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Abstract

Environmental contamination and the resulting climate change are major concerns world-
wide. Agricultural vehicles that use fossil fuels emit significant amounts of atmospheric
pollutants. Thus, this study investigates techniques to reduce fuel consumption in robotic
vehicles used for agricultural tasks and therefore reduce atmospheric emissions from
these automated systems. A hybrid energy system for autonomous robots devoted to
weed and pest control in agriculture is modeled and evaluated, and its exhaust emissions
are compared with those of an internal combustion engine-powered system. Agricultural
implements require power for hydraulic pumps and fans; this energy is conventionally
provided by power take-off (PTO) systems, which waste substantial amounts of energy.
In this work, we examine a solution by designing and assessing a hybrid energy system
that omits the alternators from the original vehicle and modifies the agricultural imple-
ments to replace the PTO power with electrical power. The hybrid energy system uses
the original combustion engine of the tractor in combination with a new electrical energy
system based on a hydrogen fuel cell. We analyze and compare the exhaust gases result-
ing from the use of (1) an internal combustion engine as the single power source and
(2) the hybrid energy system. The results demonstrate that the hybrid energy system
reduced emissions by up to approximately 50%.

Keywords: atmospheric emissions, exhaust gases, hybrid power, robotic vehicles,
precision agriculture
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1. Introduction

Off-road vehicles based on internal combustion engines use large amounts of fossil fuels that
emit large amounts of pollution into the atmosphere. According to the US Environmental
Protection Agency (EPA) [1], internal combustion engines emit carbon dioxide (CO,), nitrogen
oxide (NO,), carbon monoxide (CO), particulate matter and hydrocarbons. CO, and NO, are
greenhouse gases that contribute to global warming, whereas sulfur dioxide (SO,) and NO_
emissions contribute to acid rain. Therefore, the use of internal combustion engines is a major
environmental concern. Furthermore, these chemical compounds also cause health problems.
For example, NO, may cause respiratory diseases and intensify existing heart disease; CO can
reduce oxygen delivery to the body’s tissues and organs, which reduces an individual’s work
capacity, mental skills and learning ability. Hydrocarbons are volatile organic compounds that
can cause headaches, dizziness, and loss of consciousness, among other effects. Moreover, some
of these substances, such as benzene, are carcinogenic and increase the likelihood of leukemia.
Particle matter emitted from combustion engines (nitrates, sulfates, organic chemicals, metals,
and dust particles) can also affect lung and heart functions, causing serious health problems.

Many efforts to mitigate these negative effects have conducted analyses of energy use and the
pollution emitted by agricultural tractors. In the early 2000s, several research studies compared
different methods and calculated the average absolute and specific emission values from agri-
cultural tractors, concluding that the use of hydrocarbon fuels must be progressively replaced
by cleaner fuels or electrical systems [2]. Other studies have proposed using a model of fos-
sil fuel to simulate possible agricultural production scenarios to improve future techniques
[3]. In recent years, researchers have analyzed how increasing the soil organic carbon content
decreases the draft force in plowing, resulting in reduced fuel consumption and emissions [4].

Several studies have analyzed the exhaust gas emissions from internal combustion engines
in the last two decades, and many such studies have focused on agricultural machines. For
example, a mathematical model of a tractor was developed in [5] to analyze the fuel consump-
tion and engine emissions for different engine control strategies and engine transmission char-
acteristics, whereas in [6], the exhaust emissions and fuel composition of a real tractor during
plowing were measured and correlated to the load factor of the tractor. These works con-
cluded that fuel consumption and emissions depend on the engine speed and load conditions.

Many studies have analyzed the impact of alternative energy sources such as biofuels and
have demonstrated that biofuels can benefit the environment and society [7]. However, many
of these studies have proposed the use of batteries and have examined various battery tech-
nologies available for use in solar-assisted plug-in hybrid electrical tractors that can be used in
light-duty agricultural operations [8]. These researchers have also conducted life cycle analy-
ses of a solar-assisted plug-in hybrid electrical tractor and compared the results with that of a
similar power output internal combustion engine tractor considering both economic costs and
environmental emissions; they determined that the life cycle costs of solar-assisted plug-in
hybrid electrical tractors are lower than those of internal combustion engines.

Another important alternative to batteries is fuel cells. For example, several researchers have
proposed the use of environmentally benign fuel cells for power production in field crop
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production and distribution and presented engineering systems analyses of how such sys-
tems can reduce pollution [9]. Others have compared the theoretical maximum efficiencies
of a fuel cell and a Carnot cycle using the same fuel to determine the net reaction [10]. They
found that the maximum efficiencies of both systems are similar, but in practice, a fuel cell is
more efficient because internal combustion engines cannot operate at their theoretical maxi-
mum efficiency. Other researchers have compared battery electrical vehicles, hydrogen fuel
cell electrical vehicles and hydrogen fuel cell plug-in hybrid vehicles [11]. These research-
ers determined that battery electrical vehicles and hydrogen fuel cell plug-in hybrid vehicles
have similar life cycle costs. The life cycle costs of these vehicles are higher than the costs of
internal combustion engines but could decrease by 2030.

The approach presented in this work originated from the observation that during precision
agriculture tasks with robotized vehicles, the internal combustion engine frequently supplied
more power than needed, particularly when the implement (a tool or utensil for performing
agricultural work) used a power take-off (PTO) device as a power source. Thus, the objective
of this work was to develop, implement and assess a hybrid energy system for agricultural
robotic vehicles. The proposed energy system combines the use of batteries, a hydrogen
fuel cell and photovoltaic cells with the original internal combustion engine of the tractor to
achieve a substantial decrease in fossil fuel use, reducing the pollutant emissions.

The rest of this work is organized as follows. In Section 2, the autonomous robot and agri-
cultural implements used in this study are described. In Section 3, a path planning method
for reducing the fuel consumption is presented. Then, in Section 4, the energy demanded in
the selected agricultural tasks is analyzed, and the hybrid energy system designed to reduce
the system energy consumption is described. Section 5 studies the energy requirements of the
selected agricultural tasks and the required features of the hybrid energy system. Finally, the
main results are discussed in Section 6, and the main conclusions are summarized in Section 7.

