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Abstract: Automated farming robots can help address the labour shortage issue in the
agricultural sector. In this paper, a automated direct rice seeding robot is introduced. The
machine is capable of controlling the number of rice seeds per dropping point as well as the
distance between the dropping points, as well as navigating automatically in the paddy field.
In a field test an accuracy of 92% for the number of seeds dropped and only an error of
about 5 centimetres in the dropping location were achieved.
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INTRODUCTION

Rice is one of the most important economic crops in Asia. In the past rice farming required
intensive human labour. However, workers throughout the region have been moving to work for
higher-paying industrial jobs, leading to labour shortages in the agricultural sector. With the
technology advancement, more tools have been introduced to the farmers. These tools can help
address this labour-shortage problem and at the same time improve farming efficiency. Nishimura
et al. [1] introduced a precision-drill seeder for the direct sowing of rice in flooded paddy fields.
They used an 8-row seeder mounted on a vehicle. Their machine had two parts: the first part was
the seeding part and the second part was the fertilising part. The system was operated manually.
Nagasaka et al. [2] proposed an automated rice transplanter with a real-time kinematic global
positioning system (RTKGPS) and a fibre optic gyro. Their objective was to develop an automated
system for a precise operation on paddy fields. They used the RTKGPS to locate the position and
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the fibre optic gyro sensor to measure the direction and inclination of the robot. The vehicle could
move in a straight line automatically and the deviation from the desired straight path was less than
10 cm. Nagasaka et al. [3] introduced a high-precision automated, unmanned rice transplanter. The
system was operated using a RTKGPS with 2-cm precision at 10Hz. They used a simple
proportional controller for steering control. The transplanter was guided by a global positioning
system (GPS) with a maximum deviation of 12 cm from the desired straight path and a root mean
square (RMS) deviation of 5.5 cm. However, the drawback of the RTKGPS is that it requires the
setting up of a base station prior to operating the system. Hence it is not practical for actual farming.
Yoshinaga [4] developed a hill seeder and improved the lodging resistance of hill-seeded rice in
Japan. He developed the seeder that effectively drives seeds intermittently into the puddled soil and
enabled the establishment of several kinds of plants on a hill.

Apart from rice farming, there are other kinds of crop farming that have incorporated the
technology for efficiency improvement. Chaorakam et al. [5] performed a field evaluation of slot
openers for minimum tillage, which may help retain soil moisture, reduce time requirement and
save fuel consumption for soil preparation. Noguchi and Barawid [6] introduced a farming robot
which uses low-cost navigation and a real-time monitoring system. The navigation system uses a
Hemisphere GPS, which is an inexpensive sensor in place of the inertial measurement unit (IMU).
It provides minimum errors both in lateral and heading deviations. They also used an inexpensive
GPS sensor instead of the RTKGPS and IMU sensors. With those inexpensive sensors, the robot
could follow the navigation map with good accuracy, although it was less accurate than the robot
with more expensive systems (RTKGPS and IMU). They used a laser scanning system to detect
objects in the farm but this sensor is expensive. They also introduced a real time monitoring system
to observe the status of each robot.

As a larger proportion of the labour force is moving to higher-paying jobs in manufacturing
industries in the cities or suburban areas, a labour shortage in the agricultural sector in most
developing countries becomes more severe and the introduction of agricultural machinery becomes
increasingly important. Examples of rice farming machinery include rice harvesters and rice
transplanters. However, labour is still needed for most part of rice farming even with rice
transplanters. Here we introduce an automated direct rice seeding robot which is capable of
controlling the number of rice seeds per dropping point as well as the distance between the
dropping points, and navigates automatically in the paddy field. We propose a novel mechanic
design and a mathematical model for the dynamic control of a three-wheel robot in the paddy field.
Most existing agricultural machines are based on a four-wheel system. The advantage of a three-
wheel robot over a four-wheel one is the ease of steering control for making turns. We apply the
extended Kalman filter (EKF) algorithm for sensor fusion to an accurate tracking of our robot
system and provide proportional-integral-derivative (PID)-based and proportional-derivative (PD)-
based control systems for driving control and steering control respectively.

