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ARTICLE INFO ABSTRACT
Keywords: Stand-alone large-power PV irrigation systems without batteries is a recent innovation. This means that their
Water pumping design has not yet reached maturity and there are no experimental data about their performance available. This

PV irrigation system
Frequency converter
Stand-alone PV system

paper is a contribution, on the one hand, to the systematic tuning of the control of this type of systems and, on the
other hand, to the knowledge of their experimental performance data.

A systematic Proportional, Integral and Derivative (PID) control tuning method for frequency converters is
proposed, based on the application of the Approximate M—constrained Integral Gain Optimisation (AMIGO)
design rules to the frequency response tuning method, and applied to two PV irrigation systems, located
respectively in Villena and Aldeanueva de Ebro, Spain, that had a “conservative” tuning by means of an
experimental trial and error method.

To check the goodness of this systematic tuning, the experimental performance of both systems has been
evaluated from 2017 to 2021. New indices have been proposed to assess both the robustness of the system to PV
power fluctuations (the “Number of abrupt stops” and the “Passing-cloud resistance ratio”) and the performance
(by factoring the traditional Performance Ratio (PR) to determine the influence of different factors external to the
system). Results show that the percentage of abrupt stops improves from 40% and 39.8% in each PV irrigation
system prior to systematic tuning to 7.3% and 1.3% after tuning; the passing cloud ratio increases from 65% and
79% to 97.9% and 99.8% and the PR from 61.4% and 60% to 65.7% and 64.7%.

phase change materials [13,14] was again a reason for not being able to
increase the power of the systems.

In the last decade, new control algorithms have been developed that,
taking advantage of the regeneration capacity of centrifugal motor
pumps, solve control instabilities and their associated problems [15]. In
addition, trackers with a horizontal north—south axis were incorporated
to adjust the PV production throughout the year to the irrigation needs
and to produce quasi-constant PV power profiles that better adjust to the
dynamics of the water sources [16-18]. Communication protocols were
developed to integrate control of PV irrigation systems and irrigation
controllers to make it easier for farmers to embrace the innovation.
Fixed support structures for the PV generator called “delta” were also
proposed which, thanks to their east-west orientation, also produce
constant power profiles [19]. These solutions were integrated into five
full-scale demonstrators in real irrigation infrastructures of farmers,

Introduction

The technology of stand-alone large-power photovoltaic (PV) irri-
gation systems without batteries is relatively recent, driven by rising
energy costs in modernized agriculture [1-3]. Until recently, this type of
system was restricted to plug-and-play kits consisting of a PV generator,
a frequency converter (FC) and an alternating current centrifugal motor
pump [4-6], with a maximum power of 40 kWp. The reason for this
power limitation was the impossibility of ensuring the stability of the
control of the FC due to the variability of the PV power, which resulted
in sudden stops of the FC that produced water hammer in the hydraulic
system and overvoltages between the FC output and pump motor [7-9].
This problem was solved by integrating batteries [10-12], but their high
cost, even for new accumulation technologies such as those based on
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Nomenclature

AC Alternating Current

AMIGO Approximate M—constrained Integral Gain Optimisation

cum Cumulative

DC Direct Current

Epy PV Energy (Wh)

FC Frequency Converter

G Effective solar irradiance in the plane of the PV generator
(W/m?)

Gmax Minimum irradiance that allows the PV generator to

provide the maximum power that the pump can consume
at a given cell temperature (W/m?)

Gmd Midday irradiance in the equinox (W/m?)

Ggiart Minimum irradiance needed to reach the power threshold
(W/m?)

Gistop Minimum irradiance level under which the FC cannot be
running (W/m?)

Gused Used irradiance (W/m?)

Guseful Useful irradiance (W/m?)

Gyasted  Wasted irradiance (W/m?)

G* Irradiance at standard test conditions (W/m?)

Iac AC current (A)

Ipc DC current (A)

IAE Integral Absolute Error

IAFE Integral Absolute Frequency Error

P Irrigation Period

K. Critical gain

K, Proportional gain

[ Smallest dimension of the perimeter of the PV generator
(m)

MPP Maximum Power Point

MPPT  Maximum Power Point Tracking

Ppc AC Power (W)

PID Proportional Integral Derivative

PLC Programmable Logic Controller

PR Performance Ratio (%)

PRpy Photovoltaic PR (%)

PV Photovoltaic

PVIS PV Irrigation System

pP* Peak power of the PV generator (Wp)
T Time (s)

tacel Acceleration time (s)

T, Cell temperature (°C)

Terit Critical period (Hz)

T; Integral time (s)

URgr Effective Utilization Ratio: ratio of the irradiation required

to keep Puc stable during the irrigation scheduling to the
same irradiation during the IP (%)

URjp IP Utilization Ratio: ratio of the total irradiation
throughout the irrigation period to the total annual
irradiation (%)

URpyis  PVIS Utilization Ratio: ratio of the irradiation strictly
required to keep Pac equal to the stable AC power
requirement to the total irradiation throughout the IP (%)

Vac AC voltage (V)

Vpe DC voltage (V)

Vpcmin ~ Minimum DC voltage (V)

Voc Open-circuit voltage (V)

Vo Setpoint voltage (V)

Npcjac  FC efficiency (%)

np Real power versus nominal power of the PV generator (%)

nr Thermal efficiency of the PV generator (%)

Gcloud Passing-cloud resistance ratio (%)

irrigation communities and agro-industries in Spain, Portugal, Italy and
Morocco in the context of an European project to demonstrate their
technical reliability and economic and environmental viability [20-24].
But its character of recent technology means that it has not yet reached
maturity in its design and that there is no experimental data that allows
us to know the performance that can be expected from this type of
system.

Regarding the design, the state of the art of the tuning of the PID
control of the FC is based on trial and error procedures that must be
carried out in-situ given the influence of the hydraulic system to which
the PV irrigation system is connected to. These trial and error procedures
do not allow optimal performance of PV irrigation systems to be ach-
ieved. There are no automatic procedures for this tuning since the
existing ones are for linear and invariant systems [25-33] but in PV
irrigation systems the relationship between the control variable (PV
generator voltage) and the output variable (pump rotation frequency) is
non-linear and dependent on irradiance and temperature, that is, vari-
able with time. Some studies have been published that address this
problem [34,35]. They have been carried out on small laboratory fa-
cilities where it is feasible to control some of the variables that decisively
influence the control of large-power PV irrigation systems in their three
relevant operating zones: operation at high and constant irradiance
values (clear day) [34]; the fast response to sudden changes in irradiance
(passing of clouds over the PV generator) [35]; and start-up [35], a
process by which the pump goes from standstill to the highest possible
frequency in a very short time, typically in less than two seconds. The
fundamental problem is that the optimization of the performance in
some of these operating regions usually causes a deterioration in the
operation in the others.

