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A B S T R A C T   

The suitability of a strategy for distributing the power generated by a photovoltaic pumping system equipped 
with two equal pumps working in parallel is proven. This strategy aims to improve energy management and 
consists of feeding a single pump with all the power generated until it exceeds a threshold value from which the 
power distribution must be at 50% between the two pumps. This pumping method was compared with the 
operation mode usually applied in parallel PV pumping facilities (50% of the power always assigned to each 
pump). A system equipped with two 0.75 kW pumps was employed. The assessment of the facility’s performance 
under the two alternative working conditions and several pumping heads was conducted using simulation 
techniques. Both the pumped annual volume and the annual efficiency of the motor-pump group increased when 
the strategy was applied compared to operation with power distribution at 50%. This increase was greater the 
higher the head (6.21% at H = 18 m vs. 57.60% at H = 48 m for pumped annual volume and 6.42% at H = 18 m 
vs. 57.51% at H = 48 m for annual efficiency). The halving of the irradiance threshold and the improved effi
ciency (36.4% vs. 34.8%) may explain this increase.   

Introduction 

The use of renewable energies is constantly increasing, providing an 
environmentally friendly alternative to conventional energy sources. 
They contribute to a large extent to sustainable development as they 
reduce the reliance on fossil fuels and play an important role in green
house gas emission decrease. In this context, it is also worth noting the 
significant growth of photovoltaic (PV) and wind technologies [1–3]. 
Among solar photovoltaic uses, water pumping is one of the most 
promising applications, with many economic and environmental bene
fits compared to traditional options and enabling the development of 
low carbon irrigated agriculture [4]. 

A PV pumping facility converts solar irradiance into hydraulic en
ergy. The three main components in a PV pumping system are the PV 
generator, the power conditioning unit, and the motor-pump group. The 
PV generator absorbs the radiant solar energy and transforms it into 
electricity, which will be used to feed the pump. The power conditioning 
unit in alternating current (AC) systems is a variable speed drive (VSD), 
which converts the direct current (DC) output of the PV field into AC to 

feed the motor-pump group with the appropriate current/voltage/fre
quency. The VSD also adjusts the operating point of the PV generator to 
its maximum power conditions or to the pump power demand. Finally, 
the motor-pump group transforms electricity into hydraulic power. In 
medium and large size PV pumping systems, AC centrifugal pumps are 
often used. 

As PV pumping facilities became one of the most affordable solu
tions, its use has become widespread in remote rural areas of developing 
countries to supply drinking water for human or livestock [5,6], for 
irrigation in agriculture [7,8], or in some cases to address issues with 
grid supply [9]. Solar pumping facilities are also widely used in devel
oped countries for the irrigation of many crops, mainly in areas with 
high solar irradiance levels [10–12]. Consequently, there has been a 
continuous development of more powerful and efficient solar-powered 
pumping equipment [4,13]. The great variability of incident solar ra
diation and, thus, available power, implies that the facilities must be 
carefully sized, paying attention to their design and optimal use, to 
provide adequate energy management and minimize the system cost 
[7,14,15]. 

To improve system energy efficiency and reduce both the effect of 
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irradiance fluctuations and the power threshold to start pumping, 
different alternatives and technical solutions to pump a certain water 
volume at the required head may be adopted. Many studies have been 
published giving diverse solutions to this topic and some of them are 
worth mentioning. Thus, a pump selection method based on considering 
the efficiency in the whole range of operating frequencies was proposed 
in [16]. This way, power threshold to start pumping was reduced, 
achieving longer periods of pumping. In [17], a reconfigurable PV Array 
based water pumping scheme was proposed that allowed the pump to 
operate under low irradiance conditions and produce greater output 
power. Some solutions to solve the problems associated to power 
intermittency and to match photovoltaic production with irrigation 
demand were proposed in [18], while in [19] a scheme which resulted in 
more pumped water under variable pumping heads was presented. It is 
also worth noting the review by Poompavai and Kowsalya [20] that 
addressed control and energy management strategies in PV solar water 
pumping systems, and the approach in [21] based on the simultaneous 
operation of a variable number of irrigation sectors according to the 
available energy that provides the optimal performance of the system. 

Currently, there are a considerable number of photovoltaic pumping 
facilities with two or more pumps connected in parallel. This configu
ration is an alternative that is well adapted to the variable demand for 
water flow, avoiding as much as possible the effect of fluctuations in 
climate and irradiance. The use of several pumps working in parallel 
may also improve the efficiency of the facility and increase the daily 
operating time [22]. Proper management of the available photovoltaic 
power leads to both a reduction in the irradiance threshold required for 
pumping (pumping starts earlier and ends later), and greater efficiency 
during operating hours with less insolation, since with low powers the 
system can work with fewer pumps and the different pumps can be 
connected or disconnected depending on the available power. On the 
other hand, in PV facilities equipped with multi-pump parallel groups, it 
is possible to install an independent PV generator for each pump. 
Another option is to use a single PV generator to supply the entire fa
cility and establish either a strategy of equal distribution of the gener
ated power among the different pumps or a more efficient distribution 
strategy that allows for optimising the flow rate pumped by the facility 
at any time. 

Further studies related to this type of facilities are necessary to 
improve their management and determine the working sequence of the 
pumps that optimises the distribution of photovoltaic power and maxi
mises the use of energy. In order to meet this need, Gasque et al. [23] 
proposed and mathematically justified a method for distributing the 
power generated in a photovoltaic parallel pumping system equipped 
with two equal pumps and a single generator. An optimal division for the 
available power was suggested with the intention of maximizing the 
pumped flow rate and allowing the pumps to pump at lower irradiance 
levels. 

