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Abstract

This study presents a comparative analysis of different MPPT techniques for PV array fed water pumping system without batteries
using brushless direct current (BLDC) Motor. The system is configured to reduce both cost and complexity with simultaneous assurance
of optimum power utilization of PV array, for this we propose two intelligent maximum power point tracking MPPT techniques
implemented through a boost converter; the first is based on Fuzzy Logic Controller (FLC) the second is a sliding mode control, which
have been successfully applied to Photovoltaic Pumping System (PVPS) to replace tracking power point perturb and observe (P&O)
under different conditions of solar radiation. As a result, the PV must be turned on at its highest power extracted. The water pumping
system is designed to irrigate an area of 8 hectares, planted with onions, we have chosen a BLDC motor which is coupled with a

centrifugal pump to overcome the disadvantage of brushed motors and induction motors. The object is to verify and confirm the

effectiveness of the suggested system. According to simulation data, FLC improves the PVPS's performance.
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1 Introduction
Over the past few years, the world has experienced a sig-
nificant growth in demand for energy in all areas of life, in
particular electricity which unfortunately comes largely from
fossil energy sources, which have a very harmful impact on
the environment. The solution is based on the use of renew-
able energies. in this context, many countries have made huge
investments and thus seem to be on the right track to meet the
challenge of combining energy production and consumption
on the one hand and maintaining the ecological balance of
the planet on the other hand. The sun in this case remains,
directly or indirectly, the most promising energy source [1].
Stand-alone pumping systems powered by electrical
motors are the most common application of photovol-
taic energy in Algeria [2]. Indeed, it is the most widely
used energy source for providing drinking and irrigation
water in rural areas that cannot afford to connect to the
national grid. The major part of the pumping systems cur-
rently implemented as electric actuator using the direct

current (DC) motor, brushless motor BLDC or induction
motor. However, Induction motors are not really suitable
for PVPS because they are prone to overheating if the volt-
age is too low and require extensive control [3]. Because of
its longer operational life, higher dependability, noiseless
performance, high efficiency, ability to run at low voltage,
high torque/weight ratio, easy-to-drive features, and great
performance over a wide speed range, the BLDC is chosen
to drive the proposed system [3, 4].

Solar energy has the benefit of being both free and
unlimited, however photovoltaic panels, like other renew-
able energy sources, offer very variable energy and are
heavily dependent on weather circumstance. MPPT algo-
rithms make it possible to obtain the best power output of
the panel. they allow Photovoltaic (PV) system to work
at maximum power points of their characteristics without
prior knowledge of these operating points and their varia-
tion following changing weather conditions [5].
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In the literary works, there are many MPPT strategies
based on methods such as Zarour et al. [6] proposed a slid-
ing mode controller (SMC) for the photovoltaic pumping
system(PVPS) to optimize the photovoltaic generator in
order to provide maximum power, and Rekioua et al. [7]
applied a sliding mode control for the same goal. While
Abderrahim et al. [§] presents an improved MPPT methods
for a PV system under a variety of climatic situations, the
first is a sliding mode MPPT, the second MPPT is based on
the incremental conductance algorithm. It gives the SMC
the reference PV voltage. Otherwise, Hasan et al. [9] pro-
posed fuzzy rule for MPPT provide the pulse for the zeta
converter to drive the brushless DC motor in water Pumping
system, it is efficient smart control to extract optimal power
from the generator photovoltaic (GPV) and boosts the speed
in order to keep track of the maximum power output.

The main goal of this study is the employment of FLC
and SMC techniques for PV system of a standalone photo-
voltaic system fed brushless DC motor with a centrifugal
pump to meet the irrigation needs of onion farming. In
order to demonstrate the efficacy of the proposed strategy
a comparison of the P&O, SMC, and FLC MPPT methods
will be studied for the tracking of the point of maximum
power provided to the pumping system.

