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A mobile robot, named KAEROT, has been developed for inspection and maintenance opera-
tions in nuclear facilities. The main feature of locomotion system is the planetary wheel assembly
with small wheels. This mechanism has been designed to be able to go over the stairs and obstacles
with stability.

This paper presents the inverse kinematic solution that is to be operated by remote control. The
automatic stair climbing algorithm is also proposed. The proposed algorithms generates the moving
pathes of small wheels and calculates the angular velocity of 3 actuation wheels.

The results of simulations and experiments are given for KAEROT performed on the irregular stairs
in laboratory. It is shown that the proposed algorithm provides the lower inclination angle of the
robot body and increases its stability during navigation.
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1. Introduction nuclear power plant the teleoperated mobile robot is
important for decontamination, inspection, maintena-

Because of high radicactive dose rates inside a nce, and so on {1, 2, 3] There are 3 approaches in
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designing the mechanism of the mobile unit such as
wheel, leg, and crawler types [4, 5, 6]. Wheel mech-
anism has been commonly used since the ancient
tme due to its simple shape, high efficiency, and
high speed. However, this system cant go over
obstacles and stairs. Other types, including crawler
type, have good mobility over unterrain, whereas
they have a lot of problems in complexity and stab-
ility for intelligent control.

The mobile robots, such as TO-ROVER, AMOOT-
HY, AIMARS, and KAEROT the
planetary-wheel mechanism [7, 8, 9]. Still teleoperat-
ors have much difficulties in controlling stair climbing

employ

because the front and rear planetary wheels are con-
trolled independently. In addition, it is very difficult to
develope the automatic stairclimbing method beac-
use the procedure of climbing stair [7, 8, 9] requests
the succesive rotation of planetary wheel assembly as
shown in Figure 1.

In this paper, we propose a new procedure of clim-
bing stairs. The porposed procedure has some advan-

tages. This procedure reduces the number of small
wheels into 2. Kinematic analysis through the prop-
osed procedure is much easier than the precious one
because the positions of 3 small wheels are changed
in every 120° rotation of planetary wheel assembly.
The automatic stair climbing method has been de-
veloped to overcome stairs without the intervention
of human operator. In the following section, we will
describe the kinematic analysis of KAEROT and the

Fig. 1. The Procedure of Climbing Stairs for Previous
Mobile Robot (7, 8, 9]
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Fig. 2. New Procedure of Climbing Stairs for KAEROT

path planning method for climbing stairs automati-
cally. Then, we will evaluate the effectiveness of the
proposed algorithm by means of computer simu-
lation and experiments.

2. Stair Climbing Algorithm
2.1. Kinematic Analysis

The mobile robot developed adopts to 2DWI1S
(2 Driving-Wheel 1 Steering) as shown in Figure 3.
Motor 1 and 2 drive rear small wheels indepen-
dently, and motor 3 and 4 drive front and rear plan-
etary wheel, respectively and motor 5 steers the rob-
ot. This mechanism enables the robot to run on the
floor by small wheels, and to go up and down the
stairs by planetary wheels [9, 10].

In this part, the planetary wheel assembly using the
proposed climbing procedure is assumed to have
only two small wheels and the coordinate system of
the robot is assigned as shown in Figure 4. The cen-
ter positions of each small wheel and planetary
wheel are defined as (X, Yi) (Py, Py), respectively.

The rotation angles of rear left and right small
wheels are equivalent to each other because the rob-
ot developed does not need the steering motion dur-
ing climbing stairs. Thus we reduce the robot kin-
ematic model into 2-D case. Figure 5 showes the
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2-dimensional modelling of KAEROT to describe the

@ motion of its stair climbing.
The joint angles of the front and rear planetary
[ﬁ: wheels, 85, Ok, and the inclination angle of the robot,

0., are expressed by the center positions of 4 small
wheels as (Xi, Y1), (Xe, Ya), (X5, Y3), (X4, Ya).

T 8= arctan(‘%%z—)-ea )
ﬂ>> 9 =arctan(—g'fo:1;‘§f) (3)

1, 2 : Rear Left and Right Small Wheel "
3, 4 : Front and Rear Planetary Wheel ere
5 : Steering Unit

Il

Fig. 3. The Structure of the Mobile Robot

7 )
(o e 7—2)
| |

NIH Nl'_' N"—‘ N"—‘

x = X3+X4- ———7-—
Poy = (Y3+Y4+ —%)—{i)

And the rotational angle of rear small wheels 6, is
given by

X4,Y4] ) A A

oy oam 8, = MAX (AX3,AX 4) % @

w1 ro
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Fig. 4. The Assignment of Robot Coordinate System for

the Proposed Algorithm MAX(AX3,AX4)={AX3 (AX32AX4)

AX 4 (AX3<AXy)

AC=0.4081,+A8,,

and 7, is the radius of small wheel.

