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The aim of this work is to search for better control and optimization of a photovoltaic (PV) water
pumping system (PWPS) using the induction motor. A proposed method based on Fuzzy Logic Control
(FLC) is introduced and investigated to improve the conventional Direct Torque Control (DTC). Variable
step size Perturb and observe (P&O0) is used to extract the maximum possible power from the PV panel.
The validation of the control strategy is ensured by reducing the high torque, stator flux ripples and
current harmonics in induction machine and increasing pumped water flow. Simulation results of the
DTC based on FLC are compared with those of the conventional DTC using MATLAB/SIMULINK. The
comparison results show the effectiveness of the FLC controller in terms of torque and flux ripples
reduction, and daily pumped water.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The diesel engine pumps are used for agriculture in remote
area, since they are simple to install, but these types of systems
cause environmental problems because they work with fossil
fuels (Yahyaoui and Serna Cantero, 2018). The renewable en-
ergy based water pumps present alternative solution, because it
produces electricity without harming the environment, and they
are mostly used due to high distribution costs/non-availability of
grid-power (Drissi et al., 2017; Matam et al., 2018). Thus, frequent
repairs and maintenance of diesel pumps are generally 2-4 times
more than photovoltaic pumps (Chandel et al., 2017).

The induction motor is the principal element of the pumping
systems (Chihi et al, 2017). DC motors were used for speed
controls because of their simple design in controlling flux and
torque (Azab, 2015). However, DC motors need regular mainte-
nance (Reza et al,, 2014). To surmount this weakness, Brushless
permanent-magnet motors have been proposed (Gopal et al.,
2013). But, these engines are limited for low-power PV sys-
tems (Chandel et al., 2015). Then, PV pumping systems based
on AC motors have been used because they are more efficient,
maintenance-free and low costs (Talbi et al., 2018; Vas, 0000).

* Corresponding author.
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However, the flux, torque and speed controls of these induction
motors are complex due to its nonlinear model (Reza et al., 2014).

Field oriented control (FOC) is the most used technique to
drive the IM (Hannan et al., 2018), it consists of two control
techniques: indirect FOC (IFOC) (Hussein, 2014; Rafa et al., 2014)
and direct FOC (DFOC) (Reza et al., 2014; Alsofyani and Idris,
2013). The reason behind using this type of control is to obtain
torque and flux decoupling even with their complex mathemati-
cal equations for IM (Bouhoune et al., 2017). These methods have
been used by numerous researchers in several studies because
of the high performance of controller in IM drives (Rafa et al.,
2014; Allirani S, 2014). However, the FOC technique is complex
and the system performances are influenced by external load
disturbances and uncertainties, parameter variations (Amezquita-
brooks et al., 2013; Harnefors et al., 2013; Hedjar R and Boucher,
2013; Lekhchine et al., 2014). To surmount these drawbacks, a
new control method which is Direct Torque Control (DTC) was
proposed (Reza et al, 2014). Several studies showed that DTC
presents some advantages compared to FOC (Alsofyani and Idris,
2013). However, DTC has major drawbacks which are high rip-
ples in the flux and electromagnetic torque and variable switch-
ing frequency due to the use of hysteresis controllers (Achour
et al., 2016). These disadvantages produce undesirable acoustic
noise and mechanical vibrations which lead to a deterioration of
the machine performances and generate high currents distortion
which degrades the quality of the output power.

2352-4847/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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Fig. 1. Description of the photovoltaic pumping system.
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Fig. 2. Equivalent circuit of a photovoltaic cell.

Researchers proposed several solutions to improve DTC. D.
Mohan et al. and D.isalm et al. used multilevel inverters, this
method reduces the ripples, but the switching losses and the cost
are increased due to the high number of power devices (Mohan
et al,, 2017; Islam et al., 2015). In Refs. Mahanta and Patnaik
(2015) and Lgeb (0000), the authors propose space vector mod-
ulation (SMW), however, this technique needs accurate design
of torque and flux controllers. DTC is also improved by sliding
mode control as given in Benamor et al. (2019), but the chatter-
ing phenomenon appeared which present the main problem of
this method. In the recent years, the use of artificial intelligent
techniques like neural network-based DTC have been used by
many researchers to improve the controller performances. This
technique provides high performance, but it requires the training
process which retards the performance of the controller (Sutikno
et al.,, 2014a).

