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ABSTRACT This work presents the conversion of a photovoltaic water pumping system (PVWPS) to its
corresponding battery-based solution, while maintaining the components of the PVWPS facility and adding
the power converter needed to manage the operation of a lithium-ion battery. A complete analysis of the direct
PVWPS is performed based on the values obtained by the monitoring system developed for the installation.
The efficiencies and performance ratios of the various elements of the facility are calculated, as well as other
relevant factors (such as irradiance thresholds). The dependence of some variables on the solar resource is
analyzed to model the system. A similar study is carried out in the battery-based solution and a comparative
analysis of the two modes of operation is then performed to find which aspects could be improved in the
battery-based solution to increase the pumping time and total daily pumped volume. The results presented
demonstrate the benefits of including a battery (reduction in start/stop cycles and improved performance on
cloudy days). Aspects that can be improved to make the battery-based solution more efficient and achieve
better results are suggested.

INDEX TERMS Photovoltaic water pumping systems, lithium batteries, battery-based pumping, water
pumping, stand-alone photovoltaic system, sustainable development goals.

I. INTRODUCTION

A large part of fossil fuel-based energy consumption in
non-electrified developing countries is in traditional electric
and diesel water pumping systems used for irrigation or
supplying drinking water [1], [2]. Dependence on fossil
fuel-based energy is an obstacle in rural or remote commu-
nities [3] while secure access to water acts as an enabler for
food security and assists sustainable development. Some of
the main problems related to existing energy solutions include
the absence of an electrical power grid, high fuel costs,
dependency on imports, expensive and regular maintenance,
high cost of transporting fuel to remote locations, greenhouse
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gas emissions, noise pollution, risk of water contamination,
and environmental pollution [4]. These problems have led to
the use of renewable energies for water pumping applications,
with solar photovoltaics identified as a reliable and sustain-
able solution in rural areas of the developing world with high
levels of annual irradiation [5], [6]. Several challenges must
be faced to maximize the energy utilization and efficiency
of pumping systems for irrigation [7] and domestic use [8].
Studies in the literature focus on comparing water pumping
solutions while detailing the new technologies developed
for optimal sizing and system improvement, performance
analysis, control strategies, and economic evaluation (see the
comprehensive overview included in [9] and reviews by [10]
or [11]). Many factors, including pumping application and the
location or purpose of an installation, determine the selection
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of various system configurations and these are addressed
below.

Direct photovoltaic water pumping systems (DPVWPS)
have gone in recent years from being a promising solution
to a reality in many developing countries [1], [10], [12], [13].
DPVWPS are of interest when water consumption matches
the solar resource profile or where an elevated tank stores
water for use when solar irradiance is low. The loss factors
affecting the performance of direct solutions are reviewed
and analyzed in [14], where solar tracking systems are pro-
posed to avoid the use of batteries in semiarid countries
when irrigation is preferred in the early morning and late
afternoon to prevent water evaporation and excessive work
fatigue.

Several examples of DPVWPS can be found in the lit-
erature. A 1.5 kWpk photovoltaic (PV) field was directly
connected to a 882 W permanent-magnet synchronous motor
coupled to a centrifugal pump [15]. The maximum efficiency
reported was approximately equal to 25 % for a static head
of 0.6 m and equal to 12 % for a static head of 11 m. Results
obtained for four DPVWPS were described in [16]. The peak
power of the PV fields (Ppy) was 2.1 kW in three of the
facilities and 2.8 kW in the fourth facility. The PV field
was connected to a 3 kVA variable speed drive (VSD) that
drove a 1.5 kW motor coupled to a centrifugal pump. A test of
the system components was performed using a linear voltage
source with a pumping head of 65 m. Values of VSD effi-
ciency (nysp) ranged from 87 % (at VSD frequency of fysp =
29 Hz) to 95 % (for fysp from 48 Hz to 57 Hz) while the
efficiency of the direct solution (nppywps) ranged between
21 % (at fysp = 57 Hz) and a maximum value (1ppywps_max)
of 30 % (at fysp = 40 Hz). nppywps_max Was obtained for
an irradiance (GI) of 700 W/m? and the threshold irradiance
(Gl re) was 300 W/m?. Global average efficiency of the sys-
tem (Noverali_ppywps) reported in [16] was around 1.6 % and
varied from 1.2 to 3.2 %. This value included PV efficiency
with an average value (npy_av) in the range of 10 %.

Hybrid systems, in which renewable energies are inte-
grated with fossil-fuel based generators and storage systems,
represent a solution for the transition from current electri-
cal generation systems to future renewable energy based
systems [9], [17], [18]. Depending on the characteristics
of the application, a hybrid solution may be a better and
more economically viable option than grid connection [19].
A more profitable use of renewable energy generation can
be achieved through a variety of storage techniques [20].
Energy storage technologies that are easily scalable and
modular with long lives and low maintenance may be the
most suitable options for distributed systems [21]-[23]. The
results presented in [24] show that a PV/battery/diesel hybrid
system is more efficient and reliable than other analyzed
configurations: a PV plant with battery storage system and
a diesel-only system.

The inclusion of other energy resources in PV water pump-
ing systems (PVWPS) is recommended in facilities in which
some of the following problems are present:
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« Water storage tanks, or the equipment necessary to han-
dle, move, and install tanks, are unavailable [5], [12].

« A tank-based solution is more expensive than its equiv-
alent with a battery storage system (BSS) [25].

o Energy consumption does not match the PV pro-
duction profile: the main use of the water pump-
ing system (WPS) is in the early morning and late
afternoon [14] or for night-time pumping applica-
tions [26], [27].

o Water needed during periods of low solar radiation and
on cloudy days [26], [28].

o When the WPS must work at its rated nominal con-
ditions, or must ensure power supply continuity and
system autonomy [29].

Battery coupled PVWPS solutions are described in
[10], [12]. There are some examples in the literature on
WPS that include a PV plant with BSS. Operation of these
schemes was modelized in [30] but only simulated results
were reported. The system analyzed in [27] was used for
urban water pressurized networks and the storage of energy
in tanks and batteries was compared. The use of a BSS in
stand-alone PV direct pumping irrigation systems was ana-
lyzed in [31], [32].

There are very few examples of PVWPS systems includ-
ing BSS and the most relevant are highlighted below. The
PVWPS facility described in [33] had a Ppy = 612 Wy
and a battery of 24 V and 400 Ah with a maximum depth
of discharge (DOD) limited to 50 %. The facility included
a storage tank of 500 L and a Shurflo 9300 submersible
pump (24 V dc). The PVWPS facility presented in [34] had
a maximum consumption of 60 Wh/day and included the fol-
lowing devices: a lead-acid battery with 12 V and 131 Ah; a
21 Wy PV module; a pulse width modulation (PWM) charge
regulator; and a 60 W pump. A 12.65 kWpi PV field and a
168 V/210 Ah lead-acid battery were applied for the irrigation
of a tomato farm in Tunisia, obtaining a performance ratio for
the PVWPS system equal to 21.1 % [29].

