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Abstract 
This work aimed to evaluate the performance of a drip irrigation system with photovoltaic energy directly 
connected to the water pumping system through the irrigation uniformity coefficients using the statistical quality 
control, with the control chart of Shewhart. The experiment was conducted at the State University of West 
Parana (UNIOESTE), campus of Cascavel, in the Project CASA (Center of Alternative Energy System Analysis), 
during six days of open sky. The irrigation system contained four lines with 18 drippers each, collecting the flow 
of each dripper for five minutes, along with the parameters of temperature and solar radiation. In the energy part, 
the current and the voltage generated by the panel were analyzed. The main results allowed to evaluate that the 
flows of the drippers showed changes directly proportional to the decrease or increase of the radiation. Even with 
the changes in radiation levels during the collection period, the system obtained excellent process capability 
according to the analyzes of the distribution uniformities. It was also concluded that there was a significant 
relationship between the coefficients (CUC, DUC and CV) with the process capacity of the flow data. The 
control plot was adequate to diagnose the treatments. Statistical control proved to be effective for the 
determination of process variability, thus recommending the use of a drip irrigation system with a solar 
photovoltaic system directly connected to the pump on open sky days with few clouds due to the lower 
variability in relation to the graph of control and greater uniformity of water distribution. 

Keywords: localized irrigation, uniformity coefficient, solar energy, control chart 

1. Introduction 
Global warming has been occurring in recent decades and we can see the increase in global temperatures, which 
is characterized by air heating, which is caused by the accumulation of gases released into the atmosphere and 
the heating of ocean temperatures (Lise & Laan, 2015). The burning of fossil fuels is mainly responsible for the 
emission of greenhouse gases that change the climate (Joensuu & Sinkko, 2015). 

To meet the energy needs, several countries adopt fossil fuels on a large scale for their production. With these 
mitigating factors, there is a real need to reduce the emission of polluting gases, as stated in the Kyoto protocol, 
and an alternative is the use of new sources of energy, such as renewable energy, such as photovoltaics 
(Kalogirou, 2009). Consisting that the use of these energy sources is a strategy that can potentially reduce 
greenhouse gases (Thornley, Röder, & Whittaker, 2015). 

Therefore, photovoltaic energy, in addition to supplying the energy needs, brings with it the clean and renewable 
energy mentality, which is easily available (Bardi, Asmar, & Lavacchi, 2013; Carroquinho, Dufo-López, & 
Bernal-Aguntín, 2015). This energy source is the most promising, especially to face the energetic crises expected 
for the next few years (Tomalsquim, 2003). 

One of the benefits of energy generation from the sun is accessibility in remote places, where the costs of 
implementing a conventional network are unfeasible, in the case of numerous rural properties (Martins & Pereira, 
2011). 
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According to Chilundo (2014) low need for maintenance of equipment, relative ease of installation and 
displacement, autonomous operation, adaptation to the greater need of water with the joint increase of solar 
radiation values and ease of cleaning, make the photovoltaic energy system a great option for supply for 
irrigation purposes.  

Thus, the connection between an efficient irrigation system and the renewable energy system is of great 
importance for solving global problems. In this study, the use of photovoltaic panels for irrigation has been 
shown to be of importance in areas of plant and fruit cultivation (Kelley, Gilbertson, & Sheikh, 2010; Reca, 
Torrente, López-Luque, & Martínez, 2016). 

Localized irrigation is considered one of the most efficient methods (Verma, Tsephal, & Jose, 2004; Upadhyay, 
2003). And with the advancement of irrigation systems technologies and the increasing demand for water by 
human activities, the search for such irrigation methods, which consume less resources and provide better results 
in productivity and quality, has been accentuated. In this way, drip irrigation has gained space, especially in the 
last 15 years (Sá, 2013).  

This method of irrigation allows a reduction in the period to irrigate the crop, improve the locality of the water to 
be available near the root zone of the plant, supplying the water requirement of the crop (Ranquet, Müller, & 
Perona, 2016). 

The coefficients of uniformity have significant importance in the planning of a drip irrigation system, since the 
uniformity of water application and the irrigation management used significantly affect the yield of the crop and 
the water used (López-Mata, Tarjuelo, Juan, Ballesteros, & Domínguez, 2010). 