Fuzzy logic controller is an intelligent control strategy which
is characterized by its logical resemblance to a human opera-
tor (Castillo et al,, 2016). The structure of FLC is adjusted based
on the components of its internal configuration like Fuzzy rules,
fuzzification and defuzzification blocks. The main advantages of
Fuzzy logic controller are adapted to the nonlinear control com-
mand and not based on the model of the induction machine (Cer-
vantes and Castillo, 2015). It has very effective techniques for
complicated and imprecise processes where there does not exist
any mathematical model. These features make the FLC not only
easy to use, but also easy to design. Sancheza et al. (2015)

Many authors introduced FLC for doubly fed induction ma-
chine (DFIM), doubly fed induction generator (GFIM) and perma-
nent magnet synchronous motor (PMSM) (Benamor et al., 2019;
El Ouanjli et al., 2019; El-samahy and Shamseldinb, 2018). In fact,
the use of FLC results in reducing torque and flux ripples.

However, to the authors best knowledge, the previous studies
about photovoltaic water pumping systems do not use fuzzy
logic controllers to control the induction motor (IM). For this,
an improved DTC of IM based water pumping system using FLC
is proposed. The proposed method consists of substituting the
hysteresis controllers and the look-up table by fuzzy logic switch-
ing vector selection scheme. To show the performance of the

proposed method, a comparative study between the proposed
method and the conventional DTC is presented under different
operating conditions. Simulation results demonstrate the superi-
ority of the proposed method in terms of daily cumulative water,
power and the overall efficiency. Moreover, the quality of current
signals is improved with a THD around 3.06%. To ensure the max-
imum power point whatever the climatically conditions, variable
step size P&O are used to track maximum power of photovoltaic
pumping system. This work is structured as follows: Section 2
presents the modeling of the system components (Fig. 1). The
variable step size P&O is presented in Section 3. The conventional
DTC used for controlling the asynchronous machine is developed
and FLC-DTC is detailed in depth in Section 4. The results and
discussion are illustrated in Section 5. Finally, the conclusions of
this work are given in Section 6.

Nomenclature

a : Diode’s ideality factor

G : Solar irradiation [W/m?]

I : Panel output current [A]

Io : Diode saturation current [A]

Iph : Panel photocurrent [A]

I; : Rotor current [A]

I : Stator current [A]

K : Boltzmann constant [J K™!]

Ky : Temperature coefficient of open circuit
voltage [V/°C]

Ki : Temperature coefficient of short circuit
current [A/°C]

I; : Rotor inductance [H]

I : Stator inductance [H]

M : Mutual inductance [H]

Ns : Number of cells connected in series

Offset : Step size

q : Electron charge [C]

R; : Rotor resistance [2]

R : Series resistance [2]

Rsh : Shunt resistance [Q2]

Rsm : Stator resistance [2]

T : Junction temperature [K]

\Y : Panel output voltage [V]

Greek Letters

o : Duty cycle

Abbreviations

CDTC : Conventional direct torque control

DTC : Direct torque control

FDTC : Fuzzy direct torque control

FFT : Fast Fourier Transform

MPPT : Maximum Power Point Tracking

P&O : Perturb and observe

PV : Photovoltaic

STC : Standard Test Conditions
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Fig. 8. The fuzzy membership functions of the output.

