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A locally installed photovoltaic (PV)-powered motor pump is a viable solution for
a water pumping system (WPS) in rural locations. In this study, a single-stage, PV-
fed, SRM-powered WPS was investigated and realized using a speed sensorless
sliding mode controller (SMC)-based direct torque control (DTC). As a result,
no additional DC-DC converter was required for maximum power absorption
from the PV source. By utilizing a novel high-side switch asymmetric converter
with a hybrid Perturb and Observe–Grey Wolf optimization (POGWO) method
integrated with a DC-link voltage controller, an efficient single-stage conversion
was achieved. The robustness of the proposed integrated control is presented by
comparing it with a Genetic Algorithm and Particle Swarm Optimization (PSO).
Extensive results using MATLAB SIMULINK are shown to validate the proposed
system in both steady-state and transient conditions for various partial shading
conditions.

KEYWORDS

solar PV system, switched reluctance motor, asymmetrical converter, direct torque
control, sliding mode controller

1 Introduction

In India, there are an estimated 21 million irrigation pumps, of which more than 9
million are powered by diesel generators and the rest by the main electrical grid (Narale
and Singh Rathore, 2015). Photovoltaic (PV)-based water pumping systems (WPS) are
gradually gaining popularity in several countries. Battery-free PV-based WPS is a cost-
effective and reliable alternative (Thumu et al., 2021). To achieve optimal PV module usage,
a maximum power point tracking (MPPT) device with a suitable algorithm is necessary to
produce maximum power output from the PV system. However, the system’s design and
dimensions will increase if a second device is added to track the maximum power. As a
result, stand-alone PV-fed WPSs can offer a low-cost alternative with a small footprint
(Goud and Reddy, 2020; Thumu et al., 2021). Among the many motors available on the
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FIGURE 1
Proposed water pumping system.

TABLE 1 PVmodule Specifications (Rajanna and Kumar, 2021).

S.No Specifications Value

1 Voc 48.50 V

2 Isc 8.16 A

3 VMPP 39.60 V

4 IMPP 7.66 A

5 Pmax 302 W

6 Number of series modules 16no’s

market, switch reluctance motors (SRMs) are the best choice for
driving the pump that lifts water from great depths.Since producing
large torque motors is necessary to lift water from great depths, an
8/6 pole motor for WPS is considered in this work. PV-based WPSs
with different kinds of AC motors have been proposed by many
researchers. The authors in (Abido et al., 2015; Jayachandran et al.,
2021) proposed a WPS in which an induction motor (IM) drives
the pump.The authors in (Kumar and Singh, 2017) suggested that a
differential technique for maximum power point tracking used in a
WPS was also used in conjunction with a synchronous reluctance
motor for partially shaded conditions. In (Mishra et al., 2020), a
permanent magnet synchronous motor with hybrid proportional
integral control for solar-assistedWPSwas proposed, in which there
is pre-compensation of errors using fuzzy logic. The authors in
(Shukla and Singh, 2019) presented a grid-connected PV-assisted
power supply system for WPS in which machine learning is
employed for sensorless control of the induction motor. This also
has the advantage of power export to the grid under load-free
conditions.The authors of (Ibrahim et al., 2019; Murshid and Singh,
2019) described a grid-connected WPS powered by a synchronous
reluctance motor and using the same inverter to enhance the quality
of grid power, while in (Kumar and Singh, 2019; Shukla and Singh,

2020) BLDCwas utilized forWPS. SRMs are themost ideal forWPS,
especially in single-stage PV-fed systems, due to their advantages
over other motors (Mishra and Singh, 2018).