The main objective of the present paper is to verify the suitability of 
that methodology. To that end, pumping by applying the strategy of 
dividing the generated power was compared with pumping with the 
generated power distribution at 50% between the two motor-pump 
groups at all times, which is the usual operation mode in parallel PV 
pumping facilities. The study and comparative analysis of the facility’s 
performance under the two working conditions, and pumping at several 
heads, was carried out using simulation techniques. 

It should be noted that the option of operating with power distri
bution at 50% between the two pumps (hereafter referred to as Distri
bution at 50%) is equivalent to considering the facility equipped with 
two equal PV generators. With this configuration, each generator 
transfers the electrical power generated to its corresponding frequency 
converter-motor pump group. Implementing a power distribution 
strategy between the two pumps (hereafter referred to as Strategy) is 
equivalent to considering a single PV generator for both pumps. In this 
case, the power coming from the PV generator is applied to the pumps 
through their respective frequency converter (FC), which can modulate 
the power supplied to each pump through the frequency/output voltage 
control. 

To accomplish the main objective, mathematical modelling was 
carried out for both the components of the facility and the energy losses 
in the photovoltaic generator. Afterwards, simulations of the annual 
operation of the PV system were performed in LabVIEW using the results 
obtained from the experimental characterisation tests of the motor- 
pump group and employing the climatic values of a typical meteoro
logical year (TMY) developed for Valencia, Spain. 

The comparison of the two working modes was made from the esti
mation of both the pumped volume and the efficiency of the pumping 
group at the different pumping heads. 

This paper offers an appropriate solution to supply water needs for 
irrigation and human consumption in developing countries as it is sug
gested a novel design and management of photovoltaic pumping facil
ities, easy to implement and set up, that optimises water pumping 
efficiency. 

Research background and power distribution strategy 

In this section, the key issues of the strategy for distributing the 
power generated between two equal parallel pumps are reviewed. 

Experimental characterisation of the motor-pump group 

The behaviour of a standalone PV pumping facility with two 0.75 kW 
centrifugal pumping groups working in parallel on the same hydraulic 
network, was investigated. The experimental characterisation of the 
pumping group to determine the flow rate-head (Q-H), flow rate-electric 
power (Q-P), and flow rate-motor pump efficiency (Q-ηmp) curves at 
different working frequencies was performed. The frequencies tested 
were 50, 45, 40, 35 and 30 Hz and the pumping heads considered were 
18, 24, 30, 36, 42, and 48 m. The values of Q and P obtained in the 
experimental trials at each head H were adjusted by regression using a 
fourth-degree polynomial function, q(P). 

The experimental tests were carried out in the hydraulic laboratory 
at the Universitat Politècnica de València. The experimental setup is 
described in more detail in [23]. 

Nomenclature 

H (m) Pumping head 
P (kW) Electric power supplied to the motor-pump group 
Pe (kW) Power value from which the two pumps operate in 

parallel with a 50% power distribution. 
Pmax (kW) Maximum power to motor-pump 
Q (L/s) Flow rate 
q(P) (L/s) Flow rate propelled by one pump 
Q(P) (L/s) Flow rate propelled by the two pumps operating in 

parallel. 

Greek symbol 
ηmp Efficiency of motor-pump group 

Acronyms 
AC Alternating current 
DC Direct current 
FC Frequency converter 
PV Photovoltaic 
SI Solar irradiation (kWh/m2) 
STC Standard test conditions 
TMY Typical meteorological year 
VSD Variable speed drive  
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Distribution of the generated power between the two pumps 

The results concerning the flow rate pumped at each working con
dition and the distribution ratio of the generated power showed some 
differences between higher and lower heads. However, in both cases a 
power value was found, referred to as Pe, above which the available 
power should be distributed at 50% between the two pumps. By 
contrast, if the power is lower than this threshold value, all the available 
power must be assigned to only one of the pumps. 

The determination of Pe was established analytically from the curves 
representing the flow rate-power relationship of a single pump (q(P)) 
and the two pumps (Q(P)) with the distribution of the generated power 
at 50%. The analysis derived from this graphic representation led to 
considering two cases, named (a) and (b) (Fig. 1). In case (a), the curves 
q(P) and Q(P) intersect at a value of P < Pmax and it corresponded with 
lower pumping heads. In case (b), the curves q(P) and Q(P) do not 
intersect and it corresponded with higher heads. It was proven that the 
optimal distribution strategy of the available power depends on whether 
Pe > Pmax (higher heads) or Pe < Pmax (lower heads). 

In practice, it is possible to determine whether pumping at a certain 
head corresponds to case (a) or (b) by a simple pumping test. Since Q 
(Pmax) = 2q(Pmax/2), it would be sufficient to carry out a pumping test 
with a single pump and to check whether q(Pmax) is lower (case a) or 
higher (case b) than 2q(Pmax/2). 

Materials and methods 

Mathematical model of the components of the facility 

Photovoltaic generator 

PV modules and configuration of the PV generator. For the configuration 
of the photovoltaic generator, polycrystalline silicon PV modules (A- 
127P model, manufactured by Atersa) with 36 cells connected in series 
were selected. 