A comparative performance analysis between several WPS
and including various storage solutions was made in [35],
where a DPVWPS was compared with schemes that included
lead-acid batteries, supercapacitors, and a hybrid solution
combining battery and supercapacitors. An experimental
study was performed using a 20 Wpx PV module, a 24 Wh
battery (12 V and 2 Ah), a 4.2 Wh and 12 V supercapacitor
bank, as well as a 12 V and 14.4 W dc motor. Total dynamic
heads (TDH) of 2 and 3 m were compared, and efficiencies
were obtained for the systems of between 2 % for TDH =
3 m with the direct solution and 23 % for TDH = 2 m and
a supercapacitor. The efficiency of the system with battery
storage was 8—14 % for TDH =2 m and 2—16 % for TDH =
3 m. The authors concluded that the battery storage configura-
tion showed, on average, better results than the supercapacitor
configuration. Althoug supercapacitors have a longer lifespan
and are more reliable, the high cost of the solution made it
unfeasible. Some of the problems reported by the authors in
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relation to lead-acid batteries (lifetime of just a few years and
poor temperature performance) are now overcome thanks to
lithium-ion batteries (LIB).

A comparison between a direct solution and its correspond-
ing battery-based solution was made in [28]. The facility
used a 110 Wpx PV module with 35 V and 3.15 A in the
maximum power point or MPP, and a PWM charge controller
that managed the charging and discharging processes of a
24 V and 100 Ah gel lead-acid battery in the PVWPS +
BSS scheme. The dc load output of the PWM regulator was
connected to a linear current booster, which in turn fed a
Shurflo 9300 dc pump that operated with a nominal voltage
of 24 V and demanded 120 W. The results show that effi-
ciency in DPVWPS mode varied between 10 % to 20 % and
efficiency values between 6 % to 11 % were obtained for
the battery-based PVWPS mode for TDHs of 5 m and 9 m
respectively. Values for system efficiencies (including the PV
module efficiencies) were also presented.

Among the different chemistries available for batter-
ies [36], [37], LIB storage has experienced the greatest devel-
opment in recent years and its characteristics and applications
are described in [38]. Until the commercial availability of
LIB storage solutions, batteries in PVWPS were considered
a source of weakness due to a lack of reliability and short
life span [7]. They were little used because of their high
purchase and replacement costs [5], the dependence of their
performance on the climatic conditions of the installation,
periodic maintenance, and the difficulty of expanding capac-
ity by adding new units in parallel. LIBs are currently replac-
ing lead-acid batteries in grid-connected and stand-alone
PV systems. The greater initial cost of an LIB solution is
compensated by the longer lifespan and improved operating
conditions (such as voltage stability and greater DOD). There
are studies on LIB aging [39] and the accurate evaluation of
battery cell inconsistency [40] that are important when con-
sidering a second life for electric vehicle LIBs in PV systems.
When capacity drops below 80 % of original capacity, their
subsequent use in PV systems could reduce the cost of these
facilities [41].

This paper is within the framework of an R&D line that
has already resulted in a previous study [42] on a PVWPS
with a lithium-ion battery (PVWPS + LIB). In this previous
study, the PV monitoring system developed for the PVWPS
+ LIB facility was described in detail. Additionally, some
preliminary experimental results of the WPS facility were
presented. The project concept started with a request from
the International Global Solar Energy & Water Advisor at
the International Organization for Migration (IOM) who has
extensive experience in the use of WPS in humanitarian and
development projects [4]. The project is also aligned with the
Sustainable Development Goals set out by the United Nations
2030 Agenda [43].

In this new contribution, the authors analyze in depth
the direct PV pumping system based on the measurements
acquired with the monitoring system. Efficiencies and per-
formance ratios (PR) are obtained from the powers and
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FIGURE 1. Block diagram of the direct solution and the main measured
magnitudes.

energies in different parts of the system. The evolution of
several variables and their dependence on the solar resource
are analyzed to model the system response. A battery-based
solution is then proposed that adds only the necessary com-
ponents to manage the charging and discharging of the
battery from the PV field. The values obtained with the
battery-based solution are compared with those obtained with
direct solution, using days with a similar irradiance pro-
file in the comparison. The results make it possible to pro-
pose modifications to the system. The main problems found
related with the equipment used in the experimental work are
detailed.

The remainder of the article is organized as fol-
lows. Section II summarizes the main features of the
DPVWPS facility and presents the key values of this oper-
ating mode (such as efficiencies and performance ratios).
Section III justifies the use of batteries in PVWPS and high-
lights lithium-ion batteries. Section IV details operation in
PVWPS + LIB mode and presents the values of the main esti-
mated parameters. Section V develops a comparison of both
operating modes (direct vs battery-based) and determines
which aspects can be improved in the battery-based solution.
Finally, the findings on the main contributions of this work are
presented.

Il. DESIGN AND CHARACTERIZATION OF THE DIRECT PV

WATER PUMPING FACILITY

The main parts of a DPVWPS facility, and the monitoring
system, are described in [42]. FIGURE 1 shows a block dia-
gram of the DPVWPS and details the main magnitudes that
are acquired for the study. The rated power of the submersible
motor-pump group (Pp) is 1.5 kW and it is driven by a
2.2 kW VSD that generates a 200 V three-phase system with a
variable frequency fysp that enables controlling the operation
point of the motor-pump group (i.e., its power consumption).
The VSD enables connecting a PV field and a single-phase
ac system. In the DPVWPS mode of operation the PV field
is connected to the dc input of the VSD. The VSD includes
a maximum power point tracking (MPPT) algorithm that
extracts the maximum power and energy from the PV array
and matches Ppy with P,,, for a wide range of operating
conditions. The main characteristics of the PV module (in
standard test conditions or STC) and the VSD are detailed
in Table 1.
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TABLE 1. PV module and VSD characteristics.

TABLE 2. Values obtained for the direct solution on October 2 and 3 and
average values considering 27 days.

Voc=4535V Viupp=36.71V Pypr =305 Wy

Isc=8.79 A Lupp =831 A NOCT =45+2 °C 10/2 10/3 AV)37 days

By = —0.34 %/K Brpgep = ~0.4 %/K PSH 2.01 6.54 5.26

a,, =+0.06 %/K Vpp = 045 %/K TDH,,y (m) 18.64 21.49 20.45

Vo mae = 400 V Vyspmn = 180 V V4 (m*/d) 10.12 70.32 55.34

Vysowrr = 280 — 330 V Epy (kWh/d) 2.02 14.96 11.37

PRpy (%) 41.21 93.81 88.10

Eysp ou (KWh/d) 1.62 11.87 9.24

. PRysp (%) 84.54 79.35 81.52

The maximum number of PV modules that can be con- E, (kWh/d) 053 218 319
nected in series in the PV field is obtained in (1) when PR,,, (%) 32.93 35.23 34.31
considering the maximum VSD input voltage (Vysp mayx) and PRppywrs (%) 26.43 27.96 27.95
the open circuit voltage (Voc) of the PV module in STC: PRyt (%) 1.71 4.12 3.87
Sfrsp 4y (Hz) 32.39 44.50 41.61

VVSD, 400 s max (%) 98.79 96.72 97.94

NMSpaox < = Te2c = (M o (% 84.38 81.28 83.02

VOCSTC 45 .35 Mvsp_av (%) . : -

Ty e (%) 36.79 36.26 36.47

The PV field has eight modules connected in series with Thp av (%) 31.38 35.02 33.47

a Ppy equal to 2.44 kWpk and a Vypp_stc of 293.6 V, Topyivps max (Y0) 30.85 30.92 30.79
and which is in the range of the MPP of the VSD detailed Toevwes av (%) 26.53 28.40 27.82
in Table 1. The oversizing of Ppy with respect to the Pumping time (min) 129 43 456.37

. . C . (2h:09min) | (9h:03min) | (7h:36min)
motor-pump group power (Py;) is equal to 1.6 and is within Start/stop cycles 0 ] 485

the typical values in DPVWPS (between 1.4 and 1.9). Volt-
age values in winter are near STC values and a significant
decrease in voltage and power occurs in summer due to
high ambient temperatures. For midday in central summer
(1000 W/m? and T, = 30 °C) the values of PV cell
temperature (T,.;;), MPP voltage (Vypp), and MPP power
(Pypp) can be calculated as follows:

E
Teeit = Tamy + (NOCT —20) - oo @)
Vupp = Vuppg - (1 + 1%  (Teen — 25)) &)
Pupp = Puppgyc - (1 + L (Tean — 25)) 4
ste 100

By substituting the corresponding values from Table 1 in
(2), (3), and (4), and considering the number of PV modules
in series, the values obtained are T,.;; = 61.25 °C, Vypp =
251 V, and PMpp = 2042 W.