Many strategies for Maximum Power Point Tracking (MPPT)
are known and have been applied. In addition, due to its simplicity
and efficiency, the Perturb and Observe (P&O) approach has
attracted the attention of many researchers for hybridizing this
algorithm (Ramulu et al., 2018; Pradhan et al., 2020). A PV system
consists of multiple PV modules that are connected in series and
parallel, with each module containing a large number of PV cells.
The authors of (Khalid and Savkin, 2010; Sundareswaran et al.,
2015) proposed a distributed MPPT technique that utilized several
converters to improve conversion efficiency. The cost and size of
such a system is bound to increase The utilization of Grey Wolf
Optimization (Mohanty et al., 2017) and Genetic Algorithm (Malla
and N Bhende, 2014) for MPPT has been observed to improve
the efficiency and accuracy of MPPT. Novel circuit topologies and
machines (Manne et al., 2020; Rajanna and Kumar, 2021) have
been proposed to reduce the complexity of the interface. Reduced
switching converters (Kolluru and Kumar, 2021) and the integration
of DC stages (Shanthi et al., 2021) have been proven to reduce
overall components. Variety of control strategies for closed-loop
control of motors such as vector control (Murshid and Singh,
2018), direct torque control (DTC) (Yan et al., 2019), improvedDTC
(Sir et al., 2020), intelligent controller (Varshney et al., 2021), model
reference adaptive control (MRAC) (Haq et al., 2023; Kashif and
Singh, 2023), peak current detection-based control (Sen and Singh,
2021) and fuzzy logic controller (FLC) (Stonier et al., 2021; Ríos-
Castro et al., 2023) of which few are mathematical approach and rest
are heuristic approach both of which proved dominance in certain
control parameters.

To develop an efficient, reliable, and cost-effective water
pumping system, a high-side switch asymmetrical converter was
built using a single-stage WPS fed by PV and powered by a sliding
mode controller (SMC)-based speed sensorless direct torque control

Frontiers in Energy Research 02 frontiersin.org

https://doi.org/10.3389/fenrg.2023.1205704
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#articles


Kolluru et al. 10.3389/fenrg.2023.1205704

TABLE 2 Accounting for partial shading in the PV array.

Pattern Irradiance level of
modules in each array

PSC-1 Modules 1–4: 1,000 W/m2, Modules 5–8: 900 W/m2, Modules 9–12:
800 W/m2, Modules 13–16: 700 W/m2

PSC-2 Modules 1–3: 1,000 W/m2, Modules 4–7: 950 W/m2, Modules 8–13:
700 W/m2, Modules 14–16: 550 W/m2

PSC-3 Module 1: 800 W/m2, Modules 2–4: 700 W/m2, Modules 5–11:
550 W/m2, Modules 12–16: 300 W/m2

(DTC).The following novel contributions to the WPS are presented
in this paper.

• An asymmetrical bridge converter with a common high-side
switch, which reduced the number of switches, with the power
conversion equivalent to that of a conventional asymmetrical
bridge converter.

• A proposed single-stage conversion of PV power using the
same drive converter for tracking the maximum power and
eliminating the need for an additionalMPPTDC-DCconverter.

• A control structure for the drive converter that was modified
with an additional objective to include MPP control along with
drive current control.

• A model-based estimation of motor speed, employed in the
control to eliminate the need for a speed-sensing unit, which
otherwise would have added to the cost of the drive. However,
this solution also makes submersible pumping more difficult to
implement.

• An adaptive direct torque control, which was adopted for the
current control of robustness under variations of head and
pressure conditions.

The rest of the paper is organized as follows. Section 2 presents
the topology and mathematical model of the proposed system.
Section 3 presents the control structure. Section 4 presents the
simulation results, and Section 5 presents the conclusions.

2 System description

The suggested WPS is comprised of a PV system for power
supply and a converter that drives the motor and also serves as an
MPPT converter, as shown in Figure 1. MRAC was used to build a
sensorless speed controller (SPC), and SMCwas designed tomonitor
the speed at its rated value, which was generated by DC link control
(DCLC), to address this issue.The component modeling and design
are provided below.

To avoid the frictional force of the rotating elements involved
in lifting the water motor/pump breakaway, the torque (Tb) must
be between 10% and 25% of the nominal torque. Whenever the
speed exceeds a certain threshold or base value (ωt), the pump starts
pumping water. The rate of water flow “Q” (gallons per minute)
fluctuates proportionally with the speed, head, horsepower, and
brake horsepower as indicated in Eqs 1–4 (Pradhan et al., 2020).

