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Abstract: Water and energy are becoming more and more important in agriculture, urban areas and
for the growing population worldwide, particularly in developing countries. To provide access to
water it is necessary to use appropriate pumping systems and supply them with enough energy for
operation. Pumps powered by solar photovoltaic energy are complex electromechanical systems
that include hydraulic equipment, electrical machines, sensors, power converters, and control units.
Therefore, solar photovoltaic pumping systems are associated with various fields of science and
engineering. In remote, less-populated areas without electricity, where it is either challenging to
connect to the grid or it is not possible, solar photovoltaic water pumping systems can play a
significant role. To see whether solar photovoltaic pumping systems may be a practical, viable, and
affordable method of pumping water it is necessary to study different aspects of their operation.
The goal of this current article is to evaluate and outline recent research and advancement in the
field of solar photovoltaic pumping systems. The major focus is on the standalone photovoltaic
pumping system’s components, factors that affect system efficiency, performance evaluation, system
optimization, and the potential for integration with modern control techniques. The main objective of
this article is to give a broader overview of solar photovoltaic technologies for researchers, engineers,
and decision-makers.

Keywords: pumps; solar water pumps; photovoltaic; hydraulic equipment; MPPT; energy efficiency;
induction motors; DC motors; AC motors

1. Introduction

Pumping systems are crucial in a variety of industries, including the production of
oil, chemicals, agriculture, sanitation, wastewater treatment, and in water supply. They
account for approximately 20% of electricity consumption for water treatment [1]. Water
resources are becoming crucial for meeting the needs of our society [2]. Due to the high
cost of diesel and the unavailability of energy in some rural regions, they are especially
crucial for irrigation and communal water supplies. Natural water supplies are essential
for the community, the ecosystem, and the production of food [3].

The majority of the world’s water pumping is powered by traditional electricity or
fossil-fuel-generated electricity. Solar water pumping (SWP) reduces the need for electricity
generated by coal, gas, or diesel [4]. The usage of traditionally powered fossil-fuel-based
pumping systems causes air pollution and environmental damage in addition to fuel
consumption. Compared to a photovoltaic (PV) powered pump, the price, cost of operation,
maintenance, and replacement are all greater. Therefore, solar photovoltaic water pumping
systems are one of the sustainable development strategies in the water production and
water treatment fields [5].

One of the highly effective and sustainable methods of resolving the world’s energy
and environmental crises is the use of photovoltaic cell systems, which directly transform
solar energy into electric energy through the photovoltaic effect. To achieve the goal of
ensuring energy, water, and environmental security it is necessary to use this green energy
technology for water pumping. Given that water is the primary factor in agricultural
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productivity and that green, inexpensive water pumping systems are crucial, the use of
solar energy in conjunction with water pumps might have a significant impact [6].

The price of conventional fossil fuel and its effects on the environment, which result
in an increase in carbon dioxide and pollution emissions, are significant factors for pump
operation. Pumps powered by photovoltaic panels are more environmentally friendly,
require less maintenance, and use no fuel. One of the most significant and promising uses
of photovoltaic systems in urban and rural areas are solar water pumping plants (SWPP).
The increasing effectiveness of solar water pumping plants today is mainly due to the
improvement of their output characteristics (thanks to the more sophisticated designs,
materials, and manufacturing technology of photovoltaic modules and photovoltaic cells).

Due to the ongoing depletion of oil supplies, the unequal distribution of fossil fuels,
and the rising cost of electricity, which is a key problem for developing nations in Asia
and Africa, the need for solar PV energy to power water pump increases is constantly
increasing. Another driving force of SWPP’s significance is that, due to policies and
programs aimed at reducing climate change, solar energy is quickly gaining importance.
Among the advantages of photovoltaic systems is that there are no moving mechanical
parts, while at the same time photovoltaic systems are modular and have low operating
costs. The lifespan of a PV module is relatively lengthy, and the balance of system (BOS)
maintenance is minimal [7]. However, there are some drawbacks for photovoltaic systems
including the relatively low solar-to-electric power conversion efficiency, a high initial
investment cost, and non-linear voltage–current (V–I) characteristics.

Lowering the pay-back period in terms of better performance and efficiency as well
as reducing the number of components to lower overall cost are the main areas of interest
in the field of SWPP. Being economically competitive with a diesel generator and grid-
connected water pumping systems is one of the major factors that can ensure growth in the
popularity of photovoltaic pumping systems, especially in rural areas. The photovoltaic
pumping system should be properly designed and the appropriate equipment chosen to
meet the requirements of economical practicability. Water pumping systems that utilize
renewable energy are typically equipped with power electronic drives. By integrating
energy storage units, gaining maximum power point tracking (MPPT) for solar energy,
boosting the efficiency of the motors with variable-speed operation, dispatching capabilities
with energy storage units, etc., greater flexibility, reliability, and efficiency of operation are,
therefore, ensured.

