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Abstract 
The parameters of the sprayer fan air stream, namely airflow rate and velocity, are crucial 

factors influencing the quality of the spray application and the amount of off-target spray 

losses when using an airblast sprayer in 3D crops. An integrated system enabling to vary the 

fan revolution speed continuously according to the canopy density was developed and 

mounted on a prototype vineyard airblast sprayer. The system consists of two ultrasonic 

sensors, able to determine the canopy density, whose output commands an electrically 

driven axial-fan through a Raspberry Pi based controller. The density values are received by 

the controller and then processed through an algorithm. The algorithm, used to define the fan 

setting, is based on the total air volume to be applied per ground area (m3 ha-1), a 

demonstrated key parameter for maximizing canopy deposition. The set fan revolution speed 

is then communicated by the controller to the electrically driven fan inverter. The results 

confirm that the ultrasonic sensors are reliable for canopy density measurements. The field 

validation of the system demonstrates that the sprayer prototype providing a variable airflow 

rate can substantially increase canopy deposition and decrease spray drift compared to the 

commercial version of the same sprayer equipped with a conventional mechanical axial fan.  

 

 



1. Introduction 
The adjustment of the air stream (fan airflow rate, velocity and, if possible, direction) in 

vineyard sprayers based on the canopy morphology (size, leaf density and row distance) can 

avoid areas with under- or over-application of plant protection products and can reduce off-

target losses. A precise and continuous air adjustment to the crop characteristics within the 

vineyard is thus crucial for an efficient and sustainable pesticide application. In 3D crops, 

excessive air speeds and rates may reduce deposition, owing to canopy compression, and 

increase spray losses. Current technical solutions generally use mechanically driven fans 

with different revolution speeds achieved through a gearbox and/or lower the Power Take Off 

(PTO) of the tractor or reduce the fan air suction section by a diaphragm. These solutions are 

not able to vary continuously and in real time the airflow characteristics as is needed. 

Within the H2020-OPTIMA project (OPTimised Integrated Pest Management for precise 

detection and control of plant diseases in perennial crops and open-field vegetables, 

www.optima-h2020.eu), a vineyard smart sprayer, featured by a cost-effective, integrated 

system, enabling to automatically and continuously vary the fan revolution speed according 

to the canopy density, was developed. The main objectives of this experimental work were i) 

to design the system for variable fan airflow rate for integration on the sprayer, ii) to calibrate 

the sensors for canopy density measurements, iii) to define the algorithm to set the airflow 

rate to be applied according to the canopy characteristics and iv) to validate the system using 

variable airflow under field conditions in a trellised vineyard. 

 

2. Materials & Methods 
Design of the system for variable fan airflow rate 
A prototype vineyard sprayer, i.e. Smart Synthesis, was developed based on the commercial 

model Synthesis (Caffini S.p.a., Palù, Verona, Italy). The prototype is a trailed sprayer 

equipped with a 1,000 L polyethylene tank and an innovative electrically driven axial fan 

(KEB automation KG, Barntrup, Germany), 700 mm in diameter and consisting of nine 

blades, sucking in the air from the front of a tower shaped air conveyor. The latter is 

equipped with multiple adjustable deflectors placed internally at the edge of the air stream 

outlet, thus allowing to direct the airflow to precisely match the canopy shape. The sprayer is 

also equipped with a DynaJet® Flex 7140 Pulse Width Modulation (PWM) system (TeeJet, 