Q =
{
{
{

aω− b ω ≥ ωt

0 ω < ωt

(1)

H = a0ω2 + a1ωQ+ a2Q2 (2)

The motor’s desired horsepower capacity is calculated as:

Whp =
Q×H
3960

(3)

The real power required to run the pump should be greater
than Whp due to its efficiency. The Horsepower is defined as the
Horsepower necessary for the pump shaft to pump a given flow rate
against a given H is calculated as:

BHP =Whp /(ͷp *ͷd) (4)

It is assumed that Qmax is 150 gallons per minute, H is 50 m,
the pump efficiency (ͷp) is 1, and the drive efficiency (ͷd) is 0.95.
The solar panel power availability will be approximately 1900 W,
assuming a minimum irradiance availability of 400 W/m2. The
minimummotor speed is set at 720 rpm according to the minimum
power of the solar panel, and the maximum speed is obtained at
1800 rpm.

FIGURE 2
P-V characteristics for one string under partial shading.
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FIGURE 3
GWO-based MPPT algorithm.

Themaximum speed and maximum power are used to compute
the motor load, TL = 25 Nm. Furthermore, the frictional force
between the pipe and the water will increase the load torque
on the motor. Additionally, if an extra pipe is constructed to
transport water to a different location for use, the load torque will
increase.

2.1 Modeling of the SRM system

Generally, reluctance machines consist of variable reluctance
magnetic circuits in both the rotor and stator, or they are
double salient machines. The following equations (Abido et al.,
2015; Kumar and Singh, 2017; Ibrahim et al., 2019; Shukla and
Singh, 2019; Mishra et al., 2020) are used to model the motor
(Ramulu et al., 2018).

The flux linkage for applied stator voltage can be expressed as

V =
(λa − λu)i

λu
=
(Lsa − Lu)i

t
(5)

where t = βs
ωr
, σs =

Lsa
La

and σu =
Lsu
Lu

In terms of rotor speed, the rate of flux change is expressed as

V =
ωr

βs
Lsai(1−

1
σsσu
) (6)

Now, this Lsa i product would be transformed into machine
physical parameters as

Lsai = φTph = B×Asp ×Tph = B×D× L× βs ×Tph/2 (7)

where As =
2Tphim
πD
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FIGURE 4
Modified converter with a reduced number of switches.

However, the power depends on the input voltage and can be
expressed by

Pd = KaKdVin

Pd = kdke(
π2

120
)(1− 1

σsσu
)BAsD

2LNr (8)

Finally, the electromagnetic torque produced by amotor is given
by the expression

T = kdkek3k2(BAs)D2L (9)

where kd =
θiqPr
360

, k2 = 1−
1

σsσu
, k3 =

π
4

Lsa and Lu are aligned and unaligned inductances (per phase),
respectively. t is the time required for the rotor to go from aligned
to unaligned. βs is the stator pole arc, L

u
a is the aligned unsaturated

inductance, φ is the aligned flux, and Asp is the stator pole area. D
is the stator bore diameter, and L is the stator bore length. B is the
flux density of the stator poles, andTph represents the turns per pole.
m is the number of simultaneously conducting phases. kd is the duty
cycle, θi is the current conducted per phase.Ps is the number of stator
poles, and Pr is the number of rotor poles.

The electromagnetic torque generated by the motor is required
to drive the load torque due to the water pump and causes due to
friction between pipe water Hence, the load torque (TL = 25) and
the electromagnetic torque can be expressed as

Te = j
dω
dt
+Bω+ 25 (10)

2.2 PV system

To achieve the required maximum power of 4800 W, 16 PV
modules of 302 W eachwere chosen. Table 1 shows a comprehensive
list of PV module specifications.

The required DC voltage level and power are generated by
connecting 16 PV modules in series. The voltage corresponding to

TABLE 3 Required switching pattern.