There are several methods to determine the coefficients that evaluate the uniformity of water application in a drip 
system, among them the Christiansen uniformity coefficient (CUC) (Christiansen, 1942) and the distribution 
uniformity coefficient (CUD) (Merrian & Keller 1975; Montgomery, 2009). 

Another analysis that can be done, aiming at a better efficiency of the drip irrigation system is using statistical 
quality control, which is defined by checking the process, establish standards, compare performances, verify and 
study deviations, finding solutions pointing to system improvements (Frigo, 2014). 

In addition, the most used methods to perform statistical quality control by graphs are: Shewart, weighted 
exponential moving average (EWMA) and cumulative sum chart (CUSUM). 

The Shewart plot method is characterized by its individual means, simplicity of construction and analysis of the 
results (Frigo, 2014), by such factors was chosen for the statistical analysis of the experiment but has as negative 
aspect the slowness in the presentation of small variations in the processes (Costa, 2008). 

Therefore, the objective of this analysis was to evaluate a drip irrigation system with photovoltaic energy directly 
connected to the pump. Performing the dripper collections by the methods of Keller and Karmelli (1975) and by 
the method of Deniculi et al. (1980). Determining the CUC and the CUD analyzed them by means of a control 
chart, by the Shewart method. 

2. Material and Methods 
The irrigation system for this research was tested at the State University of West of Paraná (UNIOESTE), in 
Cascavel, PR, with Latitude 24°59′ South, Longitude 53°23′ West and altitude of 750 meters and with average 
irradiance of 4.80 kWh m-2 day-1, according to the Sundata Program (CRESESB, 2017).  

Since Brazil, due to its privileged location, possesses adequate values of averages of solar irradiance throughout 
its territory. Since its indices for any national region are larger than most European countries, where photovoltaic 
energy system projects have a much greater appeal (Martins, Guarnieri, & Pereira, 2008).  

The measurements of the variables were of solar irradiance, temperature, current and voltage generated by the 
panel and flow of the drippers. Using a three-module photovoltaic system of the brand Solartec KS50 with 
nominal power of 50 W, as shown in Figure 1, connected in parallel with the intention of raising the current and 
maintaining the voltage at 12 V direct current connected directly to the pump diaphragm of the brand SHURFLO, 
model 8000 with a maximum flow rate of 490 L h-1 and with a manometric capacity of 21.11 mca, the water 
being available in a water box of 100 liters, suctioning the water to the main line, deriving in 4 lines of drippers 
of the Naandanjain Irrigation brand, Topdrip PC & PC AS model with spacing of 30 centimeters between the 
drippers, with operating pressure of 4.8 to 30.6 mca, and flow of 1.0, 1.6, 2.0, 2.2 L h-1, according to the 
pressure. 
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The electrical voltage and electric current in the pumping system were measured at the same time as the dripper 
tests, during the water collection period in the collectors. 

The water comes from a water box placed outside the project CASA at ground level. With the photovoltaic 
panels connected directly to the water pump for the power supply, the project has its operation administered. 

Then, from the hydraulic pump, the water is pumped from the hoses to the dripper located inside the CASA 
project, thus determining the coefficients of uniformity of the drippers. 

Consisting that at the same time of collecting dripper data, the levels of solar radiation, ambient temperature, 
voltage and electric current were collected during the operation of the pump. 

The criteria for assessing the uniformity of water application of the system were the coefficient of variation (CV) 
of the emitter on the lateral line, the Distribution Uniformity Coefficient (DUC) and the Christiansen’s 
Uniformity Coefficient (CUC) and later analyzing them from the control chart. 

The Christiansen’s Uniformity Coefficient (CUC), proposed by Christiansen (1942), is one of the most used, 
since it adopts the absolute mean deviation as a measure of dispersion, as can be observed in Equation 2, 

CUC = {1 – [∑(Li – Lm)/N·Lm]} × 100                          (2) 

Where, CUC = Christiansen’s Uniformity Coefficient (%); Li = Flow of each dripper (L h-1); Lm = Average flow 
of drippers (L h-1); N = Number of drippers. 

For the classification of CUC data, the proposal of Bernardo, Soares, and Mantovani (2008) that classify the 
uniformity of the application according to Table 1. 