Spraying Systems Co., Wheaton, Illinois, USA) featured by eight PWM solenoid valves 

coupled with a single nozzle holder per sprayer side. Two TOPCON ultrasonic sensors, 

installed one per sprayer side, was used to determine the canopy density on both sprayer 

sides and therefore to command a KEB electrically driven axial-fan through a Raspberry Pi 





based controller. The ultrasonic sensors provide an index value for the canopy density based 

on the detection of multiple edges in a scan. The density values are received via CAN-bus by 

the controller at 35 ms rate and processed through an algorithm. The controller then 

communicates the set fan revolution speed (0 - 2,400 rpm) to the electrically driven fan 

inverter via CAN-bus every 100 ms. The electric power transmission system is composed by 

a generator connected to the tractor�s mechanical energy source (PTO). A speed multiplier 

enables the motor speed to reach an adequate back Electromotive Force (EMF) at the 

generator terminals. Generator and motor are connected to the same Direct Current (DC) 

bus trough the KEB T6 double inverter system. When the generator speed reaches a 

suitable voltage at the DC bus terminals, the DC voltage regulator inside the drive is 

activated in order to maintain a stable 640 V using as control variable the resistant torque 

applied to the generator shaft. The DC bus voltage represents the system�s energy level. 

When the motor starts to absorb energy from the system, the DC bus level is kept stable by 

the DC bus voltage regulator which absorbs energy from the PTO shaft and ultimately by the 

tractor�s internal combustion engine. 

Calibration of ultrasonic sensors 
In 2020, the ultrasonic sensors to be integrated in the system for the automatic determination 

of canopy density were calibrated. A stand-alone system, composed of one TOPCON 

ultrasonic sensor, GPS and datalogger, was installed on a tractor and used weekly during 

the whole growing season to scan (at 4 km h-1 forward speed) an experimental vineyard 

consisting of six varieties (Barbera, Cabernet sauvignon, Grenache, Nebbiolo, Pinot nero 

and Syrah) randomly distributed within the row (six blocks) and within six rows. Manual 

measurements of canopy density were performed simultaneously in each block using the 

inclined Point Quadrate Technique (PQT) [1] as a reference. The ultrasonic sensors 

measurements were geolocalized via GPS and paired with the PQT measurements within 

each block to study the relationships between the mean leaf layers and the ultrasonic density 

values. 

Algorithm for the definition of fan airflow setting 
Vineyard field trials were conducted in 2020 to define the optimal fan settings to maximize 

canopy spray deposition at different growth stages and forward speeds [2]. The results 

indicated that the key fan airflow parameter to maximize canopy deposition was the total fan 

air volume applied per ground area (m3 ha-1). Due to the canopy density increase during the 

growing season, the total fan air volume must thus be increased at a defined rate. Based on 

this premises, two linear fit models were developed to define the appropriate fan settings (rev 

min-1) for the actual canopy density determined by the ultrasonic sensors. 

 



Field validation of the prototype sprayer 
The prototype Smart Synthesis sprayer was compared to the commercial Synthesis in 

vineyard field trials to assess its spray application efficiency. The commercial version was 

equipped with a mechanically driven fan working at a fixed revolution of 1,600 rev min-1. The 

two sprayers were tested in the same trellised vineyard plot following ISO22522 and 

ISO22866 standardized methodologies to evaluate spray canopy distribution and spray drift. 

Each trial was carried out spraying a plot of 1,200 m2 (8 rows of 60 m length with 2.5 m inter 

row distance) at 5.5 km h-1 forward speed using a solution of Tartrazine E102 yellow dye 

tracer. Per vine, filter papers were placed at nine canopy positions (3 depths x 3 heights) to 

collect the liquid directly sprayed on the target [3]. In total, six vines were sampled. Petri 

dishes on the ground at different discrete downwind distances, from 1 to 30 m away of the 

applied plots, were used to collect the spray drift sediments [2]. The tracer amounts on the 

collectors were quantified through spectrophotometric analysis. 

Finally, to evaluate the possible energy saving, the energy absorbed by the generator from 

the PTO shaft was monitored throughout the field trials for the prototype sprayer and 

compared to those potentially absorbed by the commercial sprayer at 1,600 rev min-1, 

obtained from experimental data describing the relationship between fan speed and power 

consumption of the mechanically driven axial fan. 

