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Abstract: In the current paper is presented a technical and economic study for integrating a high-power
photovoltaic generator into an existing irrigation system. In the first part the modelling of each component
of the existing irrigation system is presented (Hydraulic network, submersible pump, induction motor and
the diesel generator). In the second part the modelling of a high-power generator on a horizontal axis N-S
solar tracker. Finally, in the last part the payback period of the high-power PV generator is calculated,
considering just the price of the diesel used by the generator to extract and pump the same volume of water.
Key words: High-power photovoltaic generator, Photovoltaic irrigation system, Photovoltaic pumping
system, Economic and technical study, Diesel generator.

1. INTRODUCTION

In the last decade, more and more irrigation
systems have been upgraded with sprinklers, or
drip irrigation systems, for increasing the water
usage efficiency. Due to this reason, the energy
consumption by the irrigation systems increased
drastically leading to such a cost of the energy
consumption, that nowadays, represents the
highest cost in operating an irrigation system.
The irrigation systems used in agriculture, are
supplied with electricity either from the national
grid either by a gasoline or diesel electric
generators depending on which one was more
economically at the system execution.

The continuing price rise of the gasoline,
diesel and electricity, makes the agricultural
sector looking more and more into alternatives
sources of electricity such as renewable ones due
to their stable price and reduced low CO2
emissions.

Even though there are some irrigation
systems powered by wind generators because of
their high availability (more than 2400 working
hours/year), the photovoltaic generators
represent a better integration into an irrigation
system, because those systems produce most of
the energy exactly during irrigation period

(during the summer, with maximum demand in
the hottest and sunniest days of the year).

Given the above, the current paper proposes
a methodology for evaluating the technical and
economic possibility for integrating a
photovoltaic generator into an existing irrigation
system by determining the characteristics of the
photovoltaic generator based on the energy
requirements of the existing irrigation system. In
the current paper, it is deeply described how to
dimension the photovoltaic generator, determine
the characteristics of the electrical power
converter, design the distribution system with its
adequate protection, and calculate the payback
period of integrating a photovoltaic generator
into an irrigation system.

2. EXISTING IRRIGATION SYSTEM

The existing irrigation system is in Aragon
region in Spain (Lat=latitude), and it is used for
direct irrigation of tree fruit orchards. In Figure
1, it can be seen its layout and the main
components of the existing irrigation system
(black drawing line): a diesel generator,
powering an induction motor connected to a
submersible pump that extracts the water from a
well and distribute it into an irrigation network.
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Fig. 1. Irrigation system diagram.
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Table 2

Water volume pumped into the irrigation system.

operation during each day of the month of the W
.. . ater volume Water volume
existing irrigation system, according to the user. Month pumped each pumped each
Based on operating hours/day each month day month
from Table 1, and the measured operating flow January 0 0
85m’/h, the water volume pumped into the February 0 0
irrigation system each month was calculated in March 8025 10710
Table 2. _— April 1190 23800
Operating period of the actual irrigation systeam.e May 1190 36890
Month Operating Operating days/ June 1487.5 44625
hours/day month July 1487.5 46112.5
January 0 0 August 1487.5 46112.5
February 0 0 September 1487.5 29750
March 10,5 12 October 0 0
April 14 20 November 0 0
May 14 31 December 0 0
June 17,5 30 Total pumped volume/year 177 442 m?
July 17,5 31
August 17,5 31 2.2 Hydraulic network
September 17,5 20 The hydraulic network consists in 55 m of a
October 0 0 vertical well steel pipe (diameter of 30 cm), a
November 0 0 mesh filter, 1000 m of horizontal distribution PP
December 0 0 pipe (diameter of 30 cm), and other elements as




tees, 45- and 90-degrees elbows, and 5 sectors
equivalent sectors with approximately 6000
meters of drip irrigation system each, working
with a pressure range between 1.5 to 2.5 bars. In
Figure. 2 it can be seen the hydraulic network
characteristic curve.

