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ABSTRACT The development of photovoltaic water pumping systems (PVWPS) is today a reality and this 
alternative has experienced significant growth in developing countries due to the advantages of this reliable 
and sustainable solution. With the introduction of lithium-ion batteries (LIB) and the significant price 
reduction experienced in recent years, the use of this storage technology is being consolidated in PVWPS. It 
may replace the traditional solution of using an elevated water storage tank while achieving the goal of storing 
the excess energy which can be used later to maintain the pumped flow rate or during small variations in 
irradiance on cloudy days. This work presents the conversion of a PVWPS to its corresponding battery-based 
solution (PVWPS+LIB), maintaining the components of the PVWPS facility and adding the power converter 
needed to manage the operation of a LIB. A complete analysis of the direct PVWPS is performed, calculating 
efficiencies and performance ratios in the different components of the facility, as well as other relevant factors 
(irradiance threshold, etc.). A similar analysis is carried out in the PVWPS+LIB, performing a comparative 
analysis of the two modes of operation and finding which aspects could be improved in the PVWPS+LIB to 
increase the pumping time and the total pumped daily volume. Although the efficiency of the system in the 
PVWPS+LIB is lower due to the incorporation of new devices in the facility, the results presented 
demonstrate the benefits of the inclusion of the battery (reduction of start/stop cycles and improved 
performance on cloudy days) and concludes by pointing out the aspects that can be improved to make the 
PVWPS+LIB more efficient and with better results than those obtained with the direct PVWPS. 

INDEX TERMS Photovoltaic water pumping systems, lithium-ion battery storage solutions, battery-based 
photovoltaic water pumping systems, stand-alone photovoltaic system. 

I. INTRODUCTION 
A large part of fossil fuel-based energy consumption in non-
electrified developing countries is in electric and diesel 
traditional water pumping systems used for irrigation or 
water supply for human consumption [1][2]. This fact 
represents an obstacle in rural or remote communities, in 
which secure access to water resources acts as an enabler of 
food security and helps its sustainability and development 
[3]. Some of the main problems related to existing energy 

solutions are the non-availability of the electrical power grid, 
high fuel costs or dependency on its import, expensive and 
regular maintenance, high cost of transporting fuel in remote 
locations, greenhouse gas emissions, noise pollution, risk of 
water contamination and environmental pollution, among 
others [4]. These reasons have led to the use of renewable 
energies, among which photovoltaic solar energy for water 
pumping applications stands out as a reliable sustainable 
solution in rural areas of developing world with high annual 
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irradiance levels [5][6]. In this context, some challenges 
must be faced with view to maximize the energy utilization 
and efficiency of pumping systems, in both water supply for 
irrigation [7] and water for domestic uses [8]. Some studies 
in the literature have focused on comparing different water 
pumping solutions, detailing the new technologies developed 
for the optimal sizing and improvement of systems, 
performance analysis, control strategies, economic 
evaluation, etc., for instance, the comprehensive overview 
included in [9] and the reviews by [10] or [11]. Many factors, 
including pumping application, location or purpose of 
installation among others, determine the selection of 
different system configurations, addressed below.  

In recent years, direct photovoltaic water pumping systems 
(DPVWPS) have gone 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 in case an elevated tank can be built 
to store the pumped water for a later use and thus satisfy water 
demand at night-time or when solar irradiance is below the 
minimum operating threshold. The losses factors affecting the 
performance of DPVWPS were reviewed and analyzed in 
[14], where solar tracking systems were proposed to avoid the 
use of batteries in semiarid countries when irrigation is 
preferred at early morning and late afternoon to prevent water 
evaporation and work tiredness. 

Several examples of DPVWPS can be found in the 
literature. Thus, a 1.5 kWpk photovoltaic (PV) field was 
directly connected to a 882 W permanent magnets 
synchronous motor coupled to a centrifugal pump [15]. 
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 (PPV) was 
2.1 kWpk in three of the facilities and 2.8 kWpk in the other one. 
The PV field was connected to a 3 kVA variable speed drive 
(VSD), which drove a 1.5 kW motor coupled to a centrifugal 
pump. A test of the system components was performed using 
a linear voltage source and with a pumping head of 65 m. 
Values of VSD efficiency (VSD) ranged from 87 % (at VSD 
frequency of fVSD

 = 29 Hz) to 95 % (for fVSD from 48 Hz to 57 
Hz) while the efficiency of the DPVWPS (DPVWPS) ranged 
between 21 % (at fVSD = 57 Hz) and a maximum value 
(DPVWPS_max) of 30 % (at fVSD = 40 Hz). DPVWPS_max was 
obtained for an irradiance (GI) of 700 W/m2 and the threshold 
irradiance (GIthre) was 300 W/m2. Global average efficiency of 
the system (DPVWPS_AV) reported in [16] was around 1.6%, 
varying from 1.2 to 3.2 %. This value included the PV 
efficiency, with an average value (PV_AV) in the range of 10 %. 

Hybrid systems, in which renewable energies are integrated 
with fossil-fuel based generators and storage systems, 
represent a solution for the transition from the present 
electrical generation systems to the future renewable energies 
based generator and storage systems [9][17][18]. Depending 
on the characteristics of the application, the hybrid solution 

may be the better and more economically viable option 
compared to grid connection [19]. A more profitable use of 
renewable energy generation can be achieved through a 
variety of storage techniques. In this regard, it should be 
pointed out that energy storage technologies that are easily 
scalable and modular, with long life and low maintenance, 
may be the most suitable options for distributed systems 
[20][21][22]. The results presented in [23] determined that the 
PV/battery/diesel hybrid system was more efficient and 
reliable than the other configurations analyzed in the work: PV 
plant with battery storage system and a diesel-only system. 

The inclusion of other energy resources in PV water 
pumping systems (PVWPS) is recommended in facilities in 
which some of the following issues are present: 
 Water storage tanks or the equipment necessary to 

handle, move, and install the tanks are unavailable [5] 
[12]. 

 Tank based solution is more expensive than its 
equivalent with a battery storage system (BSS) [24].  

 Energy consumption is not matching with PV 
production profile: the main use of the water pumping 
system (WPS) is in the early morning and late afternoon 
[14] or in pumping applications for night-time uses 
[25][26]. 

 Ensure the water availability during periods of low solar 
radiation and on cloudy days [25][27]. 

 When the WPS must work at its rated nominal 
conditions or is needed to ensure the power supply 
continuity and the system autonomy [28]. 

Battery coupled PVWPS solutions are described in 
[10][12]. There are some examples in the literature related to 
WPS that includes a PV plant with BSS. Operation of these 
schemes was modelized in [29], but only simulated results 
were reported. The system analyzed in [26] was used for 
urban water pressurized networks, comparing the storage of 
energy in tanks with that in batteries. The use of BSS in 
stand-alone direct pumping PV systems applied in irrigation 
systems was analyzed in [30] [31].  

There are very few examples of PVWPS systems including 
BSS and the most relevant are highlighted below. The PVWPS 
facility described in [32] had a PPV=612 Wpk 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 [33] had a maximum consumption of 60 
Wh/day, including the following devices: a lead-acid battery 
with 12 V and 131 Ah, a 21 Wpk PV module, a pulse width 
modulation (PWM) charge regulator, and a 60 W pump. A 
12.65 kWpk PV field and a 168 V/210 Ah lead-acid battery was 
applied for the irrigation of a tomatoes farm in Tunisia, 
obtaining a performance ratio of the PVWPS system equal to 
21.1 % [28]. 

A comparative performance analysis between several WPS 
including various storage solutions was performed in [34], 
where a DPVWPS was compared with schemes including a 
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lead-acid battery, supercapacitors, and a hybrid solution than 
combines the battery and the supercapacitors. The 
experimental study was performed using a 20 Wpk 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, 
obtaining efficiencies of the systems between the 2% for 
TDH = 3 m with DPVWPS to 23 % for TDH = 2m and 
supercapacitor. The efficiency of the system with battery 
storage was 814 % for TDH = 2m and 216 % for 
TDH = 3m.  
The authors concluded that the battery storage configuration 
shows, on average, better results than the supercapacitor 
configuration. Although supercapacitors had a longer 
lifespan and higher reliability, the high cost of the solution 
make it unfeasible. Some of the problems reported by the 
authors in relation to lead-acid batteries (lifetime of a few 
years and poor temperature performance) are nowadays 
overcome thanks to lithium-ion batteries (LIB). 

A comparison between a DPVWPS and its corresponding 
PVWPS+BSS was performed in [27]. The facility used a 
110 Wpk 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 presented show that the efficiency in the 
DPVWPS mode varied between 10% to 20 % while efficiency 
values between 6 % to 11 % were obtained for the battery-
based PVWPS mode, for TDHs of 5 m or 9 m respectively in 
both cases. Values of efficiencies in the systems including the 
PV module efficiencies were also presented. 

Between the different chemistries available for batteries 
[35][36], lithium-ion battery (LIB) storage has experienced 
the greatest development in recent years, finding a description 
of its characteristics and applications in [37]. Until the 
commercial availability of lithium-ion battery (LIB) storage 
solutions, batteries in PVWPS were considered a source of 
weakness due to lack of reliability and reduced life span [7]. 
Their high acquisition and replacement cost [5], the 
dependence of their performance on the climatic conditions of 
the installation, combined with periodic maintenance and the 
difficulty of expanding the installed capacity by adding new 
units in parallel, had led to its low use. Nowadays LIBs are 
replacing lead-acid batteries in grid-connected and in stand-
alone PV systems. The greater initial cost of LIB solution is 
compensated by the longer lifespan and its improved operating 
conditions (voltage stability, greater DOD, etc.). There are 
studies proposing a second life of electric vehicle LIBs in PV 
systems. When their capacity drops below 80% of their 
original capacity, its use in PV systems will reduce the cost of 
these facilities [38]. 