MATERIALS AND METHODS

Rice Seeding System

The rice seeding system [7] used in this study consists of two subsystems: the rice seed
container as shown in Figure 1 and the ground vehicle as shown in Figure 2. The top of the rice
seed container is a tray partitioned by flat aluminum bars into 50 x 49 cells (50 rows x 49 columns),
each of size 1 x 1 cm?, for containing seeds before planting. A plastic plate is placed under the
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aluminum bars for keeping the seeds in the tray. A stepper motor is used to drive a ball screw which
pulls the plastic plate. Each time the plate is pulled, it opens one row (49 cells) of the tray to drop
49 seeds (if one cell contains one seed) to the slot box. The seeds then fall to the ground through 49
small PVC pipes arranged in a 7 x 7 grid as shown in Figure 2(c). The seeding system is designed
so that more trays can be added on the top to carry more rice seeds. The ground vehicle carries the
rice seed container on the top and drops the seeds when it reaches the seed dropping location. The
vehicle has three wheels: two rear wheels for driving the robot and one front wheel for controlling
the direction. The front wheel is a standard bicycle wheel and the rear wheels are cartwheels. The
advantage of a three-wheel robot over one with four wheels is the ease of steering control. To
ensure that the vehicle is strong enough for a rough terrain, the main structure is made from steel
bars. The rice seeding system is attached to the support frame which is made from aluminum to
minimise the total weight. For each driven wheel, a SO0W DC motor is used for robot mobilisation.
An incremental encoder (wheel encoder) is attached at the end of each motor to measure the
velocity of each wheel. A 36 W DC motor is used to drive the front wheel for steering control. An
encoder (heading encoder) is also attached to its shaft for measuring the steering angle. Table 1

provides the detailed information of the robot.
. b
(b)

Figure 1. Rice seed container: (a) tray for containing rice seeds; (b) slot box

Figure 2. Ground vehicle: (a) frame in solid work; (b) real robot; (¢c) PVC pipe end arrangement
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Table 1. Three-wheel robot information

Item Detail
Width x length x height 1.4x225x1.2m
Rear-wheel diameter 66 cm
Front-wheel diameter 58 cm
Motor 500W DC
Weight 90 kg
Power source battery

Since it is possible that on a rough surface in the field a slip may occur at a rear wheel and
cause a measurement error, a small additional wheel with an encoder is added to the vehicle as
shown in Figure 3(a) to measure the robot’s travel distance instead of solely relying on the
information from the two rear wheels. A compass and a GPS as shown in Figure 3(b) are also used
in this robot for localising and path tracking purposes.
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Figure 3. Motion control devices: (a) additional wheel with encoder; (b) IMU and GPS

Automated Control System

The EKF algorithm is adopted to estimate the current position and predict the next position
of the robot. The steering control of the front wheel motor is used to track the robot angle along the
desired path. The system has three types of sensor: GPS, compass and wheel encoder. The sensor
fusion is used for high-accuracy location estimation with respect to the orientation to true north and
travel distance of the robot. We did not use a differential GPS such as RTKGPS because it requires
setting up a base station which is not practical for Thai farming. The coordinate system of the rice
planting robot is shown in Figure 4. A negative value of 6 means the front wheel is turned towards
the left side of the steered wheel axle and a positive J, the right side. The system state consists of
the robot’s position in the X-axis and Y-axis (x, y) and the orientation (0) of the robot with respect
to the X-axis; 8= 0 represents the inclination along the north direction. At system time, the system
state is denoted by

Xr = [xt }Ft Et]r’

where AT is the transpose of matrix 4.
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Figure 4. Robot model (x,y = robot position, d = travel distance, L = vehicle length, 6 =
steering angle, 6 = robot orientation)

The motion model in this invention is based on odometry. The input of the motion model at
system time ¢ U;, is given by
Uy = [d, d.tan(@)]"

where the travel distance of the robot, d., is collected from the wheel encoders, and the steering
angle 8. comes from the heading encoder. We use the Ackerman model [8] in discrete time for our
motion model. The equation for the model is

cos(8,) 0
Aegg =4 + sin(6e) 2 U: +1;
° 1

where the process noise V: is a zero-mean white Gaussian noise. In general, the process noise
covariance is difficult to estimate because we do not directly observe the process noise. However, it
can be obtained by tuning [9]. The measurement output ¥; is the position on the X-axis and Y-axis
obtained from the GPS sensor and it is assumed [10] that

Y=Xt W,
where the measurement noise W; is assumed to be a Gaussian noise with zero mean.

There are two subsystems for path tracking in our rice planting robot. The first is the
heading control system for controlling the heading of the robot towards the waypoint, and the
second is the velocity control system for stopping or moving the robot at a constant speed. The
block diagram of the heading control system (Figure 5) is a multi-loop system in which the outer
loop is for adjusting the vehicle’s direction and the inner loop, the front wheel. For the outer loop,
the system obtains the current position (c.¥e) from the localisation method. The input of this
system is the desired yaw angle, 84zsi-e2 , Which is obtained from the trigonometric function. The
system obtains the current yaw angle, &;..4:, from the localisation method and calculates the error
between the desired and the current yaw angles or e, (£). The desired steering angle is proportional
to e, (), with proportional gain Kp, . The feed forward gain of the heading control loop for the curve
line 1s Kpz, whereas it is zero for straight line. The vehicle speed control diagram is shown in Figure
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6. The pulse width modulation (PWM) is used for controlling the speed of the motor of the rear
wheels. The PID controller is used for this system and its equation is:

£ delt)
PWM = K,e() + K, J; es)ds + Ky —
where K, K; and K, are gains.
X4, Yq
l > KPz*Sdesired
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Figure 5. Heading control loop
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Figure 6. Velocity control system

