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Abstract: Solar water pumps are crucial for farmers, significantly reducing energy costs and provid-
ing independence from conventional fuels. Their adoption is further incentivized by government
subsidies, making them a practical choice that aligns with sustainable agricultural practices. However,
the cost of the required solar panels for the chosen power makes it essential to optimize solar water
pumping systems (SWPS) for economic viability. This study enhances the efficiency and reliability of
permanent magnet synchronous motor (PMSM)-driven SWPS in rural areas using hybrid maximum
power point tracking (MPPT) algorithms and voltage-to-frequency (V/f) control strategy. It inves-
tigates the sensorless scalar control method for PMSM-based water pumps and evaluates various
MPPT algorithms, including grey wolf optimization (GWO), particle swarm optimization (PSO),
perturb and observe (PO), and incremental conductance (INC), along with hybrid combinations. The
study, conducted using MATLAB Simulink, assesses these algorithms on convergence time, MPPT
accuracy, torque ripple, and system efficiency under different partial shading conditions. Findings
reveal that INC-GWO excels, providing higher accuracy, faster convergence, and reduced steady-state
oscillations, thus boosting system efficiency. The V/f control strategy simplifies control mechanisms
and enhances performance. Considering system non-idealities and maximum duty cycle limitations,
PMSM-based SWPS achieve superior efficiency and stability, making them viable for off-grid water
pumping applications.

Keywords: PMSM; solar water pumping system; hybrid MPPT; optimization; V/f control; partial
shading; non-idealities

1. Introduction

In India, where most of the rural households rely on agriculture as their primary
source of income, the dependence on seasonal crops poses a challenge to maintaining a
steady revenue stream. The majority of agricultural land lacks irrigation, relying heavily
on seasonal monsoons, and the absence of rainfall during summers significantly impacts
farming. To address the need for year-round water for crop cultivation, many farmers
turn to groundwater, often utilizing diesel or electric pumps for irrigation. In remote areas
without access to grid electricity, diesel pumps are commonly used, significantly contribut-
ing to India’s overall diesel consumption. Despite the government’s heavy subsidy for
electric pumps, their adoption faces challenges, including financial strain on distribution
companies. This situation underscores the importance of policy decisions in shaping the
agricultural sector and energy consumption patterns in rural India. Recognizing solar
energy as a crucial renewable resource, particularly in agriculture, the decreasing cost of
photovoltaic (PV) panels has made solar photovoltaic pumps an attractive alternative [1,2].
Solar PV pumps offer reliability, easy installation, low maintenance, and zero emissions
during utilization, presenting a sustainable solution for irrigation [3,4]. The 14th National
Electricity Plan (NEP14), introduced in May 2023, aims to double the country’s electricity
generation capacity by 2032, with solar energy poised to play a pivotal role. National Solar
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Mission: It is a major initiative of the Government of India and State Governments to pro-
mote ecologically sustainable growth while addressing India’s energy security challenge [5].
In line with this, the Indian Government has introduced various schemes, aiming to en-
hance water security and provide financial support to farmers through stand-alone and
grid-connected solar water pumps. The system discussed in this research is a groundwater
pump without a battery, as including a battery adds significantly to the cost. The focus is
on small water pumps, designed to be more affordable and practical for localized water
supply needs. The system configuration is a two-stage setup with PV panels connected in
series, forming a single array.

The solar PV system’s power generation is influenced by both solar irradiance and cell
surface temperature. Figure 1 illustrates sample curves used to demonstrate conceptually
the electrical characteristics of a PV array, emphasizing the existence of a maximum power
point (MPP) where optimal power output occurs. Achieving this MPP requires a maximum
power point tracking (MPPT) controller, often working in conjunction with a power elec-
tronic converter. Researchers have developed various MPPT techniques, categorized into
conventional, soft computing, and hybrid methods [6–8].
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In environments prone to partial shading conditions (PSC) like agricultural farms,
characterized by debris such as bird droppings and pollen, P-V characteristics exhibit
multiple peaks as shown in Figure 1, posing challenges for global maximum power point
(GMPP) extraction. Conventional MPPT algorithms may struggle to navigate local MPPs,
highlighting the need for an effective global maximum power point tracking (GMPPT)
method in order to enhance power utilization of the solar PV system [9,10]. PSC not only
diminishes energy production but also raises module temperatures, leading to hot spots
and potential cracks, significantly impairing total power generation [11,12]. Particularly
in agricultural settings, panel cleaning is arduous due to elevated installation heights.
While traditional methods proficiently identify MPP when there is occurrence of uniform
shading conditions, they falter with partial shading, exemplified by perturb and observe
(PO), and incremental conductance (INC) methods [13,14]. Conversely, soft computing
techniques like evolutionary algorithms (EA) and artificial intelligence (AI) demonstrate
high efficiency even in partial shading scenarios, albeit with increased complexity [15,16].
AI methods, integrating fuzzy logic control and optimization, adeptly track MPP under
PSC however they entail additional complexities. EA based methods such as artificial bee
colony, ant colony, particle swarm optimization (PSO), whale optimization and grey wolf
optimization (GWO) are favored for optimizing MPP [17–19]. Hybrid approaches seek to
address limitations by amalgamating conventional and AI-based methods or hybridizing
techniques within the same category, as evidenced in various studies aiming to enhance
convergence time and reduce scanning intervals [20,21]. Prominent hybrid techniques
include PO-PSO, PO-GWO, INC-PSO, INC-GWO, and others [22–25].

Various types of motors, including DC motors, induction motors (IM), permanent
magnet motors, switched reluctance motors (SRM), and brushless DC (BLDC) motors have
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been utilized in solar water pumping systems (SWPS). While DC motors were initially
used [26,27], their maintenance issues led to the preference for IMs, which offer low cost
and robustness despite lower efficiency and higher reactive power. The permanent magnet
synchronous machines (PMSM) have been found to be best suited for water pumping
applications as they offer features like high efficiency, high power factor, compact design,
and faster acceleration and deceleration. Comparisons between PMSM and IM reveal
cost and efficiency advantages for the former, especially in stand-alone systems where the
smaller PV array size required for PMSM pumps results in lower installation costs [28].
The efficiency gap between IM and PMSM for fractional horsepower (HP) motors is about
10% [29]. Various control schemes have been proposed for PMSM based SWPS, including
direct torque control and field oriented control, aiming to improve performance and
efficiency [30,31]. Several studies have proposed various control and MPPT strategies for
PMSM-driven solar water pumps. The study in [32] introduced a two-stage conversion
PMSM drive system featuring improved fuzzy logic based speed control and the INC
MPPT algorithm. Similarly [33] proposed a Vienna rectifier integrated with sensorless
vector control for grid integrated PMSM SWPS, employing the PO algorithm for MPPT.
Ref. [34] developed an MPPT controller with sensorless speed control of PMSM pump based
on a mix multi-resonant configuration. Additionally, [35] enhanced traditional PO MPPT
with fuzzy logic control for PMSM PV pumping systems, while [36] applied a SMANN-
MPPT controller to a standalone PV-PEMFC system. However, these studies often overlook
the effects of partial shading, a critical consideration for system operation. Furthermore,
although [37] presented a modified firefly algorithm-based MPPT with vector control,
and [38] proposed a sensorless adaptive system, both lacked comprehensive analysis of
partial shading.