This paper is within the framework of a R&D line that has 
already resulted in a previous study [39], conducted on a 
PVWPS provided 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 and 
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 IOM (International Organization for 
Migration), with a extensive experience in the use of WPS in 
humanitarian and development contexts [4], and is aligned 
with the Sustainable Development Goals set out by the United 
Nations 2030 Agenda [40].  

The remainder of the article is organized as follows. Section 
II summarizes the main features of the DPVWPS facility and 
presents the most important values of this operating mode 
(efficiencies, performance ratios, etc.). Section III details the 
operation of the system in the PVWPS+LIB mode, presenting 
some of the results obtained with the facility. Section IV 
develops a comparison of both operating modes (DPVWPS vs 
PVWPS+LIB) and determines the aspects that can be 
improved in the PVWPS+LIB scheme. Finally, the findings 
on the main contributions of this work are presented. 

II.  DESCRIPTION AND CHARACTERIZATION OF THE 
DIRECT PV WATER PUMPING FACILITY 
Main parts of the DPVWPS facility, and the monitoring 
system, are described in [39]. FIGURE 1 shows the block 
diagram of the DPVWPS, detailing the main magnitudes that 
are acquired for the study of the facility. The rated power of 
the submersible motor-pump group (Pmp) is 1.5 kW, being 
driven by a 2.2 kW VSD that generates a 200 V three-phase 
system with a variable fVSD that permits to control the point of 
operation of the motor-pump group, i.e., its power 
consumption. The VSD has a dc input for its connection to a 
PV field and an ac input for its connection to an ac single-
phase system. In the DPVWPS mode of operation the PV field 
is connected to the dc input of the VSD, that includes a 
maximum power point tracking (MPPT) algorithm to generate 
the maximum power and energy from the PV array, matching 
the power generated by the PV field with the power supplied 
to the pump-motor unit. Main characteristics of the PV module 
(in standard test conditions or STC) and the VSD are detailed 
in Table I. 
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FIGURE 1. Block diagram of the DPVWPS and the main magnitudes 
measured by the monitoring system. 
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TABLE I 
PV MODULE AND VSD CHARACTERISTICS 

VOC = 45.35 V VMPP = 36.71 V PMPP = 305 Wpk 
ISC = 8.79 A IMPP = 8.31 A NOCT = 45±2 ºC 

𝛽  = 0.34 %/K 𝛽  = 0.4 %/K 

𝛼  = +0.06 %/K 𝛾  = 0.45 %/K 

VVSD max = 400 V VVSD min = 180 V 
VVSD MPP = 280 – 330 V 

 
The maximum number of PV modules that can be 

connected in series in the PV field is obtained in (1) 
considering the maximum VSD input voltage (VVSD max) and 
the open circuit voltage (VOC) of the PV module in STC:  

𝑁
.

8.8  (1) 

The PV field is built connecting 8 modules in series, with a 
PPV equal to 2.44 kWpk and a VMPP_STC of 293.6 V, which is in 
the range of the MPP of the VSD detailed in Table I. The 
oversizing of PPV respect to the motor-pump group power 
(Pmp) is equal to 1.6, within the typical values in DPVWPS (in 
the range of 1.4 to 1.9). Voltage values in winter are quite near 
to STC values and an important decrease of the voltage and 
the power happens in summertime due to the high ambient 
temperatures. Considering the conditions of a midday in 
central summer (1000 W/m2 and Tamb = 30 °C) the values of 
PV cell temperature (Tcell), MPP voltage (VMPP), and MPP 
power (PMPP) can be calculated as follows: 

𝑇 𝑇 𝑁𝑂𝐶𝑇 20 ⋅   (2) 

𝑉 𝑉 ⋅ 1 ⋅ 𝑇 25   (3) 

𝑃 𝑃 ⋅ 1 ⋅ 𝑇 25   (4) 

By substituting the corresponding values from the Table I 
in (2),(3), and (4), and taking into account the number of PV 
modules in series, the values Tcell = 61.25 ºC, VMPP = 251 V, 
and PMPP =2042 W, are obtained. 

Several days of operation in the DPVWPS mode with 
different levels of irradiation were analyzed to characterize the 
system. The following plots describe the operation of the 
DPVWPS system, representing the average values of different 
magnitudes in one-minute recording intervals (tk = 1 minute) 
on days October 2 and 3. Table VI in appendix F, 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. FIGURE 2-a shows the irradiance 
(GI, in W/m2), PPV, the power in the output of the VSD 
(PVSD_out), and the hydraulic power (Ph) from 08:00 to 20:00 
on October 2 and 3 (10/2 and 10/3). The three power values, 
expressed in watts, are referred to the left axis and the 
difference between the curves corresponds to the power losses 
in the DPVWPS components: power losses in the VSD 
(PLVSD = PPV  PVSD_out) and power losses in the motor-pump 
group (PLmp = PVSD_out  Ph). The GI profile during 10/2 
corresponds to a cloudy day while 10/3 profile corresponds to 
a sunny day, with 2.01 and 6.54 PSH (peak sun hours) 
respectively, as detailed in Table VI. The GI threshold on 10/3 
to start pumping (GIthre_start) is equal to 300 W/m2, while the 
pumping stop (GIthre_stop) is at 200 W/m2. 

These results are consistent with those obtained in seven 
completely sunny days operating in the DPWPS mode, in 
which the average and standard deviation values 
(301.30 ± 12.30) W/m2 and (208.90 ± 10.10) W/m2 were 
obtained for GIthre_start and GIthre_stop respectively. 
 

 

FIGURE 2. DPVWPS mode from 08:00 to 20:00 on October 2 and 3. (a):Values of PPV, PVSD_out, Ph, and GI. (b): Variation of Q and TDH. 
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The values of Q and total dynamic head (TDH) are shown 

in FIGURE 2-b. Maximum flow rate (Qmax) is equal to 2.54 L/s, 
when fVSD 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 on the pipe [8] 
[10] [11]. Drawdown and friction losses are both dependent 
on the pumping rate, so TDH always presents a dependence 
on Q, as can be seen in the TDH plot during all the pumping 
time and by the small step at the start and stop of the pumping. 
Average TDH (TDHAV) 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), as detailed in Table VI. The total 
daily volume (Vd) during 10/2 and 10/3 is 10.12 m3 and 70.32 
m3 respectively. A linear relationship between Vd and PSH 
was found in DPWWPS mode (FIGURE 3), and as discussed 
later, when the system is operating in PVWPS+LIB mode this 
relationship allows a reliable estimate of the volume that 
would be pumped in DPVWPS mode. The average daily 
volume (Vd_AV) in the set of 27 days selected to study the 
DPVWPS mode is equal to 55.34 m3. These 27 days were 
selected from a total of 47 days due to the average PSH value 
they show (PSHAV = 5.26) is quite similar to that obtained from 
in the 15 days used to study the PVWPS+LIB mode (Table 
VII, Appendix F). 

 

FIGURE 3. Relationship between Vd and PSH in 47 days of DPVWPS. 

 
The energy not generated in the DPVWPS mode when GI 

is lower than the irradiance pumping thresholds, or when PPV 
exceeds the VSD rating, could be stored in a LIB for being 
used when the accumulated energy enables water to be 
pumped for a certain time, or until the state of charge (SOC) 
of the LIB drops to a value that can be pre-set. As an example, 
at solar noon on 10/3 PPV 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/m2) (FIGURE 2-b). The 
flattening of the PPV 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 was remained extremely close to that point as the design of 
the PV field was made 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 in a PVWPS+LIB scheme for later use, thereby 
avoiding clipping energy losses.  

With reference to the data acquired on 10/2, the first aspect 
to highlight is the delay since GI > GIthre_start (around 11:58) 
and the start of pumping when some flow rate is measured 
(Q > 0 L/s at 12:42 with GI = 575 W/m2), as can be seen in the 
time slot on 10/2 between 11:30h and 16:30h included in 
FIGURE 4. This delay is due to VSD control which on cloudy 
days, when GI levels are higher than GIthre_start, introduces a 
delay in pump start up to avoid start/stop cycles which can 
damage the pump and increase O&M costs. Despite the 
inclusion of this algorithm, up to 10 start/stop cycles were 
counted. The failed start-up cycles are better noticeable in 
FIGURE 5 with the low VSD efficiency values (VSD<15%) or in 
FIGURE 2-a with the low PPV values with Ph = 0W. The presence 
of continuous start/stop cycles can cause mechanical damages 
to the pumps, reduce their lifespan, and increase the 
maintenance costs of the installation. In most cases, these 
stops are in the range of 2 to 15 minutes, easily avoidable if 
the system includes a battery that can provide the necessary 
energy to keep the pumping system running during these 
intervals. 

 

FIGURE 4. Values of Q and GI in the DPVWPS mode from 11:30 to 16:30 
during 10/2. 
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FIGURE 5. Values of efficiencies (VSD, motor-pump, DPVWPS, and overall system) and Q in the DPVWPS mode from 08:00 to 20:00 during October 2 
and 3. 

 
The total efficiency of the system (DPVWPS) shown in 

FIGURE 5 is defined as Ph/PPV, so it is excluding the PV, which 
depends on PV technology as well as on the quality of the PV 
cells used. The maximum efficiency of the system 
(DPVWPS_max) arrives to 30.92 % on 10/3, with an average value 
(DPVWPS_AV) equal to 27.82 % in the 27 days selected to study 
the DPVWPS mode (Table VI). 