2. Systems description

The energetic model derived in this work was tested in a system composed of an autonomous
robot and three different implements, each designed for a different agricultural task. The
autonomous robot consisted of several subsystems:

¢ A central controller

* An internal combustion engine
* A hydrogen fuel cell

¢ A photovoltaic panel

¢ A set of batteries

* An energy management system

¢ A fuel consumption measurement system used to estimate the exhaust gases from the
internal combustion engine

63



64  Agricultural Robots - Fundamentals and Applications

These subsystems and the implements are described below. The modifications made to the
implements such that the power provided by the PTO device could be replaced with electrical
power are also described, and the implement power features needed to design the energy
model are detailed.

2.1. Autonomous robot

The autonomous robot was based on the commercial CNHi Boomer 3050 CVT tractor (CNHi,
Zedelgem, Bruges, Belgium). This vehicle, with a weight of approximately 1700 kg and a gross
power of approximately 33.6 kW, was mechanically, electrically and hydraulically modified.
The robot power system, originally based on the tractor internal combustion engine, was
improved with an additional electrical energy system consisting of (1) a photovoltaic panel,
(2) a hydrogen fuel cell and (3) a set of batteries.

A main controller onboard the vehicle managed the main vehicle functions and a safety sys-
tem that provided safety to the vehicle, the environment and, most importantly, any indi-
viduals nearby [12]. The final autonomous robot and the different subsystems attached to it,
whose main features are detailed in the following sections, are depicted in Figure 1. The size,
justification and assessment of the added electrical energy system are presented in Section 5.2.

2.1.1. Autonomous robot controller

The autonomous robot controller (see Figure 2) allowed the robot to apply an effective treatment
with high precision. The autonomous robot controller is based on a hybrid architecture that
relies on the main controller based on a CompactRIO-9082 (National Instruments Corporation)
running a LabVIEW Real-Time operating system. The controller synchronized and processed
the information received from different sensors and the external operator and selected the best
behavior for the entire system depending on the current working situation, the perceived envi-
ronment and the general mission requirements. The controller also communicated with every
other subsystem via diverse communication protocols (Ethernet, serial and CAN bus) [13, 14].
The set of these systems (controllers, sensors and actuators) had an average power demand of
approximately 170 W for 12-V devices and approximately 260 W for 24-V devices.

Hydro ;n
f¥1el c%ll

Energy mana@nent
system

Figure 1. Autonomous robot.
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Figure 2. Main components of the autonomous robot controller.

The autonomous robot is equipped with a positioning system that consists of a global posi-
tioning system (GPS) receiver (Trimble Model BX982), with two antennas to measure the
robot’s heading with triangulation techniques. The system uses a real-time kinematic (RTK)
signal correction provided by a GPS base station located next to the working field. The posi-
tioning system provides a location accuracy of approximately +0.025 m.

A vision system installed onboard the robot was used by
¢ the weed detection system, which is responsible for detecting weed patches

¢ the crop row detection system, which is responsible for detecting the rows as a reference
for guiding the autonomous robot

¢ the safety system, which comprised (1) an obstacle detection system based on the robot
camera, (2) a laser and (3) a remote controller used by the operator.

A base station generated the mission, which consisted of a plan that defined the trajectories
of the robot and a plan for managing the implements, both plans depended on the specific
application. After generating the mission, the base station sent both plans to the robot control-
ler and executed them. When the robot was working, the base station was responsible for
supervising the status of both the robot and implement in real time and detecting malfunc-
tions, such as service disruptions, incorrect working speeds, incorrect implement statuses and
the probability of collisions [15].

2.1.2. Internal combustion engine

The internal combustion engine can work in two ways:
¢ As the only power source providing the total power demanded by the agricultural task.

* As a part of the hybrid energy system, providing only a sufficient amount of power to
move the autonomous robot with its implement.
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The engine was similar to that of the original tractor; however, the maximum ground speed
was limited to 7 km h™ for safety reasons. Figure 3 shows the performance curves of the
internal combustion engine provided by the manufacturer, which were used to calculate the
exhaust gas emissions and implement the energy demand model. The torque, power curve
and specific fuel consumption volume (V) are shown as functions of the engine speed.

2.1.3. Hydrogen fuel cell

A hydrogen fuel cell was used because this device generates electrical power with high
performance and can be rapidly refueled. The cell was attached to the front of the robot in
a box containing the hydrogen tanks (see Figure 1). A proton exchange membrane fuel cell
and metal hydride tanks were selected, which provided a power range from 0.5 to 5 kW
with a specific hydrogen consumption of approximately 0.74 Nm? kW h™. This value was
used to estimate the hydrogen consumption [17]. Nm?® denotes normal cubic meters, the
volume of gas measured under the normal conditions of 0°C and 1.01325 x 10° Pa (1 atm)
of pressure.
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Figure 3. Performance curves of the internal combustion engine [16].
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2.1.4. Photovoltaic panel

The photovoltaic panel was used as an additional system for fossil-free energy. This device
charged the batteries whenever there was sufficient light, even when the robot was in a
garage. The panel was situated on top of the robot to minimize shadows. Only the antennas
and camera were attached higher on the robot to improve the signal transmission and camera
vision. The panel was set horizontally to collect solar power independent of the orientation
(see Figure 1).

2.1.5. Batteries

A set of batteries were used to
* store excess electrical energy

¢ supply energy during periods of high demand, for example, the startup of the internal
combustion engine

* ensure that the robot’s energy management system had a continuous energy supply.

Because the set of batteries was heavy, one group of batteries was placed over the rear vehicle
shaft to reduce the slippage in tasks requiring draft forces. Another battery bank was placed
inside the fuel cell box in front part of the tractor and acted as a counterweight, when heavy
implements were used (see Figure 1).

