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Abstract

Driving simulation using the motion equations based on the 3-dimensional dynamic model of
the rubber crawler traction system was performed under various conditions. The location
ar-rangement of track rollers was estimated through the experimental results and driving
simulation. Components of vibrational acceleration of the rubber crawler traction system
with 6 degrees of freedom could be measured individually and accurately using the new
measuring method proposed by the authors. Accuracy of translational components of
vibrational acceleration improved remarkably compared with the conventional measuring
method. Motion equations and frequency transfer function of a riding tractor with rotary
tillage equipment were proposed. Simulated data of frequency response were compared with
measured data of forced vibration experiment to determine the validity for tractor’s dynamic

model.
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Introduction

Analysis of vibrations of farm machinery is very
important for optimum design from the viewpoint
of human engineering. In particular, analysis of
vibrations of combine harvester and riding tractor
among farm machines contributes to the improve-
ment of farm operation efficiency. Furthermore, it
is necessary to define the components of vibrational
acceleration with 6 degrees of freedom in order to
investigate the vibration characteristics of farm
machinery. Formerly, a measuring method using 9
units of accelerometers was proposed by Ono et al.®.
However, this method was found to hamper the cal-
culation of translational components. Therefore, a
new measuring method was required for improving
the accuracy of the translational components.

In this paper, the vibration characteristics of a
rubber crawler system for a combine harvester were
analyzed in order to devise a design concept for the
optimum location arrangement of track rollers by
minimizing machine vibrations' . Furthermore, a
new measuring method of components of vibration-
al acceleration with 6 degrees of freedom was

proposed by the authors™. Finally, the riding trac-

tor’s vibration characteristics associated with the
rotary tillage resistance were analyzed®”,

Analysis of vibration characteristics of
agricultural rubber crawler system

The Voigt model composed of the dynamic spring
constant, k, and viscous damping coefficient, C, was
applied to construct a 3-dimensional dynamic model
of a rubber crawler traction system for a combine
harvester driving on a solid horizontal surface (Fig. 1).

The dynamic spring constant and viscous damp-
ing coefficient of the rubber crawler beneath the track
rollers in actual driving can be expressed as periodi-
cal functions of time ¥, where,
krLi(t), kri(¢): dynamic spring constant (kN/m),
Cri(1), Cri(1): viscous damping coefficient (kN.s/m),
¢: pitch angle (rad), ¢: roll angle (rad),

Iy: pitch moment of inertia (kgm?),
Ix: roll moment of inertia (kgm?).

As a result of the measurement performed when
the system is placed on a shaker within a certain
range of frequency, Ca(f) and ka(r) of the rubber
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A solid horizontal surface

Fig. 1. Dynamic 3-dimensional model

crawler can be expressed in the form of Fourier ser-
ies as follows:
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Motion equations are obtained based on the model
shown in Fig. 1, where,
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In the case of pitching:
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In the case of rolling:
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These equations are obtained by the determina-
tion of spring constants and viscous damping coeffi-
cients in only the vertical direction”. However,
estimation of the machine vibration associated with
pitching and bouncing can be adequately represented
as shown in Fig. 2,

Measuring method of components of vibrational
acceleration with 6 degrees of freedom

1) Measuring theory

Accelerometers which are fixed to a rigid body
and not located in the center of gravity of the rigid
body sense both translational and rotational compo-
nents when the rigid body is moving. Therefore,
an expanded new measuring theory using 12 units
of accelerometers by the addition of further 3 units
of accelerometers was proposed by the authors>. By
this new measuring theory, components of accelera-
tion with 6 degrees of freedom can be measured in-
dividually and accurately. The arrangement of the
accelerometers is shown in Fig. 3.

Coordinates of the accelerometers (Xi~Z4) are
as follows:
X1:(hxhiviz) Yi(mx,mip,ntiz) Z1:(nix,niy,niz)
X2:(hav,hav,h2z) Y20 (maxgmezy,mz2z) Z2:(nax,nzy,n2z)
X3:(h3x,h3v,h3z) Y3 (nx,miap,m3z) Z3:(nix,ndp,niz)
X4 (hax,hay,haz) Yd:(mdx,may,nidz) Z4:(nax,ndy,ndz)

........................... (6)
........................... (7)
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Fig. 2. Experimental and simulated results of pitch angle and bouncing
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Fig. 3. Arrangement of accelerometers
where,
hiv=hax=Hhix Mix=mc=max MNix=N3v= N4y
hiy= hiy= hay Miy=m2y=mM3iyp Nly=NnN2y= N4y
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... (8)

The translational accelerations (X direction (agy),
Y direction (o), Z direction (c;)) and rotation
accelerations (roll (By), pitch (fy), yaw (62)) are
obtained by the equations (9) and (10):
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Accelerometers required to calculate the acceler-
ation components are shown in Table 1,

2) Experiment and results

The rubber crawler system of a Japanese type
combine harvester was reconstructed and used for
the experiment. The instrument unit equipped with
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Table 1.