The characteristics of the PV module [24] are shown in Table 1. 
The nominal power of each pumping group is the power on the pump 

shaft, in this case, 0.75 kW. The electrical power supplied must be 
somewhat higher to compensate for the efficiency of the electric motor. 
According to the manufacturer’s catalogue [25], the efficiency of the 
electric motor under nominal conditions is 70%. The maximum power 
supply must, therefore, be 1.07 kW. 

The peak power of the PV generator is increased 10–20% by taking 
into account the efficiency of the frequency converter (≈0.95), the losses 
in the PV generator (e.g. increase in cell temperature, losses due to in
efficiencies derived from the series–parallel connection) compared to its 
operation under standard test conditions (STC), and the losses in the 
wiring. Thus, the maximum power of the PV generator for the two 0.75 
kW pump groups, is approximately 1.07 × 1.2 × 2 = 2.56 kWp. 

The PV generator was then configured with 20 polycrystalline silicon 
solar modules of 127 Wp connected in series, able to provide 2540 kWp 
of total power. In this manner, the voltage at the maximum power point 
(MPP) of the generator in working conditions (cell temperature, Tc =

50 ◦C) was around 303 V, within the reasonable limits of the input range 
of DC to the FC. 

In any case, if at any moment in the year more electrical power could 
be generated than pumping groups allow, the MPPT (maximum power 
point tracking) system of the frequency converter automatically shifts 
the operating point of the PV generator to limit the electrical power 
generated to the maximum allowed value. 

PV generator mathematical model. A single-diode model with five pa
rameters was used to simulate the PV module performance. In this cir
cuit model, often used in the literature (Fig. 2), the current–voltage (I-V) 
relationship is given by an implicit, non-linear equation: 

I = IL − ID − IP = IL − I0

[

exp
(

V + IRs

mVt

)

− 1
]

−
V + IRs

Rsh
(1)  

where: 

I(A) is the cell current 
V(V) is the cell voltage 
IL (A) is the light-generated current 
ID (A) is the diode current 

Fig. 1. Flow rate-power curves of a single 0.75 kW pump, two 0.75 kW cen
trifugal pumps in parallel with power distribution at 50%, and power distri
bution strategy. Pumping at H = 18 m (case (a), Pe < Pmax), and at H = 42 m 
(case (b), Pe > Pmax). 

Table 1 
Specifications of the PV module [24].  

Electrical characteristics (STC: G = 1 kW/m2, AM 1,5, Tcel = 25 ◦C) 

Nominal Power (±5%) 127 W 
Current at Maximum Power Point (Imp) 7.28 A 
Voltage at Maximum Power Point (Vmp) 17.48 V 
Short-Circuit Current (Isc) 7.95 A 
Open-Circuit Voltage (Voc) 22.05 V  

Thermal Parameters 
Temperature Coefficient of Isc (αI)  2.30 mA/◦C 
Temperature Coefficient of Voc (αV)  − 76.32 mV/◦C 
Nominal Operating Cell Temperature (NOCT) 47 ± 2 ◦C  

Physical Characteristics 
Dimensions (mm) 1476x659x35 
Weight (kg) 12.80  
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IP (A) is the shunt resistant current 
I0 (A) is the diode reverse saturation current 
m = Ns‧n (where Ns is the number of solar cells connected in series 
and n is the diode ideality factor, which indicates solar cell charac
teristic deviation from ideal behaviour) 
Rs (Ω) is the series resistance of the cells 
Rsh (Ω) is the shunt resistance 

The terms IL, I0, m, Rs and Rsh are five parameters that depend on the 
cell temperature and the incident solar radiation. 

Vt (V) is the thermal voltage, which depends on the cell temperature, 
Tc (K), and is defined by: 

Vt =
kBTc

q
(2)  

where kB is Boltzmann’s constant (1,38065⋅10-23 J/K) and q is the 
electron charge (1,602176⋅10-19 C). 

The analytical method reported by Phang et al. [26] was employed to 
estimate the five parameters of the model equation under particular 
operating conditions (solar irradiance and cell temperature). This 
method makes some approximations or simplifying assumptions that 
allow obtaining the model parameters from the electrical characteristics 
of the photovoltaic module, supplied by the manufacturer in STC (short- 
circuit current Isc, open-circuit voltage Voc, and current and voltage at 
the MPP Imp, Vmp). The determination of Rso and Rsho, which represent 
the reciprocal of the slope at the open-circuit point and the reciprocal of 
the slope at the short-circuit point, respectively, is also required. 

Rso = −

(
∂V
∂I

)

V=Voc (3)  

Rsho = −

(
∂V
∂I

)

I=Isc (4) 

The following equations were used to calculate the five parameters 
required: 

Rsh = Rsho (5)  

m =
Vmp + Imp∙Rso − Voc

Vt

⎡

⎢
⎢
⎣ln

(

Isc −
Vmp
Rsh

− Imp

)

− ln
(

Isc −
Voc
Rsh

)

+
Imp

Isc −
Voc
Rsh

⎤

⎥
⎥
⎦

(6)  

I0 =

(

Isc −
Voc

Rsh

)

exp
(

−
Voc

mVt

)

(7)  

Rs = Rso −

[
mVt

I0
exp

(

−
Voc

mVt

)]

(8)  

IL = Isc

(

1+
Rs

Rsh

)

+ I0

[

exp
(

−
IscRs

mVt

)

− 1
]

(9) 

Once calculated, the five parameters were applied in Eq. (1), thus, 

obtaining the I-V characteristics in STC. The good accuracy and the 
validity of this method have been proven by several authors [27–29]. 