2.1.6. Energy management system

The energy management system consisted of a controller to manage the electrical energy
flow from the hydrogen fuel cell and the photovoltaic panel. This system was responsible for
regulating and adapting the electrical power and supervising the electrical energy storage. To
accomplish this task, the system collected data about the status of the batteries and hydrogen
tanks and controlled the power provided by the hydrogen fuel cell.

2.1.7. Fuel consumption measurement system and model

Fuel consumption was measured using two flowmeters installed in the fuel supply line and
return line (see Figure 4). The instantaneous fuel consumption was measured as the differ-
ence between the data from flowmeter 1 and the data from flowmeter 2.

The flow sensors must be placed behind a fuel filter for protection; therefore, the return line
flowmeter must be installed in the pipe between the injectors and the junction with the fuel
filter return line. The other flowmeter can be installed between the fuel filter and lift pump
or between the lift pump and injection pump. The best position is behind the lift pump; oth-
erwise, low pressure can lead to additional problems resulting from small air bubbles in the
sensor circuit. Additionally, a cooling device was added in the return line before flowmeter 2
because a substantial amount of noise was observed in the flowmeter 2 data as a result of the
high temperature of the fuel returned by the robot engine.
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Figure 4. Scheme of the fuel flow system.

These flowmeters must be suitable for measuring diesel fuel and support the robot fuel circuit
conditions. According to the characteristics of the fuel system (see Table 1), the flowmeters do
not need to support high pressures; the nominal flow must be approximately 12.54 L h™, with
a maximum flow of approximately 30 L h™, which is adequate for oil with a low kinematic
viscosity. Furthermore, the flowmeter must deliver a measure of the temperature of the fluid,
and the return line flow sensor must be sensitive to a low flow rate.

An effective flowmeter for these applications was a small positive displacement oval gear
flowmeter. The oval gear design ensures that the pressure loss across the sensor is very low
(less than 1.5 x 10* Pa at full flow) and that the performance remains nearly constant over
the entire temperature and viscosity range. The PD400 flowmeter from Titan Enterprises
Ltd. (Sherborne Dorset, England, UK) was selected (see Figure 5) for both flow lines. Table 2
presents the main features of the PD400 flowmeter, which has a small, oval, tooth-wheeled
counter in addition to an easily replaceable filter that protects the sensor from any floating
particles. The flowmeter accuracy was approximately +2.5% with a low pressure loss of 10* Pa
[20], and its recommended working temperature range was from 0 to 60°C, which was slightly
lower than the temperature of the fluid in the return line; thus, the return line required a small
radiator to cool the returned fuel. This fuel consumption measurement system was properly
calibrated and validated experimentally. Considering the flowmeter accuracy and the rate of
flow in the fuel line, we obtained an accuracy of approximately 0.3 L h™".

Feature Value

Lift pump rated flow 12.54 L h™

Lift pump working pressure (0.2+0.05) 105 Pa
Maximum flow ~30Lh™

Density at 15°C 820-845 kg m™
Gross calorific value 10.40-10.72 kWh L
Net calorific value 9.881-10.182 kWh L™
CO, emissions 2.616-2.696 kg L

Table 1. Main characteristics of the fuel and fuel systems [16, 18, 19].
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Figure 5. PD400 flowmeter.

Several mathematical models for tractor engine consumption have been proposed in the last
few decades; these models show the interest in minimizing fuel consumption in agriculture
tasks [21, 22]. In this study, fuel consumption was assumed to depend on the terrain surface
and slope, engine speed, throttle position and load conditions, tractor drive type, total weight,
drawbar, PTO, and hydraulic and electrical power. To estimate the individual contribution
of these elements to fuel consumption, their relationships with energy expenditures must be
examined. These relationships were based on estimates using standards, engineering prac-
tices, and data suggested by the American Society of Agricultural Engineers (ASAE) [24].

The total energy and fuel consumption can be related through the specific fuel consumption

volume, V., which is the fuel volume consumed per power provided, by computing the total
fuel consumed, V_ ., as follows:

Vige = b VO P p, Ot (1)
where P, ., is the total equivalent PTO demanded power.

According to ASAE [24], the specific fuel consumption volume can be computed by

Feature Value

Flow rate 1-60Lh?

Maximum working pressure 25,105 Pa

K factor 1830 pulses L

Temperature range 0-60°C

Accuracy +2.5% (at a density of 830 kg m~)

Table 2. Main characteristics of the PD400 flowmeter [23].
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P, P,
V) = (0.22 +0.096 ﬁ) <1 - (? - 1) (0.45 i 0.877) ) )

PTOeq PTOrated

and the total equivalent PTO demanded power is given by

F v
P ) = D) U(t)+ MR

T_PTOeq E, Em

- PPTO X phyd + pel (3)

where P, is the equivalent PTO power; P, ., is the rated PTO power; n,, and n,, are
the partial and full throttle engine speed, respectively; D is the implement draft force; F,, is
the motion resistance (i.e., the difference between the gross traction and net traction; v is the
vehicle speed; E_ is the traction efficiency; E,,is the mechanical efficiency of the power trans-
mission from the net flywheel to the PTO; and P, P, , and P are the power requirements
from the PTO, the hydraulic power and the electrical power, respectively. Details about the

model’s derivation are provided in [25].

2.1.8. Calculation of the exhaust gas emissions

The exhaust gas emissions were computed by considering the partial load and speed of the
engine for a particular work regime according to the ISO 8178 standard [26] and the fuel
features specified in [18]. To calculate the partial load, the values of wheel slippage (the dif-
ference between the ground speed provided by GPS and the wheel speed provided by the
control system), PTO speed, engine speed, three-point hitch position (which determines the
plowing depth when the cultivator is used), and terrain slope (obtained from the orthometric
height in each point) were obtained. The partial load of the engine was calculated using these
data and the equations from the ASABE standards [24, 27]. With this partial load, the work
regime of the engine was obtained from the curves shown in Figure 3. Then, the correspond-
ing emission factor for each exhaust substance was estimated with these data and the ISO
8178 standard [26]. The ISO standard defines the emissions factors of exhaust gases for agri-
cultural combustion engines in eight individual work regimes based on the maximum power
and the manufacturing year of the engine. For small engines, as in this case, the ISO standard
defines the emission factors needed to calculate CO, particulate matter and NO, + hydrocar-
bons. Finally, the CO, emissions were calculated using the chemical equation of combustion
reaction (considering the other exhaust emission gases calculated with the emission factor of
the ISO standard) and the measured fuel consumption.