The literature on MPPT algorithms for SWPS reveals limited use of hybrid combina-
tions. BLDC-driven SWPS is proposed in [39] focusing on sensorless control but lacked
consideration of shading. Investigation of BLDC motors employing hybrid MPPT ap-
proaches is carried out in [40–42] taking partial shading into account. Shading effect is
evaluated on SRM-driven PV water pumps using hybrid methods in [43–45]. Ref. [46]
examined partial shading effects on an SWPS driven by IM. Ref. [47] investigated an IM-
based SWPS employing a conventional INC MPPT, but without considering shading effects.
Ref. [48] offered a dynamic reconfiguration method for smart SWPS systems, using a regular
MPPT algorithm. Ref. [49] utilized salp swarm algorithm (SSA) MPPT for a SWPS driven
by IM. Notably, the literature lacks exploration of hybrid algorithms for SWPS based on
PMSM, highlighting a gap in research. The selection of the suitable MPPT algorithm plays
a crucial role in determining the efficiency of PV systems, with partial shading exerting a
notable impact. Delays in the attainment of steady-state speed and higher motor torque
ripples can arise from slow MPPT tracking during the occurrence of PSC.

In the realm of PMSM control, conventional wisdom dictates the use of vector control
techniques, yet scalar control methods are potentially suitable for water pump applications
and remain largely unexplored in the literature pertaining to SWPS. The suggested V/f
control method in [50] offers a novel approach to ensuring PMSM stability across a broad
frequency range, effectively mitigating instability issues encountered at specific frequencies.
The introduction of a V/f control method for PMSM operation in [51] capable of discerning
between motor and generator modes, demonstrates superior performance at various speeds
compared to sensorless vector control approaches. Furthermore, recent studies in [52–54]
delve into advanced sensorless control methodologies, focusing on V/f control and other
techniques such as maximum torque per ampere (MTPA), aiming to enhance PMSM
efficiency without the reliance on position sensors. Ref. [55] contributes a simplified
V/f control method tailored for PMSMs in pump and fan applications, leveraging motor
parameters from the nameplate for voltage reference generation, thereby ensuring stable
operation without the need for position sensors.

The literature review highlights several key points. First, there is a notable lack of
extensive analysis regarding the impact of partial shading on PMSM-based solar water
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pumps and limited exploration of hybrid algorithms for MPPT, indicating significant gaps
in current research. Second, despite the prevalent use of vector control techniques in PMSM
solar water pumps, scalar control may offer simplicity and eliminate the need for complex
mathematical computations and additional sensors, which could be more suitable for pump
applications. Considering the complexities associated with PMSM control, V/f control
emerges as a viable alternative for pumping applications, hinting at an avenue for further
optimization and exploration. This is because pumping applications generally do not
require precise speed or position control, and the load behavior of pumps, which typically
follows a quadratic torque–speed relationship, aligns well with the V/f control strategy.
Furthermore, by reducing the complexity of motor control, such as using V/f control, the
system can achieve enhanced reliability, cost-effectiveness, and ease of implementation,
which are crucial for practical applications in resource-constrained environments like agri-
culture. On the other hand, MPPT algorithms are essential for maximizing the efficiency of
the PV system, particularly under varying solar irradiance conditions. Comparing different
MPPT algorithms of varying complexity allows for the identification of the most effective
methods to optimize power output, which is critical for enhancing overall system effi-
ciency and performance. This dual approach of simplifying motor control while rigorously
evaluating MPPT algorithms ensures both efficient energy conversion and reliable motor
operation, striking a balance that optimizes the performance of PMSM-based solar water
pumps. The potential impact of system non-idealities on the efficiency of PMSM-based
solar water pumps under specific shading conditions remains unexplored, suggesting the
need for further investigation. Such analysis could prevent operation under unfavorable
shading scenarios, thereby improving overall system performance and reliability. From the
preceding literature review, the contributions of this research work are outlined as follows:

• To implement different MPPT algorithms for a PMSM-based solar water pump in PSC
and investigate their performance based on convergence time, MPPT accuracy, torque
ripple, and system efficiency, ultimately identifying the best-performing algorithm.

• To employ a simplified V/f control system for PMSM-based solar water pumps aiming
to reduce computational overhead, minimize system complexity, and eliminate the
need for additional sensors for feedback.

• To assess the performance of PMSM-based solar water pumps under extreme partial
shading scenarios, focusing on the impact of peak power in the left region of the P-V
curve on system efficiency while considering the system’s non-idealities.

2. Modeling of the PMSM Based SWPS

The solar pump system design begins by calculating the flow rate based on peak sun
hours/day from solar insolation data. Pump power requirements are then determined
using manufacturers’ pump curves, aiding in motor sizing. PV panels are sized to surpass
motor rating, factoring in losses in intermediate converters. Finally, intermediate converters
are sized per design specifications using relevant equations. This section outlines the design
steps, ultimately focusing on building a comprehensive Simulink model of the SWPS. This
model includes the selected PV panel, static converters, and PMSM, allowing for detailed
simulation and performance analysis of the entire system. The schematic of the PMSM-
based SWPS in Figure 2 illustrates the integration of the PV system with the PMSM via a
boost converter and three-phase inverter.
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Figure 2. Block diagram of the PMSM driven SWPS.

2.1. Solar PV System Model

The PV system is modelled in MATLAB Simulink (https://www.mathworks.com) as
given by [56]. The model takes into account the effect of partial shading. Table 1 presents
the specifications of the PV system.

Table 1. PV array specification.

