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Chapter 1.  Introduction  

1.1. Fruits production in Japan 

The Ministry of Agriculture, Forestry and Fisheries in Japan showed the top five fruit 

cultivation areas in Japan in 2023 were 37,300 ha for oranges, 35,900 ha for apples, 17,900 ha 

for persimmons, 17,600 ha for grapes, and 16,200 ha for chestnuts [1] (Fig. 1). Other citrus 

fruits cover an area of 23,600 ha, and if combined with mandarin oranges, they occupy 

approximately 60,000 ha. The orchard areas have been decreasing over the past 10 years. The 

decline rates for mandarin oranges, persimmons, and chestnuts from 2014 to 2023 were large 

at 17.8%, 18.3%, and 22.1%, respectively. For mandarin oranges, particularly, shrinking by 

8,000 ha. 

 

Fig. 1 Change in cropland areas for fruit cultivation (Brackets means Japanese name) 
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Fig. 2 shows domestic fruit consumption trends. The amount spent on fresh fruit by 

households with two or more people was 34,800 yen/year in 2012, while it was 36,400 yen/year 

in 2022 [2]. It appears to be slightly increasing. However, looking at trends in the wholesale 

price and quantity of fruit (Fig. 3), from 2014 to 2023, the price rose from 280 yen/kg to 401 

yen/kg, while the quantity fell from 3,690 kt to 2,690 kt. Domestic wholesale volume decreased 

by 27% from 2014 to 2023, but domestic cultivation area decreased by an average of only 14% 

over 10-year period. This means that the yield per area has decreased, and the unit price 

increased. This may be due to the trend of growing high-priced fruits. 

 

Fig. 2 Change in annual expenditure to fruits for each household 

 

Fig. 3 Change in the amount and the wholesale price of fruits 
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As is shown in Fig. 4, you can see the same trend from export amounts. According to 

data from the Ministry of Agriculture, Forestry and Fisheries in Japan [3], the export price of 

fruits has been rising, from 13.3 billion yen in 2012 to 45.3 billion yen in 2020. In particular, 

the export price of grapes has increased more than 10 times from 0.4 billion yen to 4.1 billion 

yen. The unit price has also increased from 1,111 yen/kg to 2,407 yen/kg, indicating that the 

quality of the fruit has improved. This can be because high-quality varieties such as Shine 

Muscat emerged. Most of the export destinations are neighboring countries such as Taiwan, 

Hong Kong, or Singapore.  

 

Fig. 4 Change in the prices and the amount of exported fruits 
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Consumption of fruit wine has been increasing in Japan. According to a 2019 

National Tax Agency survey [4], the overall shipment volume of alcoholic beverages has been 

declined since 2000, while fruit alcoholic beverages have been rising. Domestic fruit wine has 

been also rising, with production volume increasing from 67,000 kiloliters in 2007 to 102,000 

kiloliters in 2017, an increase of approximately 1.5 times. Also, the number of fruit wine 

manufacturing facilities has been increasing from 367 in 2015 to 413 in 2021 [5]. However, 

wines made in Japan still rely on imports for the raw materials such as fruit and fruit juice. 

Only 33% of wines are made from domestically produced ingredients. The main production 

areas for wine grapes in Japan are Yamanashi Prefecture, Nagano Prefecture, Hokkaido, and 

Yamagata Prefecture, and these four prefectures account for 84% of the total production. 

These regions are characterized by having a particularly high mountainous area compared to 

other regions in Japan, excluding Hokkaido. According to the Japan Meteorological Agency, 

"mountainous area" is not strictly defined as a place with many mountains and an antonym for 

flatland. Therefore, the index of mountainous area ratio is ambiguous, but for reference, the 

percentage of mountainous areas in the total area is 86% [6] in Yamanashi Prefecture, 84% [7] 

in Nagano Prefecture, 50% [8] in Hokkaido, and 72% [9] in Yamagata Prefecture. Note that 

these values vary greatly depending on the source of the data, so they are just reference 

values. However, the fruits of wine can be seen to be widely cultivated in mountainous areas. 

Mountainous areas generally have a small population, making it difficult to ensure a labor 
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force. The area of fruit cultivation has been decreasing because many farmers quit cultivation 

due to the lack of the labor force. Therefore, ensuring labor force has been a serious issue. 

1.2. Labor-saving tree shape 

As mentioned above, enhancement of the workforce through mechanization is 

essential as the labor shortage is becoming serious, especially in rural areas. However, if we did 

not maintain fruit trees, they will spread out in three dimensions, making it difficult to introduce 

machinery. Thus, tree shaping is necessary so that machinery can fit into it. This is called a 

labor-saving tree shaping. In a regular orchard, the tree shaping is conducted to be easier for 

humans to manage trees. For example, grape trees need a trellis to support vines of them. There 

are two types of grape trellises: the vertical type and the horizontal type (Fig. 5). According to 

[5], in Japan, 63.3% of grapes for wine production are cultivated on horizontal trellises, and 

36.7% are cultivated on vertical trellises. The horizontal type is popular because of its 

advantages such as easier management of fruits, higher yield per unit area, better ventilation for 

fruits, resulting in reducing diseases, and avoiding damages from typhoons. On the other hand, 

the vertical type of cultivation is preferable from the perspective of mechanization because it is 

easier for machines to move around the orchard and to operate trees because they have flat 

shapes. For these reasons, the vertical type of cultivation is widespread in grape cultivation 

around the world. In addition to grapes, some fruits and citrus fruits are also cultivated using 

the vertical trellis in Japan, but the area is still small.  
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Fig. 5 The vertical trellis and the horizontal trellis 

Mandarin oranges, which are most cultivated in Japan, are generally cultivated in their 

natural form, but there is also a labor-saving tree shaping called the double-trunk cultivation 

(Fig. 6). This is a tree shape with two main trunks extending parallel to the row. The double-

trunk form can create a plane of trees, like the vertical trellis. According to [10], the introduction 

of robot vehicles through the double-trunk cultivation has reduced work time by 16.7% for 

thinning, 15.2% for harvesting, and 40.9% for pruning. While pruning, it saved time 

significantly, because the double-trunk cultivation had a clear skeleton of trunks, so there was 

less time to think about which points should be cut. 

 

Fig. 6 The double trunk cultivation of Mandarin oranges. Source: 

https://www.youtube.com/watch?v=GG8kHMH-iRA 
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The joint tree shape is a method of making the whole tree uniform by stretching the 

trunk parallel to the ridges and grafting it to an adjacent tree. It is widely applied to pears, apples, 

persimmons, etc. The joint V-shaped trellis, which is an application of the joint tree shape, has 

been attracting attention in recent years, and in the case of apples, it has been reported that the 

work time can be reduced by 50% [10]. 

 

Fig. 7 The joint V-shaped trellis of pears. Source: [10] 

All labor-saving tree shapes have common characteristics, such as having a flat plane 

of branches to make it easy for automatic machines to work, and having easy-to-understand 

main trunks that require less consideration when pruning. These results suggest that adjusting 

the tree shape to the mechanization is necessary as well as creating machines to fit into the 

crops. 

1.3. Autonomous navigation 

Research on robot vehicles traveling in the labor-saving tree-shaped orchards as 
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described above has been conducted, and many autonomous navigation methods also exist. The 

Global Navigation Satellite System (GNSS) has been widely used for robot vehicles in a field 

as a powerful self-positioning. However, because there are trees in orchards, many studies have 

developed autonomous navigation methods without the GNSS. 

Ishiyama et al., 2022 developed an autonomous ground vehicle with a towed 

implement transporting harvested products and automating farming tasks in nine types of 

orchards [11]. In that study, two 2D-LiDARs were installed in the front for autonomous 

navigation. Between tree rows, the tree line was approximated by a straight line and the vehicle 

traveled according to the estimated center line. When turning, the vehicle acquiring point cloud 

data estimated its position by referring to a landmark map created in advance. In fact, the 

method of linearly approximating tree rows using the 2D-LiDAR has been developed since the 

late 2000s. Barawid et al., 2007 used the Hough transformation to approximate the tree rows to 

a straight line and estimate the center line as the traveling path [12]. When extracting a 

representative line from a point cloud, noise in the point cloud causes an error in the estimated 

straight line. That study performed noise filtering with a moving average. It was found that 

removing noise is required to improve accuracy when recognizing tree lines from point clouds 

using the 2D-LiDAR. Jones et al., 2019 compared autonomous navigation methods of the 

GNSS, a vision sensor, and the 2D-LiDAR for a kiwifruit orchard cultivated on horizontal 

trellises and suggested that the most appropriate method was to recognize trees using 3D-
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LiDAR [13]. They determined the traveling path by making pairs of left and right trees in order 

and creating their center points. 

Yanagisawa et al., 2021 developed an autonomous transport vehicle for orchards [14]. 

The ArUco markers were installed in the orchard, and the vehicle could travel by recognizing 

them with a vision sensor. The authors also developed an autonomous navigation method for 

orchards using vision sensors and the ArUco markers [15]. A convolutional neural network was 

used to learn the traveling path between tree rows in an image in a grape orchard to estimate a 

traveling path. When turning, the robot vehicle recognized the ArUco marker and entered the 

next row. In autonomous navigation using images, the color information of the surroundings 

changes due to the weather condition. Deep learning-based detection was found to be more 

robust than classic threshold classification. On the other hand, training data was required for 

each season because the appearance of trees changes with the seasons. Additionally, since the 

environment differs in each orchard, one of the challenges when using deep learning is to 

require a large amount of data. 

Autonomous navigation methods without the GNSS basically focus on traveling in the 

tree rows. Although some studies attempted to turn using a landmark map and the ArUco 

markers, navigation on a headland or from a garage to an orchard is difficult without GNSS. 

Liu et al., 2024 proposed a method that combines the GNSS and the LiDAR [16]. Navigation 

between tree rows was performed using the LiDAR, while traveling to headlands and other 
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areas was performed using the GNSS. Falco et al., 2019 conducted a performance evaluation 

of the Real-Time Kinematic GNSS (RTK-GNSS) in an orchard and verified how well the RTK-

GNSS can perform in a harsh environment where trees exist [17]. In Chapter 4 of this research, 

we verified autonomous navigation in an orchard using the GNSS corrected by the PPP-RTK 

method, a type of the RTK-GNSS.  

1.4. Electrification of farming machinery 

As well as automation, the electrification of agricultural machinery has been focused 

on. In 2016, Europe adopted a set of emission control regulations for off-road vehicles called 

the European Stage V Non-Road Emission Standards (commonly known as StageV). This 

agreement suggested the emission limits for particulate matter (PM) mainly emitted by diesel 

engines, and applies to agricultural machinery, construction machinery, railways, ships, etc., 

with diesel engines of 19kW to 560kW. Due to the emission regulations, the development of 

electric agricultural machinery that does not emit gas has been promoted. Electric tractors have 

been developed, mainly by John Deere, the world's largest agricultural machinery manufacturer 

[18]. According to John Deere, electric tractors have fewer parts and are easier to maintain than 

internal combustion engine tractors. Thus, they surely will enter the tractor market in the future 

[19]. However, battery performance is currently a bottleneck. Electric tractors have an 

overwhelmingly shorter running time than internal combustion engine tractors, which is the 

most significant drawbacks. An Electric tractor supplied power via wires has also been 
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developed so that charging is no longer a consideration [20]. Hybrid tractors replacing parts of 

the driving system with electric power such as the PTO have been developed. The Robot Fleets 

for Highly Effective Agriculture and Forestry Management (RHEA) project conducted in the 

EU in 2014 reduced emissions by approximately 50% by installing fuel cells and solar cells on 

a unmanned internal combustion engine tractor [21]. Researchers in Poland conducted a market 

survey on electric tractors [22]. According to the survey, it is difficult for current electric tractors 

to compete with existing diesel tractors unless they are equipped with a system that does not 

charge during work, and they are suitable for use in relatively small greenhouses or orchards.  

1.5. Structure of this thesis  

This research focused on autonomous driving control of an electric vehicle for orchard 

application. The critical points were development of an electric vehicle and autonomous 

navigation. Chapter 2 describes development of driving control in off-road environments for 

electrification. Chapter 3 describes autonomous navigation by the Quasi-Zenith Satellite 

System (QZSS). Chapter 4 considered determining the optimal route in the orchard, and 

Chapter 5 discussed how to turn in an orchard when a towed implement is attached.  
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Chapter 2. Development of driving control 

2.1. Introduction 

2.1.1. Demand for electrification 

Hybrid electric vehicles or electric vehicles, which can reduce using fossil fuels, 

have been developed these days to mitigate an impact on the environment. This trend in the 

automotive sector is the same around agricultural vehicles. Some researchers conduct research 

on a hybrid tractor whose implement or driving force is driven by electric power, or an 

electric tractor (ET) that is totally driven by electric power ([23]). [21] converted an engine 

PTO of a small tractor to an electric one, and developed a hybrid robot tractor that works on 

spraying autonomously. They tested spraying in maize, wheat, and olive fields and concluded 

that the robot could reduce up to 50 % of gas emissions. [24] analyzed the economic cost and 

the amount of emissions of a solar assist plug-in hybrid electric tractor (SAPHT) on 

simulation. They estimated that we can reduce 14 tons of carbon dioxide in a year if 

conventional tractors are replaced with the SAPHT. Additionally, [25] made a prototype of an 

electric tractor: parts for driving of a 10 kW small tractor were replaced with electric parts. 

They concluded that energy consumption could be reduced to 70 % of the original engine 

tractor even though the new one was heavier than the original one due to motors. [26] 

estimated that replacing conventional diesel engine tractors with small robot ETs leads to a 29 
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– 33 % cost reduction. These studies verified that replacing engines with motors can reduce 

energy consumption and costs. In addition, [27] suggested an estimation method of energy 

consumption relating to working for electric farming machines. We can design a farm with a 

power generation system according to energy consumption if it can be estimated accurately. 

However, according to a survey by [22], 75 % of farmers said that they did not want to 

purchase an ET. The main reason was that they had trouble if the ET needed charging 

frequently and interrupted farming tasks. Hence, the research concluded that ETs should be 

applied to orchards or greenhouses that have smaller areas than typical crop fields so far.  