The water distribution and irrigation system
characteristic curve are expressed by equation

[1]:
Ho = Hg + k- (Qo)* €]

where Hg is the static head
(HG_WATER_SOURCE= 40 m +
HG_CONSUMER in Figure 1), Qo is the pump
operating flow rate, and k is the head loss
coefficient.

The nominal hydraulic power required for
operating the irrigation system is estimated
according to the following equation [2]:

Prigo =p -9 Ho- Qo (2)

2.3 Submersible pump

A submersible pump [3], collects the water
from a well and distributes it into an irrigation
hydraulic network. The pump is installed at a
depth of 80 m below the ground Ilevel
(PUMP_DEPTH~ 80 m in Figure. 1), and the
water dynamic level is 40 m
(HG_WATER_SOURCE= 40 m in Figure 1).
The maximum extractable flow from the well is
95 m3/h. but the pump operates at the nominal
flow of 85 m3/h. In Figure 2 it can be seen the
iso-efficiency diagram of the submersible pump.

The pump is modeled based on A, B, and C
coefficients  identified through quadratic
regression (2) from the centrifugal pump
characteristic head—flow (Hn-Qn) curve, and on
D and E coefficients also identified through
quadratic regression (10) from the efficiency—
flow (Mn-Qn) curve. Both curves (Hn-Qn and
nn-Qn) are at nominal speed (wn) [1,4,5].
Starting from Equation (3), the subscript “0”
stands for the nominal values.

Hy=A+B-Q+C-(Q)? 3)
Npo =D'Q0+E'(Qo)2 4

-595-

where Ho represents the nominal pump head, Qo
the nominal pump flow, and npo the nominal
pump efficiency.

Table 3
Submersible pump characteristics [3].
Submersible pump data Value
Submersible pump pipe diameter 02m
Ambient temperature 35°C
Minimum water speed to cool the 0.5
jacket of the motor m/s
Maximum number of starts in one
20
hour
Minimum immersion depth 507,5m
Submersible pump service flow rate | 91.85 m3/h
Submersible pump service head 78.12m
Submersible pump efficiency 75.63 %
Submersible pump hydraulic power 25.84 kW
Submersible pump maximum flow 169.2 m3/h
rate
Submersible pump head at theoretical 9735m
0 flow rate
Submersible pump minimum head (at 8329 m
maximum flow rate)
Submermb.le pump efficiency at 315 %
maximum flow rate
Submersible pump hydraulic power at 30 kW
maximum flow rate

It will be denoted with a o=w/®w0 the ratio
between the pump operating angular velocity
(), and the nominal angular velocity (©0).

The response of the centrifugal pump to a
different speed is modeled using the pump
affinity laws (in the current work, the change in
water density pwo=pwn and pump geometry
Go=Gn during the speed variation are ignored)
[6,7 (p. 776)]:

2@ o

@)@ e o

o= o) (&) = O

where P stands for the pump power
consumption.

By combining the (H0-QO0) quadratic
regression Equation (3) at nominal speed (®0)
with the pump affinity laws, Equation (5-7), the
pump characteristic (H-Q) as a function of pump
speed is obtained (7):
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H=a?"A+a-B-Q+C-(Q)* (8)

Figure 2 shows the pump characteristic (H-Q)
curve at different speeds (frequency variation
from 5 to 50 Hz). The data sheet of the
submersible pump can be found in reference [3].

200

Pump isoefficiency
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By substituting the nominal head (HO) and
flow (QO) of the pump in equation 2, with the
actual operating head (H) and flow of the pump
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Fig. 2. Pump isoeffieceincy curve together with the hydraulic network characteristic curve (Ho-Qo-1o).