Parameter Value

Number of Solar PV Panels 11
Reference Solar Insolation (Sref) 1000 W/m2

Reference Module Temperature (Tref) 25 ◦C
Reference Short Circuit Current (Iscref) 4.9 A
Reference Open Circuit Voltage (Vocref) 20 V

Reference MPP Power 68.55 W
Reference MPP Current 4.4 A
Reference MPP Voltage 15.6 V

Temperature Coefficient of Voc (β) 0.0033
Number of Solar PV Panels 11

Temperature Coefficient of Isc (α) 0.0004

The mathematical equations considered for the PV model are highlighted in (1) and
(2) represented by the open circuit (OC) voltage, Voc and Isc, the short circuit current.

Voc = VOCREFn
[

1 + αln
(

S
SREF

)
+ β(T − TREF)

]
(1)

Isc = ISCREF[1 + α(T − TREF)]×
[

S
SREF

]
(2)

where α and β are the temperature coefficients of Isc and Voc, respectively, n is the number
of series-connected PV panels in the system. The temperature of the module is T, while
at STC it is given as TREF. The STC OC voltage is designated as VOCREF and the STC SC
current is ISCREF. The solar insolation is S and the STC insolation of reference is represented
as SREF. Figure 3 displays the P-V and I-V curves of the selected PV array under varying
irradiance levels, as computed using the MATLAB Simulink PV model.

https://www.mathworks.com
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2.2. Boost Converter Model with Non-Idealities

The MPPT boost converter shown in Figure 4 operates optimally within a specific op-
erating range determined by the characteristics of the PV system. This range is established
by considering maximum irradiance at 1000 W/m2 and minimum irradiance at 200 W/m2.
The PV resistance at the MPP, labeled as Rmp, fluctuates with irradiance levels. Rmp, is
defined as the ratio of the maximum power point voltage (Vmp) to the maximum power
point current (Imp) of the PV panel. At maximum irradiance, it reaches its peak denoted as
Rmp(max), and at minimum irradiance, it decreases to its lowest point denoted as Rmp(min).
The input resistance of the boost converter is equivalent to the PV resistance. By analyzing
P-V curves obtained under uniform shading, the PV resistance can be derived. The P-V and
I-V characteristics were computed using the MATLAB Simulink PV model of Section 2.1.
This model accurately represents the behavior of the PV panels under various conditions
and was utilized to generate the results presented in Figures 5 and 6. From the maximum
and minimum values of Rmp the operational range of the boost converter, Ao is delineated
on the P-V curves shown in Figure 5. Operating outside this designated area leads to higher
ripple factor and deviation from desired system specifications [57].
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The duty cycle of the boost converter, denoted as D, is determined by the relationship
between the output resistance RO and PV resistance Rmp, given by (3):

D = 1 −

√
Rmp

RO
(3)

The capacitance, Ci, is the value of the capacitor connected across the terminals of the
PV system. It is computed by analyzing the change in charge, ∆Q, over a specified time
interval, derived from the observed current waveform of the input capacitor. It is expressed
as in (4):

Ci =
D

8L ∆Vmp
Vmp

fs
2

(4)

where, Vmp represents the PV voltage at MPP, ∆Vmp denotes voltage ripple, fs is the switch-
ing frequency of the boost converter, and L is the converter’s inductance. The minimum
inductance Lmin, of the converter given in (5) is dependent on parameters including rip-
ple observed on the inductor current ∆iL, average inductor current IL, maximum output
resistance Romax, and maximum PV resistance Rmp(max):

Lmin =
ILRmp(max)

∆iL fs

(
1 −

√
Rmp(max)

Ro(max)

)
(5)

The capacitance Co is the value of the capacitor placed across the output terminal of the
converter and is determined from the waveform of the current flowing through it, as
depicted in (6):

Co =
D(1 − D)2

Rmp
∆Vo
Vo

fs
(6)

where ∆Vo/Vo is the term representing the percentage ripple of the output voltage Vo. While
determining Ci and Co, the ESR of the capacitors were considered to reflect accurately the
ripple voltage.

To ensure adaptability to changing solar insolation, the boost converter’s design must
accommodate fluctuations in Rmp. In instances of partial shading, where P-V curves exhibit
varying maximum and minimum resistances, a specific shading pattern is selected to
capture extreme Rmp values. This P-V curve, illustrating the shading scenario, is depicted
in Figure 6.

Taking into account the non-idealities present in the boost converter, the mathematical
model can be represented by the following equations, where (7)–(9) describe the behavior
during the switch-on state, and the switch-off state is described by (10)–(12).
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During switch-on:

vL(t)ON = L
diL(t)

dt
= −[rON + rL]iL(t) + vPV(t) (7)

ic(t)ON = C
dvc(t)

dt
= −vO(t)

Ro
(8)

vo(t)ON = vc(t) + rcic(t) (9)

During switch-off:

vL(t)OFF = L
diL(t)

dt
= −

[
rL + rD +

RorC
Ro + rC

]
iL(t)−

RorC
Ro + rC

vC(t)− Vf D + vPV(t) (10)

ic(t)OFF = C
dvc(t)

dt
= iL(t)−

vO(t)
R

(11)

vo(t)OFF = vc(t) + rcic(t) (12)

where, vL(t) and iL(t) denote the voltage across the inductor and the current flowing through
it, respectively. Similarly, vc(t) and ic(t) represent the voltage across and the current through
the capacitor. rON signifies the MOSFET on-state resistance, Vfd is the diode forward voltage
drop, rD stands for the diode resistance, rL signifies the equivalent series resistance (ESR)
of the inductor, and rc denotes the ESR of the capacitor. vPV corresponds to the PV voltage,
while vo(t) represents the output voltage of the boost converter. The specification of the
boost converter is shown in Table 2.

Table 2. Specifications of boost converter.

