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ABSTRACT Spray nozzle valve performance between pulse-width modulation (PWM) and electrical 
stop valves (ESV) was carried out to investigate their suitability in site-specific application of 
agricultural pesticides. Laboratory experiments were conducted on a custom-made static sprayer to 
compare the individual valve response time during opening while simultaneously measuring the 
quantity of fluid being sprayed. Valve power consumption, baud rate of control area network (CAN) 
communication protocol, and weight were also considered in the analysis. The static sprayer system 
pressure was set at 275 kPa while using the same nozzle irrespective of the valve being tested. The 
valves were also swapped on the same boom position on the static sprayer to maintain energy losses 
between the pump and the valves. The volume of sprayed water was estimated using the nozzle 
flowrate-pressure curve. Valve operation scenarios was then simulated at different travel speeds to 
investigate the influence of travel speed on expected valve distance buffer required. The objective 
was to develop a valve comparison matrix to compare design parameters between the two valves. 
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These comparison parameters are important for developing a site-specific spraying mechanism for 
insecticide and/or herbicide spraying in field operations. 

Keywords: site-specific application, valve response time, valve comparison matrix, boom sprayer.  

INTRODUCTION A pesticide is a chemical or mixture of chemicals intended to repel, prevent, 
eliminate, or mitigate any pest (USEPA, 2022). In commercial agricultural fields, pesticides are 
commonly applied using boom sprayers whose main components are pump, flow/pressure controls 
valves, and nozzles (AG Spray, 2022). Boom sprayers come in different types, including fully 
mounted, trailed, or self-propelled. They also come in different sizes, depending on the coverage 
width. 

In precision agriculture, one technology to pursue is variable rate application (VRA) for pesticides. In 
crop protection, VRA refers to the use of different pesticide quantities in different parts of a field 
(Dusadeerungsikul et al., 2020). In real-time VRA, machine vision systems detect and prompt actions 
such as pesticide spraying on-the-go. In non-real-time VRA, machine vision systems may be used to 
create prescription maps using equipment such as multispectral cameras which could be 
independent of the pesticide application process (Campos et al., 2020). Prescription maps may also 
be created by carrying out manual field scouting by visual inspection in crop fields to aid decision-
making in VRA operations. 

Under- or overapplication of pesticides could damage the environment by negatively impacting 
different fauna and flora (Köhler and Triebskorn, 2013). Studies show that there are several reasons 
for either under- or overapplication of pesticides such as boom bounce and spray drift (Haire, 2020; 
Holterman et al., 1997; Langenakens et al., 1995; Mahalinga Iyer and Wills, 1978). However, different 
technologies have been developed to reduce off-target rate errors. These include the use of ground 
sensors to maintain height of application and using air-induction nozzles to reduce drift (HBP, 2017). 
Sprayer components such as valves are being designed to open in the shortest possible time. 
According to Epp (2018), reducing valve latency increases accuracy of pesticide application systems. 
The author emphasizes that accuracy is an integral part of pest control in crop fields as it results in 
better plant coverage at product recommended application rates.  

Conventional boom sprayers may consist of multiple nozzles without any valves for individual nozzle 
control but have hose and/or boom shut off valves to facilitate operations such as maintenance 
(Kienlen, 2019). Some conventional boom sprayers have been undergoing modification to facilitate 
site-specific pesticide application since the 1990’s (Mowitz, 1997) to increase efficacy of pesticide 
application. Precise pest control using boom sprayers relies on site-specific application of pesticides 
where individual nozzles and/or nozzle sections are controlled electronically via activation of valves.  
Paice et al., (1995), used solenoid valves to control pesticide dosages in crop fields. The authors 
conducted experiments using valves having a response time of 50 ms - which at a travel speed of 
2m/s gave underapplication errors for a travel distance of 10 cm when opening. The introduction of 
recirculation systems resulted in modifying conventional boom sprayers by adding individual valves 
that enable individual nozzle control (Kienlen, 2019). 

One of the reasons why implementation of technology has accelerated in the recent years was the 
introduction of a standard tractor-to-implement communication via control area network (CAN), which 
enabled the integration of different electronic components onto the boom sprayers. This is 
demonstrated by Fu et al., (2020), who integrated CAN-compatible ball valves on to a conventional 
boom sprayer to provide auto application rate technology via travel speed feedback. Similarly, Terra 
et al., (2021), retrofitted a conventional boom sprayer and equipped it with individual solenoid valves 
to enable strip spraying triggered by a machine vision system.  

