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Abstract: Photovoltaic (PV) water pumping systems are becoming popular these days. In PV water
pumping, the role of the converter is most important, especially in the renewable energy-based PV
systems case. This study focuses on one such application. In this proposed work, direct current
(DC) based intermediate DC-DC power converter, i.e., a modified LUO (M-LUO) converter is used
to extricate the availability of power in the high range from the PV array. The M-LUO converter is
controlled efficiently by utilizing the Grey Wolf Optimizer (GWO)-based maximum power point
tracking algorithm, which aids the smooth starting of a brushless DC (BLDC) motor. The voltage
source inverter’s (VSI) fundamental switching frequency is achieved in the BLDC motor by electronic
commutation. Hence, the occurrence of VSI losses due to a high switching frequency is eliminated.
The GWO optimized algorithm is compared with the perturb and observe (P&O) and fuzzy logic
based maximum power point tracking (MPPT) algorithms. However, by sensing the position of
the rotor and comparing the reference speed with the actual speed, the speed of the BLDC motor
is controlled by the proportional-integral (PI) controller. The recent advancement in motor drives
based on distributed sources generates more demand for highly efficient permanent magnet (PM)
motor drives, and this was the beginning of interest in BLDC motors. Thus, in this paper, the design
of a high-gain boost converter optimized by a GWO algorithm is proposed to drive the BLDC-based
pumping motor. The proposed work is simulated in MATLAB-SIMULINK, and the experimental
results are verified using the dsPIC30F2010 controller.

Keywords: PV water pumping; high gain DC-DC converter; modified LUO converter; hybrid MPPT
algorithm; grey wolf optimizer

1. Introduction

The brushless DC (BLDC) motor is commonly used for low and medium power applications
because of its high torque/inertia ratio, high efficiency, low electromagnetic interference and lower
maintenance. The BLDC motor is also widely used in aerospace, medical, servo appliances, electric
vehicles and robotic applications [1,2]. These motors need electronic commutators, which require
information about the rotor position to achieve commutation using a voltage source inverter.
The speed-torque characteristics of BLDC motors are very significant, and there is no need for
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the placement of brushes, which in turn reduces the copper and eddy current losses. Due to its
permanent magnet excitation, no excitation losses occur, and this enhances the efficiency of the BLDC
motor to a sufficiently high value. Photovoltaic (PV) systems can be used to supply power to the
BLDC motor for the pumping application [3]. In the conventional method, the motor is driven utilizing
a single-phase controlled bridge rectifier. At the output side of the rectifier, a smoothening direct
current-link (DC-link) capacitor is used [4]. Owing to the unbalance in the charging and discharging
of the DC link capacitor, a higher peak current compared to the fundamental input current occurs,
distorting the input alternating current (AC) current. Due to this very high current, the total harmonic
distortion (THD) also increases in the range of 65%–70%. Thus, power quality problems occur, in
addition to the notching effect and crest factor [5,6].

The BLDC motor drives typically work in a two-phase conduction mode, and during the
commutation period it switches over to the three-phase conduction mode. This process is known
as overlapped commutation mode. Due to this, there will be an increase in the overlapping current,
which in turn produces commutation torque ripples in the BLDC motor drive [7]. Direct current-direct
current (DC-DC) converters are classified as non-isolated and isolated converters. The isolated DC-DC
converters are used for high voltage conversion where the conduction loss may occur owing to an
energy transfer from secondary to the primary winding. However, the non-isolated DC-DC converters
are quite reasonable as they are only used for low voltage conversion [8]. The non-isolated DC to DC
converters has many salient features when used with the PV system [9]. Overall, the non-isolated DC
to DC converters has an excellent performance in the PV system [10]. When the converters operate in
a Continuous Conduction Mode (CCM), they offer reduced stress on the switches of the converters,
but still, the need for three sensors, a power supply and dc-link voltages increase the cost of converters.
When the converter operates in a discontinuous mode, it offers more stress on the converter switches,
which requires a mono voltage sensor for controlling the dc-link voltage [11].