Although the use of renewable energy sources dates back to ancient times, scientific
research did not begin on them until the middle of the 19th century. In [8], the author
examined the research conducted by several scientists on using solar energy to pump water.
The Soviet Union claimed the first solar photovoltaic water pump case in 1964. In scientific
works conducted by pioneers in this field such as Lidorenko, Tarnizhevsky, and Rodichev,
the main principles of solar photovoltaic pumping systems were presented [9–11]. The
authors proposed several options for powering a motor-pump with a PV array. These
options were examined for different scenarios, including those with or without the use of a
buffer battery of any size. The research was conducted while examining the average daily
power consumption of the pump’s electrical motor during a daily 9 h PV array generation
period. Although the water pumping systems’ operational head and flow rates were quite
modest at that time, these tests ultimately demonstrated key development milestones for
future solar-powered water pumping systems. In Mead, Nebraska, one of the earliest
industry-scale solar photovoltaic pumping systems was built in 1977 [12].

A thorough analysis of the scientific literature on solar pumping is provided in the
current work. It can serve as a reference book for the initial selection of photovoltaic
pump equipment, taking into account the advantages and disadvantages of various system
configurations. In addition, it attempts to cover the latest statuses and characteristics of
many SWPPs.

This article is separated into the following parts. The following three sections ac-
count for the theoretical background, components, topology, and factors influencing the
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performance of the photovoltaic pumping systems. Here, the mathematical models, the
structure of the SWPP, and the impact of the components on the performance are presented.
Then, the simulation and control strategies of photovoltaic pumps and their subsystems
are explained. In the final part, several aspects of optimization for the SWPPs are analyzed.

2. Models of a Photovoltaic Pump

Using an electric motor-pump set with a photovoltaic option, solar energy is converted
from solar to electric and used to pump water. Thus, the solar energy is finally converted
into the hydraulic energy of the pumped liquid for agricultural or industrial needs. The PV
array, power converter unit, battery storage, and motor-pump set are the main components
that are included in a photovoltaic pumping system. Induction or alternative current
(AC) motors with a centrifugal pump and direct current (DC) motors with a positive
displacement pump are the two most widely used motor-pump sets in photovoltaic pump
applications. For these motor-pump sets, a power converter unit must have a DC/AC
inverter or a DC/DC converter, as well as a maximum power point tracking and battery
storage unit. The basic solar water pumping system’s structure is shown in Figure 1.
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Figure 1. The general structure of the pumping system.

To achieve the minimal voltage and power needs of an electric drive, the PV modules
must be connected in series and parallel. A photovoltaic water pump’s capacity is influ-
enced by the connected network’s main hydraulic parameters such as head and flow (H-Q).
The static head, or Hs, of a pump is the altitude difference between its input and output
and is determined by the equation:

∇Z1 −∇Z2 = Hs, (1)

The source of the water may be a pond, spring, river, or man-made lake. The primary
requirement is that the selected pump must work with the liquid being pumped.
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A solar pump’s photovoltaic module is made up of a number of photovoltaic cells
that are combined in series and parallel. With regards to model PV cells, there are basically
two main types of model. One diode is used in the first model. In addition, two diodes
are used in the second one, as shown in Figure 2. In [13] the authors proposed a simplified
equivalent circuit, depicted in Figure 2b, that only contains a few diodes, one current
generator, and two resistors to account for the dissipative effects. The authors presented a
condensed equivalent circuit, with just two diodes, one current generator, and two resistors
that account for the energy-loss effects as well as the presence of any constructive flaws.
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Figure 2. The general single (a) and two diode (b) equivalent circuits for a PV cell.

As demonstrated in the above-shown equivalent circuit of a PV cell, the single-diode
model can be used as a current source [14]. This model is described in detail by authors
in [15–17]. It has nonlinear electrical properties that could alter depending on the module’s
temperature and solar radiation. In [15] the authors address the research of a photovoltaic
cell’s electrical behavior by calculating several parameters, resolving an equations system,
and modifying and simulating the conventional model. The authors claim that, in compari-
son to experimental results, their model enables them to obtain a series of I–V curves that
account for environmental variability with errors of less than 1%.

The output current–voltage characteristics of a particular PV cell for a single diode
model are represented by the equation:

Io = Iph × np − Id × np(e
(

q(Vo+Rs Io)
akTns

) − 1)− np × (
Vo + Rs Io

nsRsh
), (2)

where:

Io—is the output current, A
Iph—is the light generated current, A
Id—is the diode reverse saturation current, A
q—is electron charge, 1.602 × 10−19 C
a—is the ideality factor
k—is the Boltzmann constant, 1.381 × 10−23 J/K
Vo—is the output voltage, V
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T—is the temperature, K
Rs—is the series resistance, Ω
Rsh—is the shunt resistance, Ω
ns—is the number of cells connected in series,
np—is the number of cells connected in parallel.

