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Abstract: The objective of this research was to determine the Nomoto model maneuverability indices of an agricultural
unmanned airboat which was developed to perform autonomous weeding and paddy growth monitoring in a paddy field. A
global positioning system compass and an inertial measurement unit were attached on the airboat body to record the position,
The Matlab-based

maneuvering simulations were conducted and compared with field experimental data of circular motion test and sinusoidal

heading and angular rate. The zig-zag experiments were adopted to obtain the maneuverability indices.

running test, respectively. The results showed that the trace error was at sub-meter level, which expounds the validity of the
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obtained maneuvering indices.

precise automatic control in paddy field.

The proposed Nomoto model maneuverability indices can be used to improve the airboat
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1 Introduction

Airboat is a flat-bottomed vessel that is propelled by
an aircraft-type propeller and powered by either an
The airboat

depends primarily on air thrust for propulsionm.

electromotor or an automotive engine.

Normally, the airboat is made of three main parts: an air
propeller, a rudder and a hull. The propeller produces a
The rudder deviates
The hull is a

platform that keeps those two parts out of the water

column of air as propulsive force.
the air column to produce steering force.
surface. Since both the motor and the propeller are not

under water, the airboat has an obvious low draft feature.
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Simulation and test of an agricultural unmanned airboat maneuverability model. Int

Hence, the airboat is very suitable for running in shallow
water or swamps>. Up to now, the airboat has been
improved immensely and applied in many fields, such as
environment monitor

eco-tourism, and emergency

rescue "),

Paddy rice is a semi-aquatic plant, its growth is
strongly influenced by water supply. The depth of water
is around 100 mm especially in the early stage of paddy
growth™.  Various farming tasks including fertilizing
and weeding are also conducted in this stage. However,
because the line spacing of paddy is normally 25-30 cm
in the paddy field"”, it is difficult to drive a wheel-type
tractor or a crawler-type tractor, the soil and paddy
seedlings will be easily damaged by tractors unless to
leave some wide farm tracks in the paddy field, which
wastes planting area. Another way is relying on manual
power, which is inefficient and has a heavy labor
intensity. But the airboat could be used instead of
tractors or the farmers to do farm work in paddy fields
and is not necessary to worry about damaging the paddy

seedlings. Therefore, for large-scale intensive production,
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there is a demand to develop an agricultural unmanned
airboat that can run autonomously in the paddy field to
fertilize and weed before paddy transplanting and during
the paddy early growth stage.

Modeling and control are two crucial parts for
achieving airboat automation. Furthermore, modeling is
the basis of precise automatic control of heading-keeping
and course-keeping. = The boat maneuverability is
defined as the dynamic performance required to keep or
change the boat speed, heading and position under certain
force. To describe the maneuverability, a mechanical
model was used, which follows Newton’s law of motion.
Abkowitz model"” and Maneuvering Modeling Group
(MMG) model™"! were used to analyze the stress on the
boat. These models have explicit physical meaning, but
mostly rely on complicated equipment to conduct the

captive model test, such as oblique towing test''? and

[13]

rotating arm test Another model, Nomoto model, is

a response model. This model describes the dynamic
relationship between the rudder deflection and the airboat
turning angular rate!'*. It is a simple structure to
directly respond to the rudder effect.

The objective of this research was to determine the
Nomoto model maneuverability indices of an agricultural
airboat used in a paddy field. The maneuverability
indices, turning index and following index were obtained
by using zig-zag experiments. Computer simulation was
carried out to verify the feasible maneuverability indices
by using Matlab software. Finally, the field experiments
including circular turning and sinusoidal running were
conducted by using the Nomoto model with the obtained
turning index and following index. At the end of the
paper, the influence of crosswind force on airboat is
preliminarily analyzed. It gives a meaningful way to

improve the control accuracy in the future work.
2 Materials and methods

2.1 Airboat setup

The modified agriculture airboat"! used in this study
is shown in Figure 1. For remote control and realizing
unmanned farm work in paddy field, the airboat was
developed into two parts, one part on the airboat body

and the other part on the embankment. Figure 2 shows

the structure of the modified airboat hardware system.
GPS compass (V100,
5 magnetic sensor (GV-101, FUTABA)
(IMU)  (VN-100,

were used for obtaining the

The attached sensors, like
Hemisphere)!'®
and inertial measurement unit
VectorNav Technologies)m],
parameters of airboat running situation.
onboard computer (DN2800MT, Intel) and developed