The selection of DC-DC converters plays a vital role in deciding the optimum performance of
BLDC drives. Research in the field of renewable energy sources shows that general integration has
been done with the DC-DC converter topology. From various literature reviews, it is shown that
buck converters have been used in speed drive regulation and the reduction of torque ripple by pulse
width modulation (PWM) chopping techniques [12]. Richter, 2017 [13] and Singh & Bist 2015, [14]
discussed several configurations related to converter-fed BLDC drives. In most cases, the boost
converter configuration has been given much importance despite its disadvantage of switching losses
that occur in VSI due to the high-frequency PWM signal. For overcome this, low-frequency switching
signal based electronic commutators is put in use to control the speed of BLDC drives through
voltage source inverter’s (VSI) [15]. Variable voltages of the Cuk converter VSI have been used for
controlling the speed and VSI functions at the fundamental frequency, thereby reducing switching
losses. The main drawback of this system is that, in CCM mode, three sensors are required to limit the
voltage and control the speed of the BLDC drive. It also provides an inverting output, which increases
the system complexity and slows down the system response, which would, therefore, not match with
the system’s requirement [16]. Kumar & Singh 2014, [17] used the buck-boost converter for water
pumping application and for soft-starting the BLDC by proper control. Buck-boost converters have a
discontinuous output current which produces ripples and switching losses in VSI. Kumar & Singh
2016, [18] used a Zeta converter, where PWM pulses have controlled the voltage source inverter’s
switching sequences. Due to this, a high switching loss occurs on the VSI. Berkovich et al., 2015 [19]
used LUO converter with the switched inductor to boost the voltage, and by adding a magnetically
coupled inductor, diode and capacitor, the voltage gain is multiplied. A PV system-fed BLDC motor
with a Cuk converter-based maximum power point tracking (MPPT) algorithm eliminates the ripple
filter, and speed control is achieved through a variable DC link voltage [20]. Depending on the
application, different DC-DC converters can be used in renewable energy sources to improve the
efficiency of the system [21]. An MPPT based on the Fuzzy and Artificial Bee Colony (ABC) algorithm
with a zeta converter was designed, where the sensors and PI controllers in the system often got
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affected due to the environmental conditions [22]. The closed-loop speed control of the BLDC motor
is implemented with the dSPACEDS1103 controller for controlling the speed at a reference value for
low to high speeds [22]. Additionally, by self-tuning the fuzzy proportional–integral–derivative (PID)
controller, the rotor speed is forced to track the reference speed at all times [23]. The closed-loop speed
control of the BLDC motor is obtained from the optimized fuzzy algorithm [24]. A DC-DC boost
converter is utilized between the solar PV array and permanent magnet motors, by which the friction
between the brushes increases and the torque is lowered [25].

A simple and efficient solar water pumping system using a modified LUO converter has been
proposed in this paper. A BLDC motor is attracting much interest, because of its higher efficiency,
better performance and simple control when applied in many applications. The induction motors have
a nearly 10% lower efficiency than PM motor drives for energy saving applications. The increase in
energy demand spurs higher demands for variable speed PM motor drives. A modified LUO converter
with an efficient grey wolf optimizer (GWO) MPPT algorithm extracts the maximum power from the
PV panel. This converter also provides a low starting current for the BLDC motor, which overcomes
the torque ripple problems in the BLDC motor.

The manuscript is structured as follows, in six different sections: in Section 2, the systematic
working of the proposed system is presented. In Section 3, the design of the proposed system
considering each electrical component is discussed, and detailed mathematical modelling is given.
Section 4 presents a brief theory on the perturb and observe (P&O), fuzzy and GWO MPPT algorithms,
as well as a detailed flow chart of the GWO algorithm. The simulation and experimental results of the
proposed system are presented and discussed in Section 5. Finally, the main conclusions are drawn
from the study and views on future works are given in Section 6.