2.1.2. Small farming robot powered by electricity 

Small robot vehicles for farming, which are designed apart from conventional 

tractors, have been developed for orchards and vineyards. [28] developed a spraying robot for 

vineyards and greenhouses. The robot had two DC motors of 1 kW output, carried up to 200 

kg, and traveled up to 3 km/h. [29] also developed a bigger spraying robot for orchards and 

vineyards. The robot could load 3500 kg and had four 7kW motors for each wheel to adapt 

bumpy fields. However, the robot of [29] had a diesel engine to add power to an electric pump 

and fan for spraying. Control would be complicated because there were small motors on four 

wheels in addition to an engine. In summary, a power train system for an electric farming 

machine has not been established. There are few developed systems that can generate power 

for driving force on a offroad and for farming implement at the same time by electricity. In 



- 14 - 

 

addition, [30] summarized commercial small farming robots, but many of them were 

developed for sensing or weeding on a field. Therefore, they did not have enough power to 

spray or mow in orchards, which need power as much as a middle between tractors and small 

farming robots. 

2.1.3. Hybrid system for automotive 

This study paid attention to a hybrid system (HS) for automotive as a power train. 

The HS for automotive has been already developed and verified the quality. Thus, the 

development cost will be suppressed if the HS will be converted into a farming machine. For 

example, The Toyota Hybrid System (THS) has an engine and two motors. Those three shafts 

are linked by a planetary gear. The efficiency of fuel is optimized by controlling both an 

engine and two motors, which have different characteristics in terms of energy efficiency 

[31]. Regularly, a motor on the THS is used for driving and the other is for charging, but both 

two can be used for driving. Therefore, both working and traveling are achieved by installing 

a farming implement into an engine shaft, and driving it and a tire shaft at the same time. [32] 

estimated required torque and designed motors for ET in orchards and vineyards. They 

reported that the maximum required torque was 110 Nm in case of tasks without plowing 

using a cultivator. The motors in the THS, although different between the generation, has 

enough power. For example, the maximum output and torque are 53 kW and 163 Nm for the 

4th generation Prius, and 45 kW and 169 Nm for Yaris, which can work on spraying and 
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mowing. On the other hand, speed control for driving is a problem when converting a power 

train system for automotive into agricultural vehicles. In farmland, a travel speed of less than 

10 km/h is required generally. However, an automotive power train system targets a higher 

speed range than a farming one. Thus, a simple feedback control, such as the PID control, 

cannot control torque well, especially at a low-speed range, and therefore, traveling will be 

unstable. A speed control method adapting to farming is required if a reduction gear is not 

changed.  

2.1.4. Purpose of this study 

This chapter designed a spraying robot in orchards using the THS as a power train 

system. We picked an issue up when applying the THS to a robot farming vehicle for orchards 

without any remodeling, and suggested a solution. Here, there were three achievements in this 

chapter. 

• A challenge and a solution were suggested when the HS for automotive is applied to 

farming machines 

• Traveling performance was improved by developing a speed controller considering a 

traveling resistance 

• A spraying test powered by the HS for automotive was conducted and the efficiency 

was verified 

2.2. Materials and methods 
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2.2.1. Vehicle body 

A vehicle body is based on a golf cart and the hybrid system that is used for a 

commercial car, Yaris made by Toyota was installed on it. Motors in the tested Toyota Hybrid 

System (THS) was a three-phase AC permanent magnetic synchronized motor that has 45 kW 

of the maximum output and 169 Nm of the maximum torque (Table 1).  

Table 1 Specification of the THS 

Number of engines 1 

Number of motors 2 

Motor type 
3-phase AC synchronous 

motor 

Max. output of the 

motor 
45 kW 

Max. torque of the 

motor 
169 Nm 

As is shown in Fig. 8, the THS is composed of a battery, an inverter, a motor, a generator, a 

planetary gear, a reduction gear, and an engine. The engine part was replaced with a farming 

implement. From now on, the engine shaft is called an implement shaft. A lithium-ion battery 

of 200 V, 6.1 kWh was used for a power source. A motor and a generator are the same 

function each other. Here, the generator in Fig. 8 is called a motor & generator 1 (MG1), the 

motor is called a motor & generator 2 (MG2). The planetary gear is for connecting three 

shafts: MG1, MG2, and implement shafts, transferring power each other. In the planetary gear 

mechanism of the tested THS, the MG1 works only on the implement shaft and the MG2 
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works strongly on a tire shaft. Therefore, the MG1 and the MG2 are controlled for rotating the 

implement and traveling, respectively. An impact on the implement shaft when rotating the 

MG2 can be ignored because it is enough small at a low-speed range. The specification of the 

vehicle body is shown in Table 2. 

 

Fig. 8 The converted Toyota hybrid system for vineyards. The engine is replaced with an 

implement such as a pomp for a sprayer or a cutter for a mower. Based on [31]. 

 Table 2 Specification of the developed vehicle body 

Vehicle mass [kg] 650 

Wheelbase [mm] 2100 

Tire radius [mm] 285 

Overall length [mm] 3200 

Width [mm] 1400 

Height (no roof) [mm] 1600 

2.2.2. Sensors and network 

An RTK-GNSS (SPS855, Trimble, USA) and an IMU (VN100, VectorNav, USA) 
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were used as navigation sensors for autonomous traveling. A laser range finder (UTM-LX30, 

Hokuyo, Japan) for obstacle detection and a vision sensor for monitoring vegetation are also 

installed. Fig. 9 shows the overall system. A computer (TOUGHBOOK CF-20, Panasonic, 

Japan) was installed to obtain sensor information and calculate the input of a steering angle, 

MG1 torque, and MG2 torque. The sensor acquisition and calculation period were 10 Hz. A 

calculation result was sent to each node via the controller area network (CAN). The THS 

received an input torque from the computer and drove the MG1 and the MG2. The computer 

received information, such as remain capacity from the battery management system, rotation 

speeds of the MG1 and the MG2 from the THS, and a current steering angle from a steering 

control system via the CAN. A pump (6500C, Hypro, UK) was installed on the implement 

shaft for spraying. A liquid control unit and nozzles made by ARAG; Italy were also installed. 

We made a sprayer control system to open and close each nozzle automatically via CAN 

using Arduino Mega 2560. 

 

Fig. 9 The overview of the overall network system 
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2.2.3. Motor characteristics of the Toyota Hybrid System 

The motor in the THS is, as described in Section 2.1.3, the three-phase AC 

permanent magnetic synchronized motor. Input current is controlled by a feedback loop so the 

output torque of the motor follows a desired value [33]. Two compensators are in the 

controller to minimize a control error due to battery voltage or a rotation speed of the motor. 

The error of the torque control is, to the target value of 12 Nm, 5 Nm at 2000 rpm, 3 Nm at 

4000 rpm, and 2 Nm at 6000 rpm [34]. In short, the accuracy of torque control at a lower 

rotation speed is inferior to the one at a high.  

[35] estimated an optimal reduction gear ratio of an HS for automotive and resulted 

in 5 to 15. Therefore, many HSs for automotive are made with a reduction gear ratio of 

around 10. On the other hand, [36] reported that the reduction gear ratio of 57 to 62 suits an 

ET of 78 kW, AWD. [37] also designed an ET that had two reduction gear ratios of 94.06 and 

33.56. These ratios are 3 to 10 times larger than the ones for automotive, which is attributed to 

the fact that the motor for farming vehicles needs larger driving power at a low-speed range. 

Here, applying the HS for automotive to farming vehicles, speed control at low-speed range is 

challenging. For example, in the case of the tire radius r of 0.4 m, the speed V of 1 m/s, and 

the reduction gear ratio 𝜉 of 50 (assumed a tractor), the motor rotation speed n will be about 

1200 rpm as shown in Eq. (1). However, the one will be 240 rpm if the gear ratio 𝜉 is 10 

(assumed automotive).  
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𝑛 =
60𝑉𝜉

2𝜋𝑟
 (1) 

Remember the fact that the accuracy of torque control for the motor will decrease as 

the rotation speed gets lower. Therefore, control for farming vehicles becomes more difficult. 

In addition, the vehicle speed with a smaller gear ratio is easily affected by the change of a 

motor rotation speed due to disturbance by traveling resistance. Particularly, the travel 

resistance is greater due to soil characteristics and slopes on fields in orchards. Therefore, 

speed control at working speeds (0.5 to 2.0 m/s) is a severe task to apply the HS for 

automotive to farming vehicles. There are two solutions as follows. 

A) Make a gear ratio larger by adding another mechanism 

B) Remove disturbance by estimating travel resistance 

A) is solving by a hardware, while B) is by a software. However, A) is unpractical 

with respect to durability and developing cost, so we adopted B) and developed a speed 

controller considering travel resistance. 

2.2.4. Vehicle model 

A power flow from a motor to a vehicle is shown in Fig. 10. The motor outputs 

torque controlled by an internal computer according to an input torque 𝑇. The torque 

generated by the motor is transferred to a tire with a radius 𝑟 via a reduction gear with a 

reduction ratio 𝜉. Then driving force 𝐹𝐷 is generated between the ground and the tire (Eq. 

(2)). 
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𝐹𝐷 =
𝜉

𝑟
𝑇 (2) 

On the other hand, the vehicle has travel resistance 𝐹𝑅 against the driving force, and the sum 

of them is the total force 𝐹𝑎𝑙𝑙 (Eq. (3)). 

𝐹𝑎𝑙𝑙 = 𝐹𝐷 − 𝐹𝑅 (3) 

Here, given the vehicle mass 𝑚, velocity 𝑣 changes as Eq. (4) according to the Newton's 

equation of motion. 

𝑑𝑣 =
𝐹𝑎𝑙𝑙

𝑚
𝑑𝑡 (4) 

Therefore, a block diagram of the power flow between the motor and the vehicle is shown in 

Fig. 11. Note that the character s is the Laplace operator, and 𝐹𝑅(𝑠) is a Laplace transformed 

value from the travel resistance 𝐹𝑅. 

 

Fig. 10 The power flow from a motor to a vehicle via tires  

 

Fig. 11 A block diagram of the system between the motor and the vehicle 
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Next, considering the travel resistance 𝐹𝑅, there are six types: rolling resistance, 

slope resistance, air resistance, acceleration resistance, cornering resistance, and resistance 

when the vehicle climbs over an obstacle, according to [38]. Regularly, the rolling resistance 

and the air resistance are considered for automotive ([39,40]). However, the robot vehicle 

traveling in orchards can get larger rolling resistance and cornering resistance because of 

rugged tires and soil surfaces. In addition, orchards have a lot of slopes: the slope resistance 

must be considered. On the other hand, the vehicle speed when working is usually slower than 

7 km/h, so the air resistance, which is affected by the vehicle speed, can be ignored. Hence, 

the rolling resistance 𝐹𝑅𝑅, the slope resistance 𝐹𝑆𝑅, and the cornering resistance 𝐹𝐶𝑅 are 

considered in this paper. The rolling and slope resistance is represented as Eqs. (5), (6). Note 

that m is the vehicle mass, 𝑔 is the gravitational acceleration, 𝐶𝑟 is a rolling resistance 

coefficient, and 𝜃 is a slope angle. 

𝐹𝑅𝑅 = 𝐶𝑟𝑚𝑔𝑐𝑜𝑠𝜃 (5) 

𝐹𝑆𝑅 = 𝑚𝑔𝑠𝑖𝑛𝜃 (6) 

The cornering resistance, in the automotive sector, was modeled using the lateral force 

derived from a linear bicycle model such as [39]. However, that model assumed rubber tires 

with fewer grooves and hard ground. There are different conditions between rugged tires and 

soft soil surfaces because the resistance according to tire sinking occurs [41]. This paper 

estimated the cornering resistance 𝐹𝐶𝑅 by calculating a cornering resistance coefficient 𝐶𝑐 
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in Eq. (7) by a single regression analysis between a steering angle 𝛿 and input torque 

acquired from actual traveled data 

𝐹𝐶𝑅 = 𝐶𝑐𝛿 (7) 

2.2.5. Proposed speed control methodology 

A speed controller was developed according to the system proposed in Section 2.2.4. 

A Proportional Integral (PI) controller with feedforward control to compensate for disturbance 

modeled in Section 2.2.4 was designed and named an “FF-PI” controller here. A block 

diagram of the FF-PI control is shown in Fig. 12. Note that 𝐾𝑝 and 𝑇𝑖 in Fig. 12 are a 

proportional gain and an integral time of the PI controller, respectively. An observed vehicle 

speed v was acquired from an RTK-GNSS and was passed by a moving average filter of n = 3 

to remove high-frequency noise. 

 

Fig. 12 A block diagram of a whole system including the PI controller and the 

feedforward controller based on travel resistance 

Here, we can tune the proportional gain 𝐾𝑝, the integral time 𝑇𝑖 of the PI part, the 

rolling resistance coefficient 𝐶𝑟, and the cornering resistance coefficient 𝐶𝑐 for the 
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feedforward part. First, we tuned the parameters for the PI part by making the robot travel in a 

flat and straight path. At that time, we tuned 𝐾𝑝 and 𝑇𝑖 by the try-and-error method to avoid 

overshoot without feedforward control. By the way, we did not use the Ziegler-Nichols 

method, a famous autotuning method, because too much overshoot occurred for the system 

handled in this study by that method. Fig. 13 shows the tuning results of both the try-and-error 

and the Ziegler-Nichols. 

 

Fig. 13 Traveling results for tuning the parameters of the PI controller. The PI 

controller tuned by the try and error method (A) was more appropriate than the one 

by the Ziegler-Nichols method (B) in this system. 