 

Table 1. Classification of the Christiansen’s Uniformity Coefficient (CUC) 

Classification CUC 

Excelent > 90 

Good 80-90 

Regular 70-80 

Poor 60-70 

Unacceptable < 60 

Source: Bernardo, Soares, and Mantovani (2008).  

 

The Distribution Uniformity Coefficient (DUC) is defined as the measure of the water distribution that relates 
the fourth area f the total area and receives less water with the applied average bladder the entire area receives at 
least the required actual blade, a low DUC value indicates excessive percolation loss, which can be seen below 
in Equation 3, 

DUC = (Lq/Lm) × 100                                (3) 

Where, DUC = Distribution uniformity coefficient (%); Lq = mean value of 25% of the lowest flows (L h-1); Lm 
= Means of all flows (L h-1).  

In relation to the classification of the uniformity coefficient data, the standard ASABE (American Society of 
Agricultural and Biological Engineers) (1996) was used, classifying the uniformity of the application according 
to Table 2. 

 

Table 2. Classification of the distribution uniform coefficient (DUC) 

Classification DUC 

Excelent > 90 

Good 80-90 

Regular 70-80 

Poor 60-70 

Unacceptable < 60 
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Another important parameter in localized irrigation is the coefficient of variation (CV), proposed by Keller and 
Bliesner (1990), presented in Equation 4. This parameter is evaluated because the emitters have reduced 
dimensions that hinder the precision in their manufacture. The variations in flow rates, caused by constructive 
failures, present normal distribution, thus, it is allowed the use of statistical concepts corresponding to this 
distribution for quantitative conclusions.  

CV = (s/Qmed) × 100                                (4) 

Where, CV = Coefficient of variation (%); s = Standard deviation (L h-1); Qmed = Means of all flows (L h-1).  

For drippers to be classified into quality categories, the coefficient of variation (CV) is used. Thus, the issuers 
are classified according to Table 3. 

 

Table 3. Coefficient of variation (CV) of the emitters 

Type of sender  CV (%)  Interpretation 

Transmitter with point output < 5  

5-7 

7-11 

11-15 

> 15 

Great 

Medium 

Marginal 

Deficient 

Unacceptable 

 

To monitor the uniformity coefficients, it was used the Shewart control chart, which requires the calculation of 
the Upper Control Limit (UCL) and the Lower Control Limit (LCL), by Equations 5 and 6. 

UCL = µ + (3MA/d2)                                (5) 

LCL = µ – (3MA/d2)                                 (6) 

Where, UCL = Upper Control Limit; LCL = Lower Control Limit; µ = Average; MA = Mobile range of 
observations; d2 = Pre-determined tabular value (according to the number of repetitions).  

3. Results and Discussion 
The results presented in Table 4 refer to the energy variables, in Wh and the mean flow rate by the drippers in L 
h-1, together with the descriptive statistics. Analyzing the data, we can observe the variability in the energy 
production for the six days of collection, this being the result of the photovoltaic system being connected live in 
the diaphragm pump, where the conditions of solar irradiance interfered directly in the production and supply of 
energy, the system directly connected does not make use of a load controller. 

As for the values of standard deviation, we can highlight the lower value that occurred on the first day of 
collection, where we had cloudy sky with little variability of the irradiance, resulting in lower average energy 
production and lower average consequence of flow, which remained stable for all days of collection even with 
the variation in energy supply, because the emitters used are self-compensating, where, according to Teixeira 
(2006), this model presents distinctions when compared to other models of drippers, being produced for supply 
even with increasing or decreasing service pressure values. 

 

Table 4. Descriptive Statistics for mean energy produced and mean flow of drippers 

1st Day 2nd Day 3rd Day 4th Day 5th Day 6th Day 

Mean Energy (Wh) 4.45 4.96 5.19 4.7 5.28 4.96 

SD Energy (Wh) 0.08 0.28 0.29 0.40 0.11 0.24 

CV Energy (%) 1.92 5.76 5.11 8.59 2.24 4.88 

Mean Flow (L h-1) 3.56 3.63 3.71 3.62 3.88 3.69 

SD Flow (L h-1) 0.009 0.023 0.008 0.033 0.011 0.020 

CV Flow (%) 0.24 0.62 0.21 0.92 0.30 0.56 

Note. SD = standard derivation, CV = coefficient of variation. 