Concerning the variation of the efficiency in the VSD (VSD) 
and in the motor-pump group (mp) (FIGURE 5), on 10/3 (sunny 
day), VSD is greater during the beginning and end of the 
pumping interval while mp presents a more constant behavior. 
Discarding the beginning or end values of the VSD, two 
regions can be distinguished, with VSD values around 85 % 
with low GI and values close to 75 % during the central hours. 
The opposite behavior is observed in mp, although the 
variations are smaller than those observed in VSD. Although 
Qmax is achieved at noon, when the motor-pump group is near 
to its rated operating conditions, the values obtained for 
DPVWPS at midday are the smallest in the whole operating 
interval. During the pumping stage the values of DPVWPS are 
between 30.7 % (beginning and end of the pumping interval) 
and 26.3 % (at noon, approximately). It should be noted that 
the reduction in the VSD during the midday penalizes DPVWPS, 
with a difference of a 4.4 % during the pumping period.  

The efficiency of the PV field (PV) along 10/2 and 10/3 is 
showed in FIGURE 6. On 10/3, PV varies along the day between 

the 4 %, at the beginning of the pumping, and a maximum 
(PV_max) of 13.92 % during the early afternoon. The average 
efficiency of the PV field (PV_AV) is 5.71 % and 10.58 % on 
10/2 and 10/3 respectively. The average value of PV_AV during 
the 27 days selected for the study is equal to 9.26 % (Table 
VI). The low values of PV_AV shown during cloudy days 
indicates that the solar resource is poorly utilized. Although 
the datasheet of the PV module details an efficiency of 
15.72 % for STC conditions, the values obtained in this case 
correspond to the normal values in PV installations that 
include an MPPT algorithm, which can be explained by the 
following factors: 
 Losses due to the angle of incidence of light (mainly 

during the beginning and end of the day). These losses are 
owing to the high level of radiation reflected by the front 
glass because the position of the sun is not close to the 
perpendicular to the plane of the PV surface panels. 

 Under low irradiance conditions the efficiency of the PV 
cell is smaller than the STC value. 

 During midday the ambient temperature and the cell 
temperature increase, which explains the reduction of the 
maximum efficiency with respect to the STC values. 

 Ageing effects. A yearly derating ratio of the PMPP equal 
to 0.5 % is common in c-Si based PV facilities. 
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FIGURE 6. PV efficiency and GI in the DPVWPS mode from 08:00 to 20:00 during October 2 and 3. 

 
The variable operating point of the VSD is fixed by the 

controller of the DPVWPS, that at any instant tries to 
maximize the value of PPV by means of an MPPT algorithm 
that adjusts the rms voltage (VVSD_rms) and the frequency (fVSD) 
of the three-phase VSD output voltages to balance PV 
generation and motor-pump consumption. FIGURE 7 shows the 
dependence of VVSD_rms, fVSD, and VSD (plotted as Eff vsd) on 
GI during 10/3, with a smooth variation in GI throughout the 
whole day. The VSD operates near its rated values (200 V and 
50 Hz) for GI above 800 W/m2, and corresponding with the 
minimum values of VSD in all the range of operation. 

 

FIGURE 7. rms voltage, frequency, and efficiency in the VSD against GI 
in the DPVWPS mode from 08:00 to 20:00 during 10/3. 

 
From the GI values acquired with the monitoring system, 

the PV energy potentially available in case the excess 
generated and not used can be stored in a battery, can be 
estimated. With this purpose, a linear relationship between the 
values of PPV and GI obtained with the operation of the facility 
in the DPVWPS during 47 days with different solar coverage 
(blue dots in FIGURE 8 was performed, giving a fitting factor 
kGI_all = 2.2747 (R2 = 0.978). Moreover, a fitting coefficient 
kGI_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 8). 

 

FIGURE 8. Fitting relationship between PPV and GI for 47 days of 
operation (All days values, in blue) and for 7 sunny days (in purple) in 
the DPVWPS mode. 

 
Table II includes the PV energy estimations (EPV_est*) 

obtained for October 2 and 3 and the average values obtained 
for a set of 27 days operating in the DPVWPS mode. First 
estimation is made using the value of kGI_all. This value, used 
on 10/3, yields to a 0.3% of underestimation of EPV, as is 
shown in FIGURE 9, where PPV is compared with PPV est_kgi1. A 
second estimation is performed using kGI2 = 2.4, that 
generates the values plotted as PPV est_kgi2 in FIGURE 9. The 
comparison of PPV est_kgi2 and PPV results in a slight 
overestimation during the morning followed by a slight 
underestimation during the afternoon, obtaining a 5.2 % of 
extra PV energy. The gain in EPV obtained on 10/2, a cloudy 
day, is greater than 220 %, confirming that a PVWPS+LIB 
system with MPPT tracking could make much better use of 
the PV resource on cloudy days. 

0 200 400 600 800 1000 1200

Irradiance (W/m2)

0

500

1000

1500

2000

2500

P
P

V
 (

W
)

All days:

Sunny days:

  P
PV

 =2.2747 * GI      R2 = 0.9781

  P
PV

 =2.3037 * GI      R2 = 0.9907



 

VOLUME XX, 2017 1 

 

FIGURE 9. PPV, PPV est1, PPV est2, and GI in the DPVWPS mode from 08:00 
to 20:00 during 10/3. 

 
TABLE II 

ESTIMATION OF THE PV ENERGY GENERATED ON OCTOBER 2 AND 3 AND 

AVERAGE VALUES CONSIDERING 27 DAYS. 

 10/2 10/3 AV 

EPV (kWh/d) 2.02 14.96 11.37 

kGI1 = kGI_all 2.2747 2.2747 2.2747 

EPV_est1 (kWh/d) 4.57 14.87 11.70 

EPV_est1 (%) 226.22 99.37 104.69 

kGI2 2.40 2.40 2.3037 

EPV_est2 (kWh/d) 4.82 15.69 11.85 

EPV_est2 (%) 245.18 105.21 106.02 

 
Average values shown in Table II state that an increase in 

the range of 4 % to 6 % in EPV can be expected on average 
for this system. This improvement in EPV should compensate 
for the added losses of the battery-based solution (LIB and 
power converter unit). 

III.  RESULTS OF THE PV WATER PUMPING FACILITY 
WITH LITHIUM-ION BATTERY 
The reasons for the inclusion of other energy resources in 
PVWPS have been discussed in the introduction. Battery 
based PVWPS is the most common solution in remote 
location, in which the use of an auxiliary generator permits to 
reduce the battery capacity and ensure the supply of energy 
during cloudy periods. Large oversizing factors for the PV 
field and high capacities in the battery would minimize the use 
of the auxiliary generator, reducing the need of a continuous 
supply of fossil fuel. The main disadvantages of PVWPS with 
batteries are: 
 Reduce the efficiency of the overall system. 
 The system will be less reliable by having to include more 

elements (battery, charge regulator, etc.) and will require 
additional maintenance. 

 The system will be more expensive due to the inclusion 
of the batteries and the power converter unit (PCU) 
needed to manage the charging and discharging processes 
in the battery. 

 If PWM charge regulators are used to manage the 
charging process of the battery, the PV field operating 
voltage is dictated by the battery bank and is reduced 
substantially from MPP levels, significantly reducing the 
power generated with respect to a MPPT charge regulator 
in locations with high ambient temperatures. 

 Additional under- and over-charge protection circuitry is 
needed, adding cost and complexity to the system. 

The main advantages of PVWPS with batteries are: 
 They improve the coupling between the PV generator and 

the motor-pump group, since they keep fixed the 
operating voltage of the PV generator and next to the 
MPP for a wide range of levels of irradiance. 

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

 The pump will operate longer so, for the same needs, it 
will be required a lower power pumping system. 

 The installation can use a booster pump to create water 
pressure at night or on rainy days, so batteries are required 
to provide power whenever pressure is needed. 

 The system prevents pump start/stops cycles due to the 
passage of clouds. 

Lead-acid batteries have dominated the market for grid-
connected and off-grid PV systems until 2018 (approx.), 
although LIB are prevailing since 2016 the market for grid-
connected systems [41] [42] and are also being used in off-
grid systems. Existing energy storage systems are presented in 
[36], including a comparison between the different battery 
chemistries available in the market and an analysis of their 
performances in [43] [44]. Technological advances in the field 
of energy storage, mainly in the electric vehicle industry, have 
facilitated the arrival of LIB with more than 6800 life cycles 
(more than 18 years with one charging and discharging 
process per day). The LIB technology used in PV systems is 
the same as that used in electric cars, hybrid cars or in power 
network management systems [45] [46]. 

Attending to [47], LIBs have several advantages when 
compared to similar lead batteries: almost 100% effective in 
the charging and discharging process, longer life, constant 
capacity (more independent of discharge current), higher 
power density, reduced maintenance, stable voltage 
throughout the discharge cycle, allows connection up to 
hundreds of volts and thousands of Watts-hours, more 
environmentally safe, etc. LIBs are becoming a cost-effective, 
reliable, high-performance solution in a wide range of 
applications including also power generation in isolated 
locations not connected to conventional power grids [46]. The 
use of PV systems combined with battery energy storage can 
contribute significantly to energy sustainability in remote 
locations, reducing greenhouse gas emissions and on-site 
pollution, eliminating dependence on fossil fuels and reducing 
the cost of energy [10]. 