Y1 Y2 Y3 Y4 Zl

Accelerometers for measurement of 6 degrees of freedom

Z2 Z3 Z4
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(Vertical direction, Phase : 0.5)

Fig. 4. R.M.S. values of acceleration

2 units of accelerometers was mounted on the rear
section of the tested rubber crawler system. Fig.
4 shows an example of the R.M.S. values of acceler-
ation in the vertical direction. In the vertical direc-
tion, the higher the driving speed, the larger the
R.M.S. values, while the larger the lug phase, the
smaller the R.M.S. values. A peak of R.M.S. values
appears near the 0.5 m/s because the natural
frequency of the rubber crawler system approximately
corresponds to a frequency of vibration caused by
track rollers passing through the lugs or metal
core®,

Analysis of vibration characteristics of a riding
tractor with rotary tillage equipment

1) Tractor dynamic model

Tractor dynamic model” has 3 degrees of free-
dom in the horizontal direction (x-axis direction),
vertical direction (y-axis direction), and pitching direc-
tion (¢ direction) on the 2-dimension plane model
shown in Fig. 5.

Condition without the deviation of rotary tillage
resistance is considered to be balanced from the dy-
namic aspect. The equation of motion was controlled
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Fig. 5.

by Lagrange's equation. Small displacement devia-
tion in the rotation around the center of gravity of
the tractor dynamic model is defined by the follow-
ing equation:

XF = X6 + hGe YF = Ya + (L1 + el)d
XR = ,I\’G +hGep Yr=TVYc - (L2~ ez)d:"
J.(I-' = X6 + hage YrFr = Yo + (L1 + el)od

XR = X6 + hm;i: YR = Y6 - (L2 = ez)d::
.......... snvmisse (1)
On the other hand, the relation between the center

of gravity and the seat position of the tractor is de-
fined as follows:

Shock absorber

Driving unit

@-. AW

Accelerometers for measurement of pitching acceleration

Dynamic model of riding tractor with rotary tillage equipment

Xs=Xg— (2 +h—-hg)o
Xs=Xg—(h2+hs—hg)d
}.JS = }."g—(L2+ La— hg)e
Ys=Yg—(L2+ La— hg)d

By using ¢q1=Xo6, ¢g2=Ya, ¢gi=¢ and
Lagrange’s equation (13) (i=1, 2, 3), the dynamic
model is defined by Eqg. (14).

T , F U _

g 3T)__
dqi a4 dqi

di \ 3gi
xl =).(G, x2=KX6, x3= f’c, xa= Yo,
xs=¢, xe=¢, Y1 =Xs, y2=X0G

/ - Cj'g
Z L Angle detector

3-dimensional accelerometer

Py

Eccentric and slider mechanisms

Fig. 6. Foree shaker and forcing experiment of riding tractor
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Fig. 7. Comparison between simulated and measured amplitude ratio and phase
angle of acceleration in forward direction to the vibration force
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Fig. 8. Comparison between simulated and measured amplitude ratio and phase
angle of acceleration in vertical direction to the vibration force
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Fig. 9. Comparison between simulated and measured amplitude ratio and phase
angle of acceleration in pitching direction to the vibration force
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State equation and output equation for the trac-
tor dynamic model are defined as linear differential
equations by using a matrix and 7(r) which is
expressed as the reaction force of rotary tillage
resistance,

X=Ax+Br(t) y=0Cx.oo0coeeervnnen.... (15)

Eq. (16) obtained by Laplace conversion from
Eq. (15) is expressed as follows:

sX(s) = AX(s) + Br(s) Y(s) = CX(s)

As a result, the frequency transfer function of
the tractor dynamics Gfr(s)(6 x 1) with #(¢) as input
and Y(s) as output is expressed as follows:

Gfr(s) = Y(s)/7(s) = C(sE—A) 'B

Then the frequency transfer function after the
change of the angle velocity w is determined by
Eq. (17)

2) Vibration experiment and discussion

Forced vibration experiment of a tractor with ro-
tary tillage equipment was conducted as shown in
Fig. 6. The force shaker can impart an artificial
vibration force to the tractor as the periodical forced
vibration occurring from the rotary tillage equipment.
Then forced vibration experiment by using sine curve
based on the sweep vibration method was carried
out in the frequency range between 1.0 Hz and
10.0 Hz by | Hz.

In the experiment, especially the peak of acceler-
ation curve in the forward direction and pitching
direction were observed at the same frequency in
both simulation and experiment, as shown in Figs,
7, 8, 9 and it was demonstrated that a resonance
frequency of the tractor could be obtained by using
the dynamic model. However, a difference between
simulation and experiment in the vertical direction
along with the increase of forcing frequency can oc-
cur by the nonlinear phenomenon whereby some
peaks not related to the forcing vibration frequency
may be formed. Therefore, it was estimated that the
nonlinear phenomenon affected in the same way the
forward direction and pitching direction beyond
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6.0 Hz in the forcing vibration frequency.

Conclusion

A theoretical and experimental investigation was
carried out in order to analyze the vibration charac-
teristics, and develop a measuring method of vibra-
tions for farm machinery. Based on this study,
prediction of machine vibrations caused by the
mechanical interaction between the rubber crawler
and track rollers, and by the resistance of rotary
tillage became possible. Furthermore, the measur-
ing accuracy of components of vibrational accelera-
tion with 6 degrees of freedom proposed by the
authors improved for both translational and rota-
tional components compared with the conventional
measuring method.
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