Arduino microcontroller board (UNO, Arduino) based

The processors,

electronic control unit (ECU), were applied for data
processing. The local WIFI network environment was
built by a powerful wireless router (WXR-2533DHP,
Buffalo)!'®!.

controlled using wireless

The airboat can be monitored and
communication. Further
implementation details of the modified airboat were

described in reference [19].

Rundder

Figure 1  Agricultural unmanned airboat
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Figure 2 Block diagram of the modified airboat hardware system

2.2 Mathematical model analysis

The traditional underwater propeller providing

propulsive force cannot be used in a paddy field. It will
damage the paddy seedlings and the airboat will be
stranded. An air propeller is therefore necessary for
providing maneuvering power. A column of air flow

produced by the air propeller produces forward

momentum for the airboat to move on water.

Regardless of whether the vehicle is an airboat or an
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underwater vehicle, under the condition of disturbance by
wind, waves and water flow, the vehicle motion is
regarded as a 6-degree of freedom (6-DOF) rigid body
motion in space. According to the naming system
proposed by the Society of Naval Architects & Marine
Engineers (SNAME), the three translational motions are
surge, sway and heave, the three rotational motions are
roll, pitch and yaw. Figure 3 ashows the 6-DOF motion
of the airboat in a geodetic coordinate system. To
determine the equations of motion, two reference
coordinate systems were created. As well as the

geodetic coordinate system, an airboat body-fixed

cos(y)cos(6) —sin(y)cos(¢) + sin(@)sin(d) cos(y)
cos() cos(¢) + sin(¢@) sin() sin(y)

J =| sin(y)cos(6)

—sin(f) sin(¢) cos(0)

In a paddy field where the water is less than 10 cm
deep in normal conditions, the effects of water flow and
water waves can be ignored after irrigation. In other
words, the pitching and rolling of the airboat are very
small when the airboat moves in a paddy field and
therefore can be neglected. Hence, for the convenience
of discussion, the motions of the vehicle in heave
direction, pitch direction and roll direction can also be
neglected. Only the horizontal motion control was
utilized, which means only surge, sway and yaw were
considered. Figure 3b shows the relation between force
and moments of the airboat in the horizontal coordinate
system. The origin point of the body-fixed coordinate
x-0-y was assumed to be at the centre of gravity of the
airboat, Euler’s motion equations given as Equation (3)
can describe the control motion modelling.

F (u,v,r,u,v,7)=m(i—vr)

F, (u,v,r,u,v,77) = m(v +ur) 3)

M _(u,v,r,u,v,7)=1r
where, F, is the resultant force acting in the surge x
direction, N; F), represents the resultant force acting in the
sway y direction, N; M, is the moment of the airboat with
respect to the yaw rate » direction, N-m; m is the weight
of the airboat, kg; u is velocity in the x direction, m/s; v is
lateral velocity in the y direction, m/s; r is rotation speed,
rad/s; I, is the moment of inertia with respect to the yaw
direction, kg‘mz; u, v and 7 are the first time

derivatives of u, v and r as the accelerations, respectively.

coordinate system was created. The motion state of the
vehicle can be uniquely identified by the two coordinate
systems. The transformational relation between the two
coordinate systems is given by Equation (1):
n=J($,0,y)v 6]
where, 77 is the first order derivative of the position
vector in the geodetic coordinate system; J is the

transformational matrix related to the Euler angles as

expressed in Equation (2), where ¢ denotes roll, &
denotes pitch, and i denotes yaw, rad; v is the linear

velocity vector in the body-fixed coordinate system.