2. Systematic Working of the Proposed System

The configuration of the developed solar-fed BLDC motor using a modified LUO converter
is shown in Figure 1. The proposed modified LUO converter operates with a single switch in a
continuous conduction mode. This increases the efficiency and suppresses the ripple in the output
voltage. The single switch operation reduces the switching stress of the converter. The continuous
conduction mode reduces the heat produced in the power semiconductor devices.
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The proposed GWO-optimized algorithm reduces the maximum power tracking time and makes
the output voltage nearly constant. This constant voltage is fed to the three-phase electronic commutator,
which converts the DC into three-phase AC voltage. For find the rotor position, three hall sensors are set
up in the rotor displaced by 60◦ mechanicals. The input current is continuous because of the modified
LUO converter, and this makes the BLDC motor make a soft starting. The proportional-integral
(PI)-based motor speed control achieves a constant speed of operation [26]. This makes the proposed
work highly efficient in a way that could easily be carried out in a low-cost budget. The proposed
system is developed using the dsPIC30F2010 microcontroller by Microchip Technology Inc., USA,
and the experimental results are verified using the MATLAB Simulink tool by MathWorks, USA.

This system consists of a 1000 W solar panel, insulated-gate bipolar transistor (IGBT)-based
modified LUO (M-LUO) converter with an active snubber circuit and IGBT-based VSI with a 3 phase,
1 horsepower (HP) BLDC motor employed with a Hall Effect sensor. Additionally, a dsPIC30F2010
controller is used as a pulse generator, which is controlled by the GWO algorithm. The driver circuit
drives the IGBT switch. The system functions when the input from the solar array voltage is given to
the modified, LUO converter for maintaining constant voltage, with less ripple content delivered to
the inverter system.

The output of the LUO converter is used as an input for the GWO algorithm. For tracking the
maximum power, the proposed GWO algorithm is advantageous. This algorithm produces PWM
pulses based on the variation of the PV panel voltage, thereby adjusting the duty cycle of the M-LUO
converter. In the M-LUO converter, the elementary LUO converter is added with one extra inductor.
This converter acts as a second-order low pass filter, and therefore it does not require another filter
circuit. This converter with the GWO algorithm provides a constant voltage to all the three phases of the
electronic commutator. Switching is done with the help of Hall Effect voltage sensors. The three-phase
voltage source inverter converts the DC voltage into AC voltage to provide power to the BLDC motor.
The inverter system works at a fundamental frequency to eliminate the high-frequency noise in the
inverter output, and high efficiency is thus attained.

3. Proposed System Design

The modelling steps are explained appropriately to make a compelling design of the proposed
system, capable of operating in certain determined conditions. A BLDC motor with 1 HP power and
a solar panel of the maximum power capacity of 800 W under standard test conditions (STC) are
deliberated. Figure 2 shows a schematic representation of the solar cell. In Figure 2a,b, the simplified
diagram and the equivalent diagram of the solar cell are represented, respectively. The current Iph
represents the current generated due to photons. Iph mainly depends on the incident radiant energy
emitted by the sun and its temperature. One single solar cell is designed by using one photon source
current, one diode and one set of series and shunt resistors grouped in a series and parallel fashion,
forming a photovoltaic cell.
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3.1. Modelling of the Solar Cell

The output current from the solar cell is:

I = NP × Iph −NP × I0 ×

e(
V
Ns

+I× Rs
NP

n∗Vt
)−1

− Ish (1)

The diode thermal voltage is given as:

Vt =
k× T

q
(2)

The shunt current is given as:

Ish =
V × NP

Ns
+ I ×Rs

Rsh
(3)

where NP is the number of modules connected in parallel; Rs is the series resistance; Rsh is the shunt
resistance; and the diode thermal voltage is Vt.

With the available physical and mathematical model, various parameters of the solar cell can be
estimated. These include the estimated power, output voltage and maximum short circuit current.
In the proposed study, a solar panel with the specifications shown in Table 1 is used.

Table 1. Specification of the solar panel.

Parameter Value with Units

Peak power (Pmp) 100 W

Open Circuit Voltage (Voc) 22.68 V

Short circuit current (Isc) 5.86 A

Peak power voltage (Vmp) 18.75 V

Peak power current (Imp) 5.42 A

Number of series-connected cells (Ns) 36

3.2. Design of the Proposed System

The design of the M-LUO converter-fed BLDC for the water pumping application is discussed in
this section. The components, such as the input inductor, capacitors L1 and C1 respectively, output
inductors L2, L3 and output dc-link capacitor C2 work in a continuous conduction mode with low stress
on the devices and its elements. Depending on the duty cycle, the mode of operation can be changed.