A total of 47 days of operation in the DPVWPS mode with
different levels of irradiation were analyzed. The following
plots describe the operation of the direct solution and repre-
sent the average values of different magnitudes in one-minute
recording intervals (fx = 1 minute) on October 2 and 3.
Table 2 shows the values of the main parameters obtained
for these two days together with the average values obtained
for a set of 27 days with operation in direct mode. These
27 days were selected among the total of 47 days because
the average peak sun hours value they show (PSHay = 5.26)
is the same as that obtained with the set of 15 days used to
analyze the PVWPS + LIB behavior in Section IV. Thus,
the average values of the key magnitudes estimated with the
two operating modes can be compared.

FIGURE 2-a shows irradiance (GI, in W/mz), Ppy, power
in the output of the VSD (Pysp our), and hydraulic power
(Pp,) from 08:00 to 20:00 on October 2 and 3 (10/2 and 10/3).
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The three power values, expressed in watts, refer to the left
axis and the differences between the curves correspond to
the power losses in the DPVWPS components: power losses
in the VSD (PLysp = Ppy — Pvsp_ous) and losses in the
motor-pump group (PL;,p = Pysp_our — Pp). The GI profile
during 10/2 corresponds to a cloudy day while the 10/3 profile
corresponds to a sunny day with 2.01 and 6.54 PSH respec-
tively (as detailed in Table 2). The GI start-pumping threshold
on 10/3 (Glinre_start) 1s equal to 300 W/m?2, while the pump-
ing stop (Glire_siop) is at 200 W/m? (FIGURE 2-a). These
results are consistent with those obtained during seven com-
pletely sunny days operating in DPWPS mode, and during
which the average and standard deviation values (301.30 £
12.30) W/m?2 and (208.90 £ 10.10) W/m? were obtained for
GI, thre_start and G, thre_stop TCSPeCﬁVdY

The values of Q and total dynamic head (TDH) are shown
in FIGURE 2-b. Maximum flow rate (Qjy) is equal to
2.54 L/s, when fysp is around 50 Hz. The TDH is the sum
of the discharge head, the static water level, the drawdown
distance, and the distance equivalent of the water friction in
the pipe [8], [10], [11]. Drawdown and friction losses are
both dependent on the pumping rate, so TDH always shows
a dependence on Q, as can be seen in the TDH plot during
pumping time and the small step at the start and stop of pump-
ing. Average TDH (TDHy) during 10/3 is 21.49 m, with a
maximum of 23.25 m at midday and a static discharge head
of 15.94 m (when Q = 0 L/s). The total daily volume (V)
during 10/2 and 10/3 is 10.12 m? and 70.32 m? respectively
(Table 2).

A linear relationship between V,; and PSH was found in
DPVWPS mode (FIGURE 3), and as discussed later, when
the system is operating in PVWPS + LIB mode, this rela-
tionship enables a reliable estimate of the volume that would
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(b): Evolution of flow and total dynamic head.
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FIGURE 3. Relationship between daily volume and peak sun hours in
47 days of DPVWPS.

be pumped with the direct solution. The average daily volume
(V4_av) in the set of 27 days selected in DPVWPS mode is
equal to 55.34 m>.

The energy not generated in the direct solution when GI
is lower than the irradiance pumping thresholds, or when
Ppy exceeds the VSD rating, could be stored in an LIB
for later use. As an example, at solar noon on 10/3 Ppy
presents a flat plane located at 2160 W, while the GI curve
presents a bell shape with a well-defined maximum value
(around 935 W/m?) (FIGURE 2-b). The flattening of the Ppy
occurred because the nominal power value of the VSD was
already reached, and therefore, the VSD controller adjusted
the working point of the PV field to achieve a balance
between generated and consumed power. During this interval,
the PV field was no longer in the MPP, although it remained
extremely close to that point as the PV field was designed for
this DPVWPS operating mode. If the PV field had more peak
power installed, there would be excess energy that could be
used for other purposes, or stored in a battery for later use,
thereby avoiding clipping energy losses.

For the data acquired on 10/2, the first aspect to highlight
is the delay at GI > Gliye_siarr (around 11:58) and at the
start of pumping when flow rate is measured (Q > 0 L/s
at 12:42 with GI = 575 W/m?). This delay can be seen in the
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FIGURE 4. Values of flow and irradiance in the direct solution from
11:30 to 16:30 during 10/2.

time interval between 11:30h and 16:30h on 10/2 shown in
FIGURE 4 and is due to the VSD control which, on cloudy
days, when GI levels are higher than Gl _gars, introduces a
delay in the pump start-up to avoid start/stop cycles. Despite
the inclusion of this algorithm, up to ten start/stop cycles were
counted. The failed start-up cycles are more noticeable in
FIGURE 5 with low VSD efficiency values (nysp < 15 %)
and in FIGURE 2-a with low Ppy values when P, = 0 W.
Frequent start/stop cycles cause mechanical damage to the
pumps, reduce lifespan, and increase maintenance costs.
These stops are usually between 2 to 15 minutes and are easily
avoidable if the system includes a battery to keep the system
pumping during these intervals.

The total efficiency of the system (nppywps) shown in
FIGURE 5 is defined as P,/Ppy, and so it excludes npy,
which depends on PV technology and the quality of the PV
cells used. As indicated in Table 2, the maximum efficiency of
the system (nppywprs_max) reaches 30.92 % on 10/3, with an
average value (nppywps_av) of 27.82 % in the set of 27 days
selected for comparative analysis.

The variation in the VSD efficiency (nysp) and the
motor-pump group (7,,p) on 10/3 (a sunny day) is greater
during the beginning and end of the pumping interval, while
Nmp Presents a more constant and opposite trend (FIGURE 5).
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FIGURE 6. Rms voltage, frequency, and efficiency in the VSD against
irradiance in the direct solution from 08:00 to 20:00 during 10/3.

By discarding the beginning and end values of the nysp plot,
two regions can be distinguished — with nysp around 85 %
with low GI and values close to 75 % during the central
hours. The opposite behavior is observed in 1, although the
variations are smaller than those observed in nysp. Although
Omax 1s achieved at noon, when the motor-pump group is
near to its rated operating conditions, the values obtained for
nppywps at noon are the lowest in the operating interval.

During the pumping stage, the values of nppywps are
between 30.7 % (beginning and end of the pumping interval)
and 26.3 % (at approximately noon). It should be noted that
the reduction in the nysp during midday penalizes nppywps,
with a difference of 4.4 % during the pumping period.