Regarding performance, there are several publications that report on
the overall system efficiency of PV pumping systems. For example, [36]
reports 5% and 7% for systems that use diaphragm and helical pumps,
respectively; [37] reports an overall efficiency of 2.5% with an optimal
water flow rate of 2.7 ms/h; [38] reports 1.299% without shading and
0.83% with shading and [39] reports a best system efficiency at low
solar irradiation of 7% for a 50 m pumping head and 6.6% at high solar
irradiation for a 80 m pumping head. But it is necessary to underline
that, unlike grid-connected PV systems, in which their performance
depends basically on the quality of the system itself, in PV irrigation
systems there are external factors that affect their performance, even
though the quality of the system is good: the irrigation period of the crop
(usually less than the full year), the characteristics of the irrigation
infrastructure to which it is connected (which does not allow to take
advantage of all the available irradiation, for example, because the
pump cannot work above its nominal frequency) or the behavior of the
irrigator [21]. Performance indices have been proposed that factor the
traditional Performance Ratio (PR) [40] into various utilization ratios
that quantify the influence of these external factors on system perfor-
mance [21]. However, there is still no information available in the
literature on experimental performance data that allow to know what is
the expected performance in this type of systems.

The novelty of this paper is that it proposes a systematic tuning
method that takes into account the three operating zones of PV irrigation
systems. This method has been applied to the tuning of two real large-
power PV irrigation systems that were already in operation and had
been tuned through a trial and error procedure. To assess the goodness
of this new tuning method, the performance of these two systems has
been evaluated from 2017 to 2021, before and after tuning, not only
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Fig. 1. Pre-existent irrigation system configuration: The electric power from the national electric grid guarantees that the motor-pump will always work at 50 Hz

(system monitors both water height — H- and flow - Q).
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Fig. 2. PV irrigation system configuration: The PV generator substitutes the national grid and the FC the soft-starter. A PLC has been added to the pre-existent
configuration. New components are marked in orange. Components that remain from the previous system are in green. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

173,000 m3
water pool

400 m deep
borehole

360 kWp
PV generator

Fig. 3. PV irrigation system in Villena.

under stable irradiance conditions but also under conditions of fluctu-
ating PV power. Therefore, this paper provides experimental perfor-
mance data, which opens the door to the knowledge of the expected
performance in stand-alone large-power PV irrigation systems without
batteries and pumping to an elevated water pool. This is key to establish
quality thresholds in technical specifications and quality control pro-
cedures in the context of contractual frameworks for the sale and
installation of this type of systems.

Methodology
Description of the PV irrigation systems under study
Villena irrigation system

The pre-existing system. The system is located in the “San Cristbal”
borehole of the Irrigator Community of Alto Vinalopd, in Villena, Ali-
cante, Spain (38°41°16"’N, 0°50°33’W). The pre-existing system is
schematized in Fig. 1 and was composed by a 250 kW submersible
centrifugal motor-pump (Caprari - E12S55FUS/10A + MAC 12,340
/1C/DF/V-8) powered by the national grid. It pumps water from a 400
m deep-borehole to a water pool of 173,000 m°, elevated 12 m from the
ground. The pump is installed at a depth of 300 m, the dynamic level of
the water in the well is 257 m and the total manometric head is 269 m.

The new PV irrigation system. The new PV irrigation system (PVIS) was
designed to totally substitute the grid. The size of the PV generator was
selected so that on clear days, at midday on the equinox days, the system
is able to work at its maximum AC power (Pac) [21]. The PV peak power
of the PV generator (P*) [40] is defined as P* = (Pac x G")/(Gma X Hp X
nr X Tpcjac), Where G* = 1000W/m?, Gng is the midday irradiance in
the equinox, 7, is the real power versus the nominal power of the PV
generator (which includes the losses due to mismatching, dirtiness, and
ageing of the PV generator), 5, is the thermal efficiency of the PV
generator, and 7p 4 is the efficiency of the FC. In this particular case,
Ppc is 240 KW and 77p¢/ac is 0.98, according to datasheet. Reasonable
values for 7, and 75 are 0.96 and 0.9 respectively. This leads to P*= 362
kWp. For reasons of modularity, the final P* was established as 360
kWp. The PV modules were mounted in two different types of trackers:
two STI-H1250 (single axis multi row tracker) with 8 rows each and two
STI-H160 (single row). The PV system is composed by 1440 PV modules
(M Prime 3R PLUS of 250 Wp) that are connected in 72 strings of 20
modules. This system includes a FC of 355 kW (OMRON A1000 CIMR-
AC4A0675AAA), able to transform the direct current (DC) generated
by the PV modules to alternating current (AC) at a variable frequency,
allowing the pump to work at different frequencies according to the
available PV power. The system also includes an external Programmable
Logic Controller, PLC, (OMRON CP1L-M40D) to control the system. A
schematic of the new PVIS configuration can be seen in Fig. 2 and an
aerial view of the system (PV generator, water pool and borehole) in
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Fig. 4. Pre-existent irrigation system configuration: The electric power from the national electric grid keeps the output frequency at 50 Hz (system includes the

measurement of both water pressure, p, and flow, Q).
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Fig. 5. PV irrigation system configuration: A PV generator, two FCs, two motor-pumps, and a PLC have been added to the pre-existent configuration. New com-
ponents are marked in orange. Pre-existing components are in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Fig. 3.

Regarding the control of the system, the PLC is always estimating the
available PV power, through the measurement of the irradiance on the
plane of the PV generator and cell temperature from a reference cell
(ATERSA MU-68-D) installed on the tracker. Once this estimated PV
power is greater than a threshold that allows the pump to work, the PLC
gives the run signal to the FC and the system starts pumping to the water
pool. At the end of the day, the system stops once the estimated power is
under a power threshold or the output frequency is below the minimum
frequency (38 Hz), in which the system is able to elevate water to the
pool, during a minute.

The system is monitored by means of one-second records of: effective
solar irradiance in the plane of the PV generator (G); cell temperature
(T.); output frequency of the FC, DC voltage (Vp¢) and current (Ipc) at
the input of the FC; AC voltage, current and power at the output of the
FC (Vac, Iac and Pac respectively); water flow; and water level in the
borehole. Commissioning tests were carried out after the PV system was
set up in 2016. During the commissioning, the start and stop thresholds
for power and frequency were adjusted and the tuning of the PID control
of the FC was done “conservatively” to ensure stable operation under
“normal” operating conditions (high and stable irradiance values), using
an experimental trial and error method that provided values of K}, =
0,23; T; = 0,4 s, where K, is the proportional gain and T; is the integral

time (the derivative parameter is not used due to the high electrical
noise of the FC).

Aldeanueva irrigation system

The pre-existing system. The system belongs to the Irrigator Community
of “Las Planas” and is located in Aldeanueva de Ebro, La Rioja, Spain
(42°11°50.9°’N, 1°49°58.0"’W). The Community has almost 100 farmers
who represent 246 ha of irrigated vineyards. The pre-existing system
(Fig. 4), with two vertical inline centrifugal pumps, was powered by the
national grid. Each pump of 75 kW is able to elevate 54 m>/h of water
from Lodosa Channel to a 70,000 m® water pool located 8 km away, with
a total manometric head of 225 m.

The new PV irrigation system. To avoid electricity consumption in high
price periods, the decision was to install two more pumps (KSB BEV-
8400/11) only powered by PV. The idea is to pump the maximum vol-
ume of water during the day with the PV system, and only use the
previous pumps, fed by the grid, during night time to compensate some
spikes in water demand (usually, the second fortnight of July and the
first of August). A PV generator of 213 kWp feeds both pumps and is
installed in a North-South horizontal axis tracker (Nclave SP160) of ten
rows with 600 PV modules (TwinPeak 2S 72 SERIES - REC Solar of
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Fig. 6. Aerial view of PV irrigation system in Aldeanueva.
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Fig. 7. Available PV power thresholds with hysteresis for start and stop of the pumps.