Modelling a PV generator must make it possible to predict the 
generated electric power under any operating conditions. To achieve 
this, the current–voltage (I-V) characteristics of the PV module must be 
adapted to different conditions defined by the ambient temperature (Ta) 
and the solar irradiance (G). With this aim, the geometric translation 
model presented in [30] was applied. This method consists of translating 
the obtained I-V curve to the desired operating conditions. It is based on 
the prior obtaining of Isc and Voc values under the new operating con
ditions using the coefficients of variation of these parameters with 
temperature (commonly provided by manufacturers of solar modules). 

Previously, the cell temperature under operating conditions, Tc (◦C), 
which is determined using the thermal model, was estimated by: 

Tc = Ta +
NOCT − 20

800
G (10)  

where NOCT (◦C) is the nominal operating cell temperature, Ta (◦C) is 
the ambient air temperature, and G (W/m2) is solar irradiance. 

To calculate the short-circuit current (Isc) and the open-circuit 
voltage (Voc), the following expressions were used: 

Isc = I*
sc

G
G* + αI(Tc − T*

c) (11)  

Voc = V*
oc +mVtln

G
G* +αV(Tc − T*

c) (12)  

where the superscript * indicates that the value is referred to the STC 
and αI and αV are the temperature coefficients of Isc and Voc, respec
tively, which are provided by the manufacturer (Table 1). 

Finally, the translation of the (I*-V*) curve from STC to working 
conditions was performed using the expressions: 

I = I* +
(
Isc − I*

sc

)
(13)  

V = V* +
(
Voc − V*

oc

)
(14) 

This procedure has been experimentally applied and validated giving 
accurate results when comparing simulated vs. measured I-V curves 
[30,31]. 

Once the points I and V of the curve were obtained in the new 
operating conditions, the values of the intensity and the voltage at the 
point of maximum power, Imp, Vmp, and the electrical power generated 
by the module and the PV generator were estimated. 

A diagram of the mathematical model of the PV module and its 
application to determine the power generated at any working condition 
is included in Fig. 3. 

Energy loss mechanisms. The energy losses in the PV generator consid
ered were the following:  

- Losses due to the angle of incidence of solar radiation and dust over 
the PV module’s surface. The model proposed by Martin and Ruiz 
[32] was used to determine the effect of the angle of incidence of 
solar radiation on the reflectance and transmittance of the glass that 
covers the PV modules. An average degree of dirt was assumed.  

- Losses due to the increase in cell temperature above 25 ◦C.  
- Connection losses: losses in wiring by Joule effect of 6% of the 

maximum power generated have been assumed. 

Frequency converter 
An Altivar 61 (HU30M3 model), was used as a variable speed drive to 

feed the motor-pump group, allowing modifying the electric power and 
the flow rate pumped. 

As stated in [33], the FC can be considered as an inverter that can 
modulate the output signal to the desired frequency and amplitude. The 

Fig. 2. Single-diode solar cell model electrical equivalent circuit.  
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efficiency of the inverter (ηinv) was estimated using the model proposed 
by Jantsch et al. [34]: 

ηinv =
Pout

Pin
=

Pout

Pout + powerlosses
=

ps

ps + c0 + psc1 + p2
s c2

(15)  

where Pin (W) and Pout (W) are the input and output power from the 
inverter respectively, ps = Pout/Pnom (dimensionless) is the normalised 
output power, and Pnom (W) is the nominal inverter power. 

The dimensionless coefficients denote different inverter power los
ses: c0 represents the no-load or self-supply losses, c1 represents the 
losses that depend linearly on the power (e.g. voltage drop across di
odes), and c2 represents the losses proportional to the square of the 
power (e.g. Joule effect). 

In this work, the inverter power loss coefficients considered were c0 
= 0.014, c1 = 0.010 and c2 = 0.05, resulting in a European efficiency 
(ηEUR) of 0.926 and a maximum efficiency (ηmax) of 0.941. 

Motor-pump group 
The adjusted equations q(P) obtained for each of the pumping heads 

tested after the experimental characterisation of the motor-pump group 
are summarized in Table 2 (from [23]). 

The adjusted fourth-order polynomial equation q(P) obtained, allow 
obtaining the flow rate supplied by the pumping system at the different 
heads (with the distribution of the generated power between the two 
pumps in the desired proportion). They also allow for modelling the 

operation of the motor-pump group under variable power conditions. 
These curves were introduced into the simulation model of the PV 
pumping system to predict the flow rate pumped under the variable 
operating conditions throughout the year. 

Description of the facility’s simulation program 

The operation of the pumping system was simulated with a program 
developed in LabVIEW software (LabVIEW 2018 version, National In
struments) using a personal computer. LabVIEW™ (Laboratory Virtual 
Instrument Engineering Workbench) is a graphical programming lan
guage, and it has powerful features for simulation. 

The pumping heads considered were 18, 24, 30, 36, 42 and 48 m. The 
PV modules were assumed to be tilted a 35◦ angle and facing South. The 
soil albedo was taken as 0.3. 

Wiring losses of 6% were assumed, including those of DC and AC. 
The electrical energy that feeds the motor-pump group was obtained by 
subtracting the losses in the wiring (in DC and AC) and the inverter from 
the PV energy generated. The daily/monthly/annual efficiency of the 
inverter was determined as the joint inverter + wiring efficiency. 