The light-generated current Iph is dependent on solar radiation and Io is influenced by
cell temperature, while ns, np, Rs, and Rsh are constant according to the conventional method.
The light-generated current Iph rises as a result of the illumination of the semiconductor
junction, which shifts the current–voltage (I–V) curve vertically to translate a quantity that
is almost exclusively linked to the density of the solar energy falling on the surface of a
photovoltaic module.

Various approaches to a pump model are described in the literature [18,19]. Most
studies are focused on an empirical pump model based on experimental data or data
provided by the manufacturer. Based on the examined publications, in order to establish a
direct relationship between the electric output power of the photovoltaic unit, liquid flow
rate, and the pumping head, some of the analytical models are used.

The main hydraulic characteristics of a pumping unit are head H and flow Q [20,21].
The mechanical energy of the rotation from an electrical machine is transferred to a pump
and converted into the hydraulic energy of the liquid. The hydraulic characteristics of a
centrifugal pumping system can be presented in the form of a polynomial function by the
following equation:

H(Q) = H0 − C1 ·Q− C2 ·Q2, (3)

where:

H—is total hydraulic head, m
H0—is a shutoff head, m
C1, C2—are the head friction factors
Q—is the liquid flowrate, m3/s.

The graphical representation of the head-to-flow function is the so-called performance
curve of a pump. In contrast to the analytical approach, other researchers employed
a graphical representation of the performance characteristics from the manufacturer’s
datasheet or the application of affinity laws to calculate the pump parameters for various
speed values, as shown by the following equations [22]:

Q1
Q2

= n1
n2

,
H1
H2

=
(

n1
n2

)2
,

P1
P2

=
(

n1
n2

)3
,

(4)

where:

P—is mechanical power, W
n—rotational speed, rpm.

Based on the data in the datasheet, the pump affinity laws are used to determine how
well a centrifugal pump performs when operated at various rotational speeds. In addition
to these methods based on analytical calculation, and data provided by the manufacturer,
some specific approaches to modeling pumping systems can also be found in the literature.
In [23–25] authors suggested a centrifugal pump hardware-in-the-loop (HIL) model. The
motor-pump and pipeline imitators designed for the HIL simulator are constructed using
variable-speed drives (VSD) and connected to a programmable logic controller (PLC) and
Profibus communication equipment. A number of experiments were run on the developed
system to better understand its advantages and disadvantages, and the results showed that
the system was flexible and accurate in simulating processes that take place in both static
and dynamic modes of centrifugal pump operation.
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Centrifugal pumps that are widely used in solar photovoltaic pumping systems belong
to the family of rotodynamic types of pumps. The output pump power, electrical supply
power Psup, and the efficiency of the pump—which is an electromechanical system—are its
defining characteristics. The following equations can be used to simulate the centrifugal
pumps’ hydraulic performance and the efficiency of the SPWPP [26]:

Phyd = H ·Q · ρ · g, (5)

where:

ρ—liquid density, kg/m3

g—is acceleration due to gravity, 9.8 m/s2.

The supply power of the solar photovoltaic pumping system is given by the equation:

Psup = Io ·Vo, (6)

In [27] the authors propose a simulation methodology for estimating the solar water
pumping system’s efficiency. It looks into the viability of calculating efficiency for the
specific centrifugal pumping system using a solar photovoltaic power source. The proposed
approach enables a preliminary performance study in addition to an efficiency estimation
for a specific photovoltaic water pumping system during the design phase of a real solar-
powered pumping system. The single-drive centrifugal pump’s model-based calculation
method and other required components are described in that paper. The model that was
developed includes a simulation of photovoltaic arrays from the company SunPower SPR-
E20-435-COM, Figure 3. The six-pulse voltage inverter, which powers the induction motor
(IM), is connected to the solar power source. The five panels are linked in parallel and the
six are in series to generate the appropriate output power.
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The authors show that it is necessary to calculate the overall efficiency of the system
and consider all the parts according to the following equations:

efficiency of the PV array:

ηph =
IoVo

GAnsnp
, (7)

efficiency of the electric drive:

ηED =
Psha f t

Psup
=

Psha f t

Io ·Vo
, (8)
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efficiency of the pump:

ηhyd =
ρgHQ
Psha f t

, (9)

where:

G—is solar irradiance, W/m2

A—is the PV array’s surface, m2

Pshaft—is the mechanical power on the shaft, W
Io—is the output current of the PV array, A
Pshaft—is the mechanical power on the shaft, W.