When the robot moves on the floor, AX; is equal
to AX4. For the robot moving on the stairs, the values
of AXs and A%, are different because one small wheel
of them has no contact on the stairs. The contact dis-
placement of the small wheel with this stairs must be
selected. MAX operation is used for selecting the ap-
propriate displacement of small wheel.

The coupling term AC in equation (4) is caused by
0 and 6,. The structure of planetary wheel assembly

Fig. 5. The 2-Dimensional Modelling of KAEROT
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is dual pivot type. The rotation of rear small wheel is
dependent on the rotation of the rear planetary
wheel and the inclination angle of the robot. Given
the center positions of 4 small wheels the actuation
angles, O, O, and 0., are calculated [11].

2.2. Overview of Control Algorithm

The control method of KAEROT is based on tel-
eoperation, but it is very difficult to operate the mo-
bile robot on the stairs from remote location. We
have developed the semi-automatic control scheme
that human operates the mobile robot on the floor
monitoring it from remote site.

The proposed automatic stair-climbing algorithm is
composed of the recognition of stair size, the deter-
mination of contact-posture, and the path planning

of 4 small wheels as shown in Figure 6. Stair size rec-

ognition unit has been developed to measure the
height and width of the stairs in real time {12, 13].
The path planning of 4 small wheels is discussed in
the next section.

Start

L Moving on the floor
T

Yes

il

ization of stair size
Height, ¥idth )

LDetanimtion of the conw:t-posture]

L Path planning of 4 small wheel l

I Inverse kinematic solution j

[ Actuation of robot joints ]

Fig. 6. Flow Diagram of Automatic Stair-Climbing
Algorithm
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2.3. Path Planning of 4 Small Wheels

Figure 7 shows the proposed method of path plan-
ning which take into account the stable-posture and
simplicity. The dashed line denotes the moving pat-
hes. In this section the center positions of 4 small
wheels must be calculated every sampling period so
that they are always enforced to follow the dashed
line.

8 unknown variables, Xi, Xz, X3, Xs, Y1, Yz, Y3, and
Yas, must be solved analytically. The contact-posture
between the surface of stairs and small wheel is lim-
ited to 4 cases as shown in Figure 8 because all smal-
| wheels are on the same path in the proposed al-
gorithm. This contact-posture is able to apply either
the front or rear planetary wheel assembly. That is,
Xeis X1 or Xs, X, is Xz or X4, Ya0s Y1 or Y;, and Ys
is Yz or Ys. The contact postures of Figure 8 are the
same attribute, and two variables are constant at
each contact-posture as follows;

—X. and Y, are constant in contact-posture 1
— X, and Y, are constant in contact-posture 2
—Y, and Y, are constant in contact-posture 3, 4

The number of unknown variables is reduced to
four.

Figure 9 shows the constraints of small wheel and
robot body. 3 constraint equations are given by

(X=X + (Y1 — YzF =3R? (5)
(Xs—Xa)?+ (Ys— Ya)? = 3R? (5)
(Pfx—pbx)2+ (pfy‘Pby)z =La2 (7)

Fig. 7. The Pathes of 4 Small Wheels
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———{ CONTACT-POSTURE [1] }

Xa = Wi, Hi-1 < Ya <= Hi
Wi-1 < Xb <= Wi, Yb = Hi-1
|
(TaYa)

()

)

{ CONTACT-POSTURE [2] '—

Wi <Xa<= Wi+l , Ya = Hi
Xb = Wi, Hi-1 < Yb <= Hi

(x.1e)

CONTACT-POSTURE [3]

Wi < Xa <= Wi+l , Ya = Hi

Wi-1 < Xb <= Wi, Yb = Hi-1
{Xa,Ya)
——-n

CONTACT-POSTURE [4]

Wi-1 < Xa <= Wi, Ya = Hi-1
Wi-1 < Xb <= Wi, Yb = Hi-1
F———.
mmn) (n.n)'
- a1

[ L3

Fig. 8. Contact Posture between Small Wheels and Stair

where R is the amm length of planetery wheel, and
La is the distance between the front planetary wheel
and the rear one.

Only one variable between X; and Y, is given as a
input data. When the robot is operated in manual
mode, the data is entered from the joystick. On the
automatic mode we select appropriate value con-
sidering robot stability.

