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The focus of this paper will be on the development of a photovoltaic (PV)
pumping system that employs a DC-DC boost converter as an intermediate
power conditioning unit in a centrifugal water pump powered by a brushless
DC (BLDC) motor supplied by a solar photovoltaic panel (SPV). This work
describes a particle swarm optimization (PSO) maximum power point
tracking (MPPT) method compared with the gray wolf optimizer (GWO)
method that are closed-loop with a sliding mode controller (SMC) in order to
control the operational point of a solar PV in partial shading conditions (PSC),
the DC-DC boost converter provides a low starting current for the BLDC
motor, and the voltage source inverter (VSI) is used to perform electronic
commutation of the BLDC motor. Furthermore, the BLDC motor's speed is
regulated by the changeable DC link voltage. The system under consideration,
as well as the control approaches employed, were created in the
MATLAB/Simulink environment.
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1. INTRODUCTION

Rural and remote areas where there is no access to electricity networks, suffer from an increased lack
of water. This shortage has led to a growing interest in the use of photovoltaic (PV) generators as an energy
source. Indeed, the practical and cost-effective solution to the problem of water scarcity is to implement a
stand-alone PV pumping system. Motors absorb more than 40% of the energy consumed in driving systems.
As a result, motors are critical in applications requiring electric drives, such as pumping water in a solar system
[1]. Induction motors AC first drew a lot of attention for water pumping systems [2], [3] due to its simplicity,
low construction cost, and low maintenance. However, as speed increases, brush friction necessitates more
precise control, reducing useful torque [4]. The hunt for a superior substitute for induction motors led to the
creation of brushless DC (BLDC) motors. In this regard BLDC motors have become popular in the automotive,
robotics, and medical industries in this respect. These motors have several advantages over other types of
motors, including silent operation, extended life, excellent efficiency owing to smooth speed control, enhanced
power density, and reduced electromagnetic interference [1], [5].

The power efficiency of the gross premium valuation (GPV) has a major influence on the performance
of a PV pumping system. Because PV systems are non-linear, the use of an maximum power point tracking
(MPPT) control rule is required to assure maximum power transfer to the load [4]. Several MPPT approaches
are available in the literature to reach this maximum power point (MPP) [6]-[8]. Among the most commonly
used traditional approaches are the perturb and observe (P&O) method, the incremental conductance (INC)
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method, the fractional short circuit, and the fractional open voltage circuit [7], [8]. However, because the MPP
varies with sunshine and season, it is difficult to keep this sort of MPP tracker running. There was a
considerable loss of electricity. Due to the difficulty in detecting the precise MPP when the P-V characteristics
include several peaks [9], [10], the system has become less efficient under changing irradiation conditions [11].
To solve this problem, many improved MPPT algorithms, fuzzy logic, and artificial intelligence-based systems
have been created, in order to assess the system's dynamic reactivity, and provide better MPP monitoring. This
work describes a particle swarm optimization (PSO) method compared with the gray wolf optimizer (GWO)
method that have closed-loop with a sliding mode control (SMC) for a weather-aware PV water pumping
system. SMC is recommended as a particularly suitable approach to cope with variations in solar radiation for
PV system operation [11], [12]. In general, the selection of DC-DC converters is critical in defining the best
performance of BLDC drives, and as a result, enhancing the output of the renewable energy system [3]. In the
PV system, various types of DC-DC converters, such as buck, boost, buck boost, cuk, and single ended primary
inductor converter (SEPIC) [3], [8], [9], [13], [14], are implemented with the following considerations in mind:
high output voltage gain, low input current, low current ripples, higher efficiency, minimal cost, higher
efficiency, high maximum power flow, and easy system drive [15]. Figure 1 shows a schematic design of the
investigated water pumping system. This system is made up of PV solar panels, a boost DC-DC converter, a
three-phase inverter voltage source inverter (VSI) operated BLDC motor and a centrifugal pump.