Parameter Value

Input Voltage (PV output) 187 V
Output Voltage 350 V
Output Current 2.35 A
Output Power 882.8 W

Inductor 10 mH
Capacitor 100 µF

Inductor Current Ripple 10%
Output Voltage Ripple 1%

Inductor Resistance (rL) 0.09 Ω
Capacitor ESR (rc) 0.01 Ω

Diode Forward Voltage Drop (Vfd) 1 V
Diode Resistance (rd) 0.01 Ω

MOSFET Resistance (rON) 0.01 Ω
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2.3. Inverter-Powered PMSM

The three-phase stator currents ia, ib, and ic in a three-phase PMSM can be transformed
to the dq axes currents id and iq in the rotor reference frame [58] using the transformation
matrix Tabc, given by (13):

irqdo = [Tabc]iabc (13)

where Tabc is defined as below in (14):

Tabc =

cos θr cos
(
θr − 2π

3
)

cos
(
θr +

2π
3
)

sin θr sin
(
θr − 2π

3
)

sin
(
θr − 2π

3
)

1
2

1
2

1
2

 (14)

Here, θr represents the electrical rotor position obtained by multiplying the mechanical
rotor position by pairs of electrical poles. The dynamic equations of a PMSM in the rotor
reference frame involve current, voltage, and torque, represented in terms of flux linkages.
These equations provide a simplified model of the PMSM dynamics, where the speed of
the rotor reference frame is θr = ωr. The relevant equations are as follows:

vr
qs =

Rs

Lq
λr

qs +
dλr

qs

dt
+ ωrλr

dsλa f (15)

vr
ds =

Rs

Ld

(
λr

ds − λa f

)
+

dλr
ds

dt
+ ωrλr

qs (16)

Te =
3
2

P
2

[
λr

dsirqs − λr
qsirds

]
(17)

Here, λqs
r and λds

r are the q and d axis stator flux linkages, respectively. λaf is the rotor flux
linkage, Lq is the q axis inductance, Ld is the d axis inductance, Rs is the stator resistance.
vqs

r is the q axis stator voltage in the rotor reference frame given by (15), vds
r is the d axis

stator voltage in the rotor reference frame as in (16). Electromagnetic torque Te is given in
(17). P is the number of poles. The specification of the PMSM is shown in Table 3.

Table 3. Specifications of PMSM.

Parameter Value

Rated power output 750 W
Rated supply voltage 220 V

Rated speed 1500 rpm
Rated torque 5 Nm

Stator resistance 3.7 Ω
d axes winding inductance 0.030 H
q axis winding inductance 0.038 H

Mutual flux linkage 0.93 Volt-sec/rad
Inertia (J) 0.0001584 Kg m2

Viscous coefficient (B) 2 × 10−3 Nm/rad/s

The electromechanical phenomenon in the PMSM is represented by (18):

Te = J
dωm

dt
+ TL + Bωm (18)

where ωm is the motor speed in rad/sec, J is the moment of inertia, B is the friction constant.
TL is the load torque. The PMSM is modeled in MATLAB with the above equations. The
three-phase inverter is modeled using (19)–(21):

VAN =
2VAO − VBO − VCO

3
(19)
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VBN =
2VBO − VAO − VCO

3
(20)

VCN =
2VCO − VAO − VBO

3
(21)

where VAN, VBN, VCN are the phase voltages and VAO, VBO, VCO are the pole voltages.
VDC is the voltage applied to the three-phase inverter. MATLAB Simulink is utilized
for emulation and analysis, leveraging mathematical models to simulate and evaluate
system performance.

2.4. DC Link Voltage Control and V/f Control of the Solar Water Pump Drive

Smooth power transfer from the PV system to the PMSM pump system via a boost
converter stabilizes the voltage of the DC bus. The DC link voltage must be maintained
constant, irrespective of the changes in the solar irradiance. Control mechanisms, including
a PI controller, uphold the DC bus voltage at a designated level Vdc(ref), ensuring the PMSM
pump system operates optimally. This approach, illustrated in Figure 7, incorporates
stator frequency commands from the PI controller which is applied to the V/f control
block. Accordingly, the pulse width modulation scheme generates pulses to the inverter.
The PMSM runs at a constant speed when the frequency is maintained constant. Speed
adjustments are facilitated by altering the frequency of the power supply. The frequency
and the supply voltage are adjusted simultaneously to uphold a constant V/f ratio as
shown in Figure 8. This ensures a consistent air gap flux, critical for preventing saturation,
particularly when the frequency drops below the base speed.
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In this configuration, V/f control is implemented using a space vector pulse width
modulation (SVPWM) with a 2-level inverter. Within a three-phase SVPWM inverter setup,
(22) defines the relationship determining the line-line RMS output voltage, denoted as VLL:

VLL =
1.15 ×

√
3

2
√

2
maVDC (22)

where, VDC denotes the DC link voltage and ma represents the amplitude modulation
index, and the relationship between the line–line voltage and the stator frequency f is given
by (23):

VLL = Vo + Kv f (23)

where Kv is the constant given by (24):

Kv =
VLL − Vo

f
(24)

where Vo is a small percentage of the voltage applied to the PMSM. This compensates for
the stator resistance Rs drop which occurs at a supply frequency value of zero. Assuming
the efficiency η of the PMSM to be 95%, Kv is calculated for rated conditions (VLL = 220 V
and f = 50 Hz). Substituting these values into the equations above yields the desired Kv [55].
Furthermore, the expression for ma is given by (25):

ma =
Vo + Kv f

VDC × 0.612
(25)

The modulation ratio ma varies as the frequency changes, thus adjusting the inverter output
voltage to maintain a constant V/f ratio.

To ensure proper synchronization without the need for position sensors or complex
calculations, soft-start techniques using V/f control are employed. This approach gradually
increases both voltage and frequency from zero to the desired operating point, facilitating
smooth synchronization. By minimizing abrupt changes, the risk of the rotor losing
synchronization with the rotating field is significantly reduced. In the simulation, the
reference speed curve is fed in the form of Equations (22)–(25), ensuring that the modulation
index and voltage adjustments maintain a consistent V/f ratio. Additionally, a voltage boost
at start-up is essential for maintaining proper control, particularly as the load increases.
Careful optimization of these parameters ensures that the rotating field and rotor remain
synchronized throughout operation. It is acknowledged that the DC bus voltage can
fluctuate during sudden shading events, leading to transients. The DC link control is
designed to maintain a constant voltage of 350 V, but transients may still occur. To address
this, the PI controller adjusts the frequency while the V/f control modifies the voltage to
maintain the V/f ratio, preserving the slope of the V/f curve. Additionally, a faster MPPT
algorithm is employed to reduce transient time and mitigate the impact of shading on
system performance.

3. MPPT Algorithms

Various categories of MPPT algorithms of Figure 9 are implemented and evaluated
on the PMSM driven SWPS using MATLAB Simulink. The algorithms are assessed based
on various parameters. Among the MPPT algorithms tested are PSO, GWO, PO-PSO,
PO-GWO, INC-GWO, and modified VOC method.