The delivered flow as a function of pump
speed (o) is given by the pump operating point,
represented by the cross-point of the pump
characteristic (8) with the system characteristic
curve (1):

Hy+k-Q*=a*-A+a-B-Q+C-0Q*(9)

From which results:

BQ— |B2-Q2-4A[(C-k)-Q?—Hg|
a =

- (10)

In the current paper, the pump efficiency at
partial load, it is calculated using reference [4].

By combining the (mp0-Q0) quadratic
regression of Equation (4) at nominal speed (00)
with the pump affinity laws (5-7) using pump
efficiency equation as a function of pump speed
from reference [4] the following expression is
obtained:

Np = 1- (1 - npo) : (%)0.1 (1)

0.1
My =1-[1-D-Qu—E- ()% (%) (12

(Q), the actual hydraulic power is obtained
(Phid). By dividing the actual hydraulic power
(Phid) with the actual pump efficiency (mp), the
pump shaft power (Ppump) is obtained [8]:
Ppump = Phid/np (15)

2.4 Induction Motor

The submersible pump is connected by a
shaft at a 50 Hz, 3 phase (400V) induction motor
[3] of 51 kW. The induction motor has 2 poles
leading to an angular velocity of 2870 rpms. The
current consumption by the motor is 101 A

considering a 0.85 power factor, and a efficiency
of 84%.

Table 4
Induction motor characteristics [3].
Induction motor data Symbol | Value
IM nominal power Pmvo 51 kw
IM efficiency Nivo 84 %
IM nominal frequency f; 50 Hz
IM nominal voltage Vi 400 V
IM nominal current Im 101 A
IM number of poles poles 2
IM rotor synchronous speed | os 3000 rpm




IM rotor nominal speed Qn 2870 rpm

IM rotor operating speed o Variable

IM Power factor (cos ¢) cos @ 0.85
IM nominal efficiency Nim 84%

In the induction motor, the stator is composed
of three windings 120° spatially shifted and one
pair of poles. When these three stator windings
are supplied by a balanced three phase voltage
of frequency fs, the stator flux is induced. This
stator flux rotates at constant speed. That is, the
synchronous speed (ns) is given by the following
expression [9]:

Wg = 120% _ 3000 rpm (16)

- poles

The slip defines the relation between the
nominal angular velocity of the stator and the
rated angular velocity of the rotor [9]:

s =279 — 4330, (17)

Wg

Considering the that the pump shaft is
directly connected to the induction motor rotor,
and ignoring the shaft torsion, it can be assumed
that the speed of the pump is the same as the
speed of the induction motor rotor. Due to this
assumption, for the ratio of the between the rotor
operating angular velocity (®), and the nominal
angular velocity (o0), can be used the same
denotation a, and the operating frequency is
obtained according to the following expression

[9]:

__ a-wy-poles

fo = 120-(1-5) (18)
The induction motor power is calculated:
Py = Ppump/nlM (19)

2.5 Diesel Generator

Currently the irrigation system is powered by
an old diesel generator of 60 kVA prime power,
working at 400 Vac and a frequency of 50 Hz.
From energy measurements during the nominal
operating of the irrigation system, was found the
pumping unit (induction motor and the
submersible pump), operating at the nominal
frequency 50 Hz consumes a current of 47.5 A
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at 400 V (cos ¢=0.8) with the diesel generator
consuming approximately 6 1/h of diesel
according to the user.

Table 5
Diesel generator data.
Diesel generator parameter | Symbol | Value
Prime Power Ppc 60 kVa
Operating frequency e 50 Hz
Current measurements during Ing 475 A
operation
Nominal Voltage Ve 400 Vac
Power factor cos @ 0.85
Diesel consumption according | Cpiesei7s 8.4 1/h
to datasheet workload 75%
Diesel consumption according | Coiesel10o 12 Uh
to datasheet workload 100%

The workload of the diesel generator during
the irrigation system operation, is calculated
according to the following formula:

Workload = % =54.848% (20)

The workload in kVA is:

PDGO = WOT‘kload - PDG = 32909 kVA (21)

Upcoming, the active power of the diesel
generator is obtained in equation (22):