The following is an excerpt from this article: in section 1, there is an introduction. Section 2 presents
the studied system's configuration (solar photovoltaic panel (SPV) network, DC-DC boost converter, BLDC
motor, and centrifugal pump). Section 3 presents the studied system's control (PSO and GWO algorithms and
SMC). Section 4 presents the results and analysis using the MATLAB/Simulink environment and conclusion
in section 5.
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Figure 1. Solar pumping system design

2. SYSTEM DISCRIPTION
2.1. Photovoltaic panel

PV module efficiency varies with the quantity of light received. Figure 2 depicts the corresponding
circuit model of a solar cell [9] and is characterised by (1)-(4):
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With L, and V,,,, are respectively the PV panel current and voltage, N, is the number of PV module cells, K is
the Boltzmann constant (1.3806503e—23 J/K), T is the cell temperature in Kelvin, q is the electron charge
(1.60217646e—19 C), I, is the saturation current at T , I, is the photo-current measured under the standard
conditions Eg., Ts. (Esc =1,000 W/m2 and T,. =25 °C), and J; is the temperature coefficient of the short circuit-
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current. The key parameters for utilizing this model in simulation are shown in Table 1. To illustrate the
behavior of the PV model, the current-voltage and power-voltage curves of the model for different irradiation
values at constant temperature (25°) are shown in Figure 3.

PV module efficiency varies with the quantity of light received as presented in Figure 4(a). As a result,
it is critical to investigate the qualities of a PV module under various irradiation scenarios, such as uniform
irradiation and partial shading conditions (PSC), where multiple local and global MPPs may be seen on the P-V
characteristics curve [6], [10] as seen in Figure 4(b). The use of bypass diodes linked in parallel to each PV module
during PSCs reduces the possibility of a hot spot, in which the shaded module works as a load rather than
generating power [16]. The top peak in Figure 4(b) for the PV array is the global peak, which is successively
equivalent to 188.53 W for profile 1 and 131.89 W, while the others are local peaks.

Ip R, Tew
1
o H R., Voo

Figure 2. Single diode circuit of a PV module

-
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Table 1. Parameters of the PV array

Current (A)

Parameters Nomenclature Values 5
Voltage at open cct Voe 217V 0- 14
Short cct-current Igc 73A Voltage (V)
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Figure 4. Under PSC: (a) structure of the PV panel and (b) the I-V and P-V characteristics of the PV panel

2.2. DC-DC boost converter design

Choosing DC-DC converters in general is the best approach for determining the optimal performance
of BLDC motors and therefore optimizing solar system production. Indeed, the SMC is designed to follow the
voltage reference V., by adjusting the duty cycle of this DC-DC boost converter. Figure 5 is an example of a

boost converter, and its average model is given by (5):
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The relation between the input and output voltages is shown in (6):
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Figure 5. The boost converter circuit

2.3. Modeling of brushless DC motors, commutation, and voltage source inverter switching

BLDC motor is also called electronically commutated motor [7], [8], [13]. This electric actuator is said
to be the best for solar pumping in Figure 6. The main purpose of electronic commutation is to operate a VSl in
such a way that the DC current drawn from the DC link capacitor is symmetrically placed over 120° in the center
of each phase. To achieve this, the rotor position must be monitored at each switching time, i.e., every 60 electrical
degrees or six times in an electrical cycle. To do this, the position information is taken by a position sensor, often
a hall sensor [17]. When the magnetic poles of the rotor approach the hall sensors, they create a separate set of
three hall signals (h,, h,, and hs3). These signals are digital in nature and are logically transformed into six
switching pulses (s;, s, S3, S4, Ss, and s¢) that are used to control the VSI switches [14], [18].

PV Array DC/DC Boost Converter Three phase VSI

‘ D 6 Electronic

> v commutatio

s{1 -8

S
Sawtooth carrier wave

Figure 6. Configuration of the proposed SPV array and boost converter powered by a BLDC motor for a
water pumping system

The comparison of the duty cycle generated by the MPPT/SMC assembly with a high frequency
sawtooth carrier wave (to keep the symmetry) gives us a high frequency pulse width modulation (PWM) pulse.
A logic AND gate is used for fundamental frequency modulation [8], [14]. As an example, the conduction
states of two switches (s, and s,) of a VSI supplying a BLDC motor are shown in Figure 7.
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Figure 7. A BLDC motor powered by a VSI during the conduction states of (s;and s,)
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The MPPT algorithm generates a duty cycle for the VSI, which controls the link voltage Vpc. Then, as
the atmospheric conditions change, so does the power supply by the PV and the speed of the BLDC
motor [13], [18]. The role of power conditioning is to maximize the energy transfer between the PV array and the
pumping unit. The power conditioning is provided by a DC/AC inverter. The three-phase inverter voltages
(Va, Vb, and V,) are represented by (7)-(9) [15]. It should be noted that the BLDC motor stator phase currents (i,
ip, and i.), flux links (14, 15, and A.), and back emfs (e,, e;,, and e.) have trapezoidal waveforms [13], [19].

