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SUMMARY

As the fourth industrial revolution has become an issue in recent years,
there is a growing interest in intelligent robot technologies. The application
fields of intelligent robots are diversified into various fields such as robots
that work on behalf of human beings in disaster areas or accident sites,
autonomous driving cars that do not require drivers. In these applications, the
evaluation of robot’s precise position is the most important part in order for
the robot to accurately perform a given task. Such a position evaluation
technique of a robot is called localization.

The localization of the robot varies greatly depending on whether it is an
indoor environment or an outdoor environment. In the indoor environment, it
1s possible to perform precise position evaluation by using an environmental
map or various localization sensors. On the other hand, the outdoor
localization is very different from the indoor localization because the outdoor
environment 1s difficult to use the environmental map or install the
localization sensor. Therefore, it is general to use GPS to evaluate the
position of the robot in an outdoor environment. In addition, the localization of
the indoor environment 1is sufficient for evaluating the two—-dimensional
position because the floor is flat, while the localization in the outdoor
environment requires the three-dimensional position evaluation because there
1s a slope.

Until now, a variety of localization techniques have been developed for 2
dimensional localization, but there has been little research on the 3
dimensional localization. 3D position estimation technology is essential for
fields that require 3D position information such as caddy robots for golfers,

military robots, and autonomous vehicles. Moreover, if only 2D localization is

_Vi_



performed in an environment with inclination, the position error can be
further increased by the altitude difference. Thus, in such an inclined
environment, 3D localization can be more effective than 2D localization.

This thesis proposes a 3D localization method for an outdoor mobile robot
using only non-inertial sensors such as a DGPS, a digital compass and an
inclination sensor. This method can evaluate the 3D position including the
altitude information which is impossible in the existing 2D localization
method. In this method, the 3D position of the robot is predicted using an
encoder and an inclination sensor, and the predicted position is fused with the
position information obtained from the DGPS and digital compass using
extended Kalman filter to evaluate the 3D position of the robot.

Experimental results showed that the proposed method can effectively
evaluate the 3D position of the robot in a sloping environment. In addition,
this method was found to be more effective than the conventional 2D
localization method even in the evaluation of the plane position where altitude
information is unnecessary. Also, it was confirmed that the developed method
1s stable even if the size of initial error and observation period change.
Therefore, it 1s expected that the proposed method can be applied more
effectively not only in fields requiring 3D localization but also in fields

requiring 2D localization.
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Fig. 4 Photo of the DGPS

Table 1 Specifications of the DGPS

Accuracy DGPS mode Data Rates
25 m Enabled 1 Hz
45763
- DGPS
: . OMean
E L]
(0]
'§ 45761 T+
=
_I L]
45759 : f L f
159656 159658 159660

Longitude (m)
Fig. 5 Measurement results of the DGPS
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Table 2 Specifications of the inclinometer

Accuracy Resolution Data Rates
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Error of the inclination (deg.)

o
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Data

Fig. 7 Measurement results of the inclinometer

Table 3 Error characteristics of the inclinometer

Maximum error Mean error Standard deviation

0.31° 0.03° 0.03°
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Fig. 9 Measurement results of the digital compass
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Table 5 Specifications of the high precision DGPS

Accuracy Data rates Size(mm) Weight

0.7 m 1 Hz 66.5x140x28 200 g

_25_



Fig. 10 Experimental environment

Table 6 Reference positions (unit : m)

Position No. Tpor Yref Zref
1 159657.77 45760.54 331.77
2 159619.43 45760.62 32891
3 159580.18 45760.56 325.71
4 159541.01 45760.65 322.21
5 159508.86 45760.63 319.67
6 159500.86 45756.89 319.51
7 159496.87 45748.89 320.17
8 159496.85 45719.79 324.19
9 159497.08 45687.41 328.71
10 159497.14 45658.68 332.17
11 159501.48 45650.63 332.94
12 159509.49 45646.45 333.173
13 159543.87 45646.47 334.24
14 159589.57 45646.82 340.95
15 159634.41 45646.37 343.3
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Fig. 11 Photo of the robot and sensors(®:inclinometer, ®:DGPS, (©:digital

compass)

Table 7 Specifications of the robot

Size (m) Weight Payload

Battery

0.445%0.393%0.237 9 kg 25 kg

12 VDC
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Fig. 12 Results of the 3D localization
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Fig. 13 Position errors of the 3D localization

Table 8 Characteristics of position error for 3D localization

Maximum error RMS error Standard deviation
DGPS 6.76 m 424 m 1.36 m
3D EKF 2.35 m 1.04 m 0.48 m

_29_



AwekS w2 Fig. 140] U
H 1% AHAroH &

fvze)

_ZTI

o] § o]

=
=

Wl 2delA A2 DGPS

™
;OU
2]

<
B

7t

|

PR %

153

BE

A

A otwl 3k

7} &) B2

|

b

HH oz

Awq oz GPS7H A=

ks

—L
L

,_?‘
e

o228 7|3 11Xk v

tel ®As

o 4uZ o] g3

A=
Z
T

Al

1o

w349 9%

=

o

o 334

ok
=

aL A o=

&

=B
@

?;51_

7FA =

u}

b1 9

S

A

Aorwl 3xk

e

3
=

LR QAT 1ol A

£

71d 1=

2

TMR ¥

E

BE

A

& Aot 37

X

d

|

© 3},

AL
;OO

g Ho|

2}

= o
-

7 A} 253 mo

2

2 501 m, %

o
-

= o

350

[0}
(&)
L [
%) w o T
o [}
O QT
N o
o) o o) o o) o
< < ™ ™ Al Al
o o o o o o
(w) spniny

100 150 200 250 300 350 400

50

Moving Distance (m)

Fig. 14 Results of the altitude estimation

_30_



v 0.18 m

|

b

o 095 m,

F oA

S

TS

7ol

3

]

BE

A

l—;[—ﬂ’

[e3]
PR

I | F=zstA dea

9]

o ]
o AN e UA" Ao 54 )

H}-3}

j
a-

oF

73

ol

ol

il

)

g

=
=

A7} 30724 AR
o olefs AT} veht Row b

A

] OAe st A

9]

27k 0.31°91H W

A

R

2y

=at7] mit

IS

9]

ARETE OAE e Lol H

- DGPS

3D EKF

|||||

Te] < o (q\] ~—
(w) Jou3 spniny

100 150 200 250 300 350 400

50

Moving Distance (m)

Fig. 15 Errors for altitude estimation

Table 9 Characteristics of the altitude error

RMS error Standard deviation

Maximum error

1.34 m

293 m

5.01 m

DGPS

0.18 m 0.15 m

0.95 m

3D EKF
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Fig. 18 Covariance of z direction
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Covariance

Covariance
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Fig. 21 Covariance according to initial error(x direction)
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Fig. 22 Covariance according to initial error(y direction)
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Fig. 24 Covariance according to initial error(# direction)
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Covariance
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Table 10 Characteristics of the 2D and 3D localization error

Method Maximum error Mean error Standard deviation
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3D EKF
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1.98 m
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3D localization = d cos8

Fig. 34 Effect of slope on 2D and 3D localizations
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