In a first step, a pumping system design, as well as its
architecture and its design is presented. A precise outline
on the regulators and the converters is carried out. The sec-
ond step is devoted to the pumping system control where
the description of MPPT methods, and the electronic com-
mutation for BLDC motor are presented. Then, results of
simulations for the entire system are presented, carried out
with the Matlab®/Simulink software, with the chosen meth-
ods the P&O, FLC and SMC under sudden change in solar
irradiation and under autumn and summer day irradiation.

2 Design of pumping system
The agricultural land specifications are presented in Table 1.

Table 1 Agricultural land specifications

Symbol Designation

o Flow rate the of the pumping is 20 m? per hour
o Daily functioning time is 6 h

H, Manomeric height is 10 mca

C, Hydraulic constant

1] Efficiency of moto-pump

V. The volume tank is 120 m?

=
=
=

2.1 Case study

The water pumping system is designed to irrigate an
area of 8 hectares of onion farming, this area was divided
into five parts, each of them being irrigated for 6 hours per
five days from 10 am to 4 pm which is an opportunity not
to use an energy storage (Pumping over sun).

A schematic representation of the pumping system is
shown in Fig. 1, where it describes the components of
pumping systems.

Solar energy will be captured by means of photovol-
taic panels and converted into electricity [10], which will
power the BLDC motor and will turn on the water pump
that will pump the water from a well with depth of 10 m to
the tank. The architecture of the entire system is described
in Fig. 2.

The GPV energizes the BLDC motor with maximum
power through several MPPT control to choose a best
one in order to drive the motor optimally, according to
the maximum power. This MPPT is integrated into the
boost converter, which in turn feeds the voltage source

PV panels

Reservoir

Bhechlufnrolionvfzrning/

Controller and converter
Electric energy

Brushless DC water pump Water well

Fig. 1 Schematic representation of the PVP system

_’

SMC-MPPT

- > Boost 1
w chopper T\’a, VSLI 14’

BLDC

Electronic Canrifugal
commufation pump
Hall signals

Fig. 2 The proposed system architecture



inverter (VSI) supplying the BLDC motor coupled with
the centrifugal pump. As for the motor control side, the
electronic commutation is preferred, it is the process of
a BLDC motor's inbuilt encoder decoding hall effect sig-
nals depending the rotor position, and provides Switching
sequence to the VSI.

The suggested system is constructed in such a way that
it always performs satisfactorily regardless of the quantity
insolation, as follows.

2.2 GPV design
The electric power required by the pump was determined

by [11]:

p =L 0
n

The hydraulic constant is calculated by Eq. (2):

-&P )
" 3600
For sizing the photovoltaic generator, it is necessary to cal-
culate the electrical energy £, consumed during pumping
time in a day [12] it can be calculated by:

E,=P-T 3)

e pum’
The pumping time 7'~ can be calculated by:

v
Tpum = gk : (4)

The energy produced by a photovoltaic field E is equal to:
E,=—2, ®)

where K is the correction coefficient depending on the mete-
orological uncertainty, the inclination of the solar modules
and the overall efficiency of the photovoltaic system [13].

The peak power of the photovoltaic generator P, is cal-
culated as follows:

E (6)

where G is the average daily irradiation.

The total number of photovoltaic modules N, is calcu-
lated by relating the overall power of the field P, to that
P_ . of asingle module:

mot

N, =2 )
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Table 2 summarizes the sizing results. Two modules are
connected in parallel and five modules are joined in series
to make a 1.9 kW PV array that will feed a 1.3 kW BLDC.
The slightly overrated PV array is selected to meet the
desired requirement and losses incurred in the system. The
detailed specifications of PV array are given in Table 3.

2.3 Design of boost converter

The PV array voltage W) and DC link voltage (V,.) are
respectively 150 V and 360 V.The boost duty ratio and the
DC current are provided in Eq. (8) and Eq. (9). Supposed
the boost converter ideality [14].