Second, the rolling resistance coefficient 𝐶𝑟 was estimated using the traveled data by the PI 

control. As you can see in Fig. 14, we regarded an average of the input torque when the 

vehicle speed became the steady state as rolling resistance and estimated 𝐶𝑟 by substituting it 

for 𝐹𝑅𝑅 in Eq. (5). The tested field was a farm road where the soil surface was compacted 

and hard. 
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Fig. 14 The result of the vehicle speed and the input torque traveled on an unpaved 

road using the PI controller 

Finally, the cornering resistance coefficient 𝐶𝐶 was estimated using time-series traveled data, 

including large steering angles. As shown in Eq. (8), time-series cornering resistance 𝐹𝐶𝑅,𝑘 

was estimated by calculating driving force 𝐹𝐷,𝑘 slope resistance 𝐹𝑆𝑅,𝑘, and acceleration 𝑎𝑘 

at each time, according to Eqs. (2), (6), (9) using the vehicle speed, the input torque, and the 

vehicle pitch angle. The tested field was a vineyard with a grass surface. 

𝑚𝑎𝑘 = 𝐹𝐷,𝑘 − 𝐹𝑆𝑅,𝑘 − 𝐹𝐶𝑅,𝑘 (8) 

𝑎𝑘 =
𝑣𝑘+1 − 𝑣𝑘

Δ𝑡
 (9) 

Regression analysis was conducted following procedures i, ii, iii below. The used dataset was 

a couple of the cornering resistance 𝐹𝐶𝑅,𝑘 and an absolute steering angle |𝛿|𝑘. The result is 

shown in Fig. 15. Table 3 shows the specification of the tested vehicle and the parameters 

estimated in following procedures. 
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i. Acquiring an average of the cornering resistance 𝐹𝐶𝑅,|𝛿| 
̅̅ ̅̅ ̅̅ ̅̅  at each absolute steering 

angle |𝛿| (|𝛿| = 1,  2, … ,  40) 

ii. Estimating cornering resistance 𝐹𝐶𝑅, |𝛿|
̂  by deducting rolling resistance from the 

average cornering resistance (Eq. (10)). Note that the average cornering resistance at  

|𝛿| = 0 was regarded as rolling resistance. 

 𝐹𝐶𝑅, |𝛿|
̂ = 𝐹𝐶𝑅, |𝛿|

̅̅ ̅̅ ̅̅ ̅̅ − 𝐹𝐶𝑅, 0
̅̅ ̅̅ ̅̅ ̅ (10) 

iii. Calculating a regression equation after removing outlier such as 𝐹𝐶𝑅, |𝛿|
̂ < 0 

 

Fig. 15 Regression analysis between steering angles and cornering resistance 

Table 3 Specification of the tested vehicle and the parameters 

Vehicle mass 𝑚 650 [kg] 

Wheelbase 𝑙 2.1 [m] 

Tire radius 𝑟 0.285 [m] 

Reduction gear ratio from MG2 to tire 𝜉 8.4 [-] 
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Proportional gain 𝐾𝑝 6.25 [-] 

Integral time 𝑇𝑖 1.25 [-] 

Rolling resistance coefficient 𝐶𝑟 0.060 [-] 

Cornering resistance coefficient 𝐶𝑐 342 [N/rad] 

2.2.6. Stability analysis 

Characteristic roots were calculated in various conditions to verify the stability of the 

FF-PI controller. In Fig. 12, let 𝐺𝑐 = 𝐾𝑝 (1 +
1

𝑇𝑖𝑠
), 𝐺𝑚 =

𝜉

𝑟
, 𝐺𝑣 =

1

𝑚𝑠
, input U, output Y, the 

transfer function 𝐺 of the whole system including the controller, the plant, and the 

disturbance is shown as Eq.(11) (Fig. 16).  

𝐺 = {(𝐺𝑐 +
𝐹𝑅̂

𝐺𝑚
)𝐺𝑚 − 𝐹𝑅} 𝐺𝑣 (11) 

From Eq.(11) the characteristic equation is shown as Eq.(12). 

1 + 𝐺 = 1 + {(𝐺𝑐 +
𝐹𝑅̂

𝐺𝑚
)𝐺𝑚 − 𝐹𝑅} 𝐺𝑣 =

𝑚𝑠2 + (𝐺𝑚𝐾𝑃 + 𝐹𝑅̂ − 𝐹𝑅)𝑠 + 𝐺𝑚𝐾𝑃

𝑚𝑠2

= 0 

(12) 

Therefore, the characteristic roots are the solution of Eq.((13). 

𝑚𝑠2 + {𝐺𝑚𝐾𝑃 + (𝐹𝑅̂ − 𝐹𝑅)}𝑠 +
𝐺𝑚𝐾𝑃

𝑇𝑖
= 0 ((13) 

 

According to the Quadratic Formula, the solutions are shown as Eq. (14). 

𝑠1, 𝑠2 =
−(𝐺𝑚𝐾𝑃 + 𝐹𝑅̂ − 𝐹𝑅) ± √(𝐺𝑚𝐾𝑃 + 𝐹𝑅̂ − 𝐹𝑅)

2
− 4𝑚

𝐺𝑚𝐾𝑃

𝑇𝑖

2𝑚
 

(14) 

Here, assuming the disturbance of travel resistance was accurately estimated, Eq. (15) is 

established. 
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𝐹𝑅̂ − 𝐹𝑅 = 0 (15) 

Thus, Eq. (16) is derived. 

𝑠1, 𝑠2 =
−(𝐺𝑚𝐾𝑃) ± √(𝐺𝑚𝐾𝑃)2 − 4𝑚

𝐺𝑚𝐾𝑃

𝑇𝑖

2𝑚
 

(16) 

In this case, the system is considered stable if both 𝑠1 and 𝑠2 are negative values. As you 

can see in Eq.(16), the sign of the characteristic root is determined by four parameters of 𝐺𝑚, 

𝐾𝑃, 𝑇𝑖, 𝑚. In this study, the tire radius and the reduction gear ratio were constant: 𝐺𝑚 =
𝜉

𝑟
=

8.4

0.285
= 29.47 referred to Table 3, and the sign of the characteristic root was examined in case 

that three parameters of 𝐾𝑃, 𝑇𝑖, 𝑚 are variable. 𝐾𝑃 varied 0 – 20, 𝑇𝑖 did 1 – 10, 𝑚 did 

600 – 1600. 

 

Fig. 16 An abstract block diagram including a controller, a plant, and a disturbance 

On the other hand, the characteristic root is shown in Eq.(17) if 𝐹𝑅̂ = 0, 𝐹𝑅 =
𝑘

𝑠
 in Eq. ((13).   

𝑠1, 𝑠2 =
−(𝐺𝑚𝐾𝑃) ± √(𝐺𝑚𝐾𝑃)2 − 4𝑚 (

𝐺𝑚𝐾𝑃

𝑇𝑖
− 𝑘)

2𝑚
 

(17) 
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This equation shows the system, including the amount of step disturbance k for the PI control 

without feedforward items. Values of the three parameters of 𝐾𝑃, 𝑇𝑖, 𝑚 were the same in 

Table 3. The behavior of the characteristic root was examined as the travel resistance 𝐹𝑅 (the 

amount of the disturbance k) increased. 

2.2.7. Field trial with spraying 

A traveling test with spraying in an orchard was conducted to verify that the robot 

vehicle worked a farming task using both two motors in the HS. The MG1 was controlled so 

the implement shaft was rotated at 700 rpm, which suit the tested pump. The resistance to the 

pump was constant, so the input torque was a constant value of 3 Nm. We verified the HS 

could be used for both traveling and farming tasks and discussed desired battery capacity 

from traveled data of battery consumption. 

2.3. Results and discussion 

2.3.1. Evaluation of the rolling resistance model 

Fig. 17 shows the results of actual traveling and a simulation of the rolling resistance 

model. (A) and (B) in Fig. 17 show the simulation result at a set speed of 3.0 km/h. The 

simulation only included the rolling resistance as a disturbance. (C) and (D) show the travel 

result at a set speed of 3.6 km/h on a flat farm road. The PI controller was used for (A) and 

(B), while the FF-PI controller was used for (C) and (D). The travel result had a similar trend 

to the simulation result. Overshoot was observed for the FF-PI control. In addition, as shown 
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in Fig. 18, a similar result was found when the vehicle weight increased by adding 500 kg of 

water to the tank, though the time to convergence was longer. Table 4 shows the travel results 

of the average speed and standard deviation without water (vehicle mass: 650 kg) and with 

water (vehicle mass: 1150 kg). The average speed was almost the same between the two 

controllers even if the vehicle mass changed. The standard deviation for the FF-PI control was 

smaller, but that was because the steady state did not include a part of the overshoot. Thus, if 

data includes that part, the standard deviation for the FF-PI control was definitely more 

significant than that for the PI control. 

 

Fig. 17 The results of simulation (A and B) at the set speed of 3 km/h, and actually traveled (C 

and D) at the set speed of 3.6 km/h. (A) and (C) are the results using the PI controller, 

whereas (B) and (D) are the results using the FF-PI controller. 
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Fig. 18 The actual travel results at the set speed of 3.6 km/h using the PI controller (A), and 

using the FF-PI controller (B) with 500 kg added by water 

Table 4 The results of an average and standard deviation of the vehicle speed during the 

steady state on each controller and weight  

 Ave. [km/h] Std. dev. [km/h] 

PI (650 kg) 3.7 0.25 

FF-PI (650 kg) 3.6 0.17 

PI (1150 kg) 3.6 0.32 

FF-PI (1150 kg) 3.6 0.20 

A reason why the FF-PI control generated an overshoot was that the PI controller had 

already considered the rolling resistance because it was tuned by traveling on the road. In the 

tested environment, the feedforward item of the rolling resistance caused the overshoot. 

However, we have already observed that control performance improves at the start of moving 

by adding a smaller value of the rolling resistance than the actual value to the feedforward 

item. In case there is no feedforward control, it takes a long time to start moving if the control 

gain is a small value, leading to overcurrent for the motor because the current flows without 

any rotation for the motor. Then, if the control gain increases to avoid the delay time, the 

output speed oscillates. This phenomenon particularly occurred on a soft soil surface where 
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the rolling resistance was remarkably larger than on a paved road. Fig. 19 shows a simulation 

result of the PI and FF-PI control given the static rolling resistance of 0.12 and the dynamic 

rolling resistance of 0.20 of the plant. Note that the rolling resistance was divided into static 

and dynamic ones in the simulation: static one was until the start of moving, dynamic one was 

during moving. 𝐾𝑝 was the same for the tested three controllers: an FF-PI controller and two 

PI controllers, while 𝑇𝑖 was changed. 𝑇𝑖 = 8.0 and 𝐶𝑟 = 0.06 for the FF-PI control, and 

𝑇𝑖 = 8.0 (PI-8.0) and 𝑇𝑖 = 1.0 (PI-1.0) for the PI control. As a result, PI-8.0 had a delay 

time, and PI-1.0 had an overshoot, while the FF-PI had no delay time and less overshoot. 

These results indicated the conclusion that adding a smaller value of rolling resistance than 

the actual value in the FF-PI control improved control performance because that compensated 

the static rolling resistance. 

 

Fig. 19 A simulation result of speed controls by the FF-PI and the PI controller 
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2.3.2. Evaluation of the slope resistance model 

Fig. 20 shows a simulation result of the situation that the step disturbance of slope 

angles of 5 degrees was added 40 seconds after the control began. The vehicle speed 

decreased according to the disturbance for the PI control, while it was constant for the FF-PI 

control.  

 

Fig. 20 Simulation results of vehicle speeds by the PI (A) and the FF-PI (B) controller. Solid 

and dashed lines indicate vehicle speeds and slope angles, respectively. 

Fig. 21 shows a result in the vineyard where the robot vehicle traveled a slope 

surface of 8 degrees. The vehicle speed got slow against the set speed as the slope angle 

increased for the PI control, while the phenomenon was mitigated for the FF-PI control. Table 

5 shows the observed vehicle speed at the set speed of 3.6 km/h. The PI control had deviation 

between the average speed and the set speed, while the FF-PI had no deviation. In addition, 

the standard deviation of the vehicle speed for the FF-PI control was half less than the PI 

control. These results indicated that the FF-PI control was effective to the slope resistance. 
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Fig. 21 Measured vehicle speeds by the PI (A) and the FF-PI (B) controller on a slope field 

Table 5 Averages and standard deviation (SD) of measured vehicle speeds at a set speed of 3.6 

km/h 

 Average [km/h] SD [km/h] 

PI 2.8 1.0 

FF-PI 3.6 0.4 

2.3.3. Evaluation of the cornering resistance model 

Fig. 22 shows a result of the vehicle speed according to changes in the steering 

angles. The vehicle once stopped at the steering angle of 20 degrees for the PI control. Then, 

the input torque was increased by the integral item, and the vehicle moved again at the 

elapsed time of 10 seconds. Unfortunately, the vehicle speed kept increasing and reached 6 

km/h, which was obviously an overshoot to the set speed of 2.0 km/h. On the other hand, 

though the vehicle speed increased a little as the steering angle increased at the elapsed time 

of 10 seconds, the vehicle speed did not reach 0 km/h and converged to the set speed. The 
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standard deviation and the root mean square (RMS) error for the FF-PI control were half less 

than the ones for the PI control (Table 6). This result indicated that the FF-PI control was 

effective in the cornering resistance. The site of https://youtu.be/Iyoqoz0Scjo includes a video 

showing the behavior of cornering. Note that the location we acquired data and took the video 

differed. 

 

Fig. 22 Measured vehicle speeds by the PI (A) and the FF-PI (B) controller at a field trial 

including turning maneuver.  

Table 6 Standard deviation (SD) and root mean square error (RMSE)  

 SD [km/h] RMSE [km/h] 
PI 1.8 1.6 

FF-PI 0.7 0.7 

For the FF-PI control, the vehicle speed was over the set speed as the steering angle 

increased, and was slower than the set speed by the feedback controller. This result was 

because the modeled cornering resistance was more significant than the actual one. The model 

https://youtu.be/Iyoqoz0Scjo
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was designed so the resistance increased linearly according to the steering angle, but actually, 

the cornering resistance was smaller when the steering angle is small because the relationship 

between the steering angle and the resistance was non-linear. However, the FF-PI control 

could prevent the vehicle from stopping, while the PI control led to a stop and large 

overshoot. Generally, the static friction resistance was larger than the dynamic friction 

resistance. Particularly when the steering angle is large, the phenomenon was often observed. 

