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Abstract- Photovoltaic (PV) water pumping constitute an innovative solution for sustainable irrigated agricultural. The present
study treats technical case related to actual use and performance of PV pumping systems for drip irrigation in Morocco. A
management method was proposed to optimally operate PV pumping system and synchronize hydraulic performance to
variable daily irradiance. The study showed that use of pumps in parallel improved efficiencies and enlarged daily operating
time of the pumping system using only the same installed photovoltaic generator power. The result showed that it is possible to
design more economical PV systems as the maximum peak power demand for each month can be satisfied using small power
pumps in parallel and adjusting their switch with accordance to varying daily irradiance. This management method optimized
the PV hydraulic pumping capacity by up to 20% and help farmers to avoid use of complementary diesel power for satisfying
their irrigation.
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Nomenclature

AC : Alternating Current

CP : Centrifugal Pump

DC : Direct Current

kW : Kilo-Watt

kW, : Kilo Watt Peak

MPPT Maximum Power Point Tracking
MWC Meter Water Column

PV : Photovoltaic

PVWPS : Photovoltaic Water Pumping System
R&D Research and Development

A\ : Watt

WR : Water Requirements
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1. Introduction

Water availability and accessibility are two main factors
for rural development in developing countries. Surface water
is becoming unavailable due to scarcity of rainfall in many
arid areas. Thus, demand on water cannot be satisfied
without using pumping technologies to mobilize deep
underground resources. Use of pumping systems has
significantly increased to lift underground water. Moreover,
low pressurized irrigation technologies are popularized to
save water and energy for agricultural production. Efficient
PV pumping and irrigation systems and their optimal power
management are of importance to improve use of energy in
agricultural sector. Management of photovoltaic energy in
off grid sites is facing to actual technical and economical
tests for adoption as use of conventional energy resources is
often expensive. The constraints of wusing fuel and
maintenance of diesel engines push farmers for adopting
photovoltaic technologies and promoting sustainable
irrigated  agriculture  system. Photovoltaic pumping
technologies were promoted in many governmental strategies
to boost use of clean energy for sustainable farming systems.
However, R&D actions still needed to improve systems
performances and their affordability for large extension of
PV technologies in developing countries. Control strategies
on PVWPS have been developed by many authors. These
strategies focused on optimizing electrical performance. In
[1], the authors compared four systems (2Px2S, 2Px1S,
1Px1S and 1Px2S) provided 120W to power a DC SHURflo
pump (24 V) for three different heads (10 m, 15 m and 25
m). The results showed that a combination of 2Px1S and
IPx2S PV array configurations were the efficient solutions
to power the pump. A reconfiguration controller was used to
activate 2Px1S PV to power the system in the morning with
a significant starting current. While, the 1Px2S PV array is
used to power the system during optimum sunlight.
Similarly, in [2], three PV configurations (4Px1S, 2Px2S and
1Px4S) were compared. These configurations are chosen to
improve PVWPS performance at low, medium and high
irradiance, respectively. The proposed approach makes the
system perform, especially in the morning, evening and
cloudy weather.

In other studies, the improvements of PVWPS were done
using MPPT (Maximum Power Point Tracking) technologies
[3-8]. A method based on fuzzy logic algorithm applied to a
DC-DC converter was developed. It’s revealed that the
energy production efficiency was increased compared to
those obtained by the system without MPPT [9]. The
conventional algorithm IncCond presents an inaccurate
solution. In fact, a new strategy control based on a
combination with this algorithm and Neural Network has
been developed. This intelligent IncCond algorithm
intervenes with IncCond when there are no irradiance
changes and with artificial neural network elsewhere. The
simulation result showed a good stability and fast tracking of
the MPP compared to the standard IncCond algorithm [10].