Retail prices in Germany for home storage systems with 
LIB have decreased by about 50 % between 2013 and 2018 
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[42]. Prices of LIB are expected to fall significantly due to the 
high demand for these batteries in emerging applications and 
the economies of scale that can be achieved [46] [48] This 
price reduction forecast raises that WPS based on PV systems 
and LIBs will be an economic solution to meet water demand 
in in internally displaced people and refugee camps, as well as 
local communities living in off-grid areas, especially in 
developing countries’. The use of batteries in PVWPS ensures 
the availability of water even at night, periods of low light, and 
cloudy days [12]. Additional benefits can be achieved if excess 
energy stored in the LIB is used for other purposes: small 
appliance battery charging, lighting, etc. The challenge of 
combining new energy technologies opens up new 
opportunities for long-term sustainability of humanitarian 
actions while improving the conditions of the communities 
mentioned above. 

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 is shown in FIGURE 10.The control of the hybrid 
inverter decides the flow of energy between the PV modules, 
LIB, and the VSD that controls the operation of the motor-
pump group. Several devices showed in FIGURE 10 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 automatic 
circuit breakers mounted in 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 have a smooth start/stop of the pumping, 
avoiding the 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. During the 
PVWPS+LIB tests ACB3 was always open. 
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FIGURE 10. Block diagram of the PVWPS+LIB scheme with voltage conditions in the different parts of the system. 
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FIGURE 11. Main magnitudes measured by the monitoring system in the PVWPS+LIB facility. 

 
Some of the benefits of PVWPS+LIB facilities can be 

verified analyzing the plots included in FIGURE 12 in which GI, 
PPV, SOC, and Q values during two consecutive days (09/24 
and 09/25) with different weather conditions are represented 
in the graphic user interface built in Grafana [39]. FIGURE 12-d 
shows how the flow rate is constant during all the pumping 
intervals, with the VSD operating at its rated conditions, where 
the electro-mechanical efficiency is in its maximum values. 

The comparison of GI (FIGURE 12-a, in the top) and PPV (FIGURE 

12-b) shows the tracking of the MPP of the PV field for all 
levels of irradiance, without the irradiance threshold common 
in DPVWPS facilities. All the energy produced by the PV field 
can be stored in the battery or used for pumping water 
activating the VSD, optimizing the use of the PV modules. 
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FIGURE 12. Values obtained in the system operating in the PVWPS+LIB 
mode (from 09/24 00:00 to 09/25 23:59). 

 
In the PVWPS+LIB operation mode, the LIB is charged 

with excess energy due to increased irradiance caused by 
cloud reflections, and it is also discharged following the arrival 
of cloud shadows over the PV field. The pump operates at its 
rated values and the availability of energy in the LIB prevents 
pump start/stops cycles due to the passage of clouds that cause 
sudden changes in irradiance. Although GI presents important 
variations along the day 9/24 and only exceed GIthre_start during 
two short time intervals, it can be seen that Q is equal to 
2.61 L/s during the pumping intervals showed in FIGURE 12, 
with a total pumped volume of 8.36 m3. As can be seen, the 
activation of the WPS (Q>0 L/s) coincide with a decrease of 
the SOC due to some power is required from the LIB. As a 
general rule, the pumping intervals during the various 
experiments carried out on the PVWPS+LIB facility were 
selected according to the following main criteria: 
 The SOC must never reach 100% to avoid the loss of PV 

energy that cannot be stored. This condition can easily be 
fulfilled when the motor-pump group is operating at its 
nominal values, due to the close matching of the power 
generated by the PV field at solar noon and the power 
requirements of the VSD when it is pumping. An example 
of this situation in detailed by the operating point labelled 
as 1 in FIGURE 12-c. The operation of the pump coinciding 
with a good GI level produces a slow discharge of the 

battery during the pumping period that started at 13:10 on 
9/25. 

 The minimum SOC recommended by the LIB 
manufacturers is set at about 20 %, so the WPS must be 
disconnected before this tripping level to avoid damage to 
the LIB. 

 Pumping periods should be chosen to coincide with high 
levels of GI. In this way, the energy flow in the battery is 
reduced and therefore losses decrease. The battery can be 
charged at the beginning and end of the day, when PPV is 
lower. An example of this condition is showed in the 
pumping interval from 13:10 to 15:30 on 9/25, in which 
the PV power is greater than 2 kW and the battery 
discharge presents a small discharging slope when 
compared with other discharging intervals also showed in 
FIGURE 12. 

As can be seen in FIGURE 12-c, 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 allows to establish daily energy balances in the 
system. 

As is shown in FIGURE 13 several fitting models were used to 
predict the Q values with the DPVWPS operating mode 
considering days with different GI profiles. By means of the 
fitted models the values of Vd for 9/24 under the DPVWPS 
mode can be estimated, finding the following results: 
 8.28 m3 when using the model fitted for a whole sunny 

day (FIGURE 13 -left). 
 7 m3 when is used the fitting model relative to any day (in 

FIGURE 13 -right). 
The GI profile of the day 9/24 corresponds to a cloudy day 

so the value of 7 m3, obtained considering all the days of 
operation in the DPVWPS mode, could be considered the best 
estimation for that day. These values have been calculated 
without considering the delay in pump start up that the VSD 
control could introduce to avoid start/stop cycles in cloudy 
days (as the one exhibited at the beginning of 10/2 in 
DPVWPS mode and showed in FIGURE 4). This value is smaller 
than the obtained with the PVWPS+LIB mode, that was equal 
to Vd 9/24 = 8.36 m3, demonstrating that the use of a battery can 
improve the volume production under cloudy conditions. 

The most important values obtained for several days with 
the PVWPS+LIB scheme are detailed in Table VII. The GI 
profiles of the two days represented in FIGURE 12 correspond to 
a cloudy day (9/24) and a sunny day (9/25), quite similar to the 
days used in the DPVWPS analysis, as can be verified if the 
PSH of these days are compared: 2.01 and 6.54 PSH in the 
DPVWPS mode and 2.18 and 6.42 PSH in the PVWPS+LIB 
mode. Other values shown in Table VI and Table VII can be 
compared due to the similarities of the selected days. FIGURE 14 
shows the powers in the different parts of the PVWPS+LIB 
scheme and the corresponding efficiencies for a recording 
interval in which the system is pumping water at rated 
conditions (fVSD = 50 Hz).  
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FIGURE 13. Fitting models for the estimation of Q vs GI in the DPVWPS. Left: considering only sunny days; Right: considering any day. 
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FIGURE 14. Values in the PVWPS+LIB facility with fVSD = 50 Hz at 16:00 on 9/25. 

 

FIGURE 15. Powers (PPV, PLIB, PPCU_in, PPCU_out, PVSD_out, Ph,) and GI values obtained with the PVWPS+LIB on 9/25.  
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The variations of the magnitudes along 9/25 are shown in 
FIGURE 15, where the powers that are keep constant during the 
pumping intervals (Q  2.61 L/s) are represented with dashed 
lines. The efficiencies in the conversion in the blocks PCU, 
VSD, and motor-pump group are respectively 89.4 %, 84.8 % 
and 33.05 % when the WPS is in operation, as shown in FIGURE 

14. The efficiency in the PV conversion or in the 
charging/discharging processes in the LIB are varying 
continuously as GI varies along the day. The difference 
between PPV and the power in the LIB (PLIB) when Ph = 0 W 
corresponds to the power losses in the dc/dc converter that 
manages the LIB charging. The average value of PV_max is 
equal to 14.3 %, around a 1 % greater than the value obtained 
in the DPVWPS mode, although the value of PV_AV is 1.9 % 
greater in the DPVWPS, due to problems with the MPPT 
algorithm that are explained later. From a preliminary study 
being conducted on the efficiency of LIB (LIB), an average 
efficiency of 81.1 % has been obtained during a full charging 
process (SOC from 0 % to 100 %) using the power delivered 
by the PV generator, with values of LIB,k varying between 
68.3 % to 97.2 %.  

Two power sources are connected to the PCU: the PV 
generator and the LIB. The power of the LIB (PLIB) is 
considered positive during the charging process from the PV 
generator. The power in the input of the PCU (PPCU_in) 
correspond to the input power to the dc/ac converter that 
generates the ac single-phase waveform that feeds the VSD 
(AC2 BACK-UP block in FIGURE 10), being calculated for each 
recording interval as follow: 
𝑃 , 𝑃 , 𝑃 ,   (5) 

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 
(PLIB>0 W during the charging) and PVSD_out and Ph are null. 
Several problems are identified after the analysis of the signals 
included in FIGURE 15, namely: 
 Operation of the MPPT algorithm during the charging 

intervals of the LIB. 
 Values provided by the hybrid inverter for PPCU_in and 

PPCU_out. 
 Stand-by consumption of the VSD and the hybrid 

inverter. 
Although the PCU that manages the PV generation includes 

an MPPT algorithm, it can be seen that the values of PV_AV in 
the DPVWPS mode (Table VI) are greater than the obtained 
with the PVWPS+LIB mode (Table VII) in all cases, with a 
minimum difference of 1.9 % in the average values for a group 
of days and until 3.1 % in the cloudy days. The reason for this 
decrease in PV_AV in the PVWPS+LIB mode is the improper 
operation of the MPPT algorithm when PPV is used to recharge 
the LIB, as can be seen in FIGURE 15, when Ph = 0 W, or in 
FIGURE 16 that represents the same variables in the interval from 
17:30 to 20:00. The important variations on PPV when GI is 
varying smoothly can be observed in FIGURE 15 and FIGURE 16, 

although were not perceived in FIGURE 14 due to the different 
granularity used in each plot. While in FIGURE 15 and FIGURE 16 
the recording interval was 1 minute, Grafana adjust the 
recording interval depending on the time interval that is 
presented and the available size of the application window in 
the screen, resulting in recording intervals in the range of 5 
minutes or more, averaging the signals. As the averaging 
interval increases, like happens in commercial monitoring 
systems. the curves present a smoother variation that does not 
allow to observe the problems in the magnitudes, so that only 
a low performance ratio of the installation will indicate that 
something can be improved in the facility. Several intervals 
can be distinguished in FIGURE 16: 
 From 17:30 to 18:24, PPV varies between the value that 

corresponds to GI, attending to the fitting analysis 
performed previously, and a base value located around 
200 W, as can be seen in the values given in Table III. 