355Wp) that are connected in 40 strings of 15 modules in series. The
system includes two frequency converters (FCs) of 110 kW (OMRON RX
110 kW — 3G3RX-B411K-E1F) and an external PLC (composed by two
Siemens 6ES7131-6BH00-0BAO, a Siemens 6ES7132-6BH00-0BAO and a
Siemens 6ES7134-6GD00-0BA1). Fig. 5 shows the configuration of the
system and Fig. 6 shows an aerial view of the PVIS in Aldeanueva.

The control of the start and stop of each pump is done by the PLC,
which has four PV power thresholds (see Fig. 7). When the estimated PV
power is greater than or equal to 45 kW, a run command is given to one
of the FCs and its pump starts operating. The corresponding FC executes
the maximum power point tracking (MPPT) routine. The second pump
starts when the estimated PV power is greater than 80 kW. Both pumps
work at the same output frequency in a master—slave control mode. Each
day the master-pump is the one with less operation hours (this is key for
maintenance tasks since this way both pumps always have more or less
the same working hours).

The system is monitored by means of one-second records of: G, T,
output frequency, set point frequency, Vpc, Ipc, and Ixc of both FCs,
water flow and pressure. The commissioning of this system was done at
the end of July 2018 and the PID tuning of the FC was done “conser-
vatively” to ensure stable operation under “normal” operating condi-
tions by means of an experimental trial and error method that provided
values of K, = 0.2 and T; = 0.1 s.

“Systematic” tuning method

After a period of time in which the systems were operating with the
parameters obtained experimentally in the commissioning, a new PID
tuning of the FCs was carried out applying the methodology developed
by Ferndndez-Ramos et al. [35]. These tests were carried out on

February the 4th, 2020 in Villena and on September the 26th, 2019 in
Aldeanueva. The results of this tuning were optimized by applying two
different methods for the fine adjustment of PID control parameters, one
in each installation.

Application of the AMIGO method

The tuning was carried applying the AMIGO design rules to the
frequency response tuning method [25]. In this method, sustained uni-
form oscillations are caused both in the operating frequency of the pump
and in the voltage of the PV generator. The value of K}, at which this
oscillation occurs is called the “critical gain” (K.) and the period of the
oscillation is called the “critical period” (Tct). These values are used by
the AMIGO design rules to calculate the appropriate control values, K,
and T;. The main problem when applying this method to PVIS is that to
obtain K. it is necessary to take the system to the stability limit without
exceeding it, so that a sudden stop of the pump does not appear. Two
parameters make it difficult to obtain a stable oscillation in PVIS:

e The acceleration time (tqe) set in the FC. To improve the control in
normal operation, it must be set to the smallest value allowed by the
FC [35]. But, as the power of the PVIS to be tuned increases, very
small tg; values make it almost impossible to obtain a stable
oscillation.

o The control setpoint voltage (V,), which in normal operation is the
PV generator’s maximum power point (MPP) voltage. At this work-
ing point, the derivative of the generator’s power-voltage curve is
null, making it very difficult to obtain a stable oscillation. This makes
it necessary to set a setpoint higher than the MPP voltage.

In short, under normal operating conditions, Vg, must be the MPP
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voltage and t, must be as small as possible, but it is not possible to
perform a tuning by the frequency response method in these conditions.

To overcome this drawback, tuning tests have been carried out for
different Vi, and tqcq values and relationships have been sought that
allow these results to be extrapolated to the normal operating conditions
of the system. These tests have been performed in the laboratory system
described in [35] with the following conclusions:

e Tt is approximately constant, with a slight downward trend as tyce
increases.

e K.increases as Vs, increases, although the product of (Voc - Vip) - Kc is
approximately constant.

e K. increases slightly as tq increases.

¢ K. at the value of Vj, corresponding to the MPP can be calculated as

KC = 1/(VOC — VSP(MPP))(Z?:I (Voc — Vspi)-Kﬂi)/n

Therefore, it can be concluded that it is possible to tune the system
under more favorable conditions to obtain a stable oscillation (values of
tacet and Vg, higher than necessary for the normal operation of the sys-
tem) and, later, adjust K. and T, values to approximate what they
would have if the tuning had been done under normal operating con-
ditions. Once the adjusted values of K. and Tj; have been obtained, the
AMIGO tuning rules are applied to obtain the appropriate values of the
K, and T; system control parameters.

Fine adjustment of control parameters

To confirm the suitability of the K, and T; parameters obtained by the
tuning method described above, the system performance has been
evaluated at start-up and passing-cloud transition [35]. The start-up test
consists of setting Vj, as the MPP voltage and starting the system. The
figures of merit of this test are the time elapsed until reaching the set-
point (the shorter the better) and the minimum voltage that the PV
generator reaches during the transient (Vpcmin) (the higher the better).
Regarding passing-cloud tests, two types of tests have been designed
depending on whether there are one or more pumps in the PVIS. The
objective of these tests is to emulate the sudden drop in power supplied
to the pump when a passing cloud progressively covers the PV generator.

a) Method for PVIS with more than one pump connected to the PV
generator.

This method was applied to the Aldeanueva facility, equipped with
two identical pumps, each controlled by its own FC that can be started
independently. The procedure consists of making pump 1 work with a
Vyp equal to the MPP voltage and configured with the K, and T; pa-
rameters to be tested. Initially, pump 2 is off or running at a certain fixed
frequency, without performing any PID control. Once pump 1 is
running, pump 2 is accelerated to a higher frequency value, with a
predetermined slope. This acceleration consumes power from the PV
generator, and pump 1 suffers a sudden drop in its available PV power,
similar to what happens when a cloud covers the generator. The
generator voltage suffers a sudden drop, which must be counteracted by
the control system of pump 1 by means of a rapid drop in its operating
frequency, forcing the voltage to return to its setpoint value. The
generator voltage and the operating frequency of pump 1 must be
monitored. The figures of merit for evaluating the performance of a
given set of K}, and T; parameters are:

e Robustness against voltage drop in the PV generator: evaluated by
measuring Vpcmin during the transient (the higher the better).

e Process energy efficiency: evaluated by comparing the curve of the
evolution of the pump real frequency with the ideal curve that it
should follow. The smaller the area between these two curves, the
better, since this indicates a better use of the energy available in the
PV generator. This is called Integral Absolute Frequency Error
(IAFE).

Energy Conversion and Management: X 13 (2022) 100175

b) Method for systems with a single pump (Feedforward method).

As the method described above cannot be applied to systems where
there is a single pump connected to the generator, such as Villena PVIS, a
method based on the use of a PID controller with a “feedforward” input
is used. The feedforward design is a very widespread powerful technique
that basically consists of adding a signal to the output of the controller,
so that the operating frequency of the pump is obtained by adding the
output of the PID controller to the feedforward signal. The feedforward
input of the FC is connected to a pulse generator in which both the
voltage levels and the slope can be configured. This signal sets the fre-
quency value that is added to the output of the PID controller to obtain
the final operating frequency of the pump. Initially, the feedforward
signal is null, so the PID controller output is the pump operating fre-
quency. After this, a feedforward signal is applied. The amplitude of this
signal must be such that the maximum operating frequency of the pump
is not exceeded. Its slope is established as a function of the irradiance
gradient of the cloud to be simulated.

