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Abstract: The flowrate control of spraying systems with pulse-width-modulated solenoid valves is
currently being implemented for precision herbicide application in commodity crops, but solutions
for fruit trees set in orchards that require higher pressures are mostly in the development stage. A
reason for this has been the higher flowrate and pressure requirements of blast sprayers used for
dense canopies typical of high value crops. In the present study, the duty cycles preset by an operator
were compared to the actual ones estimated from measuring flowrates. A new developed air-assisted
orchard sprayer with shelf hollow disc-cone nozzles was studied, such that flowrates and pressures
were registered by a computer for different duty cycles commanded by an operator from 10% to 100%
in intervals of 10%. In addition to sensor data, visual assessment was carried out via high-speed
video images. The results showed that preset duty cycles were always more than 10% lower than
the actual DC estimated from measured flowrates. The effective operational range of the duty cycles
went from 20% to 80%. In general, the deviations in transitional periods were higher for lower duty
cycles, being difficult to determine the real reduction in flowrate during the transition periods. A
correction model has been proposed to adjust the preset duty cycles to make sure that the necessary
spray flowrate is released as precisely commanded by prescription maps. Further research will be
needed to verify the proper implementation of the developed correction model in field applications.

Keywords: precision spraying; blast sprayer; PWM nozzles; duty cycle

1. Introduction

For many decades, pesticides have been widely used in agriculture to control crop
natural hazards and provide an adequate food supply for people and high-quality food
products [1,2]. However, pesticides can also contaminate the environment through soils,
water, or air [3,4], and their exposure can negatively affect human health [5,6]. For these
reasons, different mitigation strategies have been addressed to reduce pesticide spray drift
and minimize its negative effects [7–9]. In this line, precision spraying based on variable
spraying techniques has been proposed as a useful practice to improve the application
of pesticides and reduce their negative effect on humans and the environment [10–13].
In fruit crops, precision spraying is based on variable rate spraying (VRS) according to
information about the size, shape, structure, and density of the tree canopy obtained from
sensors as cameras, ultrasound, and lasers [14–17]. Conventional air blast sprayers can
waste more than 50% of pesticides with spray applications based on broadcast spraying
when the application rate is calculated from the number of rows and the average tree
spacing [18]. Precision spraying could reduce losses by adjusting the application of the
spray to tree canopy data information in real-time. The variable response of sprayers must
apply the precise dose required at each location at a given instant [19]. This combination of
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dose, time and location is determined by a spray volume model based on different parame-
ters such as working area, leaf wall height related to the tree height or tree row volume.
Nozzle flowrate control can be executed in practice with pulse-width-modulation solenoid
valves (PWM) that facilitate electronic control via computers. In particular, PWM tech-
nology modifies the nozzle flowrate by varying the duty cycle of electronically actuated
solenoid valves placed at the nozzle position [20]. PWM systems can vary the flowrate
maintaining the pressure constant, and therefore keeping the droplet size uniform during
spray applications within reasonable ranges. However, significant variations in flowrate
and droplet size have been reported for these systems. Previous authors such as [21] have
related the droplet size distribution and nozzle tip pressure to the PWM duty cycle (DC),
nozzle type, and gauge pressure, in experiments conducted in a low-speed wind tunnel.
Other authors [22] also found out droplet size differences without using water-sensitive
cards in field tests, suggesting nozzles capable of providing the target droplet size in a wide
range of pressures to improve uniformity. Ref. [23] measured the droplet size distribution
of five different disc-core nozzles with a laser imaging system for DC from 10 percent
to 100 percent at 10 percent intervals, and operating pressures of 276, 414, 552, 689, and
827 kPa, finding that smaller nozzles showed lower changes in pressure, flowrate, spray
angle and volumetric diameters as DC decreased and nozzle tip pressure increased.
Further studies [24] tested different hollow-cone nozzles in a PWM system, yielding differ-
ent relations between volumetric fractions, DC, and pressure. In order to characterize PWM
nozzles under laboratory conditions, ref. [25] modified a commercial blast sprayer. The
actual flowrate measured for each DC was lower than the rate expected according to the
actuation percentage of the solenoid valve. High speed video recordings confirmed a tran-
sitory behavior. Nozzle activation above 10 Hz was studied by [26]. Significant differences
in flowrate were reported among different PWM valves due to their differences in design.
In order to assess the spraying characteristics of PWM nozzles, ref. [27] carried laboratory
tests to study the effect of DC on flowrates, upstream and downstream pressures, and the
spray angles. In general, the expected flowrates were greater than the measured flowrates
for all the duty cycles, with differences in flowrate depending on the type of PWM valve
tested. Overall, the flowrates proportionally decreased with the DC, although the flowrates
did not change from 100% to 90%. The objective of this study is the evaluation of the
spraying performance of PMW nozzles according to their actuating duty cycle for a com-
mercial air-assisted vineyard sprayer. The study focuses on the divergence between the
commanded DC and expected flowrate as measured by a turbine-type flowmeter installed
in the main pressure line, as well as on the effect of pulsing technology on system pressure,
as necessary stages towards the practical implementation of PWM valves in blast sprayers
demanding higher flowrates and pressures than conventional boom sprayers where PWM
technology is already in use.