 From 18:24 to around 19:15 the values of PPV varies 
between 200 W and 300 W, losing the proportionality 
with the GI values. 

 After 19:15 values of GI are below 100 W/m2 and PPV 
returns to be proportional to GI, with values near to the 
obtained with the estimations calculated with the fitting 
function. 

 

FIGURE 16. Block diagram of a PVWPS+LIB facility including powers 
and efficiencies in the system. 

 
TABLE III 

RELATIONSHIP BETWEEN PPV AND GI DURING PART OF THE FIRST 

INTERVAL AFTER FINISHING THE PUMPING ON 9/25. 
Time PPV (W) GI (W/m2) PPV / GI SOC (%) 

17:35:00 1330.71 546.25 2.44 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 1032.74 533.97 1.93 24.0 
17:39:00 1298.42 532.77 2.44 24.8 
17:40:00 1297.00 529.78 2.45 25.3 
17:41:00 292.39 525.61 0.56 26.0 
17:42:00 212.65 521.42 0.41 26.0 
17:43:00 893.35 517.77 1.73 26.0 
17:44:00 211.26 514.32 0.41 26.0 
17:45:00 459.94 493.61 0.93 26.6 
17:46:00 1208.23 492.23 2.45 27.0 
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The observed oscillations in PPV when the WPS is not 
pumping explain the low performance in converting the 
available solar energy. An estimation of the energy lost in the 
interval from 17:30 to 19:25 of the day 9/25 is performed using 
the linear fitting described previously, including in FIGURE 16 
the estimated values of PPV when a kGI2 = 2.44 is used to fit 
correctly with the peaks of the acquired PPV. For the interval 
from 17:28 to 19:25 on 9/25, the PV energy obtained for 
kGI1 = kGI_all is equal to 1368 Wh and 1519 Wh for kGI2, while 
the real PV generated energy for the same interval is equal to 
758 Wh. The loss of energy in this interval due to the incorrect 
operation of the MPP tracking can arrive to 761 Wh for kGI2, 
which represents a doubling of the energy actually generated 
in that interval and represents a 5.78 % of increment if 
compared with the total PV energy produced in that day 
(EPV 9/25 = 13.47 kWh, as indicated in Table IV). Considering 
that PRPVWPS+LIB = 23.32 % in 9/25 (Table VII), the surplus 
hydraulic energy in this interval is equal to 177.4 Wh. The 
value of Ph during the pumping intervals is equal to 603 W 
with Q = 2.61 L/s (approximate values obtained for 9/25 
during the pumping intervals, as shown in FIGURE 14), so a 
surplus pumping time of 17.65 minutes can be obtained, which 
represent a surplus pumped volume of 2.76 m3. Table IV 
shows that the average EPV_est1 with a correct operation of the 
MPPT is estimated in a 28.7 %. 
 

TABLE IV 
ESTIMATION OF THE PV ENERGY GENERATED USING KGI_ALL = 2.2747 IN 24 

AND 25 OF SEPTEMBER AND AVERAGED VALUE CONSIDERING 15 DAYS 

OPERATING IN PVWPS+LIB MODE. 

 9/24 9/25 AV 

EPV (kWh/d) 3.47 13.47 9.50 

EPV_est1 (kWh/d) 4.96 14.60 11.44 

EPV_est1 (%) 142.9 108.3 128.7 

 
The other problems identified in FIGURE 15, are related to the 

measurement technique used by the hybrid inverter and the 
VSD stand-by consumption. The values of PPCU_in and PPCU_out 
provided by the hybrid inverter to the monitoring system are 
not correctly measured, as can be verified in FIGURE 15. During 
the first two intervals without pumping (from 8:00 to 10:54 
and from 11:47 to 13:10) the values of PPCU_out (green dashed 
line) are greater than the values of PPCU_in (red dashed line) 
being in the range of 400 W and 110 W respectively. A Fluke 
435-SII power quality analyzer was used to verify the power 
measurements, finding that the value measured in the output 
terminals of the PCU, corresponding to the stand-by 
consumption of the VSD, was really representing an active 
power of 40 W and an apparent power of 300 VA. Due to this 
consumption of the VSD represents an energy lost while the 
WPS is not pumping, the breaker ACB2 in FIGURE 10 was 
disconnected after 17:30, decreasing the value of PPCU_out to 
around 70 W, as is shown in FIGURE 16, value that corresponds 
to the stand-by consumption of the hybrid inverter. The 
measurement error has been also corrected in the value of 
PPCU_out = 2150 W presented in FIGURE 14, which according to 

the measurement of the hybrid inverter were 2289 W. The 
problems with the stand-by consumption of the hybrid 
inverter, mainly observed during night, have been reported in 
[39].The loss of 25% of the battery SOC during nights is 
avoided disconnecting completely the hybrid inverter when 
the WPS in not going to be in operation. 

Although a 4% to 6% increase in EPV values was expected 
with better management of incoming solar energy in the 
PVWPS+LIB mode, the problems encountered have resulted 
in a decrease in PRPV values that penalizes the overall system. 
The combination of low PRPV with the lower efficiency of 
PVWPS+LIB compared to DPVWPS results in a reduction of 
pumped volume on average and sunny days, obtaining a 
benefit only on cloudy days or days with high cloud passage. 

IV. DISCUSSION OF THE EXPERIMENTAL RESULTS: 
DPVWPS vs PVWPS+LIB  
Magnitudes shown in FIGURE 17 permit to compare the 
behavior of the DPVWPS and the PVWPS+LIB schemes for 
two similar sunny days with 6.54 and 6.42 PSH respectively. 
The MPPT operation in the PVWPS+LIB mode during the 
pumping intervals is quite similar to the shown for the 
DPVWPS mode, which should also occur when pumping is 
stopped. Without considering the MPPT problem of our 
hybrid inverter, the main difference between both modes of 
operation appears in the shape of Ph, where the typical bell 
shape in in the DPVWPS mode is converted in a rectangular 
shape in which the WPS is operating at rated conditions. The 
small difference between the PPV in the central hours of the 
days must be attributed to the different Tcell in each day. 
Around noon, for GI 932 W/m2, the values acquired for PPV 
and Tcell are 2160 W and 39.4 ºC for the DPVWPS, and 
2073 W and 47.3 ºC for the PVWPS+LIB. The difference of 
87 W is explained with the 7.9 ºC of difference in Tcell if the 
value of 𝛾  in Table I is considered. 

 

FIGURE 17. PPV, Ph, and GI values on 9/25 (PVWPS+LIB) and on 10/3 
(DPVWPS, in dashed lines). 

 
The average value of PRPVWPS+LIB considering 15 days of 

operation is equal to 21.71 %, a 22.4 % of reduction respect to 
the 27.95 % obtained for PRDPVWPS. This decrease can be 
explained by the losses produced by the added components in 
the PVWPS+LIB scheme: the hybrid inverter (or PCU) and 
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the LIB. If average efficiencies are considered, the difference 
is less than 3 %, with a 27.82 % in the DPVWPS mode and a 
24.86 % for the PVWPS+LIB mode.  

An approach to compensate for the reduction of PRPVWPS+LIB 
is to increase the installed PV power. The oversizing of the PV 
field will produce an extra energy that compensates the greater 
losses of the PVWPS+LIB scheme. The PV field oversizing 
factor (OF) can be calculated in a first approach as the ratio 
between PRs as follows  

𝑂𝐹   (6) 

With the values showed in Table IV and Table VI, OF is 
equal to 1.28, so a PV field with 3.12 kWpk (8 modules of 
390 Wpk in series) will be needed for the PVWPS+LIB scheme 
to obtain the same Vd. Knowing that APV = 15.52 m2 and 
GISTC = 1000 W/m2, the PV module efficiency can be 
calculated by means of (7), obtaining that PV must be greater 
than 20.12 %. Nowadays there are a huge number of 
manufacturers offering PV modules with 72 cells in series 
with maximum values of PV greater than 21 %, with a cost of 
0.22 €/Wpk, so with an extra cost of around 150 € a 3.12 kWpk 
PVWPS+LIB scheme can compensate extra losses in the 
system and produce the same daily volume than a 2.44 kWpk 
DPVWPS scheme but with the advantages of a system with 
batteries. 

The effect of the improper operation of the MPPT algorithm 
is included in the value of PRsyst (%), that changes from 3.87 % 
in the DPVWPS mode to 2.52 % in the PVWPS+LIB mode, a 
35 % of reduction. One effect of the low utilization of solar 
energy is observed in the volume pumped. The average 
pumped volume in the DPVWPS is 55.3 m3/day that 
compared with the 33.39 m3/day in the PVWPS+LIB 
represent a decrease of 40 %, considering in both cases an 
average day with 5.26 PSH. Nevertheless, the pumped volume 
with the PVWPS+LIB mode can hardly reach that obtained 
with the DPVWPS due to the following issues: 
 The study is performed using the same PV field, so both 

systems would manage the same amount of EPV 
(considering the correct operation of the MPPT) 

 The value of PRPVWPS+LIB is a 22.4 % smaller than 
PRDPVWPSB. 