2.2. Agricultural tasks and implements

Three different agricultural tasks were considered, each one requiring a specific agricultural
implement:

* Weed control using a thermal and a row crop cultivator implement

* Weed control using an herbicide patch sprayer

¢ Pest control using a canopy sprayer.
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Figure 6 illustrates these three implements, and their main features and requirements are
presented in the following sections. The modifications to the implements made to allow use
with the hybrid energy system are also described.

2.2.1. Weed control with a thermal implement and cultivator implement

This task consisted of performing weed control using plowing and thermal treatments with
a particular mechanical-thermal machine. The weed detection system detected weed patches
by processing the images from a vision camera in real time. The autonomous robot was pro-
grammed to follow an initial predefined path, which fixed the initial and final points of each
track (the path followed by the vehicle through the crop). However, the initial path was cor-
rected with information provided by the row detection system based on the vision camera
of the weed detection system. The area analyzed in each image was a 3-m-wide (4 rows)
and 2-m-long rectangle. It was georeferenced with an accuracy of approximately 0.08 m and
divided into 0.25 x 0.25 m cells [14].

The implement consisted of a row crop cultivator and thermal device. The row crop cultivator
performed a mechanical treatment in the furrows (the spaces between crop rows, similar to a
conventional row crop cultivator). The thermal device consisted of several burners that pro-
duced flames applied in each row for weed control. This implement (see Figure 6a) was used
for wide rows of crops, with rows separated by approximately 0.75 m. This technique can be
applied to crops that can withstand high temperatures over short periods of time, such as

ol

Nozzles

Figure 6. Implements working: (a) thermal and row cultivator, (b) canopy sprayer and (c) patch sprayer.
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maize, garlic, leek and onion. The implement was controlled from the main controller, which
was able to regulate the gas pressure of each burner separately in three stages: zero (off), low
and high. The basic features of this implement are provided in Table 3 [28].

The implement originally had two hydraulic cylinders to allow the main bar to extend (for
treatment) and retract (during transportation). These cylinders could be replaced by linear
actuators with electrical motors (LINAK LA36, Guderup, Nordborg, Denmark), reducing
the power demand from the internal combustion engine and increasing the power demand
from the electrical energy system. The power demand from the electrical energy system was
relatively small because plowing was the main energy demand of this task, and the energy
required for plowing was supplied by the internal combustion engine. This implement used
gas fuel for the burners, but the gas fuel was not considered in the energy analysis; the energy
analysis considered only the electrical power used to light the burners. Any type of biogas

could be used for the burners, which have negligible combustion emissions.

Implement Feature Value
Thermal and row crop cultivator Power of the implement controller 40W (24 V)
Number of burners (two per row) 8
Power of the valves and sensors <1W
Power of each ignitor 144 W (24 V)
Linear actuator engine power (x2) 240 W (24 V)
Patch sprayer Power of the implement controller 40W (24 V)
Number of nozzles 12
Nominal flow of the nozzles 0.0126 L s™*
Nominal pressure of the nozzles 2.76 10° Pa
Power of each pump 16.5W (24 V)
Power of the flow control system 15W (12 V)
Engine power of each linear actuator (x2) 200 W (12V)
Canopy sprayer Power of the implement controller 40W (24 V)
Number of diffusors 8
Nominal flow of the nozzles (two per diffusor) 0.066 L s
Nominal pressure of the nozzles 310°Pa
Power of each pump 19W (24 V)
Power of the flow control system 24 W (24 V)
Air flow per nozzle ~0.5m?s™
Power of each fan 105 W (24 V)
Power of the ultrasonic sensors 12W (24 V)
Engine power of each angle regulator (x4) 36 W (24 V)

Table 3. Main features of the implements [12, 31-33].
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2.2.2. Weed control with an herbicide patch sprayer

This task consisted of spraying herbicides over weed patches of herbaceous crops. The weed
patches were detected and localized using the remote weed detection system, which was
a system based on vision cameras that acquired images using aerial robots and provided
a weed map of the crop consisting of 0.25 x 0.25 m cells with weed indexes indicating the
percentage of each cell’s area covered by weeds with respect to the total cell area. This map
is an input for the autonomous robot, which will open/close the implement nozzles over the
cells depending on their cell weed indexes.

The implement was a conventional patch sprayer (see Figure 6¢) modified to activate each
nozzle separately and regulate the total flow of the applied product. Two electrical linear
actuators extended and retracted the spraying booms that were controlled by the robot’s cen-
tral controller. The main features of this implement are summarized in Table 3 [29].

Originally, this implement used a main pump that worked with the PTO using the internal
combustion engine’s power. The pump worked to a rated power whenever a valve was open
and used a bypass line to return the product overflow, wasting a large amount of energy. To
improve this system, the main pump was replaced with a set of small pumps, using one pump
for each nozzle. The selected pump for this application was the model MG100 Micropump
(TCS Micropumps Ltd., Faversham, Kent, UK), which was able to regulate the flow to provide
sufficient flow and pressure. The implement control system was able to regulate the main her-
bicide flow (the total nozzle flow) to ensure correct operation. This modification generated a
significant reduction in power demand from the combustion engine and increased the power
demand from the electrical energy system slightly.