2. Materials and Methods

A newly developed air-assisted vineyard sprayer designed to host 24 solenoid shutoff
valves (115880 e-ChemSaver, TeeJet Technologies, Glendale Heights, IL, USA), but keeping
its default hollow disc-cone nozzles (ALBUZ® ATI 80°, Solcera, Évreux, France), with a
nozzle manufacturer’s recommended pressure of 1000 kPa, was analyzed in static labora-
tory conditions as depicted in Figure 1. Over the characterization tests, actual flowrates
and system pressures at various points of the hydraulic circuit were measured for a set of
preset DC, ranging from 10% to 100% in intervals of 10%. As the DC is the percentage of
time within one cycle (fraction of one period) that the valve remains open, for the period of
0.1 s used in the sprayer (10 Hz), a DC of 20 percent means that the nozzle is spraying 20%
of the 0.1 s period, that is, for 0.02 s. Figure 2 shows the main sensors implemented in the
sprayer for monitoring spraying actuation in real time.



Agriculture 2023, 13, 499 3 of 14

Figure 1. Air-assisted vineyard sprayer with hollow disc-cone nozzles and solenoid PWM valves.
(a) General view. (b) Electronic control box. (c) Nozzle-valve assembly.

Figure 2. Sensing and measuring system for the modified vineyard sprayer. (a) Flowmeter. (b) Main
line pressure sensor. (c) Shock absorber and pressure sensor for leftwing of sprayer. (d) Shock
absorber and pressure sensor for right wing of sprayer.

Even though the tests were conducted in static conditions, the four sprayer arms
were unfolded as shown in Figure 1. The labeling of the sectors and nozzles follows the
schematic of Figure 3, being measurements taken from sector 1 and nozzles 1, 3, and 6,
assuming symmetry for the rest of the sectors and nozzles. Nevertheless, all the sectors
and nozzles were open for the machine to spray at the highest flowrate and thus mimic
real conditions. The overall flowrate of the system was measured with a turbine-type
digital flowmeter (FT-08NEXWULEE-5, FTI Flow Technology Inc., Tempe, AZ, USA). Due
to its relevance, the flow pressure was monitored at three points in the sprayer’s hydraulic
circuit for each DC setting: the overall pressure in the system (Psys) before the left-right flow
division, the pressure at the entry of sectors S1 and S2 (Pl), and the pressure at the entry of
sectors S3 and S4 (Pr). The system pressure (Psys), as well as the pressure for the left (Pl)
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and right arms (Pr), were measured with the digital manometers (1600B, Gems Sensors and
Controls, Plainville, CT, USA) of Figure 2 connected to the sprayer computer (Figure 1), so
that the pressure was permanently recorded and saved in a text file together with flowrates
and DC settings. Either buckets or 2-Liter test tubes were used to collect water from nozzles
1, 3, and 6 as depicted in Figure 3. The actual flowrates sprayed by individual nozzles
were estimated by weighting the water sprayed per given periods of time determined
with a handheld chronometer and a digital balance (Platform Scale PCE-EP 150P1, PCE
Instruments (PCE Ibérica S.L.), Albacete, Spain). The flowrate of each nozzle was calculated
in L · min−1 considering a water density of 1 L · kg−1, the weight of each bucket of 0.51 kg,
and the weight of each test tube of 0.47 kg. A high-speed digital color video camera (CASIO
EX-F1, Tokyo, Japan) recorded the spraying of nozzle 1 during the tests at a rate of 300
frames · s−1, allowing the analysis of individual frames (Windows Movie Maker, Seattle,
WA, USA).