sin(y) sin(¢@) + sin(d) cos() cos(¢)

—cos()sin(¢) + sin(d) sin( ) cos(¢p) 2)
cos(¢)cos(0)
Heave
Yaw
Surge Rol Sway

YA

G = >X
b. 3-DOF motion of the airboat in horizontal coordinate system

Figure 3 Motion of the airboat in diffirent coordinates

Linearization of Equation (3) is appropriate for a
constant speed and straight line motion condition. The
transfer function between the rudder angle J and the yaw
rate r of an airboat can be described by the linear 2™
order model of Nomoto written as Equation (4):

r(s)  K(1+Ts)
o(s) (A+TIs)A+1T,s)

(4)

where, K is the rudder gain constant; s is used to denote

the Laplace operator; 7;(i=1,2,3) are three time constants.
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A 1% order approximation equation is obtained by
Equation (5):
r(s) K
56)  (1+Ts)

)

where, T=T, + T,—Tj is the effective time constant.
The heading angle ¢ is related to the yaw rate » as
Equation (6):
p(t) = (1) (6)
Then, by combining Equation (5) and Equation (6),
the 1* order Nomoto model function can be written as
Equation (7):

K K
5o ”
Through Laplace transform, Equation (7) can be
expressed as Equation (8) in time domain.
Top+p=KS (8)
where, ¢ is yaw angular acceleration, rad/s’; ¢ 1is yaw

rate, rad/s.
At the initial conditions of #=0, ry=0, 0=0,, the
solution of Equation (8) can be written as Equation (9):
r(t)=Ko,(1-e"") 9)
The solution shows that yaw rate r increases
exponentially and approaches to a constant value Koy
over time. The yaw rate 7 is related to the rudder angle
0 with respect to the Nomoto model indices of K and 7.
The heading angle ¢ can therefore be obtained by

angular rate » via an integral as Equation (10):
o(t) = [ r(0)dt =K 8, (t =T +Te"") (10)

In horizontal coordinate system, assuming that the
airboat is at the position (xg, o) in time #y, steering rudder
from time ¢y, the position (x;,, y,) can be described by
Equation (11) and (12):

X, =X, +(u,sing, —v,cosp,)At 11
Vo =Y, +(u, cosp, +v,sing,)At (12)

On the condition of knowing Nomoto model indices
of K and 7, the arbitrary position of the airboat can be
predicted by combining Equations (10)-(12).

2.3 Identification of K and T

For obtaining the indices K and 7, it is necessary to

conduct zig-zag manoeuvring test. At the beginning, the

boat should be kept into a uniform motion in a straight

course, then, the rudder be reversed alternately by an
angle 0 to either side at a heading angle ¢ (normally, ¢p=0)
from the initial course. Figure 4 shows the characteristic
curve of zig-zag manoeuvring test. The rudder turns to
right side at first execution. When the heading ¢ is over
the angle o, the rudder is reversed to —0 on the left side.
After turning the rudder, the airboat initially continues
turning on the right side with decreasing yaw rate until it
The airboat finally turns to the left
When the

heading ¢ is over the angle —d, the rudder is reversed

becomes negative.

side in response to the rudder angle —o.

again to the right side with the angle J. This process

continues until rudder operation is conducted five times.

8,9

Right >

S Left

Figure 4 Characteristic curve of zig-zag manoeuvring test

In consideration of rudder angle error, to denote J,,
Equation (8) can be written as Equation (13):

To+p=K(6+93.) (13)

Integrating Equation (13) from 0 to ¢,, from 0 to # and

from O to #;, respectively.

o(t) = Kjo Sdt+ Kot (14)
o) =K[ 6di+ Ks. (15)
o) =K [ 8di+ K5 ! (16)

By combining Equations (15) and (16), K and J, can
be obtained.
Then, integrate Equation (13) from 0 to 7y, from 0 to 7

and from 0 to £§, respectively.