2. Modeling of pumping system
2.1. Modeling of photovoltaic generator

Fig. 2 shows the model of Photovoltaic generator used in this
work, which composed of a photocurrent source and a diode
connected with series and shunt resistances. The characteristic
of the Photovoltaic generator can be presented by the following

equations (Chaibi et al., 2018; Motahhir et al., 2018a).

q(V + RiI)

I=1Ly— I, [ exp 2’
ph "( PKIN,

_]> (V4R

Rsh

(1)

where, the photocurrent Iph and the cell reverse saturation cur-
rent 10 are given by (Motahhir et al., 2018b):
G

In=(lsc++ Ki (T — 298.15)) 2)
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Fig. 10. Photovoltaic water pumping system based on Conventional DTC.

Lie+Ki(T — 298.15) d
0= — (3) Vﬁs = Rslﬁs + ¢ﬁs
exp! q(vac+1<;gst9s.15))) 1 dt

The rotor voltage component in -8 coordinate system:

2.2. Machine model d
0 =Ry + E(bar + wm¢ﬂr

The dynamic behavior of three phase induction motor can be
described in (o, B) reference frame as follows (Sudheer et al.,

2017): The stator flux component in o—f coordinate system
The stator voltage component in -8 coordinate system:
¢o¢s = lsIozs + Ml

d
Vs = Rslos + a%s (4) ¢ﬁs = lslﬂs + MI;ST

d
0= erﬂr + a(pﬂr + wm¢ozr
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Fig. 11. Photovoltaic water pumping system based on FLC - DTC.

The rotor flux component in -8 coordinate system
¢ar = lrlcxr + MIas (10)
bpr = il + Migs (11)

and the electromagnetic torque developed:

3
Cem = EP(¢asIﬁs - ¢ﬂsIas) (12)

where I, I, Rs, R, and M denote mutual inductance, stator in-
ductance, rotor inductance, stator resistance, rotor resistance of
induction motor. Is and Ir represent the stator and rotor current
component in @ — # coordinate system

2.3. Centrifugal pump

As shown in Eq. (13), the centrifugal pump load torque T, is
given as

T, = KQ? (13)

The centrifugal pumps verify the similarity laws (14), from a
characteristic curve (P, H, Q) established for a rotation speed N of
the impeller pump, the characteristic (P’, H’, Q') can be obtained
for any rotation speed N’ (Errouha and Derouich, 2019).

v=ax (V) wenc (V) roex (M) ag
=N ) AN T TN

3. MPPT algorithm
3.1. Variable step size P&0 algorithm

For best operating, the PV panel must be functioned at their
maximum power point. Several Maximum Power Point Tracking
(MPPT) algorithms are available in the literature, each one has its
designations and particularizations (Karami et al., 2017).

Acceptable performance is obtained using conventional MPPT
methods based on fixed step, but they are slow and present
oscillations around the MPP and the results are not satisfactory
during sudden change of climatic conditions.

A fast follow-up can be realized by increasing step, but we
have oscillations in steady state. Many contributions have been
introduced using a variable step, where the algorithm automat-
ically changes the step size as shown in Fig. 3. In this paper we
used the variable step size P&O in order to find a compromise
between rapidity and precision of the system (Rawat et al., 2016).

4. Control strategy for the studied system
4.1. Direct torque control of induction motor

The direct Torque Control (DTC) strategy was introduced by
Takahashi in 1984 and proposed by Depenbrock in 1985 for the
control applications of induction motors.
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Fig. 12. (a) Irradiation profile in June at Fes. (b) Photovoltaic power. (c) Electric speed. (d) water Flow. (e) Stator flux responses using CDTC. (f) Stator flux responses
using FDTC. (g) FFT analysis of stator current using CDTC (h) FFT analysis of stator current using FDTC. (i) Inverter switching state for CDTC. (j) Inverter switching

state for FDTC. (k) Electromagnetic torque.

This type of control is characterized by its fast dynamic re-
sponse, simple implementation and robustness to the rotor pa-
rameter variation without the need for a complex field orienta-
tion block and inner current regulation loop.