The following equation can be used to express the photovoltaic pumping system’s
cumulative efficiency:

ηtotal = ηph × ηED × ηhyd, (10)

Since the ambient temperature and amount of sunlight in most of the models are
considered to stay constant. A first essential part to estimate is the efficiency of the PV
array. Next, the efficiency of the electric drive should be evaluated, and last but not least,
the efficiency of the centrifugal pump itself should be taken into consideration.

Based on the abovementioned estimations it is possible to design the SWWP by taking
into account the power and energy consumption requirements for typical photovoltaic
pumping systems, Table 1.

Table 1. Typical nominal power of solar-powered DC borehole pumps [28].

Nominal Power (W) Liters Per Hour Liters Per Day (5.5 h)

500 1000 5500
750 3100 17,000

1100 4800 26,000
3000 6000 33,000

3. Electrical Machines for Photovoltaic Pumps

The electrical machines are an important part of the equipment of the photovoltaic
pumping subsystem. Electrical machines are devices that convert electrical energy into
the mechanical energy of a rotating shaft. There are two primary types of motors utilized
in photovoltaic pumping systems: induction motors and direct current motors (DC). The
classification of these motors is shown in Figure 4.

The simplest regulation is possible with a low-power DC machine, and no complicated
power converters are needed because it is possible in some cases to connect it directly to the
PV array. One of the earliest investigations of DC motors for water pumping applications
is described by the author in [29]. DC machines are getting larger and more expensive for
high powers because they need commutating poles and compensation windings. The com-
mutator and its brushes, which reduce reliability and raise maintenance costs, are another
drawback, especially when operating in a humid environment close to the mechanical
pump. The rotor of the direct current machine experiences the majority of losses. Therefore,
it needs a complicated cooling system at high power that limits the overload capacity.

Along with the direct current machines, induction machines with squirrel cage rotors
are among the most technologically advanced machines; they provide more power and
more efficiency than DC machines [30]. Copper losses are the main type of losses in
induction machines. The copper losses are decreased as a result of the lower magnetization
current in the area of field weakening, and as a result, the induction machine offers a
wide speed range in addition to a relatively high efficiency at high speeds. After the
rapid growth of power semiconductor technologies, AC motors began to outweigh DC
motors in relevance for pumping applications. The appropriate electrical machine should
be chosen depending on the system’s size, cost, power input, availability, and maintenance
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status. Some of the advantages and disadvantages of both types of electrical machines are
presented in Tables 2 and 3.
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Table 2. Advantages and disadvantages of DC machines.

Advantages Disadvantages

Can be connected directly without a special
control or by DC–DC unit Needs maintenance because of low brush life

High initial torque on the shaft Cogging at low rotational speeds
Easy speed control (for brushed) Power losses due to commutator

Broad range of speed controls Sparks can cause EMI
Fast reaction to the load variation Risk of commutation failure

Suitable for pumping due to their speed-torque
characteristics Can be damaged in humid environment

Table 3. Advantages and disadvantages of AC machines.

Advantages Disadvantages

Low cost Low starting torque value
Robust construction High startup current

Availability for wide power range Expensive control system
Relatively high power factor Cannot be directly connected to PV array

Relatively high power density Efficiency drops at low loads

Does not require frequent maintenance Does not operate well at speeds less than 30%
of its nominal

Different topologies including both AC and DC machines are described in the literature
related to solar photovoltaic pumping systems. For instance, in [31] the authors propose a
pumping system based on an induction motor for processing the water from a well in the
desert. The mathematical model was developed to allow a computer simulation assessment
of the system performance. The model of the induction motor is based on Thevenin’s
theorem. A model enables the representation of the flow rate and system efficiency in
relation to the supply frequency and pumping head as well as the motor torque in relation
to speed at various supply frequencies. In [32] the authors suggest how to implement an
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optimized operation of a photovoltaic pumping system supplied with an induction motor.
The optimization variable is the quantity of pumped water and to achieve the maximum
daily output the efficiency of the motor-driven system is optimized at each operating point.
Table 4 contains some of the research results regarding the implementation of various motor
drives for SWPPs and conventional grid-connected pumps.

Table 4. Application of different electrical machines in solar- and grid-powered pumping systems.

Machine Type Main Results

IM

Improved efficiency is obtained for higher system
frequency. The motor-pump should run at the optimal

frequency and the flow rate and head in that case
correspond to the highest efficiency.

[31]

IM
The suggested approach enables simultaneous

field-oriented control, elimination of machine losses,
and tracking of the solar array’s maximum power.

[32]

BLDC

No additional equipment was used for speed
regulation. The DC link helps to remove the DC–DC

conversion stage and reduces the size, cost and
complexity of the whole system. PIC microcontroller

processes the signals from the electrical machine.