In short, the system remarkably changes by the vehicle states: moving and stopping. 

Therefore, avoiding stopping is essential for the robot vehicle to travel stably. The 

feedforward approach proposed in this study gave a quick response to disturbance, and was 

effective in preventing the vehicle from stopping from those experiments. In terms of the 

slope resistance and the cornering resistance, especially, the PI control sometimes gave the 

vehicle stop due to the slow response, while the FF-PI control prevented the vehicle from 

stopping because of a quick response by estimating the travel resistance.  

2.3.4. Stability analysis 

The real solutions of the characteristic roots 𝑠1 and 𝑠2 in Eq.(16) were negative in 

the condition that 𝐾𝑃, 𝑇𝑖, and 𝑚 changed from 0 to 20, 10 to 1, and 600 to 1600, 

respectively. The real part 𝜎 was also negative when the characteristic root had an 

imagination value (Fig. 23). This result showed the system was stable. 
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Fig. 23 Plot of the characteristic roots of 𝑠1，𝑠2, and the real part of imaginary solution 𝜎 in 

every 𝐾𝑃, 𝑇𝑖, and 𝑚 

As described above, we can verify the stability of the PI control to observe the 

behavior when k increases in Eq. (17). Fig. 24 shows a result of the characteristic root as k 

increased gradually given 𝐾𝑃 = 50, 𝑇𝑖 = 10, 𝑚 = 650. The result shows that one of the 

characteristic roots was positive at the traveling resistance 𝐹𝑅 = 150 [N], which indicated 

the system became unstable. 𝐹𝑅 = 150 [N] means a constant resistance value equivalent to 

the rolling resistance coefficient of around 0.03 or around 2 degrees for the slope resistance. 

In the case of traveling on a flat asphalt road with radial tires, the rolling resistance coefficient 

was about 0.01, so we can understand that the PI control was enough stable. The vehicle 

traveled stably by the PI control in such an environment. However, the rolling resistance 
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coefficient is relatively large: 0.03 – 0.1 in case of traveling on a soil surface by rugged tires. 

In addition, orchards have many slopes with 5 – 15 degrees. The stability analysis showed, in 

such an environment, that the PI control is unstable easily, whereas the FF-PI control 

considering traveling resistance gives stable traveling. 

 

Fig. 24 Plot of 𝑠1 and 𝑠2, according to 𝐹𝑅 

2.3.5. Evaluation of spraying robot 

The robot sprayed autonomously on four paths, the total of 520 m, in the orchard. 

Fig. 25 shows the results of a traveled trajectory and a change of the MG1 rotation speed. 

When the robot started to turn, the MG1 was automatically stopped. The state of charge 

(SOC) changed by 13 % at this trial. Having a battery capacity of 6.1 kWh, the robot vehicle 

consumed 0.8 kWh in that work. The tested orchard has an area of about 1 ha and 43 paths. 

Given the width of 2.5 m, the average distance of a path was about 100 m. Thus, energy 
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consumption was about 6.6 kWh if the robot vehicle works in a whole area of 1 ha in the 

orchard based on traveled data. The tested battery was used within the SOC of 80% upper and 

30% bottom to save the battery life, so the active power was 50%, equivalent to 3.05 kWh. 

Therefore, two times charging is necessary for work in 1 ha. The charging time can be 

reduced if we use a bigger battery, such as 30 – 100 kWh, usually installed on an electric car. 

 

Fig. 25 Travel trajectory (left) and MG1 rotation (right) while spraying in an orchard 

2.4. Conclusion of this chapter  

We clarified the issues when applying the hybrid system to an agricultural machine 

and solved the problem by developing a speed controller considering travel resistance. The 

proposed controller quickly responded to the disturbance by modeling the travel resistance, 

and therefore, the travel performance was improved, especially on a sloped field and at 
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turning. The stability analysis showed that the proposed controller was stable under field 

conditions, whereas the conventional PI controller sometimes became unstable. The result 

showed that the HS could be used for work on spraying by controlling two motors on it. This 

study concluded that the robot vehicle in orchards using the HS for automotive has the 

potential to be automated for a spraying task.  
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Chapter 3. Autonomous navigation using the Quasi-Zenith 

Satellite System (QZSS) 

3.1. Introduction 

3.1.1. A challenging of the RTK-GNSS 

The real-time kinematic global navigation satellite system (RTK-GNSS) is one of the 

most common sensors for autonomous driving in crop fields because it can locate itself by 

using the global coordinate system [42]. The RTK-GNSS requires a correction signal and has 

two general methods of obtaining it: using a reference base station or using the internet. The 

base-station method uses two RTK-GNSS receivers (Radio-RTK). One is for a rover and the 

other is for a base station that sends a correction signal to the rover via the radio. Typically, it 

is difficult to use the Radio-RTK in vast farmland because the rover and the base station must 

remain within hundreds of meters of each other. In addition, the Radio-RTK initially requires 

an accurate position for the base station, which means that an additional measurement 

procedure is needed to obtain such a position. Therefore, the virtual reference station (VRS) 

method, which uses the internet, is common for farmland. The RTK-GNSS using VRS (VRS-

RTK) obtains a correction signal for the rover via the internet from a service provider. The 

provider receives an approximate position from the rover and calculates correction parameters 

using four or more GPS-based control stations near the rover. These control stations were 
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established by the Geospatial Information Authority of Japan. Thus, only a rover is necessary 

for positioning. However, it is difficult to use the VRS-RTK in mountains, forests, or rural 

areas that the internet does not reach. It can also be difficult to use VRS-RTK near buildings, 

windbreaks, or forests in farmland because covering the top of an antenna blocks GNSS 

signals obtained from the same satellites as the GPS-based control station. 

3.1.2. What is the Centimeter-Level Augmentation Service (CLAS)? 

The CLAS is a service that provides an augmentation signal via the QZSS. The 

CLAS adopts the precise point positioning real-time kinematic (PPP-RTK) method defined by 

RTCM STANDARD 10403.2 as augmentation information [43]. The target satellites for 

augmentation are QZSS (L1C/A, L1C, L2C, L5), GPS (L1C/A, L1C, L2P, L2C, L5), and 

Galileo (E1B, E5a). The number of target satellites has increased from 11 to 17 since 

November 2020. The Quasi-Zenith Satellite System Performance Standard [43] shows that 

GLONASS (L1, L2) is also going to be targeted in the near future. The official horizontal 

accuracy of the CLAS is less than 0.06 m (95%) at static positioning and less than 0.12 m 

(95%) at dynamic positioning, while that of the RTK is 0.008 m + 1 ppm root mean square 

(RMS) at static positioning [44]. These results show that the accuracy of the CLAS is inferior 

to that of RTK, but the CLAS has enough potential to be used as a navigation sensor for a 

robot vehicle in farmland. Moreover, the CLAS does not require the internet because it creates 

augmentation information by estimating position errors using about 250 observation data 
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sources from GPS-based control stations around Japan and sends them to the rover via the 

QZSS [45] (Fig. 26). This may enable the rover to obtain an accurate position even near 

buildings or windbreaks because the CLAS does not have to rely on the same satellites that 

the GPS-based control stations do, unlike the VRS-RTK. 

 

Fig. 26 An overview of the CLAS (based on [45]) 

As far as I know, one of the internet signals can be available at orchards in Japan. 

However, although there are many internet providers, it is possible that only one provider can 

be available. In this case, if you do not make a contract with the provider, you cannot use the 
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VRS-RTK. If there are buildings or windbreaks near an orchard, the internet signal becomes 

weak because of those obstacles even if you can get the internet signal at different places in the 

same orchard. Therefore, the CLAS without the internet has great merit. From a different 

perspective, the VRS-RTK sometimes drops down from a FIX solution to a FLOAT solution 

near trees. It possibly happens not only in orchards but also in normal cropland that has large 

windbreaks. I have faced the situation many times in demonstrations for autonomous navigation. 

The CLAS also has the same problem because it uses satellites. However, the CLAS signal is 

provided by the QZSS from just above the robot, and augmentation information is generated 

based on 250 stations in Japan. Due to those reasons, the CLAS positioning can be much more 

robust than the VRS-RTK.  

3.1.3. Purpose of this study 

Open flat fields were often targeted for research into CLAS as a navigation sensor for 

an agricultural robot vehicle. Wang and Noguchi [46] verified the traveling accuracy of a 

robot tractor navigated by the CLAS on a farm road near windbreaks and in a crop field. The 

results showed that the traveling accuracy of the CLAS was as good as that of the VRS-RTK. 

They also showed that the CLAS could obtain a FIX solution near the windbreaks more 

frequently than the VRS-RTK. Udompant et al. [47] applied the CLAS to a robot combine 

harvester and showed that the CLAS could obtain a FIX solution constantly over time. They 

concluded that the robot combine harvester using the CLAS could travel autonomously at any 
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time. These studies indicate that the CLAS has enough potential to be applied to robot farm 

vehicles in flat fields. On the other hand, little to no research has been done to show that the 

CLAS can be utilized in mountainous farmland such as orchards or vineyards that are 

surrounded by windbreaks or forests and have steep slopes. These key differences in terrain 

and environment constitute the originality of this research. 

This study focuses on the application of the CLAS to mountainous farming. The 

robustness of the system to an antenna inclination or windbreaks and the accuracy of the 

CLAS were verified by static experiments. We then determined the use case where the CLAS 

was superior to the VRS-RTK in vineyards, defined as fields where grapevines are trained 

over vertical trellises, in mountainous areas. Then we tested autonomous driving navigated by 

the CLAS and discussed the potential applicability of the CLAS to a robot vehicle in 

mountainous farmland. 

3.2. Materials and methods 

3.2.1. Basic experiment for validating robustness to buildings and antenna inclination 

To verify the robustness of the CLAS system to buildings and windbreaks, the time 

to first fix (TTFF), defined as the elapsed time from catching satellites to acquiring a FIX 

solution, of both the CLAS and the VRS-RTK were measured near buildings of the Faculty of 

Agriculture at Hokkaido University (Fig. 27). Two receivers acquired satellite signals from an 

antenna simultaneously using a signal splitter. The tested receivers, the antenna, and the 
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splitter are shown in Table 7. The receivers could utilize the GPS (L1・L2・L5), QZSS 

(L1・L2・L5・L6), GLONASS (G1・G2), Galileo (E1・E5a・E5), and Beidou (B1・B3) 

systems. RTCM 3.2 was used to provide correction information of the VRS-RTK. The 

elevation angles of both the CLAS and the VRS-RTK were 15 degrees. Considering that the 

positions of satellites vary over time, the positioning tests were conducted 20 times at 

different times of day, and the time in each test was within 25 minutes. The average of the 

TTFF and the number of times needed to get a FIX solution earlier than the other receiver 

were recorded. 

 

Fig. 27 The condition of the experiment near buildings 

Another positioning test was conducted to verify the robustness of the antenna 

inclination. An inertial measurement unit (IMU) (Table 7) was installed on the antenna. As 
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mentioned above, the TTFF of both the CLAS and the VRS-RTK was measured 10 times with 

the antenna tilted 15 degrees (Fig. 28), based on our assumption that the robot vehicle travels 

a field that has 15-degree slopes. At the same time, after acquiring the FIX solution for both 

the CLAS and the VRS-RTK, the FIX status was observed as the antenna tilted gradually. 

 

Fig. 28 The condition of the experiment with antenna titled 

Table 7 List of tested equipment for positioning 

 CLAS  

receiver 

VRS-RTK 

receiver 
Antenna Splitter IMU 

Model 

MJ-3021-

GM4-

QZS-

EVK 

MJ-3021-

GM4-

QZS-EVK 

MJ-3009-

GM4-

ANT 

LDCBS1X2 VN100 

Manufacturer 

Magellan 

Systems 

Japan 

Magellan 

Systems 

Japan 

Magellan 

Systems 

Japan 

GPS 

Networking, 

Inc. 

VectorNav 

Country Japan Japan Japan USA USA 
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3.2.2. Robustness to windbreaks and internet environment in mountainous farmland 

A static positioning test was performed at Noto Vineyard, Anamizu-Cho, Ishikawa, 

Japan, in February 2021 to verify the positioning accuracy of the CLAS (Fig. 19). The 

positions of the CLAS were measured at eight points randomly chosen in the vineyard, and 

the VRS-RTK was used as reference. Table 8 shows the two tested receivers. The accuracy, 

defined as the horizontal positioning error (HPE) from the reference point, was measured. The 

HPE is an important index to verify the GNSS receiver in precision agriculture [48]. Here, the 

reference point was the average position of the VRS-RTK in this experiment. Assuming that 

the reference point was (𝑋̂, 𝑌̂), the time-series positioning data were (𝑋𝑖, 𝑌𝑖) and the HPE 𝜀𝑖 

was calculated according to Eq. (18). The average 𝜇, standard deviation 𝜎, and 𝜇+1.96𝜎 

(95% confidence interval) of 𝜀𝑖 were calculated, and the accuracy of the CLAS was 

discussed. 

𝜀𝑖 =  √(𝑋̂ − 𝑋𝑖)2 + (𝑌̂ − 𝑌𝑖)2 (18) 

 

Fig. 29 Experiment field (Based on Google Earth) 
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Table 8 List of tested GNSS receiver 

 CLAS receiver 
VRS-RTK 

receiver 
Antenna 

Model 
MJ-3021-GM4-QZS-

EVK 
SPS855 MJ-3009-GM4-ANT 

Manufacturer 
Magellan Systems 

Japan 
Trimble 

Magellan Systems 

Japan 

Country Japan USA Japan 

Next, the TTFF of the CLAS and the VRS-RTK were measured at three points near 

trees to verify the effect of windbreaks existing in an actual vineyard for positioning (Fig. 30).  

 

Fig. 30 Positioning points near windbreaks at Noto Vineyard. Point A was in a headland of the 

vine rows near approximately 10 trees. Point B was on a farm road with a few trees. Point C 

was next to vine rows near a large forest.  