The basic principle in DTC for induction motors is to directly
select stator voltage vectors, which makes the flux rotate and
produce the desired torque (Fig. 10). The stator flux (¢*) and
torque references (Ce,*) are compared with the corresponding
estimated values. The torque error is the input of a three-level
hysteresis comparator, where the error stator flux magnitude is
the input of a two-level hysteresis comparator. The stator flux
space is composed of six sectors of 60° each (Fig. 4). The outputs
of the flux hysteresis band, torque hysteresis band and flux sector
are used to select the switching vector of voltage source inverter
(VSI). Switching Table allows to determine the VSI switching
vector as illustrated in Table 1. The VSI is composed of six actives
witching states and two zero switching states.

This technique need to determine several parameters in order
to estimate the electromagnetic torque and the stator flux. Equa-
tion represent the stator currents I, and I, which are transformed
into «-B coordinates (Sutikno et al., 2014b).

Iy = 1o (15)

Is = ?(Ia + 21I) (16)

The stator voltages in the «-8 reference frame are com-
puted from the switching status (Sa, Sb and Sc) produced by the

switching table.

V.

w=§m&—&—m (17)
V3

V/S = Tvdc(sb - Sc) (18)

The stator flux can be estimated using calculated current I«,
I8 and voltage vectors Vo, VB as follows

¢o¢ = ¢aold + (Va - RSID() TS (19)
dp = dpoa + (Vo — Rlp) Ty (20)

daotd and @goiq are the initial stator flux values.
Therefore, the flux magnitude can be calculated as given be-
low:

¢ = \J 02 + ¥} (21)

The electromagnetic torque can be estimated through Eq. (22)

3
Cem = Ep(d’aslﬂs - ¢ﬂslas) (22)

4.2, DTC base on fuzzy logic controller

In this section, a fuzzy approach is proposed to improve the
DTC (Fig. 11), the fuzzy logic controller is used to determine the
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Table 1
Switching table.
E4 Etem S1 S2 S3 S4 S5 S6
1 V2 V3 V4 V5 V6 Vi
1 0 V7 Vo V7 Vo V7 Vo
-1 V6 Vi V2 V3 V4 V5
1 V3 V4 V5 V6 V1 V2
0 0 Vo V7 Vo V7 Vo V7
—1 V5 V6 \A V2 V3 V4

V1, V2, V3, V4, V5, V6 represent the six active vectors produced by a voltage
source inverter (VSI). VO and V7 are the two zero voltage.

desired inverter vector state. Fig. 9 shows the proposed diagram
of the fuzzy logic DTC of induction motor.

The FLC is composed of tree inputs which are torque error, the
stator error, the stator flux angle and one output.

An FLC generally consists of four principal steps (Sancheza
et al., 2015; Ontiveros-Robles et al., 2018):

o A fuzzifier

The analog inputs are converted into fuzzy variables which
are produced by using membership functions (MF), the fuzzy
system performance is described using a fuzzy rule base that
stores fuzzy rules. An approximative reasoning will be done by
associating input variable with fuzzy rules using a fuzzy inference
engine. During the defuzzification step, the FLC s fuzzy output is
converted to a crisp value for the actual system input. The shape

Time [h]

(k)

Fig. 12. (continued).

of the membership function, the fuzzy reasoning rules and the
defuzzification method influence the response of the FLC.

In order to make the stator flux variations medium, the stator
flux error is composed into three linguistic variables: negative
(N), zero (Z) and positive (P). The (N) and (P) variables are repre-
sented by two symmetric trapezoidal membership functions and
Z by an equidistant isosceles triangular (Fig. 5).

To make the torque error variations smaller, the torque error is
divided into five linguistic variables: negative large (NL) negative
small (NS) zero (Z) positive small (PS) and positive large (PL).
The torque error membership function is represented by three
equidistant isosceles triangular and two symmetric trapezoidal
(Fig. 6).