Mechanically, the accuracy of boom sprayers has been enhanced with the introduction of pulse-width 
modulation (PWM) valves, which is able to 1) control flowrate at varying travel speed, 2) maintain the 
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same application rate across the boom during turns, and 3) implement spray overlap control (Butts 
et al., 2019). Grella et al., (2022), conducted field experiments on a boom sprayer and concluded 
that PWM valves are the most advanced technology capable of varying the target rate at constant 
pressure without changing the nozzle tips. However, studies show that the on/off working principle of 
PWM has limitations depending on the manufacturer, operating pressure, duty cycle, and nozzle 
combination (Fabula et al., 2021a; Mangus et al., 2017; Salcedo et al., 2022; Silva et al., 2018). 
Nevertheless, PWM valves may still be used in site-specific application of pesticides provided the 
nozzles spray patterns are not compromised at the preferred application pressure (Fabula et al., 
2021b).  

In this study, two distinct valve technologies, PWM (1-063-0173-674, Raven Industries, Sioux Falls, 
USA) and ESV (065.288.00.00.00, Lechler, Metzingen, Germany) were analyzed for site-specific 
pesticide application. The experimental design aimed to study the situation when the valves open 
once pesticide spraying is required in crop fields. The experiments investigated application rate errors 
from valve latency while opening. Valve performance parameters such as communication protocol, 
power consumption, and weight were also considered.  

MATERIALS AND METHODS A custom-made static sprayer having six toggle switches (ISO 6 
Section Switch Box, Raven Industries, Sioux Falls, USA) that individually control six PWM valves, 
over ISO-bus was used for the experiments. An electronic control unit (ECU) was used to integrate 
ESV valves onto the static sprayer. PWM was operated at 100% duty cycle while ESV was fully 
opened. The two valves are shown in Figure 1.

  

Figure 1: PWM valve (left) and ESV valve (right).                                                      

EXPERIMENT SETUP The static sprayer has six valve positions, that is, V1 to V6 as shown in 
Figure 2. PWM and ESV have different nozzle bodies and were alternated on position V1. Valves V2 
to V6 remained closed throughout the experiments. Water was supplied by a diaphragm pump into 
the boom. Two different pressure transducers, that is, P1 (422-0000-090, Raven Industries, Sioux 
Falls, USA) and P2 (S112A22, Dalimar Instruments, Quebec, Canada) were used to obtain pressure 
readings at two different measuring points. The system pressure, P1, was obtained from a virtual 
terminal (AFS Pro 700, Case IH, Wisconsin, USA) and set at 275 kPa by adjusting a pressure relief 
valve. To obtain nozzle pressure readings, each nozzle body was threaded as shown in Figure 3 to 
facilitate placement of P2. The readings were then recorded via a data acquisition module (Spider 20, 
Crystal Instruments, California, USA). Furthermore, a digital pressure gauge (DPGW-08, Dwyer 
Instruments, Indiana, USA) was used to obtain the equilibrium nozzle pressure at the same position 
where P2 was placed. This is because P2 shows pressure rate that changes while opening but not at 
steady-state flow conditions. The nozzle tip (AIC 110° 04, Teejet, Illinois, USA) used was the same 
for both valves throughout the experiment. 
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Figure 2: Laboratory experiment setup for valve comparison experiments on static sprayer. 

 

Figure 3: Modified nozzle body part to obtain nozzle pressure between valve and nozzle. 

To estimate the nozzle flowrate at different pressure, a flowrate – pressure curve was generated from 
numerical nozzle chart values provided by the manufacturer, plotted in Figure 4. To obtain the real-
time flowrate at the different system pressure settings, the time stamp recorded by the data 
acquisition module when obtaining the pressure via P2 were used. The response time for each valve 
when opening was estimated by obtaining the rise time on the pressure – time curves. 
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Figure 4. Flowrate – pressure curve for nozzle used during valve comparison experiments. 

RESULTS AND DISCUSSION The change in pressure with respect to time graphs for PWM when 
opening is plotted in Figure 5. The corresponding graph for ESV is plotted in Figure 6. They show, 
the opening response time, Rto (duration from off state to highest pressure change after opening), 
and the setting time St (time for the valves to reach equilibrium pressure from off state). 

 

Figure 5. Pressure – time curves when PWM is opening. 
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Figure 6. Pressure – time curves when ESV is opening. 