In addition, a static positioning test was performed at Tsurunuma Winery, Urausu-

Cho, Hokkaido, Japan, to verify the FIX ratio between the CLAS and the VRS-RTK in 

mountainous farmland where the internet signal was weak. The tested receivers of the CLAS 
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and the VRS-RTK are shown in Table 7, and the Radio-RTK is shown in Table 9.  

Table 9 List of tested Radio-RTK receiver 

 Radio-RTK base Radio-RTK receiver 

Model NetR9 SPS855 

Manufacturer Trimble Trimble 

Country USA USA 

3.2.3. Tested vehicle configuration 

Fig. 31 shows an overview of the tested robot vehicle used for the experiments. The 

antenna, the splitter, and the two receivers of the CLAS and the VRS-RTK were installed in 

the vehicle to acquire position data on traveling. The IMU (Table 7) for acquiring the vehicle 

attitude angle, a computer (Toughbook CF-20, Panasonic, Japan) for vehicle control, and a 

laser scanner (UTM-LX30, Hokuyo, Japan) for obstacle detection were also installed. The 

tested robot vehicle had a tank and nozzles because it was designed to be used as a sprayer 

machine. 

 

 

Fig. 31 Overview of the robot electric vehicle 
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3.2.4. Dynamic experiment in a mountainous area 

A dynamic positioning test of the CLAS was conducted at Noto Vineyard in February 

2022 to verify its dynamic accuracy as a navigation sensor for autonomous driving. The slope 

angle of the tested vineyard was between -4.0 and +3.3 degrees. The tested vehicle is shown in 

Section 3.2.3. The tested vehicle traveled two paths that were each about 230 meters long at 

speeds of 1.0 m/s and 1.3 m/s. The measurement frequency was 10 Hz. The trajectory error 𝑒𝑖 

was estimated as shown in Fig. 32 by comparing the CLAS with the RTK as reference. Note 

that the line segment 𝐿𝑖 in Fig. 32 indicates a line segment from point 𝑅𝑖 to point 𝑅𝑖+1, and 

𝑆𝑖 represents the area of the triangle consisting of points 𝑅𝑖 and 𝑅𝑖+1 from the RTK and point 

𝐶𝑖 from the CLAS. 

 

Fig. 32 Method of estimating trajectory errors 

3.2.5. Autonomous navigation trial 

The robot vehicle traveled while being navigated autonomously by the CLAS. The 

method of Kise et al. [49] was adopted for deciding the input steering angle, which is 
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estimated by the feedback control from the state of the lateral deviation 𝑑 and the heading 

error Δ𝜙 based on a navigation map as shown in Fig. 33. After the CLAS created the 

navigation map, steering was controlled using the vehicle position obtained by the CLAS. The 

RTK position was also recorded for reference. 

 

Fig. 33 Definition of a navigation map (Source: Noguchi et al. [50]) 

3.3. Results and discussion 

3.3.1. Robustness to multiple paths and to antenna inclination 

Table 10 shows the static positioning result of the CLAS and the VRS-RTK near 

buildings in Section 3.2.1. The TTFF of the CLAS was 1 minute earlier on average and 2 

minutes smaller with standard deviation than that of the VRS-RTK. The CLAS obtained a 

FIX solution earlier than VRS-RTK 12 times in 20 tests. In 18 of the 20 tests, the CLAS 

obtained a FIX solution within 25 minutes, whereas the VRS-RTK did so 17 times. This result 

indicated that the TTFF of the CLAS was shorter than that of the VRS-RTK near buildings. 

Note that, however, in at least 2 of the 20 tests, neither the CLAS nor the VRS-RTK could get 
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a FIX solution within 25 minutes. 

Table 10 Average and standard deviation of the TTFF and successfully fixed time within 25 

minutes between the CLAS and the VRS-RTK near buildings (n = 20) 

 Ave. TTFF [min] Std. TTFF [min] FIX within 25 min. 
CLAS 3.2 1.9 18 

VRS-RTK 4.3 3.9 17 

Table 11 shows the static positioning results for the CLAS and the VRS-RTK with 

the antenna tilted about 15 degrees. The TTFF of the CLAS was 90 seconds earlier on average 

and 90 seconds smaller with standard deviation than that of the VRS-RTK, which was the 

same trend as that near buildings. The CLAS got a FIX in all 20 of 20 tests within 25 minutes, 

whereas the VRS-RTK got 19. 

Table 11 Average and standard deviation of the TTFF and successfully fixed time within 25 

minutes between the CLAS and the VRS-RTK with antenna tilted (n = 20) 

 Ave. TTFF [min] Std. TTFF [min] FIX within 25 min. 
CLAS 3.1 4.0 20 

VRS-RTK 4.7 5.7 19 

 

Fig. 34 Change of the FIX status of the CLAS and the VRS-RTK according to antenna tilt 

angles. Status 4 means obtaining a FIX solution while 5 is a FLOAT solution. 
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Fig. 34 shows the change in the FIX status when the antenna was tilted after 

acquisition of a FIX solution. The FIX status of the VRS-RTK changed from 4 (FIX) to 5 

(FLOAT) when the antenna was tilted 17.9 degrees and then did not change back to 4 within 8 

minutes. For the CLAS, on the other hand, the FIX status remained constant even when the 

antenna was tilted 27 degrees. 

These results indicate the effect of the difference between the correction methods. 

The receivers of the CLAS and the VRS-RTK were the same model, so the performance of 

the calculation process was considered uniform. They could also receive the same types of 

satellite signals. Here, the VRS-RTK creates correction information based on the positioning 

data at four or more GPS-based control stations near the rover [51]. For the VRS-RTK 

theoretically, the rover needs to receive the satellite signals acquired by the GPS-based control 

stations at the same time. Therefore, the TTFF was longer or the FIX solution could not be 

calculated because the VRS-RTK rover could only catch different satellites from the GPS-

based control stations due to the buildings or the antenna inclination. On the other hand, the 

CLAS utilizes augmentation information based on the positioning data from approximately 

250 GPS-based control stations around Japan. Thus, neither buildings nor antenna inclination 

affected the creation of augmentation information for the CLAS even if a few satellite signals 

were shut out. This characteristic of the CLAS can contribute to smart farming utilizing robot 

vehicles in mountainous areas that have steep slopes and many windbreaks.  
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3.3.2. Accuracy and applicability of CLAS in a mountainous area 

Table 12 shows the positioning accuracy at the eight data points in Section 3.2.2. For 

those points, the mean of the average error was 0.040 m and the error between the confidence 

intervals was less than 0.064 m, which corresponds to the officially verified value of 0.06 m. 

Table 12 Accuracy of the CLAS 

Measurement point Average [m] S.D. [m] Ave. + 1.96S.D. [m] 
1 0.048 0.021 0.089 
2 0.042 0.015 0.070 
3 0.015 0.004 0.022 
4 0.049 0.012 0.072 
5 0.057 0.017 0.091 
6 0.037 0.009 0.055 
7 0.037 0.008 0.053 
8 0.036 0.013 0.061 

Mean 0.040 0.012 0.064 

Table 13 shows the TTFF of the CLAS and the VRS-RTK near the windbreaks 

shown in Fig. 30. The FIX solution could not be acquired by either CLAS or VRS-RTK 

within 4 minutes on point A, located on a headland of vine rows near a small windbreak, or on 

point C, located on a headland near a large windbreak. Meanwhile, the CLAS got a FIX 

solution earlier than the VRS-RTK on point B, which was on a farm road surrounded by a few 

trees. This result corresponded to that near buildings in Section 3.1. Even in actual farmland, 

trees affected the creation of correction information for the VRS-RTK, whereas trees did not 

affect the creation of augmentation information for the CLAS.  

Table 13 Comparison of the TTFF [second] between the CLAS and the VRS-RTK 

Measurement point CLAS VRS-RTK 
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A - - 
B 105 318 

C - - 

Fig. 35 shows the results of static positioning of the CLAS, the VRS-RTK, and the 

Radio-RTK; their respective TTFF were 87 seconds, 97 seconds, and 10 seconds. The notable 

result was around 190 seconds in Fig. 35. Although the CLAS and the Radio-RTK each got a 

FIX solution, the VRS-RTK did not. This was definitely because the VRS-RTK could not get 

a correction signal due to a weak internet signal. The tested surroundings were located in an 

area where the intensity of the internet signal switched frequently between out of service and 

very weak according to the position of the mobile broadband receiver. This phenomenon, in 

which the correction signal for the VRS-RTK was hardly acquired, must occur in farmland 

that has no base station nearby for mobile broadband. In contrast, the CLAS needs no internet 

and can get a FIX solution stably even in mountainous farmland. 

 

Fig. 35 FIX status between the CLAS, the VRS-RTK, and the Radio-RTK in time series. 

Status 1, 4, and 5 represent single, FIX, and FLOAT solutions, respectively.   

3.3.3. Dynamic test 
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 Table 14 shows the results of the trajectory error of the CLAS in Section 3.2.4. The 

error was less than 0.03 m RMS and did not differ between speeds of 1.0 m/s and 1.3 m/s. the 

maximum error was 0.076 m in the acquired data. This validation method ignored the error for 

the vehicle travel direction because trajectories, not points, were compared. However, lateral 

error is important for steering. If the positioning accuracy for the vehicle lateral direction is the 

same as the travel direction, the positioning accuracy would be 0.04 m RMS (0.03 ×  √2). This 

result was almost the same as the accuracy of the static experiment in Section 3.3.2. Hence, 

under low speeds for a farm vehicle, the positioning accuracy was almost the same statically 

and dynamically. These results indicate that the CLAS is accurate enough as a navigation sensor 

for a robot farm vehicle.  

Table 14 Trajectory errors between the CLAS and the VRS-RTK corresponding to two travel 

speeds 

Average vehicle 
speed [m/s] 

RMSE on path1 
[m] 

RMSE on path2 
[m] 

Max error on 
path1 [m] 

Max error on 
path2 [m] 

1.0 0.027 0.022 0.068 0.076 
1.3 0.025 0.022 0.058 0.057 

3.3.4. Accuracy of autonomous navigation 

Fig. 36 and Table 15 show the results of autonomous driving of the robot vehicle 

navigated by the CLAS. The vehicle could travel and turn autonomously on two paths, which 

were 460 m long in total, with 0.03 m RMS error on path 1 and 0.09 m RMS error on path 2. 

There was no significant difference in error between the set speeds of 1.0 m/s and 1.3 m/s. 

The maximum lateral error was 0.20 m at 1.3 m/s on path 2. However, as the vehicle width 
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was 1.7 m and the row width was 2.5 m, the vehicle did not collide with grape trellises. The 

reason why the lateral error was greater on path 2 than on path 1 was attributed to instability 

after turning and the observation error caused by the slope.  

The RMS error and the maximum error of observed data between the CLAS and the 

RTK were less than 0.02 m. This result was almost the same as that in Section 3.3. The 

maximum slope of the tested field was less than 5 degrees in this experiment, and thus, the 

VRS-RTK could also be utilized. The robot vehicle navigated by the CLAS, however, can be 

effective in orchards that have around 15 degrees slopes and tall high trees from the results in 

Section 3.3.1 and 3.3.2. These results suggest that the CLAS can be utilized instead of the 

RTK as a navigation sensor for a robot vehicle in mountainous farmland.  

 

Fig. 36 Traveled trajectory of the robot vehicle controlled by the CLAS 

(https://youtu.be/wAIia-c7j-g) 

https://youtu.be/wAIia-c7j-g
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Table 15 Lateral errors when the robot vehicle traveled autonomously in a vineyard navigated 

by the CLAS 

Average vehicle 

speed [m/s] 
Positioning 

system 
Lateral RMSE [m] Max error [m] 
Path1 Path2 Path1 Path2 

1.0 
CLAS 0.05 0.07 0.15 0.17 
RTK 0.03 0.09 0.13 0.19 

1.3 
CLAS 0.04 0.08 0.13 0.19 
RTK 0.03 0.09 0.11 0.20 

3.4. Conclusion of this chapter 

In the presence of buildings, windbreaks, and antenna inclination, the CLAS had a 

more robust ability to get FIX solutions compared to the VRS-RTK, which is popular as a 

conventional navigation sensor. Moreover, the VRS-RTK was affected by the rover’s internet 

environment, while the CLAS could be used anywhere because it did not depend on the internet. 

The robot vehicle could travel and turn autonomously using the CLAS in an actual vineyard in 

a mountainous area. The positioning accuracy of the CLAS was sufficient for a navigation 

sensor instead of the RTK. In conclusion, the CLAS was an appropriate navigation sensor for a 

robot vehicle in mountainous farmland. 
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Chapter 4.  Optimal route planning 

4.1. Introduction 

Regarding a turning method in a vineyard, a path skip turn that skips paths and enters 

the next row can be adopted instead of the switchback turn that is popular in an upland crop 

field (Fig. 37). The path skip turn does not include backing operation, which results in an easy 

operation and applicability even if a vehicle has a large minimum turning radius. When 

performing the path skip turn, there are two methods: turning to a predetermined angle without 

a navigation map, or generating the navigation map for turning and following it. However, 

vineyards are often not accurate rectangles, so it is difficult to predetermine the turning angle. 

Therefore, it is necessary to dynamically generate a navigation map on turning from the 

relationship between the current and next path. 

In this chapter, an optimal route planning method was devised. At the same time, a 

turning map connecting paths was generated in the real time. This turning map creating method 

can be applied even in irregularly shaped fields. Using both the optimal route planning and the 

turning map creating methods, the robot drove autonomously in a real vineyard. 
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Fig. 37 The overview of the path skip turning method 

4.2. Materials and methods 

4.2.1. Optimal route planning 

Let the rows of vineyards, which have n rows in total, be 1, 2, …, n, in order from the 

start to the end, and the sequence of travel routes be 𝑎𝑘 (𝑎𝑘 ∈  ℕ | k = 1, 2, …, n). When 

performing the path skip turn as shown in Fig. 37, the number of skips p from 𝑎𝑘 to 𝑎𝑘+1 is 

expressed by Eq. (19) when k is an odd number, while the number of skips q from 𝑎𝑘 to 𝑎𝑘+1 

is expressed by Eq. (20) when k is an even number. Then, Eq. (21) always works. 