Duty cycle = Vout/(Vout + Vsolar) = 300/(300 + 56) = 0.84 (4)

where Vout is the average value of the output voltage of the LUO converter, which is equal to the BLDC
motor’s input voltage.

The estimated output current can be written as:

I0 = Pout/Vout (5)

The BLDC motor rating is taken as Pout = 746 W:

I0 = 746/300 = 2.48 A (6)
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Then, the estimated maximum permitted ripple values of L1 and C1 are:

∆IL = Io ×
V0

Vin(min)

= 2.48 (300/56) + 30% ripples
= 13.28 + 3.98
= 17.26 A

(7)

∆IL = ∆Il1 = ∆Il2

The inductor L1 in the modified LUO converter is calculated by the following equation:

L1 = DVsolar(in)/ fsw∆Il1

= 0.84× 56/10× 103
× 17.26

L1 = 0.273 mH
(8)

The inductances L2 & L3 in the modified LUO converter are calculated by the following equation:

L2 = (1−D)Vsolar(in)/ fsw∆Il2

= (1− 0.84) × 56/10× 103
× 17.26

L2 = 0.052 mH = L3

(9)

The change in the capacitor voltage across C1 is given by:

∆Vcs = I0 ×D/Cs fsw

= 2.48× 17.26/10× 10−6
× 10× 103

∆Vcs = 428.04 V
(10)

The following equation calculates the capacitor C1 in the modified LUO converter:

C1 = I0 ×D/∆Vcs fsw

= 2.48× 0.84/428.04× 10× 103

C1 = 486 nF
(11)

3.3. Modelling of DC-Link Capacitor

For the estimate, the VSI DC-link capacitor, the harmonic content present in the AC supply is
reflected on the DC side as a prior harmonic in the three-phase supply system. The minimum and
the maximum speeds for the BLDC motor can be calculated through the fundamental frequencies of
the VSI. These two frequencies ωmax and ωmin are further used to calculate the dc link capacitance
value which would satisfy the operation of the solar panel when working below the reduced level of
irradiance. The highest capacitor value is chosen for designing a DC-link capacitor.

The fundamental output frequency of VSI corresponding to the maximum and minimum pumping
speed requirement is:

ωmax = 2π fmax = 2πNmaxP
120

= 2π× 1500× 6
120 = 471.20 rad/s

(12)

ωmin = 2π fmin = 2πNminP
120

= 2π× 1000× 6
120 = 314.15 rad/s

(13)

where fmax is the maximum fundamental frequency in Hz, fmin is the minimum fundamental frequency
in Hz, and P is the number of poles of the BLDC motor.
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The corresponding capacitor can be calculated as:

C0 max = I0
6 ×ωmax × ∆Vout

= 2.5
6 × 471.2× 24× 0.05 = 736.8 µF

(14)

C0 min = I0
6 ×ωmax × ∆Vout

= 2.5
6 × 314.15× 24× 0.05 = 1105.27 µF

(15)

where ∆Vout is the amount of the maximum permissible ripple voltage. Finally, C0 min is chosen to
construct the DC link capacitor.

3.4. Water Pump Design

The water pump design relating to the power and speed for the proportionality constant has to
be calculated:

K = P
ω3

max
= 60

(2π× 1500
60 )

3

= 1.52× 10−5
(16)

where P is the BLDC motor’s rated power, and ωmax is the motor’s rated speed in rad/s.

3.5. BLDC Motor Controlled by Electronic Commutation

The BLDC motor is an electronically commutated device and requires data regarding the rotor
position for the proper commutation of the stator current. The BLDC motor needs a quasi-rectangular
shaped input current drawn into the machine. The back emf of each phase is trapezoidal and 120
electrical degrees-displaced. The BLDC motor is rotated in a sequence to energize the stator winding.
Hall sensors sense the rotor position, and it is embedded into the stator. Whenever the magnetic
poles of the rotor are nearer to the hall sensors, the sensors feed a low or high signal. The complete
commutation sequence can be found by integrating the three-hall sensor output. Another important
key factor of electronic commutation is high-frequency switching loss, which can be eliminated by
providing the fundamental switching frequency of VSI. The switching sequences for the electronic
commutation of the BLDC motor are the same as those employed in [18].