2.2.3. Pest control with a canopy sprayer

This task consisted of spraying insecticide into tree canopies for pest control. The robot path
plan provided the initial and final points of each track, and the robot controller was responsible
for interpolating the path to follow. The implement was a canopy sprayer (see Figure 6b) that
sprayed a pesticide solution over the tree canopies and blew the spray along the entire canopy.
The canopy sprayer was designed to spray trees planted in rows spaced approximately 4 m
apart, a common row spacing in olive groves. The implement was autonomous, that is, capable
of detecting the tree canopies and applying pesticide doses depending of the canopy dimensions.
The autonomous robot central controller turned the implement on and off only at the start and
end of the mission, respectively. The sprayer had four vertically placed diffusors on each side,
four of which (the lower and upper) allowed the spray direction to the canopy to range from —15
to 15° with respect to its initial vertical position. Each diffusor was equipped with two nozzles
and one air outlet, and the implement control system was able to activate each diffusor separately.
Eight ultrasonic sensors were used to detect the tree canopy, activate the required diffusors and
regulate the diffusor positions. In addition, the sprayer regulated the main flow of pesticide and
air using a main pump and fan. Table 3 shows the main features of this implement [30].

Analogous to the patch sprayer, the canopy sprayer originally used the internal combustion
engine power from the PTO to operate the main pump and the fan that diffuses the pesticide
throughout the tree canopy. Because this implement was autonomous, the robot’s central
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controller could not determine the instantaneous power requirements of the task. Thus, the
pump and fan worked continuously at the rated power, wasting large amounts of energy. The
system could be improved using a similar process as the previous application: replacing the main
pump with a series of small pumps, replacing the main fan with a set of small fans and using one
pump and one fan in each diffusor. The pump model MG100 Micro Pump and the axial compact
fan EC W1G250-HH37-52 (ebm-papst Group, Mulfingen, Baden-Wiirttemberg, Germany) were
used for this modification. In this implement, the pesticide flow was controlled while the fan was
maintained at its rated power. The reduction in power demand from the internal combustion
engine was the largest of the three tasks, as it was the total power consumed by electrical devices.

3. Path planning to reduce the fuel consumption

To find a path plan that minimizes the fuel consumption, a number of different possible paths
must be simulated. These paths must consider all possible track angles, field’s slopes and vehi-
cle mass losses during the spraying task. Figure 7 shows the block diagram of the procedure.
The first step is to obtain (a) the field and crop data, (b) the digital elevation model and (c) the
weed map, and to define potential angles for the first track of the path plans to accomplish the
treatment. The procedure relies in calculating the required energy of each path, considering
that we can start the treatment from both sides of the crop (right or left) and rejecting the track
with no weed. Finally, the plan with the smallest fuel consumption is selected.

Fuel consumption for all possible track angels, from 0 to 360°, must be calculated because
for treatments with mass losses, the motion resistance at a given point may differ. Thus, the
instantaneous motion resistance at each point depends on the path plan starting point [25].

The crop limits were defined as a function of the crop features and the weed map, if available,
was provided by an external device. The weed maps were represented in gray scale images
using eight bits per color channel; they have a pixel size of 0.5 m and were georeferenced
by the position of the lower left pixel with geodesic coordinates that are translated to the
(Universal transverse Mercator) UTM. The WGS84 standard Earth reference ellipsoid was
used. To estimate the terrain elevation model, the GeoTIFF ASTER GDEM images obtained
from the NASA website were used. These data were provided using a 1-arc-second (approxi-
mately 30 m at the Equator) grid and are referenced to the WGS84 [34].

Field and (For each path plan b
crop data
4 Less than
Elevation Create .|| Calculate optimal
data “| path plan energy path plan
A
Weed
—F Optimal
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L path plan )

Figure 7. Path plan selection.
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Implement Implement method Fuel consumption Fuel consumption measured
calculated

Thermal and row cultivator =~ Without optimization 0.48 L 0.50L
With optimization 0.31L 0.43L
Reduction 36% 13%

Patch sprayer Without optimization 0.74L 0.90 L
With optimization 0.29L 0.53 L
Reduction 61% 41%

Canopy sprayer Without optimization 0.37L 0.45L
With optimization 0.35L 0.43L
Reduction 6% 5%

Table 4. Results in fuel optimization.

Table 4 summarizes the results obtained with these methods, and Figure 8 represents the best
path plan to reduce the fuel consumption.

For the path sprayer case, where the areas to be treated are known in advance, the fuel
reduction resulted the best. Thus, a weed detection system that provides the weed data in
advance, with the consequent energy cost, is essential. However, this study considers that
energy negligible with respect to the energy savings achieved. In the case of the thermal and
row cultivator implement, we know the areas to be treated a few seconds before the treat-
ment, but it suffices for applying some energy-saving actions to obtain an important energy
reduction.

Finally, in the case of the canopy sprayer, an autonomous implement capable of detecting
the areas to be treated a few milliseconds in advance is used. This implement does not
enable the use of nearly any energy-saving actions, and the fuel reduction obtained is thus
the lowest.

(a) Maize crop (c) Olive-tree crop

(b) Wheat crop

‘ Weed patch

Figure 8. Test field schemes with the best path planning.

Robot trajectory . Olive tree
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4. Energy demand analysis

To estimate the total energy consumed in each agriculture task, the instantaneous power, the
time and the relationship with the energy source were all related. The robot had four energy
sources: fuel, hydrogen, batteries and solar power (the instantaneous power provided by the
Sun cannot be regulated). The energy demand has two main components:

* The energy demand supplied by the internal combustion engine, E
used to move the robot and implement.

o Which is the energy

* The electrical energy demand supplied by the electrical energy system, E_..

* Thus, the total energy consumed, E_, could be calculated as follows [35]:

E. =E__+E 4)

The energy provided by the internal combustion engine, E, .., can be computed as

ICE

Eep = JI PO dt = [[(DM®+F, (B)ob)dt (5)

where v is the system speed; D is the implement draft force, which depends on the dimension-
less soil texture adjustment parameter and machine-specific parameters; F, , is the motion
resistance force, which depends of the soil surfaces, terrain slope, wheel slippage, total system
mass and vehicle tires; and T is the study period. Eq. (5) computes the energy obtained from
an internal combustion engine, but it does not consider the loss of mechanical and traction
efficiencies in the vehicle [24, 27].

