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Abstract

One of the key issues in crop protection products to be applied in tree crops is the dose
rate adjustment. An inappropriate dose selection could be responsible of the lack of
efficacy due to under dosage and a loss in efficiency due to over dosage. Both
situations imply economical losses and greater impacts on the environment. A better
dose adjustment is possible from a variable rate technology approach by measuring the
crown volume and adjusting the dose rate on-the-go according to the variation of the
estimated vegetation volume. Tests have been done with a variable rate sprayer
prototype and satisfactory results have been achieved.
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Introduction

A lot of work has been done since the 1980s to adapt the spraying techniques to the
crops. Some more advances have been achieved in field crops due to its simplicity
compared to tree and bush orchards. But the advances in sensors, actuators and in
electronic controllers have facilitated the boarding of electronics in sprayers for tree
and bush crops also.

As described in Solanelles et al. (2006) and in Gil et al. (2006), advances in sprayers
for tree crops started by interrupting the spray flow rate when no foliage was detected
by means of ultrasonic or optical sensors and electric valves as described in Figure 1b.
This could be done along the entire nozzle boom or by independent sections
corresponding to different crop heights (Giles et al., 1989; Balsari & Tamagnone,
1998; Koch & Weisser, 2000; Doruchowski & Holownicki, 2000).

The next step was matching the sprayed flow rate to the amount of foliage (Figure 1c¢).
A first approach used ON/OFF electric solenoid valves and different hydraulic circuits
to spray three discrete spray outputs per side: no flow, half rate and full rate (Molto et
al., 2001).
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Figure 1. Spray flow rate adjustment models in tree crops. a) Conventional
application. b) Selective application. ¢) Discrete variable rate
application. d) Continuous variable rate application.

The Agriculture and Forestry Engineering Department of the University of Lleida and
the Centre of Agricultural Mechanization of the Agriculture, Food and Rural Action
Department of the government of Catalonia (Spain) have been working together to
develop a sprayer prototype for continuous variable dose adjustment on-the-go (Figure
1d). It was in 1996 when previous studies began (Rosell et al., 1996) and different
technologies have been used since then. Ultrasonic sensors were first used to detect
and quantify the vegetation (Escola et al., 2002). After the adoption of laser lidar (light
detection and ranging) sensors for measuring the canopy (Tumbo et al., 2002;
Walklate et al., 2002; Sanz et al., 2004) tests has been done with one of them and the
results are summarised in this paper.

Materials and methods

Prototype
The prototype was mounted on a Ilemo-Hardi Arrow F 1000 sprayer with vertical

deflectors (Figure 2) so that one side is able to perform as a variable rate sprayer.
Modifications have been made to locate the crop measuring sensors in the front of the
sprayer and into the hydraulic circuit of the sprayer in order to section the nozzle
boom into 3 different heights. There have been done modifications such adding a new
tank to make field tests quicker and easier, too. The system has been named Fluxpro.
The prototype performs a software loop every 10 cm (with ultrasonic sensors) or 20
cm (lidar sensor) covered in the row direction. The difference is due to the longer it
takes to transmit the information provided by the lidar. Each loop consists in 3 steps:
data acquisition from the sensors, data processing (foliage volume estimation and flow
rate calculation) and actuation (to set on the valve to spray the calculated flow rate).

Target characterization

First tests were done with ultrasonic sensors but on the last trial they have been
replaced by a laser lidar sensor. Important differences are found in vertical resolution
of measurements (Figure 3), measuring spot diameter, sampling frequency as well as
costs. While ultrasonic sensors only measure the foliage in front of them, lidar sensors
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Figure 2. View of the variable rate sprayer prototype with ultrasonic and laser lidar
sensors in the front (left) and its modified hydraulic circuit (right).

perform from 180 to 720 measurements in the vertical line. The spot diameter is
clearly smaller for the lidar sensor (Table 1). The laser sensor definitively overcomes
the ultrasonic in these two parameters, being able to estimate more precisely the
canopy volume. Nonetheless, ultrasonic sensors can perform horizontal measurements
while lidar sensors work in a radial way and can generate overestimated volumes due
to shadows caused by large central branches. Ultrasonic sensors give higher sampling
frequencies while frequencies in lidar sensors depend on the RS-232 communication
rate with the controller and the amount of information gathered. Regarding the costs, a
lidar sensor can be from 1.5 to 2.5 times more expensive than using 3 ultrasonic
sensors per side.

Dose determination

Keeping the product concentration in the tank constant, the adjustment of the dose is
done by modifying the sprayer output. After acquiring the data, the controller
estimates the tree cross section. As lidar estimation is strongly smaller, the real value

Top sensor

Middle sensor

Bottom sensor

Figure 3. Canopy cross section estimation by means of a) 3 ultrasonic
sensors and b) laser lidar sensor.



Table 1. Ultrasonic and laser spot diameters for different possible target distances
according to manufacturer’s information.

Distance to Ultrasonic spot Laser spot
target (cm) diameter (cm) diameter (cm)
50 4.36 1.88
100 8.72 2.08
150 13.09 2.29
200 17.45 2.50

is increased by adjusting an external profile (Figure 4). The output flow rate is
determined with Equation (1), where Q is the output flow rate, S is the estimated cross
section, v is the forward speed and 1 is an application coefficient which express the
needed volume of mixture per unit foliage volume.

Q=S-v-i (1)

As the objective is an actuation every 10 or 20 cm (ultrasonic and lidar sensors
applications respectively), the sprayed flow rate should be the needed for the foliage
volume resulting of extruding the estimated cross section 10 or 20 cm respectively,
until a new acquisition is performed.