D=1- & (8)
Voc
P
Iy = - ©
Voc

The inductance L, and capacitance C ; are calculated
from Eq. (10) and Eq. (11), also the converter is consider-
ing lossless [14]:

DV
L, =—2, (10)
AL
10-1,, )

"™ AN-N,-AVp.
The boost parameters are shown in Appendix (Table A1).

Table 2 Dimensioning results

Efficiency of moto-pump (%) 52.25
Electric power required by the pump P, (W) 1043
Electrical energy £ (Wh/j) 6258
Energy produced by a photovoltaic field EF (Wh/j) 10430
The peak power of the PVG P_(W) 1738.33
Photovoltaic modules number N, | 10

Table 3 Photovoltaic panel "DIMEL solaire" parameters

Electrical characteristics Values

Maximum power (P _ ) 190 W

Voltage at P (Vmp) 304V

Currentat P_ (I, np) 6.25V

Open-circuit voltage (V) ) 362V

Short-circuit current (/) 6.7 A

Size 1640 x 992 x 35 mm

Weight 17.79 Kg

Cells 60 Pcs, 156 x 156 Monocrystalline
Silicon




3 8 | Belgacem et al.
Period. Polytech. Elec. Eng. Comp. Sci., 66(4), pp. 315-324, 2022

2.4 Water pump design
The power consumption of a water pump is proportional
to its speed cubed.

The pump proportionality constant K, can be calcu-
lated for an input power and rated speed of 1.3 KW and
2500 rpm, respectively [15]:

P

= ﬁ =0.00007 sec’/rad’, (12)
7/30xN

P

where P is the input power of the BLDC motor.

3 Control and operation

In Section 3, the system's controls are presented, starting
by MPPT control, then the BLDC electronic commutation
are detailed.

3.1 Maximum power point tracking

Section 3.1 is devoted to the description of SMC and P&O
MPPT algorithm in order to obtain the generator's maxi-
mum power.

3.1.1 Perturbation and observation (P&O)

Because its algorithm is simple to implement, the P&O
approach is the most widely used in the industrial context.
This approach works by causing a disturbance in the sys-
tem by increasing or decreasing the operational voltage
of the module and evaluating the effect on the array's out-
put power. Fig. 3 shows the flowchart of the P&O method
algorithm [16].

3.1.2 The sliding mode control
For this method, P&O MPPT controller was replaced by
SMC. The most important step in SMC is specifying the
sliding surface, the choice of the latter depends on obtaining
the maximum amount of energy from the PV array, the slid-
ing mode control function is to track the maximum power
point by changing the duty cycle of the boost converter.

Thus, the SMC design can be created in two parts [4]:

* The sliding surface selection:

» The sliding surface is formulated as having:

AP,
§=—L=0. (13)
AV,

* Define the control law, Eq. (13) becomes:

AP AI’R Al
=y oy =0 (14)
AV, AV, mUTAY,

The SMC structure has two parts: the first is the equiv-
alent control quantity U, which keeps the operation point
in the switching surface and removes it to the origin, and
the second is U , which offers controller stability, where:

u=u, +u, (15)
with:
y
u, =1-—"", (16)
VDC
and:

Values acquisition
IP (K) \P X)

4

Power calculation : I’lJ ®)

v

B Py K -1=1,®

v

\'p(K)—\'p(K—l)=A‘.(K)

¥ N

oK) - -1)=A aX)-oK -1)=A

A\ Y A\

Fig. 3 Flowchart of perturbation & observation MPPT algorithm



u, =A-sgn(s), (17)

where 4 is a positive constant.
The Lyapunov method is used to determine the current
system stability as:

V:%(sz. (18)

The reachability criteria to achieve the sliding surface
in sliding mode dynamics is specified in Eq. (19) to ensure
control stability.

V=556<0 (19)

As a result, it is demonstrated that the system adheres
to the stability criterion even when characteristics such as
sun irradiation fluctuate.