[33]

SynRM

The efficiency estimation of SynRM and IM were
obtained during the series of experimental tests with

the real experimental setup and also the
Matlab/Simulink model developed. The efficiency

gain for SynRM can reach up to 2–25% depending on
the operational point.

[34]

IM

Analysis of IM-based multi-pump and single-pump
systems is performed. It shows that operation of

multi-pump systems is more beneficial from energy
consumption point of view.

[35]

In [36] authors have demonstrated the developed and tested the brushless direct
current (BLDC) motor-driven water pumping system based on a single-stage solar photo-
voltaic generation. Thanks to the suggested system’s design, water pumping powered by
photovoltaic-fed brushless DC motors can be accomplished without the use of a DC–DC
converter. In [37] authors examined the DC motors attached to the pump and showed
how the characteristics of the DC motors and the pump alter under various environmental
conditions. In [38] authors examined the dynamic performance of a typical photovoltaic-
powered water pumping system. A photovoltaic array, a DC shunt motor, and a centrifugal
pump make up the system. The system’s mathematical models in both steady-state and
dynamic conditions are considered. In [39–41] authors mainly focus on the implementation
and investigation of solar photovoltaic pumping systems based on three-phase squirrel
cage induction motors. Another analysis regarding the application of DC and AC electrical
machines in SWPP is conducted [42].

It cannot be stated unambiguously that a particular type of electrical machine is
the most preferable for a photovoltaic pumping system. The process of electric motor
selection depends on the specific requirements of an application. For instance, in the case
of a borehole sometimes it is even not possible to choose an electric motor separately. In
most cases, the submersible borehole pumps are centrifugal pumps with a squirrel cage
induction motor, which is usually installed in the same casing by the manufacturer. The
brushed permanent magnet DC motors are preferable when the SWPP is supplied directly
from a photovoltaic array and does not need extra energy conversion stages. These types
of electrical machines are usually used for applications when the power does not exceed
approximately the level of 5 kW.
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Brushless DC motors are less used in photovoltaic pumping systems despite the fact
that they have high efficiency, a high power factor, and relatively high power density.
Among the reasons why BLDC motors are not common in photovoltaic pumping applica-
tions is that they need advanced control algorithms and in most cases sensors for a feedback
control loop.

Permanent magnet synchronous electrical machines in addition to high efficiency
and a high power factor also offer reduced torque ripple. Thus, making these types of
electrical machines quite attractive for use in photovoltaic water pumping applications. In
particular, the good results for these machines can be achieved with the help of modern
control techniques such as fuzzy control and sliding mode control. Another promising
type of electrical machine for SWPPs is the SynRM. As was shown by authors in [34],
the application of a synchronous reluctance machine for a pumping system can lead to
significant efficiency gain, which is very important in the case of a photovoltaic pump
system when the power flow is quite limited and depends on climatic conditions. Therefore,
the development of simplified control systems for SynRM can help to make these electrical
machines more affordable for photovoltaic pumping systems.

4. Power Converters and Control Systems for SWPPs

Because of the changing insolation, photovoltaic cells produce a large voltage vari-
ation. In this approach, a special type of power converter, so-called DC–DC converters,
might be used to better utilize the energy produced by the solar panels. The DC–DC
converters, out of all power converters, are now one of the most crucial electrical circuits
for photovoltaic applications since they allow for power regulation and output voltage
stabilization regardless of input voltage variation and output load conditions in the range
of some minimal and maximal values. The converters must be able to handle a high voltage
gain. Two types of conventional DC–DC converters are shown in Figure 5a,b supplied from
a PV array. Various types of such converters have been proposed in the literature [43–46].
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Both of the topologies consist of similar elements including L inductance, C capacitance,
D diode, and switching transistor Q. The duty cycle d values calculated by the maximum
power point tracking (MPPT) controller are used to generate the pulse-width modulation
(PWM) signal that is connected to the gate of the transistor, which in most cases is a
metal-oxide-semiconductor field-effect transistor (MOSFET).

The MPPT technology allows for the harnessing of more electricity from the photo-
voltaic array, thus increasing the pumping capabilities of the SWPP. Analog and digital
MPPT controllers are the two main categories that can be distinguished based on the hard-
ware version. The output voltage of the converter is compared with the control signal’s
reference voltage in analog controllers, and the mismatch signal is then processed by a con-
ventional control system based on a proportional-integral (PI) controller. The application of
the MPPT controller in a general form for solar photovoltaic pumping systems is shown in
Figure 6.
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In [47] authors classified conventional and modern MPPT algorithms and methods
including look-up-tables, fractional open-circuit voltages, and fractional short-circuit cur-
rents. This review has covered the developed MPPT’s efficiency calculation process, too. In
order to successfully monitor the maximum power point under stochastic environmental
conditions, an approach based on the intersection point determination method (IPDM)
is proposed in [48]. The authors propose an iterative process that begins by creating a
rectangle by drawing straight lines perpendicular to the voltage and current axes of the I–V
curve. Next, it determines where the diagonals of the rectangle intersect. In [49] a novel
sliding mode controller (SMC)-based framework for the MPPT algorithm that is applicable
to photovoltaic panels under partial shading conditions (PSC) and uniform conditions
is described. To determine the desired values for the controller’s parameters using the
variable-step-size perturb-and-observe method, this approach uses the modified shuffled
frog leaping algorithm (MSFLA). Some examples of MPPT strategy implementations are
shown in Table 5.
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Table 5. Application of different MPPT methods for pumping systems.

