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Abstract:
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A bucket control mechanism is developed for the simulation of rock pile scooping by wheel loaders. By

measuring the reaction forces from the scooped rock pile by a six axis force sensor installed into this mechanism, the
reaction force model can be obtained and its parameters are identified. By using the obtained model for controlling
actual wheel loaders, efficient scooping can be expected. In this paper, the kinematic and static characteristics of the
bell-crank mechanism are analyzed and an experimental system is designed and built up using the analysis results.
Then, a high gain servo control system is designed by using disturbance observers. The acquisition of the accurate
rock pile model is tried by several experiments. Then some control algorithms based on feedback signals from the
force sensor are proposed and their control performances are evaluated.
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1. Introduction

Automation of construction machines is strongly
desired for various fields such as mining or disaster-relief
works in addition to construction tasks[5][6]. A wheel
loader is one of the most popular construction machines
used in such sites. The automation of wheel loaders,
however, is not achieved because of the difficulties of
scooping tasks which need the rock pile model[8]
applicable to the control algorithm. In order to build the
control model of the rocks, theoretical analysis and its
verification by using actual machines are essential.
However, there are very few works for measuring actual
reaction forces from rock piles during the bucket motion.

Therefore, in this paper, a miniature mechanical
experimental system for the scooping is developed with
the structure similar to a commercial wheel loader. By
using the system, the reaction forces against rock piles can
accurately be measured and it also helps the verification of
the effectiveness of the designed scooping algorithms.

In Section 2, a reaction force model from a rock pile
is divided into five components, and the relationship
between the phase of scooping and the critical components
in each phase is shown. In Section 3, the kinematics and
statics of the developed mechanism is analyzed. Its
effectiveness is verified by the results of fundamental
experiments.

2. Reaction Force Model From Rock Pile
2.1 Component of reaction force from rock pile

The reaction force from a rock pile is divided into five
components by Hemami[1][2]. Fig.1 shows the
classification of the reaction forces. Each component
shows the following force[3][4][7][9].

F1: weight of rocks in the bucket
F,:reaction force from rocks under the bucket

Fs:reaction force for inserting the bucket edge

F,:friction force on the surface of the bucket

Fs: the reaction force from the anterosuperior soils moved
by the bucket
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Fig.1 Five components of reaction force

2.2 Relationship between scooping

components of reaction force
The five components are not always acting on the

bucket. According to the steps of scooping, forces acting

on the bucket change.
(1) The former of insertion phase
At first, the rock pile does not move in spite of the
insertion of the bucket. In this process the insertion
resistance F; and friction forces F, are dominant. F,
becomes the function of F; and Fs. In this phase Fs is
the force which supports the slope of the pile and is
called active soil pressure. (Fig.2)
(2) The latter of insertion phase
When rocks are reaching the circular arc of the
bucket, some rocks stop around the arc which play a
roll of a wall. Then the bucket can not proceed any
more unless the bucket moves the rocks in the pile.
As a result, the value of Fs becomes very large. Fs in

phase and
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this phase is called passive soil pressure. This phase
continues until the reaction force becomes equal to or
larger than the maximum driving force of the bucket.
(Fig.3)

(3) The former part of the scooping phase

When the bucket precedes upper side, soil weight
also appears. (Fig.4)

(4) The latter part of the scooping phase

Once the bucked is filled with rocks, the bucket
moves upwards straightly. In this process, the weight
of the rocks is dominant. (Fig.5)

4
- F |

:
Fig.2 The beginning of penetrating step  Fig.3 The late gf penetrating step

= F,
Fig.4 The beginning of scooping step

Fig.5 The late of scooping step

These theoretical values are formulated in the phase (1)
and (2), and they were verified by fundamental
experiments in the previous study[2]. On the other hand,
those in the phase (3) and (4) are not formulated yet
because of the lack of experimental data. Therefore they
should be measured by experiments and formulated based
on the experimental results.

Among these components, Fs at the end of the phase
(2) is supposed to be the largest value in the whole
processes. It should be estimated before the design of the
experimental system.

2.3 Passive Soil Pressure

The passive soil pressure Fs is the force that moves
the soil in front of the bucket so that the bucket goes
forward. However, if the amount of the soil is too much,
its value also becomes very large, and as a result, it
becomes impossible for the bucket to proceed any
more[3][4]. So it is essential to control a bucket avoiding
increase of passive soil pressure. However it has not been
made clear yet in what condition the passive soil pressure
appears in scooping. By our previous research, the
occurrence condition of passive soil pressure has assumed
as follows.