The injection of this signal causes an increase in the operating fre-
quency of the pump, which provokes a sudden drop in the generator
voltage, because it cannot provide the necessary power for this increase
in frequency, since it is operating at the MPP. This voltage drop must be
counteracted by the PID controller, which must rapidly decrease its
output so that the operating frequency of the pump decreases and the
generator voltage returns to its setpoint. From the point of view of the
PID controller, it seems as if the available power of the PV generator
drops abruptly, similarly to what happens when a cloud passes over it.

The PV generator voltage and the PID controller output are moni-
tored. This type of test allows many more tests to be carried out, so the
fundamental figure of merit is the steepest feedforward signal slope that
is capable of withstanding a given set of K, and T; parameters, without
triggering an undervoltage alarm. The second figure of merit to consider
is Vpcmin- Finally, the IAFE is not evaluated because the behavior of the
frequency in this test is different from the behavior in the test described
above. Instead, the standard integral absolute error (IAE) on the PV
generator voltage is evaluated.

Fine tuning adjustment is implemented by carrying out these tests
both on the set of parameters obtained in the tuning process and on
other sets of parameters that present small variations around it, in order
to determine the most appropriate set of parameters.

Indicators used to assess the PVIS tuning and performance in real operating
conditions

In order to analyse and assess the quality of the system tuning, new
performance indices have been described.

Number of abrupt stops

A FC stop is considered to be “abrupt” when it occurs suddenly and
with no control, and “controlled” when the PLC or the FC itself initiates
it and is performed gradually. Under normal operating conditions, FCs
must stop in a controlled way. Nevertheless, large-power PVIS control
instabilities, caused either by PV power quick intermittences or by a
malfunction of the control system, can lead on to abrupt FC stops that
cause water hammer and AC overvoltages that seriously threaten the
integrity of the hydraulic and electric components of the PVIS. A large
number of abrupt stops will pose a greater risk of breakdowns. On the
other hand, controlled FC stops do not entail this type of risk. Although
not all FC abrupt stops can be avoided with an adequate tuning of the
system, the total number of abrupt stops and the percentage of abrupt
stops with respect to the total number of stops are indicators of the good
or bad functioning of the system. The absence of abrupt stops implies no
control instabilities and, therefore, a high tuning quality. To measure
this, it is important to identify every FC stop and distinguish the abrupt
from the controlled ones.
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Fig. 8. Graphical representation of the useful irradiance for a PV irrigation system working at a variable frequency.

Passing-cloud resistance ratio

A cloud passing over the PV generator can partially or totally shade it
and cause a PV power fluctuation. The effects of the power fluctuation
on the PVIS depend on the fluctuation itself and on the characteristics of
the PVIS. Not every fluctuation is critical to the operation of the system.
For this reason, it is necessary to identify which passing-clouds (un-
derstood as PV power fluctuations) are potentially dangerous. The two
key characteristics of PV power fluctuations, which affect their potential
danger, are power drop (final power minus initial power APp¢), and
duration (the time, At, it takes power to drop). Deep power drops in
short periods are likely to cause adverse effects, in terms of abrupt stops,
to the PVIS. However, power drop and duration not only depend on the
type of cloud (darkness, size and speed), but on the system design
(specially the size of the PV generator and the number and arrangement
of FCs). Therefore, the target PV power drop and duration to be resisted
need to be specified taking into account weather conditions and PVIS
design information. As PV power drop information is not always avail-
able (for example when there is an abrupt stop), the specification should
also consider the irradiance drop that causes it. Beyond these consid-
erations, a first approximation to the definition of a potentially
dangerous passing-cloud considers clouds passing over the PV generator
at a speed of approximately 70 km/h causing 40% to 50% PV power
drops. This means that abrupt stops should be avoided for PV power
ramps of duration greater than or equal to At(s) =1(m)/20(m/s), where [
is the smallest dimension of the perimeter of the PV generator expressed
in meters.

To assess whether or not the system resists passing-clouds a passing-
cloud resistance ratio (6coud) IS defined as  6oud =
#resistedclouds/#tclouds, where "# resisted clouds” is the number of
passing-clouds that do not lead on to FC abrupt stops and ”# clouds” is
the total number of passing-clouds in a specific period of time.

Performance ratio for PV irrigation systems

Traditionally, to analyse the global performance of PV grid-
connected plants, it has been used the performance ratio [40], defined
as PR = Epy/((P'/G") [ Gdt), where P* is the peak power of the PV
generator, G* is the irradiance at standard test conditions (1000 W/mz),

G is the irradiance on the plane of PV generator, and Epy is the energy
produced by the PV system. Due to the specificities of large-power PVIS,
it is interesting to distinguish between PR losses for three different
reasons: the non-irrigation period, associated to water needs of the crop;
the intrinsic characteristics of the PV system design; and external cir-
cumstances that may affect the PR like the irrigation community habits
or the different rainfall over time. Equation (1) expresses the PR taking
them into consideration [21]:

_ EPV 1 ﬁdet quscfu]dt quscddt
=5 X T X X X
P /G f dt ‘];det qusefu]dt quseddt

PR @

where:

o IP is the irrigation period determined by either the crop, its water
needs and climatic conditions, in case of direct pumping, or by the
relation between water needs, pumping capacity and pumped water
storage capacity, in case of pumping to a water pool.

Guseful is the available useful irradiance during the IP (the irradiance
required to deliver the power needed to pump water). It is deter-
mined by the relationship between the PV generator nominal power
(P*), the PV generator supporting structure, and the characteristics
of irrigation system. When the available irradiance is below a min-
imum, the system cannot pump because there is not enough power,
and irradiances higher than Gysfy are partially wasted because the
PV generator cannot supply more power than that consumed by the
pump working at its nominal power.

Gused is the irradiance effectively used by the system and depends on
the number and length of abrupt stops of the FCs and on other
external circumstances like the availability of water or the irrigator’s
decisions about whether to activate the system or not.

Figure 8 shows the graphical representation of Gyfy for a PVIS
working at a variable frequency. The FC starts working when the
available power is greater than a start threshold. If the FC has not been
started yet and the available irradiance (G) is below the minimum
needed to reach the power threshold (Ggyqr), the FC cannot be started,
the irradiance is wasted and is not considered part of Gy The same
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Table 1
K, values as a function of to and Vi,
Lacet (5) Vyp =540V Vi =550V Vs =560 V
0.8 6.0 6.6 7.4
0.6 6.0 6.4 6.8
0.4 5.8 6.2 6.3

happens once the FC converter is running and G drops below Gy
(minimum irradiance level under which the FC cannot be running
anymore and is stopped). From that moment on, if the FC stops and G is
lower than Giqry, it will not be part of Gyefy. In the same way, if the
available irradiance is greater than the one that allows the PV generator
to provide the maximum power that the pump can consume at a given
cell temperature (Gpax), the difference G — Gmax will not be part of Gyeful-

Equation (1) can be rewritten as PR = PRpy X URp X URpyjs X URgrp
[21], where:

E 1
PRPV:P*PE*X G
/ / dt
used
/ Gdt
UR;p = —F—;
Gdt
/IP ()
Guserurdt
URpyis = M;
Gdt
P
J Gugeadt
URgr = ———
B f Gu.reﬂddt

PRpy is the PR considering only losses strictly related to the PV sys-
tem itself; URyp is the utilization ratio related to the irrigation period;
URpyys is the utilization ratio related to the PVIS design (type of irriga-
tion system, the ratio PV peak power - PV power required for irrigation,
the tracking geometry and the accuracy of the PLC control algorithms
setup); and URgr is the utilization ratio related to the irrigator’s
decisions.