Tr(ty) =K [ 8dt + K51, (17)
Tr(ty) = K| sdi + K 1 (18)
Tr(e) =K | 5di+ K& 1] (19)

Eventually, T is the average value calculated from
Equation (17)-(19), respectively. And thus all of the
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indices K and 7, and rudder angle error J,#an be obtained.

Value K reflects the merits of the airboat turning ability.
The bigger the value KX is, the faster is the yaw rate of the
Value T
The
smaller the value T is, the higher is the efficiency of the

airboat, and the smaller is the turning radius.
reflects the steering performance of the airboat.
steering. In this case, the control time becomes shorter
from steering the airboat to achieve the desired heading

angle.
3 Results and discussion

According to the above theoretical analysis, a series
of zig-zag maneuvering experiments were conducted
using the agriculture airboat to obtain the indices K and 7.
The experiments were carried out in the experimental
paddy field of Hokkaido University, Sapporo, Japan.
Based on the obtained values of indices K and 7,
maneuvering simulations obtained by using Matlab
R2013a)

experiments.

(Version were compared with field
3.1 Airboat zig-zag maneuvering experiments

Based on the ratio values of different rudder steering
angles and heading angles, which is denoted as J/¢, the
conducted experiments were set to values of 15°/15°,
25°/25° and 35°/35°, respectively. The running speeds
The blades of the air

propeller were kept at a constant angle of forward 30°.

of the airboat were set to 1.2 m/s.

Figure 5 shows the real-time trace of the zig-zag
maneuvering in different &/ states within 25 s.

In Figure 5, the solid line is the real-time heading
angle obtained by the GPS compass while the dashed line
is the real-time rudder angle through controlling the servo
motor during zig-zag maneuvering. For calculating the
Nomoto model indices K and T of the airboat, yaw rate
was also required. Because of the field environmental
disturbance and engine vibration, the high frequency
noise was interfered into the yaw rate data obtained by
IMU. The Savitzky-Golay smoothing filter’®™ was used
to filter the signal in this research. Figure 6 shows the
original yaw rate data and processed data in different
The dashed line

represents the original yaw rate data, while the solid line

zig-zag maneuvering situation.

represents the processed data using the Savitzky-Golay

smoothing filter.

30

15
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From the zig-zag maneuvering data information in
Figures 5 and 6, the Nomoto model indices K and T of the
airboat in the states of 15°/15°, 25°/25° and 35°/35°
respectively were calculated using the
(14)-(19).

indices K and 7, and the corresponding rudder angle error

Equations
The calculated results of the Nomoto model
o, are summarized in Table 2. It is shown that the
indices K and T decreases along with the increase of
rudder steering angle gradually.

Table 2 Summary of the Nomoto model indices K and 7 and

rudder angle error J, in different 6/¢ states

Zig-zag maneuvering states

Indices
15°/15° 25°/25° 35°/35°
K 1.349 1.006 0.825
T 1.950 1.854 1.312
o,/° 0.18 2.22 -1.83

3.2 Maneuvering simulation

Circular motion test is an experiment that changes the
boat from rectilinear motion into circular motion under
the effect of rudder operation. The turning circle is the
360° turning trajectory of the boat’s gravity center under

the condition of constant rudder angle and constant

8 . . 8
— Simulation - Real

Y/m

— Simulation - Real

running speed. The turning circle radius is the main
parameter for boat control. Hence, the circular motion
maneuvering simulation is necessary for the agricultural
To verify the obtained
Nomoto model indices K and 7, the index values in Table

Then, the heading

airboat automatic control.