However, in hydraulic part, few works focused on
performance to optimize operating points of centrifugal
pump (CP) and yield daily working efficiencies according to
irradiance occurrence. In [11] control strategies approach to

match between the PV array and motor to achieve maximum
mechanical power were proposed for two PVWPS. The first
system used DC motor while the second system utilized
induction motor. In the first case, the extraction of maximum
mechanical power was done by controlling the excitation of
the motor. On the other case, the maximum power was
obtained by controlling the frequency of the voltage source
inverter. The results showed that the maximum mechanical
power extracted from separately excited DC motor is higher
than that in an induction motor. Meanwhile, use of affinity
law is of importance to vary centrifugal pump characteristics
as any change of rotating speed result in pump flow rate,
head, and power changes [12, 13]. Modeling of centrifugal
pump behavior can be done using system curves involving
parameters of rotation speed, flow rate and power inputs to
compute the head output accordingly to the irradiance
intensity [14-18]. The affinity laws were used to optimally
manage PV pumping system and maximize daily water
volume output [9, 19-21]. The authors adapted the affinity
laws to achieve the pump hydraulic requirements while the
power delivered to the pump motor remains unchanged by
shifting the pump to operate around new pump curves.
Moreover, another promising solution based on testing
performance using genetic optimization coupled to use of
experimental data was developed [22]. The experimental test
was based on mounting four centrifugal pumps in parallel
scheme. The results showed that the algorithm proposed and
the enhanced system design involved a minimization of
power consumption and maximization of system overall
efficiency. The system was supplied by electrical energy,
which is not efficient for use in agricultural irrigation
systems.

The present study consists on testing, for the same
installed power of PVWPS, two scenarios of mounting
parallel pumps compared to use of one large pump as
adopted case by farmers. The three scenarios were evaluated
to maximize the water pumped amount with reference to the
installed PVWPS power and to potential irradiance during
usual irrigation peak months of June, July and August.

2. Materials and Methods
2.1 PVWRP irrigation system description

The study was based on a PVWPS of 120 panels (DAQO
NEW ENERGY, 230 W)) mounted in 6 strings of 20 panels.
The PV generator serves an inverter (KEB F5) of 22 kW
coupled to a three-phase submersible pump (SAER S181A1)
for pumping water from a deep well of 60 m and storing it in
a tank of 2000 m>.

2.2 Approach for PV Power management

The Performance of the existing PVWPS (22 kW) was
evaluated with three scenarios to test management method
of splitting and switching pump powers for better electric
and hydraulic performances according to daily change of
solar irradiance. The 1% scenario (22 kW) adopted by the
farmer couldn’t operate more than 6 hours per average daily
time of 10 hours, as it is based on a pump that required a
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high power and couldn’t perform at low irradiance during
early morning and late afternoon.

The finality of proposing this management method
converges with possibility of extending the system operating
time and also satisfying irrigation water requirements.
Electrical and hydraulic daily data measurements were done
to evaluate PVWPS performance between 10 am and 4 pm.
The solar irradiance occurrence was actually not sufficient to
continuously operate the three phase AC motor/pump at the
required steady state speed range (without stopping and
speed fluctuation problems). Measurements were taken at
11:00 am, taking into account the system boot, which was
only done around 10:30 am. To have an adequate
exploitation of the PVWPS power, centrifugal pump for
three configurations were tested. These configurations were:
one large pump power (1% scenario: 22 kW), two medium
pump powers (2" scenario: 2*11 kW) and small pump
powers (3 scenario: 3*7.5 kW), were compared. The pumps
were mounted in parallel scheme “Fig.1” and switched
according to supply of the installed PV array power (22 kWp)
and its potential variation with reference to daily solar
irradiance.
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Fig. 1: Three proposed scenarios of photovoltaic water
pumping systems.