Results of the systematic tuning processes
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voltage (Vo¢) of the generator is 650 V and the critical period T, has an
approximate value of 275 ms. Fig. 9 shows an example of the oscillation
obtained for tyce; = 0.8 s and Vg, = 560 V.

Applying the conclusions of section 2.2.1 to the data shown in
Table 1, the K, value obtained under normal operating conditions (fyc;
=0.1sand Vg = 0.8- Voc =520 V) is K. =~ 4.4; T, = 275ms

The appropriate value of K, is obtained by applying the AMIGO
tuning rules: K, = 0.16-K, =~ 0.7

The results reported in [35] show that the operation of the system
presents few changes for T; values between 0.5-T,;; and Tgp;. According
to this, the optimal value of T; should be between 180 ms and 275 ms. As
the resolution of the FC used in this PVIS allows changes of 0.1 s in-
tervals, fine adjustment tests can be carried out for T; values of 0.1, 0.2
and 0.3 s.

Fine adjustment of the parameters

Although tests were carried out with different values of frequency
increments in pump 2, those carried out with a step from 44 Hz to 50 Hz
in a time interval of 2 s, which simulate an “aggressive” cloud profile,
were analyzed. For T; values equal to 0.1 s and 0.2 s, undervoltage
alarms occurred in the FC of pump 1, so T; was definitively set at 0.3 s.
Table 2 shows the results obtained for various sets of parameters. The
best performance correspond to K}, = 0.5 and K, = 0.6. The former has a
better Vpcmin value and the latter optimizes the IAFE. Robustness (higher
values of Vpcmin) Was considered a priority over efficiency (lower values
of IAFE), so the selected values for K, and T; where 0.5 and 0.3
respectively.

Figure 10 shows the IAFE (shaded area) for a K}, value of 0.8, and
Fig. 11 shows the comparison between the generator’s voltages (a) and
the pump’s working frequencies (b) for K, = 0.5 and K, = 0.6.

Villena

Systematic tuning

In this case, stable oscillations were only achieved for tq. greater
than 0.8 s, for a value of Vg = 0.85-Voc = 544 V. In contrast to the
Aldeanueva facility, the values obtained for K, and T were practically

Table 2
Results for a frequency step from 44 Hz to 50 Hz in 2 s.

Aldeanueva K, T; (s) Vbcmin (V) IAFE (Hz's)
0.4 0.3 “undervoltage”
Systematic tuning 0.5 0.3 474 52.93
To obtain a stable oscillation it is necessary to increase the t,,; above 0.6 03 467 35.17
. . . 0.7 0.3 459 37.04
its normal operating value (0.1 s). Table 1 shows experimental K. values 08 0.3 462 7803
obtained for different tu.; and Vi, values. In all tests, the open circuit
670
660
650
— 640
‘g) 630
= 620
610
600
590
0 200 400 600 800 1000 1200 1400
time (msec)

Fig. 9. Critical oscillation in generator voltage.



J.I. Herraiz et al.

Energy Conversion and Management: X 13 (2022) 100175

50
45
— 40
N
=
o 35 —real freq
&
2 —ideal freq
25
20
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
time (ms)
Fig. 10. IAFE (shaded area) for K, = 0.8 and T; = 0.3 s.
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Fig. 11. Vp (a) and frequency (b) for K, = 0.5, K, = 0.6 and T; = 0.3 s.
Table 3 supported without an undervoltage alarm was 1.6 s. Table 4 shows the
able

Critical gain and period for several values of tgc;.

tacet (S) K. T; (ms)
0.8 0.64 101
0.9 0.64 102
1.0 0.64 102

identical (K. ~ 0.64;T. ~ 100ms) for different acceleration times, as
shown in Table 3 and Fig. 12 (oscillation for ty.; = 0.8 s). Applying the
AMIGO rules, the values obtained for K, and T; are K, = 0.16-K, ~ 0.10;
T; € [0.15;0.2s]

Fine adjustment of the parameters
The tests were carried out with a 4 Hz frequency increase of the
feedforward signal. Regarding its slope, the smallest time interval

results obtained for different control parameters values (only result
obtained for the minimum value of the supported time interval have
been represented).

It can be concluded that the results obtained for T; = 0.1 s are much
better than for T; = 0.2 s. For this value of T;, K}, values greater than 0.10
were tested, but it was not possible to overcome a ramp with a time less
than 1.6 s. Furthermore, as K, was increased, there were greater oscil-
lations in the generator voltage, so the FC was finally configured using
the most conservative values: K, = 0.10 and T; = 0.1 s. As an example,
Fig. 13 shows the PV generator voltage and the PID controller output
frequency for K, = 0.16; T; = 0.2 s and K, = 0.10; T; = 0.1 s.
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Fig. 12. Vp¢ and frequency curves for critical gain of 0.64 and t, of 0.8 s.
Table 4
Minimum PV generator voltage and IAE for several sets of control parameters.
K, T; (s) min interval (s) Vpcmin (V) IAE (V-s)
0.10 0.2 5.0 532 127
0.11 0.2 4.0 530 113 Table 5 ) ) ]
0.12 0.2 3.0 495 108 Number of stops prior to tuning - Villena PVIS.
0.13 0.2 3.0 526 97 Year Month Days Stops Controlled Abrupt Abrupt
0.14 0.2 2.7 521 92 stops stops stops (%)
0.15 0.2 2.5 482 84
0.16 0.2 2.1 518 79 2019 12 20 94 80 14 14.9
0.09 01 2.0 522 78 2020 01 26 87 63 24 27.6
0.10 0.1 1.6 536 69 02 29 341 191 150 44.0
03 30 333 179 154 46.2
Total 105 855 513 342 40.0
Total per day - 8.1 4.9 3.3 -
570 43
560 42
550 41
— N
— 540 40 I — Vbc
E g — freq
530 395 K=
520 38
510 37
0 1000 2000 3000 4000 5000 6000
time (ms)
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36
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Fig. 13. PV generator voltage and PID controller output frequency for K, = 0.16; T; = 0.2 s (a) and K, = 0.10; T; = 0.1 s (b).
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Table 6
Number of stops after tuning - Villena PVIS.
Year Month Days Stops Controlled Abrupt Abrupt
stops stops stops (%)
2020 04 30 211 201 10 4.7
05 30 226 202 24 10.6
06 29 283 247 36 12.7
07 31 146 137 9 6.2
08 31 171 146 25 14.6
09 30 196 192 4 2.0
10 4 34 20 14 41.2
11 13 52 52 0 0
12 31 123 123 0 0
2021 01 29 145 143 2 1.4
02 24 115 115 0 0
Total 282 1702 1578 124 7.3
Total per day - 6.0 5.6 0.4 -
Table 7
Number of stops prior to tuning - Aldeanueva PVIS.
Year Month Days Stops Controlled Abrupt Abrupt
stops stops stops (%)
2019 01 31 710 544 166 23.4
02 28 316 270 46 14.6
03 31 518 384 134 25.9
04 30 682 423 259 38.0
05 31 1391 525 866 62.3
06 29 902 489 413 45.8
07 31 587 357 230 39.2
08 31 268 176 92 34.3
09 27 369 286 83 22.5
Total 269 5743 3454 2289 39.8
Total per day - 21.3 12.8 8.5 -
Table 8
Number of stops after tuning - Aldeanueva PVIS.
Year Month Days Stops Controlled Abrupt Abrupt
stops stops stops (%)
2019 10 28 420 416 4 1.0
11 30 336 336 0 0.0
12 31 162 160 2 1.2
2020 01 26 75 75 0 0.0
02 29 268 264 4 1.5
03 31 454 437 17 3.7
04 7 32 27 5 15.6
05 2 4 4 0 0.0
06 6 38 38 0 0.0
07 29 189 184 5 2.6
08 31 269 265 4 1.5
09 30 370 369 1 0.3
10 30 539 537 2 0.4
11 30 163 163 0 0.0
12 31 257 255 2 0.8
Total 371 3576 3530 46 1.3
Total per day - 9.6 9.5 0.1 -
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Performance results
Number of abrupt stops