Actuation

Last step before spraying through the nozzles is an electric proportional solenoid valve
able to modify the output flow rate from 0 to 100 % according to an electric control
signal from 0 to 10 V. The control signal is elaborated and sent to the valve by the
controller according to an experimentally determined relation in order to match the
flow rate of Equation (1). The working side of the prototype has a nozzle boom
divided into 3 sections of 3 nozzles with a proportional valve in each section.
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Figure 4. Foliage cross section estimation using laser lidar sensor from raw distance
data (left) to external profile adjustment (right)



There is a limitation in this kind of valves which is the maximum differential pressure
allowed to make closure possible. The model used stands a maximum of 0.8 MPa
forcing the working pressure before the valve to be not more than 0.8 MPa.

Field tests

Field tests were performed in the facilities of the Experimental Station of Lleida that
the IRTA has in Gimenells, Lleida, Spain (41.657058° N, 0.391934° E). Two tests
with ultrasonic sensors were done in Malus communis L. cv. ‘Top Red’ and Pyrus
communis L. cv. ‘Conference’ orchards (Figure 5) while one test using the lidar
sensor was done in the latter. Spraying parameters are summarized in Table 2. Each
test consisted in 3 different treatments (one of them at constant flow rate as reference)
on the same vegetation using metal chelates as described in Murray et al. (2000).
Composite foliage samples of 5 leaves were taken from 32 different zones (4 height, 2
sides, inner and outer, trunk and inter trunk) in 3 replicates. The parameter used to
compare treatments is the application efficiency (Equation 2).

p_DLAI o
Tc 'VA

Where E is the application efficiency, Dis the average deposit, LAI is the Leaf Area
Index, T¢ is the tracer concentration in the tank and V, is the application volume per
unit ground area.

Table 2. Spraying parameters for conventional, ultrasonic and lidar test.

Variable rate + Variable rate +

FIELD TEST Conventional .
ultrasounds laser lidar
Nozzle model & No. ALBUZ ATR orange, 9 + 9
Droplet DV'sy diameter (um)’ 148.45 156.20 156.20
Forward speed (m s™) Same as VR 1.3 0.5
PTO speed (r min™") 430
Air flow rate (m’ h™) 40000

" Measurements done in a Dantec Phase Doppler Particle Analyzer.

Figure 5. Orchards of Malus communis L. cv. ‘Top Red” and Pyrus communis L.
cv. ‘Conference’ in Gimenells where the field test were performed.



Results and discussion

Test with ultrasonic sensors

In Figure 6 there is an example of a graphical representation of an application to one
side of the row in the Pyrus communis L. cv. ‘Conference’ orchard. Complete
numerical results are summarized in Table 3.
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Figure 6. Canopy volume (green line), sprayed volume in conventional mode (red
line) and in variable rate mode (blue line) for a treatment in Pyrus
communis L. cv. ‘Conference’ orchard using ultrasonic sensors.

Table 3. Results of tests done in Malus communis L. cv. ‘Top Red’ & Pyrus communis
L. cv. ‘Conference’ orchards with ultrasonic sensors (Duncan test; 0=0.05).

Variable Variable Conven-
rate 1 rate 2 tional
Application coefficient ~ ‘Conference’  0.035 0.040 0.055
(L m™) ‘Top Red”  0.030 0.040 0.050
Application volume ‘Conference’ 492 484 722
(L ha™) “Top Red’ 465 544 722
Volume savings ‘Conference’ 31.8 32.9 -
(%) ‘Top Red’ 35.5 24.6 -
Average deposit ‘Conference’ 3.59b 3.65b 4.65a
(ug cm™) ‘TopRed”  3.52b 3.46b 531a
Deposit reduction ‘Conference’ 22.8 21.5 -
(%) ‘Top Red’ 33.7 34.8 -
Efficiency increase ‘Conference’  13.30 17.09 -
(%) ‘Top Red’ 2.93 -13.52 -

The better behaviour in the pear orchard could be explained by the fewer foliage in
front of the denser canopy of the apple orchard (Figure 5).

Test with laser lidar sensor

In Figure 7 there is an example of a graphical representationf an application to one
side of the row in the Pyrus communis L. cv. ‘Conference’ orchard. Complete
numerical results are summarized in Table 4.
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Figure 7. Canopy volume (green line), sprayed volume in conventional mode (red
line) and in variable rate mode (blue line) for a treatment in Pyrus

communis L. cv. ‘Conference’ orchard using a laser lidar sensor.

Table 4. Results of tests done in Pyrus communis L. cv. ‘Conference’ orchards with
the laser lidar sensor (Duncan test; a=0.05).

Variable rate Conventional

Application coefficient (L m™) 0.151 0.270
Application volume (L ha™) 887 1594
Volume savings (%) 4433 -

Average deposit (ug cm™) 6.90b 10.68a
Deposit reduction (%) 35.43 -
Average efficiency increase (%) 0.52 -
Trunk zone (%) -22.74 -
Inter trunks zone (%) 42.82 -

Average efficiency is nearly the same but there are important differences in zones.
Inter trunks efficiency is higher because not much product is needed. The application
coefficient set point was 0.125 L m™. The variable rate application keeps quite close to
that. Verifications has been done to ensure the correct operation of the prototype: there
is a strong relationship between the canopy volume and the sprayer output (R* from
0.896 to 0.926 using the lidar sensor) and between the determined flow rate and the
real output (R* from 0.933 to 0.951 using the lidar sensor).

Conclusions

Results show optimistic trends in efficiency and operation of the prototype. Laser lidar
sensor performs better in characterizing the canopy but is a bit slow for real time use.

More tests have to been done in different canopy shapes and foliage densities to
improve unexpected results.
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