RESULTS AND DISCUSSION
Simulation Results on Localisation Based on EKF

We tested the performance of the EKF-based localisation using simulation in Matlab. In the
simulation we set the length of the vehicle L to 1.4 m., the travel distance d to 2 m and the steering
angle & to 0.07 rad. The covariance matrices of the process noise V. and measurement noise W.
were assumed to be diagonal. The diagonal entries of V; were 0.12%, 0.14* and 0.01%* and those of
W, were 1.2* | 1.4* and 0.037* . The position of the vehicle was simulated based on the process
equation. The position was updated and plotted as the true path every 0.1 second, which was a
circular path. The measured path was obtained from the true path plus the measurement noise ¥ .
The model path was calculated from the dynamics of the robot assuming the process noise V;: was
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zero, and the EKF path was calculated using the EKF algorithm. The results are shown in Figure 7,
where the positions of the EKF path are closer to the true path than are those of the measured and
model paths. A comparison between the measured, EKF and model path errors in the X-axis and Y-
axis shows that the EKF path error is the smallest.
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Figure 7. Simulation results: (a) path simulation; (b) position errors in X-axis; (¢) position errors in
Y-axis
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Seeding System’s Accuracy and Field Test

We tested the accuracy of the rice seeding system in terms of the number of seeds dropped
by dropping 49 seeds per round for ten rounds. The robot was tested without moving. Figure 8
shows the numbers of seeds dropped from the ten rounds, which varied between 41-47 seeds. The
average seeding accuracy of the system was 91%.

In the field test the mobile robot was tested on a rough paddy field with an area of about one
rai (1,600 m?). The target path for the robot is shown in Figure 9. Position A was the starting
position. The robot first moved from position A to position B. Then it made a U-turn and moved to
position C and so on, completing a total of four rows along the target path. It stopped every 1.6
metres to drop the rice seeds, making 12 stops along each row. At each stop, the robot dropped 49
seeds (one seed per dropping point). Figure 10 shows the robot moving on the paddy field. In Table
2 the average seed-dropping distances from one side of the field (such as positon A-B in Figure 9)
are compared with the target distances. The average error is about 5 cm. Table 3 shows the average
number of seeds dropped per dropping location (expected number = 49), with an average error of
about 4 seeds or 92% accuracy. Note that the results for each location in Tables 2 and 3 are reported
using the averages across the four rows along the path.

Figure 10. Experiment in paddy field: white flags represent actual seed dropping locations,

Figure 8. Result of seeding accuracy test

highlighted with yellow circles to increase visibility.
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Figure 9. Target path for robot
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Table 2. Average seed-dropping distances from field trial

Location |1 | 2 3 4 5 6 7 8 9 10 11 12
Average |0 | 1.55 [3.14| 4.76 | 6.37 | 8.01 | 9.62 | 11.22 | 12.84 | 14.47 | 16.19 | 17.68
(m)
Target (m) | 0| 1.60 | 3.20 | 4.80 | 6.40 | 8.00 | 9.60 | 11.20 | 12.80 | 14.40 | 16.00 | 17.60
Error (m) | 0| 0.05 | 0.06| 0.04 | 0.03 ]| 0.01 | 0.02 | 0.02 | 0.04 | 0.07 | 0.19 | 0.08
Table 3. Average number of dropped seeds from field trial
Location | 1 2 3 4 5 6 7 8 9 10 11 12
Average | 46 43 47 44 46 46 47 45 44 41 46 46
(seeds)
Error 3 6 2 5 3 3 2 4 5 8 3 3
(seeds)

Comparison with Tractor Seeder

A comparison of performance between our three-wheel robot seeder and the traditional
tractor seeder [11] is shown in Table 4. The former has a lower (hence better) seeding rate and
higher seeding efficiency, but the drawbacks of the three-wheel robot are the high cost and the long
working time. Note that the working time is the total time spent to complete one rai. The three-
wheel robot runs automatically whereas the traditional tractor seeder is controlled manually.

Table 4. Comparative performance between three-wheel robot and the traditional tractor seeder

Seeder performance Three-wheel seeding robot Traditional tractor seeder
Seeding rate 3kg/rai 14 kg/rai
Seeder cost 100,000 Baht (~3,000 USD) 50,000 Baht (~1,500 USD)
Seeding efficiency 92% 76-82 %
Intra-row spacing 25 cm 25-30 cm
Working time 102.6 min./rai 15 min./rai

CONCLUSIONS

The innovation described in this paper has four main contributions: 1) a mechanic design for
automated direct rice seeding system; 2) a mathematical model for the dynamic control of a three-
wheel robot while most existing agricultural machines are based on a four-wheel system; 3) the
applied EKF algorithm for sensor fusion to accurately track the robot system; and 4) the PID- and
PD-based control systems provided for driving the control and steering control respectively. In a
simulation the position from the EKF estimation was closer to the true path than are the measured
and model paths. In a field test a 92% accuracy for the number of dropped seeds and an error of 5
cm in the dropping position was obtained.
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