Vo =Rala+ Aa+eq With  Ag = (Lo — L) 5"
dip

Vb = Rbib + Ab + ep with /‘lb = (Lb - Lm)E

(7
dic

Vo=Reic+ Ac+e. with A= (Le = L)%

Where R, care winding resistance of stator winding, L, . are self-inductance of each phase of the stator
winding, and L, is mutual inductance in any two phases. The back electromotive force is represented in (8),
as a function of the rotor position @ at flux 4, and speed w, . It is worth noting that f () has the same trapezoidal
shape as the counter-electromotive force per phase [20], where x represents the three phases (a, b, or ¢).

e, = f(O)Lw, (8)

The BLDC motor's output electromagnetic torque T,,,. is determined from the output power P, and the
mechanical rotor speed is w, [13], provided in (9):

_ b — Y exix (9)

T =
eme =, Wy

The BLDC motor in our proposed system is connected to a centrifugal pump via its shaft [18]; the
choice of this type of pump is related to its ability to operate at its rated speed and power for long periods of
time even in the presence of partial shading, and thus its ability to pump a large volume of water while
delivering a relatively high overall system efficiency. Water pumping necessitates a torque T proportional to
the square of the motor speed w,.. The characteristic torque looks (10) [19], [21]:

Tp = Kpa)rz (10)

3. MAXIMUM POWER POINT TRACKING CONTROL TECHNIQUES
3.1. Particle swarm optimization

In the search space of a PSO system, flies a swarm of individuals (particles) that represent a candidate
solution to the optimization problem [22]. Each particle is fully characterized in terms of position z; and
velocity ¢; as shown in (11) and (12). Initially, the particles are randomly initialized in the search space of the
problem. Then, at each iteration, each particle moves and uses two final values to update their positions and
velocities [23], [24]. The flowchart of the MPPT-based PSO is given in Figure 8(a).
zf* =z + o (11)

i i
1 = wol + myry (Ppese — 2I) + Moty (Gpese — 2f) (12)

Where, w is called the inertia weight, m,; and m, considered as acceleration coefficients, r; and r, as random
variables uniformly distributed within [0, 1], k is the iteration number, Py is as the personal best position of
particle, and Gy, is called the best position of the particles for entire swarm population [23].

The reference voltage and output power of the PV system are determined sequentially by the position
and velocity of the particle swarm when using the PSO approach in the MPPT domain [22]. As a result, (11)
may be changed as (13):

Veiri = Veéra + Pii? (13)

Indeed, after each cycle, the particle with the greater power remains fixed in its position, while the other
particles move in accordance with the position xi. Finally, after the required global maximum has been obtained, the
ideal voltage is saved and returned as the output signal to be tracked PWM. The PSO optimizer runs as long as the
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load requires power [25]-[27]. Clearly, changes in air conditions have an impact on power production and voltage.
As aresult, as (14) and (15) is used to validate the detection of fluctuations in power and voltage [27]:

Psi—Ps,(i-1)

= AP, (14)

[Vieri = Veer iieny| < AVser (15)

Where AP,,; and AV,,, are the power and voltage thresholds, respectively. These ones are predetermined by
the user (i), (i-1): the current and the previously measured values, respectively. The parameters of the PSO
algorithm employed in our study are w=0.1, m;=m,=1.2, ra, =ra,=0.5, size of population is 5, and dimension
number is 1.

3.2. Grey wolf optimization

GWO is a novel meta-heuristic algorithm inspired by grey wolves. The wolves in the pack are
classified into four types based on their physical shape and strength: alpha (o), beta (), delta (5), and
omega () [5], [28]. The GWO utilized (16)-(19) [29] and the flowchart of the proposed GWO-based MPPT
algorithm is shown in Figure 8(b).

D =|C.X,() — X, ()| (16)
X(G+1)=X,(j) —A.D (17)
A=2ab, —a (18)
C=2b, (19)

Where j is the current iteration; D, A, and C are the coefficient vectors; X, is the position of the prey; X is the
position of grey wolf; a is a variable which linearly decreased from 2 to 0 over course of iterations that
resembles approaching the prey, and b,, b, are a random variable whose value is [0-1].
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Figure 8. Flowchart for (a) PSO MPPT algorithm and (b) GWO MPPT algorithm
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When using the GWO approach to track maximum power, the reference voltage V,..( is specified as a
gray wolf in this paper as shown in (20). Firstly, it is necessary to initialize the population (number of wolves)
in our case it is considered three (the number of PV module) by setting minimum and maximum limits, then
we calculate the PV power that determines the fitness value of the wolves, by determining two values as first
and second maximum power. The search ends when the maximum PV power is obtained (the prey stops
moving) after updating the positions. Each change of irradiation allows to reinitialize the search by validating
as (21) [28], [30].