2 were substituted into Equation (9).
angle of the airboat could be obtained by integration
using Equation (10). Assuming that the influence of
water current, waves, wind and soil bulge in the paddy
field can be neglected, the real-time position of the
airboat can be simulated by Equations (11) and (12) when
the rudder steering angle and the running speed are
known. In the circular motion maneuvering simulations
of this research, the speed of the airboat was set roughly
to 1.2 m/s and the rudder was set to 15°, 25° and 35°
paddy field

experiments were also conducted under the same

respectively. Correspondingly, the
conditions of the above simulations in an approximate
no-wind day. Right-hand circular motion test as an

example was implemented.  Figure 7 shows the
simulated and experimental trajectories using rudder

angles of 15°, 25° and 35°, respectively.

— Simulation - Real

Y/m

a. State of 0=15°

b. State of 0=25

_4 L
c. State of 6=35°

Figure 7 Right-hand circular trajectory comparison results for different rudder angles

In Figure 7, the solid circle is the simulated turning
circular trajectory while the dashed circle trajectory
shows actual circular motion test in paddy field. The
trajectory data was obtained by using a total station
(AP-L1A, Topcon) which was set on the embankment of
the paddy field and the reflection prism fixed on the
center of the airboat body. The total station functioned
on an automatic target tracking mode and was used to
record the position information in real time when the
airboat runs in the paddy field. It could provide

10 mm+2 ppm mean squared error (MSE) measurement

accuracy and the data refresh rate is 2 Hz.  For
comparing the circular turning effect, the least square
method (LSM) was used to fit the turning circle of the
simulation and the actual trajectory to achieve the
turning radius. Table 3 summarizes the turning radius
and radius error in different rudder angles. The
turning radius of the actual circle is a little larger
compared to the simulation at sub-meter level. The
steerage is decreased in the actual environment because
the water flow, wind action and soil bulge more or less

exist in the field tests.
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Table 3 Summary of the turning radius and radius error in
different rudder angles

Rudder angle/(°)
Turning radius/m
15 25 35
Actual 4.49 3.20 2.39
Simulation 4.24 2.76 2.35
Difference 0.25 0.44 0.04

In order to fully verify the feasibility of the achieved
Nomoto model indices, the sinusoidal running was also
simulated by the zig-zag maneuver. Correspondingly,
the simulations were conducted in the conditions of
rudder angle of +15°, +25° and +35° during 25s
respectively. The blades of the air propeller were also

set to a constant angle of 30° forward, and the airboat

30.00 30.00

— Simulation

.
Tl
[Poasy,
.

speed was set to 1.2 m/s in the paddy field. Figure 8
shows the simulated and experimental trajectories for
different rudder angles using Equations (11) and (12).
Two full oscillation periods of sinusoidal running
trajectory data were recorded within 25 s. In Figure 8a,
the amplitude of the simulated trajectory is 1.44 m; the
average amplitude of actual experimental trajectory is
1.53 m.

As an analogy, the amplitude errors are 0.54 m and

It means that the amplitude error is 0.09 m.

0.26 m when the rudder steering/heading ratio is 25°/25°
and 35°/35° as shown in Figures 8b and 8c, respectively.

Figure 9 shows the airboat speeds for different J/¢p states

20.00 20.00
B B
>~ >~
10'00<“"‘n. 10.006»“_"
-
-
L O 1 1 L O
-1.00 0 1.00 2.00 -1.00 0
X/m

a. State of d/p=15°/15°

1.00
X/m

b. State of 6/p=25°/25°

respectively.
— Simulation 3000 ¢ — Simulation
------- Real
2000
B
>
o
10.00%
)
. ) L 9 L L s
2.00 3.00 -1.00 0 1.00 2.00 3.00
X/m

c. State of §/p=35°/35°

Figure 8 Sinusoidal running trajectory comparison results for different d/¢ states

1.6

12 PWH»WM%WM«M%W

0.8

Speed/m-s’!

0.4 — Slp=15°/15°  —— Slp=25°/25° 3lp=35°/35°

O 1 1 1 1 1
0 5 10 15 20 25

Time/s
Figure 9 Speeds of Zig-zag test in paddy field for different d/¢p
states

Based on Equation (9), the yaw rate comparison
results between the simulations and field experiments in
different rudder angles are shown in Figure 10. The
solid line denotes the real experimental yaw rate, and the
dashed line denotes the simulated yaw rate data.

