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Abstract
A finite element model is constructed representing the dynamic behavior of a spray boom. The model is
updated with experimental vibration data obtained from field measurements. The spectra of the input forces
are identified from these measurements and based on a parameterized spectrum model, a classification is
made between normal and rough spraying conditions.

1 Introduction

Spray booms are used to distribute pesticides and liquid fertilizer over the fields. The common practice is to
cover the field as homogeneously as possible. Extensive studies based on field experiments, mathematical
models and simulations pointed out that spray boom motions have a dramatic effect on the spray distribution
pattern. Since spray boom widths are continuously increasing, reachingvalues up to 50m nowadays, this
problem has become a very critical issue. Besides the non-uniformity of thespray pattern, also severe
strength problems arise for the large booms.

To reduce these motions, the eigenmodes of the spray boom should be damped. This can be done by placing
dampers on the structure. Therefore it has to be investigated which are themost important eigenmodes that
affect the spray pattern. A good damper location and the optimal damper characteristic resulting in mini-
mized vibrations have to be found. Besides, dampers with different characteristics have to be compared. This
is investigated by time domain analysis, because non-linear elements are treated. Moreover, the calculation
of the spray pattern requires time histories of the boom movements. This means that asides from a model
describing the dynamic behavior of a spray boom, also dynamic loads are required for such simulations.

To obtain such model and loads, there are many different possibilities. If the system consisting of tractor,
trailer and spray boom (figure 1) is modeled as a whole, standard road surface profiles can be used as input
loads to the six tires. It is commonly known that vertical accelerations of roadvehicles are ultimately caused
by road roughness [1]. Nevertheless, there is little information found in literature about the relation between
horizontal vehicle vibrations and vertical inputs from road roughness.In this case, we are mainly interested
in the horizontal vibrations of the spray boom, because non-uniformity of the spray distribution is mainly
caused by horizontal boom vibrations [2]. Moreover, in the case of off-road vehicles, the influence of soil
deformation should be taken into account, which complicates the problem. Therefore, this possibility is
rejected.

A second opportunity, which will be applied here, is to estimate the input loads from acceleration data
obtained by field measurements, using an inverse method. In order for this method to be able to be successful,
the mathematical model and the real system should match very well. This can be achieved by updating the
parameters of the model by the experimental vibration data.

The problem of model updating is a research topic that has been widely investigated in the area of structural
dynamics [3]. For civil structures, the common approach is to use modal parameters such as eigenfrequen-



Figure 1: Picture of the tractor-trailer-sprayboom combination on the shaker
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Figure 2: 2D-model of the sprayboom

cies and modeshapes as residues in the updating process, where parameter estimation is performed with
sensitivity-based methods [4]. One of the advantages of this approach,is that modal parameters can be
identified from output-only measurements, where the structure is excited by ambient loads. This way, the
parameters can be estimated in operational conditions.

The number of parameters to be updated should be kept small in order to geta well-conditioned estimation
problem. Therefore, a simplified model of the spray boom in combination with thetrailer is proposed (fig-
ure 2). Besides, it is tested in different configurations to increase the number of updating equations. This
technique is referred to as multi-model updating [5].

As the problem of model updating, also indirect identification of forces is classified in the category of in-
verse problems and thus suffers from ill conditioning. It becomes ill-posed when the number of potential
input locations exceeds the number of modes, which can be problematic for the case forces are identified
from experimental modal models [6, 7]. Here, forces are identified froman updated finite element model,
so this should not be a problem. Since there are only two input locations, the problem should be well condi-
tioned. For the identification of forces, the algorithm described by [8] is employed, which is implemented in
FEMtools. This software is also used for updating the finite element model.



2 Spray boom model

The system under test is a John Deere 700 series prototype trailed sprayer (24m width, triple fold) in combi-
nation with a New Holland TS135 tractor. A simplified model of this system is proposed here.

The spray boom is modeled as a 2D structure in the horizontal plane (figure2). Movements in the horizontal
plane are most of our interest, because they have the largest effect onthe spray distribution pattern. The large
difference in stiffness of the spray boom in horizontal direction and vertical direction (figure 2) justifies the
assumption of a 2D model. The boom is modeled by 2D beam elements whose mass properties are estimated
from the manufacturer’s data.

The dynamics of the tractor and trailer are not taken into consideration. Instead, the displacement of the
trailer is used as input to the model. This implies that it has to be ensured that there is no interaction between
the dynamics of the tractor-trailer combination and the spray boom. As inputs to the model, displacements of
the trailer are selected rather then forces. This is achieved in FE-software by modeling the trailer as a point
mass with very large inertia, making its motions insensitive to resonances of the beam. So, forces applied
to this point mass are proportional to its acceleration amplitude. Displacements can be deduced from these
accelerations. The two inputs of the system are translation in the y-direction U1, and rotation about the z-axis
of the trailer U2 .