Method Type Main Results

SF

Various Soft Computing (SC)
algorithms have been

proposed and evaluated based
on Particle Swarm

Optimization (PSO)
algorithms, Mine Blast

Algorithms (MBA), and β-hill
climbing (β-HC) algorithms.

[50]

Dual MPPT

The suggested system uses a
dual MPPT algorithm, which
extracts the maximum power
from each source individually.

[51]

FLB MPPT

A fuzzy logic-based (FLB)
MPPT controller’s ideal
scaling parameters are

discovered through genetic
algorithm-based optimization.

[52]

The following table helps to understand the advantages and disadvantages of different
MPPT methods, Table 6.

Table 6. Advantages and disadvantages of MPPT techniques.

Advantages Disadvantages MPPT

Fast and simple method.
Thanks to 2D lookup table
with values of irradiances and
temperatures

To acquire and preserve all
possible data about
atmospheric fluctuations is
challenging task. Additionally,
a huge memory capacity is
needed

Look up table method [53]

Minimizes the oscillations
close to the maximum power
point in the P–V
characteristics compared to
the conventional P&O method

More iterations steps of
perturbation and observation
are needed. Thus, it is more
complicated

Advanced perturb and
observe (APO) [54]

For abrupt changes in
atmospheric conditions, this
algorithm produces
comparably decent results

However, compared to the
PAO technique, its
implementation is more
difficult. Accuracy decreases
when the step size is raised to
speed up tracking

Incremental conductance
(INC) [55]

The dynamics and stability of
the control approach are good

It is a hybrid method and the
additional multi-criteria
algorithm is needed to
regularly update the reference
voltage

Normal constant voltage
(NCV) [56]

Several papers have already covered the selection and control of the motor that is
important for solar water pumping systems. An appropriate motor control technique
might reduce the size of the PV array that is required to reach the specified energy usage,
and hence, decrease the overall cost of the photovoltaic pumping system. In [57] the
authors proposed a method of efficiency comparison for conventional valve control and
motor speed control. The single-drive centrifugal pump head and pressure control were
calculated using a proposed Matlab/Simulink model. The characteristics of the centrifugal
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pump were expressed in the form of a look-up table and then used for calculations. The
proposed model’s ability to forecast the energy efficiency of a centrifugal pumping system at
various working points during pressure regulation using either throttling or speed control
depending on the necessary pressure level and pipeline resistance is one of its advantages.

There are two main control techniques for the IM in photovoltaic pumping systems.
The first one is scalar control and the other one is vector control. In [58] authors proposed
the use of direct torque control (DTC) for a developed hybrid control algorithm for pressure
maintenance, Figure 7. The programmable logic controller is applied to operate the DTC-
based control system according to the proposed hybrid algorithm.
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The twelve-sector DTC control technique is described in [59]. An enhanced conven-
tional direct torque control is suggested in this work. The system can be controlled using
a switching table with 12 sectors as part of the proposed control. Consequently, a twelve-
sector developed look-up switching table is introduced. Additionally, a technique for loss
minimization based on an approach is developed in order to improve the efficiency of
photovoltaic systems. In [60] the authors propose a DTC technique that calculates the
vector terminal voltage (VS) module based on the estimated electromagnetic torque value
in comparison to the baseline. If the torque approaches its reference value, the VS module
steadily drops until it reaches zero. The electromagnetic torque error and stator flux error
together determine the angle of the vector VS. Finally, the vector VS is produced using the
modulation vector.

A more simple control strategy for induction motors is scalar control, sometimes
also known as voltage–frequency (v/f) control. In [61] a novel scalar technique for inde-
pendent control of the main winding and auxiliary winding of a single-phase induction
motor is proposed. A two-inverter topology is proposed and implemented in the voltage–
frequency control technique. The proposed method totally excludes the disadvantages
of using a capacitor attached to the auxiliary winding. The technique enhances overall
drive performance in terms of energy savings and torque profile throughout the whole
speed range.
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In [62] authors propose Field-Oriented Control (FOC) by adjusting a magnetizing
current (Id) and a torque-producing current (Iq) in an equal ratio, to maintain a constant
ratio of the currents, Figure 8. The experimental investigations support the idea that Id and
Iq should be kept at a constant ratio for maximum efficiency in the water pumping system
powered by photovoltaic arrays.
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Figure 8. The FOC of IM in pumping application.