 

Table 5 shows the average values of solar irradiance and the supply of current and voltage of the photovoltaic 
panel, observing that with the increase of the irradiance, an increase in the values of current and voltage is 



jas.ccsenet.

detected, n
and curren
irradiance 
their effici

Considerin
the nomina
systems w
load contro

 

Table 5. M

 

1° day 

2° day 

3° day 

4° day 

5° day 

6° day 

 

To evaluat
process va
normality 
Ryan-Join
the self-stu

Figure 5 sh

 

 

In analyzin
points both
was partia
produced, 
collected a

For the va
the 1000 W

org 

noting that on t
nt when comp
or ambient te

iency (Pinho &

ng the voltage 
al voltage valu

with voltage abo
oller to match 

Mean collected 

te the processe
ariabilities can
analysis, whic
er and Kolmo
udy study. 

hows the contr

ng the Shewha
h below and ab

ally with low v
ranging from 

at the hours of 

alues above the
Wm-2, resulting

the sixth day o
pared to the s

emperature, wh
& Galdino, 201

data, we can e
ue of the 12 V 
ove the require
the voltages. 

from Irradianc

Mean S

618.00 

893.80 

888.60 

811.17 

979.67 

914.67 

es in a more e
n be analyzed
ch should be n

orogov-Smirno

rol graph for th

Figure 5. Sh

art graph for th
bove the limits
values of irrad
4,293 W h to

f 09:45 and 10:

e Upper Contr
g in high curre

Journal of A

of collection w
second and th
hich causes inc
14). 

emphasize that
hydraulic pum

ed voltage tend

ce, current and

Solar Irradiace (W

fficient way, t
d more precise
normally distr

ov tests were p

he energy resp

hewhart contro

he energy pro
s, where the p
diance, ranging
o 4,495 W h re
30 am, with va

rol Limit, they
ent and voltage

Agricultural Sci

49 

we have a value
hird day, bein
crease of the t

t the average v
mp, we provide
d to damage th

d voltage 

Wm-2) Me

2.88

3.12

3.14

2.97

3.23

3.02

the elaboration
ely. To use th
ributed and un
performed and

ponses produce

ol graph for ene

duced, the pro
oints below th
g from 526 to
espectively, al
alues of 624 an

y are due to the
e values genera

ience

e of 914.67 Wm
ng this factor 
temperature of

voltage was 19
e a higher capa
he equipment, 

an Current (A)

8 

2 

4 

7 

3 

2 

n of the contro
e control char

nder control. T
d the interdepe

ed. 

ergy produced

ocess was not 
he limit are tha
o 679 Wm-2, re
so reflected in
nd 761 Wm-2 r

e excess of irr
ating a higher e

m-2, but smalle
justified by th

f the photovol

9.50 V, and wh
acity of the pu
so it would be

Mean V

19.52 

19.70 

19.78 

19.00 

19.60 

19.37 

ol chart was co
rts, we must 

Therefore, the 
endence amon

 

d (W h) 

kept under con
at at the time o
esulting in low
n the test 17 a
respectively. 

radiance, excee
energy output.

Vol. 10, No. 8;

er values of vo
he increase o
taic cells, redu

hen confronted
ump, but in con
e advisable to 

Voltage (V) 

onstituted, onc
submit the da
Anderson-Dar

ng the data thr

ntrol, that is, i
of data collecti
w values of en
and 18, which 

eding in both c
. 

2018 

oltage 
f the 
ucing 

with 
ntrast 
use a 

e the 
ata to 
rling, 
rough 

it has 
on, it 
nergy 
were 

cases 



jas.ccsenet.org Journal of Agricultural Science Vol. 10, No. 8; 2018 

50 

In relation to the water distribution uniformities, calculated by the CUC and DUC coefficients, following the 
Keller and Karmeli (1975), and Denículi (1980) methodologies, such values together with the descriptive 
statistics are shown in Table 6 and 7, respectively. 

 

Table 6. Descriptive statistics of the coefficients of uniformity by the method of Keller and Karmeli (1975) 

 1st Day 2nd Day 3rd Day 4th Day 5th Day 6th Day 

Mean CUC 98.75 99.12 99.09 98.77 98.78 99.00 

SD CUC 0.16 0.27 0.35 0.21 0.16 0.04 

CV (%) CUC 0.16 0.28 0.35 0.22 0.17 0.04 

Mean DUC 97.91 98.62 98,.45 97.60 98.45 98.51 

SD DUC 0.52 0.25 0.70 0.94 0.21 0.15 

CV (%) DUC 0.53 0.26 0.70 0.96 0.22 0.16 

Note. SD = standard derivation, CV = coefficient of variation. 