Figure 3. Experimental design, definition of sectors and pressure measuring points.

Three flowrates were assessed: flowrate measured weighting the water per time
(Qm), flowrate registered with the flowrate sensor and theoretical flowrate (Qnozzle) calcu-
lated with Pl in sector S1. For this analysis, the concept of duty cycle was expanded to
acknowledge four ways of defining or assessing it:

• Preset DC: The duty cycle selected by the user and manually commanded through the
computer for each experiment;

• Theoretical Rth: The ratio between the measured (actual) flowrate and the theoretical
flowrate calculated from the nozzle manufacture’s catalogue for the pressure registered
in the experiments;

• Flow-based Rq: The ratio between the measured flowrate (actual) of a selected nozzle
at a certain DC and the maximum average flowrate measured (actual) in the tests for
100% DC;

• Time-based DCt: The DC calculated as the proportion of the signal cycle in which the
solenoid remains activated as determined from the analysis of high-speed video frames.

3. Results
3.1. Measured Flowrate

In general, the measured nozzle flowrates for the different DC (ranging from 0.1136 to
0.5015 L · min−1) were higher than the theoretical flowrate calculated from the manufacturer
tables for the registered pressure (Qnozzle), with the registered pressures oscillating from
470 to 630 kPa. However, a strong linear relation was found (R2 = 94.7, standard error of
estimation (SEE) = 0.02975) between them, as shown in Equation (1) and Figure 4, where
Qnozzle is the theoretical flowrate calculated from the manufacturer tables for the registered
pressure and Qm is the flowrate measured weighting of the water per time.

Qm(L · min−1) = 0.0715 + 1.7657 × Qnozzle(L · min−1) (1)
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The measured flowrate calculated directly from the nozzles with buckets was more
than 1.75 times higher than the expected theoretical flowrate value calculated with the
quadratic relationship between the flowrate and Pl pressure for the type of nozzle used
according to the nozzle manufacturer, see Figure 4. This result confirms the existence of a
deviation between the pressure measured in various circuit points and the actual pressure
drop at the exact position of the nozzle, which is the real pressure forming the droplets and
yielding the flowrate as formulated by the theoretical orifice equation.

Figure 4. Linear relation between the measured flowrate (Qm) and the theoretical flowrate calculated
from the manufacturer tables (Qnozzle).

Using the proposed Equation (1) and the information from the nozzle manufac-
ture’s catalog for flowrate based on the the pressure registered, an equation relating
the measured flowrate (Qm), the registered pressure (Pl and the preset DC is proposed
(Equation (2))).

Qm(L · min−1) = (0.0094 × PL(kPa)2 + 0.0634 × PL(kPa) + 0.3225)× DC
100

(2)