In Figure 5, it was observed that pressure changes occur between the nozzle and the valve when 
PWM is opening. The highest change in pressure is observed within 4 ms. This result is similar to 
results obtained by Fabula et al., (2021a) at different PWM duty cycles and changing operating 
frequency. In their results, the peak times ranged from 0.8 to 5.4 ms. At 275 kPa system pressure 
measured at P1, the resulting equilibrium pressure at P2 drops to 208 for PWM valves. The 
corresponding pressure drop for ESV was 166 kPa. The pressure likely drops due to energy losses 
along the boom, valve, and nozzle due to factors such as friction and spray pattern creation. Pressure 
changes are also observed for ESV when opening. The highest change in pressure occurs around 
30 ms as shown in Figures 6. The response time obtained from the experiments for ESV while 
opening is less than the valve opening response time provided in the manufacturer’s catalogue. 
Further investigations are therefore required to use the pressure transducer readings to obtain the 
actual response time. The time it takes for the pressure changes to reach peak values may be 
translated into quantity of water delivered from PWM and ESV. This means that PWM may achieve 
the desired spray pattern faster than ESV. A summary of parameters compared between PWM and 
ESV is shown in Table 1. 

Table 1. Valve comparison matrix for different parameters between PWM and ESV. 

Comparison parameter   

Valve technology PWM ESV 

Highest pressure change response time (ms) 4 30 

Power consumption (W) 9.03 1.44 

Communication baud rate (kbps) CAN_250 CAN_100 

Weight (g) 201 255 
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The need to investigate the response time when opening is necessary to understand how long it 
takes for the valve to fully open and achieve operational spray pattern. When fully open, the valve 
facilitates desired patterns to the nozzle. Knowing the response time also helps us understand how 
much pesticide is being sprayed prior to appropriate spray patterns being established. Furthermore, 
the application rate while opening is lower than that at equilibrium so underapplication may occur 
during this transition period. We also want to investigate whether the spray patterns and application 
rates achieved while opening are suitable for site-specific application of pesticides. 

Let us assume that spraying using either PWM or ESV is implemented at different travel speeds in 
site-specific applications. The implement travels a certain distance while the valve is being triggered 
and reaching equilibrium. Let us refer to this distance as the valve distance buffer. The required 
distance to allow the valve to reach equilibrium will change depending on the travel speed. Lower 
travel speeds will require shorter distance buffers compared to higher travel speeds. The scenarios 
expected are presented in Table 2, where the speed is limited to 4 m/s because boom bounce occurs 
when boom sprayers are operated above 4.4 m/s (Haire, 2020). Based on preliminary investigations, 
it is expected that Y1, Y2, and Y4 will be greater than X1, X2, and X4 respectively. These distances are 
yet to be quantified as raw data is still being analyzed.  

Table 2. Valve distance buffer required in site-specific applications for PWM and ESV at 
different travel speeds. 

Travel speed 

(m/s) 

Valve distance buffer 

(cm) 

 PWM ESV 

1 X1 Y1 

2 X2 Y2 

4 X4 Y4 

The distance buffer could be reduced by altering the application angle between the nozzle and the 
target. Twisting the boom along the z-axis and/or using angled nozzles present potential solutions to 
reduce the distance buffer. Investigative experiments to reduce valve distance buffers are still on-
going. Preliminary experiment results however show that some flat fan nozzles spray a few 
centimeters in front and behind the boom.  

In addition to response time and output quantity, other factors such as valve power consumption and 
communication protocol are considered because of possible increase of burden when populating an 
entire boom with valves. ESV consumes 1.44 W while opening and drops to as low as 0.48 W in fully 
opened state. PWM consumes about 9.03 W which is six times more power in opened state. With 
regards to communication protocol, both PWM and ESV operate on CAN-bus protocol with baud 
rates of 250 and 100 kbps, respectively. Higher baud rates indicate the possibility of including more 
valves depending on the amount of information exchanged between the valves and their controller. 
The PWM valves have higher baud rate which is used to send/receive data such as their identities, 
power consumption, operation duty cycle, etc. On the other hand, the ESV valves exchange less 
data with their controller, hence the lower baud rate.   

CONCLUSION Data obtained so far shows that there are pressure changes between the valve and 
the nozzle. The peak pressure changes observed for PWM occur in a shorter period compared to 
ESV. The data will be further processed into quantifying the output from each valve while it is opening. 
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The data also shows that spraying starts as soon as the valve is actuated. Therefore, we will also 
investigate the possibility of spraying before the valve fully opens. Future work will also consider the 
response time when the valve is closing to determine the area being sprayed in site-specific 
applications. 
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