Performance evaluation of each scenario was based on
comparing the amount of pumped water and the required
water volume. Optimal energy management of a centrifugal
pump consists on maximizing use of the available energy
from the PV generator using adequate pump power to be
operated at higher rotational speed (around frequency of 50
Hz) and higher yield. In fact, actual flow rate provided by a
pump depends on its rotational speed, consequently on the
potential frequency processed by the connected inverter
according to occurring solar irradiance. The flow rate of a
centrifugal pump can be governed “Eq. (1)” to adequately
adjust its efficiency and optimally exploit varying occurrence
of a daily solar irradiance. The characteristic curve of a pump
turning at constant rotational speed is presented by the
following equation:

H=aQ*+bQ+c )

Where: H, Q and a, b, ¢ are head, flow rate, and constants are
coefficients of the characteristic curve for a specific
rotational speed and rotor diameter of a centrifugal pump,
respectively [23].

Centrifugal pumps are governed by affinity laws “Eq.
(2)” showing impact of rotational speed change on flow rate,
head and power. The affinity laws are of importance to
manage pump rotational speed point for better energetic and
hydraulic performance. The affinity law expressions are
given for a fixed rotor diameter by the following equations
[24].

(Q1/Q2)= (N1/N2); (Hi1/H2) = (N1/N2)%;

(P1/P2) = (N1i/N2)* )

Where, H, Q, N and P are head, flow rate, rotational speed
and power, respectively. Mathematical models for CP are
developed in the researches [25, 26].

The method proposed to
management of PV pumping

improve performance
systems is based on
determining optimal centrifugal pump parameters according
to affinity law and available photovoltaic power supplied by
a PV generator. In fact, the power produced by a
photovoltaic generator and supplied to a centrifugal pump
mainly depends on irradiance potential G:

P =G*A*nPV* ninv 3)

Where: A, nPV and ninv are photovoltaic generator surface,
photovoltaic panel output and photovoltaic inverter output,
respectively.

The third affinity law “Eq. (2)” can be used to find a
second operating point of the pump rotational speed Na
corresponding to a power P». Characteristic curves for a
centrifugal pump can be given for two rotational speeds Ni
and Nz as follow:

{H1=a1.Q1?> + b1.Q1 +c1 (N1) “4)
{H2 = a2.Q2%2 + 12.Q2 +c2 (N2)

By applying law affinity, parameters az, b2 and c2 can be
computed using the following equations:

ar = az; b1 = ba. (N2/N1); ¢1 = ca. (N2/N1)? %)

Then, for a constant head H corresponding to potential of the
PV pumping system, the pumped flow rate for a given
irradiance G is as follow:
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Q2=[-b—(b*4.a2. (c2 - H))1/2]/2.22 (6)
3. Results and Discussions

Evaluation of the pumping systems showed a possibility
of improving its energetic and hydraulic performances and
using only photovoltaic array for covering average daily
water requirement. The study case based on a 22 kW
PVWPS showed that installation of one large pump cannot
work widely at its nominal frequency (50 Hz) to satisfy
conditions of maximum daily efficiency according to
irradiance occurrence. Our measurements showed that
maximum operating frequency (84%) occurred only for a
few number of hours (four to five hours per day). Difficulty
of reaching nominal frequency and operating pump at its
nominal speed during a daily period is due to inefficiently
operating a large pump power (22 kW) at low and medium
irradiance conditions (from 200 to 600 W/m?). However, the
photovoltaic generator was only adequate for optimal pump
operating at a higher irradiance period (> 600 W/m?). Use of
small and medium pump powers mounted in parallel greatly
improved operating conditions of the pumps for relatively
lower irradiance, longer day period and higher efficiency.
Choosing medium (2*11 kW) and small (3*7.5 kW) pump
powers helped to improve PV energy use and hydraulic
performance of the PVWPS for effective head of 70 m.
Indeed, the system showed that both scenarios were better to
satisfy water requirements in the three peak months (June,
July and August). The daily water requirements were
evaluated at 522.6 m®, 595.1 m? and 618.2 m® for June, July
and August, respectively (Figs 2.a, 2.b and 2.c).

