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Abstract: Growing awareness that uncomfortable agricultural vehicles endanger the health
of the operators and stricter norms concerning this, make the design of an effective cabin
suspension inevitable on agricultural vehicles. The comfort problem originates from the
vibrations transmitted to the driver caused by the unevenness of the road or soil profile.

This paper investigates the effect a passive and semi-active cabin suspension has on the
comfort of the drivers. By optimizing the parameters of the passive suspension and those
of the semi-active control laws, satisfactory improvement of the comfort can be achieved.
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1. INTRODUCTION

Today the "market value" of cars does not only de-
pend on performance and price. Safety, comfort and
environment friendlyness tend to be of equal impor-
tance and are for some manufactures the main pro-
motion topics. Driving force behind it are norms and
directives concerning these issues but also the raising
awareness of the consumer. Off-road vehicles do not
escape this trend in the market. This paper deals with
the comfort aspect of agricultural vehicles narrowed
down to the whole-body vibration levels the operators
are exposed to when handling these machines.

Extensive research in the past pointed out that truck
drivers, agricultural machinery operators, subway op-
erators, tractor drivers and construction vehicle opera-
tors are common victims of low back problems (truck
drivers are four times more likely to have a herniated
disk) (Griffin 1990, Hulshof and van Zanten 1987).
Origin of this discomfort are vibrations transmitted to
the driver caused by the unevenness of the road or
soil profile, moving elements within the machine or
implements. High low-frequency levels between 0.5
and 10 Hz are transmitted to the seat during field
operations and the cyclic motions like those caused

by vehicle's tires hitting the road are situated in the
frequency range of 2 to 20 Hz (Hostens and Ramon
2000, Clijmans et al. 1998). Especially the backbone
is sengitive in this frequency range for severe phys-
ical damage (Pope and Hansson 1992, Boshuizen et
al. 1992). The damage is caused through "cumul ative
trauma"' and therefore difficult to assess.

Unexpectedly the impact on economy is huge. Not
only leads discomfort during work to performance
problems (Fairlay 1995) but low back pain is the
leading major cause of industrial disability in those
younger than 45 years and accounts for 20 % of all
work injuries. The total cost a year for the United
States is estimated at $ 90 hillion. So to the gov-
ernment, the operators and the manufactures it is of
common interest to deal with this problem.

The European Parliament already acted. The general
standards like The 1SO 2631 (1SO 1985) and the BS
6841 (BS 1987), used for all typesof vehiclesinwhich
whole-body vibrations exposure occur, were improved
in anew Machinery Directive 98/37/EC. Annex | par.
1.5.9 and 3.6.3 which will become into force in the
near future. The new directive imposes limits on the
daily use of equipment and machinery in order to



restrict the cumulative trauma caused by the whole-
body vibrations.

To meet this directive manufactures will have to fine-
tune their suspensionsin seats, cabins and axles. This
paper reports what results can be achieved with a pas-
sive and semi-active hydropneumatic cabin suspen-
sion. The parameters of the passive suspension and
those in the semi-active control laws are optimized
using aglobal optimization technique.

2. SET-UPAND TOOLS
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Fig. 1. Scheme of the oil system

Figure 1 shows the hardware used by this paper. It
consists of a hydraulic cylinder, two nitrogen bulbs
and a current driven hydraulic valve. The choice for
this sort of set-up follows out of two considerations.
First, to be able to attenuate vibrationsit is necessary
to develop asystem with anatural frequency below the
frequency band one wants to attenuate. This feature
is provided with the two nitrogen bulbs. Second, to
prevent amplification of the natural frequency of the
suspension, sufficient means of damping are neces-
sary. To achieverthis, oil damping is used which gives
significant better results than gas damping (Deprez et
al. 2001).

This hardware was modeled in SIMULINK (Math-
Works 1999b) making it possible to link the model
to the optimization procedures available in Matlab
(MathWorks 1999a). Two laws used in this model
make it nonlineair. First, the nitrogen bulbs compress
and expand according to the adiabatic |aw:

pV* = congant, 1)

in which p stands for the pressure, V for the volume
and «x for the ratio of specific heats. The second
nonlinear equation describes the mass flow of oil
through the valve:

Vv =S/ap, 2

in which Sstands for the surface of the opening of the
valve, Ap the differencein pressure over the valve and

V for the oil mass flow. The modeling leads to a’ base
motion’ model of a quarter-cabin.