The MPPT algorithm included in the VSD control
adjusts the rms voltage (Vysp rms) and frequency (fysp) of
the three-phase ac output to balance PV generation and
motor-pump consumption. FIGURE 6 shows the dependence
of Vysp_rms, fvsp, and nysp on GI during 10/3 with a smooth
variation in GI throughout the day. The VSD operates near
its rated values (200 V and 50 Hz) for GI above 800 W/m?,
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47 days of operation with different weather conditions (blue dots) and
for 7 sunny days (purple dots) in the direct solution.

corresponding with the minimum values of nysp in all the
range of operation.

The PV energy potentially available can be estimated from
GI values and the excess energy generated and not used
that could be stored in a battery can then be determined.
The linear relationship between the values of Ppy and GI
obtained when the facility operates in DPVWPS mode during
the 47 days of study with various solar coverages (blue dots
in FIGURE 7) was performed and gave a fitting factor of
kgr an = 2.2747 (R? = 0.978). Moreover, a fitting coeffi-
cient KGy_sunny = 2.3037 (R2 = 0.990) was obtained from a
set of 7 sunny days with values of PSH > 6, similar to 10/3
(purple dots in FIGURE 7).

Table 3 includes the PV energy estimates (Epy esr«)
obtained for October 2 and 3 and the average values obtained
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TABLE 3. Estimation of the PV energy generated on October 2 and 3 and
average values considering 27 days.

1072 10/3 AV)7 days
Epy (kWh/d) 2.02 14.96 11.37
kon = Ker an 2.2747 2.2747 2.2747
Epy e (KWhH/d) 4.57 14.87 11.70
AEpy o (%) 22622 99.37 104.69
kan 2.40 2.40 2.3037
Epy o2 (kWh/d) 4.82 15.69 11.85
AEpy o2 (%) 245.18 105.21 106.02
2500 11000
P
2000 1800
——— GI
< 1500 600 <&
= £
: <
o 1000 1400 O
500 - 1200

0 | | . ‘ ‘ 0
08:00 10:00 12:00 14:00 16:00 18:00  20:00
Time (h) Oct 03, 2020

FIGURE 8. PV power, PV power estimations 1 and 2, and irradiance
throughout the day in the direct solution from 08:00 to 20:00 during 10/3.

for the set of 27 days operating in DPVWPS mode. An initial
assessment is made using the value of kgs ay. This value,
used on 10/3, produces an estimate of Epy (14.87 kWh/day)
that is close to the real value obtained (14.96 kWh/day).
The evolution of Ppy on 10/3 can be compared with that
of Ppy .1 in FIGURE 8, where a second Ppy estimation
(plotted as Ppy _es2) is performed using kgjo = 2.4. The
Epy gain (AEpy) obtained on 10/2 (a cloudy day) is 220 %
considering kg1 and 245 % if kgy2 is used, confirming that
a PVWPS + LIB system with MPPT tracking could make
much better use of the PV resource on cloudy days.

Values shown in Table 3 suggest that an increase in the
range of 4 % to 6 % in Epy can be expected on average for
this system. This improvement in Epy should compensate for
the added losses of the battery-based solution (LIB and power
converter unit).

lll. USE OF LITHIUM-ION BATTERIES IN PVYWPS

As mentioned in the introduction, battery-based PVWPS are
not the most common solution in remote locations, in which
the use of an auxiliary generator avoids the use of batteries
and ensures the supply of energy during cloudy periods. The
main disadvantages of PVWPS with batteries are:

« Reduction in the efficiency of the overall system.
o The system will be more expensive and less reliable as
more elements are included and will require additional
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maintenance: battery; charge regulator; power converter
unit (PCU); etc.

o The use of PWM charge controllers establishes operat-
ing voltages below Vjspp, which significantly decreases
Ppy compared to an MPPT charge controller, especially
in places with high T;,.

« Additional under- and over-charge protection circuitry
is needed that adds cost and complexity to the system.

The main advantages of PVWPS with batteries are:

o Improved coupling between the PV generator and the
motor-pump group, with a PV generator operating in the
MPP for a wide range of irradiance levels.

o The current required for start-up and normal operation
of the motor can be supplied continuously.

o The pump will operate longer, and so a less powerful
pumping system will be required for the same needs.

o The installation can use a booster pump to create water
pressure during low irradiance periods.

« The system prevents pump stop/start cycles caused by
the passage of clouds.

Although lead-acid batteries dominated the market for
both grid-connected and off-grid PV systems until approx-
imately 2018, LIBs have prevailed in the market for grid-
connected systems from 2016 onwards [44], [45] and are
also used in off-grid systems. Existing energy storage sys-
tems were presented in [20], [37], and a comparison made
between the various battery chemistries available in the mar-
ket, as well as an analysis of their performances, was included
in [46], [47]. The LIB technology used in PV systems is
the same as electric cars, hybrid cars, or in power network
management systems [48], [49]. Therefore, technological
advances in the field of energy storage, mainly in the electric
vehicle industry, have facilitated the development of LIB with
more than 6800 life cycles (more than 18 years with one
charge and discharge process per day).

Regarding [20], [50], LIBs offer many advantages com-
pared to other lead batteries: they are almost 100% effective in
charging and discharging processes; have longer lives; offer
constant capacities (less dependent on discharge current);
offer higher power densities; reduced maintenance; more
stable voltages during discharge cycles; enable connections
up to hundreds of volts and thousands of watt-hours; and are
environmentally safer. LIBs are becoming a cost-effective,
reliable, and high-performance solution in a wide range of
applications and including power generation in isolated loca-
tions not connected to conventional power grids [49]. Given
the expected increase in the use of this storage technology,
the life cycle assessment of lithium-ion batteries is a topic
of great interest today, where the most sustainable solutions
must be correctly identified and supported [20].

The use of PV systems combined with battery energy
storage can boost energy sustainability in remote locations,
reduce greenhouse gas emissions and on-site pollution, elim-
inate dependence on fossil fuels, and reduce the cost of
energy [10]. Large oversizing factors for the PV field and
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FIGURE 9. Block diagram of the battery-based solution with voltage conditions in the various parts of the system.

high-capacity batteries minimize the use of auxiliary gener-
ators and reduce the need for a continuous supply of fossil
fuel.

Retail prices in Germany for home storage systems with
LIBs have decreased by about 50 % between 2013 and
2018 [45]. LIB prices are expected to fall significantly due
to high demand in emerging applications and economies
of scale [49], [51]. This price reduction forecast suggests
that WPS based on PV systems and LIBs will become an
economic solution for meeting water demand for internally
displaced people and refugee camps, communities living in
off-grid areas (especially in developing countries), as well
as for agriculture. The use of batteries in PVWPS ensures
the availability of water even at night and during periods
of low light and cloudy weather [12]. Additional benefits
can be achieved if excess energy stored in the LIB is used
for other purposes: such as small appliance battery charg-
ing, lighting, and cooling. The challenge of combining new
energy technologies opens new opportunities for long-term
sustainability for humanitarian initiatives while improv-
ing the living conditions of the communities mentioned
above.