The stator flux angle is divided into six sectors, for more
precision, the universe of discourse is divided into 12 fuzzy sets.
The stator flux angle membership function is represented by
twelve equidistant isosceles triangular of 60° wide and an overlap
of 30° with neighborhood fuzzy sets which each fuzzy set works
for an angle of 30° (Fig. 7). Fig. 8 shows the output variable of the
fuzzy controller which is composed of into seven switching states
(one zero8 switching state and six active switching states).

e Fuzzy control rules

The optimal switching state is given by fuzzy rules. The fuzzy
rules are established using expert knowledge and intuition in
order to govern the behavior of the fuzzy controller. Stator flux
angle, torque error and flux error: these elements are based on to
determine the sector of stator flux. In order to get to the reference
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Fig. 13. (a) Irradiation profile in March at Fes. (b) Photovoltaic power. (c) Electric speed (d) water Flow. (e) Stator flux responses using CDTC. (f) Stator flux responses
using FDTC. (g) FFT analysis of stator current using CDTC h) FFT analysis of stator current using FDTC. (i) Inverter switching state for CDTC. (j) Inverter switching

state for FDTC. (k) Electromagnetic torque.

values of the motor torque and flux, the switching state has to be
chosen. Table 2 shows the fuzzy rule base with 180 rules which
can be obtained from membership functions for three inputs (3
x5 x12).

o Fuzzy inferences

In this work, the inference method is developed using Mam-
dani’s procedure based on min-max decision (Gdaim et al., 2014).
uAi (ep), uBi(eT) and wCi(6) represent the membership values
of torque error, flux error and stator flux angle. «; is the weighting
factor for ith rule and it can be written as Eq. (23):

o; = min(uAi (e@) , uBi (eT) , uCi(9)) (23)
W'Vi(V) = max(ai, uVi(V)) (24)

o Defuzzifier

This operation converts the fuzzy values back into a numerical
value at the out-put, which are one zero voltage (VO or V7) and six
non-zero voltage vectors (Fig. 8). For this step, the max method
is used and expressed by the Eq. (25). By this method, the value
of fuzzy output which has the maximum possibility distribution
is used as control output.

W' Vout (V) = max® max(u'Vi (V)) (25)

In this proposed system, a 1880 W is extracted from CSUN
235-60P modules (Table 7) in order to feed the centrifugal pump.
the extracted power is higher than the motor rating because some
losses are existing into the PV system. For this, our pumping
system is composed of 8 modules which must be connected
in series. The sizing of the photovoltaic system components is
summarized in Table 3. The induction machine is characterized
by the parameters presented in Table 6.

Table 2
Voltage vector fuzzy control table.

05 ®1 P2 O3 4 O5 O6 7 8 M9 O10 O11 O12

EQ  ETem
PL V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 Vi V2
PS V2 V2 V3 V3 V4 V4 V5 V5 V6 V6 VI V1

P Z vo Vv7 V7 VO VO V7 V7 VO V0O V7 V7 Vo
NS V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6 V6
NL V6 V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6

PL V2 V3 V3 V4 V4 V5 V5 V6 V6 VI Vi V2
PS V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 Vi V2
Z 7 V7 Vo VO V7 V7 VO VO V7 V7 VO VO V7
NS V7 VO VO V7 V7 VO VO V7 V7 VO VO V7
NL V6 V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6

PL V3 V4 V4 V5 V5 V6 V6 V1 V1 V2 V2 V3
PS V4 V4 V5 V5 V6 V6 V1 V1 V2 V2 V3 V3
N Z V7 V7 VO VO V7 V7 VO VO V7 V7 VO VO
NS V5 V5 V6 V6 V1 V1 V2 V2 V3 V3 V4 V4
NL V5 V6 V6 V1 V1 V2 V2 V2 V3 V4 V4 V5

5. Simulation results and discussion

With the aim of testing and evaluating the effectiveness of
the proposed control strategy, a simulation test is carried out
in MATLAB/SIMULINK environment using the real data of solar
radiation from (Fes, Maroc) for three different months where
the climate conditions is different: Warm month (Summer), Mild
month (Spring), Cold month (Winter).

