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The vibration transmitted to the tractor driver not only leads to the driver health problems, but also reduces the driver

working efficiency. One of the methods utilized to reduce driver vibration is the seat suspension system. Development

of the tractor vibration model is the first step toward the implementation of the tractor seat suspension. In this research

development and evaluation of full-vehicle vibration model of MF 285 tractor was considered. At validation phase,

the developed model simulated the predictable outputs correctly. The modified parameters of the model reduced the

simulation error by 30% compared to the model with primary parameters. Furthermore, considering the operation

status of tractor engine in the simulated tractor, the simulation error was reduced from 45% to 27%.
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Vibration transmitted to the drivers of agricultural
tractors has been widely studied by many research-
ers over the last 50 years (MARSILI et al. 2002).
Furthermore, it was considered that the drivers of
agricultural tractors are exposed to a high level of
vibrations during farm operations (SCARLETT et al.
2007). The high level of vibrations experienced by a
driver has harmful effects on his health and creates
an early fatigue that results the reduction of the
driver’s efficiency. Employment of suspension sys-
tems seems to be a suitable solution to overcome
against this problem; however, design of a new
suspension system needs a thorough understand-
ing about the transmitted vibrations to the driver.
Development of a vibration model is considered as
one of the methods utilized to increase the under-
standing of the researcher about the transmitted
vibrations to the driver. Traditionally two types of
vibration model are used to meet this goal, namely:
quarter car vibration model (ELMADANY, ABDUL-

JABBAR 1999), and full-vehicle vibration model
(CroOLLA, ABDEL-HADY 1991).

The main objective of this study is development,
evaluation and validation of the full-vehicle vibra-
tion model of a tractor (tractor model MF 285). The
developed vibration model can later be utilized in
order to simulate the transmitted vibrations to this
tractor, which can be used in the design process of
the suspension systems.

MATERIAL AND METHODS

Simulation of the transmitted vibrations to the
tractor chassis. In this study full-vehicle vibration
model of MF 285 tractor (Iranian Tractor Manu-
facturing company, Tabriz, Iran) was developed
for the simulation of the transmitted vibrations to
the tractor chassis. One of the specifications of the
examined tractor is that this tractor has not any
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Fig. 1. Schematic picture of (a) full-vehicle vibration model
of tractor, (b) external forces exerted by wheels on the
tractor body, (c) free body diagram of the tractor body and
(d) free body diagram of the tractor front axle

2, 2, — ground irregularity and axle displacement; f;  — short
letters for front and rear sides of tractor; 1, 2 — codes for left

and right wheels, respectively

conventional suspension system; however, stiffness
and damping of tractor tires and driver’s seat, pro-
vides a kind of suspension for tractor driver. Fur-
thermore front axle of this tractor is pivoted to the
centre of the tractor chassis, therefore these speci-
fications should be considered in the development
of the tractor vibration model.

Development of mathematical equations. Stiff-
ness (kt) and damping (c t) coeflicients of tractor tires
control the process of vibration transmission from
the ground to the tractor chassis. In other words,
parallel arrangement of a spring and a damper is
routinely utilized instead of tractor tire in the trac-
tor suspension model (TAYLOR et al. 2000); there-
fore, full-vehicle vibration model of tractor can be
schematically presented as shown in Fig. 1a.

Since spring force is proportional to the variation
of the spring length, and damper force is propor-
tional to the time rate variation of the damper length
(KHAJAVI, ABDOLLAHI 2007), the vibration force
transmitted from each wheel to the contact point
between wheel hob and axle can be formulated as
k(z, - z,) + ¢, %t(za - z,). This vibration force is sub-
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stituted for spring-damper combination as shown in
Fig. 1b, in other words, the vibration forces trans-
mitted to the tractor chassis are summarized as pre-
sented in mathematical system of Eq. (1):

d

Fry = kep(2ap1 = 2gp1) + Cer 77 (Zar1 ~ Zrr1)
d

Frz = ki (Zagz = Zrg2) + tf gt (Zag2 = Zry2)

(1)

Frl = ktr(zarl - Zer) + Cyr E (Zarl - Zer)

Fro = key(Zarz = Zgr2) + Cer dt (Zarz = Zgy2)

where:

Fﬂ, Ff2 — transmitted force to the front left and right
corner of tractor chassis (N)