Conventional MPPT algorithms typically employ either PO or INC methods. PO offers
simplicity in implementation, while INC provides higher accuracy. In PO, the operating
point is continually adjusted until the MPP is reached by perturbing it and observing
changes in power. This method may induce power fluctuations at steady state, which can
be mitigated by reducing the perturbation step size, albeit at the cost of longer convergence
time. On the other hand, INC monitors the slope of P-V curve by comparing changes
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in current (∆I) and voltage (∆V) over time. The MPP is identified when the incremental
conductance matches the negative of the conductance, indicating maximum power.

Soft computing techniques are widely utilized in this domain due to their ability to
function without prior information of the solar PV system. In the case of the PSO algorithm,
a swarm of particles are employed to search for the optimal target, with duty cycles serving
as the particles in the context of MPPT. A random set of duty cycles is applied to the DC-DC
converter, and the corresponding PV power estimates are designated as Pbest. Meanwhile,
GWO, another effective method, simulates the predatory tactics exhibited by grey wolves
in nature to optimize parameters. Both PSO and GWO iteratively update duty cycles until
reaching the MPP.

Hybrid methods amalgamate either a duo of traditional, a duo of soft computing,
or a combination of both methodologies. This fusion integrates the strengths of different
methodologies, resulting in enhanced effectiveness and overcoming the demerits of tradi-
tional and soft computing methods. PO-GWO and PO-PSO are among the most prevalent
hybrid techniques. The modified 0.8 VOC method blends both the PO and scanning meth-
ods. In this study, INC-GWO is favored since both GWO and INC outperform their MPPT
counterparts. The flow chart illustrating INC-GWO is depicted in Figure 10.
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This hybridization capitalizes on the strengths of both algorithms: the GWO effective-
ness under non-uniform shading conditions and the INC efficiency under uniform shading.
The PV power output (PPV), serving as the objective function, is calculated by multiplying
the PV current (IPV) and PV voltage (VPV). When the solar PV system’s power output
decreases by 5% or more, it signals partial shading, prompting the activation of GWO to
identify the peak power. Once GWO nears the global peak, operation shifts to INC for
accelerated convergence. This transfer occurs when the duty cycle positions of the wolves
differ by less than 1%, allowing INC to sustain the global peak. In the INC method, the
array terminal voltage dynamically adjusts to align with the MPP voltage, leveraging the
incremental and instantaneous conductance of the PV module. The slope dP/dV of the solar
array power curve becomes zero, precisely when the MPP is attained, with a positive slope
to the left and a negative slope to the right of the MPP. At MPP dP/dV = 0; Left of MPP
dP/dV > 0; Right of MPP dP/Dv < 0. The underlying equation governing this method is
given in (26):

dP
dV

=
d(IV)

dV
= I + V

dI
dV

= I + V
∆I
∆V

(26)
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where ∆I is change in current and ∆V is change in voltage. Accordingly, the modified
equations are as follows: At MPP ∆I/∆V = (−I)/V, Left of MPP ∆I/∆V > (−I)/V, Right of
MPP ∆I/∆V < (−I)/V.
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Grey wolves in the GWO algorithm operate as a pack, typically organized into four
groups. However, for specific applications like MPPT, the number of groups is limited to
three, designated as alpha, beta, and delta. The mechanism involved in the hunting of the
prey is outlined through (27)–(30) describing their movement towards prey:

→
X(t + 1) =

→
Xp(t)−

→
A.

→
D (27)

→
A = 2

→
a .

→
v1 −

→
a (28)

→
C = 2.

→
v2 (29)

→
D =

∣∣∣∣→C .
→
Xp(t)−

→
Xp(t)

∣∣∣∣ (30)

where
→
X represents the location vector of the grey wolf symbolizing the duty cycle in MPPT

applications, while
→
Xp(t) denotes the position vector of the prey. The coefficient vectors

A, C, and D play a significant role in this process, depicted as in (28)–(30). v1, v2 represent
random vectors. To adapt this algorithm to MPPT, a modified equation is introduced as
below in (31):

Di(k + 1) = Di(k)− A.D (31)

where, k is the value of the ongoing iteration while i assumes the identities of the three
wolves in the hierarchical sequence. The fitness function crucial for optimization is given
in (32):

P
(

dk
i

)
> P

(
dk−1

i

)
(32)
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In this context, the duty cycle di represents a crucial parameter, while P represents the
objective function which is the photovoltaic power output. Here the objective function
needs to be maximized. Table 4 summarizes the objective function and the constraints.

Table 4. Objective function and the constraints.

Parameter Description Value/Range

Objective Function Power from PV array (Ppv) Ppv = Vpv Ipv
Constraint 1 Number of wolves (i) 3
Constraint 2 Duty cycle (di) 0.1< di < 0.75

4. Results and Discussions

This section delves into a comprehensive simulation study conducted on the PMSM-
driven SWPS using the MATLAB Simulink Platform. The investigation starts by applying
the PO algorithm for MPPT on PMSM-driven solar water pumps. This initial step aims
to assess the operating frequency range of the motor under varying solar irradiance lev-
els. Subsequently, the INC-GWO algorithm is simulated for PMSM water pumps. This
method’s effectiveness is subsequently evaluated through comparison with several other
algorithms, including GWO, PSO, PO-GWO, PO-PSO, and Modified 0.8 Voc. Following
this comparison, the impact of non-idealities on the system’s efficiency is examined. Finally,
a study is conducted on the THD of the output voltage of the inverter under different
shading conditions.

4.1. Analyzing Critical Irradiance Thresholds for PMSM Based SWPS

The performance evaluation of the PMSM driven solar pump commences with simu-
lations utilizing the PO algorithm, with irradiance levels varied under uniform shading
conditions. This analysis aims to identify the critical threshold of irradiation below which
the pump ceases to function effectively. Figure 11 illustrates the variations in the DC link
voltage, stator frequency, and duty cycle applied to the boost converter. Additionally,
Figure 12 displays the fluctuations in motor torque, speed, and output power. It is impor-
tant to note that the numerical values presented in all figures are computed as time averages
over a given period. This approach ensures that the values reflect consistent performance
over time rather than instantaneous readings, providing a more accurate representation of
the system’s behavior.
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As the irradiance varies from 900 W/m2, the motor demonstrates stable operation,
while operation below 200 W/m2 proves unsustainable, exhibiting instability in the motor
parameters. Consequently, for boost converter design, a minimum irradiance requirement
of 200 W/m2 and a maximum of 1000 W/m2 are established. Subsequently, duty cycle
limits are determined based on this criterion. Calculations reveal a maximum duty cycle
of 0.75 and a minimum of 0.13 according to the findings in Section 2.2. The minimum
frequency required to operate the pump must be greater than 25 Hz. The pump will fail to
operate below 25 Hz. In the simulation, the PI controller output was kept at a minimum
of 10 Hz, which is not representative of the actual physical behavior. In reality, the motor
will not operate at such a low frequency when it fails. Based on the V/f control scheme,
the relationship between the minimum power Pmmin and the rated pump power Pmrated is
given in (33):

Pmmin =

(
fmin
frated

)3
Pmrated (33)

Minimum frequency fmin should be 25 Hz and frated is rated frequency of 50 Hz.