As can be seen in Figure 10, the fluctuation range of
the yaw rate in the simulation is very approximate with
the performance in paddy field. Nevertheless, the phase

difference between simulation and real test in each

different rudder angles conditions exist, especially in the
comparison of &/¢p=35°/35° condition. The reason is
that disturbance of water flow and airflow effects on the
considered when the

built. Although an

approximate no-wind day was chosen, the breeze blew

aitboat body were not

maneuverability model was

more or less from an uncertain direction occasionally.
The speed cannot be easily kept at 1.2 m/s which is the
constant value that was chosen in simulation as shown in
Figure 9. The disturbed wind force which acted on the
airboat can be divided into three force vectors in (0-xyz)
direction, parallel to airboat body and perpendicular to
airboat body. The wind force that is perpendicular to
the airboat body in y direction can make the airboat
change the predetermine course. It is adverse for
keeping course track. In order to preliminarily explore

the wind influence on this agriculture airboat shape, the
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three-dimensional model shown in Figure 3 was built by
using SolidWorks software based on the measured
parameters. SolidWorks flow simulation tool was used
to analyze the wind effect on airboat by using the
effective environment parameters, e.g. air humidity was
set as 70%, a hypothetic typical crosswind speed was set
as 3 m/s under 0.1% turbulence intensity. Figure 11
illustrates the three main cross sections of airboat, noted
as A, B and C respectively. Under the mentioned wind
parameters, the crosswind effect on the three cross

sections of the airboat are shown in Figure 12.

R N e e e St N L UL PPN
R i e L N N AR

P e, P P P S e P, P B e N N N
PR AN e

a. Wind effect on cross section A

e

I S

™ SN N N e

S S NL N NN PR
PREREARNANNNN LA A L s mmss e
PERERARNAENNNY U e NS
PrsStSNNRNNNN YA L L e e s

e i e S N N N N A
SO e T T N N
e e U N N
NS N N

20 - . RSOSSN N,
— Field test . . P PR
ok A ---- Simulation - b. Wind effect on cross section B
20
g
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LTI S~
0l NS A SRR ASEEA
e e S L]
a. State of d/p=15°/15° NN s
O eSS S N T VUL | S -..%
30 —— Field test
---- Simulation c. Wind effect on cross section C
15 : Figure 12 Wind effect on the three main cross sections
£ o Based on simulation and analysis, the maximum value
B
= s of wind force on the right side of the airboat surface was
2.86 N. Furture work aims to advance more into the
-30L L . . .
wind infulence analysis in the airboat maneuverability
b. State of 6/p=25°/25°
model. This is required to improve the control accuracy.
301 — Field test
15|\ 77 Simulation 4 Conclusions
3 0 In this research, the unmanned airboat was modified
<
3 el from a radio-controlled air propeller boat to perform
30 autonomous weeding and paddy growth monitoring in the
-45L paddy field. In order to achieve precise automatic
_2%50 o ey . .
. c. State of Sfp=35%/35° control, the maneuverability of the airboat was derived
Figure 10  Yaw rate comparison results for different d/¢ states

(8

Figure 11

Three main cross sections of airboat

based on the Nomoto model which describes the
dynamics relationship between the rudder deflection and
the airboat turning angular rate. The maneuverability
indices of the Nomoto model were defined by adopting
the zig-zag experiments. Matlab-based maneuvering
simulations were conducted and compared with field
experiments. Computer simulation and corresponding
field tests verified the feasibility of the achieved
maneuverability indices K and 7. The comparison of the

result shows that the trace error is at sub-meter level.
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On account of the external disturbance including wind

action, water flow and soil bulge, the comparison error

has a tendency to increase over time.

The wind

influence was preliminarily simulated in a simple way.

This challenge needs to be considered in depth in the

future research.
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