F ,F, - transmitted force to the rear left and right
corner of tractor chassis (N)

ktf k, - stiffness of front and rear tire of tractor (N/m)
Zap Zapy vertical displacement of front left and right
corner of tractor chassis (m)
z .,z . — vertical displacement of rear left and right
arl” “ar2
corner of tractor chassis (m)
Zpa Zrpy vertical undulation of ground under front left
and right wheel of tractor (m)
Zp.p Zgyy — Vertical undulation of ground under rear left
rl” “Rr2
and right wheel of tractor (m)
Cy — damping ratio of tractor front wheels and rear
d wheels, respectively (N.s/m)
di — first order differentiation sign

Pivoted assembly of the front axle of the exam-
ined tractor to the tractor body makes it possible
to substitute the left and right wheel forces of the
front axle with a force exerted to the pivot point
(Fig. 1¢), because equation of the static equilibrium
of tractor front axle free body diagram in Z direc-
tion (Fig. 1d) results:

d
Fr = kyy (Zafl - ZRfl) + Cer dt (Zafl - ZRfl) +
d (2)
+ ktf(ZafZ - Zsz) + Cir FT: (Zag2 — Zrf2)
where:
Ff — resultant force exerted to the pivot point of trac-
tor front axle (N)

Moreover; kinetic equations of the tractor body
(Fig. 1c) results in the linear acceleration of trac-
, L . . a2
tor’s centre of gravity in Z direction T ) and
angular accelerations of tractor body about X and
Y axes which cross the centre of gravity of tractor
%%%e]. These accelerations can be calculated us-
ing the mathematical system of Eq. (3):
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%Zc.g.:_mit(lrf"’ﬂl"'ﬂz) %Zafc:%‘zag»_lf%e
&1 d> d? > d* (5)
F9=E(Fflf—(51+ﬁz)l,) 3) 7 Zan = e —lrﬁeﬂl °
9 2 2 2 2
%‘Pz—i(ﬁzQ_Fntl) %Zmﬂ:%zc.g._lr% _tz%(p
where: where:
m, — tractor mass (kg) ;_;zafc — instantaneous vertical linear acceleration of
da . — vertical linear acceleration of tractor centre of 2 the front axle pivot point (m/s?)
d* gravity (m/s?) Jpz%r1 — instantaneous vertical linear acceleration of
I, Iyyt — mass moment of inertias of tractor about X e rear left corner of tractor chassis (m/s?)
and Y axes which cross centre of gravity of =~ -7z, - instantaneous vertical linear acceleration of
tractor (kg/m?) rear right corner of tractor chassis (m/s?)
L, lf — dimensions that specify the location of trac-
tor centre of gravity from rear and front por- To calculate the linear accelerations of the joints
tions of chassis (m) between front axle and front wheels, kinetic equa-
t,t,  — dimensions that specify the location of trac-  tion of the front axle of tractor Eq. (6) should be
tor centre of gravity from left and right por-  utilized (Fig. 1d):
L tions of chassis (m) e 1
%@,%e —roll and pitch angular accelerations of tractor Frel a=,— (= Fpity + Fppty) (6)
body during tractor movement (radian/s?) e
where:
Calculation of the linear vertical acceleration d_za — angular acceleration of tractor front axle
(heave) and angular accelerations (roll and pitch) dt? (radian/s?)

of tractor body leads to the components of tractor
driver’s seat base acceleration. With reference to
the mathematical system of Eq. (4), seat base accel-
eration components can be calculated on condition
that the distance between tractor centre of gravity
and tractor seat base (R) is known.

d? d?
de? Zseat base — cm.g.
d? d?
ﬁyseat base = R ﬁ [ (4)
d? d?
F Xseatbase — R E 0
where:
d? — linear acceleration of tractor seat base in z

> Zseat base
dt . . 2
direction (m/s®)

d? . . .
— linear acceleration of tractor seat base in y

ﬁyseat base
direction (m/s?)
d? — linear acceleration of tractor seat base in x

=X
2 *seat base . .
dt direction (m/s?)

Moreover using the mathematical system of
Eq. (5), linear accelerations of the force application
points to the tractor body (including the accelera-
tion of the front axle pivot point and acceleration
of the joints of the tractor rear wheels to the tractor
body) can be calculated:

— mass moment of inertia of tractor front axle
about the pivot point (kg/m?)

And finally, linear accelerations of the front axle-
wheel joints can be calculated from the mathemati-
cal system of Eq. (7):

da? d? a2
a2 Zan = graare Thigp @
d2 d2 dz (7)

qrz a2 = glare T g @

Implementation of the mathematical equa-
tions in the MATLAB software. Fig. 2 shows the
computer model of the developed mathematical
equations of the tractor full-vehicle vibration mod-
el created by the MATLAB-Simulink program (ver.
7.12.0.635; MathWorks, Natick, USA). To execute
the tractor full-vehicle vibration model, it is essen-
tial to enter model parameters into the computer.
Primary list of the utilized parameters for execut-
ing the model which are obtained from the speci-
fications of an MF 285 tractor is given in Table 1
(LINES, MURPHY 1991; VITAS et al. 1998).