Vies G+ 1) =V (j) —A.D (20)
Ppy—Prm,
|—me | = ap 1)

Where B, is the current global MPP of the panel. In the case of PSC, B,, will be much lower than P,, and AP
is set at 0.05 to have better performance.

3.3. Sliding mode controller design

The SMC is a type of controller applied to non-linear systems, known for its robustness and ease of
implementation compared to other non-linear control techniques [31]. A typical SMC includes two operating modes
(bisectional). First, the sliding surface must be chosen in such a way that the system dynamics are stable, and then a
control must be designed to make the switching surface appealing to the system state [27], [32], [33] as (22):

{y=vw @2

Yrer = Vréf
The tracking error £ is (23):
E=Y = Vres (23)
First, the sliding surface defined as (24):
— d r-1
s=(v+3)€ (24)

With W is the positive constant, and r is the relative degree E. The derivative of output y is (25):

1 1

5’ = Vpv = alpv - C_IIL (25)
Using (3) and (6), the second derivative of y can be represented as (26):

. : 1 s 1

§=Vpy = lpy = E(vpv —(1-d)Vy) (26)

As can be seen, the second derivation of y results in the appearance of the law control, which is the
duty cycle d of the DC/DC boost converter. As a result, the relative degree r would be 2. Therefore, the sliding
surface displayed in (24) will be (27):

da

s=(¥+5)e (27)
Its time derivative is expressed as (28):

S=WE +& (28)
Where the second time derivative is expressed as (29):

E= y - y réf= %v - Vréf (29)
By substituting (5) for (29):

E=21j  —— (va -(1- d)VS) — Vs (30)

o P g
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Assuming Vréf and Vréf set to zero, the time derivative of the sliding mode surface is (31):

S= A, + éi,,,, —— (V= (1 = DV) (31)

Ly
The stability of the system can be obtained via the analysis of the Lyapunov theory defined positively as (32):
V=252 (32)

It is only necessary that the derivative with respect to time of the Lyapunov function is negative while the
coefficient k must be positive (33):

V =58 = —ksign(S) (33)

The convergence to zero in finite time of the sliding surface assures that the system will be asymptotically
stable, the first-time derivative of S should be (34):

. . . 1. 1

$ = —ksign($) = Wy + - Lpy = E(v;,v -(1-dV,) (34)
The duty cycle control d can be found as (35):
L

c . : 1 Vow
V: [kszgn(S) + Vi + c_llp"] - % +1 (35)

d =

4. SIMULATION RESULTS AND DISCUSSION

The setup under consideration in this study consists of three PV modules linked in series, each with
20 cells as shown in Figure 9, the selected module is AMETEK. MATLAB/Simulink was used to analyze the
performance of the proposed system discussed in section 2. Table 1 shows the SPV specification and Table 2
shows the boost converter parameter that was utilized to power the BLDC motor-water pump (TETRA
142TR12 series) are defined in Table 3. Two irradiation profiles have been considered in this study: profile 1
is the three PV modules receive initially between [0,1 s] an irradiation of 800 W/m2, 700 W/m2, and
1,000 W/m2 at 25 °C and profile 2 is between [1 s, 2 s] they receive 560 W/mz2, 490 W/mz2, and 700 W/m?2 at
25 °C. It should be noted that these shifts are sudden, which is not realistic in practice.

Model of One PV Module

1] v

Temp C1

Variable
DC Source

PV cells
41-80

Temp CZ

Figure 9. Model of partially shaded PV panels
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Table 2. The three-phase inverter’s switched states
Hall signals Electronic commutation
hy hy hy Sa

Intervals

NA
0-60
60-120
120-180
180-240
240-300
300-360

1%}
[

1%}
=

oOrRrRrPRPRERLROO
PrROORPRO
RPORRORO
oOrPrOOOO
coocorrooly
rooor ool
oOrOoOO0OORrRO
cocor or ol
roroOoOOOO

Table 3 .Parameters of BLDC motor

Parameters Values
Stator phase resistance 23Q
Stator phase inductance 0.05e-3 H
Rated power 200 W
Rated speed 600 rpm
Voltage constant 11 V/krpm
Flux linkage 0.052521 VI/s
Inertia 0.0008 kg.m?
Viscose dumping 0.001 N.m.s
Pole pairs 1
Torque constant 0.10504 N.m/A