𝑝 = |𝑎𝑘 − 𝑎𝑘+1| (𝑘 = 2𝑢 − 1 | 𝑢 ∈  ℕ) (19) 

𝑞 = |𝑎𝑘 −  𝑎𝑘+1| (𝑘 = 2𝑢 | 𝑢 ∈  ℕ) (20) 

𝑝 = 𝑞 + 1 (21) 

Therefore, from the vine row width w and the minimum turning radius r of the robot, the 

minimum number of skips 𝑛𝑚𝑖𝑛, that is the minimum number of q, is expressed by Eq. (22) 

with the Gaussian symbol, that expresses the integer part of the quotient. Here, the minimum 
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turning radius r is geometrically represented by Eq. (23) using the wheelbase L and the 

maximum steering angle 𝛿𝑚𝑎𝑥 from the bicycle model assuming the rear wheel is the turning 

center. 

𝑞 ≥ 𝑛𝑚𝑖𝑛 = ⌊
2𝑟

𝑤
⌋  + 1 (22) 

𝑟 =  
𝐿

tan 𝛿𝑚𝑎𝑥
 (23) 

 

For example, if the total number of paths is n = 8, the first route is 𝑎1 = 1, and the number of 

skips is q = 3, the number of skips is p = 4, so the travel route is 𝑎𝑘 = {1, 5, 2, 6, 3, 7, 4, 8}. 

Here, if TRUE is the state in which the vehicle can travel on the route without excess or 

deficiency, while FALSE is the case where it is not TRUE, it is TRUE when n = 8. Even if n = 

7, it is also TRUE if 𝑎8 is deleted from 𝑎𝑘 above. The condition to be TRUE depends on the 

relationship between p and n. Thus, if Eq. (24) is satisfied, it becomes TRUE inductively. 

2𝑝 − 1 ≤ 𝑛 <  2𝑝 + 1 (24) 

Next, consider the case where n is greater than 8. From the above, if p increases according to 

the value of n, all paths can be traveled. However, the larger p is, the longer the distance traveled 

on the headland is, and thus, the loss of energy and time is more significant. Therefore, the loss 

is minimized by dividing the total route into units. If n = 15, it is possible to continue turning 

with the number of skips p = 4 by dividing n into 𝑛1 = 8 and 𝑛2 = 7. At this time, the turning 

direction is opposite after 𝑎9. Let 𝑏𝑘 be the set of this divided unit, and let m be the number 
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of units (𝑘 ∈  ℕ, 𝑏𝑘 ∈  ℕ | k = 1, 2, …, m). In this case, 𝑏𝑘 = {8, 7} and m = 2, and Eq. (25) 

is always satisfied. Here, Eq. (24) does not work when 𝑛(𝑏𝑘) ≥ 2, but if 𝑏1 satisfies Eq. (26) 

, 𝑏𝑚 satisfies Eq. (27), and other units satisfy Eq. (28), it is TRUE. For example, when p = 4, 

n = 22, 𝑏𝑘 =  {8, 7, 7}, and 𝑎𝑘 at this time is represented by Eq. (29) and becomes TRUE. The 

reason why the relationship between 𝑏𝑘 and 𝑝 in Eq. (27) and Eq. (28) is different from Eq.  

(26) after 𝑏2 is that the last path of each unit also serves as the first path of the next unit from 

the second unit onwards (Fig. 38). 

𝑛 =  ∑ 𝑏𝑘 (25) 

𝑏1 = 2𝑝 (26) 

2𝑝 − 2 ≤ 𝑏𝑚 < 2𝑝 (27) 

𝑏𝑘 = 2𝑝 − 1 (1 < 𝑘 < 𝑚) (28) 

𝑎𝑘 =  {
1, 5, 2, 6, 3, 7, 4, 8,

12, 9, 13, 10, 14, 11, 15,
 19, 16, 20, 17, 21, 18, 22

} 
(29) 

If the total paths divided into units as described above, the condition for TRUE can be changed 

by adjusting the number of skips p for each unit. For example, assuming n = 22, if the number 

of skips is p = 4 when 𝑏1 and p = 8 when 𝑏2, then 𝑏𝑘 =  {8, 14}, that is a different solution. 

In other words, this can be ascribed to the subset sum problem: whether the sum of the set 𝑏𝑘 

of natural numbers is divisible by the natural number n. However, 𝑏𝑘 must satisfy Eq. (30) in 

this case. 
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𝑏𝑘 = {
2𝑢           (𝑘 = 1)
2𝑢 − 1   (1 < 𝑘 < 𝑚)

 

𝑏𝑘 ≥ 2𝑞             (𝑘 = 𝑚)

                                    (𝑢 ∈  ℕ | 𝑢 > 𝑞 )

 
(30) 

 

Fig. 38 A schematic diagram of transit from the first unit to the second unit  

It is a well-known fact that the dynamic programming method is more effective than the brute 

force method in terms of the calculation cost of the subset sum problem. After finding 

candidates for 𝑏𝑘 by solving the conditional subset sum problem by the dynamic programming 

method, 𝑏𝑘 is selected so that the loss of the energy and time is minimized. Here, since the 

variable is only the travel distance in headlands that depends on the number of skips, the travel 

route based on 𝑏𝑘  is determined to minimize the extra travel distance. Therefore, the loss 

function 𝐽𝑘 is defined as shown in Eq. (31) in the case of 𝑏1, Eq. (32) in 𝑏𝑘, Eq. (33) in 𝑏𝑚, 

and 𝑏𝑘 is selected so that 𝐽 Eq. (34) is minimized. Note that the number of skips in 𝑏𝑘 is 

indicated by 𝑝𝑘 and 𝑞𝑘, respectively. At this time, the total travel distance d in headlands is 

expressed by Eq. (35) using the vine row width w that is assumed to be constant. 

𝐽1 =  𝑝1 ×
𝑏1

2
+ 𝑞1 × (

𝑏1

2
− 1) (31) 

𝐽𝑘 = 𝑝𝑘 × ⌊
𝑏𝑘

2
⌋ + 𝑞𝑘 × ⌊

𝑏𝑘

2
⌋  (1 < 𝑘 < 𝑚) (32) 
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𝐽𝑚 = {
 𝑝𝑘 × (

𝑏𝑘

2
− 1) + 𝑞𝑘 ×

𝑏𝑘

2
  (𝑏𝑘 = 2𝑢)

 𝑝𝑘 × ⌊
𝑏𝑘

2
⌋ + 𝑞𝑘 × ⌊

𝑏𝑘

2
⌋  (𝑏𝑘 = 2𝑢 + 1)

 

(33) 

𝐽 = ∑ 𝐽𝑘

𝑚

𝑘=1

 
(34) 

𝑑 = 𝐽 × 𝑤 (35) 

4.2.2. Turning path creation  

Considering the irregularly shaped field, a turning path is created. Now, we consider a 

turn from path 1 to path 4 in Fig. 39. Each path consists of navigation points 𝜔𝑖𝑗  (𝜔 ∈  ℝ3) (i 

is the path sequence, and j is the point number in the path) with three dimensions: latitude, 

longitude, and work flag (working or idling). The navigation points of black circles indicate the 

state of working, while the white circles represent the state of idling. The end navigation point 

of the path is defined on the center of the straight line connecting the end points between the 

vine rows. Then, the extended navigation point 𝑃0 is added, which is far from the end of the 

path by the implement offset 𝑑𝐼 . The implement offset is the distance between the GNSS 

antenna and the work implement, which is a constant value depending on the vehicle. Next, the 

turning path starts at the point 𝑃1 that is extended from 𝑃0 by the idling offset 𝑑𝑜. Let the 

path before turning be 𝑖𝑜, the path after turning be 𝑖𝑛, and all paths between them be 𝑖𝑘 (o < 

k < n), then the point 𝑃𝑘 is placed at the extension of the headland distance 𝑑ℎ from the end 

of 𝑖𝑘. The headland distance is a constant value depending on the vineyard, assuming that the 
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distance between all paths and the field boundary does not vary. Finally, a point 𝑃𝑛 is placed 

at the end of path 𝑖𝑛, which is extended by a distance 𝑑𝑟 considering the turning radius, field 

slope, etc. The above procedure was performed in real time while driving. The user can adjust 

𝑑𝑜, 𝑑ℎ, and 𝑑𝑟 to lead the robot to travel accurately. 

 

Fig. 39 The overview of the turning path creation 

4.2.3. Field trial 

Route planning and autonomous traveling tests were conducted on a plot at the 

Tsurunuma Winery in Urausu, Hokkaido, Japan. There were 43 paths in total, with a width of 

2.5 m between vine rows, and each path was about 90 m to 130 m long, covering an area of 
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approximately 12000 m2. The steering control method was the same as described in Section 

3.2.5.  

4.3. Results and discussion 

4.3.1. Optimal route planning 

From the conditions of the tested vineyard and vehicle, distance between vine rows w 

= 2.5 m, maximum steering angle 𝛿 = 35 degrees and wheelbase L = 2.0 m, then the minimum 

number of skips q = 3 from Eq. (22). When the range of the number of skips is 3 ≤  𝑞 ≤  6, 

Eq. (24) shows that the question can be solved in one unit when the total number of paths n is 

between 7 and 14. As a result of calculation for the total number of paths n from 15 to 50, it 

was computable for all paths n. As an example, the set of units 𝑏𝑘 for 30 < 𝑛 ≤ 50 is shown 

in Table 16. 

Table 16 Results of optimal path planning 

Total path 31 32 33 34 35 

𝑏𝑘 8 7 9 7 8 7 9 8 8 9 9 7 8 9 9 8 8 9 9 9 

Total path 36 37 38 39 40 

𝑏𝑘 8 7 7 7 7 8 7 7 7 8 8 7 7 9 7 8 7 7 9 8 8 7 9 9 7 

Total path 41 42 43 44 45 

𝑏𝑘 8 7 9 9 8 8 9 9 9 7 8 7 7 7 7 7 8 7 7 7 7 8 8 7 7 7 9 7 

Total path 46 47 48 49 50 

𝑏𝑘 8 7 7 7 9 8 8 7 7 9 9 7 8 7 7 9 9 8 8 7 9 9 9 7 8 7 7 7 7 7 7 
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Since the total number of paths n in the tested vineyard was 43, specific results were obtained 

as shown in Table 17. 

Table 17 The result of route planning assuming n = 43 

𝑏𝑘 line up 
Headland 

distance [m] 
Optimal 𝑏𝑘 Path plan 

8 7 7 7 7 7 325 8 7 7 7 7 7 1 5 2 6 3 7 4 8  

8 7 7 13 8 440  12 9 13 10 14 11 15  

8 7 9 11 8 420  19 16 20 17 21 18 22  

・・・ ・・・  26 23 27 24 28 25 29  

14 9 9 11 530  33 30 34 31 35 32 36  

14 7 9 13 550  40 37 41 38 42 39 43 

Due to the minimum number of skips q = 3, if the total number of paths n is 𝑛 < 2𝑞 + 1 (n < 

7), this method cannot be used to solve the problem, but if 7 ≤ 𝑛 ≤ 50, the optimal route can 

be calculated. The proposed optimal route planning method is effective when the turning radius 

is large and the path skip turn is thus required. 

4.3.2. Traveling result 

Fig. 40 shows the results of the autonomous operation. In this experiment, the 

minimum number of skips q = 4, and the driving was stopped in the middle to take the charging 

capacity into account, so the driving route 𝑎𝑘 = {1, 6, 2, 7, 3, 8, 4, 9, 5, 10, 16, 11}. As shown 

in Fig. 40, the robot could travel 12 paths consecutively without collision with vines in an 

irregularly shaped vineyard. The total traveled distance was about 1.6 km, and the traveled time 

was about 28 minutes. Table 18 shows the root mean square error (RMSE) on each straight path 
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and each turning path. The average value of the RMSE were 0.07 m and 0.62 m, in straight and 

turning paths of all 12 paths, respectively.  

 

Fig. 40 The traveled trajectory of the robot and vine rows 

Table 18 The traveling results on each path 

Straight path 
RMSE 

[m] 
Turn path 

RMSE 

[m] 

1 0.07 1--->6 0.55 

6 0.06 6--->2 0.53 

2 0.08 2--->7 0.50 

7 0.07 7--->3 0.44 

3 0.09 3--->8 0.46 

8 0.08 8--->4 0.74 

4 0.04 4--->9 0.53 

9 0.06 9--->5 0.60 

5 0.04 5--->10 0.49 

10 0.06 10--->16 1.32 

16 0.08 16--->11 0.63 
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11 0.05   

Ave. 0.07 Ave. 0.62 

In this turning method, we could observe that the lateral deviation was large at the beginning of 

the turning, and then it converged gradually. Thus, in this experiment, the robot could crash into 

the next vine row if the lateral deviation did not converge. This is why the minimum number of 

skips in this experiment was set to q = 4 instead of the theoretical value of q = 3 to recover the 

lateral deviation. The result indicates that the RMSE from the path 10 to 16 on the turning path 

was the largest, and was over 1 m. Fig. 41 shows the behavior at that time between the end of 

the path 10 and the beginning of the path 16. The situation where the lateral deviation was large 

at the beginning of turning is observed. The same trend was discovered on other turning paths. 