4. Maximum Power Point Tracking (MPPT) Algorithm

An MPPT algorithm is implemented to keep track of the changes caused by the environment
and to extricate high power from the solar array. In a system with MPPT, voltage collapse is shunned
when Maximum Power Point (MPP) is near to the operating point. The benefits of using the MPPT
algorithm lie in its robustness and simplicity in implementation. In this paper, P&O, fuzzy logic and
GWO algorithms are compared to extricate high power from the PV system. There are different control
algorithms available to monitor the maximum power point. Among these, P&O and Fuzzy logic are
better choices of control algorithms. The main aim of this control algorithm is to adjust the variation of
the voltage, current and power at the maximum power point obtained under the specific values of
irradiance and temperature.

4.1. P&O Algorithm

In this algorithm based on the previous value of the power, the value of the reference voltage
and current keeps on changing (i.e., increasing or decreasing) until it attains the maximum power
point [27,28]. This perturbation causes changes in the power of the solar module. If the power increases
due to the perturbation, it moves the operating point of the PV array to MPP and continues to disturb the
PV voltage in the same direction. After reaching the maximum power, the next instant power reduces
and consequently reverses the perturbation. The size of the perturbation kept is minimal in order to
maintain the power variation. For set the reference perturbation voltage, the additional Proportional
Integral controller was utilized to calibrate the duty cycle ratio of the MPPT-based converter. It was
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observed that there was some power loss due to this perturbation and that it sometimes also failed
to track the power under rapidly varying atmospheric conditions. However, this algorithm is well
known for its simplicity, showing better stability in the response under slow transient conditions and
at a very high voltage oscillation.

4.2. FUZZY Algorithm

The Fuzzy algorithm overcomes the disadvantages of the P&O algorithm. Fuzzy is one of the
most optimal and attractive technical tools in all control fields as it deals with indefinite and uncertain
information and makes decisions like humans. Thus, fuzzy control is applied to non-linear systems.
The solar panel is a powerful, non-linear system. Various control algorithms have been worked out
under the maximum power point tracking algorithm [29,30]. The fuzzy-based control algorithm is
efficient because it can automatically adjust the output deviation to a constant value based on specific
fuzzy rules. The control rules are framed, and the elements are determined based on the theory that in
the transient state significant errors need coarse control which requires coarse input/output, while small
errors need fine control which requires excellent input/output variables. Based on this, the elements of
the rule table are obtained.

4.3. GWO Algorithm

The grey wolf optimization algorithm is being employed to achieve a better MPPT [9]. Mirjalili
first proposed the Grey wolf algorithm in 2014. It is a mathematical model which follows the social
behaviour of the grey wolf pack when hunting prey. The wolves in the pack are divided into different
categories based on their fitness and strength. The different categories are alpha (α), beta (β), delta (δ)
and omega (ω). The fittest wolf in the pack is alpha (α), while the wolves with a fitness close to alpha
are beta (β) and delta (δ), and the rest of the wolves constitute omega (ω). The same structure is then
used by the pack to hunt the prey by tracking, encircling and attacking. Here, the alpha (α), beta (β)
and delta (δ) wolves play the primary role.

The same phenomenon is considered in the GWO optimization model. The model divides the
available solutions for a given problem into different categories as per their closeness to the desired
output and also moves the solutions towards the desired values, just like the wolf pack tracking the
prey, encircling the solution and finally achieving the desired solution. The solution which falls into
alpha (α) is used by the mathematical model to reach the optimal solution. The equation used by the
GWO to achieve this is given below:

→

X(t + 1) =
→

Xp(t) −
→

A ×
→

D (17)

→

D =

∣∣∣∣∣→C × →Xp(t) −
→

X (t)
∣∣∣∣∣ (18)