3.1.3 Fuzzy logic controller

Fuzzy logic techniques are applied to construct the MPPT
controller for GPV. The FLC determines the optimal duty
cycle for feeding the converter's switch [17]. Fuzzification,
inference are the processes of the MPPT controller tech-
nique employing FLC algorithm as well as the defuzzifica-
tion. The following diagram depicts the fuzzy controller's
basic construction (Fig. 4) [18, 19]:

Table 5 presents the FLC rules, where (€(k)), (DE(k))
and (D) are the inputs of the matrix, with €(k) is fuzzy sets
of error, DE(k) is change of error and D is change of duty
cycle at the boost.

In the case of FLC, the rules of the control must be
designed in such a way that the input €(k) is always zero.

l Rules I

Y Duty

&(K) o cycle
DB(K):II Fuzzification 4)[ Inference ]H[Defuzmﬁcatloﬂ_)

Fig. 4 A fuzzy controller's basic schematic diagram

Table 5 Table of rules of five class (inference

matrix)
DE(k)
NS ZE PS PB
NB ZE ZE PB PB PB
NS ZE ZE PB PB PB
ZE PS ZE ZE ZE NS
PS NS NS NS ZE ZE
PB NB NB NB ZE ZE

£(k)
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Where the FLC rules are defined as NB, NS, ZE, PS, and
PB stand for Negative Big, Negative Small, Zero, Positive
Small, and Positive Big, respectively.

3.2 Electronic commutation

The BLDC electronic commutation generates the switch-
ing signals for the VSI [20, 21]. The encoder generates
three Hall Effect signals based on the rotor's angular posi-
tion, which are utilized to feed the VSI's six switches, as
indicated in Table 6 [3].

4 Simulation results and comparative study
MATLAB/Simulink software is used to run various tests to
evaluate the success and robustness of the suggested con-
trol. At the beginning, we apply a sudden change in irra-
diation as shown in Fig. 5; a sunlight level of 0.6 kW/m? is
applied after 5 seconds, it is varied to 1 kW/m? and at 8 sec-
ond the irradiation level is 0.8 kW/m? while the temperature
is kept at 25 °C. results are illustrated in Fig. 6 and Fig. 7.
The power response of PV array is shown in Fig. 6 using
three MPPT strategies. The PV power controlled by SMC
quickly reach the steady state with high values compared

Table 6 Switching states for BLDC motor electronic communication

Hall signals Switching states
0, deg H, H, H S, S, S, S, S, S,
NA 0 0 0 0 0 0 0 0 0
0-60 1 0 1 1 0 0 1 0 0
60-120 0 0 1 1 0 0 0 0 1
120-180 0 1 1 0 0 1 0 0 1
180-240 0 1 0 0 1 1 0 0 0
240-300 1 1 0 0 1 0 0 1 0
300-360 1 0 0 0 0 0 1 1 0
NA 1 1 1 0 0 0 0 0 0
1200 T T T T T T T T
~ 1000 | 1
2 800t
g
2
= 600 1
)
7]
g
T 400 F 1
-
=
)
“o200 - 7
0 1 1 1 1 1 1 1 L 1
0 1 2 3 4 5 6 7 8 9 10
Time(s)

Fig. 5 Solar insolation level
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Fig. 7 Response of motor-pump; (a) DC link voltage; (b) Speed; (c) Flow rate; (d) Hydraulic power
to the PV system controlled by P&O. As for the FLC con- As it can be noticed from Fig. 7 that the variation of

trol, it is faster than the two mentioned. Despite weather the insolation affects the motor-pump parameters, it is

changes, the PV generator is forced to function at its max- also shown in Fig. 7(a), (b) and (c) the DC link voltage, the

imum power point by FLC and SMC MPPT methods. speed response and water flow respectively while Fig. 7(d)



shows the hydraulic power. The motor-pump parameters
with SMC are fast and higher than those with P&O, while
the FLC control is faster than the previous controls.