However, from the path 10 to 16, the turning radius of the robot was relatively large because 

the turning path at the beginning was the acute angle according to the irregularly shaped 

vineyard, resulting in a significant lateral deviation. In addition, the lateral slip due to a lateral 

slope around the turning path was considered another important cause. We have to consider 

some measures such as setting the turning path like a circular arc according to the vehicle 

dynamic model or modifying the steering control method taking into account the slope of the 

field. However, it is difficult to estimate turning radius determinately due to soil conditions or 

lateral slopes, so a method to estimate it statistically using travel data should be considered as 

well as the vehicle dynamic model.   
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Fig. 41 The traveled trajectory (dashed line) and the navigation map points between path 10 

and 16 

4.4. Conclusion of this chapter 

An effective path skip turn in an irregularly shaped vineyard was devised, the optimal 

route planning according to the path skip turn was suggested, and autonomous driving was 

tested in the actual vineyard. The path skip turn method worked well for the tested field, and 

the robot was able to travel 12 paths, about 1.6 km, without collision with vines. As the lateral 

deviation was large at the beginning of turning, the turning path should be created based on a 

turning radius of the vehicle that is estimated by the vehicle model and travel data.   
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Chapter 5.  Turning path planning considering a towed 

implement 

5.1. Introduction 

5.1.1. What is a turning path? 

Many studies on robot vehicles traveling autonomously in farmland have been 

conducted. Especially, those robot vehicles for paddy or upland crop fields are 

commercialized. The robot vehicles commonly turn in such fields with a switchback or a 

keyhole turning method and enter the next rows in order [42]. On the other hand, it is different 

in orchards. Orchards have trees fixed on the ground, resulting in the headland distance being 

fixed. Orchard tasks such as mowing or spraying are sometimes conducted by a towed 

implement. In this case, going backward is not an easy procedure. Therefore, even for manual 

operation, a path skip turning is used [52]. In this study, we discuss the turning strategies of a 

robot vehicle with a towed implement in orchards. There are two ways to turn: with or 

without a target path. If you do not use the target path, the robot vehicle is controlled based on 

the GNSS or the IMU, so the heading and traveling distance reach the ones decided in 

advance. This method is easy to implement and used for the switchback turning. However, the 

final heading or positioning error is significant due to the sensor error and control delay. If 

you use the target path, the robot vehicle is controlled according to it. Thus, it is relatively 
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robust to the sensor error or the control delay. Instead, the target path and a controller to 

follow the path are more important for the final state. This study focuses on the target path 

creation because a highly accurate turning method is required for the robot vehicle with a 

towed implement. Note that the robot vehicle only goes forward. 

5.1.2. Path planning problem 

Path planning problems for agricultural robots are classified into two types: point-to-

point path planning and coverage path planning [53]. The point-to-point path planning 

generates a path that does not collide with obstacles when given initial and final positions, 

which is sometimes called a collision-free path planning problem in the robotics sector. The 

coverage path planning, on the other hand, generates a set of paths that cover all the surfaces 

without duplication and do not collide with obstacles when a field is given. In the agricultural 

sector, coverage path planning is much more studied because it is necessary to plan work 

paths on a field. This study, however, focused on the point-to-point path planning method to 

consider the turning path for a robot vehicle in an orchard. When planning path by 

determining the steering input at each time, the issues are how to give the steering input and 

how to model the behavior of the vehicle based on the steering input. Noguchi and Terao, 

1994 and Noguchi and Terao, 1997 report that a series of steering inputs are determined using 

the genetic algorithm (GA) [54],[55]. In [55], the order of steering inputs at 1-second intervals 

for a maximum of 100 seconds is semi-optimized using the GA so that the final position and 
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heading of the vehicle match the desired ones. Additionally, based on data on a tractor 

traveling on an asphalt road, the behavior of the vehicle in response to steering inputs was 

modeled by nonlinear regression using the neural network (NN). Kise et al., 2002 uses the 

spline curve to generate a forward turning path [56]. The steering input was assumed to be 

circular motion with constant input, and turning was performed by switching between three 

circles. If the curvature of the path generated by the spline function is smaller than the 

minimum turning radius of the tractor, it is recalculated. Linker and Blass, 2008 [57] used the 

A* (pronounced A star) search, first proposed in 1968 [58], to plan a path in an orchard. A* 

search is one of the graph search algorithms widely used for path planning in the robotics 

sector. In the case of considering a robot moving on a plane, the field is divided into cells 

(sometimes called grids or nodes), and the cells around the starting point that can be moved 

are opened. At this time, the movement is restricted by removing cells that cannot be moved 

due to the vehicle kinematics or obstacle existing. This method basically sets two costs: a 

moving cost according to moving from the current to the next cell, and a heuristic cost that is 

usually set by distance from the next to the goal cell, and the cell is sequentially selected with 

the lowest costs. Linker and Blass, 2008 [57] simulated with the cell size of 1 m by 1 m and a 

vehicle of 2.5 m by 1.0 m. They considered the moving cost on slopes in addition to the 

combination of forward and backward movement and steering input. The vehicle behavior 

was also considered by including the heading to the goal point as well as the distance in the 
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heuristic cost. However, the vehicle model is too simple. The steering input is a maximum of 

15 degrees in 5 degrees increments, and change in vehicle heading is expressed by simply 

substituting the steering input angle without considering the vehicle speed, wheelbase, 

slippage. Also, as they mention in their paper, although the A* method calculates an optimal 

solution, there are many weighting parameters for costs specified by the user, and the results 

are influenced by their tuning. 

5.1.3. Purpose of this study 

Except for Noguchi et al.'s example of modeling vehicle motion using the NN, there 

are few studies that consider vehicle slippage. It is important whether a vehicle actually can 

follow the generated path. Furthermore, there are few examples of path planning taking into 

consideration the behavior of a towed implement. This study considered two methods of 

turning path planning in an orchard with a trellis type of trees. One method was based on just 

connecting arcs and straight lines without considering a towed implement (Strategy A). The 

other method considered a kinematic model of a vehicle and a di-wheeled towed implement 

so both the vehicle and the implement do not collide with obstacles such as the trellis, the 

trees, or the farmland borders (Strategy B). In Strategy B, the pattern of steering inputs was 

determined by a semi-optimized method using the GA. However, the variables were not the 

steering angles but the time of three patterns of steering input: straight, maximum left, and 

maximum right. Compared to Noguchi et al.'s method of solving a series of steering inputs 
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using GA, the method in this study has the advantage of being able to eliminate unnecessary 

solutions and reduce calculation costs, as well as being able to suppress changes in steering 

inputs in advance. Moreover, the slip ratio was introduced for the vehicle behavior to be 

modeled based on actual driving data in an orchard. The two strategies were compared and 

verified.  

5.2. Materials and methods 

5.2.1. Turning strategies 

5.2.1.1. 2 arcs (Strategy A) 

Strategy A only considered a minimum turning radius of the front vehicle and the 

shape of the orchard. The turning path in Strategy A is basically composed of two arcs of the 

turning radius r and straight lines. Considering the shape of the orchard is not an accurate 

rectangle, points extended from the end of the paths skipped to headland distance 𝑑ℎ were 

utilized. Now we consider that the robot vehicle turns from the path n to the path n+k+1 as 

shown in Fig. 8. Note that k is the number of skips. Fig. 8 shows the example when 𝑛 = 1 

and 𝑘 = 4. Let line 𝑙2,1 be a line passing through the endpoint 𝜔2 of the path n and the 

second endpoint 𝜔1. Let points {𝜔3, 𝜔4, …,𝜔3+𝑘−1} be extended points of the skipped 

paths. Here, assuming 𝑘 > 2, let 𝑙1,1 be the line passing through the point 𝜔3 and the point 

𝜔4, and let 𝐶1 be a circle with radius r that is tangent to straight line 𝑙1,1 and 𝑙2,1, and 

connect the line and the arc at the point of contact. Similarly, the straight line passing through 
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the starting point 𝜔𝑛+𝑘+2 of path n+k+1 and the next point 𝜔𝑛+𝑘+3 is 𝑙1,2, and passing 

through the point 𝜔𝑛+𝑘+1 and the point 𝜔𝑛+𝑘 is 𝑙2,2, and an arc is generated and 

connected. The turning path created in this way only takes into account the turning radius of 

the front vehicle, the width of the headland, and the shape of the tree rows. Furthermore, 

control points are not considered, and if the center of gravity is taken as the control point, 

there is no guarantee that the front vehicle or the rear implement will not collide with a tree 

rows. All we have done is create a path that the vehicle can travel by making full use of the 

width of the headland. 

 

Fig. 42 Overview of the strategy A 
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5.2.1.2. Model based (Strategy B) 

To solve the above problem, we need a turning path that allows the vehicle in front 

and the towed implement to travel without colliding with the tree rows. In other words, this 

problem is attributed to the problem of searching for a path in which the vehicle can travel 

from a starting point to a goal point, while neither the front vehicle nor the towed implement 

can travel without crashing the farmland boundary and the tree rows.  

 

Fig. 43 A bicycle model of a tractor-trailer 

From the equivalent bicycle model in Fig. 43, the behavior at the point of the front 

wheel 𝑃𝑓(𝑥𝑓 , 𝑦𝑓) of the front vehicle in the world coordinates is expressed as Eqs. 

(36)(37)(38). Note that 𝜙1 is the heading of the front vehicle, 𝛿 is the steering angle of the 
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front vehicle, 𝑣 is the vehicle speed, 𝐿1 is the wheelbase of the front vehicle. 

𝑥𝑓̇ = 𝑣𝑠𝑖𝑛(𝜙1 + 𝛿) (36) 

𝑦𝑓̇ = 𝑣𝑐𝑜𝑠(𝜙1 + 𝛿) (37) 

𝜙1̇ = 𝑣
sin 𝛿

𝐿1
 (38) 

The relationship between the position of the forefront of the front vehicle 𝑃𝑎(𝑥𝑎, 𝑦𝑎), the 

point of the rear wheel of the front vehicle 𝑃𝑟(𝑥𝑟 , 𝑦𝑟), the linkage point between the vehicle 

and the implement 𝑃𝑙(𝑥𝑙, 𝑦𝑙), the point of implement’s wheel 𝑃𝑡(𝑥𝑡, 𝑦𝑡), and 𝑃𝑓 is as 

follows. 

[
𝑥𝑎

𝑦𝑎
] = [

𝑥𝑓

𝑦𝑓
] + 𝐿0 [

𝑠𝑖𝑛𝜙1

cos 𝜙1
] (39) 

[
𝑥𝑟

𝑦𝑟
] = [

𝑥𝑓

𝑦𝑓
] − 𝐿1 [

𝑠𝑖𝑛𝜙1

cos 𝜙1
] (40) 

[
𝑥𝑙

𝑦𝑙
] = [

𝑥𝑓

𝑦𝑓
] − (𝐿1 + ℎ) [

𝑠𝑖𝑛𝜙1

cos 𝜙1
] (41) 

[
𝑥𝑡

𝑦𝑡
] = [

𝑥𝑙

𝑦𝑙
] − 𝐿2 [

𝑠𝑖𝑛𝜙2

cos 𝜙2
] (42) 

𝜙2 = 𝜙1 + 𝜃 (43) 

Here 𝜃 is the angle between the front vehicle and the towed implement, called the linked 

angle. [59] indicated 𝜃 is represented as Eq. (44). 

𝜃̇ = −
𝑣

𝐿2
𝑠𝑖𝑛 𝜃 −

𝑣 𝑡𝑎𝑛 𝛿

𝐿1
(

ℎ

𝐿2
𝑐𝑜𝑠 𝜃 + 1) (44) 

[60] also used a similar equation that trigonometric functions in Eq.(44) were linearized as a 

kinematic model of the towed implement. They compared a dynamic model derived from 

force with the kinematic model, and concluded that there was no difference between those 
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models when the speed was 0 – 4.5 m/s and input steering rate was 0 – 1 rad/s. Fig. 44 shows 

the tested vehicle and the towed implement: 𝐿0 = 0.3，𝐿1 = 2.1，ℎ = 0.62，𝐿2 = 1.55. 

 

 Fig. 44 An overview of the vehicle and the towed implement 

Using the above model, we obtain the vehicle and implement trajectories and search 

for a turning path that allows both the frontmost position of the vehicle and the towed 

implement to travel without touching the tree rows and the farmland boundary. As you can see 

from the above model, the trajectory of the vehicle is determined by the speed 𝑣 and the 

steering angle 𝛿. Therefore, if arbitrary 𝑣 and 𝛿 that the vehicle can achieve are given for 

each control cycle, a trajectory can be generated through repeated calculations. However, 

when considering arbitrary inputs without any constraints, the number of combinations 

becomes enormous. Therefore, we considered using empirical rules to narrow down the 
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possible behavior of vehicles by creating patterns as shown in Fig. 45. The start point is the 

final point of the current path, and the goal point is the first point of the next path. The 

boundary is a point extending from the start point and goal point by the length of the headland 

𝐿, and is a line passing through these two points. Fig. 45 shows a schematic diagram of a left 

turn, which consists of seven sections: going straight, turning left, going straight, turning 

right, turning left, turning right, and going straight. When each time is defined as 𝑡𝑘 (𝑘 =

1, 2, … , 7), the path’s shape changes by adjusting the time 𝑡𝑘. Input steering angle is changed 

like Fig. 46. Generally, there is a delay between inputting the steering angle and reaching that 

state, so the steering angle is not rectangular but trapezoidal, as shown in Fig. 46. 

 

Fig. 45 A diagram of the patterned path trajectory in the case of turning to left 
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Fig. 46 Input steering angle  

Consider how to determine seven variables 𝑡1, 𝑡2, … , 𝑡7. At the goal point, the 

position and heading of the vehicle should be along the following path, and the front vehicle 

and the towing implement must not collide with the tree rows or the farm boundary while its 

traveling. Therefore, the evaluation function J is set as Eq.(45). Note that 𝑎 is a weighting 

coefficient, 𝜀𝑣𝑒ℎ𝑖𝑐𝑙𝑒 [m] is the lateral error between the forefront of the front vehicle and the 

goal point, 𝜀𝑡𝑟𝑎𝑖𝑙𝑒𝑟 [m] is the lateral error between the towed implement and the goal point, 

𝜑 [deg] is the heading error between the vehicle heading and the path heading, and 𝜁 is a 

variable that takes a binary value of ∞ if contact occurs between the front vehicle or the towed 

implement and the tree rows or farm boundary, and 0 otherwise. A margin width 𝜌 [m] was 

given, and if the distance was less than that, it was considered a collision. In this study, 𝜌 =

0.6 and 𝑎 = 0.1. 
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𝐽 = 𝜀𝑣𝑒ℎ𝑖𝑐𝑙𝑒 + 𝜀𝑡𝑟𝑎𝑖𝑙𝑒𝑟 + 𝑎𝜑 + 𝜁 (45) 

By iterated calculations in discrete times (0.1 [s]) of 0 ≤ 𝑡𝑘 ≤ 10 [s], a combination of seven 

variables 𝑡1, 𝑡2, … , 𝑡7 that minimizes this evaluation function is derived. However, even 

though the variables were reduced to seven, the number of combinations would be too large to 

perform the brute force approach, which would take time. In this study, we used the genetic 

algorithm (GA) to solve this optimization problem. In the GA, the population was 500, the 

number of generations was 200, the elite selection rate was 20%, the tournament selection rate 

was 20%, and of the remaining 60%, the probability of mutation was 30% and the probability 

of hybridization was 70%. When the evaluation function became smaller than a threshold, it 

was considered to have converged, and when it did not converge, calculations were repeated 

under the same conditions. 