Ppgoa = Pgo - cos @ = 27.973 kW (22)

Assuming a linear diesel consumption by the
generator between the two working points given
by the manufacturer (CDiesel75 and
CDiesel100), the actual diesel consumption is
estimated to be:

C .
Cpieseto = Workload - ~2Leels =
75%

6.143 l/h (23)

Consumption confirmed by the user of the
irrigation system. The diesel consumption for
each kWh is estimated to be:

Coieser—kwn = Cpieseto/Ppcoa = 0.233 L/kWh  (24)
Considering a diesel consumption of 6.143

I/h by the diesel generator for operating a
submersible pump that delivers 85 m?h, and
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total pumped volume every year of 177 442 m?,
by a pump, the annual diesel consumption is
estimated according to the following formula
(128823.852 liters of diesel for the water volume
pumped with the existing system and 12824.141
liters of diesel for the volume pumped with the
PV generator):

177 442
Cpieset/year = —z— " Cpieseto = 12823.8521

85
(25)

3. INTEGRATING A HIGH-POWER
PHOTOVOLTAIC GENERATOR

The integration of a photovoltaic generator
into the existing irrigation system has very clear
objectives:

* Hybridizing the existing expensive and
polluting electricity source (diesel generator)
of the irrigation system, with a clean
photovoltaic generator.

* Automatization of the irrigation system in
order to start up the irrigation whenever the
photovoltaic generator electrical power
production covers the minimum electrical
power required by the irrigation system. it
allows monitoring of the system through a
remote application.

* Remote access for operating the irrigation
system.

* Lower operating cost of a photovoltaic
generator in comparison with the diesel
generator.

* Reducing, even eliminating the CO2
emissions produced by diesel generator,
contributing to environmental sustainability.

3.1 Variable frequency drive

In order to take advantage at maximum from
the PV generator, a variable frequency drive
(VFD) [10] will drive the AC induction motor
also at partial load, when there is not enough
power in the PV generator to run the motor at
nominal power.

The VFD complies with IEC 61000-6-2 [11],
IEC 61000-6-4 (EMI) [12] and EN50178 [13]
standards and can operate in ambient
temperature higher than 50°C. Due to the reason
that the maximum voltage of the system with the
current configuration can exceed a voltage

higher then 830Vdc at low temperatures, a
contactor will be installed at the DC bus input to
disconnect the DC bus connection from the PV
generator.

Table 6
Variable frequency drive characteristics [10].
VFD data* | Symbol/Value
DC input
Maximum voltage 980 Vdc
MMP voltage range 540-830 Vdc
Nr. DC inputs 1
Hybrid connection Yes
AC output
AC rated power 45 kW
AC rated voltage 400V AC
AC rated frequency 50 Hz
EMC filter Yes-C3
DV/Dt Filter No
AC maximum continuous 94 A
current
Losses
No-load inverter losses [15] ko=0.0115
Linear inverter losses [15] k;=0.0015
Joule inverter losses [15] k,=0.0438

The variable frequency drive is characterized
by its nominal (PVFD) and maximum output
powers and three experimental parameters (kO,
k1 and k2), which are associated, respectively,
to the no-load, linear, and Joule inverter losses
of the variable frequency drive. Based on these
parameters, the electrical power required by the
variable frequency drive efficiency will be
calculated [14]:

bac (26)

Nvrp = pac (KO+Kk1pac+k2:(Dac)?)

Where pAC=PIM/PVFD.DC, with PIM the
AC required by the induction motor and the
PVFD.DC the VFD DC requested power [15].
The electrical power required by the VDF is:

Pim (2 7)

PVFD'DC B NVED Nfilternayac

Where PIM is the electrical power required
by the induction motor, nVFD is the VFD
efficiency, nsrer is the DV/DT filter efficiency,
and navac is the efficiency including the loses
due to the voltage drop in the AC cables (1-3%).