The second term of Eq. (4), that is, the energy supplied by the electrical energy system, can
be calculated by

Epps = /oT P, () dt = /OT(PAR_control B+ Py gy O +1 P (t)) dt (6)

where P, is the instantaneous power demanded to the electrical energy system, P,
is the power used to supply the autonomous robot controller described in Section 2.1.1,
Plp contse 18 the power consumed by the electrical system of the implement (e.g., controllers,
sensors and position actuator), 7 is the number of active tools and P, is the electrical power
consumed by each tool. A tool is defined as a set of systems that can be activated separately
to apply the treatment correctly in a given zone. With the thermal and row cultivator imple-
ment, the tool was the set of two burners and hoes used in each crop row, which used two
ignitors (only to light the burners) and two valves (only to change the tool status). In the
patch sprayer, the tool was each nozzle, each of which used a pump. In the canopy sprayer,
the tool was the set of two nozzles and the air outlet of each diffuser, each of which used
a pump and fan. Egs. (4)—(6) describe the model of the energy demand in the system for a
specific task.
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5. Energetic analysis

This section studies the energy requirements of the aforementioned agricultural tasks and the
required features and devices of the hybrid energy system.

5.1. Energy demanded in the selected task

The energy required for the autonomous robot and implement in each of the aforementioned
agricultural tasks was estimated using a representation of real crops (see Figure 8). The energy
analysis described in Section 4 was used to estimate the total energy consumed, measured as both
the maximum power demand and average power. The power was split into two values: (1) the
power demanded by the 24-V DC system and (2) the power demanded by the 12-V DC system.

5.1.1. Energy analysis of weed control using a thermal implement and cultivator implement

The electrical power demands of the 12-V DC devices, 24-V DC devices and their combined
sum are shown in Figure 9a. In this application, the power demand from the 12-V DC devices
was approximately constant, and the power demand of the 24-V DC system had abrupt and
short peaks, which were generated by the ignition of the burners. Table 5 presents the values
of these peaks and the average values of each type of power demand.

The total hydrogen consumed during a working shift of 8 h was calculated under the assump-
tion that the hydrogen fuel cell, which was described in Section 2.1.3, supplied all of the
electrical energy. This task represented the lowest power demand from the electrical energy
system because the energy for plowing was supplied by the internal combustion engine and
the gas burners did not require electrical power to work, only an ignition spark. Thus, the
electrical energy system was mainly used to power the electrical control systems.

5.1.2. Energy analysis of weed control using a patch sprayer

Figure 9b illustrates the instantaneous power demand of the patch sprayer in a weed control task.
The power consumed by the 12-V DC system was approximately constant because this power
was mainly used to supply energy to the system controllers. However, the power demanded by
the 24-V DC system, used to provide power to the implement devices, exhibited important varia-
tion that occurred when the pumps applied the treatment to weed patches. The maximum values
of the power demand, their average values and the total hydrogen consumed during an 8-h work
shift are shown in Table 5. These values were generally higher than those for the above case.

5.1.3. Energy analysis of pest control tasks using a canopy sprayer

As in previous tasks, Figure 9c shows the power required for pest control using the autono-
mous canopy sprayer. These graphs are similar to the patch sprayer application but with
larger values for the power demanded by the 24-V system, the only voltage used in this imple-
ment. The numerical values (and comparisons) for power demand in the pest control task,
and other tasks are provided in Table 5. As expected, the pest control task had the highest
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Figure 9. Power demands of the electrical energy system (ESS): (a) weed control using the thermal and row crop cultivator
implement; (b) weed control using the sprayer implement and (c) pest control using the canopy sprayer. P ,, Py, and
P_.S are the 12-V, 24-V and total power, respectively.

power demand from the electrical energy system, although the power demand from the
12-V DC system was similar to the other three cases because it was used mainly to supply the
controllers. Thus, the controllers had a quasi-constant power demand and were not strongly
influenced by the task.
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Implement
Thermal and row crop cultivator Patch sprayer Canopy sprayer
12-V average power 0.26 kW 0.28 kW 0.26 kW
24-V average power 0.22 kW 0.28 kW 0.90 kW
Total average power 0.48 kW 0.56 kW 1.16 kW
12-V maximum power 0.26 kW 0.40 kW 0.26 kW
24-V maximum power 0.79 kW 0.41 kW 1.39 kW
Total maximum power 1.05 kW 0.68 kW 1.65 kW
H, consumed (for 8 h) 2.43 Nm?® 2.84 Nm? 5.96 Nm?®

Table 5. Power and hydrogen consumed in each application.

5.2. Hybrid energy system

The energy system studied in this work used the original internal combustion engine of the
tractor operating in parallel with an electrical energy system. The architecture of the resulting
hybrid energy system is shown in Figure 10. The internal combustion engine was used to
provide motion, overcoming the motion resistant force and possible draft forces generated
by the implement, while the electrical energy system was used to power all electrical systems
onboard the autonomous robot. The combustion engine had enough power and autonomy
for the tasks analyzed in this work, but an electrical energy system was needed to supply the
electrical energy required for each agricultural task.

The electrical energy system used hydrogen as the main energy source, with a small contribu-
tion from a photovoltaic panel, and used batteries to adapt the power supply to the energy
requirements and store excess electrical energy generated by the photovoltaic panel when it
was not in use. The electrical energy system was designed according to the maximum values
in Table 5.

The hydrogen system was designed to supply the average power demanded by all electri-
cal systems, for example, control systems, sensors and actuators. Therefore, a hybrid fuel
cell with a minimum power of 1.16 kW and at least 5.96 Nm?® of hydrogen storage was
required.