The simulations were performed for Valencia (Spain) weather 
(39◦28′13′′ N, 0◦22′36′′ W, 21 m.a.s.l). The climatic data used were 
those corresponding to a TMY, a very useful tool in computer simula
tions for performance predictions of solar systems, such as this case [35]. 
In this study, the Spanish Weather for Energy Calculations (SWEC) 

Fig. 3. Diagram of the mathematical model of the PV module and its application to determine the power generated under any working condition.  

Table 2 
Adjusted equations q(P) and regression coefficients (r2) for the pumping group at each head (from [23]).  

H (m) REGRESSION EQUATION q(P) = a4⋅P4 + a3⋅P3 + a2⋅P2 + a1⋅P + a0  r2 

18 q = − 3.051⋅Pmp
4 + 10.737⋅Pmp

3 − 14.147⋅Pmp
2 + 9.146⋅Pmp − 1.2721  0.99871 

24 q = − 4.582⋅Pmp
4 + 15.942⋅Pmp

3 − 20.625⋅Pmp
2 + 12.709⋅Pmp − 2.1603  0.99604 

30 q = − 4.290⋅Pmp
4 + 16.530⋅Pmp

3 − 23.886⋅Pmp
2 + 16.236⋅Pmp − 3.4240  0.99999 

36 q = − 10.340⋅Pmp
4 + 38.341⋅Pmp

3 − 52.882⋅Pmp
2 + 33.152⋅Pmp − 7.2259  0.99900 

42 q = − 10.605⋅Pmp
4 + 40.013⋅Pmp

3 − 56.678⋅Pmp
2 + 36.835⋅Pmp − 8.6385  0.99989 

48 q = − 23.530⋅Pmp
4 + 89.984⋅Pmp

3 − 128.820⋅Pmp
2 + 83.039⋅Pmp − 19.865  0.99999 

54 q = 23.563⋅Pmp
4 − 60.966⋅Pmp

3 + 45.190⋅Pmp
2 − 0.386⋅Pmp − 6.746  0.99980  
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database [36], developed by the Grupo de Termotecnia of the Escuela 
Superior de Ingenieros in Seville for the Spanish Government, was 
employed. The generated TMY included hourly data of horizontal global 
solar irradiance and ambient temperature for 365 days a year. 

The combination of the mathematical model of the PV generator, 
with the equations that relate the VSD input and output electrical power, 
the equations that relate the electrical power supplied to the motor- 
pump group, and the flow rate supplied as a function of pumping 
head, structure the simulation model of the PV pumping facility. 

The process of calculating the flow rate pumped by the motor-pump 
group depending on the working conditions, requires the definition of 
several task blocks. These blocks are the following: definition of 
pumping conditions and working conditions; calculation of the solar 
irradiance on the plane of the PV generator from the solar irradiance on 
the horizontal plane; calculation of the (I-V) curve of the PV generator in 
STC and extraction of its characteristic parameters; calculation of the (I- 
V) curve in working conditions and calculation of the generated power; 
estimation of inverter efficiency and losses in wiring as well as other 
energy losses; calculation of the power supplied to the motor-pump 
group and the pumped flow. 

This calculation process is repeated for each time interval into which 
the simulation period is divided (in the case study every hour 
throughout a full year). 

The LabVIEW PV system simulation program is described below. It 
integrates the different calculation subprograms for the different simu
lation stages and the single control program that executes the sequential 
calculation throughput the simulated year. 

Calculation subprogrammes 
The following stages are executed:  

- Definition of pumping conditions and working conditions.  
- Obtaining the solar irradiance on a tilted surface. The Hay, Klucher 

and Reindl (HDKR) anisotropic correlation model [37] was used to 
obtain the values of solar irradiance on the plane of the PV generator 
(W/m2). 

In this subprogram, the input data were global hourly solar irradi
ance on horizontal surface (W/m2), daytime hours, Julian day of the 
year, tilt (degrees), latitude, and albedo. The output results were solar 
declination and solar hour angles (degrees), extraterrestrial solar irra
diance on horizontal surface (W/m2), direct and diffuse solar irradiance 
on tilted surface and on horizontal surface (W/m2), atmospheric trans
parency index, and global hourly solar irradiance on tilted surface (W/ 
m2).  

- Consideration of losses of the incident solar radiation due to angular 
effects and dust on the modules.  

- Application of the single-diode PV cell model and obtaining the 5 
parameters of the analytical equation corresponding to the curve (I- 
V) of the PV module in STC. 

In this subprogram, the input data were the data provided in the 
manufacturer’s catalogue (values of Voc, Isc, Vmp, Imp, TONC, αI, and βV 
in Table 1), in addition to Rso and Rsho (estimated from the slopes of the 
I-V curve at SC and OC respectively), peak power (Wp), and cell tem
perature Tc (K). The output results were the five parameters of the 
single-diode model (I0, IL, m, Rs, and Rsh), and the (I-V) and (P-V) curves 
in STC.  

- Application of the translation method and the thermal model to 
obtain the points of the characteristic curve (I-V) at working condi
tions. Obtaining the maximum power point of the PV module under 
these conditions and the electrical power produced by the PV 
generator. 