3.2 Solar tracker

The 171 photovoltaic panels are distributed
on three decentralized self-operated horizontal
single-axis trackers (HSAT) [16] (57 on each
tracker). The trackers have N-S (north-south)
orientation and a 110° range of motion around its
axis.

The tracker structure it is made of galvanized
hot-steel and complies with EN 1991 [17, 18]
regarding the resistance to the loads created by
the self-mass, snow and wind characteristics at
the site location and with ISO 9223 [19]
regarding the protection against corrosion.

A 5 meters distance between the trackers was
determined to be the optimum distance for
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avoiding most of the shadows between the rows
and allows access for cleaning and periodic
inspection and maintenance.

The tracker control system controls the motor
of the tracker and includes the algorithm for
tracking the sun irradiation, the backtracking
algorithm for avoiding the shadows from one
tracker to another, and includes also protections
and alarms regarding axis blockage (the tracker
stops its movement when reaching £55°, or if it
detects more power consumption in rotating the
tracker than usual) or wind speeds (the tracker
goes in safe position if it detects wind speeds
greater than the limit).

Global Irradiance of the HSAT tracker considering losses due to angle of
incidence, dirt and shadows fence-tracker
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Fig. 3. Global Irradiance of the HSAT tracker considering losses
due to angle of incidence, dirt and shadows fence-tracker.

Available electrical power into the PV generator
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Fig. 4. PV generator available electrical power.
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Table 7 Table 8
Photovoltaic tracker characteristics [16]. Irradiation data at site location from PVGIS 5.2
Data* | Value Parameter Symbol | Units
Dimensions Global irradiation Gglobal W/m?
: P\l/l l\(/llodules pfe’ilbearg l = 9§7kW Diffuse irradiation Gaifr W/m?
nstalle (I)) ;) ;V; Sr iV) foduie ' P C.lear sky irradiation Gelearsky W/m?
Pv module height. Tracker in 2m Environment temperature Tenv °C
horizontal position 0 Direct irradiation Girect W/m?
Pv module height. Tracker in 2.37 max, Solar time H hh:mm
55 deg position 0.4 min
Drive unit ) .. )
Drive unit type Electromechanical The 1rrad1at10q data from Table 8 at the site
rotary actuator location was obtained from PVGIS 5.2 [20].
Drive unit power supply 155 W /24 DC - The global irradiance reaching the PV
Self-powered generator considering the losses due to the angle
MeChamcal characteristics _ of incidence, the dirt (dust) on the PV panels and
Rotating range Up (o +- 55 the shadows created by the fence is presented in
Maximum wind speed in 140 km/h . .
: . Figure 3, and was calculated according to
horizontal position
Control system references [21, 22, 23].
Tracking controller Astronomical
Algorithm 3.3 Photovoltaic generator
Backtracking Management Backtracking The photovoltaic generator (56.95 kW)
: Algorithm consists of 170 photovoltaic panels of 335 W
Wind Management User-configurable [24], combined in 10 strings of 17 photovoltaic
feathering table . ; )
Tilt sensor Inclinometer panels. in series (5.695 kW) powering the
Considered dirt factor (%D) 0.22 pumping system. Another photovoltaic panel of
335 W [24] is used for powering the control unit.
Table 9 The cell temperature of the PV generator is
Photovoltaic panel characteristics [24]. calculated using equation:
Photovoltaic panel data* | Symbol Value
Peak Power Watts Pmax 335 Wp 0 Ggg
Power Output Tolerance | - 0/+5 Teeu = Teny + (NOCT = 20°C) 800 (55)
Maximum Power Voltage | Vmpp 374V ]
Maximum Power Current | Inpp 396 A The PV . generatgr produced power is
Open Circuit Voltage Voc 459V calculated using equation:
Short Circuit Current Isc 945 A
Module Efficiency - 16.9 % P PG = (Puax *mPPV) - Gpg - [1 — Ky (Teen =
Nominal Operating Cell | NOCT 44°C 25°0)] - Kp *Npac ~ (56)
Temperature
Temperature Coefficient of | Kp _ Where nAVac is the efficiency including the
PMAX 0.41%/K loses due to the voltage drop in the DC cables
Temperature Coefficient of | Ky - (1-1.38%).
vVOC 0.32%/K
Temperature Coefficient of | Ki 0.05%/K 4. RESULTS
ISC
Initial PV ig(s’:lule power | Miepv 3% Based on the PV generated power from
Yearly PV module power | nppvyear 0.7% equat.lon 26 and Flgure 4, the P qmped VOlun.le
loss flow into the irrigation system it is presented in