4.1. Performance of solar PV array

The two irradiance profiles considered in this paper are shown in Figure 10(a). A strong ripple in MPP
voltage and power can be observed when PSO and GWO MPPT techniques are implemented, as shown in
Figures 10(b) and (c), respectively. The PSO MPPT technique expects a voltage of 32.95 V, while that achieved by
GWO is 32.66 V. The maximum power seen in the two MPPT methods proposed in this work is 186.3 W (PSO and
GWO). Because the system under consideration begins with a radiation of 700 W/m?, there are high transients
induced by the GWO method at all levels of irradiation in the profile 1, resulting in a significant loss of power. When
the shade pattern changes in profile 2, a new P-V curve is depicted in Figure 10(b), and both algorithms search the
P-V curve for a new MPP. The combined maximum power of the two systems shown is 104 W. The PSO method
allows for a 0.3 s stabilization time to attain the MPP in the transient state during [0-1 s]. The graphs of voltage and
PV power are zoomed in on the 0.2-1 s intervals to highlight the transient and steady state ripples, respectively.
During the interval [1,2], both methods exhibit the same performance and voltage and maximum power levels. As
the irradiance changes, the SPV array's power tracking improves dramatically. Under shifting climatic
circumstances, the MPPT approaches clearly optimize the SPV array power.

T . | r : . | . ~
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o
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Figure 10. Performance of SPV array under PSC: (a) irradiance profile, (b) PV generator voltage, and (c) PV
generator power
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4.2. Performance of DC-DC boost converter

The performance of the boost converter is shown in Figures 11(a) and (b). They are associated with the
duty cycle in Figures 11(c) and (d). The continuous conduction mode of operation is maintained even when the
irradiance varies. Boost's conductance current [, is 5.8 A when PSO MPPT is used, and it increases from 4.72 A to
5.76 A when GWO is used for [0-1 s]. The I; conductance current is 4.22 A for the second profile between [1-2 s],
according to both MPPT algorithms investigated. The DC link voltage is represented by the boost output voltage V; ,
varies from a low of 23 V during [1-2 s] to a high of 32 V during profile 1 [0-1 s]. When compared to the GWO
approach, the PSO algorithm greatly reduces the ripple content of the inductor current and link voltage.

@

|V e e | pso | < | W W v PSO
P >
= GWOo e V k ewo [
m . =1 =1
> 5
o T T i T 1 =
2 5 9
= ]
[} i o
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£ |
] | ] i | | |
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@ (b)
] | Pso ewo
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Times(s) Time(s)
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Figure 11. Boost performance when implementing the PSO and GWO MPPT techniques: (a) link
voltage V (s), (b) inductor current I, (c) duty cycle for PSO MPPT, and (d) duty cycle for GWO MPPT

4.3. Performance of BLDC motor-pump

Figures 12(a)-(d) (in Appendix) for GWO MPPT and Figures 13(a)-(d) (in Appendix) for PSO MPPT
show the BLDC motor parameters. In the first profile, the BLDC motor reaches its maximum speed of
522 rpm in 0.4 s using PSO MPPT, while the GWO algorithm require 0.5 s. Due to electronic commutation,
the BLDC motor creates electromagnetic torque with pulsations. The PSO MPPT method generates the least
torque ripple. The soft-switching technique regulates the motor stator current via the DC-DC boost, and it
achieves the rated intermediate circuit current of 5.78 A in 0.08 s.

The PSC slows down the pace in the second profile. The waveform in Figures 11(c) and 13(c) shows
that the BLDC motor achieves 399 rpm using both approaches given. The motor may also run at 50% of the
irradiance, or 500 W/mz2. As illustrated in Figures 12(d) and 13, the speed and electromagnetic torque may
smoothly follow irradiance fluctuations. Due to the electrical switching of the VSI, pulses can be seen in the
electromagnetic torque of the BLDC motor Figure 12(d).

5. CONCLUSION

This study describes how to use SMC theory on a DC-DC boost converter to power a water pump
with a BLDC motor under various climatic circumstances. The flexible control provided by PSO and GWO
MPPT has enabled the intelligent and efficient operation of the solar water pumping system via the boost to
satisfy the initial objectives of MPPT extraction, smooth speed variation, and soft starting of a BLDC motor.
The designed controller was able to predict the duty cycle for the boost converter to extract the maximum
available PV power and ensure the soft start of the BLDC motor. The transient and steady state performance
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of the PSO MPPT method compared with GWO reveals that the power tracking efficiency of the PSO MPPT
algorithm is the highest.

APPENDIX
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Figure 12. Performance of BLDC motor-pump under variable solar irradiation with GWO algorithm:
(a) back emf e, (b) stator current I, (c) stator speed w,., and (d) electromagnetic torque T,
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