Table 7 shows some major results related to the implementation of various electrical
drive control techniques.

Table 7. Application of different drive control methods for SWPPs.

Control Method Main Results

FOC

This study examines a
photovoltaic-electromechanical system

that consists of a PV array, a DC–DC
converter with impedance adjustment, an

energy store, and a vector-controlled
induction drive. A torque and the d-q
components of stator current remain
constant regardless of the insolation

intensity variation.

[63]

IFOC

The suggested technique relies on
indirect field-oriented control (IFOC),
which involves running the motor at

maximum flux while minimizing
induction motor losses. The losses are

reduced and the efficiency is increased by
12%, and 2.5% under 375 W/m2 and 750

W/m2 radiation, respectively.

[64]

DTC

Rotor speed estimation of direct torque
control (DTC) of an induction motor
drive used for solar PV-driven water

pumping using a unique robust model
reference adaptive system (MRAS)

technique is proposed. A method based
on second-order generalized integration
has been developed to estimate the rotor

flux in a stationary domain.

[65]
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5. Optimization Techniques for SWPPs

It is crucial to improve the solar photovoltaic pumping system’s performance and
reduce losses in order to identify the system’s ideal characteristics. To optimize a system,
one should design and manufacture it to be as productive as possible. Below, some
optimization strategies are presented by several researchers. Among the optimization
techniques the main ones are sizing, control optimization, and performance prediction,
Figure 9.
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In [66] the researchers present the optimization technique for the motor starting
and operating performance of a three-phase induction motor driving a centrifugal water
pump and fed from a photovoltaic array without storage components. The direct current
from the photovoltaic module is converted using a three-level three-phase inverter to
a variable voltage and frequency to power the squirrel cage induction motor. Using a
Teaching–Learning-Based Optimization (TLBO) algorithm, the inverter’s output voltage
and frequency are controlled to draw the maximum power from the solar panels while
operating at various levels of irradiance and temperatures while at the same time keeping
the motor losses at a low level. The design of an artificial neural network (ANN) allows for
maximum photovoltaic output under any conditions of temperature and solar radiation.
After training using data generated by the TLBO approach, this maximum photovoltaic
power is used as an input signal for another ANN to provide the ideal inverter voltage and
frequency.

A sophisticated approach to enhance a four-module Reconfigurable PV array (RPV)-
based water pumping system’s performance is proposed in [67]. Based on the irradiance
received by the photovoltaic array, the pumping head, and the Partial Shade Condition
(PSC), the four-module photovoltaic array’s configuration changes. Under low irradiance
conditions, the pump is operated by the modified PV module, which also increases output
power. This study suggests a straightforward algorithm and control circuit for the RPV
pumping system’s smooth and reliable functioning.

The proposed techno-economic model underwent multi-objective optimization (MOO),
which took dependability into account in terms of loss-of-load probability (LLP) and
life-cycle cost (LCC) in [68]. The tilt angle, installed and unutilized photovoltaic power,
water tank volume, and surplus water were all taken into account when sizing the solar
photovoltaic pumping system. The novelty of the proposed approach lies in the possibility
to simulate the suggested SWPP model by application of a particle swarm optimization
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(PSO) technique and the integration of the new python package PV pumping system.
The authors also conducted sensitivity analysis, taking into account tank amount, PV
capacity, and system performance. As a result of the research project, an optimization of
a multi-objective model was created to provide 8.64 m3/day of water to a remote-area
village, taking into account the initial constraints, LLP, LCC, and excessive water (Qe). The
co-optimization approach for the simultaneous examination of technical and economic
elements improves the accuracy of the developed model.

Some other research methods and approaches for different optimization aspects are
shown in Table 8.

Table 8. Application of different optimization methods for pumping systems.

Optimization Method Main Results

Sizing

The model proposed in the paper
accounts for the pumping system’s
submodels and employs two
optimization criteria: the life-cycle cost
(LCC) for economic analysis and the
loss-of-power-supply probability (LPSP)
concept for robustness. The authors
recommend an optimal sizing model to
optimize the capacity sizes of different
components of SWPP using water tank
storage.

[69]

Sizing

A method for determining the size of a
solar installation that was used to power
a pumping system for drip irrigation in
an olive tree orchard in southwest Spain
is described. (1) One determines the
irrigation requirements of the specific
estate according to the characteristics of
its soil-type and climate. (2) A hydraulic
analysis of the pumping system is made
according to the depth of the aquifer and
the height needed to stabilize the
pressure in the water distribution
network. (3) Finally, one determines the
peak photovoltaic power required to
irrigate a 10 ha sub-plot of the estate,
taking into account the overall yield of
the photovoltaic-pump-irrigation system.
This study was among the first
investigations in a line of research whose
ultimate goal was to develop a computer
program to accurately and simply
optimize a solar installation sizing to
power an irrigation pumping system for
a certain crop at a specific site.