Here, it indicates the current iteration.
→

Xp(t) represents the position of the desired output,

and
→

X(t + 1) represents the position of the current solution.
→

A ,
→

C and
→

D represent the vector
coefficients, and these vectors are calculated using the below formula:

→

A = 2
→
a r1 −

→
a (19)

→

C = 2
→
r2 (20)

where the values of the vector a are linearly decreased from 2 to 0 as the iterations proceed, and r1, r2

are randomly chosen vectors in [0, 1].
In this paper, the GWO math model is used to achieve the maximum power point tracking with

the help of a modified LUO converter whose switching pulse’s duty cycle can be varied in an optimal
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way to achieve the maximum power from the PV array. The GWO performs the desired calculations to
achieve MPP. The flow chart for the GWO-based MPPT is shown in Figure 3.
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The duty cycle (D) of the switching pulse of the modified Luo converter represents the Grey wolf.
Therefore, we can rewrite Equation (17) as:

Di(k + 1) = Di(k) −A×D (21)
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The objective function of the proposed GWO algorithm is given by:

Vact(Di(k)) > Vre f (Di(k− 1)) (22)

where V indicates the output voltage, d is the duty cycle, ‘i’ is the number of current Grey wolves
and k is the number of iterations. For the MPPT tracking presented in this paper, the duty cycle of
the DC-DC converter is referred to like the positions of the wolves in each state, and during iteration,
the best value is considered as the KP, Ki values of the PI controller.

5. Simulation and Experimental Results of the Proposed System

The proposed method is simulated using MATLAB. Here, in the DC-DC converters, IGBTs are
utilized to reduce the switching power losses. The MPPT algorithm regulates the control signal produced
by the PI controller, PWM pulses for the LUO converter and the input to the three-phase inverter.
The proposed method is developed, modeled and simulated under starting and steady-state conditions.

5.1. Simulation Results

5.1.1. Performance of the Converter

The solar panel is consistently operated at the minimum and maximum power level utilizing the
proposed GWO optimized algorithm. The tracking of the maximum power is purposely increased at
the start in order to achieve the smooth start of the BLDC drive. The perturbation size is appropriately
selected in order to avoid oscillation during the peak powerpoint. The DC link voltage across the
capacitor is supplied to the VSI for the smooth start of the BLDC drive. The solar panel is operated under
the conditions of dynamic variation due to changes in the irradiation level. Using the GWO algorithm,
the proportional and integral gain is varied as it is mainly designed to obtain an excellent dynamic
response under conditions of uncertainty and external disturbances. The GWO-based closed-loop
control algorithm tracks the maximum power from the system. The output voltage (see in Figure 4a)
and current (see in Figure 4b) waveforms of the solar PV panel are shown in Figure 4.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 19 

 

inverter. The proposed method is developed, modeled and simulated under starting and steady-state 

conditions. 

5.1. Simulation Results 

5.1.1. Performance of the Converter  

The solar panel is consistently operated at the minimum and maximum power level utilizing the 

proposed GWO optimized algorithm. The tracking of the maximum power is purposely increased at 

the start in order to achieve the smooth start of the BLDC drive. The perturbation size is appropriately 

selected in order to avoid oscillation during the peak powerpoint. The DC link voltage across the 

capacitor is supplied to the VSI for the smooth start of the BLDC drive. The solar panel is operated 

under the conditions of dynamic variation due to changes in the irradiation level. Using the GWO 

algorithm, the proportional and integral gain are varied as it is mainly designed to obtain an excellent 

dynamic response under conditions of uncertainty and external disturbances. The GWO-based 

closed-loop control algorithm tracks the maximum power from the system. The output voltage (see 

in Figure 4a) and current (see in Figure 4b) waveforms of the solar PV panel are shown in Figure 4. 

 

Figure 4. Solar Photovoltaic (PV) panel output. (a) Output voltage in Volts (V); (b) Output current in 

Amps (A). 

From Figure 4, it is observed that the output voltage from the PV panel is approximately 55 

Volts, and the output current generated by the PV panel is 17 Amps. Here, the PV panel is integrated 

with the MPPT technique. For prove the effectiveness of the proposed controller in MPPT tracking, a 

comparative study was done using various MPPT algorithms.  