Villena

Table 5 and Table 6 show total number of stops per month and per
day, considering only days within the IP for which information is
available, prior and after tuning'. The new tuning methodology has led
on to a very important reduction in the number of abrupt stops per day
(from 3.3 to 0.4 or an 87.9%). This carries a 25.9% decrease in the total
number of stops per day and a 14.3% increase in the number of
controlled stops since most system instabilities either do not cause
abrupt stops or end up leading on to controlled stops if the instability
persists. Prior to the new tuning, more than 40% of the stops where
abrupt stops. Post-tuning data show a percentage of abrupt stops less
than 7.3%. The low number of days in which the FC starts during
October and November 2020 is due to a pump failure and the time it
takes to repair it.

Aldeanueva

Table 7 and Table 8 show total number of stops per month and per
day, considering only days within the IP for which information is
available, before and after tuning. Data show how the new tuning
methodology has led on to a 98.8% reduction in the number of abrupt
stops per day causing a 54.9% decrease in the total number of stops per
day because most system instabilities do not cause abrupt stops. Before
applying the new tuning procedure, the percentage of abrupt stops was
39.8%. After the tuning change, it has been reduced to 1.3%. For an
adequate analysis of the data, it is important to take into consideration
that the number of stops that occur during May and June 2019 increases
due to the high number of abrupt stops, caused by a large number of
passing clouds, a low passing-cloud resistance ratio and other system
instabilities. On the other hand, since April, May and June 2020 do not
completely belong to the IP, the number of days considered for those
months is very small.

Passing-cloud resistance ratio

In order to calculate the passing-cloud resistance ratio, passing-
clouds must be characterized for each system under study. This in-
volves identifying the PV power drop and its duration in the terms
described above. To do so, information about the dimensions of the PV
generator and weather conditions of the place where it is located is
required.

Villena

The smallest dimension of the perimeter of Villena PV generator is
89 m, so the duration of passing-clouds (At) should be 4.45 s. Since the
system provides logs every second, the duration needs to be rounded to
either 4 or 5 s.

To determine the passing-cloud power drop, a study of the existing
clouds throughout the months of March, April and May 2020 is made.
The study focuses on the PV power drop caused by a cloud passing over
the PV generator, but it also includes the irradiance drop information.
The PV power drop information is not always available because, when
an abrupt stop happens, the PV power goes immediately to zero, but the
irradiance information provided by the calibrated cell is. An irradiance

1 Although Villena monitoring system has been collecting data on a regular
basis since May 2017, the stops information shown in the tables starts in
December 2019. Previously, the system was storing twenty-seconds records.
That is insufficient to calculate the type of stop and to determine if there are
passing-clouds or not. On December the 12th, 2019, the monitoring system
starts storing one-second records, allowing the calculation of stops and passing-
clouds.
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Fig. 14. Cumulative distribution of detected clouds according to irradiance drop - Villena PVIS.
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Fig. 15. Probability density function of number of clouds causing 40% (blue) and 50% (orange) irradiance drops as a function of the drop time interval - Villena
PVIS. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 9 Table 11
Monthly passing-cloud resistance ratio prior to tuning (%) - Villena PVIS. Monthly passing-cloud resistance ratio prior to tuning (%) - Aldeanueva PVIS.
Year Month Geloud (4 5) Gcloud (3 8) Gcloud (3 s cum.) Year Month Geloud (4 5) Geloud (3 8) Gcloud (3 s cum.)
2019 12 60.0 100.0 82.4 2019 01 95.7 96.7 93.1
2020 01 0.0 0.0 2 02 5.7 88.5 93.2
o 23'3 35'0 ZS'Z 03 91.2 69.8 86.0
: ! 1' 04 73.8 74.4 78.0
03 58.7 34.8 61.7 05 50.0 48.8 52.1
Total 61.0 46.9 65.0 06 85.3 86.6 82.4
07 94.1 88.9 89.0
08 57.1 37.5 51.4
09 57.1 36.8 64.8
Table 10 Total 80.8 74.1 79.0
Monthly passing-cloud resistance ratio after tuning (%) - Villena PVIS.
Year Month 6cloud (4 ) 6cloud (3 ) 6cloud (3 s cum.)
2020 04 83.3 75.0 94.2
05 94.2 84.6 94.5
06 98.6 94.1 98.3 Table 12
07 96.2 100 99.1 Monthly passing-cloud resistance ratio after tuning (%) - Aldeanueva PVIS.
08 97.2 95.5 98.6
Year Month [ 4s [ 3s [ 3 s cum.
09 96.7 90.9 98.8 cloud (4 8) cloud (3 8) cloud ( )
10 100 100 100 2019 10 100 100 99.4
11 - - - 11 100 100 100
12 100 100 100 12 100 100 100
2021 01 100 97,8 99.4 2020 01 100 - 100
02 100 100 100 02 100 100 100
03 98.6 100 99.3
Total 96.9 95.1 97.9 04 100 100 95.7
05 - - -
L . ) 06 100 100 100
drop identified by the calibrated cell does not necessarily correspond to 07 100 100 100
a PV power drop as the cloud can shade the cell but not a significant part 08 100 100 100
of the PV generator. A filter is applied to consider just irradiance drops 09 100 100 100
. . s 10 100 100 100
causing PV power drops. Under this condition, the percentage of clouds 1 100 100 100
that cause irradiance drops from 10 to 90% in a nine-seconds or less time 12 100 100 100
interval is calculated. Cumulative values are represented in Fig. 14.
Total 99.8 100 99.8

93.1% of the clouds that produce equivalent decreases in the irra-
diance measured by the calibrated cell and in PV power, are associated

12
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Fig. 16. Evolution of irradiation lost by saturation and wasted by not reaching the start threshold in comparison with the URpy;s value.

