those obtained from the traditional PI
controller, as represented in Fig. 14, 16 and Table 8.

4. Conclusions. This paper investigates an improved
Direct Power Control (DPC) articulated on optimized Anti-
Windup Fractional Order Proportional-Integral
Differentiator (AW-FOPID) regulator for a double-stage
grid-interconnected photovoltaic system, associated with a
Shunt Active Power Filter (SAPF). The primary objective
is to reject the perturbations deforming the electrical
network and ensures agreeable total harmonic distortion
under distorted, unbalanced and balanced grid voltage
conditions. The particle swarm optimization algorithm is
employed to tune the parameters of the AW-FOPID
regulator by minimizing an objective function. Therefore,
the improved DPC strategy ensures efficient delivery of
SAPF by replacing the traditional PI controller with the
optimized AW-FOPID regulator. Moreover, a fuzzy logic
controller is integrated into the system to effectively track
the maximum power point under diverse weather
conditions. The study’s results demonstrate the superior
performance of studied control strategies in terms of
response time, undershoots and overshoot in the DC link
voltage under distorted, unbalanced and balanced network
voltage with variations in solar irradiation compared to
those obtained from the traditional PI regulator.
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