Figure.6 shows the soil condition in the bucket. When
the bucket inserts into the slope of soil, the soil flows into
the bucket gradually. When the soil reaches the point of
circular arc, its direction is changed and it goes along the
arc. As a result, the angle between the soil pressure and the
proceeding direction becomes large, and the soil stops
soon. The soil staying around the position makes a
fictitious face which is called virtual wall. It is expected
that the passive soil pressure works without slip when the
direction of the force gets in the friction corn as Fig.7.
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Fig.6 Soil condition

Fig.7 Passive soil
pressure and friction

Therefore, a passive soil pressure decreases if the
force direction gets out from the friction corn. In the other
words, tilting motion of the bucket decreases a passive soil
pressure. At the beginning of the phase (3), tilting motion
is started. The largest value of Fs in the end of the phase
(2) will be estimated to design the mechanism in the
following section.

3 Mechanism of Developed Experimental System
3.1 The outline of the developed mechanism

The developed mechanism is mechanistically equivalent
to a real wheel loader. The size of the bucket is 100><100
><250[mm] which is about 1/10 of the real loader. This
mechanism consists of a 2 d.o.f. bucket driving
mechanism and a moving table in a horizontal direction.
The power transmission system to move the bucket in the
former mechanism is a bell-crank mechanism which is
suitable for hydraulic actuators. In the developed system,
ball screw mechanisms and DC servo motors are used
instead of hydraulic actuators. The bucket driving
mechanism is mounted on the moving table through a six
axes force sensor. The moving table plays a roll of a wheel
driving system and is also driven by a DC servo motor. A
By using a ball screw mechanism, small torque of the
rotational motor can be converted to a large linear force.
Encoders are installed into all the DC servo motors to
measure the joint angles. Fig.8 and Fig.9 show the overall
view of the mechanics.

Fig.8 The view of the developed mechanism

Encoder data, Instruction voltage

E | d Ball screw and
: Ball screw an motor for a tilt

motor for an arm
Bell-crank

Measured force by 6axis sensor

Bucket

Ball screw for wheel
Fig.9 The organization of the developed mechanism
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3.2 Kinematics of arm-bucket driving mechanism

The bucket is moved by the actuators through a
bell-crank mechanism which is illustrated in Fig.10. The
bucket is fixed to the bucket link GH, so the motion of the
link GH corresponds to the bucket motion. The left end of
the main arm OH is connected to a body mounted on the
moving table through a passive rotational joint and rotates
about O by the linear actuator 1. Triangle DEF is a link
whose vertex E is connected to the part of the main arm
OH through a passive joint. The bucket link GH is rotated
by the linear actuator 2 through the link mechanism. As
described above, both linear actuators consist of a ball
screw mechanisms and the DC servo motors, and the other
end of each linear actuator is also fixed to the same body
in the same manner as the main arm.

y

Fig.10 Bell-crank in the bucket driving mechanism

The reference frame X, and the bucket coordinate %,
are defined as shown in Fig.10. The position and
orientation of the bucket are also shown. Then, the
relationship between the bucket position and orientation
can be calculated as follows[7][10][11].

First, the angle of the main arm &, and the length of
the linear actuator |, is obtained. The angle ¢ is calculated

by Eq. (1).

2 2 2
= cos—l{Mj )

Then & is obtained as Eq. (2),
T
lez—(a1—51)—52y (2)

where 6, is the angle shown in Fig.11 and it is determined
by the kinematic parameters in advance.

Fig.11 Kinematic parameters (1)
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Next, the way to calculate the bucket position and
orientation through the actuator lengths I, and |, is
explained. Once the angle of the main arm OH &, and that
of the bucket link & shown in Fig.11 are determined, the
bucket position and orientation are easily expressed by
these two angles. Therefore, & is derived next. The
coordinate of E is easily calculated by the kinematic

parameters and ¢; obtained as Eq.(2). Therefore, t; , the
distance between C and E is calculated.
The angles ¢ and @, shown in Fig.12 are

calculated by cosine theorem of triangle CDE. The shape
of bell-crank is already known, so coordinates of point F
can easily be calculated.

0 a C (2:¥2) 1y D

Fig.13 Kinematic parameters 3

The coordinate of point H can also be calculated by
64, so the angle of @, is determined by applying the cosine
theorem to the triangle FGH. The angle ¢, is also

calculated from coordinates of point F and H as Eq.(3) and
Eq.(4).

-1 Ym— Y
=tant2m _Je 3
¢ e 3)
d.? +t,2 —dg’
=cos| & —2 6 4
P4 ( 201, J 4)

The angle of 6, is obtained through ¢, and ¢, as
Eq.(5).
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3.3 Statics of the arm-bucket mechanism
Let the generated forces and moment at the origin of the

bucket coordinate H be f,, f, and m as shown in

Fig.14. Then, the forces required for the actuators f,; and
f,, to generate f, , f, and m are calculated as

follows.

y

Fig.14 Statics

(1) calculation of f,,

Figure 15 shows the applied forces and moments to
the link GH. According to the moment equilibrium about
H, the axial force of the link GH f; is determined as

Eq.(6).

f, m

B d, sin ¢s

(6)

According to the moment equilibrium about E, the
actuator force f,, is determined as the axial force

expressed by Eq.(7),
_ dssin{z — (6, — &) — B — 66}
faZ - . flv
dssin(z —d¢,)

()

where parameters in Eq.(7) are shown in Fig.16.