The number of constraint equation is equal to one
of unknown variables. Thus, the constraint equations

can be solved for unknown variables. But it is poss-

} (R}
_ (344 o)

Fig. 9. The Constraint of the Robot Body

ible only to solve numerically rather than determin-
istically. The detailed expressions are referred to [14].

3. Simulated and Experimental Results
3.1. Simulated Results

We should consider the constraint of stair size to
be applied the proposed algorithm as shown in Fig-
ure 10. The height and width of the stairs are con-
strainted as expressed in equation (8) because the
proposed algorithm take use of the procedure of
climbing stairs as shown in Figure 2.

% <R< Wi'3'ro (8)

ro Hi Wi
/

Fig. 10. The Constaint of Stair Size
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In KAEROT, R and 7, are 12cm and 7.5cm, re-
spectively. From the equation (8) the constraint of
stair size can be represented as follow;

H<20.8cm, W,>28.3cm, 6.<35.6°

Considering the above constraint, stairs used for
the simulation and the experiment are shown in Fig-
ure 11. Height, width, and slope of the stairs are
about 18 c¢m, 38cm, and 25°, respectively.

We execute the graphic simulation on IBM PC us-
ing the proposed algorithm. At this point, we assum-
ed that the size of the stairs is known parameter. For
the animation of the proposed algorithm, we used
the graphic software package developed in 1990 [15,
16].

In simulation the moving pathes of 4 small wheels
and two planetary wheels are generated through the
proposed algorithm [14]. The actuation velocities, B,
fs, and V., are shown in Fig. 12. The sampling time
is 100 msec. The graphic simulated result is repres-

ented in Figure 13.
3.2. Experimental Results

To evaluate the effectiveness of the proposed al-
gorithm the inclination angle sensor is attached to
the robot body and the real slope of robot is meas-
ured during climbing stairs. The configuration of con-
trol system for the experiments is shown in Figure

14. The inclination angle sensor, ACO-200, was man-

ufactured by the ALEC Corporation. Its operating

jrmmmmmmmo 4
[
P [ H=1 ! H3=562
l H2= 35 l
————— - l
_ ] '
fe——— W=157.5
W2=196
W3=234.5
UNIT = mm

Fig. 11. The Stairs Used for Experiments
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Fig. 12. The Velocity of the Actuated Joints
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range is +70° as dual axes.

The inclination angle of robot obtained from the
simulation and experiment are described in Figure
15. The dashed line denotes experimental value and
the solid line simulated one.

The experimental values, as shown in Figure 15,
show a good agreement with the simulated one dur-
ing the stage of climbing up the stairs. The transient
errors are due to the bending of elastic tire, the bac-

klash of reduction gear, and the noise of sensor.

Fig. 13. The Result of Graphic Simulation of
Climbing Stairs
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They are negligible so thst they can not degrade the
performance of the robot. Hence, it is proved that
the proposed algorithm is very effective. The outlook
of robot to climb up the stairs is shown in photo 1.

The Inclinstion Angls of Robot

i
i
‘
t

.

. ! f \

F I N

e I T

1 Y
Y S

~————— ! Simulation Results
------ : Experimental Results

Fig. 15. The Comparison of the Inclination Angle of
Robot

* SW : Small Wheel

< Control Console >

P¥ : Planetary Wheel

Host Computer
( IBM PC )

Serial Communication
{ Bitbus Protocal )

8044 based SBC 8044 based SBC 8044 based SBC 8044 based SBC
Servo motor control| [Servo motor control Stair size Inclination
- Rear left SW - Front PW recognition angle sensing
- Rear right SW - Steering unit
- Rear PW

< Inside the Mobile Robot )

Fig. 14. The Configuration of Control System
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Photo 1. The Appearance of Mobile Robot

4. Conclusions

The importance of development in this work is in
providing a teleoperated mobile robot that can be
operated from remote site to perform inspection tas-
kes in nuclear facilities without endangering human
operators. Moreover when the robot climbs up and
down stairs the automatic stair-climbing algorithm
proposed lowers the inclination angle of the robot
body and increases the stability.

Both simulated and experimental results obtained
from the stairs with a slope of 25° and a height of
18cm show that the robot body maintain the incli-
nation angle of 30.8° during stair navigation. It is con-
cluded that the proposed algorithm is effective for
the robot to move freely inside reactor and auxiliary
buildings.

Futher study is being given to the development of
the methods of identifying the size of the stairs in
real time and generating the optimized path to over-
come various shapes of obstacles.
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