In Figure 5, the output waveform of the modified LUO converter using the GWO algorithm is 

shown. Initially, a peak is observed, and later at the time > 0 s the voltage value settles to a value of 

approximately 300 Volts. The output voltage produced by the proposed modified LUO converter is 

compared with the P&O and Fuzzy logic algorithms.  

 

Figure 5. The output voltage waveform of the modified LUO converter using the GWO algorithm. 

Figure 4. Solar Photovoltaic (PV) panel output. (a) Output voltage in Volts (V); (b) Output current in
Amps (A).

From Figure 4, it is observed that the output voltage from the PV panel is approximately 55 Volts,
and the output current generated by the PV panel is 17 Amps. Here, the PV panel is integrated
with the MPPT technique. For prove the effectiveness of the proposed controller in MPPT tracking,
a comparative study was done using various MPPT algorithms.

In Figure 5, the output waveform of the modified LUO converter using the GWO algorithm is
shown. Initially, a peak is observed, and later at the time > 0 s the voltage value settles to a value of
approximately 300 Volts. The output voltage produced by the proposed modified LUO converter is
compared with the P&O and Fuzzy logic algorithms.
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The input and output currents drawn by the proposed system are shown in Figure 6a,b, respectively.
Here, the current ripples are maintained within the permissible limit. The three-phase output voltage
waveform of the voltage source inverter is shown in Figure 7.
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5.1.2. BLDC Motor Pump Performance

Here, the starting and steady-state performances of the BLDC motor pump are exhibited. If there
is any change in the level of irradiance, all the parameters in the BLDC motor pump vary according to
the irradiance level. Usually, the BLDC runs above 1100 rpm. However, the required speed to pump
water is below this speed at a low irradiance level of a minimum of 200 W/m2. The proposed work
is not intended to find the one among the best optimization algorithms, rather than to prove that
the optimization technique can outperform the competitive fuzzy and elementary P&O algorithms.
The Luo converter and its modified versions are considered to measure the comparative performance
of the BLDC motor. Figure 8 shows the output current waveforms of the BLDC motor for phases A, B
and C, respectively. In Figure 9, the back emf of the BLDC motor is shown. The back emf cuts the
magnetic flux and opposes the current flowing through the conductor. The starting value of the back
emf is zero, and the values depend on the speed of rotation of the armature conductor.Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 19 
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Figure 10 shows the starting and steady-state behaviour of the BLDC motor. The speed and
electromagnetic torque reach their steady-state value when the maximum power is tracked by the
GWO algorithm.
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Figure 11 shows the torque waveform of the BLDC motor before using the LUO converter. Here,
the starting torque is high and is equal to 6 Nm, and the steady-state torque occurs at 0.12 s with a
ripple of 5.5 Nm. Figure 12 shows the torque characteristics of the BLDC motor after using the LUO
converter, as a result of which the ripples are reduced.
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The comparative results are given in Table 2, where it is seen that the proposed system is more
efficient when compared to other MPPT algorithms and converter topologies, with an efficiency of
97.8%. The settling time and the output voltage gain are also better when compared to other methods.
Usually, the optimization technique consumes significantly more time, which is, however, less than the
manual tuning of the PI controller. Table 2 mentions the time taken by the system to settle after the
tuning process is completed. The literature also shows that for a particular PI controller, it takes 10 s,
whereas it is reduced to 4 s when using an optimization technique.

Table 2. Comparison of the MPPT methods for the elementary and modified LUO converters with
Vin = 56 V.

MPPT Methods /Converter. Steady-State
Settling Time (s)

Output Voltage
(V) Efficiency (%)

P&O
Elementary LUO Converter 0.02 280 86

Modified LUO Converter 0.019 283 88

Fuzzy Elementary LUO Converter 0.018 285 92

Modified LUO Converter 0.016 289 94

GWO
Elementary LUO Converter 0.01 293 95.6

Modified LUO Converter 0.009 298 97.8

Figure 13 shows the output voltage comparison of different MPPT methods. As the progression
reaches the proposed method, the performance (higher output voltage) of the developed method
(modified LUO converter with GWO) shows more improvement than the existing approaches. Figure 14
shows the efficiency comparison of the different MPPT methods. As the progression reaches the
proposed method, the performance (higher efficiency) of the developed method (modified LUO
converter with GWO) shows more improvement than the existing approaches.
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5.2. Experimental Results