IV. DESIGN AND CHARACTERIZATION OF A PY WATER
PUMPING FACILITY WITH LITHIUM-ION BATTERY

In the PVWPS + LIB mode, the ac input of the VSD is
connected to the back-up ac output of a hybrid inverter (the
PCU) as shown in FIGURE 9. The control of the hybrid
inverter decides the flow of energy between the PV modules,
LIB, and the VSD. Several devices are included in the facility
to protect and isolate the different parts of the system: FS1 is
a fused disconnect switch mounted between the PV field
and the hybrid inverter; and ACB* are the automatic circuit
breakers mounted at the connections of the hybrid inverter
with the battery (ACB1), the back-up output (ACB2), and
the on-grid port (ACB3). The on/off switch mounted in the
VSD is used to ensure a smooth pumping start/stop and so
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avoiding water hammers in the hydraulic circuit. If the PCU
is configurated into the off-grid mode, the grid connection is
not used and ACB3 can be opened. ACB3 was always open
during the PVWPS + LIB tests. Magnitudes acquired in the
battery-based solution and used to analyze the behavior of the
system are detailed in FIGURE 10, where the hybrid inverter
is denoted as the power converter unit (PCU) added in the
facility to support the inclusion of the LIB in the PVWPS
scheme. The output of the PCU coincides with the input of
the VSD.

To analyze the PVWPS + LIB operation, two consecutive
days with different weather conditions (09/24 and 09/25)
were selected. The values of the more relevant parameters
estimated during these two days, together with the average
values for a set of 15 days, are detailed in Table 4. The GI
profile on 09/24 corresponds to a cloudy day, while 09/25 is a
sunny day. These two days were selected because they present
irradiance characteristics reasonably similar to the days used
for the direct pumping mode analysis. This can be verified by
comparing the PSH values, being 2.01 and 6.54 on 10/02 and
10/03 respectively (DPVWPS), and 2.18 and 6.42 on 9/24 and
9/25 respectively (PVWPS + LIB). Likewise, the other cor-
responding values presented in Table 2 and Table 4 can be
compared due to the similarities of the selected days.

Some of the benefits of the PVWPS + LIB facilities can
be verified by analyzing the plots in FIGURE 11 in which
GI, Ppy, SOC, and Q Values during 09/24 and 09/25 are
represented in the graphic user interface built in Grafana [42].
FIGURE 11-d shows how the flow rate remains constant
during all the pumping intervals, with the VSD operating at
its rated conditions, and where electro-mechanical efficiency
is at its maximum values.

The comparison of GI (FIGURE 11-a) and Ppy
(FIGURE 11-b) shows the MPP tracking of the PV field for
all levels of irradiance and without the irradiance threshold
common in the DPVWPS facilities. All the energy produced
by the PV field can be stored in the battery or used for
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FIGURE 10. Main magnitudes measured by the monitoring system in the PVWPS + LIB facility.

TABLE 4. Values obtained for the battery-based solution on
September 24 and 25 and average values considering 15 days.

9/24 9/25 AVs g
PSH 2.18 6.42 5.26
TDH, (m) 2351 23.56 2357
V, (m’/d) 8.49 48.90 33.39
Epy (kWh/d) 3.47 13.47 9.50
PRpy (%) 65.21 86.02 72.73
A, (kWhid) 2021 032 0.17
ELis cha (kWh/d) 1.76 3.04 2.83
E1i5 ais (kWh/d) -1.97 -3.36 -3.00
SOC;,i (%) 33.00 41.00 54.48
SOCona (%) 41.00 42.00 54.45
Epcu in (kWh/d) 3.59 13.77 9.62
Evsp ou (kWh/d) 1.63 9.40 6.45
PRecurrop (%) 4525 68.29 6471
E;, (kWh/d) 0.55 3.14 2.15
PR, (%) 33.67 33.41 33.44
PRpywps:1is (%) 15.77 23.32 21.71
PRy am) (%) 1.62 3.15 2.52
necusvsp_max (%) 80.19 76.15 78.50
necuvsp_av (%) 75.17 74.13 74.27
Tiop e (%) 33.91 3524 35.17
T av (%) 33.47 33.40 33.25
Hevwesesin m (%) 2534 2529 26.75
Npvwes+Lig_av (Y0) 25.15 24.80 24.86

Pumping time . 311 min 215 min
P S6min St Imin) | (3h:35min)

pumping water by activating the VSD and so optimizing the
use of the PV modules.

In the PVWPS + LIB operation mode, the LIB is charged
with the energy not used and this is discharged when GI
cannot provide enough Ppy to meet pump demand. The
pump operates at its rated values and the energy in the LIB
prevents pump stop/start cycles caused by the passage of
clouds. Although GI shows significant variations during the
day 9/24 and only exceeds Gl siqrr during two short time
intervals, it can be seen that Q is equal to 2.61 L/s during
the pumping intervals shown in FIGURE 11 and the total
pumped volume is 8.36 m3. The activation of the WPS (Q >
0 L/s) coincides with a decrease in the SOC as the power
coming from the LIB is necessary to maintain motor-pump
power consumption. The pumping intervals during the var-
ious experiments carried out on the PVWPS 4 LIB facility
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FIGURE 11. Values obtained with the battery-based solution (from 09/24
00:00 to 09/25 23:59).

were generally selected according to the following main cri-
teria:

o The SOC must never reach 100% to avoid the loss of
PV energy that cannot be stored, and this can be easily
achieved thanks to the coupling between the PV array
and the VSD.

¢ The minimum SOC recommended by the LIB manufac-
turers is set at about 20 %, and so the WPS must be
disconnected before this trigger level to avoid damaging
the LIB.

o Pumping periods should be chosen to coincide with high
levels of GI. In this way, the energy flow towards the
battery is reduced and therefore losses decrease. The bat-
tery can be charged at the beginning and end of the day,

101155



IEEE Access

S. Orts-Grau et al.: PV Water Pumping: Comparison Between Direct and Lithium Battery Solutions

Q = -2.3379-GI? + 4.9183-GI - 0.0662
R? =0.9428

All DPVWPS sunny days

0 0.2 0.4 0.6 0.8 1 1.2
GI (kW/m?)

FIGURE 12. Estimation of flow from irradiance in the direct solution.

when Ppy is lower. An example is shown in the pumping
interval from 13:10 to 15:30 on 9/25 — when the PV
power is greater than 2 kW and the battery discharge
shows a small discharging slope when compared with
other discharging intervals also shown in FIGURE 11.

During the days when the tests were carried out with the
PVWPS + LIB mode, an attempt was made to maintain
the same SOC at the beginning and end of the day (which
enables establishing daily energy balances in the system)
(FIGURE 11-c).

A fitting model was used to predict the hypothetical
Q values that could be obtained with the direct solution
(FIGURE 12). Cloudy days were eliminated from the adjust-
ment and in this way the “noise” in GI caused by the het-
erogeneity of the passage of clouds was discarded. With this
model, the values of V; pumped with the direct solution
can be estimated, obtaining a V; of 8.28 m? for day 9/24.
Although the GI profile on 9/24 corresponds to a cloudy day,
this result could be considered an adequate estimate as it was
calculated without considering the delay in pump start-up that
the VSD control could introduce to avoid start/stop cycles on
cloudy days (as shown at the beginning of 10/2 in FIGURE 4).
For the PVWPS + LIB mode, the value obtained of V9,24 =
8.36 m?, was slightly higher than that estimated for the direct
solution with comparable GI levels. This could suggest that
the use of a battery improves the pumped volume under
cloudy conditions.