 

Table 7. Descriptive statistics of the coefficients of uniformity by Deniculi’s method (1980) 

 1st Day 2nd Day 3rd Day 4th Day 5th Day 6th Day 

Mean CUC 98.76 99.11 99.09 98.88 98.88 99.97 

SD CUC 0.10 0.39 0.26 0.20 0.13 0.14 

CV (%) CUC 0.11 0.40 0.26 0.20 0.13 0.15 

Mean DUC 97.79 98.13 98.01 97.71 98.59 98.58 

SD DUC 0.16 0.24 0.64 0.39 0.18 0.22 

CV (%) DUC 0.17 0.25 0.65 0.40 0.19 0.23 

Note. SD = standard derivation, CV = coefficient of variation. 

 

It was observed that all treatments presented high levels of uniformity, above 90%, being classified as excellent 
according to Bernardo, Soares, and Mantovani (2008), the values are similar to those presented by Santos et al. 
(2012), who analyzed a system of drip irrigation yielding values of 95.12% for CUC and 98.34% for DUC, 
corroborated with the results presented by Hermes et al. (2014), where it used drip irrigation with residual water 
use of cassava, obtaining values higher than 90% for all coefficients. 

In a research in which a drip tube was used, for a period of 1620 hour, Puig-Bargués et al. (2010) found an 
average distribution uniformity of 90% with self-compensating emitter, however, at the end of each irrigation 
period, the emitters were washed. 

Klein et al. (2015) using a drip system with different pressures and different concentrations of fertilizers, 
obtaining CUC above 90% for all evaluations. Borssoi, Villas-Boas, Reisdörfer, Hernandez, and Follador (2012) 
evaluated the uniformity coefficient of a drip system at different pressures, reaching DUC values above 90%. 

When comparing both methodologies regarding the uniformity values, for both CUC and DUC, we reach 
practically analog values, but comparing the methodologies, we emphasize that the higher the number of 
drippers evaluated the more correct will be the coefficients (R. A. Silva & A. M. Silva, 2003). 

Analyzing the standard deviation separately, we found that there was little variability, based on information 
below 10% of CV values indicating homogeneous data. 

For values below 5% the data are classified as excellent, thus defining the values of Tables 6 and 7 as acceptable 
and excellent with 95% confidence (ASABE, 1996). 

Figure 6 shows the Shewart control graphs for the CUC and DUC coefficients by the Keller and Karmeli (1975) 
methodology, and when we analyze, it is observed that the CUC values are all above 90%, defining as excellent 
according to Bernardo, Soares, & Mantovani (2008), the process is under control, although, according to Frigo 
(2014), between samples 1 and 6, a sequence of data, seven sequenced samples, would characterize as having no 
statistical control.  

The distribution uniformity chart is not under control as it has a value below the lower limit, although it is still 
above 90%. 
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4. Conclusion 
From the results obtained, in the present experiment we conclude that in relation to the power supply, the 
nominal value of 12 V of the water pump was exceeded, where the average of 19.5 V was calculated, thus 
recommending the use of a load controller to avoid damaging the equipment.  

As for the uniformity of distribution, the treatment was considered excellent by its values of 98.92% for the CUC 
according to the Keller and Karmeli’s method and 98.94% for the Deniculi’s methodology, in relation to the 
DUC we obtained 98.20% second Keller and Karmelli and 98.03% following the Deniculi’s methodology. 

The control graphs were adequate to diagnose the data, classifying most of the uniformity processes as under 
control, different from the produced energy that was not kept under statistical control, diagnosing the 
interference of the irradiance in the energy supply, presenting values both below and above of control limits. 

In sum, it is recommended to use the drip irrigation system with electric power supplied by photovoltaic panels 
connected directly to the water pump, in open sky days, obtaining a uniformity considered excellent, reaching 
values close to 99% of CUC and 98% of DUC, for both collection methodologies, with reliable results and 
according to statistical control techniques. 
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