*Electrical data at standard conditions (Irradiance 1000
W/m?, Cell Temperature 25 °C, Air Mass AM1.5)

Table 10. By comparing water volume pumped
into the irrigation system with the PV generator
(Table 8) with water volume pumped into the



irrigation system by the actual system (Table 2),
PV generator covers the entire volume required
by the irrigation system during the entire year:

177 446 m3
177 442 m3

= 100%. (58)

S. FINANCIAL ADVANTAGE OF THE
PROPOSED SOLUTION

Considering a total consumption of
12824.141 of diesel consumption per year for
pumping 177 446 m? of water into the irrigation
system, and assuming a price of 1 euro/liter of
diesel for agricultural use (not including the road
tax), the annual cost of operation for the actual
system is 12824.141 euros.

Assuming a total investment of 100 000 euros
for integrating the high-power photovoltaic
generator and to automate the entire irrigation
system, the payback period is 7.8 years (100 000
€/ 12 825€). The obtained payback period
doesn’t take into consideration the replacement
cost of the diesel generator and assumes that the
diesel generator still has the same lifetime
expectancy as the PV generator (more than 20
years). The remaining 12.2 years (expected
lifetime of the PV generator 20 years — payback
period 7.8 years) will bring a profit of 156 465
euros.

Table 10
Water volume pumped into the irrigation system with
the PV generator.

Water volume Water volume
Month | B i the | month with the PY
PV generator generator
January 0 0
February 180.09 5042
March 576.83 17 882
April 690.35 20711
May 747.56 23 174
June 826.74 24 802
July 835.98 25915
August 767.98 23 807
September 661.75 19 853
October 524.49 16 259
November 0 0
December 0 0
Total volume 177 446 m?
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6. CONCLUSION

Finally, it can be concluded that integration
of a photovoltaic generator into the existing
irrigation system has very clear objectives has a
payback period of 7.8 years, assuming a constant
price of the diesel for agricultural purpose at 1
euro/liter, and the same lifetime expectancy as
the PV generator. The profit at the end of the
project will be of 156,465 euros. Besides the
economic and financial profitability, other
benefits brought by the high-power PV
generator integration into the studied irrigation
system are:

1. The automatization of the irrigation system
in that it is monitored and controlled remotely.

2. Lower maintenance cost of a photovoltaic
generator in comparison with the diesel
generator.

3. Eliminating the CO2 emissions produced
by diesel generator, contributing to
environmental sustainability
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Studiu privind implementarea unei solutii alternative la un sistem actual de irigatii

Rezumat: in aceasti lucrare este prezentat un studiu tehnic si economic pentru integrarea unui generator fotovoltaic de
mare putere intr-un sistem de irigare. in prima parte este prezentata modelarea fiecirei componente a sistemului de irigare
existent (reteaua hidraulici, pompé submersibild, motorul cu inductie si generator diesel). In a doua parte, este prezentati
modelarea unui generator de mare putere pe un tracker solar cu o axi orizontald orientatd N-S. In ultima parte, s-a calculat
perioada de amortizare a generatorului fotovoltaic de mare putere, raportat doar la pretul combustibililui folosit de
generatorul diesel pentru extragerea si pomparea aceluiagi volum de apa.
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