FIGURE 13 shows the power of the various components of
the battery-based solution and the corresponding efficiencies
for a one-minute recording interval on 9/25 in which the
system is pumping at rated conditions (fysp = 50 Hz).
The changes in powers, efficiencies, SOC, and GI values
on 9/25 from 08:00 to 20:00 are shown in FIGURE 14,
where the powers remaining constant during the pumping
intervals (Q ~ 2.61 L/s) are represented with dashed lines.
All the represented conversion efficiencies remain practically
constant throughout each pumping interval and are indepen-
dent of GI. The upper part of this figure shows how the
LIB output power (Prj;p < 0) varies to compensate Ppy
to maintain Ppcy j, constant, and so that Pysp and P, are
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also constant when the system is pumping. To maintain the
pumping system at its rated conditions, the battery provides
power from the moment the pumping starts and this causes
the SOC to decrease (the decrease being faster the lower the
radiation levels). The efficiencies in the conversion in the
PCU + VSD blocks, motor-pump, and PVWPS + LIB group
are respectively 74.7 %, 33.3 %, and 24.9 % when the WPS is
in operation (FIGURE 13) This corresponds to those values
shown in FIGURE 14 at 16:00h and remain practically con-
stant throughout the pumping period. Nevertheless, the effi-
ciency in the PV conversion, or in the charging/discharging
processes in the LIB, vary continuously with GI throughout
the day. The difference between Ppy and the power in the LIB
(Prip) when P, = 0 W corresponds to the power losses in the
dc/dc converter that manages the LIB charging.

Two power sources are connected to the PCU inputs: the
PV generator and the LIB. The power of the LIB (Pr;p) is
considered positive during the charging process from the PV
generator. The power in the PCU input (Ppcy _in) is used to
generate the ac single-phase waveform that feeds the VSD
(AC2 BACK-UP block in FIGURE 9) and is calculated for
each recording interval as follows:

Ppcuy, .k = Ppv ik — PrLiB k (5)

From a preliminary study being conducted on the effi-
ciency of LIB (nr7), an average efficiency of 81.1 % was
obtained during a full charging process (SOC from 0 % to
100 %) using the power delivered by the PV generator with
values of npp i varying between 68.3 % and 97.2 %.

Two intervals of pumping were established during 9/25,
from 10:54 to 11:47 (53 min) and from 13:10 to 17:28
(258 min). When the WPS is disconnected (Q = 0 L/s)
the energy generated by the PV field is used to recharge the
LIB (Prp > 0 W during charging) and Pysp o4 and P, are
null. Several problems are identified after the analysis of the
signals included in FIGURE 14, related with:

o Operation of the MPPT algorithm during the charging
intervals of the LIB.

« Values provided by the hybrid inverter for Ppcy i, and
P PCU _out -

o Stand-by consumption of the VSD and the hybrid
inverter.

Although the PCU that manages the PV generation
includes an MPPT algorithm, the average values of PRpy in
the direct solution (Table 2) are greater than those obtained
with the battery-based solution (Table 4). Specifically, in the
facility under study, the average values of PRpy are 88.10 %
and 72.73 % in DPVWPS and PVWPS + LIB, respectively.
Differences are greater on sunny days (the sunnier the day,
the greater the differences). Nevertheless, on cloudy days
the battery-based solution takes advantage of a battery with
higher PRpy (65.21 % with battery storage versus a41.21 %
with operation in direct mode on selected days). These dif-
ferences are caused by the improper operation of the MPPT
algorithm in the battery-based solution when Ppy is used
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FIGURE 13. Power and efficiency values in the battery-based solution at 16:00 on 9/25.
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FIGURE 14. Powers (PV, battery, input and output of the power converter unit, VSD output,
and hydraulic), efficiencies (power converter unit and VSD, motor-pump, npywps. L8
Noverall): State of charge in the battery, and irradiance values obtained with the
battery-based solution on 9/25 from 08:00 to 20:00.

to recharge the LIB, as can be seen in FIGURE 14, when
P, = 0 W, and in FIGURE 15 where powers and GI values
are represented in the time interval from 17:30 to 20:00.
Significant Ppy variations in parallel with smooth GI fluctu-
ations can be observed in both FIGURE 14 and FIGURE 15.
While in these two figures the recording interval was one
minute, Grafana adjusts the recording interval depending on
the time interval that is presented and the available size of the
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application window on the screen. This procedure results in
recording intervals in the range of five minutes or more and
an averaging of the signals. With longer recording intervals,
as is common in commercial monitoring systems, the curves
present a smoother variation that does not reveal any anomaly
or irregularity in the magnitudes, and so only a low perfor-
mance ratio in the installation will indicate that something
can be improved in the facility.
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FIGURE 15. Powers (PV, PV estimation 2, battery, PCU output, and
hydraulic) and irradiance values obtained with the battery-based solution
on 9/25 from 17:30 to 20:00.

TABLE 5. Relationship between PV power and irradiance during the time
interval from 17:35 to 17:46 (part of the first interval after pumping stops)
on 9/25.

Time Poy(W) | GIOWmD) | Pw/GI | SOC (%)
17:35:00 133071 546.25 244 23.0
17:36:00 519.06 541.97 0.96 24.0
17:37:00 212.90 539.06 0.39 24.0
17:38:00 1032.74 53397 1.93 24.0
17:39:00 129842 532.77 244 248
17:40:00 1297.00 520.78 245 253
17:41:00 292.39 525.61 0.56 26.0
17:42:00 212.65 52142 041 26.0
17:43:00 89335 517.77 1.73 26.0
17:44:00 211.26 51432 041 26.0
17:45:00 459.04 49361 0.93 26.6
17:46:00 120823 49223 245 27.0

Three intervals can be distinguished in FIGURE 15:

o From 17:30 to 18:24, Ppy varies between the expected
value according to GI, in accordance with the fitting
analysis performed previously, and a base value located
around 200 W, as can be seen in Table 5.

o From 18:24 to around 19:15 Ppy values vary between
200 W and 300 W and the proportionality diminishes
with the GI values.

o After 19:15 GI values are below 100 W/m? and Ppy
again becomes proportional to GI with values near to
those obtained with the estimations calculated from the
fitting function.

The oscillations shown by Ppy when the WPS is not
pumping suggest a low performance in the use of the available
solar energy. Therefore, an assessment of the energy lost
between 17:30 and 19:25 on 9/25 is performed using the lin-
ear fitting described in Section II. The estimated potentially
available Ppy values when kgjo = 2.40 is used are included
in FIGURE 15 (Ppy_es2)-

When analyzing the time interval from 17:28 to 19:25 on
9/25, the PV energy obtained from estimations using kgr; =
kgr_an and kgro are equal to 1368 Wh and 1519 Wh respec-
tively, while the real PV generated energy is 758 Wh. The loss
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TABLE 6. Estimation of the PV energy generated using k¢, )| = 2.2747 on
September 24 and 25, and average value considering 15 days for the
battery-based solution.

o4 9125 AV s s
Epy (kWh/d) 347 13.47 9.50

Epv est (KWh/d) 496 14.60 11.44
AEpy estt (%) 1429 1083 1287

of energy due to the incorrect operation of the MPP tracking
can reach 761 Wh for kgy2, which represents twice the energy
actually generated in this interval and constitutes an increase
of 5.78 % when compared with the total PV energy produced
(Epyy/2s = 13.47 kWh, as indicated in Table 6). Considering
that PRpywps+rip = 23.32 % on 9/25 (Table 4), the surplus
hydraulic energy in this interval is 177.4 Wh. The value
of Pj, during the pumping intervals on 9/25 is 603 W with
Qav = 2.61 L/s. A surplus pumping time of 17.65 minutes
can then be obtained, which represents a surplus pumped
volume of 2.76 m>. Table 6 shows that the average AEpy g1
with a correct operation of the MPPT is estimated at 128.7 %.