The proposed method was verified experimentally by conducting a real-time test study. A practical
setup was developed: first, the LUO converter and controller circuit designs were developed as
demanded by the simulation requirements. The experimental setup shown in Figure 15 includes
this designed controller and converter, along with the few additional components like the voltage
source inverter, autotransformer, rheostat and BLDC motor. In Figure 16a, the output voltage of the PV
panel is shown. This voltage consists of higher-order ripple contents which are oscillatory. For reduce
this problem, the voltage is fed to the modified LUO converter. Figure 16b shows the modified LUO
converter output voltage. This constant and ripple-free voltage is achieved using the LUO converter
and its optimized MPPT algorithm. This constant voltage is fed to the three-phase inverter which
converts the DC voltage into AC voltage.
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Figure 17 shows the PWM pulses fed to the switching devices of the voltage source inverter.
The PI controller manages the pulse width for speed compensation. The dsPIC produces PWM pulses
with a switching frequency of 10 kHz.
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Figure 18 shows the position of the rotor signal from the three hall effect sensors which are
mounted on the stator. Based on the rotor position signals, the electronic commutator switches are
energised. Figure 19 shows the output voltage from the three-phase voltage source inverter, which
also includes back emf. Due to the presence of this back emf, the supply voltage is trapezoidal.

Figure 20 shows the BLDC motor output current waveform. The modified LUO converter
maintains the current within a specific limit. Figure 21 illustrates the speed waveform of the BLDC
motor using the closed-loop PI control technique. Here, the reference speed and actual speed are
compared and shown in the graph. The PI controller makes the speed constant in terms of the load.
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6. Conclusions

The modified LUO converter-fed VSI-BLDC motor with a solar PV array for a water pumping
application was developed using MATLAB/Simulink and the Sim-power system toolbox, whose
suitability was exhibited by simulated results. Initially, to meet the various desired objectives,
the developed system was logically designed.

The proposed method was simulated and modelled to evaluate the performance under initial and
steady-state conditions. The integration of the modified LUO converter was justified by evaluating its
performance with the SPV array-based water pumping BLDC motor drive. The developed method
availed many desired operations such as the absorption of MPP from the SPV array, BLDC motor soft
starting, the fundamental switching frequency of the VSI (resulting in low switching losses), a reduction
in the switch stress and the continuous conduction mode of the modified LUO converter for stable
operation. Even at a very low solar irradiance, the developed method was operated successfully.

The GWO-optimized algorithm optimally extracted maximum power from the PV system when
compared to the P&O and Fuzzy logic MPPT algorithms. The scaling-up of the power rating of the
motor and converter did not affect the performance of the pumping system unless the incoming torque
of the motor was not affected by the converter. Hence, the proper design of the converter ensured
the overall performance of the system. The system may be economical if it is operating with better
performance; as stated earlier, the incoming torque has a direct effect on the performance, which
affects the overall economic value. While scaling up the system, considering the performance based
on the systems’ service life is essential, and this will allow us to make decisions on when to change
the converter if any operating issues occur. The regular maintenance of the converters may ensure
economic gains from the system.

Furthermore, from the results, it was seen that the proposed system was more efficient when
compared to other MPPT algorithms and converter topologies, with a maximum efficiency of 97.8%.
In comparison, the average performance shown by the Fuzzy optimized modified Luo converter
was 94%, and the lowest performance, about 86%, as shown by the conventional P&O algorithm.
The settling time was also better when compared to other methods, with a minimum settling time of
0.009 s for GWO and of 0.02 s for the P&O algorithm. Similarly, the voltage gain of the proposed method
was higher, with a voltage of 298 V, while for Fuzzy and P&O it was 289 V and 280 V. The experimental
outcomes were validated with the simulated results.

Furthermore, this work plans to extend the performance analysis of the BLDC pumping motor for
a higher-rated three-phase power system with the proposed converter.
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