Table 13 Table 14

Annual real performance indices (%) - Villena PVIS. Annual real performance indices (%) - Aldeanueva PVIS.
Year of operation PRpy URyp URpyis URgr PR Year PRpy UR;p URpvis URgr PR
1st (06/2017 to 05/2018) 79.5 100 76.2 96.7 58.5 2019 (Prior to tuning) 87.1 100 70.3 98.0 60.0
2nd (06/2018 to 05/2019) 80.0 100 80.9 99.3 64.2 2020 (After tuning) 86.9 72.4 75.6 98.5 46.8
Accumulated prior to tuning 79.7 100 78.5 98.0 61.4
3rd (03/2020 to 02/2021) 75.9 100 85.2 97.4 63.0

with 40% (or less) irradiance drops, and 97.4% of the clouds are asso-
ciated with 50% (or less) irradiance drops. Only 2.6% of the clouds cause
60% irradiance drops and there are no clouds causing higher drops.
Under the assumption that if the system resists clouds that cause a 50%
irradiance drop, it will also resist clouds that cause smaller drops, it is
reasonable to focus the study on this type of clouds.

Furthermore, the irradiance drop slope is analysed for all clouds
causing 40% and 50% irradiance drops in a time interval equal to or less
than 9 s. Results are classified according to the time it takes the irradi-
ance to drop (Fig. 15). The probability of a 40% irradiance drop starts to
grow for clouds with a three-seconds drop interval and reaches its
maximum for 4 s clouds. For 50% irradiance drops the curve shifts one
second to the right, with a maximum in 5 s clouds. Under the assumption
that if the system resists clouds with a shorter drop interval, it will also
resist clouds with longer drop intervals, it is reasonable to focus the
study on clouds with a four-seconds drop interval.

Cloud analysis results suggest focusing the passing-cloud resistance
ratio study on passing-clouds with a 50% power drop and a four-seconds
duration, associated with 50% irradiance drops. Using this criterion, the
passing-clouds sample is too small. For this reason, it was decided to
expand the sample considering 40% power drop passing-clouds with a
four-seconds duration, associated with 50% irradiance drops. Passing-
clouds with a three-seconds duration are studied as well. Table 9 and
Table 10 show the passing-cloud resistance ratio per month before and
after tuning, respectively, for these two types of clouds. The cumulative
index (considering all passing-clouds with durations from 3 to 9 s) is also
shown. Usually, the passing-cloud resistance ratio decreases when the
passing-cloud duration decreases and cumulative values are better than
3 and 4 s values since the cumulative ratio includes data from passing-
clouds with longer durations, which are resisted more efficiently by
the system. This behaviour may not be reflected in the data of a specific
month if the number of passing-clouds is low. Finally, tables show a very
important oo, improvement. For example, o¢ouq (4 s) ratio after
applying the new tuning method improves from 61.0% to 96.9%.

Aldeanueva

The smallest dimension of the perimeter of Aldeanueva PV generator
is 74 m, so the duration of passing-clouds (At) should be 3.7 s. Since the
system provides logs every second, the duration needs to be rounded to
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Table 15
Number of abrupt stops and passing-cloud resistance ratio summary before and
after systematic tuning.

Abrupt stops (%)

Prior After
Villena 40.0 7.3
Aldeanueva 39.8 1.3

Passing cloud ratio-4 s (%)
Villena 61.0 96.9
Aldeanueva 80.8 99.8

either 3or 4s.

After an analysis identical to that of Villena, it is observed that 93.7%
of the clouds that produce equivalent irradiance and PV power decreases
are associated with 40% (or less) irradiance drops, and 97.3% of the
clouds are associated with 50% (or less) irradiance drops. The proba-
bility of a 40% irradiance drop starts to grow for clouds with a 2 s drop
interval and reaches its maximum for 3 and 4 s clouds. In the case of 50%
irradiance drops, the maximum is reached for 4 s clouds.

Table 11 and Table 12 show the passing-cloud resistance ratio per
month before and after tuning, respectively, for these two types of
clouds. The cumulative index (considering passing-clouds with dura-
tions from 3 to 9 s) is also shown. Tables show an improvement in the
ratio after applying the new tuning method. The global passing-cloud
resistance ratio before tuning is 80.8% for four-seconds clouds. After
tuning, o4 increases to 99.8%.

Performance ratio for PV irrigation systems

Villena

Annual performance indices from June 2017 to February 2021 are
shown in Table 13. PRpy suffers a significant decrease after tuning. Its
value should be similar to that prior to tuning or slightly lower due to the
degradation of PV panels. A lower number of abrupt stops suggests the
possibility of a higher PRpy value, but most of the FC abrupt stops that
take place between May and August 2020 are not caused by passing
clouds but other system instabilities, probably due to pump degradation
(in fact, the pump finally broke down on October the 4th, 2020 and had
to be repaired), that make the FC stay stopped 10 times longer than
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Table 16
Performance indices values summary before and after systematic tuning.

Energy Conversion and Management: X 13 (2022) 100175

Performance ratio (%)

Prior After

PRpy URp URpvis URgr PR PRpy URpp URpvis URgr PR
Villena 79.7 100 78.5 98.0 61.4 79.2 100 85.2 97.4 65.7
Aldeanueva 87.1 100 70.3 98.0 60.0 86.9 100 75.6 98.5 64.7

when the stop is caused by a passing cloud. These stops have a great
impact on PRpy, offsetting its improvement due to the smaller number of
abrupt stops. Discounting this negative effect, a 79.2% PRpy is obtained.

URpyys values improve at the second operation year due to an in-
crease in the maximum operating frequency from 45.5 Hz to 46.8 Hz at
the end of March 2019. This change increases the maximum power
supplied by de FC and Gy and reduces the waste of energy due to pump
saturation (G — Gy is lower). Other URpyg variations are conditioned
by the weather conditions and the number of FC stops. Clear days in
which G is smaller than G4y, usually clear winter days, make this index
to increase. Clear days in which G is bigger than G, and days with
passing-clouds make this index to decrease. Fig. 16 shows the evolution
of lost irradiation due to saturation and wasted irradiation due to not
reaching the start threshold or due to the time interval the FC needs to
keep stopped before a new start attempt. Lost irradiation due to satu-
ration is minimal or non-existent since October to February and reaches
a maximum in May/June. Similarly, the wasted irradiation due to not
reaching the start threshold tends to increase from March to May
(months with a high number of controlled stops that keep the FC
temporarily stopped).

Table 13 also shows that, after applying the new tuning methodol-
ogy, there has been a significant improvement in URpyjs values from
78.5% (accumulated value before tuning) to 85.2% due to weather
conditions. This is because the total irradiation lost (due to saturation
and the start threshold) between January and August decreases a 4.4%
from the second year of operation to the third one (493.3 kWh/m? to
471.5 kWh/m?). URgr values are close to 100%. The existing difference
is due to the irrigator decisions and does not depend on tuning. As an
example, on December 2017 and January 2018 a breakdown was
detected in the fan used to cool the pumping station and the system was
stopped during 30 days to avoid any damage, which explains the lower
value during the first year of operation. The PR of the second year of
operation reaches a value of 64.2% that is an improvement over the first
year due to the increase in the maximum working frequency. After
tuning, the PR decreases slightly (63.0%) due to the low PRpy, but
reaches 65.7% if the negative effect of abrupt stops due to pump
degradation is discounted.