The hybrid fuel cell was based on the TROPICAL TB-1000 model. It was an unregulated DC
power system based on a proton exchange membrane fuel cell (FCgen-1020ACS, Ballard
Power Systems, Burnaby, British Columbia, Canada). The system had to be fueled with pure
hydrogen and was able to deliver up to 1.4 kW of peak electrical power and 1.2 kW in a
nominal continuous operation. A hydrogen storage system based on metal hydride tanks was
used. Four tanks were used, each with a capacity of 3 Nm?.

The photovoltaic panel was a Module EGM-185 (EGing PV Co., Ltd., Jintan, Jiangsu, P.R. C),
which had a power rating of 183 W and an efficiency of approximately 15%. At the test site
location (40°1829" N, 3°29'14" W), this panel provided an average daily energy amount of
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Figure 10. Hybrid energy system.

0.88 kWh, with a maximum of 1.46 kWh per day in July, according to the irradiation data
available from the Photovoltaic Geographical Information System of the Institute for Energy
and Transport [36].

Deep-cycle lead-acid batteries, which could supply current levels greater than those provided
by the hybrid fuel cell over short periods, were used. The lead-acid batteries were charged by
both the hybrid fuel cell and photovoltaic panel and stored all unused photovoltaic energy.
The batteries were divided into two banks to supply 12 V DC and 24 V DC. Each bank con-
sisted of two batteries, each with a capacity of 2.2 kWh; this capacity was sufficient to store
excess photovoltaic energy over several days of inactivity and could be used during sporadic
periods of high energy demand, as shown in Figure 11. Table 5 shows that the power demand
of the 24-V DC system was higher, but this analysis did not consider the energy required to
start the combustion engine. Furthermore, two or more batteries in parallel were required to
start the internal combustion engine because deep-cycle batteries were used.

The energy management system was responsible for
¢ Regulating and adapting the power provided by the hydrogen fuel cell and photovoltaic
panel.

* Assuring a minimum charge in the batteries.
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¢ Obtaining the maximum photovoltaic power.

* Supervising the hydrogen storage, batteries status and photovoltaic power.

The energy management system used two solar-panel controllers (either 12-V batteries or
24-V batteries) with the maximum power point tracking (MPPT SS-MPPT-15 L, Morningstar,
Inc., Chicago, Illinois, US) to obtain the maximum power from the photovoltaic panel.

Both 12-V and 24-V battery chargers (or power adapters) (BCD1015, Analytic Systems Ware
Ltd., Delta, British Columbia, Canada) were required to adapt the power from the hybrid fuel
cell. The energy management system was equipped with a controller that managed the energy
flow. The block diagram of the energy management system is shown in Figure 11, where C
and C,,, are the charges of the 12-V and 24-V batteries, respectively; C ., . and C,,, . are the
minimum charges in these batteries with the hybrid fuel cell stopped; and C and C

12Vmax 24Vmax

are the maximum charges in these batteries when the hybrid fuel cell is running. C,,,, . and
C, v Were calculated to ensure correct operation during periods of high energy demand.
The C,,,, . and C,,  values were calculated to create a hysteresis cycle for the hybrid fuel
cell’s operation with a value that is sufficiently high to avoid excessive start/stop in the hybrid
fuel cell but sufficiently low to allow for the storage of the photovoltaic energy generated

when the robot was stationary.

6. Results and discussion

This section presents the emission reductions obtained by using the hybrid energy system
in real scenarios. To analyze the results, the emissions of the autonomous robot with the
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internal combustion engine as the only power system were compared with the emissions of
the same robot using the additional hybrid energy system described in Section 5.2. The same
autonomous mobile robot was used in all tests, and the fuel consumption and emissions were
measured as explained in Section 2.1.7. The experiments were carried out for the crops and
tasks introduced in Section 2.2, and the results are described in the following sections.

6.1. Hybrid power of weed control with a thermal implement and a cultivator
implement

This test was performed over the maize crop represented in Figure 8a, where the path followed
by the robot is indicated in blue and the weed patches are indicated in green. As described
in Section 2.2.1, the vision system onboard the robot detected the weed patches in real time;
therefore, the trajectories had to cover the entire field because a priori knowledge of where the
patches were located was not available. Although the burners were activated only over weed
patches, the hoes plowed all furrows to kill weeds and aerate the soil. Therefore, the energy
required to plow all tracks was high, and more exhaust gas was produced, particularly CO,,
as shown in Figure 12a, which shows the exhaust gas emitted as a function of the distance
traveled. The required energy to plow was the main power demand supplied by the engine
in both cases (using the internal combustion engine alone and using it along with the hybrid
energy system). Consequently, the emission reduction obtained due to the use of the hybrid
energy system was small.

As shown in Figures 12a—d and Table 6, the reduction in air pollution during this task was
lower than in the other analyzed tasks. The CO, emissions were only slightly reduced as a
result of the energy consumed by the burner ignitors and electrical control system, although
the energy consumed by the ignitors was relatively negligible.
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Figure 12. Exhaust gas emissions in weed control using the thermal and row crop cultivator implement.
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Application Power system CoO, co HC +NO, PM
(kg h™)

Thermal and cultivator Combustion engine only 11.32 0.1132 0.1478 0.0126
Hybrid system 10.36 0.1129 0.1475 0.0126
Exhaust gas reduction 8.53% 0.2% 0.2% 0.0%

Patch sprayer Combustion engine only 9.86 0.1334 0.1852 0.013
Hybrid system 6.25 0.110 0.1434 0.0123
Exhaust gas reduction 36.6% 17.8% 22.6% 5.4%

Canopy sprayer Combustion engine only 10.74 0.1425 0.2047 0.0125
Hybrid system 5.64 0.1071 0.1393 0.012
Exhaust gas reduction 47.5% 24.8% 31.9% 3.8%

Table 6. Average values and comparison of exhaust gas emissions in the three applications.

6.2. Hybrid power of weed control with an herbicide patch sprayer

This test was performed over the wheat crop represented in Figure 8b, where the path fol-
lowed by the robot is indicated in blue and the weed patches are indicated in green. The weed
map was acquired in advance using remote sensing. Thus, the robot did not need to move
over the entire field, as in the task described in Section 2.2.2, and the path could be optimized

to pass over only the weed patches, reducing energy consumption.