3.1 First scenario

This scenario evaluated the performance of one large
pump power (22 kW) as the reference case actually adopted,
and the pump characteristic curve relative to nominal
operating speed is as follow:

H=-0.0036 Q*- 0.4909 Q — 134.05 7

Where the constants are the characteristic curve
coefficients of one large pump (SAER S181A1/5) obtained
using manufacturer data.

Results in “Fig.2.a” showed limitation to satisfy water
requirement as the pump cannot efficiently operate in low
irradiance (less than 352 W/m?). Even if the daily operating
period was 9 hours, the daily pumped water was 455 m?, 541
m® and 581 m? for June, July and August, respectively.

The water requirement are not satisfied in this scenario as
the pumped water volumes were only 86%, 91% and 93% of
the required water volumes for June, July and August,
respectively.

3.2 Second scenario

Implementation of this scenario was based on two similar
pump powers mounted in parallel (2*11 kW), and their
characteristics curve at nominal operating speed is as follow:

H =-0.0035 Q2 - 0.0905 Q + 132.97 ®)

Where the constants are the characteristic curve
coefficients of one medium pump (Grundfos SP 150S -8)
obtained using manufacturer data.

Figure 2.b showed that use of two pumps increase the
daily operating period to more than 10 hours. This increase is
due to possibility of operating one pump at in low irradiance
(less than 200 W/m?) and engaging the second pumps as
irradiance became higher than 460 W/m?. Consequently, the
daily pumped water was increased to cover water demand by
103%, 102% and 103% for June, July and August,
respectively.

3.3 Third scenario

This scenario consisted on using three small pumps
mounted in parallel, and their characteristic curve is
represented as follow:

H=-0.0571 Q>-2.8571 Q + 187.14 )

Where the constants are the characteristic curve
coefficients of one small pump (Grundfos SP 77S -20)
obtained using manufacturer data.

Figure 2.c showed considerable improvement of daily
operating period (about 12 hours). This increase is due to the
importance of using adapted pump power to take advantage
from low irradiance occurring during sunrise and sunset
periods. In fact, PV generator was optimally adapted by
operating one pump at low irradiance (less than 200 W/m?),
two pumps as irradiance reached between 200 and 450 W/m?
and three pumps for irradiance higher than 450 W/m?. Such
scenario satisfied water requirement by 108%, 104% and
104% for June, July and August, respectively.

Water requirements are satisfied by 90% (1% scenario),
103% (2™ scenario) and 105% (3" scenario). It is better to
adopt two or three pump mounted in parallel than choosing
on pump of similar installed power “Fig.3”.  Better
performance of both scenario 2™ and 3™ is due to adaptation
of PV power potential to improve pumps operating and
management satisfying higher hydraulic efficiencies.
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Fig.2: (a) Average daily pumped water versus irradiance using one large pump of (22kW); (b) Average daily pumped water versus irradiance using two small pumps (2*11); (c) Average
daily pumped water versus irradiance using three small.
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Fig. 4: Pump powers management vs hydraulic efficiencies
(Three scenarios).

The average pump yields were 67%, 72.16% and 73.18%
for 1%, 2" and 3™ scenarios, respectively “Fig.4”.

Installation of PVWPS based on one large pump power
(case of 22 kW) is not adequate as its optimal operating is
only ensured during peak solar irradiance period around
midday. This study case showed that use of three small pump
powers (7.5 kW) in parallel instead of a single large pump
(22 kW) was effective solution to enlarge PVWPS service
period and to improve their energetic and hydraulic
performances.

4. Conclusion

This study was based on evaluating a performance of
PVWPS. The proposed power management method in this
study case showed feasibility of using only PV energy supply
to totally cover water requirements of irrigated system. In

fact, using a set of pump powers mounted in parallel instead
of using one large pump of equivalent power can be an
effective solution for enlarging operating period of PVWPS
and taking more advantage from daily period irradiance to
reach high hydraulic efficiencies.
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