 The threshold irradiance levels of the DPVWPS are quite 
small (GIthre_start 300 W/m2 and GIthre_stop 200 W/m2). It 
means that the energy stored in the LIB while GI<GIthre_** 
is not enough to compensate the reduction of PRPVWPS+LIB 
due to the extra devices of the system: hybrid converter 
and LIB. 

The values of GIthre_* in a DPVWPS depends mainly on the 
selected pump and the TDH. The conditions configured in our 
facility during the tests performed correspond to the minimum 
possible TDH that yields to a minimum value of GIthre_*. A 
greater value of TDH will increase GIthre_* which will increase 
the amount of energy stored in the LIB while GI < GIthre_* and 
therefore, pumping operating conditions could be reached in 

which the daily volume in PVWPS+LIB mode would exceed 
the obtained with DPVWPS mode. 

Taking advantage of the extended characteristics in the PV 
input of the hybrid inverter (Table V) with respect to those of 
the VSD (Table I), a greater PV oversizing factor can be used, 
although the system will require a greater battery to store the 
surplus energy that could be produced. Revising the values 
included in Table V), two string with 8 PV module in series 
can be connected to the hybrid inverter, doubling the peak 
power of the PV field and therefore doubling the PV energy 
generated. 

TABLE V 
ELECTRICAL CHARACTERISTIC OF THE PV INPUT OF THE HYBRID 

INVERTER. 

PMPP_hyb  VOC_hyb   VMPP_hyb  

4600 Wpk  580 V  170~500 V 

ISC_hyb   IMPP_hyb  

13.8/13.8 A  11/11 A 

 
Reviewing the EPV values in Table VI and Table VII, it is 

considered that a LIB with 15 kWh could store the energy 
produced by the extra string almost during most of the year. 
Considering that PRPVWPS+LIB_AV = 21.71 % (Table VII), the 
15 kWh stored in the LIB can be converted in Eh 3.25 kWh. 
Using the values showed in FIGURE 14 (Ph = 603 W and 
Q = 2.61 L/s) the extra pumping time due to the additional 
string is equal to 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 PVWPS+LIB facility. An oversizing of the PV field and 
the LIB can be considered if the surplus stored energy is 
needed for other uses different than the WPS: small appliance 
battery charging, lighting, etc. 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+LIB systems are easily scalable, so the system can 
be configured to provide a large autonomy under low 
irradiation conditions. With the objective of reducing 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 the existing irradiance do not permit the 
operation of the DPVWPS facility. The VSD used in the 
DPVWPS facility includes a single-phase ac input that is 
compatible with the voltage provided by the auxiliary 
generator. In the PVWPS+LIB facility the single-phase output 
of the auxiliary generator can be connected to the grid input of 
the hybrid inverter, providing energy to the VSD and the LIB, 
that can be charged from the energy produced by the auxiliary 
generator. Charging current can be configured to avoid 
overloading of the auxiliary generator. An energy manager 
control will be needed in this case to control the activation of 
the auxiliary generator, to set the maximum LIB charging 
current, etc. 
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V. CONCLUSION 
The main drawbacks of the PVWPS+LIB mode when 
compared with the DPVWPS mode are related to the energy 
losses associated with the hybrid inverter and the LIB charging 
and discharging processes. While the average value of 
PRDPVWPS is around 28 %, the average PRPVWPS+LIB arrives to 
values of 21.7 % with the WPS operating in its rated 
conditions. The PV field used in the comparison of the 
DPVWPS and PVWPS+LIB systems is the same and has been 
designed considering the constraints imposed by the VSD. It 
means that for the same energy input the PVWPS+LIB facility 
will produce less volume due to the reduction of PRPVWPS+LIB 
respect to PRDPVWPS. 

This reduction in the performance ratio can easily be 
compensated if the PV field power is increased. A 30% of 
oversizing of the PV field in the PVWPS+LIB scheme can 
compensate the extra losses of this system and produce the 
same daily Vd than the DPVWPS under study. 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, permitting to extend the pumping time 

The inclusion of a battery prevents pump stops due to the 
passage of clouds, reducing damages in motor-pump group 
and reducing the O&M costs. Also, a battery permits to 
operate de WPS at any time, although the efficiency is 
improved if the pumping coincide with the sun hours and the 
system works with less energy flows in the battery. Some 
common problems related to DPVWPS, like clipping at noon 
or threshold irradiance level at sunrise and sunset, are avoided 
with a PVWPS+LIB facility. All the energy losses related to 
these topics can be stored in the LIB and used for the pumping. 

Several problems have been found in the PVWPS+LIB 
facility 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 maximum power point of the PV field. 
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 
along all day. This consumption can be avoided if the VSD is 
disconnected of the back-up output when the WPS is no 
pumping. The stand-by consumption of the hybrid inverter is 
also avoided disconnecting completely the hybrid inverter 
during the night, when the WPS in not going to be in operation 

The approach for the conversion of a DPVWPS in its 
corresponding battery-based scheme presented in this work is 
valid for other commercial DPVWPS solutions proposed by 
other manufacturers (Grundfos, ABB, etc.). In view of the 
results obtained and the technological evolution in the field of 
hybrid inverters and LIBs since this project started in 2018, 
some future actions are being evaluated to improve the results 
obtained with the PVWPS+LIB facility: analyze the operation 
of the WPS to improve the efficiency in the battery-based 

solution, use an hybrid inverter with proper operation of the 
MPPT for the conditions imposed in the PVWPS+LIB mode, 
to assemble a hybrid inverter that supports the use of high-
voltage LIBs, use of a smaller pumps that can work during 
more time for extracting the same daily volume than the 
DPVWPS solution, and use of a lower rated pump in the 
PVWPS+LIB facility that can work for a longer time to extract 
the same daily volume as the DPVWPS solution, 

APPENDIXES 
The following subsections include the definitions used in this 
work. A block diagram of a PVWPS+LIB system detailing 
powers and efficiencies in the system is shown in FIGURE 18.  
The block diagram detailing energies and performance ratios 
in the PVWPS+LIB is depicted in FIGURE 19. Irradiance (GI) 
received in the PV field is converted in a dc electric power 
(PPV) that is managed by the power converter unit (PCU). 
Attending to the SOC of the LIB and the ON/OFF state of the 
WPS the LIB can consume (PLIB>0) or deliver (PLIB<0) power 
to the PCU. The three-phase ac output of the PCU is connected 
to the motor-pump group that propels the water through the 
hydraulic circuit. The subscript k added to the nomenclature of 
a given variable is used to denote the value that takes the 
variable in the recording interval of duration tk, which 
corresponds to the average value of those acquired during tk. 
In the DPVWPS mode the LIB is not included in the system 
and VSD act as a PCU. 

Power 
Converter 

Unit
PV
field

Motor
+

Pump

Hydraulic 
circuit

PV,k PCU,k mp,k

LIB

LIB_cha,k LIB_dis,k

GIk PPCU_out,kPPV,k Ph,k

PLIB,k>0 PLIB,k<0

 

FIGURE 18. Block diagram of a PVWPS+LIB facility including powers 
and efficiencies in the system. 
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FIGURE 19. Block diagram of a PVWPS+LIB facility including energies 
and performance ratios in the system. 

A. DEFINITION OF TERMS IN THE PV FIELD 
The instantaneous efficiency of the PV generator (PV,k), 
defined as the ratio of the generated electrical power to the 
incident solar power on the surface of the photovoltaic 
modules, can be calculated as follows:  

𝜂 ,
,

⋅
  (7) 
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where PPV,k is the electric power generated by the photovoltaic 
generator (W), GIk is the global solar irradiance incident on the 
PV generator (W/m2) and APV is the area of the modules that 
integrate the photovoltaic field (in m2). Each module includes 
72 poly-crystalline PV cells, with a total surface equal to 
1.94 m2 (1.956 m × 0.992 m), so APV = 15.52 m2. Typical 
maximum values of the PV are in the range of 14 % to 20 % 
for crystalline modules, with a STC value of 15.72 % in the 
PV module used in the facility. A daily average efficiency of 
the photovoltaic generator (PV_AV) is obtained with the values 
of PV,k when GIk>0, being calculated as follows: 
𝜂 _ 𝐴𝑉 𝜂 ,   (8) 

Due to the daily and seasonal variability of GI along the 
year, it is common to use the performance ratio (PR) of the 
system in a defined interval: day, week, month, or year. The 
PR is based on the system name-plate power rating (PMPP_STC 
or peak power) and is defined as the ratio between the 
generated measured energy (Eg) and the theoretical PV energy 
(EPV_th) that would be generated by the plant if the modules 
converted the irradiation received into useful energy according 
to their rated capacity. The PR measures the photovoltaic 
systems performance, regardless of irradiation received or 
installed capacity, quantifying the overall effect of system 
losses on the rated capacity, including losses caused by 
modules, temperature, low light efficiency reduction, 
inverters, wiring, shading and soiling. The theoretical PV 
generated energy (EPV_th) can be calculated as follows: 

𝐸 _ 𝑃 _ ∙   (9) 

where Hi is the total in-plane irradiation (in Wh/m2) and GISTC 
is the irradiance in STC conditions (GISTC = 1000 W/m2). It is 
common to use in (9) the term peak sun hours (PSH), also 
denoted as reference yield or Yr, that is calculated dividing Hi 
by GISTC, which in turn is the value used to determine PMPP_STC. 
Using the PSH term, the energy generated by the PV field 
(EPV) is calculated considering the PR as follows: 