Fig.15 Forces and moment
applied to link GH

Fig.16 Forces and moments
plied to bell-crank

(2) calculation of f,;

The transmitted force . from the bell-crank to the
main arm OH through the point E in Fig.14 is calculated
as Eq.(8) from the force equilibrium on the bell-crank
DEF.

ISARC2006

foo =1 0_05(92 —¢5)+ far C_OS{” —(Bi+é-%)} ®)
fy = f18In(6, — g5) + fop sin{m — (B + 4 — 55)}
In addition, the applied force f;,, from the link GH to the

main arm OH through the point H is expressed as Eq.(9).

fix = fx + fc0S(6, — ¢5) 9
oy = T, + frSin(6; — gb) ©)
From Eq.(8) and Eq.(9), the moment about the point O due
to the force f, and £, mg and m, are expressed as

Eq.(10).

my = fyLcos(é) + fruLsin(é) (10)

Then, the actuator force f,, is obtained as Eq.(11)
according to a moment equilibrium about the point O,

g oMy (11)
7 dysin(f;)

where the angle g, is calculated as Eq.(12) from the
cosine theorem of the triangle OAB.

2 2 2
adp +lf—ap

12

f3 =CO0s

The actuators of the developed system should be
chosen according to the calculation results of the above
described statics. The DC motors were chosen under the
assumption that the bucket lifts 25[kg] rocks at a time.
Table 1 shows the specifications of actuators and the
developed bucket driving mechanism. It can be seen that
the required force for the cylinder AB is about 5 times
larger than the output force.

Table 1 Specifications of the bucket driving system

Data Arm cylinder Tilt cylinder
Motor's nominal voltage 24[Volt] 42[Volt]
Using voltage 24[Volt] 24[Volt]
Motor's rotation frequency 10600[ 1 7530[ ]
Mortor's maximum torque 30.7[mNm] 113[mNm]
Gear ratio 148 148
Gear loss =<0.7 ><0.7
Pitch of ball screw 2[mm] 1[mm]
Required force for cylinder(25kg 1184[N] 447IN]
Maximum force of cylinder 1227.11]N] 583.31[N]
Maximum cylinder's velocity 27[mm/sec] 25[mm/sec]
Encorder resolution 2000[Pulse] 2000[Pulse]
Cylinder resolution 0.0002]mm 0.0001]mm
Bucket angle resolution 0.0002[deg 0.0023[deg
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4  Experiment for measuring the reaction forces
using the developed system

The experiments were performed to examine the
effect of a bucket tilting motion on reaction forces from
the rock pile.

The rocks used in the experiment are crushed rock of
granite, and each size is about 4mmx4mmx4mm. Its
specific gravity is about 2.7[g/cm®]. The repose angle of
this rock is about 40[deg]. And then, mountain of rock
piles was 18 centimeters high and piled at a slope of
repose angle.

In the experiment, the bucket is inserted into a rock
pile horizontally until 22[s] and then bucket is lifted.
When the bucket is lifted, two experimental conditions are
examined. The first condition is that the bucket is lifted
without tilt motions, and the other is with tilt motion from
22[s] to 23[s] at 2.7[deg/s].

with tilting

i

- without tilting

Time[s]
Fig.17 The change of the reaction force

The results are shown in Fig.17. This change of
reaction force is very similar to it expected. The orange
line indicates the reaction forces without tilting, and the
blue line with tilting. According to the charts, both of the
reaction forces start to increase from 13[s]. It shows that
the insertion of the bucket into the rocks starts at the
moment. The reaction forces become larger from 13[s] to
17[s] at the same rate. And then, increasing rates of
reaction forces are grown up around 17[s]. This is
attributed to the fact that passive soil pressure appears
around 17 [s].

Both of forces were reduced at 22[s]. In the case
without tilting motion, the arm couldn’t scoop up the soils
because the required output torque for the actuator to
move the soils was larger than the maximum output
torque.

On the other hand, the forces with tilting motion are
drastically decreased in comparison with the forces
without tilting. Therefore it is evident that the tilting
motion of the bucket can be used to reduce reaction forces
from soils.

5. Conclusions
The method of kinematics and static were calculated.
According to this method, the new bucket-arm mechanism
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was developed. And then, the change of reaction force
with tilting the bucket was revealed by experiments with
the developed mechanism.

The formulation of each reaction forces should be
defined with the data from new device as a next step. In
addition, the occurrence condition of passive soil pressure
should be revealed. Using this result, the new scooping
algorithm will be suggested.
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