The other issues identified in FIGURE 14 are related to the
measurement technique used by the hybrid inverter and the
VSD stand-by consumption. As can be verified, the values
of Ppcy _in and Ppcy o provided by the hybrid inverter
to the monitoring system are not correctly measured. Dur-
ing the first two intervals without pumping (from 8:00 to
10:54 and from 11:47 to 13:10) the values of Ppcy our (green
dashed line) are greater than the values of Ppcy i (red
dashed line) and are around 400 W and 110 W respectively.
A Fluke 435-SII power quality analyzer was used to verify
the power measurements, and revealed that the value mea-
sured in the output terminals of the PCU corresponding to
the stand-by consumption of the VSD, represented an active
power of 40 W and an apparent power of 300 VA. Because
this consumption of the VSD represents a loss of energy when
the WPS is not pumping, the breaker ACB2 in FIGURE 9 was
disconnected after 17:30, and this decreased the value of
Ppct_our to around 70 W, as is shown in FIGURE 15. This
value corresponds to the stand-by consumption of the hybrid
inverter. The measurement error was also corrected in the
value of Ppcy_our = 2150 W presented in FIGURE 13 and
which according to the measurement of the hybrid inverter
was 2289 W. The problems regarding the stand-by consump-
tion of the hybrid inverter, mainly observed during the night,
were reported in [42]. The decrease in the battery SOC during
nights (around 25 %) is avoided by disconnecting the hybrid
inverter when the WPS is not in operation.

Although an increase in Epy values of between 4 %
and 6 % was expected with better management of incoming
solar energy in the battery-based solution, the problems found
in the MPPT algorithm resulted in a decrease in PRpy values
that penalizes the overall system. The combination of low
PRpy with the lower npywps+rp results in a reduction of
pumped volume on average and sunny days, and a benefit
is only produced on cloudy days or days with frequently
alternating sunny and cloudy periods.
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FIGURE 16. PV power, hydraulic power and irradiance values on 9/25
(battery-based solution) and on 10/3 (direct solution).

V. DISCUSSION OF THE EXPERIMENTAL RESULTS:
DPVWPS VS PVWPS + LIB

Magnitudes shown in FIGURE 16 enable a comparison of the
behavior of the direct and the battery-based schemes for two
similar sunny days (10/3 and 9/25) with 6.54 and 6.42 PSH
respectively. The MPPT operation in the battery-based solu-
tion during the pumping intervals is quite similar to that
shown for the direct solution, and the same should also occur
when pumping stops. Without considering the MPPT incon-
venience concerning the hybrid inverter, the main difference
between both modes of operation lies in the Py, plot, where the
typical bell shape in the direct solution turns into a rectangular
shape because the WPS is operating at rated conditions.
The small difference between the Ppy values in the central
hours of the days must be attributed to the different T,y
for each day. Around noon for GI ~ 932 W/m2, the Ppy
and T,y values acquired are 2160 W and 39.4 °C for the
direct solution, and 2073 W and 47.3 °C for the battery-based
solution. The difference of 87 W is explained by the 7.9 °C
of difference in Ty if the value of yp,,, in Table 1 is
considered.

The average value of PRpywps+Lip is 21.71 % (Table 4),
a lower value than the 27.95 % obtained for PRppywpes
(Table 2). This decrease can be explained by the losses
produced by the additional components in the battery-based
solution: the hybrid inverter (or the PCU) and the LIB.
When average efficiencies are considered, the difference
is less than 3 % (being nppywps av = 27.82 % and
nPvwps+LIB_AV = 24.86 %).

An approach to compensate for the reduction of
PRpywps+Lip 18 to increase the installed PV power. Oversiz-
ing the PV field will produce extra energy that compensates
for the greater losses of the battery-based solution. The PV
field oversizing factor (OF) can be calculated in an initial
approach as the ratio between PRs as follows:

PR
OF — DPVWPS

PRpywps-+LIB

(6)
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With the values shown in Table 2 and Table 4, OF is equal
to 1.28, and so a PV field with 3.12 kW (eight modules
of 390 Wy in series) will be needed for the battery-based
solution to pump the same V;. Knowing that Apy = 15.52 m?
and Glgre = 1000 W/m?2, the PV module efficiency (npy)
must be greater than 20.12 %. Many manufacturers are now
offering PV modules with 72 cells in series with maximum
values of npy greater than 21 % (with a cost of about
0.22 €/Wpx). Therefore, at an extra cost of around €150,
a 3.12 kW battery-based solution can compensate for extra
losses in the system and pump the same daily volume as
a 2.44 kW direct solution — but with the advantages of a
system with batteries.

The effect of the improper operation of the MPPT algo-
rithm is included in the PRy (%) value as it changes from
3.87 % in the direct solution to 2.52 % in battery-based solu-
tion (a reduction of 35 %). One effect of the lower utilization
of solar energy is observed in pumped volume. The average
pumped volume in the direct solution is 55.34 m3/day com-
pared with the 33.39 m3/day in the battery-based solution and
this represents a decrease of 40 % (considering in both cases
an average day with 5.26 PSH). Nevertheless, the pumped
volume with the battery-based solution can scarcely reach
that obtained with the direct solution for the following
reasons:

o The study is performed using the same PV field, so both
systems would manage the same amount of Epy (assum-
ing a correct operation of the MPPT).

o The value of PRpywps+rip 1S 22.4 % lower than
PRppvwes.

o The threshold irradiance levels of the direct solution are
quite low (Glyre stare ~ 300 W/m? and Glyre siop ~
200 W/m?). This means that the energy stored in the LIB
when GI < Gl »+ is insufficient to compensate for the
reduction of PRpywps-rp due to losses in the additional
devices in the system (hybrid converter and LIB).

The values of Gl « in a DPVWPS mainly depend on the
selected pump and the TDH. The conditions configured in
the facility during the tests correspond to the minimum pos-
sible TDH that yields a minimum value of Gliye . Glipye *
depends on the minimum power required to pump at a given
head and increases with the pump head. The minimum power
practically triples from pumping at a head of 24 m (0.26 kW)
to a head of 54 m (0.73 kW) for the pump of 0.75 kW used
in [52]. A greater value of TDH will increase Gl » which
will increase the amount of energy stored in the LIB while GI
< Glipre_+. In this way, pumping operating conditions could
be reached in which the daily volume in the battery-based
solution exceeds that obtained with the direct solution.

By taking advantage of the extended characteristics in the
PV input of the hybrid inverter Table 7 with respect to those
of the VSD (Table 1), a greater PV oversizing factor can be
used, although the system would require a higher capacity
battery to store the surplus energy that could be produced.
Reviewing the values included in Table 7 shows that two
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TABLE 7. Electrical characteristics of the PV input of the hybrid inverter.

Pyipp iy Voc b Vipp b
4600 W 580V 170~500 V
Isc wo Lypp b

13.8/13.8 A 11/11 A

strings with 8 PV modules in series could be connected to
the hybrid inverter, thereby doubling the peak power of the
PV field and so doubling the PV energy generated.