Optimization of this nonlinear model implies that true
input signals have to be used. Those were provided
during field measurements. Under road and field con-
ditions the vibrations entering the cabin of a combine
harvester were measured. The measurements used
here were those at 4 km/h on the field, at 11 km/h on
an unpaved road and 28 km/h on a paved road.

The most effective way of evaluating a suspension is
to measure it's comfort improvement. Thisis difficult
since comfort is strongly subject related. Nevertheless
the standards like 1SO 2631 and BS 6841 try to grasp
this feeling by using objective comfort parameters.
This paper uses the effective Root Means Square (ef-
fRMS) and the Vibration Dose Value (VDV), because
these parameters are used by the standards. These val-
ues are calculated after the accel eration dataisfiltered.
This is to eliminate those frequencies that have no
influence on the comfort and health of the drivers. The
filter of figure 2 is used which clearly emphasis the
frequencies between 2 and 10 Hz (Griffin 1990).

Fig. 2. Magnitude plot of the BS6841 frequency
weighing filter used when considering the effect

of vertical DOF vibrations on comfort and health

The general formulafor VDV is:
1

T n=N 4
VDV = NS Yy at| ©)
n=1

with Ts the measured time, N the number of points
and a the frequency weighted acceleration data. This
parameter is time dependent and gives an objective
measure of the amount of vibrations a person had to
experience within a certain period. EffRMS is given

by:

n=N %
ef fRMS= zazl . (4)
n=1

Zl-

The RMS valueis time independent and gives an idea
of the general level of vibrations.



3. OPTIMIZATION OF THE PASSIVE
SUSPENSION

The model developed in SIMULINK has 7 param-
eters. internal pressure, volume of the two nitrogen
bulbs, opening of the valve and dimensions (length,
diameter of shaft and cylinder) of the hydraulic cylin-
der. The optimization of the suspensionisbased on the
Frequency Response Function (FRF) of the system.
An optimal FRF was put forward and the squared
difference between the optimal and the real FRF, fre-
guency line by frequency line, is minimized. Since the
suspension is nonlinear, this step hasto be taken care-
fully. Different signals will result in different FRFs
but the reason why this approach was preferred above
reducing the total amount of accelerations in time
domain, was to tackle the problem of sea sickness.
A slow fluctuating movement results in low acceler-
ations and good effRMS and VDV values, but isinad-
missible. This can be prevented in frequency domain
by emphasizing the fact that the amplification at the
natural frequency of the system should be as little as
possible. This can be done by weighing the squared
error.
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Fig. 3. Objective function near global minimum when
changing one parameter

Figure 3 gives and idea how the squared error evolves
when one parameter is changed. The objective func-
tion is very "noisy". The normal Matlab techniques
have problems optimizing such a function and get
stuck in the various local minima. The technique used
to avoid this problem is called DIRECT (Jones et al.
1993). It'saglobal optimization technique categorized
under 'branch and bound’. The method was imple-
mented in the Matlab routine glbSolve (Bj 6rkman and
Holmstrém 1999) and is fairly easy to use. Which
reduction of effRMS and VDV can be achieved in this
way is shown and discussed in section 5.

4. SEMI-ACTIVE SUSPENSION

It is obvious that an active suspension will give the
best results for such a suspension but no manufacturer
will be inclined to make the initial and operational
costs associated with it, especially not if enough bene-
fits can be get at less expense. Semi-activeclaimsto be

a good and economically sound alternative (Karnopp
1990). This is tested here by using two semi-active
control laws. In thefirst law the semi-active part of the
damping force is proportional to the relative velocity
between input and output and proportional to the abso-
lute output velocity. The law, semi-active(l), is given
by:
—By-%) - BSA|yf|<yf(_X) 0o
ory(y—x) >
—By-%) ©
fory(y—x) <0

o=

inwhich Fp is the damping force, x the input vel ocity,
y the output velocity entering the cabin, 3 the damping
constant of the passive part of the damping force and
Bsa the damping constant of the semi-active damping
force.