S. No Angle Switching

1 0 to 90 (1, 1, 1, 0, 0)/(1, 0, 0, 0, 1)

2 90 to 180 (1, 0, 1, 1, 0)/(0, 1, 0, 0, 0)

3 180 to 270 (1, 0, 0, 1, 1)/(1, 0, 1, 0, 1)

4 270 to 360 (1, 1, 0, 0, 1)/(1, 0, 0, 1, 0)

the Maximum Power Point (MPP) for uniform solar irradiation
can be monitored using the standard P&O techniques, as illustrated
below:

Vmpp(i+ 1) = Vmpp(i) +ΔV× sign(
dPpv
dVpv
) (11)

The PV array consists of 16 serial modules connected in series
to generate the required voltage.The P-V characteristics for different
partial shading conditions as depicted in Table 2 are shown in
Figure 2.

The Grey Wolf Optimization algorithm is a new metaheuristic
optimization technique.The basic principle is to imitate grey wolves
as they hunt in a cooperative way. The most popular metaheuristic
optimization techniques are GA (Pourfarrokh et al., 2023), ACO
(Li et al., 2023), GSA (Kumaraswamy et al., 2023), PSO (Abubakar
et al., 2023), etc. These techniques are generally used in the
domain of power systems, but they have also spread to other
areas of research. The advantages of these algorithms are flexibility,
simplicity, freedom from derivations, and avoidance of local optima.
Even though the conventional algorithms are inspired by nature
and randomly initialized, they suffer from poor convergence rates,
more computation time, and large dimensions, and there is no
guarantee of a global solution for optimization. Hence, the Grey
Wolf Optimization algorithmhas been proposed, which has a higher
chance of improvement in identifying the global maximum of PV
power during partial shading conditions.

The global best position of the voltage corresponding to the
maximum power can be obtained from Eq. 12. The corresponding
flowchart of theGWO-basedMPPTalgorithmunder partial shading
conditions is depicted in Figure 3.

V⃗(i+1) =
V⃗1 + V⃗2 + V⃗3

3
(12)

so that

V1 = Vα −A1(Dα); V2 = Vβ −A2(Dβ); V3 = Vδ −A3(Dδ) (13)

Dα = |C1Vα −Vpv|; Dβ = |C2Vβ −Vpv|; Dδ = |C3Vδ −Vpv| (14)

A⃗ = 2a⃗ ⃗r1 − a⃗; C⃗ = 2 ⃗r2 (15)

where the components of “a” are linearly decreased from 2 to 0.
Similarly, r1 and r2 are randomly varied in the range [0, 1].

2.3 High side switch asymmetric converter

The conventional converter to run an 8/6 pole SRM has
eight switches (de Oliveira et al., 2023; Sagvand et al., 2023).
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FIGURE 5
Speed estimation using SRM’s MRAC model.

FIGURE 6
Implementation of the SMC in the proposed system.

FIGURE 7
Block diagram of the sliding mode controller.

However, in (Rajanna and Kumar, 2021), the authors proposed a
novel configuration with a lower number of switches for 6/4 pole
machines. The proposed converter was modified to operate on an
8/6 pole machine, and its configuration is shown in Figure 4 The
proposed converter consists of only five switches, making it a cost-
effective converter compared to the conventional one.Moreover, the
proposed configuration can also reduce the size of the overall system.

By comparison with the proposed converter in (Manne et al.,
2020), one more switch was included, since the converter was
designed to supply power to an 8/6 pole machine, which requires
four legs for eight poles. However, the authors in (Kolluru and
Kumar, 2021) proposed a converter for a generalizedmodel for three
legs. In the same manner, the number of switches can be increased
to operate a higher number of pole machines (i.e., by increasingthe
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FIGURE 8
Pulse generator for the proposed converter.

FIGURE 9
(A). Power, (B). Actual DC link voltage (Vdc).

number of legs). This paper considered an 8/6 pole machine since
it has the required torque capability for lifting water from 150 feet.
Therefore, the converter proposed in (Kolluru and Kumar, 2021)
was slightly modified in (Shanthi et al., 2021) to operate an 8/6
pole machine by adding one more switch without disrupting the
complete topology. The space vector topology was implemented
for the high-side switch asymmetric converter, with the required
switching pattern listed in Table 3. The corresponding diodes are

forward-biased when the currents of the corresponding inductors
start to discharge.