In this subprogram, the input data were global solar irradiance on the 
tilted surface (W/m2) corresponding to the working conditions of the 
time of day in which the calculation is performed, hourly ambient 
temperature in ◦C (corresponding to the same time of day), PV generator 
working voltage (V), and configuration of the PV generator with the 
number of modules connected in series and in parallel. The output re
sults were the (I-V) and (V-P) curves in working conditions, the values 
associated with the curve (I-V) of the PV module: Isc, Voc, Imp, Vmp, Rso, 
Rsho, Pmax, as well as the voltage, current and power supplied by the PV 
generator in the same working conditions. 

- Consideration of the inverter’s efficiency and wiring losses. Deter
mination of the electrical power applied to the motor-pumps. 

Control program. Simulation of the PV pumping system 
This program controls the implementation of the previous sub

programmes and also performs the necessary calculations to determine 
the pumped flow rate in each hourly period. 

With this purpose, the pumped flow rate was calculated from the 
electrical power supplied to the two motor-pump groups and the head at 
which it is desired to pump by applying the equations q(P) for each head 
(Table 2). 

The electric power is either distributed between the two motor-pump 
groups at 50% or the strategy of power division proposed is applied. 

The control program also performs a temporary integration of the 
results to determine the available energy and the volume of water 
pumped each day of the year. Finally, it organises the hourly and daily 
results and sends them to a data storage file for later processing in a 
spreadsheet. From the power supplied by the VSD to the motor-pump 
group and the pumping head, the pumped flow rate can be determined. 

Fig. 4 shows the work sequence of the simulation program. 

Study and comparative analysis 

The facility’s performance at all the considered pumping heads was 
simulated under the two different working conditions referred to as 
Distribution at 50% and Strategy. The alternatives depicted in Fig. 5 
consisted of: 

Distribution at 50% 
The PV power generated is always distributed at 50% between the 

two pumps regardless of the available power. This option is equivalent 
to assuming the facility is equipped with two equal PV generators (an 
individual PV generator for each pump). Each generator transfers the 
electrical power generated to its corresponding FC/motor-pump group. 

Strategy 
The division of the generated power between the two pumps is 

accomplished by applying the method for distributing the power 
generated in a pumping system with two equal pumps and a single PV 
generator investigated in [23]. The PV power coming from the generator 
is transferred to each pump via the corresponding FC, which can 
modulate the power supplied via the frequency/output voltage control. 

The simulations were carried out over a full year. The comparison of 
the two working conditions was made from the determination, in each 
case, of both the pumped volume and the efficiency of the pumping 
group at the different pumping heads. 

Results and discussion 

Incident solar radiation and generated electric energy 

Fig. 6 shows the monthly values throughout a year of both the 
incident solar irradiation (SI) on the horizontal plane (generated from 
the TMY) and the SI on the plane of PV generator (obtained from the 
HDKR anisotropic correlation model). The effective SI on a tilted surface 
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after considering reflection and dirt losses on the surface of PV modules 
is also included. 

The results derived from applying the mathematical model of the PV 
module to determine the monthly values of the electric energy generated 
and the power supplied to the motor-pump group are shown in Fig. 7. 

The corresponding annual values of the incident SI and the electrical 
energy generated by the PV facility can be seen in Table 3. 

Simulation of the PV system 

Volume pumped and efficiency of the motor-pump group with each of the 
two alternatives for the distribution of generated power between the two 
pumps 

Fig. 8 shows the results of the PV system simulation concerning the 
total annual volume pumped (m3) at the different heads and considering 

Fig. 4. Work sequence of the simulation program of the PV pumping system.  
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the two simulated alternatives, Distribution at 50%, and Strategy. The 
increase in pumped annual volume (expressed as %) obtained with the 
Strategy compared to that obtained with the Distribution at 50% is also 
represented. 

An increase in pumped annual volume is observed at all heads when 
the Strategy is applied. 

The pumped annual volume logically decreases with head in both 

Fig. 5. Alternatives of power distribution compared in this study.  

Fig. 6. Monthly values of incident solar irradiation (SI) on the horizontal 
surface (TMY), SI on the tilted surface of the PV modules (HDKR model), and 
the effective value of the latter considering the losses by reflection and dirt on 
the PV modules. 

Fig. 7. Results of the simulation for the monthly energy provided by the PV 
generator and the energy that supplies the motor-pump group. 

Table 3 
Annual values of incident SI and electrical energy generated by the PV facility.   

Annual value 

Horizontal SI (kWh/m2) 1612 
SI on tilted surface 35◦ South (kWh/m2) 1859 
PV Energy generated (kWh) 4006 
Electric energy to the motor-pump group (kWh) 3587  

Fig. 8. Total pumped annual volume (m3) considering the two operating al
ternatives. Increase in pumped annual volume (%) when applying the power 
distribution strategy. 
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cases. Nevertheless, this decrease is more pronounced with the Distri
bution at 50% and the higher the head, the greater the difference be
tween the two situations analysed. Consequently, the increase in 
pumped annual volume when the Strategy is applied compared to the 
Distribution at 50% also growths progressively with head, going from 
6.21% (H = 18 m) to 57.60% (H = 48 m). 

Fig. 9 shows the results of the annual efficiency of the motor-pump 
group at the different heads with the two simulated operating modes. 
The increase in annual efficiency applying the Strategy compared to that 
achieved with the Distribution at 50%, expressed as a percentage, is also 
depicted. 