The second law, semi-active(2), increases the impor-
tance of the absolute velocity by squaring it resulting
in:

—By—%) - BsaV’(y—%)

_ fory(y—x) >0
=1 By ©

fory(y—x) <0

By switching between ahigh and alow dampingforce,
those two semi-active laws try to prevent that the
damping force enlarges the vibrations (Ferraresi et al.
1997).

To choose the Bsa parameters in the semi-active laws
in an appropriated way, the global optimization tech-
nique of section 3 is used again. For the two laws,
Bsa is optimized with respect to the objective comfort
parameterseffRM S and VDV. Theresults obtained are
shown and discussed in section 5.

5. COMFORT IMPROVEMENT

To evaluate the comfort improvement of the three
suspension systems, passive and semi-active (1) and
(2), the comfort parameters effRMS and VDV are
calculated when the system is excited with the input
signals measured during the field experiments. Those
values are compared with each other and with the
values if there is no suspension at all. Table 1 shows
the results for three road types and for the three
suspension systems.

Looking at the results of the passive suspension one
sees clearly that areduction by 60% in effRM S and by
almost 80% in VDV is possible on the paved road. The
reductions are even larger on the field and unpaved
road. This is normal since low frequencies around 2
Hz excite the cabin much more on the road at high
speed than in the field and the passive suspension re-
duces high frequencies more than frequencies near to
its resonance frequency. Since the passive suspension



input profile suspension VDV [m/st®]  effRMS[m/<]
field(4km/h) non 4.135 1.009
passive 0.237 0.058
semi-active(1) 0.121 0.025
semi-active(2) 0.128 0.026
unpaved road (11km/h)  non 3.051 0.686
passive 0.387 0.094
semi-active(1) 0.279 0.054
semi-active(2) 0.381 0.059
paved road (28km/h) non 6.353 1.502
passive 2.067 0.352
semi-active(1) 0.340 0.063
semi-active(2) 0.519 0.071

Table 1. Calculated comfort parameters for different road profiles using different suspen-
sion systems

is the underlying system when using the semi-active
control laws, this phenomenon can also be seen when
comparing those results.

The first semi-active control law results in a better
suspension than the second. So over emphasizing the
absolute velocity is not good. It is obvious that other
semi-active control laws, using absolute accelerations,
can be tried out but it is aready clear that semi-
active suspensions have an added value in improving
the comfort, especialy in the reduction of vibrations
under road conditions.

Since it is difficult to comprehend the comfort im-
provement on the basis of the values of table 1, figure
4 visualizes the effect by plotting the input accelera-
tion signal together with the signal s entering the cabin
when using a passive or semi-active suspension sys-
tem.
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Fig. 4. Acceleration datawith and without suspensions

More important to manufactures of agricultural ma-
chinery isto see if the new directive can be met. Ma-
chinery Directive 98/37/EC. states a maximum value
for effRMS of 1.15m/s?, but in future this value will
be lowered. Without suspension only driving on the
paved road gives effRMS values above this level but
the field is not to far off. For the VDV the directive
states that the maximum dose is 21m/s’"® in a period
of 8 hours. This is not a severe value since a VDV
of 15m/s"® is considered as health threatening (Grif-
fin 1990). Equation 7 gives the relation between the

VDVy, valuemesasured in atime Ts and the dose VDVt
oneisexposedtoinatimeT.

(VDV)*  Ts

(VDVr)4 — T U
When following the directive and calculating the re-
sulting VDV dose for eight hours, only driving on a
paved road would not be allowed without suspension.
When using on the other hand a VDV of 15m/s'™ a
one hour drive on the road or working 6 hoursin the
field would mean threatening ones health. Whatever
VDV norm is used an optimized passive suspension
would already provide the necessary vibration reduc-
tion.

6. CONCLUSION

To meet new directives concerning comfort on agri-
cultural vehicles and to keep a competitive position,
manufactures have to invest more time in the design
of good suspension systems. The results shown in this
paper prove that an improvement of comfort resulting
in areduction of comfort values by more than 60% are
possible using an optimized passive suspension sys-
tem. With a small additional investment it is possible
to reduce the levels agreat deal more (up to 90%).
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