A significant effect of the factor DC set up from the sprayer computer (preset DC) on
the measured flowrate (p value = 10−4) was found, see Table 1. The measured flowrate
increased when the preset DC increased, following the curve of Figure 5. The relation
between the measured flowrate and the theoretical flowrate did not follow a linear pattern;
it followed a sigmoidal type pattern (root square of x (R2 = 95.28%)), probably due to the
delay in the opening and closing of the solenoid valve. According to the Duncan’s multiple
range test, no significant differences were found among the DC of 80%, 90%, and 100%,
confirming the visual result perceived during the tests, by which, for DC above 80%, the
nozzles were fully opened, giving the maximum possible flowrate. As a result, DC settings
above 80% are equivalent to the maximum flowrate for the solenoid valves, and no pulsing
effect is noticeable, reproducing, therefore, the behavior of conventional sprayers. In the
same line, duty cycles of 20% and 30% did not present significantly different values in the
flowrate, although Figure 5 registered higher differences in the flowrate.
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Table 1. Analysis of variance of the factor DC set up from the sprayer computer (preset DC, %) on
the measured flowrate (Qm, L · min−1).

Source Sum of
Squares df Mean

Square F-Ratio p-Value

Between
groups 0.388384 9 0.043153 411.15 10−4

Intra groups 0.001155 11 0.000011
Total 0.389531 20

Figure 5. Measured flowrate (Qm, L · min−1) according to the DC set up from the sprayer computer
(preset DC,%), mean and 95 percent Fisher LSD values).

Considering that the real flowrate was significantly higher than the expected one
determined by the preset DC commanded electronically through the sprayer computer, a
duty cycle correcting equation should be proposed for the practical implementation of the
system in the field, mainly for the automated application of prescription maps.

3.2. DC Corrected According to the Maximum Flowrate

Two different procedures were followed to adapt the interpretation of preset DC
to the actual performance of the sprayer in the vineyard. In a first step, a corrected
ratio was defined (theoretical ratio, Rth,%) as the proportion of the lab-measured flowrate
to the theoretical flowrate taken from the manufacturer’s catalog for a given pressure.
The sigmoidal relation between the preset DC and Rth is shown in Figure 6 (R2 = 77.74%)
and Equation (3), where DC is the preset duty cycle and Rth is the theoretical ratio between
the measured (actual) flowrate and the theoretical flowrate calculated from the nozzle.

Rth = e4.52− 16.87
DC (3)

(For DC between 0% and 100%)

The Rth differed from the preset DC from the sprayer computer. As Figure 6 indicates,
a preset DC value of 10% corresponds to a Rth of 23%. That meant that the nozzles did not
comply with the preset DC of 10%, but with operative ranges of 20% or above. In the upper
limit of the DC range corresponding to fully opened nozzles, most nozzles were practically
fully open for a preset DC of 80% and above.
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Figure 6. Sigmoidal relation between the DC set up from the sprayer computer (preset DC,%)
and Rth,%.

In a second step, the measured flowrates at the different DC were compared to the
measured flowrates for 100% DC. The flowrates measured for 80%, 90% and 100% preset
DC, those with no significant differences according to the Duncan test, were considered.
In this model, the average value was assumed to be the maximum theoretical DC (100%),
being the rest of the ratios obtained as the proportion of the flowrate to the average
maximum flowrate (Rq,%). The sigmoidal relation between the preset DC and Rq is shown
in Figure 7 (R2 = 78.52%) and specified in Equation (4), where DC is the preset duty cycle
and Rq is the flow-based ratio between the measured flowrate (actual) of a selected nozzle
at a certain DC and the maximum average flowrate meassured (actual) in the tests for
100% DC.

Rq = e4.57− 15.64
DC (4)

(For DC between 0% and 100%)

Figure 7. Sigmoidal relation between the DC set up from the sprayer computer (preset DC,%)
and Rq,%.
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Once again, the preset DC and Rq differed. As Figure 7 indicates, Rq showed higher
values than the preset DC values and higher than theoretical ratio (Rth). These results
confirm that the nozzles did not open for the preset DC of 10%, but with operative ranges
of 20% or above. In the upper limit of the DC range, the nozzles were almost fully open for
a preset DC of 80% and above. In conclusion, the effective operational range for the preset
DC goes from 20% to 80%. The solenoid valves follow a sigmoidal behavior, with low
values for low DC (between 0% to 20%), linear response for intermediate values (between
20% and 80%) and constant values for higher DC (higher than 80%). Such a range was
implemented in the sprayer control program for automatic operations of smart spraying
according to a prescription map for vineyards.