 

3. Results and Discussion 
Fig.1a displays the average canopy density index of the six vine varieties over the growing 

season (end of April till end of November). The graph shows a linear increase from the start 

of the growth season up to June 4th (BBCH 00 to 69) and a linear decrease from September 

24th to the end of the season (BBCH 91 to 99) corresponding to the growth of the vegetative 

strip and senescence, respectively. In the middle of the growing season (BBCH 71 to 89), the 

canopy density index slightly varied because of canopy management like shoot trimming, 

positioning, topping and tying. Fig. 1b shows the relationships between average leaf layers 

measured using PQT and average canopy density index obtained from the ultrasonic 

sensors. An overall good linear correspondence (r2= 0.776) and a good correlation 

[r(720)=0.864, p=3.313E-215] was found. A higher correlation for Syrah [r(120)=0.913, 

p=7.388E-48] and a lower correlation for Nebbiolo [r(120)=0.822, p=2.032E-28] suggests an 

effect of vine variety on the canopy density index. In general, the TOPCON ultrasonic 

sensors reliably determined the vine canopy density along the whole growing season, 

irrespective of variety. 





 
Fig. 1: a) Average vine canopy density index along the growing season and b) relationship 

between average leaf layers measured using PQT and canopy density index. 

 

Fig. 2a shows the obtained linear relationship between the canopy density index measured 

by ultrasonic sensors and the total air volume to be applied per ground area to maximize 

canopy deposition (m3 ha-1). In addition, linear models describing the relationships between 

the total fan volume to be applied (m3 ha-1) and the fan setting (rev min-1) to be selected 

according to the forward speed (km h-1) were obtained. Fig. 2b displays an example for three 

different forward speeds (4, 6 and 8 km h-1). The graph is valid for vineyards featured by 2.5 

m inter row distance as this is a key parameter for calculating the total air volume to apply 

(m3 ha-1). Preliminary laboratory characterization of airflow rate (m3 h-1) produced by the 

Smart Synthesis sprayer at different discrete fan settings, ranging from 400 to 2400 rev min-1, 

was essential for the calculation of variable airflow rate to be applied. When increasing the 

forward speed, the fan revolution has to be increased to guarantee the same total air volume 

per ground area. 

 
Fig. 2: Linear models implemented in the algorithm programmed in Raspberry Pi to define 

the optimal fan setting as output based on the canopy density index as inputs. 

 

 



 

The linear models were implemented in an algorithm programmed in Raspberry Pi. With the 

algorithm, once the inter row distance is defined and the canopy density index inputs, 

recorded by the two ultrasonic sensors installed on the sprayer sides, and the forward speed, 

measured in real time by a GPS antenna, are processed, the fan setting is obtained as 

output. 

The field trials to validate the system for variable fan airflow rate application showed 22% 

reduction of total air volume applied using the prototype (SMART) sprayer compared to the 

commercial (CONV) sprayer. Furthermore, a large variation of fan revolution along the row 

was noticed (700 - 2,031 rev min-1) corresponding to the variation in canopy density along 

the rows. The overall reduction of total air volume combined with the punctual variation of 

airflow rate to match the canopy density, lead to a 38% increment of canopy deposition (Fig. 

3a), as well as an overall reduction of spray drift sediments next to the sprayed area (Fig. 

3b). At 5, 15 and 30 m from the application, respectively 22, 59 and 74% of drift reduction 

were achieved by the smart sprayer. The energy (kW) absorbed by the generator from the 

PTO shaft (ET) and by the PTO shaft of the mechanical fan set at fixed 1,600 rev min-1 (MT) 

are shown in Fig. 3c. The smart sprayer with variable fan airflow rate consumed on average 

30% less energy, which is promising in terms of fuel consumption reduction. 

 

 
Fig. 3: a) Canopy spray deposition (µL cm-2) and b) spray drift (% of applied spray volume) 

at different distances from the applied area for the Smart Synthesis (SMART) and 

the commercial (CONV) sprayer. c) The energy absorbed by generator feeding the 

electrically driven fan during the trial (dashed red line account for CONV sprayer). 
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