Figs. 12.a, 13.a, 14.a, 12.b, 13.b, and 14.b show the evolution
of the solar radiance and the PV power corresponding to Warm
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Fig. 13. (continued).

Table 3
Design of parameters of the system.
Component Expression Used value
Ve Voe = 22V, 400 v
__ 6avyle
Cac Cac = TREN 2000 pF
o o = Y m 0.26
dc
v
Ly Ly, = % 3 mH

month (June 2016), mild month (Mars 2016), Cold month (De-
cember 2016). Figs. 11.c, 12.c and 13.c show the characteristics of
electric speed using the conventional and the suggested method.
The simulation results show that in rapid changing in atmo-
spheric conditions, the proposed method shows better response
as compared to the conventional one in terms of tracking speed.

Figs. 12.d, 13.d and 14.d illustrate the pumped water volume
obtained using the conventional DTC and FLC-DTC in the three
seasons: cold, medium, and hot seasons. Fig. 15 and Table 5 show
that, using the FLC-DTC, the pumped volume is clearly higher
than using the conventional method.

Figs. 12.e, 13.e, 14.e, 12.f, 13.f, 14.f show the developed flux
responses of IM drive with zoom-in view using the conventional
and the proposed method. The hysteresis band of flux is limited
to £ 1. The simulation results illustrate that the response of stator
flux magnitude of fuzzy DTC represent low oscillations compared
with conventional DTC and better tracking reference.

To illustrate the impact of the CDTC and the proposed method
on the quality of the signal, a FFT (Fast Fourier Transform) analysis

of the stator current waveforms is done. Figs. 12.g, 13.g, 14.g,
12.h, 13.h, 14.h show the frequency spectrum. It can be seen that,
the FDTC provides a lower total harmonic distortion (THD) in
comparison with the CDTC.

Figs. 12.i, 13.i, 14.i, 12.j, 13.j, 14.j shows the inverter switching
state of the first voltage phase (Sa) for both techniques, we can
see that the switching frequency is variable, which is a major dis-
advantage in the conventional DTC. Contrariwise, the switching
frequency is constant using FLC-DTC, therefore, the commutation
losses are reduced.

Figs. 12.k, 13.k, 14.k, 14k show the corresponding torque re-
sponses for the conventional DTC and the proposed DTC using
fuzzy logic controller. The hysteresis band of torque is limited to
=+ 4. The torque response clearly shows that the torque’s ripples
with the proposed method is reduced significantly compared
with conventional DTC.

The torque and flux ripples of the proposed method compared
to conventional DTC are calculated and shown in Table 4. From
the presented data, our method has good performances than the
Conventional DTC with maintaining a good torque response and
respect to reducing the torque and flux ripple.

The improvement is calculated using Eq. (26) and presented in
Table 4.

Improvement (%) = M (26)
Vepre

6. Conclusion

An optimal process of a photovoltaic water pumping system
(PWPS) based on an induction machine and driving a centrifugal
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Fig. 14. (a) Irradiation profile in December at Fes. (b) Photovoltaic power. (c) Electric speed (d) water Flow. (e) Stator flux responses using CDTC. (f) Stator flux
responses using FDTC. (g) FFT analysis of stator current using CDTC. (h) FFT analysis of stator current using FDTC. (i) Inverter switching state for CDTC. (j) Inverter

switching state for FDTC. (k) Electromagnetic torque.