Aldeanueva

Annual performance indices are shown in Table 14. PRpy values are
similar to PR values expected for grid-connected PV systems, but the
decrease in the number of abrupt stops after tuning (September 2019)
does not lead on to a better PRpy. As there are two FCs, many times the
system reacts to a FC abrupt stop by starting the other FC, so the impact
in PRpy is minimal. UR;p is 100% in 2019 but decreases to 72.4% in 2020
because the April-June interval was no part of the IP (the water pool was
full and no irrigating was needed due to weather conditions). URgr
values are close to 100% and the reasons that made the irrigator stop the
system and that make URgr lower have not been identified. URpy;s
values are the most affected by weather conditions and FC controlled
stops. The decrease in the number of controlled stops after tuning and
the different weather conditions during 2020 have a positive effect on
this index. The PR of the second year of operation (46.8%) drops
considerably compared to that of the first year (60.0%) due to the effect
of URjp. If this value had been the same as the previous year, the PR
would have been 64.7%.

Discussion of the results

Since large-power, stand-alone and battery-free PV irrigation sys-
tems are relatively new, there are not enough data in the literature on
experimental values of the expected performance in this type of systems.
This section discusses the expected values of the different performance
indices, which will be useful to establish the thresholds required in the
quality control procedures associated with contractual frameworks for
the sale and installation of this type of PV irrigation systems.

About the passing-cloud definition and its implication in data collection
frequency.

The passing-cloud resistance ratio analysis started under two as-
sumptions that this work has shown to be appropriate: i) if a PVIS resists
clouds that cause deep PV power drops, it will also resist clouds that
cause smaller drops; and, ii) if a PVIS resists clouds that cause a specific
PV power fall in a determined period of time, it will also resist clouds for
which the period is longer. Therefore, the analysis can be focused on
critical passing-clouds: those related to the target PV power drop and
duration to be resisted. Results obtained analysing potentially less
dangerous passing-clouds will be better that those considering just the
critical ones. Although critical passing-clouds need to be specified taking
into account weather conditions and PVIS design information, current
experience leads us on to generally characterize them by 40% to 50%
irradiance drops, causing 40% PV power drops in a 3 to 5 s interval.
Therefore, it is important that monitoring systems collect information
every second to be able to do the analysis.

Improvements due to the new tuning method

The analysis of results shows that the new systematic tuning method
significantly improves the behaviour of PVIS against PV power quick
intermittences by reducing the number of abrupt stops and increasing
the passing-cloud resistance ratio, but not the PRpy:

e Villena PVIS presents an 87.9% reduction in the average number of
abrupt stops per day after tuning. The percentage of abrupt stops
over the total number of stops has decreased an 81.8%. Aldeanueva
PVIS has experienced a better improvement: reductions of 98.8% and
96.7% respectively.

Focusing on 4 s clouds, Villena shows a 96.9% passing-cloud resis-
tance ratio after tuning, improving the previous 61.0%. Aldeanue-
va’s 80.8% before tuning becomes a 99.8% after tuning. Based on
these data, it is reasonable to require values greater than 95% in a
general specification of this parameter in the framework of quality
testing procedures.

The PR improvement cannot be associated with the new tuning, but
is probably due to the weather conditions of the period that has been
analysed. The new tuning methodology has no impact on PRpy, that
suffers a decrease, due to PV module degradation, from 79.7% to
79.2% after discounting the negative effect of abrupt stops in Villena
and from 87.1% to 86.9% in Aldeanueva.

The impact of a proper tuning methodology is evident in terms of
abrupt stops and system stability. In this way, water hammer and AC
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overvoltage, that seriously threaten the integrity of both the hydraulic
and electric components of the PVIS, are avoided.

Expected PR values for large-power PVIS pumping to a water pool

PRpy values for Villena (79.2% once the negative effects described
above have been discounted) and Aldeanueva (86.9%) differ consider-
ably from each other. The different PV module operating temperatures,
that generate lower temperature losses for Aldeanueva, do not explain
that difference (PRpy values under standard test conditions, PRpy src, are
85.3% and 95.7% respectively). The difference is probably due to an
accident at the very beginning of the system operation caused by wind
that could have caused damage to some PV modules. A detailed char-
acterization of the PV generator peak power is pending to confirm it.
Anyhow, data show that it is reasonable to expect PRpy values over
80.0%.

URyp is close to 100% in Villena but it falls to 72.4% in Aldeanueva
after tuning because the water pool was full and prevented pumping for
78 days. This fact allows us to conclude that, if the PVIS-water pool set is
well dimensioned and/or the needs of the crop are extended for most of
the year, URjp should be very close to 100%.

URpyjs is intrinsic to the PVIS design and dependent on weather
conditions. The results show URpy;s values between 75.6% and 85.2%
after tuning. An adequate adjustment of the PV peak power to the PV
power required for irrigation and the accuracy of the PLC control al-
gorithms setup and tuning methodology should lead on to values above
85%.

As URgr considers the irrigator’s decisions, a proper use of the PVIS
by the irrigator (PV irrigation centred at midday, maintenance tasks in
cloudy days or at night, management of water consumption,...) would
lead on to values close to 100%, as seen in our results.

PRpy, URpp, URpy;s and URgr determine PR values. Despite the fact
that the low value of URjp in 2020 negatively affects to Adeanueva PR
value (46.8%), if UR;p had been 100% after tuning and assuming the
same values for the rest of factors, the PR would have reached 64.7%.
This value and the discounted 65,7% obtained in Villena after tuning
make us suggest that it is reasonable to expect PR values of 65% in large-
power PVIS pumping to a water pool.

Conclusions

For being a recent innovation, there is a lack of experimental per-
formance of stand-alone large-power PV irrigation systems without
batteries. This paper is a contribution to the knowledge of the experi-
mental performance data of two PV irrigation systems pumping to water
pools with and without a systematic tuning of their control systems.

First, a systematic method of tuning the PID control of FCs is pro-
posed based on the application of the AMIGO design rules to the method
of frequency response tuning. In addition, this systematic method is
optimized with the fine adjustment of the PID parameters by two
methods that have been developed for two of the main configurations of
large-power PV irrigation systems. This systematic method was applied
to two PV irrigation systems that, until then, had a “conservative” tuning
by means of an experimental trial and error method that ensured stable
operation under high and stable solar irradiance levels.

To check the goodness of this automatic tuning, the experimental
performance data of both systems before and after this tuning have been
compared. To do this, new indices had to be proposed to assess both the
robustness of the system to fluctuations in PV power due to “passing
clouds” (the “Number of abrupt stops” and the “Passing-cloud resistance
ratio”) and its performance (by factoring the traditional PR to determine
the influence of different factors external to the system, which do not
exist in grid-connected PV systems but which do influence stand-alone
PV irrigation systems). The proposed factors are the PRpy, URjp, URp.
vis and URgr. PRpy assesses the performance quality of the PV system
itself, while the three utilization factors measure the effect of the crop
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irrigation period, the hydraulic irrigation system and user behavior,
respectively. The results of these indices, before and after systematic
tuning, discounting the negative effect of abrupt stops due to pump
degradation and considering an irrigation period covering the whole
year, are summarized in Table 15 and Table 16:

Obviously, it will be necessary to confirm these expected values with
experimental measurements in other PV irrigation systems with water
pools, but these preliminary results can be very valuable to establish the
technical thresholds to ensure the technical quality of these systems in
the context of quality control procedures associated with contracts for
the sale and installation of this type of system.

Another relevant line of future research would be the measurement
and analysis of these performance indices in direct PV irrigation systems
in which there is no pond and which pump directly into the irrigation
network at constant pressure and flow.
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