As can be seen, when the pumping system operates with Strategy, the 
motor-pump group works with greater efficiency for all heads and the 
higher the head, the greater the difference in annual efficiency between 
the two alternatives. The increase in annual efficiency applying the 
Strategy compared to Distribution at 50% goes from 6.42% for H = 18 m 
to 57.51% for H = 48 m. Adopting the Strategy also allows maintaining 
high efficiency of the motor-pump group at all the heads. In the case of 
Distribution at 50%, the efficiency decreases strongly at the highest 
heads (42 and 48 m). 

When considering the monthly efficiency of the motor-pump group 
throughout the year (Fig. 10), the same pattern is observed. The effi
ciency of the motor-pump group when establishing the Strategy is higher 
at all pumping heads, as well as considerably more uniform throughout 
the months of the year than when Distribution at 50% is applied. 

Analysis of daily results 
To check what causes the improvement in annual and monthly 

outcomes, a detailed analysis comparing the two operating alternatives 
during a day was performed. As the annual increase in pumped volume 
with Strategy compared to Distribution at 50% in the case H = 36 m 
(23.7%, Fig. 9) and the increase in pumped volume in July (21.6%) are 
similar in order of magnitude, and since on July 29 a comparable in
crease in pumped volume (23.3%) was also obtained, the day July 29 
and pumping at H = 36 m were selected for this analysis. 

Fig. 11 shows the results obtained on July 29 for the daily evolution 
of the incident solar irradiance on the plane of the PV generator and the 
flow rates (L/s) pumped with the two alternatives for the distribution of 
the generated power. During the early afternoon, coinciding with the 
hours of higher solar irradiance, the flow rate pumped with both oper
ating options is similar. However, when the pumping strategy is adop
ted, pumping starts earlier and ends later, indicating lower pumping 
threshold irradiance. 

Fig. 12 shows the results obtained on July 29 and H = 36 m relative 
to the electrical power that feeds the pumping group throughout the day 
and the efficiency of the motor-pump group for the two power distri
bution cases. With the pumping strategy, less electrical power is needed 
to start pumping and, at certain hours at the beginning and end of the 

day, the efficiency of the motor-pump group is greater. 
The daily results that summarize the difference in pumping behav

iour are shown in Table 4. The two circumstances that explain the in
crease in daily pumped volume, which goes from 32.75 to 40.39 m3/day 
(representing an increase of 23.3%), when the Strategy is applied are:  

1) The reduction of the pumping threshold irradiance, which is 517.2 
W/m2 with Distribution at 50%, versus 289.4 W/m2 with Strategy. 
Pumping starts before and ends later operating with the pumping 

Fig. 9. Annual efficiency of the motor-pump group with the two operating 
modes. Annual efficiency increase (%) when the Strategy is applied. 

Fig. 10. Monthly efficiency of the motor-pump group throughout the year with 
Strategy (solid lines) and with Distribution at 50% (dashed lines). 

Fig. 11. Daily evolution (July 29, H = 36 m) of the incident solar irradiance 
(W/m2) on the plane of the PV generator, and of the pumped flow rates (L/s) 
with the two distribution alternatives of the generated power. 

Fig. 12. Daily evolution (July 29, H = 36 m) of the electrical power (kW) that 
feeds the pumping group, and of the efficiency of the motor-pump group 
(%/100) with the two alternatives for the distribution of the generated power. 
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strategy, and therefore, lower levels of solar irradiance are required 
for pumping at the beginning and end of the day.  

2) The pumping group works with better efficiency during the pumping 
period: 36.4% (Strategy) vs. 34.8% (Distribution at 50%). 

When studying the efficiency of the motor-pump group as a function 
of electrical energy with both alternatives at H = 36 m (Fig. 13), it is 
verified that pumping with Strategy starts with half the energy supplied 
by the PV generator (0.44 kW with Strategy vs. 0.88 kW with Distri
bution at 50%). This is justified because, in the latter case, the power is 
divided between the two pumps, which start operating simultaneously. 
This explains the lower pumping threshold irradiance observed with the 
Strategy. 

Once the power required to start pumping in the case of operation 
with Distribution at 50% is reached, there is a range of powers (from 
0.88 to 1.24 kW) in which a single group is operating in the case of 
Strategy with higher efficiency throughout all the range, while in the 
case of Distribution at 50%, both groups are pumping with much lower 
efficiency. This situation continues until the second pump is connected 
in the Strategy case, for power supplies greater than 1.24 kW. From this 
point onwards, the pumping group efficiency and therefore the pumped 
flow rate with both operating options, are identical, as indicated in 
Fig. 13. This situation normally takes place during the hours of greatest 
solar irradiance. When the irradiance level decreases towards the end of 
the day, the opposite happens. 

It should be noted that the same pattern is observed every day of the 
year and at any other pumping head. 

Finally, it is also worth mentioning that the same study was con
ducted in a PV facility with two 1.5 kW pumping groups working in 
parallel and the same conclusions (not reported here) were drawn. This 
confirms the applicability of the proposed pumping strategy to pumps of 
higher powers. 

Conclusions 

The suitability of the strategy for distributing the power coming from 
a PV generator between two equal pumps working in parallel proposed 
in [23] was verified. This strategy consists of feeding a single pump with 
all the power generated until it exceeds a threshold value from which the 
power distribution must be at 50% between the two pumps. 