Inputs of the developed model are the z, displace-
ments that describe road and farm field irregulari-
ties, and outputs of the model are linear accelerations
and displacements of the tractor seat base along X,
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Fig. 2. Presentation of the computerized model of mathematical equations in Simulink environment of the Matlab software

Y and Z directions. Step functions with the height of
10 cm were selected as the z, inputs. The z, inputs
were applied to the front and rear wheels of the mod-
elled tractor at times £ and £y respectively. The time
period of (¢, t,) was considered with regard to the
distance between the front and rear axle (WB) and
the velocity (v) of the tractor (¢, - ty=WB/ v); moreo-
ver, this forward velocity (v) must be used to validate
the model as well. To evaluate the similarity between
the results of the simulation and real tests, a vibra-
tion measuring apparatus (Fig. 3) was installed on an
MEF 285 tractor. This apparatus was able to measure
the instantaneous vibration along X, Y and Z axes
with the frequency of 10 Hz. Furthermore this system
is able to store the acquired accelerations in the form
of three text files into the memory card of the system.
These acceleration time histories can later be trans-
ferred into the computer for further analysis.

To perform practical tests, the sensor of the vi-
bration measuring apparatus was installed on the
contact point between tractor seat base and body,
and vibration induced by passes of tractor with the

Table 1. Primary parameters utilized in simulation of
vibration model of an MF 285 tractor

Parameter Value Parameter Value
k, 90,000 (N/m) t 0.87 (m)
» 1,000 (N-s/m) 3 0.91 (m)

. 90,000 (N/m) I, 1.35 (m)
c, 2,000 (N-s/m) ot 600 (kg-m?)
m, 2,800 (kg) L, 2,000 (kg-m?)
¢ 0.87 (m) v 5 (kg-m?)
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speed of 2.7 km/h over the step like irregularities
with the height of 10 cm along X, Y and Z directions
were recorded. To assess the effect of the engine-
induced vibration on the output of the vibration
measuring sensor; at the first stage, data logging
was done when the tractor was turned off, and at
the second stage, when the tractor was turned on.

Validation of the developed model. Accurate
performance of the developed model was checked
by the evaluation of the rationality of the model out-
puts, and the assessment of the similarity between
the results obtained from the simulation and the ex-
perimental tests. In order to evaluate the rationality
of the outputs, some inputs of the model which have
predictable outputs were applied to the model, and
the obtained and predictable results were compared.
In this stage of validation process, the utilized inputs
applied to the model, and their accompanied pre-
dictable outputs were as shown in Table 2.

Fig. 3. Tractor seat base vibration measuring apparatus
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A sinusoidal function with amplitude of 1 and fre- This formula is utilized for calculating the RMS
quency of 0.01 rad/s was selected as a displacement  value of the data recorded in analogue (continuous)
function with gradual variations; furthermore, quan-  domain. The digital (discrete) form of RMS formula
titative comparison of the simulation and real test can be implemented using the computer code writ-
results was carried out using the Root Mean Square  ten in code writing environment of the MATLAB
(RMS) value of the obtained acceleration data (DUKE,  software:

Goss 2007). The RMS value of the acceleration data  a = []; % measured data must be entered in this vec-

is calculated from the following formula: tor
1T N = numel(a)
RMS(a) = ’7 f @2(H)dt a = [a."2]
0 A=0
where: fori=1:N
T — sampling time period (s) A=A+a(i)and A = A/N
RMS(a) — Root Mean Square (RMS) value of the RMS = A"(1/2)
obtained acceleration data (m/s?) Knowing the RMS values of the real and simu-
aX(t) — squared value of acceleration data as a func-  lated accelerations, the error of the simulation can
tion of time (m?/S*) be calculated with the aid of the following formula:
()
3 X ads scosleeation of seatbasen3:2) - meonolwbm(mrl’l 2 s acoslecation of 103t base (m +:2)
2 )

o HTEIETFPIITRTELY STON EITP LTI P
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Fig. 4. Outputs obtained from application of the inputs considered in Table 2 in the simulation model

Table 2. Some of the inputs of the developed vibration model which have predictable outputs

Input Predictable output
(a) application of an arbitrary displacement function to front wheels of tractor X =0
seat base

(b) application of two arbitrary displacement functions with the same value . -03 _10

and opposite directions to the rear wheels of tractor Yseat base = Zseat base =
(c) application of a displacement function with gradual variation to all .. . .

x =0,y =0,z =10
of the tractor wheels seat base seat base seat base
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RMS of simulated acceleration - RMS of real acceleration

RMS error simulation =

X100

RMS of real acceleration

RESULTS AND DISCUSSION

The outputs obtained by the application of the
functions presented in Table 2 as inputs of the de-
veloped model, are shown in Fig. 4.