Figure 13 shows the instantaneous emissions of CO,, CO, hydrocarbons + NO, and partic-
ulate matter obtained in this experiment, and Table 6 shows their average values and the
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reductions obtained when using the hybrid energy system. Figure 13a shows a significant
reduction in CO, emissions because the hybrid energy system avoids the use of the PTO,
resulting in a significant reduction in fuel consumption.

Figure 13c presents the reductions in hydrocarbon and NO, emissions, but these reductions
were smaller than the reduction in CO, because the NO, concentration in the exhaust gases
decreased with engine speed but the concentration of hydrocarbons increased. Particulate
matter emissions were highly similar in both cases (see Figure 13d) because their concentra-
tions in the exhaust gases increased as the engine speed decreased, which occurred when the
PTO was off or operating slowly. A similar result, but to a lesser extent, was obtained for CO,
as shown in Figure 13b and Table 6.

6.3. Hybrid power of pest control with a canopy sprayer

This test was performed in the small olive grove represented in Figure 8c, where the path fol-
lowed by the autonomous robot is indicated in blue and the olive trees are indicated in green.
The implement used for this task was the autonomous canopy sprayer, as described in Section
2.2.3. This implement, as discussed in Section 5.1.3, demanded the majority of the energy from
the electrical energy system out of the three experiments that were conducted. The highest
reduction in power demand from the combustion engine was achieved in this experiment,
resulting in the highest reduction in the exhaust gases, as illustrated in Figures 14a—-d and
Table 6. The reduction in CO, emissions reached approximately 50%. The results are similar
to the previous experiments (herbicide spraying) but, in general, with a greater reduction in
emissions.
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Figure 14. Exhaust gas emissions in weed control using the patch sprayer.
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7. Conclusions

This work demonstrates that using fuel optimization techniques with a good consumption
model combined with field data (field limits and field elevation map) and crop needs can
achieve fuel savings of approximately 50% in the best case. Furthermore, it is proved that
to combine current agricultural machines, which use combustion engines for power, with
new technologies that are based on clean energy sources to significantly reduce the emissions
of atmospheric pollutants and greenhouse gases. This integration can be accomplished by
offloading the combustion engine and adding this load to an additional electrical energy sys-
tem. This technique was highly effective for tasks where the implement requires PTO power,
as shown in Sections 6.2 and 6.3. The replacement of this PTO power is relatively simple; only
small modifications were required in the implement, as described in Section 2.2. When the
implement generated draft force (e.g., in plowing), this technique was not as effective as in the
experiments analyzed in Sections 6.2 and 6.3; however, a reduction in the pollutant emissions
was obtained from the robotic systems when electrical energy consumption was important.

The use of electrical energy systems allows small electrical actuators to be used, which are
able to apply treatments to small areas with little power consumption. The use of such dis-
tributed systems is particularly important in precision agriculture, where treatments must be
focused only on affected areas, which are often smaller than the total area that the implement
is able to treat.

The greatest improvement was obtained by the autonomous implement analyzed in Section
6.3. In this example, the robot does not know the instantaneous power requirements of the
implement, and thus, for the case in which the combustion engine is the only power source,
the engine must supply the rated power to the implement, which is an inefficient use of
energy. However, with the hybrid energy system, the implement uses the energy provided
by the electrical energy system, and it is able to manage and minimize its energy.

The CO and particulate matter emissions present the least reduction because these concentra-
tions of emissions were larger when the hybrid energy system was used due to the effect
of decreasing engine speed. Similar emission results were obtained for these gases in many
studies that analyzed internal combustion engine exhaust gases [5, 6, 37]. But, although the
concentrations of CO and particulate matter in the exhaust gases were lesser for these engine
speeds and loads, the total exhaust gases increased because the flow of exhaust gases emitted
from the combustion engine was much greater than the gases from the hybrid energy system.
The theoretical studies and experiments conducted in this work reveal that the use of a hybrid
energy system in precision agriculture via autonomous robots improves the quality of the
exhaust gases and decreases energy use. Compared with traditional tractors, robotic trac-
tors have increased electric power consumption; therefore, an electrical energy system must
be added when the agricultural vehicle is robotized because the use of alternators increases
energy loss. Furthermore, an electrical energy system can be designed to supply some of
the energy requirements of various agricultural tasks, as shown in this work. The hybrid
energy system significantly reduced atmospheric pollutant emissions, including CO,, CO,
NO,, hydrocarbons and particulate matter. This work has demonstrated that hybrid energy

85



86 Agricultural Robots - Fundamentals and Applications

systems can be reliably and autonomously used in agricultural tasks with tractors or robots,
decreasing (to various extents) the load on the internal combustion engine. This development
can be regarded as an intermediate step toward the use of completely clean energy systems.
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Nomenclature

Chemical components
CcO carbon monoxide

cO carbon dioxide

2

NO,  nitrogen oxides

SO, sulfur dioxide

Symbols

D implement draft force (N)

E energy demand supplied by the internal combustion engine (Wh)
Fx total implement motion resistance (N)

n number of tools

P, electrical power of each implement tool (W)

Voo total fuel consumed (L)

Ve specific fuel consumption volume (L Wh™)

E, total energy (Wh)

P, power requirement from the PTO shaft (W)

Pproe,  €quivalent PTO power (W)

P omeq Tated PTO power (W)

P} hro. total equivalent PTO demanded power (W)

P& conrot POWeET used to supply the autonomous robot controller (W)
Pip conr POWET consumed by the electrical system of the implement (W)

(- partial throttle engine speed (rpm)
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- full throttle engine speed (rpm)
P hydraulic power (W)

P, electrical power (W)

Acronyms

DC direct current

NASA The National Aeronautics and Space Administration
PTO power take-off

GPS global positioning system

RTK real-time kinematic

UTM  Universal transverse Mercator

WGS84 World geodetic system of 1984
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