Table 4 Table 6
Torque, flux ripples and THD of the CDTC and FDTC. Parameters of induction machine.
Performance Season Stator resistance [Q] 4.85 Mutual inductance [H] 0.258
June Mars December Rotor resistance [Q2] 3.805 Inertia moment [kg m?] 0.031
- Stator inductance [H] 0.274 Nominal power [kW] 15
AT DTC-conventional + 385 +2.89 +4.135 Rotor inductance [H] 0.274 Viscous Friction [N m s/rad] 0.00114
T (N m) DTC - FLC + 2.29 + 2 + 3.365 -
Pairs poles number 2
Improvement (%) 40.5 30.7 18.6
A DTC-conventional 0.037 0.028 0.03
¢ (Wb) DTC - FLC 0.003 0.003 0.004 Table 7
Electrical characteristics of the csun235-60p photovoltaic model.
Improvement (%) 918 89.2 86.8 1cal ch st u P phiotov
- Photovoltaic panel CSUN235-60P
o DTC-conventional 6.77 6.11 6.28 -
THD (%) DTC - FLC 306 494 391 Maximum Power, Pmax 235 W
Open Circuit Voltage, Voc 368V
Short Circuit Current, Isc 859 A
Table 5 Maximum Power Voltage Pmax, Vmpp 295V
Pump flow using the conventional and FLC-DTC methods. Maximum Power Current Pmax, Impp 7.97 A

Season Volume obtained with Volume obtained with
FDTC (m3/day) CDTC (m3/day)

Hot season 458.64 438.48

Moderate season 375.84 354.96

Cold season 297.3 277.26

pump is investigated. The PV system was studied using conven-
tional DTC which contains a hysteresis controller, in order to
improve the efficiency of PV systems, Fuzzy Logic Control has
been proposed. The performances of FLC applied to induction mo-
tor has been tested and compared with the conventional DTC. The
simulation results show the increase of both the daily pumped
quantity and reduction in the torque, stator current and flux

Standard Test Condition (STC) 1000 W/m?, 25 °C, AM 1.5
Number of cell 60

Temperature coefficient of open-circuit —0.37%/°C
voltage Voc, Kv
Temperature coefficient of short-circuit 0.07%/°C

current Isc, Ki

ripples due to the use of a comparator with hysteresis reached
by FLC.

In our future research we intend to concentrate on imple-
menting the proposed control strategy on a dSpace system and
developing other intelligent control techniques to improve the
efficiency of PV water pumping system
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500 Alsofyani, LM., Idris, N.R.N., 2013. A review on sensorless techniques for sustain-
450 able reliablity and efficient variable frequency drives of induction motors.
400 Renew. Sustain. Energy Rev. 24, 111-121.
° 350 Amezquita-brooks, L., Liceaga-castro, ], Member, E.L, 2013. Speed and Posi-
£ tion Controllers Using Indirect Field Oriented Control: A Classical Control
% = 300 Approach, Vol. c. pp. 1-16.
- 250 Azab, M., 2015. Identification of one-diode model parameters of PV devices from
E 'éi 200 nameplate information using particle swarm and least square methods. In:
S = 150 1st Work. Smart Grid Renew. Energy, SGRE 2015.
B | Benamor, A., Benchouia, M.T,, Srairi, K., Benbouzid, M.E.H., 2019. Electrical power
0 and energy systems a novel rooted tree optimization apply in the high order
50 sliding mode control using super-twisting algorithm based on DTC scheme
0 for DFIG. Electr. Power Energy Syst. 108 (February 2018), 293-302.
June March December Bouhoune, K., Yazid, K., Boucherit, M.S., Chériti, A., 2017. Hybrid control of the
three phase induction machine using artificial neural networks and fuzzy
Month logic. Appl. Soft Comput. J. 55, 289-301.
®FDTC = CDTC Castillo, O., Leticia, A, Castro, J.R, Garcia-Valdez, M., 2016. A comparative
study of type-1 fuzzy logic systems, interval type-2 fuzzy logic systems
Fig. 15. Water volume comparison. and generalized type-2 fuzzy logic systems in control problems. Information
Sciences 354, 257-274.
Cervantes, L., Castillo, 0., 2015. Type-2 fuzzy logic aggregation of multiple fuzzy
controllers for airplane flight control. Inf. Sci. 324, 247-256.
Appendix Chaibi, Y., Salhi, M., Eljouni, A., Essadki, A., 2018. A new method to determine

See Tables 6 and 7.
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