𝐸 𝑃 ∙
𝐻

𝐺𝐼
∙ 𝑃𝑅

𝑃 _ ∙ 𝑃𝑆𝐻 ∙ 𝑃𝑅 
(10) 

The term PSH represents the number of hours during which 
the solar radiation would need to be at reference irradiance 
levels in order to contribute the same incident solar energy as 
was monitored during the reporting period [49]. Hi, in Wh/m2, 
is calculated in (11) from the measurement of the irradiance 
(GIk in W/m2) multiplied by tk, in hours in order to obtain the 
energy in Wh. 
𝐻 ∑ 𝐺𝐼 ∙ 𝑡   (11) 

The value of PSH is calculated as follows: 

𝑃𝑆𝐻
∑ ∙ ∑ 𝐺𝐼   (12) 

The energy generated by the photovoltaic modules (EPV, in 
Wh) is calculated in (13) as the sum of the power recorded by 
the monitor system (PPV,k in W) in the interval of time under 
study (day, week, month, etc.) multiplied by tk (recording 
interval): 

𝐸 ∑ 𝑃 , ∙ 𝑡 𝑡 ∙ ∑ 𝑃 ,   (13) 

The Performance Ratio (PR) is commonly expressed as a 
percentage and is used to quantify the overall PV plant 
performance or the performance of the different stages in the 
PV plant: performance ratio of the photovoltaic field, of the 
power converter unit, of the motor-pump group, etc. The 
performance ratio of the photovoltaic field (PRPV) can be 
calculated as follows: 
𝐸 𝑃 ∙ 𝑃𝑆𝐻 ∙ 𝑃𝑅   

𝑃𝑅
𝐸

𝑃 ∙ 𝑃𝑆𝐻
𝑡 ∙ ∑ 𝑃 ,

𝑃 ∙
𝑡 ∙ ∑ 𝐺𝐼

1000

 
(14) 

PRPV could be estimated taking into account all the losses 
factors considered in this part of the installation and is 
calculated on per unit basis as follow [50]: 
𝑃𝑅 1 𝐿 ⋅ 1 𝐿 ⋅ 1
𝐿 ⋅ 1 𝐿 …  

(15) 

 

The losses factors listed below are the most commonly used 
in a conventional photovoltaic system where there are no 
problems of shadows or orientation, with a normal soiling: 
 Losses due to the dust and dirt accumulated on the PV 

modules: 2 % (L dirt = 0.02). 
 Losses by angular and spectral reflectance: 2 % 

(Lref. = 0.02). 
 Loss of power by dispersion of parameters between 

modules used in the installation or loss due to 
mismatching: 3 % (Lmis = 0.03). 

Other losses factors can be included in the expression, that 
is commonly used to estimate the energy yield of the PV field 
or the installation. The average loss factor due to the 
temperature (Ltemp) must be calculated for each location based 
on the data of solar radiation and temperatures for the different 
months of the year. The type of photovoltaic module used in 
the installation (crystalline, amorphous, etc.) also has an 
impact on the value of this loss factor, with common values 
between 9% to 12%. The value of Ltemp can be calculated as 
follows: 
𝐿 𝛾 ⋅ 𝑇 25   (16) 

where  = 0.0045 K-1 for the module used in the PV facility. 
Typical values of the PRPV are in the range of 80 % to 90 % 
depending on: the location of the installation (PSH, weather, 
etc.), specific characteristics of the PV plant (type of 
mounting, exposure to wind, shadows, etc.), type of PV 
modules, etc. 

B. DEFINITION OF TERMS IN THE POWER 
CONVERTER UNIT  
The electrical power generated by the PV field is managed by 
a power converter unit (PCU), that adapts the generated power 
to the needs of the load, where the power is converted in 
another type of energy. As detailed in FIGURE 20, the DPVWPS 
only requires one PCU: the variable speed drive (VSD). In the 
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PVWPS+LIB scheme the hybrid inverter is added as part of 
the PCU. 
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FH1FH2

 

FIGURE 20. General block diagram of the PVWPS facility including 
directions of the energy flows between its different devices and detail of 
PCU. 

 
The efficiency of the PCU (PCU), defined as the ratio of the 
output generated electrical power (PPCU_out) to the input PV 
electrical power can be calculated as follows: 

𝜂 ,
_ ,

,

_ ,

_ ,
  (17) 

Typical maximum values of the PCU,k are in the range of 
90 % to 99 % depending on the PV application. Due to the 
daily variation of irradiance, the values of PCU also present a 
daily variation between very small values, near to 0 % at the 
beginning and end of the PCU operation, and the maximum 
values, that usually are reached when the output power is 
between the 20 % and the 50 % of the rated power of the 
converter. A daily average efficiency of the PCU (PCU_AV) is 
obtained with the values of PCU,k when the PCU is working 
(PPCU_out,k>0), being calculated as follows: 
𝜂 _ 𝐴𝑉 𝜂 ,

,
  (18) 

The energy generated by the PCU (EPCU_out) is calculated as 
the sum of the power recorded by the monitor system 
(PPCU_out,k) multiplied by tk: 

𝐸 _ 𝑃 _ , ⋅ 𝑡

𝑡 ∙ 𝑃 _ ,  
(19) 

The performance ratio of the PCU (PRPCU) can be 
calculated as follows: 

𝐸 𝐸 ∙ 𝑃𝑅  

𝑃𝑅
𝐸 _

𝐸
𝐸 _

𝐸 _
 

(20) 

The dc/ac power converter that generates a three-phase ac 
voltage with variable frequency (fVSD) used to control the 
operation of the motor-pump group (variable speed drive or 
VSD) is the same in the DPVWPS and in the PVWPS+LIB 
schemes. The value of PVSD_out is calculated considering the 
electrical variables of the VSD three-phase output (output 
voltage and current) and the power factor of the motor (PFm). 
𝑃 , √3 ∙ 𝑉 , ∙ 𝐼 , ∙ 𝑃𝐹   (21) 

In the PVWPS+LIB, the PCU is composed by three internal 
converters, all of them included in the hybrid inverter as 
detailed in FIGURE 20: 
 A dc/dc power converter that implements the maximum 

power point tracking (MPPT) to extract the maximum 
power at any operating condition (PV-IN block).  

 A dc/dc power converter that manages the charging and 
discharging processes in the LIB attending to: PV 
generation, load demand, and SOC of the LIB (BAT-
PORT block). 

 A dc/ac power converter that generates a single-phase ac 
voltage (230 V and 50 Hz) (BACK-UP PORT block). 

The ON-GRID port of the hybrid inverter, intended for the 
connection to an auxiliary generator, is not used in the 
experimental works.  

C. DEFINITION OF TERMS IN THE LIB BATTERY 
Due to the bidirectional energy flows in LIBs, efficiencies and 
performance ratios can be obtained under some specific 
conditions. A charging efficiency of the LIB (LIB_cha) is 
calculated in (22) when all the electrical power generated by 
the PV field is used to recharge the LIB. A discharging 
efficiency of the LIB (LIB_dis) is calculated in (23) when all 
the electrical power generated by the LIB is used by the PCU 
to operate the load. 

𝜂 _ ,
_ ,

,
,

  (22) 

𝜂 _ ,
_ ,

_ ,
,

  (23) 

 

An average efficiency of the LIB during the charging 
(LIB_cha_AV) and discharging (LIB_dis_AV) processes are 
calculated as follows: 
𝜂 _ _ 𝐴𝑉 𝜂 _ ,

,
  (24) 

𝜂 _ _ 𝐴𝑉 𝜂 _ ,
,

  (25) 

The energy flow in the LIB during the charging (ELIB_cha) 
and discharging (ELIB_dis) processes are calculated in (26) and 
(27) as the sum of the corresponding power recorded by the 
monitor system multiplied by tk. These energies can be 
obtained at any desired time interval (day, week, etc.) for any 
system operating condition. 

𝐸 _ 𝑃 _ , ⋅ 𝑡

𝑡 ∙ 𝑃 _ ,  
(26) 

𝐸 _ 𝑃 _ , ⋅ 𝑡

𝑡 ∙ 𝑃 _ ,  
(27) 

The performance ratio of the LIB (PRLIB) can be calculated 
by means of ELIB_cha and ELIB_dis if the SOC of LIB is 
maintained constant in the interval of analysis: 
𝐸 _ ∑ 𝑃 _ , ⋅ 𝑡 𝑡 ∙ ∑ 𝑃 _ ,   (28) 
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The daily variation of the energy flow in the LIB (ELIB) is 
calculated in (29) as the difference between the daily values of 
ELIB_cha and ELIB_dis: 

𝐸 𝐸 _ 𝐸 _   (29) 

D. DEFINITION OF TERMS IN THE MOTOR-PUMP 
GROUP 
The PPCU_out of the VSD used in a WPS is used for the motor-
pump group to pump water. The efficiency of the motor-pump 
group (mp), when is raising a flow of water (Q) to a certain 
head (TDH) is defined as the ratio of the hydraulic power (Ph) 
to the electrical power supplied to the motor-pump group by 
the PCU: 

𝜂 ,
,

_ ,

∙ ∙ ∙

_ ,
  (30) 

where Ph, calculated in watts, depends on the following terms: 
  = density of water (1000 kg/m3). 
 g = acceleration of gravity (9.81 m/s2). 
 Qk = flow of water (m3/s). 
 TDHk = total dynamic head (or manometric head, in m). 