3 SRM control

Figure 5A illustrates the basic MRAC block diagram (Ali et al.,
2022; Mao et al., 2023), while Figure 5B illustrates the SRM motor
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speed estimation (b). A target action from a reference mathematical
model of the motor was compared with the output of the MRAC
system. By tracking the error signal based on the PI controller,
the parameters used to estimate the speed were updated. Figure 6
illustrates the block diagram for implementing SMC in the proposed
system.

The amount of power available fromPV determined the DC link
voltage. Similarly, the speed of the motor was determined by the
input power for a specific load torque, which was constant under
stable conditions for a given depth of ground. The speed reference,
which was calculated by comparing the DC link voltage with the
reference voltage signal generated by the P and O algorithm, was
matched to the projected motor speed using the MRAC model (i.e.,
Figure 6), and the required reference torque was calculated using
the SMC (i.e., Figure 7). References (Manne et al., 2020; Kolluru and
Kumar, 2021) implement the SMC The DTC achieved the required
pulses for the high-side switch asymmetrical converter, as shown in
Figure 8.

4 Simulation results and discussion

4.1 Performance under PSCs

The proposed control of WPS with the specifications in
Tables 1, 2 was simulated using MATLAB/SIMULINK for partial
shading conditions, changes in irradiance, and load changes. This
section presents the simulation results for each condition and the
performance of the proposed system. This study considered three
patterns of solar irradiance to evaluate the performance of GA, PSO,
and the proposed GWO, as indicated in Figure 9A. The DC link
reference voltage was plotted using the proposed method, as shown
in Figure 9B. The DC link voltage was adjusted by the POGWO
algorithm to operate the PV system at the maximum power point.

4.2 Performance under changing
irradiance

Considering a drop in the variation of solar irradiance by
250 W/m2, the tracking performance for extracting maximum
power is illustrated in Figure 10. By observing Figure 10, the
performance of maximum power tracking is well with the proposed
controller.

4.3 Speed, torque, and water discharge
response

When the irradiance abruptly changed from maximum
(1,000 W/m2) to minimum (400 W/m2) at t = 3.0 s, the system
was put to thr test. As the irradiance suddenly dropped, the power
available from the PV was also reduced. And DCLC provides a
corresponding speed reference for motor MRAC can also calculate
the SRM estimated speed When these two-speed signals are
compared, the converter can receivematching pulses from the SMC.
Figure 11 shows the corresponding speed response. The torque
on the motor, on the other hand, remained constant, as shown in

FIGURE 10
Performance of MPPT under changing irradiance.

Figure 12, which illustrates the comparable electromagnetic torque
generated by the motor. Furthermore, as the motor speed reduced,
the water flow through the pump was also reduced. Figure 13
illustrates the corresponding water discharge.

4.4 Speed response to irradiance changes

TheWPSwas tested under solar irradiance fluctuations between
900 W/m2 and 650 W/m2 at t =1.5 s and again reaching 1,000 W/m2

at t = 2.25 s. The corresponding reference speed and actual speed
of the SRM are shown in Figure 14. The reference speed of the
SRM motor was reduced while decreasing irradiance was used to
reduce the DC link voltage. Therefore, the controller tried to follow
the reference speed, resulting in low-speed operation. Again, the
speed increased as the irradiance increased due to greater power
availability, which is reflected in the higher DC link voltage.

4.5 Response when an additional pipe is
introduced

Adding a new pipe to bring water from one area to another is a
typical occurrence inWPS.WPS are generally made of HDPE, PVC,
LDPE, and lateral pipes. The torque generated by the friction and
external pressure acting on the water in the pipe grows in proportion
to the length of the pipe.

Furthermore, if an extra pipe is added to a bore well, the torque
applied to the motor will gradually rise until the water reaches the
new outlet. In this circumstance, a 20-m pipe was used to transport
water from the bore well outflow point to the new position, with
the torque and water discharge shown in Figure 15. As the torque
on the motor increased, the motor’s speed also increased, but the
power remained constant. As a result, when the pipe is horizontally
connected to the land, the water discharge will remain constant.
However, because of friction losses and external factors working
against the motor’s power/torque, it will be slightly reduced.