4.2. Analysis of Hybrid INC-GWO MPPT Algorithm for PMSM Based SWPS under
Partial Shading

The application of the hybrid INC-GWO MPPT algorithm for the PMSM solar water
pump undergoes a comprehensive performance analysis. The simulation begins by sub-
jecting the system to uniform shading of 800 W/m2, followed by the introduction of four
different patterns of partial shading (PS) shown in Figure 13 at specific intervals: PS1 at 3 s,
PS2 at 5 s, PS3 at 7 s, and PS4 at 9 s.

Various parameters are scrutinized for comparison, including convergence time/speed
settling time, accuracy of the MPPT algorithm, and torque ripple. Convergence time in
this study refers to the duration required for the algorithm to transition from the onset
of shading to achieving peak power tracking. This measurement ensures that the motor
stabilizes at a consistent speed, allowing the system to maintain optimal performance
despite variations in shading. Accuracy assessment of the MPPT algorithm involves evalu-
ating its precision in identifying optimal peak power under diverse shading conditions.
The fluctuations in motor torque during steady-state oscillations, known as torque ripple,
are dependent on the MPPT process. This measurement offers valuable insights into the
stability and performance of the system. Figure 14 depicts the voltage, current, and power
of the PV system for the aforementioned PSCs corresponding to the P-V curves outlined in
Figure 13. In Figure 15, the fluctuations in the DC link voltage, stator frequency and duty
cycle from the INC-GWO MPPT are illustrated. Additionally, the DC link voltage remains
constant at 350 V across all shading patterns, a task overseen by the PI controller, which
adjusts the frequency accordingly. The stator frequency changes with the power from the
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PV system according to (33) and the duty cycle is accordingly applied to the boost converter.
The control loop of V/f ensures that the voltage supplied to the inverter aligns with the set
parameters. Each shading pattern operates the motor at a distinct frequency: 40.56 Hz for
PS1, 46.17 Hz for PS2, 37.43 Hz for PS3, and 30.08 Hz for PS4. These frequencies correspond
to duty cycles of 0.54, 0.45, 0.71, and 0.86, respectively. The convergence times for various
shading patterns are as follows: 0.38 s for PS1, 0.43 s for PS2, 0.26 s for PS3, and 0.37 s
for PS4.
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Figure 16 showcases the variations in motor torque, speed and output power under
different partial shading scenarios. The torque output varies accordingly: PS1 yields
3.09 Nm, PS2 4.02 Nm, PS3 2.70 Nm, and PS4 1.71 Nm. The torque ripple percentages for
various shading patterns are as follows: 6.92% for PS1, 4.57% for PS2, 7.51% for PS3, and
1.17% for PS4. Moreover, the output power stands at 401.33 W for PS1, 587 W for PS2,
321 W for PS3, and 160 W for PS4.

Clean Technol. 2024, 6, FOR PEER REVIEW  17 
 

 

MPPT demonstrates shorter convergence time, facilitating quicker system stabilization for 

enhanced efficiency. Additionally, reduced torque ripple, as indicated by less steady-state 

oscillation, contributes to prolonged machine lifespan. Moreover, the high MPPT accuracy 

boosts overall system efficiency. These advantages are evident in the comparison with 

other methodologies discussed in the subsequent section. 

 

Figure 14. PV-voltage, current, and power under the different PSCs. 

 

Figure 15. DC link voltage, stator frequency, and duty with INC-GWO in PMSM based SWPS. 

 

Figure 16. PMSM torque, speed, and output power with INC-GWO. 

 

Figure 14. PV-voltage, current, and power under the different PSCs.

Figure 17 illustrates the power progression through various stages, beginning with PV
power, secondly the MPPT power via the boost converter, and thirdly the motor output
power. The MPPT efficiency for PS1 stands at 99.56%, for PS2 it is 99.80%, for PS3 it
reaches 99.92%, and for PS4 it is 99.62%. Correspondingly, system efficiency is recorded
at 89.34% for PS1, 90.53% for PS2, 85.81% for PS3, and 75.28% for PS4. The INC-GWO
MPPT demonstrates shorter convergence time, facilitating quicker system stabilization for
enhanced efficiency. Additionally, reduced torque ripple, as indicated by less steady-state
oscillation, contributes to prolonged machine lifespan. Moreover, the high MPPT accuracy
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boosts overall system efficiency. These advantages are evident in the comparison with
other methodologies discussed in the subsequent section.
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4.3. Comparing INC-GWO MPPT with Other MPPT Techniques

The performance of the INC-GWO MPPT algorithm is systematically compared with
other popular techniques. The exploration begins with evaluating the effectiveness of
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the PSO technique on the PMSM driven SWPS. Subsequently, the results obtained are
compared with those achieved using the GWO method. Hybrid methodologies are then
scrutinized in a similar manner, comparing the performance of PSO combined with PO
(PO-PSO) against GWO combined with PO (PO-GWO), as well as the Modified 0.8 Voc
approach. Figure 18 illustrates the DC link voltage, stator frequency, and duty cycle for PSO,
while Figure 19 showcases motor torque, speed, and output power under PSO optimization.
Similarly, Figures 20 and 21 present the corresponding parameters for GWO.
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Figure 18. DC link voltage, stator frequency, and duty with PSO in PMSM based SWPS.

Figure 22 displays the DC link voltage, stator frequency, and duty cycle for the PO-
PSO approach, while Figure 23 exhibits the resulting motor torque, speed, and output
power. Figure 24 provides insight into the PO-GWO technique, detailing the variation in
DC link voltage, frequency, and duty while the corresponding motor performance metrics
are shown in Figure 25. Lastly, Figure 26 displays the DC link voltage, stator frequency,
and duty cycle, while Figure 27 exhibits the motor parameters within the Modified 0.8 VOC
technique [59].
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The outcomes of the aforementioned MPPT techniques are compared with the INC-
GWO MPPT, and the findings are presented in Table 5. The parameters considered for
comparison include MPPT accuracy, convergence time, torque ripple, and system efficiency.
This comparison encompasses all four partial shading patterns. Notably, within the INC-
GWO method, there are observed enhancements in convergence time, torque ripple, and
system efficiency when compared to alternative methods discussed in this section.