Pumping by applying the strategy was compared to pumping with 
the generated power distribution at 50% between the two motor-pump 
groups regardless the available power. For this purpose, a system 
equipped with two pumping groups, 0.75 kW each, was employed. The 
assessment of the facility’s performance under both alternative working 
conditions and at several pumping heads was conducted using simula
tion techniques. The pumped flow rate, the total pumped volume, and 
the efficiency of the facility in each case were determined in an hourly, 
daily and monthly basis for a whole year. 

For all heads, the operation with power distribution according to the 
proposed Strategy increased the pumped annual volume compared to 
Distribution at 50%. This difference increased progressively with head, 
in accordance with the improvement in annual efficiency. Moreover, the 
efficiency of the motor-pump group when establishing the Strategy was 

higher at each pumping head as well as considerably more uniform 
throughout the months of the year than with the Distribution at 50%. 

The detailed daily analysis showed an increase of 23.3% in daily 
pumped volume, when the Strategy is applied. Two circumstances 
explain this increase, the halving of the solar irradiance threshold and 
the efficiency improvement during the pumping period: 36.4% (Strat
egy) compared to 34.8% (Distribution at 50%). 

When studying the efficiency of the motor-pump groups as a function 
of electrical energy with both pumping alternatives during a day, it was 
verified that pumping with Strategy starts with half the energy supplied 
by the PV generator. Once the power required to start pumping in the 
case of operation with Distribution at 50% is reached, there is a range of 
powers in which a single group is pumping, in the case of Strategy, with 
greater efficiency, while in the case of Distribution at 50% both groups 
are working with much lower efficiency. This situation continues until 
the hours of greatest solar irradiance arrive, when the second pump is 
connected in the Strategy case. From this point onwards, the efficiency 
and therefore the pumped flow rate with both operating options are 
similar. When the irradiance level decreases towards the end of the day, 
the opposite happens. 

The proposal for dividing the generated power investigated and 
applied in this study optimises the energy management in a PV pumping 
system with two equal parallel pumps compared with the operating 
mode usually applied in these facilities with the distribution of the 
generated power at 50% between the two pumps (equivalent to feeding 
each pump with a single PV generator half the size). 

Similar results were drawn in a PV facility equipped with two 
pumping groups 1.5 kW each (results not reported in this paper). This 
confirms that the conclusions derived from this work can be extrapo
lated to pumps of higher powers. 

Further work is in progress related to the study of pumping groups 
with higher numbers of pumps in parallel. The application of the strat
egy for distributing the generated power with higher numbers of pumps 
would allow to improve the facility’s performance. 
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Table 4 
Reference parameters for the comparative analysis of the two pumping alter
natives relative to July 29 and H = 36 m. Pumped volume (m3), pumping 
threshold irradiance (W/m2) and efficiency of the motor-pump group.  

July 29H = 36 
m 

Pumped 
volume 
m3/day 

Irradiance threshold for 
pumping (W/m2) 

Efficiency motor- 
pump (%) 

Distribution at 
50%  

32.75  517.2  34.8 

Strategy  40.39  289.4  36.4  

Fig. 13. Efficiencies of the motor-pump groups as a function of the electrical 
power supplied, with the two distribution alternatives for the power generated. 
Results obtained on July 29 and H = 36 m. 
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the work reported in this paper. 
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[1] Lacal-Arántegui R, Jäger-Waldau A. Photovoltaics and wind status in the European 
Union after the Paris Agreement. Renew Sustain Energy Rev 2018;81:2460–71. 
https://doi.org/10.1016/j.rser.2017.06.052. 

[2] Gielen D, Boshell F, Saygin D, Bazilian MD, Wagner N, Gorin R. The role of 
renewable energy in the global energy transformation. Energy Strateg Rev 2019; 
24:38–50. https://doi.org/10.1016/j.esr.2019.01.006. 

[3] Shivakumar A, Dobbins A, Fahl U, Singh A. Drivers of renewable energy 
deployment in the EU: an analysis of past trends and projections. Energy Strategy 
Rev 2019;26:100402-. https://doi.org/10.1016/j.esr.2019.100402. 

[4] FAO. Hartung H, Pluschke L. The benefits and risks of solar-powered irrigation – a 
global review; 2018. 

[5] Ramos JS, Ramos HM. Solar powered pumps to supply water for rural or isolated 
zones: a case study. Energy Sustain Dev 2009;13:151–8. https://doi.org/10.1016/j. 
esd.2009.06.006. 

[6] Allouhi A, Buker MS, El-houari H, Boharb A, Benzakour Amine M, Kousksou T, 
et al. PV water pumping systems for domestic uses in remote areas: sizing process, 
simulation and economic evaluation. Renew Energy 2019;132:798–812. https:// 
doi.org/10.1016/j.renene.2018.08.019. 

[7] Chandel SS, Naik MN, Chandel R. Review of solar photovoltaic water pumping 
system technology for irrigation and community drinking water supplies. Renew 
Sust Energy Rev 2015;49:1084–99. https://doi.org/10.1016/j.rser.2015.04.083. 

[8] Wazed SM, Hughes BR, O’Connor D, Calautit K. A review of sustainable solar 
irrigation systems for Sub-Saharan Africa. Renew Sust Energy Rev 2018;81: 
1206–25. https://doi.org/10.1016/j.rser.2017.08.039. 

[9] Jadhav PJ, Sawant N, Panicker AM. Technical paradigms in electricity supply for 
irrigation pumps: case of Maharashtra, India. Energy Sustain Dev 2020;58:50–62. 
https://doi.org/10.1016/j.esd.2020.07.005. 
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