4.6 Input current of the SRM

Themotor current isDC, but it will be pulsatingDCThecurrents
of the motor at 1,500 rpm are depicted in Figure 16 with proper
pole representation. The currents in each phase will increase from
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FIGURE 11
SRM rotor speed with DCLC and MRAC.

FIGURE 12
Electromagnetic torque response to changes in irradiance.

FIGURE 13
Water discharge during changes in irradiance.
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FIGURE 14
Speed response during changes in irradiance.

FIGURE 15
Torque and water discharge. (A) Electromagnetic torque (B) volume of water outflow for additional discharge pipe.

angle to angle as the corresponding switches are turned on. Similarly,
the diodes will become forward-biased as the corresponding leg
inductances start discharging, as shown in Table 2.

4.7 Comparison to existing methods

The simulation results demonstrate the accuracy and robustness
of the proposed control structure in terms of MPP tracking, DC
link regulation, and current control of the common high-side switch

converter forWPS. In this section, the performance of the POGWO
algorithm for MPPT and MRAC for SRM speed estimation in
terms of the proposed control structure was compared with existing
algorithms. It was observed that the proposed POGWO technique
with a transient time of 0.3 s and efficiency of 99.99% gave a
better dynamic response and accurate convergence in trackingMPP
as compared to the PSO-assisted P&O (Mohanty et al., 2017) and
GA-assisted P&O (Malla and N Bhende, 2014). The efficiency and
transient time for tracking MPP are listed in Table 4.
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FIGURE 16
8/6 pole SRM input currents.

TABLE 4 Performance comparison.

Index PSO (Mohanty et al., 2017) GA (Malla and N Bhende, 2014) Proposed
system

Efficiency of MPPT 99.84% 99.91% 99.99%

Transient time for MPPT 0.35 s 0.32 s 0.3 s

Transient time for speed change under changes in irradiance 0.83 s 0.82 s 0.8 s

TABLE 5 Component size comparison.

Index Two-stage asymmetric converter topology (Pradhan et al., 2020) Proposed topology

No. of power switches 6 4

No. of power stages 2 1

Speed sensor Required Not required

MPP controller Required Not required

The speed command shifted to a new value as the irradiance
changed. The transient time for tracking new speeds under a
change in irradiance was also compared with existing algorithms.
The proposed method showed robustness in tracking the new
speed under changes in irradiance, as shown in Table 4. Although
the improvements are small in magnitude, the consistency of the
algorithm in tracking speed is comparable to the existing algorithms.

The proposed topology provided a reduction in the number of
components, as shown in Table 5.

The sensorless speed estimation for SRM using MRAC
accurately estimated the SRM speed with 98.9 percent accuracy,
which is 98.5% for the sensorless speed estimation proposed in
(Stonier et al., 2021). Changes in load due to water discharge
with additional pipe (which is the typical case), proved the
increment in torque provided by the motor to discharge the
same amount of water. Thus, the proposed system is robust in

terms of the dynamic response of MPP tracking and speed,
efficient, and adaptive for current control under changes in load
conditions.

5 Conclusion

Thus, a PV-powered and novel converter-fed SRM-based
WPS was developed. The proposed model prioritized the use
of WPS with SRM in conjunction with the proposed converter,
considering a variety of practical issues such as the need for
an additional pipe to transport water from one area to another.
Single-stage power conversion and the integration of MPP into
the drive converter control represent novel contributions. Also, the
proposed MRAC for speed estimation was found to be efficient
and accurate in speed estimation, with a 98.9% accuracy in speed
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tracking. Extensive results validated the proposed POGWO
strategy, with an accuracy of 99.99% in tracking MPP with
a good transient time of 0.3 s. Also, speed commands and
load changes were tracked within 0.8 s. Thus, the proposed
work contributed to speed sensorless closed-loop control with
a cost-effective power electronic interface for water pumping
applications. In further studies, the proposed topology and
control scheme would be modified to apply to multiple
sources fed, such as the PV-grid and battery-based SRM pump
drive.
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