Table 5. Comparison of MPPT techniques.

MPPT Shading
Pattern

MPPT
η

(%)

Convergence
Time

(seconds)

Torque
Ripple

(%)

System
η

(%)

PSO

US 96.70% 1.15 5.30% 89.92%
PS1 99.33% 1.16 5.45% 84.63%
PS2 98.60% 1.13 5.59% 88.22%
PS3 99.64% 1.17 5.96% 82.44%
PS4 99.82% 1.19 3.13% 67.94%
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Table 5. Cont.

MPPT Shading
Pattern

MPPT
η

(%)

Convergence
Time

(seconds)

Torque
Ripple

(%)

System
η

(%)

GWO

US 96.40% 0.80 5.42% 90.01%
PS1 99.33% 0.86 2.35% 86.41%
PS2 98.60% 0.84 2.15% 89.26%
PS3 99.64% 0.84 2.73% 85.10%
PS4 99.84% 0.89 1.73% 72.25%

PO
PSO

US 97.15% 0.55 10.68% 88.73%
PS1 98.89% 0.58 13.62% 84.78%
PS2 99.84% 0.78 13.56% 86.82%
PS3 99.11% 0.65 12.47% 82.62%
PS4 97.30% 0.91 16.39% 67.78%

PO
GWO

US 97.15% 0.34 10.73% 89.96%
PS1 98.23% 0.39 13.07% 88.73%
PS2 99.22% 0.43 12.77% 89.63%
PS3 98.05% 0.35 11.92% 85.29%
PS4 95.89% 0.42 12.57% 68.24%

0.8 Voc

US 97.15% 2.30 11.48% 86.88%
PS1 98.23% 0.73 14.33% 86.93%
PS2 99.07% 0.77 12.71% 87.57%
PS3 98.05% 0.78 13.59% 85.67%
PS4 94.96% 0.86 12.05% 68.47%

INC-GWO

US 99.53% 2.41 5.66% 90.19%
PS1 99.56% 0.38 6.92% 89.34%
PS2 99.80% 0.43 4.57% 90.53%
PS3 99.92% 0.26 7.51% 85.81%
PS4 99.62% 0.38 1.17% 75.28%

Figure 28 illustrates this comparison primarily concerning partial shading pattern 1.
The results indicate that INC-GWO demonstrates impressive accuracy, closely aligning
with optimization techniques, with faster convergence time than other methods, exhibiting
minimal torque ripple, and offering notably high system efficiency.
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4.4. Impact of Peak Power in Left Region of P-V Curve on SWPS Efficiency

An examination is carried out on one of the partial shading patterns that presents peak
power occurrences in both the left and right regions of the P-V curve as shown in Figure 29.

Clean Technol. 2024, 6, FOR PEER REVIEW  23 
 

 

 

Figure 28. Comparison of parameters for different MPPT techniques for PS1. 

4.4. Impact of Peak Power in Left Region of P-V Curve on SWPS Efficiency 

An examination is carried out on one of the partial shading patterns that presents 

peak power occurrences in both the left and right regions of the P-V curve as shown in 

Figure 29. 

 

Figure 29. P-V curve with GMMP in the left region and local peak in the right region. 

The operation of PMSM-SWPS starts with uniform shading as shown in Figure 30. 

The partial shading 5 (PS5) of Figure 29 is introduced at 2 s and the INC-GWO fetches the 

peak power of 366 W which is observed at the PV terminals. However, the PMSM output 

power available amounts to 250 W, with a corresponding duty ratio of 0.78, resulting in 

an efficiency of 68.31%. Subsequently, at the 3-s mark, adjustments are made to the MPPT, 

with the maximum duty ratio constrained to 0.75. As a result, the MPPT identifies the 

second local peak power of 279 W, applying a duty ratio of 0.42, leading to an output 

power of 220 W and an efficiency of 78.82%. This underscores the importance of imposing 

duty cycle limits, as higher duty cycles can lead to diminished efficiency of the boost con-

verter. The efficiency of the boost DC-DC converter decreases for higher duty cycles due 

to the ESR of the inductor, which is one of the non-idealities considered in the analysis. 

Consequently, higher duty ratios are best avoided as they lower the system’s efficiency. 

Figure 29. P-V curve with GMMP in the left region and local peak in the right region.

The operation of PMSM-SWPS starts with uniform shading as shown in Figure 30.
The partial shading 5 (PS5) of Figure 29 is introduced at 2 s and the INC-GWO fetches the
peak power of 366 W which is observed at the PV terminals. However, the PMSM output
power available amounts to 250 W, with a corresponding duty ratio of 0.78, resulting in an
efficiency of 68.31%. Subsequently, at the 3-s mark, adjustments are made to the MPPT, with
the maximum duty ratio constrained to 0.75. As a result, the MPPT identifies the second
local peak power of 279 W, applying a duty ratio of 0.42, leading to an output power of
220 W and an efficiency of 78.82%. This underscores the importance of imposing duty cycle
limits, as higher duty cycles can lead to diminished efficiency of the boost converter. The
efficiency of the boost DC-DC converter decreases for higher duty cycles due to the ESR of
the inductor, which is one of the non-idealities considered in the analysis. Consequently,
higher duty ratios are best avoided as they lower the system’s efficiency.
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The peak power occurrence in the left region of the P-V curve necessitates a higher
duty cycle. For instance, PS-4 exhibits a peak in the left region of the P-V curve, resulting
in lower system efficiency, as evidenced in Table 5. Specifically, with INC-GWO MPPT,
the efficiency is 75.28%, and even lower for other MPPT techniques. Hence, setting the
maximum duty ratio at 0.75 is recommended, which is then incorporated into the MPPT
algorithm, thereby avoiding all shading patterns with peak power on the left region of
P-V curve.
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4.5. Assessment of THD of Inverter Output Voltage for Various Shading Conditions

This section delves into the THD of the output voltage generated by the three-phase
inverter. The analysis is conducted without connecting the filter to the motor terminal. The
LC filter, when connected, would typically mitigate the harmonics and the overvoltage
across the machine terminals and reduce the overall THD. However, for this analysis, the
focus is on the inherent characteristics of the inverter out-put without the influence of
the LC filter to better understand the raw output behavior. The THD is calculated using
MATLAB Simulink’s fast Fourier transform (FFT) analysis. In this context, THD is defined
as the ratio of the root mean square (RMS) value of the harmonics to the RMS value of the
fundamental frequency. This definition quantifies the distortion in the inverter’s output
voltage caused by the harmonics relative to the primary frequency component.