3.3. Time-Based DC According to Video Frame Timestamps

To further understand how the opening and closing of the spraying valves was carried
out during the nozzle activation cycles, high-speed video recording images were recorded
for nozzle 1 (Figure 8) for various preset DC. Two complete periods of the wave signal
were analyzed: the period between non-spraying (deactivation) and full spraying time
(solenoid opening) and the time period between spraying and non-spraying time (solenoid
valve closing). Two different transitional sub-periods were found for the opening operation,
whereas one sub-period was found for the closing actuation. Figure 8 provides several
high-speed images for the opening and closing operations of the solenoid valves.

Figure 8. Spraying activation and deactivation images of nozzle 14, preset DC = 20%.

The video photograms were classified in three categories: full-rate spraying (valve
fully opened), non-spraying time (valve closed) and intermediate flowrate (regular spray-
ing). Three parameters were defined as the spraying time (ts), the non-spraying time (tn)
and the transitional time (tt). In Figure 9, the square waves representing the activation
of the valves for the different preset DC cycles deduced from high-speed video frames
are detailed.
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Figure 9. Square waves representing the activation of the valves for the different preset DC cycles
((ts) = spraying time; (tt) = transitional time; and (tn) = non spraying time) deduced from high-speed
video frames.

Figure 10 shows the valve actuation times (s) deduced from high-speed video frames
according to the preset DC (%). The spraying time (ts) increases as the preset DC increases,
while the non-spraying time (tn) decreases as the preset DC decreases. The transitional time
(tt) seems to be higher for the lower DC, but the variability is high. The total time (spraying
time (ts + transitional time (tt + non-spraying time (tn) is equal to the cycle time, 0.1 s.
In order to better understand the solenoid valve dynamics, a multiple regression model
was built to explain the measured flowrate (Qm) according to the time lapses extracted from
the high-speed video recording (R2 = 91.3%, standard error of estimation (SEE) = 0.04189),
the correlation found was high, as plotted in Figure 11 and mathematically expressed in
Equation (5), where Qm is the flowrate measured weighting the water per time, ts is the
spraying time, tn is the non-spraying time and tt is the transitional time.
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Figure 10. Valve actuation times (s) deduced from high-speed video frames according to the preset
DC (%).

Figure 11. Predicted and measured flowrate (Qm) according to the time lapse extracted from the
high-speed video recordings.

Qm(L · min−1) = 0.4049 + 0.0101 × ts − 0.0611 × tn − 0.0363 × tt, (5)

The relation of Equation (5) shows the non-trivial influence of the transitory time
during activation and deactivation, determining the actual flowrates applied during the
preset DC. Based on the previous results, in order to obtain the time-based DC (DCt,%), the
following Equation (6) was established, which estimates that the spraying flowrate during
the transitory period is 10% of the total spraying flowrate, where DCt is the time-based DC
calculated as the proportion of the signal cycle in which the solenoid remains activated as
determined from the analysis of high-speed video frames, ts is the spraying time, tn is the
non-spraying time and tt is the transitional time.

DCt =
ts + 0.1 × tt

ts + tn + tt
× 100, (6)

The sigmoidal relation between the preset DC and the time-based DC (DCt (%)) is
shown in Figure 12 (R2 = 98.03%) and specified in Equation (7), where DC is the preset
duty cycle and DCt is the time-based DC, calculated as the proportion of the signal cycle
in which the solenoid remains activated as determined from the analysis of high-speed
video frames.
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DCt = e4.61− 17.60
DC (7)

(For DC between 0% and 100%)

Figure 12. Sigmoidal relation between the DC set up from the sprayer computer (preset DC,%) and
the time-based DC (DCt,%).