We can conclude that our proposed method is more
efficient and this is shown in the PV power response, the
water flow and the hydraulic power.

All these results clearly show the superiority and effi-
ciency of the proposed FLC and SMC controller compared
to P&O. Moreover, there are an obvious quick response on
the curve of the FLC controller which proves its stability
and good performance.

In order to ensure that the suggested control is success-
ful, it is preferred to develop a full simulation model of the
proposed PVPS configuration under real data climate con-
ditions of a day of December (Fig. 8) and another day of
August (Fig. 9) in northwest Algeria [22]. The results are
shown as follow:

Fig. 10 presents comparative results of the three control-
lers during a December day, where it is clear in Fig. 10(a)
that the GPV power with FLC and SMC method is higher

1000 T I T T T T I T T

= (= (==
= = =
= =1 =1
T T T
L L L

Solar Insolation (W/m?)
0o
=

=

Time (h)

Fig. 8 Solar irradiation for a day of December

1200 T T T T T

1000

800

600

400

Solar Insolation (W/m?)

200

Time (h)

Fig. 9 Solar irradiation for an August day
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Fig. 10 Comparison of PVPS response utilizing three controllers for
a December day; (a) GPV power; (b) Water pump flow; (c) Hydraulic
power

than that with P&O. Fig. 10(b) and Fig. 10(c) show the
water flow and the hydraulic power respectively where it
is also noted the superiority of the FLC method. The same
note concerning the results of the three controllers during
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an august day where Fig. 11(a) shows the GPV power, Fig.
11(b) shows the water flow pump and Fig. 11(c) shows the
hydraulic power.

From Fig. 10 and Fig. 11, it is noted that at sunrise and at
sunset, both methods FLC and SMC are higher than P&O

2000
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Fig. 11 Comparison of PVPS response utilizing three controllers for an
August day, (a) GPV power; (b) Water pump flow; (c) Hydraulic power

with a small delay in SMC compared to FLC, However,
during the middle of the day, when big amounts of water
are required, all controllers work fine.

As it can be seen in Fig. 12, When the FLC and SMC
are used, the pumped volume is clearly greater than when
the conventional method is used, with slight elevation of
FLC technique.

Once again, the proposed FLC control proves its effec-
tiveness by showing better results than SMC and P&O under
real data climate conditions of both autumn and summer day:.

5 Conclusion
The aim of this paper is to present a comparative analysis of
different MPPT techniques for solar water pumping system
without batteries using BLDC Motor in order to meet the
irrigation of 8 hectares of agriculture land of onion farming.
A proposed control with FLC and SMC based MPPT
is presented. MATLAB and its Simulink have been used
to develop and simulate the proposed system. The sim-
ulation findings verify the system's design and perfor-
mance, demonstrating that FLC and SMC, when com-
pared to P&O, produce more reliable results in terms of
good tracking, stability, and fast response time under vari-
able solar irradiations while the FLC has proven its worth
in the quick PVPS response which improves the efficiency
of PVPS. This last allows the irrigation of the agricultural
land successfully and satisfactorily.
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Fig. 12 Comparative histogram of water volume
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Appendix

The parameters of Brushless Direct Current Motor used in
the PVPS are [2]:

rated speed (V.

rated

=2500 rpm),

pair pole (P =2),

stator resistance (R = 2.875 Q),

stator inductance (L = 8.5 mH),

torque constant (K, = 1.4 Nm/A),

voltage constant (K, = 146.6077 VL-L/krpm).

Table A1 The boost parameters

Parameters Values
PV array voltage W) 150V
DC link voltage (V) 360 V
Switching frequency ( f) 10 Khz
The boost convert duty ratio (D) 0.583
Inductance (L) 14 mH

Capacitance (C) 467uF
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