Fig. 4 indicates that the model could be able to
accurately simulate the predictable outputs.

In order to simulate the pass of a pulled tractor
with the speed of 2.7 km/h, over a 10 cm step-like
obstacle, a three seconds time delay was considered
for the time of application of the step-like function
to the rear wheels compared to the front wheels,
because the wheel base of the examined tractor
is 2.25 c¢cm, which results in a 3-second time delay
[t=WB/v=2.25(m)/0.75 (m/s) = 3 s]. The results of
the simulated vibration of the tractor seat base along
the Z axis in the time domain is shown in Fig. 5.

The simulation error of the linear acceleration
of the tractor seat base along the Z direction was
about 38.3%; however, since the trend of the ac-
celeration variations and the stimulus times were
accurately simulated, the obtained result is solely
an indication of the scale dissimilarity between
the simulated and real values of the seat base ac-
celeration. Inspection of the input parameters of
the model showed that among the parameters of
the developed model, the stiffness of tractor wheel
(k) is the parameter that significantly controls the
outputs of the model; however, because the infla-
tion pressure of the utilized tires was lower than
the standard inflation pressure, in the next stage of
the simulation, new values for the parameter of k,

Z awis acceleration of seat base [m $-2)

Fig. 5. Simulated Z axis acceleration obtained from passing
the tractor over step-like irregularity
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were considered in order to increase the similarity
between simulated and real results. The new values
of the parameters are given in Table 3.

New outputs of the seat base acceleration along
the X, Y and Z axes with their accompanied experi-
mental outputs are shown in Fig. 6.

After modification of the input parameters, the
simulation error of the vibration along X, Y and Z
directions were 5.1%, 4.3% and 6.2% respectively,
which is an indicator of the reliability of the model
in simulation of the seat base acceleration induced
by passing a pulled tractor over a step-like irregu-
larity. Calculation of the RMS value of acceleration
and estimation of the simulation error for evalua-
tion of the developed vibration models were also
used by other researchers (ADAMs 2002; SARAMI
2009), and the accuracy of the developed models
of those studies were comparable to the results ob-
tained in this study. The value of majority of simu-
lation errors was lower than 10%. To complete the
model with regard to the effect of the engine run-
ning with the angular velocity of 1,800 rpm, a si-
nusoid stimulus with the amplitude of 1 mm and
the frequency of 30 Hz was applied to the model
as a new input. Results obtained from the execu-
tion of this stage of the simulation with its accom-
panied experimental acceleration along the Z axis
are shown in Fig. 7.

The simulation error value of the acceleration
along the Z axis while the tractor was turned on,
was about 27%; however, ignoring the sinusoidal
function with the frequency of 30 Hz as an input
of the model, resulted in a simulation error of 45%;
therefore, in order to have a realistic vibration
model, working conditions of tractor should be
considered, too.

Table 3. Modified parameters utilized in simulation of
vibration model of an MF 285 tractor

Parameter Value Parameter Value

ky 30,000 (N/m) t, 0.87 (m)
Cy 1,000 (N-s/m) L 0.91 (m)
k. 30,000 (N/m) lf 1.35 (m)
c, 2,000 (N-s/m) I, 600 (kg-m?)
m, 2,800 (kg) L, 2,000 (kg:m?)
i 0.87 (m) e 5 (kg-m?)
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Fig. 6. X, Y and Z axes seat base acceleration obtained from passing the tractor over step-like irregularity (a) simulated

from the modified model and (b) real vibrations
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Fig. 7. Z axis seat base acceleration obtained from passing a turned on tractor from step-like irregularity: (a) simulated

and (b) real vibration

CONCLUSION

In this study, development of the full-vehicle vi-
bration model of a tractor (model MF 285) with
regard to the structural specifications of this
tractor, such as pivoted assembly of tractor front
axle to the tractor body, was considered. From
the obtained results, it can be concluded that the
developed model was able to accurately simulate
the terrain irregularity-induced vibrations trans-
mitted to the tractor driver seat base; therefore,

this model can be utilized in order to simulate the
tests needed for designing the tractor driver seat
suspension system.
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