Considering the Epy values in Table 2 and Table 4, it is
considered that an LIB with 15 kWh could store the energy
produced by the extra string most of the year. Considering
that PRpywps+riB_av = 21.71 %, the 15 kWh stored in the
LIB can be converted to E;, =~ 3.25 kWh. Using the values
shown in FIGURE 13 (P, = 603 W and Q = 2.61 L/s) the
extra pumping time due to the additional string is 5.4 hours,
which represents an increase in pumped volume of 50.74 m3.
Economic issues, combined with water demands, must be
used to define the final characteristics of the battery-based
facility. An oversizing of the PV field and the LIB could be
considered if a surplus of stored energy is needed for uses
other than the WPS (such as small appliance battery charging
and lighting). In these cases, it will be necessary to add some
kind of energy manager to decide the amount of energy that
can be used for these other purposes.

PVWPS 4+ LIB systems are easily scalable and so the
system can be configured to provide considerable autonomy
under low irradiation conditions. With the objective of reduc-
ing the size of the photovoltaic field and the battery, it is
common in off-grid applications to find an auxiliary generator
that can be connected when irradiance does not enable the
operation of the DPVWPS facility. The VSD used in the
direct solution includes a single-phase ac input that is com-
patible with the voltage provided by an auxiliary generator.
In the battery-based solution, the single-phase output of the
auxiliary generator can be connected to the grid input of the
hybrid inverter to provide energy to the VSD and the LIB.
Charging current can be configured to avoid overloading the
auxiliary generator. An energy manager would be needed in
this case to control the activation of the auxiliary generator,
set the maximum LIB charging current, and so on.

VI. CONCLUSION

The main drawbacks of the battery-based solution when com-
pared with the direct solution are related to the energy losses
associated with the hybrid inverter and LIB charging and dis-
charging processes. While the average value of PRppywps is
around 28 %, the average PRpywps+rip reaches values close
to 22 % with the WPS operating at rated conditions. The PV
field used in the comparison of the direct and battery-based
solution is the same and was designed considering the con-
straints imposed by the VSD. This means that for the same
energy input the battery-based solution will produce less
volume due to the reduction of PRpywps-+ri8 When compared
to PRppywes.
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This reduction in the performance ratio can easily be com-
pensated if the PV field power is increased. A 30 % oversizing
of the PV field in the battery-based solution can compensate
for the extra losses of this system and pump the same daily V;
as the direct solution. Greater oversizing factors can be used
when the extended characteristics of hybrid inverters are used
for the design of the PV field and the LIB and this will enable
pumping time to be extended.

The inclusion of a battery prevents the pump stopping due
to passing clouds and this reduces damage in the motor-pump
group and cuts O&M costs. A battery also enables the WPS
to be operated at any time, although efficiency improves
if the pumping intervals coincide with sunny hours and
there is little energy flow in the battery. Some common
problems related to the direct solution, such as clipping at
noon or threshold irradiance level at sunrise and sunset, are
avoided with a battery-based solution. All the energy losses
related to these topics can be stored in the LIB and used for
pumping.

Several problems were found in the PVWPS + LIB facil-
ity used in the experimental parts of the study. The main
problem found is related to an improper operation of the
algorithm included in the hybrid inverter that implements
the tracking of the PV field MPP. Increases in daily pumped
volume in the range of 8 % to 20 % can be expected with
proper MPPT operation. Other problems are related to energy
consumption in the stand-by mode of the hybrid inverter
and VSD. The stand-by mode of the VSD demands power
to the back-up output of the hybrid inverter throughout the
day. This consumption can be avoided if the VSD is dis-
connected from the back-up output when the WPS is not
pumping. Stand-by consumption by the hybrid inverter is
also avoided by completely disconnecting the hybrid inverter
during the night when the WPS is not going to be in
operation.

The approach for the conversion of a direct solution to a
corresponding battery-based scheme presented in this work is
valid for commercial DPVWPS solutions proposed by other
manufacturers (such as Grundfos and ABB). Given the results
obtained and the technological evolution in the field of hybrid
inverters and LIBs since this project started in 2018, future
actions are being evaluated to improve the results obtained
with the PVWPS + LIB facility. These actions include: ana-
lyzing the operation of the WPS to improve the efficiency
in the battery-based solution; using a hybrid inverter with a
proper operation of the MPPT for the conditions imposed
in the battery-based solution to assemble a hybrid inverter
that supports the use of high-voltage LIBs; and using a lower
rated pump in the battery-based solution that can work for
longer periods to extract the same daily volume as the direct
solution.

APPENDIXES
Supplementary data to this article can be found online in the
IEEE Xplore in the MEDIA section.
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NOMENCLATURE

ac Alternate current

ADC Analog-to-digital converter

AM Air mass

AV Average (subscript)

BMS Battery management system

c—Si Crystalline Silicon

cha Charge of the battery (subscript)

dc Direct current

DG Distributed generation

DGT Digit

dis Discharge of the battery (subscript)

DPVWPS Direct photovoltaic water pumping sys-
tem

E.x Energy in **

EL Energy losses

ESS Energy storage systems

est Estimated (subscript)

fvsp Frequency of the three-phase voltages in
the VSD output

g Acceleration of gravity

Gl Global irradiance (in W/m?)

GUI Graphic user interface

h Hydraulic (subscript)

H; Daily solar energy received by the pho-
tovoltaic modules or irradiation

HEL Hydraulic equivalent load (in m*/day)

hyb Hybrid (subscript related to the hybrid
inverter)

Ly Current in device *x or current in condi-
tions *s

Isc Short-circuit current

LIB Lithium-ion battery

max Maximum (subscript)

min Minimum (subscript)

min Minute

MPP Maximum power point

MPPT Maximum power point tracking

mp Motor-pump (subscript)

NOCT Normal operating cell temperature

ov Overvoltage

P Power in device ** or power in condi-
tions **

PC Personal computer

PCU Power converter unit (use for the combi-
nation of hybrid inverter plus VSD)

PF Power factor

PF,, Power factor of the motor installed in the
motor-pump group

pk Peak (subscript)

PL... Power losses in **

PR, Performance ratio in device ** (quotient
of energies)

PSH Peak sun hours (1 PSH = 1 kWh/m?)

PV Photovoltaic

PVWPS Photovoltaic water pumping system
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PVWPS 4 LIB Photovoltaic water pumping system
with storage in a lithium-ion battery

0 Flow rate

RDG Reading

RE Renewable energies

rpm Revolution per minute

Rtem Terminal resistance for the RS485 bus

SOC State of charge

SOH State of health

STC Standard test conditions (1.5 AM,
Teen = 25 °C, and 1000 W/m?)

Tomb Ambient temperature (°C)

Teell PV cell temperature (°C)

TDH Total dynamic head

thre Threshold (subscript)

1k Recording interval

Tw Water temperature

Va Total volume of water pumped in a day

Vs Voltage in device ** or voltage in condi-
tions **

Voc Open circuit voltage

VSD Variable speed drive

WPS Water pumping system

o Current temperature coefficient of the
PV module (in %/K)

BVurr MPP voltage temperature coefficient of
the PV module (in %/K)

Bvoc Open circuit voltage temperature coeffi-
cient of the PV module (in %/K)

y Power temperature coefficient of the PV
module (in %/K)

N Efficiency in device ** (quotient of
powers)
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