[70]

Control optimization

A model-based pressure control system
for a pumping system is suggested. The
proposed control algorithm allows for
cutting down on energy usage when
running the pump in the system. With
the aid of a combined pressure control
strategy, the proposed hybrid control
methodology offers the opportunity for
energy consumption reduction during
pressure maintenance.

[71]
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Table 8. Cont.

Optimization Method Main Results

Control optimization

The newly proposed control system is
based on water supply optimization,
preventing water losses in the system.
Additionally, the system guarantees that
groundwater resources are managed
sustainably. The control unit interacts
between water demand and water supply
in order to pump only the amount
required. Thus, optimizing the match
between crop water requirements and
water supply.

[72]

Performance prediction

The proposed model for prediction of
energy consumption demand during
hybrid speed and throttle control offers
the possibility of power calculation while
speed control and throttle control are
being used. A number of experiments
have been carried out to assess the model.
Tests showed that the designed model is
accurate in both the speed control and
throttling modes. When developing a
solar photovoltaic pumping system, the
model can be helpful for verifying energy
consumption.

[73]

Performance prediction

The proposed method helps to predict
the performance of a SWPP. This research
work is focused on prediction of an
optimum photovoltaic (PV) array
configuration, adequate to supply a DC
pump with an optimum energy amount
under the given outdoor conditions. A
comparison of the 4 designs of PV water
pumping systems (SWPP1, SWPP2,
SWPP3, and SWPP4) shows that the
configuration SWPP3 is suitable to
provide daily quantity of water needed,
which is 22 m3/day. To achieve the main
goal the system includes an Electronic
Array Reconfiguration Controller (EARC)
for suitable configuration selection.

[74]

6. Conclusions

The current state of system technologies, research, and the application of conventional
and novel methods are presented in a review of solar water pumping systems. This
publication aimed to compile studies on water pumping systems powered by solar energy
with the help of photovoltaics. Extensive research was conducted, with a strong focus on
electrical engineering. It includes information regarding the modeling and simulation of
PV cells and modules, power electronics for MPPT control, and motor drive systems. In
addition, different aspects of the application of both DC and AC electrical machines in SWPP,
particularly the control approaches used for the efficient energy usage of photovoltaic
energy sources and power electronics for drive control are taken into consideration.

This report reviewed more than seventy research papers and articles published be-
tween 1965 and 2022 that are dedicated to the investigation of solar photovoltaic pumping
systems’ operation and performance. This review paper emphasizes the value of apply-
ing advanced control techniques in solar photovoltaic-fed water pumping systems. It is
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mentioned in some recent research publications that, based on energy management criteria
and predictive control techniques, the system can obtain better controllability, which signif-
icantly aids in achieving better optimal functioning. Additionally, recent advancements
and analyses of control strategies conducted by different researchers have been discussed
for water pumping systems based on solar energy.

The crucial steps in deciding the initial investment and the SWPP system’s long-
term performance are system dimensioning and component selection. These optimization
issues are also covered in this paper. Literally, sizing misconceptions might result in higher
starting costs than necessary or spoil overall system performance when the system is unable
to pump enough water in response to the anticipated level of flow or pressure. Based on
the current review it can be stated that first of all, it is necessary to consider the technical
requirements for the photovoltaic pumping system, the features of the water supply (is
it a borehole or another type of water body), and characteristics on the installation side
(environmental conditions). Because the production of power with the help of PV arrays
greatly depends not only on solar radiation but also on climatic conditions.

Further research should be aimed at the current issues in the field of SWPPs such as
the possibility to reduce the cost, increase productivity, gain extra efficiency, and extend
the service life of SWPPs. Among the prospective research directions are the application
of bifacial photovoltaic modules, advanced control strategies both for MPPT and drive
systems, the use of promising types of electrical machines such as SynRM, and fault
detection or fault prediction for the electrical drives.

This review paper aims to assist researchers and engineers by incorporating work
in the field of SWPPs with a focus on electrical engineering elements such as types of
motor drive, power electronics interface and control strategies, simulation and modeling
approaches, and optimal sizing. SWPPs can serve as a superior alternative for irrigation and
drinking purposes in rural areas in developing countries in Africa, Asia, and remote areas
where the grid connection to a pumping station is impossible or financially not feasible.
The main objective of the current review is to provide the information that can help to find
the optimal configuration and solution for the specific standalone solar-powered water
pumping system.
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