The analysis of high-speed video images showed that the preset DC set up from the
sprayer computer was lower than the time-based DC (DCt), coinciding with the results
found with Rth and Rq. The differences in DCt compared to Rth and Rq could be due to the
difficulty in determining the real flowrate reduction in the transitory periods depending on
the preset DC. In general, the transitory periods were longer for lower duty cycles, except
for the lowest DC. On average, the transitory periods during the opening of the nozzle
(activation period) were longer than the transitory periods during closing (deactivation
period), although it was difficult to determine the reduction in flowrate during these
transitional periods.

4. Discussion

For the analyzed vineyard sprayer, the flowrates measured at various nozzles were
higher than the theoretical flowrates expected for the pressures registered along the experi-
ments. This result contradicts the results of [24], who found that the flowrates calculated
with the manufacturer tables for two types of valves were greater than the measured
flowrates at all duty cycles, even though the authors reported uncertainties in the mea-
surement of pressure due to the position of the measuring device, the load losses, or other
experimental problems. Apart from these problems, it is important to consider that the
nozzles used by [23,24] were mainly used for other types of treatments as herbicides with
a lower recommended pressure compared to the ones used in the present study. The
measured flowrates proportionally decreased with the preset DC, confirming previous
results [24], but significant differences were found for DC below 80%, as the duty cycles of
80%, 90% and 100% yielded the maximum flowrate. The preset DC were lower than the
ratios obtained from the percentage of the theoretical flowrate and the measured flowrate
(Rth and Rq). The sigmoidal relations between DCt and the preset DC, Rth and the preset
DC, and Rq and the preset DC have similar patterns. The differences between Rth and
Rq also confirmed a significant difference between the actual flowrate and the theoretical
expected one. Considering that theoretical flowrates were calculated with the registered
pressures, and having detected certain discrepancies in their registration, the differences
in DC and the ratio percentages (Rth and Rq) could be partially caused by the imprecision
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in pressure readings. The average transitory period during the opening of the nozzles
(activation period) was longer than the transitory periods during closing (deactivation
period). It was difficult to determine the reduction in flowrate during the transitory periods.
The duty cycles calculated from the video analysis were greater than the preset duty cycles,
the preset DC were lower than the actual one DCt calculated based on the spraying and
non-spraying times.

5. Conclusions

The modification of conventional sprayers integrating pulsing solenoid valves as a
means to control the flowrate in real time is not as straightforward as expected. Variable-
rate equipment strongly relies on feedback sensors, and both electronic pressure sensors
and flowmeters present erratic behaviors at the demands of alternating pulses. A 50% DC
commanded by the computer was never equivalent to the 50% of the flowrate indicated by
the nozzle manufacturer for the circuit pressure, due to the difficulties in measuring the key
parameters flowrate and pressure pulsating flows. To begin with, pressure measurements
were still alternating, and a representative pressure had to be considered to determine
the rated flow. Field experience taught that the dynamics of solenoid valves coupled
with nozzles are complex, and a first necessity was to reduce the DC operating range
from 0–100% to 20–80%. Still, electronic commands exerted on PWM valves resulted in an
instantaneous flow modification with limited changes in pressure, which is the effect sought
with this technology; however, a deeper understanding and a more elaborated handling of
PWM control via DC will be necessary for efficient spraying. This paper addressed this
necessity for a vineyard sprayer requiring spray rates between 6 L·min−1 and 12 L·min−1.
A divergence between the preset DC sent to the computer and the actual DC executed by
the solenoids was detected as a result of valve inertia and flow shocks in the opening and
closing at 10 Hz, the actual DC being higher than the preset ones. In general, the transitory
periods were longer for lower duty cycles, and it was difficult to determine the reduction
in flowrate during the transition stage. As a result, the real DC required in the field will
need to be adjusted by the sprayer control system to make sure that the necessary flowrate
is sprayed as commanded by the prescription map loaded in the sprayer.

6. Further Work

A previous correction model has been proposed in this paper to determine the actual
duty cycle adjusted to measured flowrates. However, the established model has been
developed for certain experimental conditions. Further research will be necessary to
validate the proposed correction model in the real application of prescription maps to
commercial vineyards.
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