5.2.2. Control method 

Section 5.2.1 presented a method for generating a turning path. We will explain how 

to control the vehicle, so it follows the path. Since the path was created based on the vehicle 

model, if the model accuracy was high, it would be possible to control it even in an open loop. 

However, in off-road and sloping environments, the model can have an error because of the 

slippage. Furthermore, it is difficult to keep the speed strictly constant, resulting in errors. 

Therefore, as shown in Fig. 47, we use a controller that feeds back the errors between the 

created path and the current state. This method, used in [49], determines the steering input by 
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giving proportional gains 𝑎 and 𝑏 to the lateral deviation 𝑑 [m] and the heading error Δ𝜙 

[deg] (Eq. (46)). 

𝛿 = 𝑎𝑑 + 𝑏Δ𝜙 (46) 

Note that since the heading error Δ𝜙 depends on the look ahead distance 𝐿 [m], there are 

three tuning parameters: the proportional gains 𝑎, 𝑏 and 𝐿. If 𝐿 becomes smaller, the 

vehicle will follow a curve line more precisely, but if it is too small, it will diverge. In this 

study, we used a brute force method to find a combination of three parameters that would 

minimize the root mean square (RMS) error in the lateral deviation in simulation. Based on 

prior information, we empirically found that 0 < 𝑎 < 80, 0 < 𝑏 < 2.0 and 0.3 < 𝐿 < 5.0,  

so we optimized by increasing 𝑎 in 1 increment and 𝑏 and 𝐿 in 0.1 increments within this 

range. 

 

Fig. 47 Definition of a navigation map (Source: [50]) 
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5.2.3. Vehicle property 

Considering the vehicle behavior based on the model as described above, an 

important point is whether the vehicle behaves in accordance with the model in the real 

environment. Particularly, sensor errors in steering angle and errors due to the slippage can be 

observed. Since these errors largely depend on vehicle characteristics, we clarified the 

characteristics of the tested vehicle.  

5.2.3.1. Steering sensor calibration 

The tested vehicle was equipped with a potentiometer to sense the steering angle, so 

that the motor was controlled according to the input steering angle to reach the desired angle. 

However, the maximum steering angle and 0 point of the potentiometer are not accurate 

because they are adjusted manually. Therefore, a constant radius turning at a speed of 1 m/s 

on a flat, hard concrete road surface was conducted with recording the trajectory using the 

GNSS, to estimate the actual steering angle. The input steering angles were 15 degrees, 30 

degrees, and the maximum steering angle of 35 degrees, and a total of 6 trials were performed 

to the left and right. AsteRx SB3, Septentorio was used as the GNSS receiver. The positioning 

accuracy of it is 6 cm by the CLAS, one of the PPP-RTK method [61]. Here, as shown in Fig. 

48, the GNSS antenna was mounted ahead of the front wheel, so the measured turning radius 

was 𝑅3. From the kinematic model, 𝑅3 was expressed as Eq. (47).  

𝑅3 =
𝐿0 + 𝐿1

𝑠𝑖𝑛 𝛼
 (47) 
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Here, since the relationship between 𝑅1 and 𝑅3 is Eq. (48), the actual steering angle 𝛿 can 

finally be derived as shown in Eq. (49). Note that the actual steering angle at this time is a 

value including tire slippage actually, but considering the hard concrete road surface and low 

speed, the slippage is assumed to be small and ignored here. 

𝑅1 = 𝑅3 𝑐𝑜𝑠 𝛼 (48) 

𝛿 = 𝑡𝑎𝑛−1
𝐿1

𝑅1
 (49) 

 

 

Fig. 48 A bicycle model. The GNSS antenna was ahead of the front tire. 

In addition, in the simulation, realizing the steering response speed is important. The 

steering rate and the dead time were estimated from the actual steering input and output 

relationship. On the other hand, as mentioned above, the steering motor is feedback-

controlled according to the potentiometer, so the input and output relationship was expected to 
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be a second order or higher delay system. The steering input and output system was modeled 

by the second order + the dead time (Eq. (50)). The unknown coefficients 𝜁, 𝜔𝑛 and 𝐿 of 

the second order lag system and dead time were repeatedly calculated numerically, and the 

values at which the average error was the lowest were used. 

𝐺(𝑠) =
𝜔𝑛

2

𝑠2 + 2𝜁𝜔𝑛𝑠 + 𝜔𝑛
2

𝑒−𝐿𝑠 (50) 

5.2.3.2. Slip characteristics 

In orchards, the vehicle travel on surfaces covered with soil and grass, so the slippage 

can be expected. In particular, we concerned that the actual turning radius will be larger than 

the modeled turning radius due to slipping when turning due to mud. The vehicle may slip due 

to the force by the towed implement due to the slope. In this case, the turning path created in 

Section 5.2.1 becomes unfollowable. Therefore, we conducted a traveling test in an orchard 

environment, recorded the traveling trajectory using the GNSS, and verified the actual amount 

of slippage. In this study, following [62], a slip ratio 𝛾 as shown in Eq. (51) was introduced. 

Given the slip angle 𝛽, it is proportional to the actual steering angle 𝛿 multiplied by the slip 

ratio 𝛾. 𝛾 = 1 indicates no slip, and 𝛾 < 1 indicates the understeer characteristics.  

𝛽 = 𝛾𝛿 (51) 

The estimated trajectory substituted 𝛽 for 𝛿 in Eqs. (36), (37) and (38) was compared with 

the actual traveling trajectory by changing the slip ratio 𝛾 in 0.001 increments to achieve the 

best match. The vehicle speed was measured using the GNSS. Additionally, to confirm 
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whether the slip ratio changes with inclination, an IMU (VN100, VectorNav, USA) was 

installed in the vehicle and the inclination angle was measured. 

5.3. Results and discussion 

5.3.1. Steering characteristics 

Fig. 49 shows the results of the steering sensor calibration performed in Section 

5.2.3.1. The horizontal axis in Fig. 49 is the input steering angle, and the vertical axis is the 

actual steering angle derived from the constant radius turning. The maximum value of the 

input steering angle was 35 degrees according to the configuration, but actually it was around 

30 degrees. The actual steering angle was calibrated by substituting the steering angle for x in 

Eq. (52).   

𝛿 = 0.8679𝑥 − 0.3082 (52) 

 

Fig. 49 Relationship between input and measured steering angles 
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Next, Fig. 50 shows the relationship between input and output of steering angle. Fig. 

51 shows the estimated output for the linear and the second-order lag systems. The unknown 

coefficients of the linear equation were the steering rate 28 [deg/s] and the dead time 0.3 [s]. 

The unknown coefficients of the second-order lag system were the damping coefficient 𝜁 =

2.81, the natural angular frequency 𝜔𝑛 = 0.58, and the dead time 𝐿 = 0.1. The average error 

of the linear system was 0.9 degrees and that of the second-order lag system was 1.2 degrees. 

The true output showed that the response speed was fast and overshoots when responding to a 

step input, which indicates that it is a third-order or higher-order lag system. This can be the 

cause of the approximation error due to second-order lag. In this simulation, we used the linear 

formula with smaller errors. 

 

Fig. 50 Relationship between the input and the true output 
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Fig. 51 Estimated output of the linear and 2nd-order 

5.3.2. Slip characteristics 

In the traveling test regarding slip ratio in Section 5.2.3.2, Fig. 52 shows the vehicle 

behavior when the maximum steering angle was input. In the figure, A and B were at different 

locations. In A, the slope was -4.8 degrees in the roll direction and -3.8 degrees in the pitch 

direction, and in B, the slope was 7.2 degrees in the roll direction and -6.9 degrees in the pitch 

direction. Note that the roll angle is positive when pointing to the right, and the pitch angle is 

positive when pointing upward. In both A and B, the vehicle turned left. Although the 

direction of inclination was different in both sites, the slip ratio was 𝛾 = 0.961 in A, 𝛾 =

0.965 in B, showing almost no difference, indicating understeer characteristics. The mean 

absolute errors were 0.036 m in A and 0.020 m in B. Although the longer the estimation 

section is, the larger the error is due to accumulation errors, the slip ratio 𝛾 was effective to 

express slippage during turns. The slip ratio 𝛾 can express the behavior at the maximum 
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steering angle with slopes of 10 degrees or less, such as in the tested orchard.  

 

Fig. 52 Traveled and estimated trajectories with a constant steering angle 

Table 19 Results of traveling tests 

 A B 

Roll max [deg] -1.7 7.2 

Roll min [deg] -4.8 -1.4 

Pitch max [deg] 2.5 3.6 

Pitch min [deg] -3.8 -6.9 

𝛾 [-] 0.961 0.965 

MAE [m] 0.036 0.020 
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On the other hand, when the steering angle changed significantly, we found that the 

slip ratio 𝛾 did not adequately represent the slippage. Fig. 53 shows the results of estimation 

with the slip ratio 𝛾 = 0.961, where the steering angle changed significantly from the 

maximum left to the maximum right. The traveling distance was almost the same as A in Fig. 

52. However, as you can see from the diagram, the error became bigger when the first left turn 

was completed, and the vehicle moved to the right turn. Fig. 54 shows the change in steering 

angle and the error between the estimated and true trajectories. Although the error remained 

less than 0.05 m during the first left turn, the error suddenly increased when moving to the 

next right turn (the section where the steering angle increased from -30 to 30). This shows that 

the slip angle changed not only according to the position of the steering angle, but also 

according to the steering angle rate. Therefore, when generating a turning path, the change in 

the steering angle should be minimized. Moreover, if there is a large amount of steering 

change, the vehicle behavior will be unstable due to control delay, so the path should have as 

little steering change as possible.  
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Fig. 53 Traveled and estimated trajectory when the steering angle varied 

 

Fig. 54 The estimation error according to the steering angle 
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5.3.3. Model accuracy   

To verify the accuracy of the kinematic model of the towed implement created in 

Section 5.2.1.2. Fig. 55 shows the traveled trajectory with the towed implement in the 

orchard. The ground truth was the actual measured value of the GNSS, and the red dot was 

the estimated trajectory using Eqs. (42) and (43) from the link angle calculated in Eq. (44). 

The vehicle speed was the measured value by the GNSS, and the vehicle heading was 

obtained by fusing the GNSS with the IMU using the least squares method ([63]). The vehicle 

traveled including the maximum left steering angle and the maximum right steering angle. 

The error between the estimated and true position of the towed implement was 0.06 m  on 

average and 0.19 m on the maximum, indicating that the behavior of the towed implement 

could be expressed by the kinematic model. The reason why the maximum error became 

slightly large was due to the error in the vehicle heading. In this experiment, the GNSS 

positioning frequency was not maintained regularly, resulting in data dropouts, which resulted 

in large errors in heading estimation sometimes, especially near the start of a turn. This 

greatly affected the accuracy of position estimation of the towed implement. The model of the 

towed implement used this experiment seemed to be highly dependent on the accuracy of the 

vehicle heading. 
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Fig. 55 Trajectories of ground truth (GT) of the EV and the trailer, and estimated trailer 

5.3.4. Verification of two turning strategies 

Fig. 56 shows the traveling results on two turning paths devised in Section 5.2.1 in 

simulation according to the controller in Section 5.2.2. As is clear from the figure, since 

Strategy A only considered the turning radius of the front vehicle, the towed implement 

passed inside. On the other hand, Strategy B, which was optimized on the vehicle model, 

considered the difference between the front vehicle and the towed implement. The evaluation 

values based on Eq. (45) were 𝐽 = 2.66 for Strategy A and 𝐽 = 2.20 Strategy B when the 

vehicle passed poles 𝑃1 and 𝑃2. In Strategy A, the lateral error of the towed implement was 
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more than twice as large as that in Strategy B, which leads the evaluation value to be large. 

Additionally, if the distance 𝐿2 from the linked point to the towed implement was made 

longer than 1.55 m, the towed implement traveled more inner side. When 𝐿2 was 3.5 m, the 

towed implement contacted with the pole in Strategy A, while with Strategy B, no contact 

with the pole was observed. The computation time of the GA for Strategy B was 

approximately 5 minutes. Since real-time path planning was not possible with Strategy B, it 

was necessary to create turning paths in advance. Furthermore, since the GA calculates a sub-

optimal solution, the results were not always applicable. For example, the GA sometimes 

returned the local solutions, such as entering the next row without colliding anywhere. These 

inappropriate local solutions must be checked and excluded by humans. 
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Fig. 56 The trajectories of the front antenna, the trailer, and the navigation map for the 

strategy A and B 

5.4. Conclusion of this chapter 

In this study, we considered the turning strategy for a farming vehicle with a towed 

implement in an orchard. The models of a vehicle and a towed implement were derived and 

verified those accuracy. A sub-optimal solution was obtained using the GA for the turning 

path considering the towed implement and the vehicle’s posture at the time of the next tree 

entry. The turning path created by the GA enabled the robot vehicle to safely turn without 

contacting tree rows and farm boundaries. Furthermore, if the towed implement becomes 

larger, a turning path that did not consider the towed implement resulted in a collision with a 
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tree because it traveled more inner side than the front vehicle, but a turning path considering 

the towed implement allowed the robot vehicle to turn safely.  
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