The PMSM is exposed to all four partial shading patterns in the same sequence as
detailed in Section 4.2. The THD of the inverter output voltage is captured for each of
these partial shading scenarios. Figure 31 illustrates the THD for PS1, introduced at 3 s.
The inverter output voltage operates at a frequency of 40 Hz, exhibiting a THD of 79.00%.
The dominant harmonic occurs at twice the switching frequency of the inverter, which
is 1050 Hz. Figure 32 showcases the THD for PS2, introduced at 5 s. The inverter output
voltage operates at a frequency of 46 Hz, with a THD of 65.23%. Similarly, Figures 33 and 34
display the THD for PS3 and PS4, introduced at 7 and 9 s, respectively. For PS3, the inverter
output voltage operates at a frequency of 37 Hz, exhibiting a THD of 87.61%, while for PS4,
the frequency is 30 Hz, with a THD of 109.74%.
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Figure 34. THD of the inverter output voltage for PS4.

The examination reveals that the THD is highest for PS4, with dominant harmonics
displaying higher peaks compared to other scenarios, as shown in Figure 35. This is
attributed to the operating frequency being much lower than the rated 50 Hz. As the
operational frequency decreases, the THD increases. PS4 necessitates a higher THD due
to its operating frequency being on the lower side. The filter design needs to encompass
the operating frequency range from 25 Hz to 50 Hz. The cutoff frequency of the LC filter
is determined as one seventh of the lowest possible harmonic frequency. The value of the
filter inductor Lf and the filter capacitor Cf are specified as in (39) and (40), respectively [60]:

L f ≥
VDC

8∆iL f fsw
(34)

C f ≥
VDC

64L f ∆VC f fsw
2 (35)

where ∆iLf is the ripple on the peak current through the filter inductor and ∆VCf is the
ripple on the voltage across the filter capacitor. fsw is the switching frequency of the inverter.
The switching frequency of the inverter is 1050 Hz and the DC link voltage is 350 V. The
peak current through the filter inductor, which is also the peak current flowing through
the PMSM, is 2.78 A. With a current ripple of 30%, and a voltage ripple voltage of 1 V, the
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values of the filter inductor L f and the filter capacitor C f are calculated. This results in
L f being 0.0249 H and C f being 50 µF. The harmonic spectrum is then observed with the
LC filter at the output of the inverter. The harmonic spectrum of inverter output voltage
with filter, only for the case of PS4 is shown in Figure 36, and that of output current is
shown in Figure 37. The THD of the filtered output voltage is 0.42% and that of filtered
output current is 1.08%. Thus, the filter design ensures effective mitigation of harmonic
distortions across varying operating frequencies. For effective hardware implementation
of the LC filter, considerations such as thermal management, component tolerances, and
EMI mitigation are crucial. These factors ensure the filter’s reliability and performance in
real-world applications. While these aspects are essential for practical hardware design,
they fall outside the scope of the current simulation study.
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4.6. Comparative Analysis of PMSM and Induction Motor Based SWPS

IM has traditionally been favored for pumping applications due to its ruggedness.
However, in SWPS, where system efficiency is paramount due to the relatively low conver-
sion efficiency of solar cells, opting for a PMSM can significantly enhance overall efficiency.
Thus, the same INC-GWO MPPT algorithm is applied to an IM-based SWPS [46], mirroring
the specifications of the PMSM system. Figure 38 depicts changes in motor torque, speed,
and output power in IM driven SWPS. Additionally, Figure 39 presents the PV power, the
power obtained by the INC-GWO MPPT through the boost converter, and the IM pumping
system’s output power. Comparative analysis from Figure 40 reveals that the efficiency of
PMSM-based solar pumping systems surpasses that of IM-based systems by 10%.
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It is commonly found that IMs are less efficient compared to PMSMs when motors
have similar ratings. For motors below one kilowatt, the efficiency difference is typically
around 10%. This gap is substantial and can result in notable cost savings, particularly in
grid-connected setups. In stand-alone systems, this comparison becomes even more crucial,
as additional PV panels are often required to achieve equivalent pump power. The expense
of these extra PV panels can often surpass the cost differential between PMSMs and IMs,
especially for motors with nominal power ratings in the range of a few kilowatts. Although
motor performance can vary, PMSMs generally demonstrate higher efficiency than IMs.
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This efficiency benefit makes PMSMs a more economical choice, especially in stand-alone
systems where the need for fewer PV panels can lead to lower overall costs.
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5. Conclusions

This paper provides a detailed investigation of PMSM-based SWPS with hybrid MPPT
techniques, focusing on the performance of various MPPT algorithms and their behavior
under different partial shading conditions. Among the different MPPT methods, INC-GWO
demonstrates superior accuracy, faster convergence, reduced steady-state oscillations, lead-
ing to minimized power loss and torque ripple, with improved system efficiency. Utilizing
V/f control in PMSM-based SWPS simplifies the control strategy, making it suitable for
pump applications. Comparative analysis with IM-based SWPS reveals a 10% higher
efficiency for the PMSM-based SWPS. The research additionally integrates system non-
idealities to simulate real-world scenarios, offering a more practical assessment of system
functionality and efficiency. The study evaluates various peak conditions across the P-V
curve, including center, left, and right regions. The partial shading, particularly with peaks
in the left region of the PV array, significantly reduces the SWPS efficiency due to higher
duty cycle demands on the boost converter. Hence, the MPPT algorithms should accommo-
date limitation on the maximum duty cycle to optimize performance. The THD analysis of
inverter output voltage indicates higher distortion in the low-frequency range, providing
valuable insights for filter design. This analysis is instrumental in identifying the specific
harmonics that require mitigation measures. Future work should address the limitations
of this study by exploring a range of system sizes and including realistic scenarios such
as experimental weather time series. A detailed cost-benefit analysis for implementing
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PMSM-based SWPS, assessing scalability to larger systems, and optimizing filters based
on THD analysis will further enhance the practical applicability and performance of the
proposed solutions.
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