A daily average efficiency of the motor-pump group 
(mp_AV) is obtained with the values of mp,k when the motor-
pump group is in operation (Qk>0), being calculated as 
follows: 
𝜂 _ 𝐴𝑉 𝜂 ,   (31) 

If the flow of water is expressed in liters per second (Q in 
L/s), Ph can be calculated in watts as follows: 
𝑃 , 9.81 ⋅ 𝑄 ⋅ 𝑇𝐷𝐻  𝑊   (32) 

A daily average total dynamic head (TDHAV) is obtained 
with the values of TDHk when the motor-pump group is in 
operation (Qk>0), being calculated as follows 
𝑇𝐷𝐻 𝐴𝑉 𝑇𝐷𝐻 |   (33) 

The volume of water pumped in an acquisition interval 
(Vd,k) and the total volume (Vd) along a time interval are 
calculated as follows: 
𝑉 , 𝑄 ∙ 𝑡   (34) 

𝑉 ∑ 𝑉 , 𝑡 ∑ 𝑄   (35) 

where tk is the duration of the recording interval in the same 
time units than Qk. The hydraulic energy (Eh) generated by the 
motor-pump group along a time interval is calculated by the 
sum of the hydraulic power recorded by the monitor system 
(Ph,k) multiplied by tk:  
𝐸 ∑ 𝑃 , ⋅ 𝑡 𝑡 ∙ ∑ 𝑃 ,   (36) 

The performance ratio of the motor-pump group (PRmp) can 
be calculated as follows: 
𝐸 𝐸 ∙ 𝑃𝑅  

𝑃𝑅
𝐸

𝐸 _
 

(37) 

The total volume (Vd in m3) can be calculated combining the 
expression of Ph used in (30) and the expressions (35) and 
(36), obtaining the following expression 

𝑉  
∙ ∙

  (38) 

E. TOTAL EFFICIENCY, TOTAL PERFORMANCE RATIO 
AND MERIT FACTORS IN THE PVWPS FACILITY 
The total efficiency of the DPVWPS (DPVWPS) is defined as 
the ratio of the hydraulic power (Ph) to the electrical power 
supplied by the PV field: 

𝜂 ,
,

,
  (39) 

The total efficiency of the PVWPS+LIB (PVWPS+LIB) is 
defined in (40) as the ratio of the hydraulic power (Ph) to the 
electrical power supplied by the two sources of electrical 
energy: the PV field and the LIB. The term PLIB appears 
subtracted to PPV due to the LIB power during the discharging 
is considered as negative.  

𝜂 ,
,

, ,
  (40) 

A daily average efficiency of the DPVWPS (DPVWPS_AV) 
and the PVWPS+LIB (PVWPS+LIB_AV) are obtained when the 
motor-pump group is in operation (Qk>0), being calculated as 
follows:  
𝜂 _ 𝐴𝑉 𝜂 ,   (41) 

𝜂 _ 𝐴𝑉 𝜂 ,   (42) 

The total daily performance ratio of the DPVWPS 
(PRDPVWPS) is calculated as the ratio of the hydraulic energy 
(output energy of the DPVWPS system) to the photovoltaic 
energy (input energy of the DPVWPS system):  

𝑃𝑅   (43) 

The total daily performance ratio of the PVWPS+LIB 
(PRPVWPS+LIB) is calculated as the ratio of the hydraulic energy 
(output energy of the PVWPS+LIB system) to the 
photovoltaic energy combined with the daily variation of the 
energy flow in the LIB (ELIB), being calculated as follow.  

𝑃𝑅


  (44) 

A performance ratio of the system (PRsyst), including the PV 
module efficiency, is calculated considering the solar energy 
reaching the PV field: 

𝑃𝑅
∙

  (45) 

To distinguish between the DPVWPS and the 
PVWPS+LIB modes, the performance ratio of the system, 
including the PV module efficiency, in the PVWPS+LIB 
mode is denoted as PRsyst (LIB) in Table VII. 

F. VALUES OBTAINED IN THE PVWPS FACILITY 
Table VI includes the most representative parameters obtained 
for October 2 and 3 and the average values of 27 days 
operating in the DPVWPS (right column). The 27 days were 
selected to obtain an average value of 5.26 PSH, similar to the 
value obtained in the days chosen for the analysis of the 
PVWPS+LIB mode, that are shown in Table VII. 
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TABLE VI 
VALUES OBTAINED FOR THE DPVWPS MODE ON OCTOBER 2 AND 3 OF 

AND AVERAGE VALUES CONSIDERING 27 DAYS. 

 10/2 10/3 AV27 days 

PSH 2.01 6.54 5.26 
TDHAV (m) 18.64 21.49 20.45 
Vd (m3/d) 10.12 70.32 55.34 

EPV (kWh/d) 2.02 14.96 11.37 
PRPV (%) 41.21 93.81 88.10 

EVSD_out (kWh/d) 1.62 11.87 9.24 
PRVSD (%) 84.54 79.35 81.52 
Eh (kWh/d) 0.53 4.18 3.19 
PRmp (%) 32.93 35.23 34.31 

PRDPVWPS (%) 26.43 27.96 27.95 
PRsyst (%) 1.71 4.12 3.87 
PV_max (%) 12.56 13.92 13.17 

PV_AV (%) 5.71 10.58 9.26 
fVSD_AV (Hz) 32.39 44.50 41.61 
VSD_max (%) 97.74 96.72 97.94 

VSD_AV (%) 84.38 81.28 83.02 

mp_max (%) 36.41 36.26 36.47 

mp_AV (%) 31.38 35.02 33.47 

DPVWPS_max (%) 30.63 30.92 30.92 

DPVWPS_AV (%) 26.53 28.40 27.82 

Pumping time (min) 
129 

(2h:09min) 
543 

(9h:03min) 
456.37 

(7h:36min) 
Start/stop cycles 10 1 4.85 

Table VII includes the most representative values obtained 
for September 24 and 25 and the average values of 15 days of 
operation in the PVWPS+LIB (right column) with a total 
average of 5.26 PSH. 

TABLE VII 
VALUES OBTAINED FOR THE PVWPS+LIB MODE ON SEPTEMBER 24 AND 

25 OF AND AVERAGE VALUES CONSIDERING 15 DAYS. 

 9/24 9/25 AV15 days 

PSH 2.18 6.42 5.26 
TDHAV (m) 23.51 23.56 23.57 
Vd (m3/d) 8.49 48.90 33.39 

EPV (kWh/d) 3.47 13.47 9.50 
PRPV (%) 65.21 86.02 72.73 

ELIB (kWh/d) -0.21 -0.32 -0.17 
ELIB_cha (kWh/d) 1.76 3.04 2.83 
ELIB_dis (kWh/d) -1.97  -3.36  -3.00 

SOCini (%) 33.00  41.00  54.48 
SOCend (%) 41.00  42.00  54.45 

EPCU_in (kWh/d)  3.59 13.77 9.62 
EVSD_out (kWh/d) 1.63 9.40 6.45 
PRPCU+VSD (%) 45.25 68.29 64.71 

Eh (kWh/d) 0.55 3.14 2.15 
PRmp (%) 33.67 33.41 33.44 

PRPVWPS+LIB (%) 15.77 23.32º 21.71 
PRsyst (LIB) (%) 1.62 3.15 2.52 
PV_max (%) 15.18 13.72 14.30 

PV_AV (%) 2.62 8.45 7.36 

PCU+VSD_max (%) 80.19 76.15 78.50 

PCU+VSD_AV (%) 75.17 74.13 74.27 

mp_max (%) 33.91 35.24 35.17 

mp_AV (%) 33.47 33.40 33.25 

PVWPS+LIB_max (%) 25.34 25.29 26.75 

PVWPS+LIB_AV (%) 25.15 24.80 24.86 
Pumping time 

56 min 
312 min 

(5h:12min) 
215 min 

(3h:35min) 

 

G. NOMENCLATURE 

ac Alternate current 

ADC Analog-to-digital converter 

AM Air mass 

AV Average (subscript) 

BMS Battery management system 

cSi 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 system 

E** Energy in ** 

EL Energy losses 

ESS Energy storage systems 

est Estimated (subscript) 

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

g Acceleration of gravity 

GI Global irradiance (in W/m2) 

GUI Graphic user interface 

h Hydraulic (subscript) 

Hi 
Daily solar energy received by the photovoltaic modules or 
irradiation 

HEL Hydraulic equivalent load (in m4/day) 

hyb Hybrid (subscript related to the hybrid inverter) 

I** Current in device ** or current in conditions ** 

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 conditions ** 

PC Personal computer 

PCU 
Power converter unit (use for the combination of hybrid 
inverter plus VSD) 

PF Power factor 

PFm Power factor of the motor installed in the motor-pump group 

pk Peak (subscript) 
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PL** Power losses in ** 

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

PSH Peak sun hours (1 PSH = 1 kWh/m2) 

PV Photovoltaic 

PVWPS Photovoltaic water pumping system 
PVWPS+

LIB 
Photovoltaic water pumping system with storage in a 
Lithium-ion battery 

Q 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, Tcell = 25 °C, and 
1000 W/m2) 

Tamb Ambient temperature (°C) 

Tcell PV cell temperature (°C) 

TDH Total dynamic head 

thre Threshold (subscript) 

tk Recording interval 

Tw Water temperature 

Vd Total volume of water pumped in a day 

V** Voltage in device ** or voltage in conditions ** 

VOC Open circuit voltage 

VSD Variable speed drive 

WPS Water pumping system 

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

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

𝛽  Open circuit voltage temperature coefficient of the PV 
module (in %/K) 

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

** Efficiency in device ** (quotient of powers) 
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