Three different springs can be seen on figure 2. The first two (K1 and K2) are intended to improve the
dynamic behavior of the spray boom, by lowering the eigenfrequencies. This way, damping can be increased
by placing dampers at these locations. The third spring (K3) represents the stiffness of bearings that are
intended to guide the spray boom in the vertical direction.

The first two springs (K1 and K2) can be blocked, which allows to test the structure in three different con-
figurations (table 1). The advantage is that more unknown parameters canbe estimated, because the number
of updating equations is increased. Besides, if identical forces are applied to the test system in the three
configurations, the identified forces should be the same too. This way it canbe checked whether the model
is consistent.

To be sure that the forces applied to the system are the same in the three configurations, the model under test
is first subjected to shaker excitations. Afterwards, field tests are performed to obtain the load spectrum in
real field conditions.

configuration K1 K2

1 blocked blocked
2 K1 blocked
3 blocked K2

Table 1: Configurations

3 Shaker experiments

3.1 Operational modal analysis

For the modal analysis experiment, the two wheels of the trailer are excited in vertical direction with two
hydraulic shaker tables (figure 1). Double integrated white noise signals are applied to the position controllers
of the shakers in the frequency band 0.2-10Hz.

Although excitation is performed with shakers, the input forces are not measured, because this experiment
is meant as preparation for field measurements, where input forces cannot be measured. Therefore, modal
parameters are estimated from output only data. A stochastic subspace method is applied for this purpose [9].
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Figure 3: Modeshapes of updated finite element model (blue line) and modeshapes identified from opera-
tional modal analysis (dots); structure in configuration 1

Figure 4 shows the PSD of the accelerations measured at the beam tip for thisexperiment. Six eigenmodes
are identified in the frequency range 0.2-10Hz. The modeshapes are plotted in figure 3. The location of the
accelerometers is also shown in this figure. Eigenfrequencies and dampingratios are listed in table 2. A
clear distinction between symmetrical and asymmetrical modes can be made.

3.2 model updating

The unknown parameters are estimated with a sensitivity-based method, that minimizes the difference be-
tween modal parameters identified from operational modal analysis and modal parameters obtained from
finite element analysis. The updating parameters are the three spring stiffness’s K1, K2 and K3 and the
bending moments of inertia of the beam elements. It is assumed that the bending moments of inertia of the
elements of the four sections S1, S2, S3 and S4 are identical for each section. So, 7 parameters have to be
estimated. The residues are the 6 eigenfrequencies and 6 MAC-values.

Table 2 lists the percentage errors on the eigenfrequencies resulting from the updating process. In the case the
three configurations are updated separately, the error is very small, with amean absolute value of0.2% for the
first five frequencies. The error on the sixth eigenfrequency is noticeably higher(4.5%). This eigenfrequency
is accounted for in the updating process with a lower weight, because assuming an equal weight increases
the error on the other frequencies, which are considered as more important. The non-linear behavior of the
hinge between the third and the fourth boomsection is responsible for this.

Configuration 1 Configuration 2 Configuration 3
mode ft (Hz) ξ (%) er (%) er,m (%) ft (Hz) ξ (%) er (%) er,m (%) ft (Hz) ξ (%) er (%) er,m(%)
1st asym 0.68 1.73 0.10 −5.08 0.49 7.45 0.01 8.82 0.26 7.83 −0.01 −0.23

1st sym 1.15 0.48 −0.36 0.44 0.76 6.94 −0.05 −2.09 1.15 0.59 −0.01 0.45

2nd asym 3.01 4.57 −0.50 −2.94 2.86 3.30 −0.20 1.37 2.67 1.91 0.12 1.83

2nd sym 4.00 0.81 0.84 0.40 3.33 3.34 0.18 −4.12 3.98 2.50 −0.20 0.94

3rd asym 7.60 1.91 0.13 −0.14 7.52 4.83 0.18 0.75 7.35 1.28 0.34 0.95

3rd sym 9.25 2.27 −5.04 −5.03 8.87 1.56 −3.05 −8.83 9.23 1.45 −5.55 −4.87

Table 2: Eigenfrequencies(ft) and damping ratios(ξ) obtained from operational modal analysis and per-
centage error on the eigenfrequencies resulting from model updating ofthree configurations separately(er)
and for the case of multi-model updating(er,m)

The percentage error on the eigenfrequencies for the case the three configurations are updated simultaneously
is considerably higher, with a mean absolute value of2% for the first five frequencies. Especially the error
on the first eigenfrequency is large. The main difference between the three configurations is situated in the
spring stiffness of the vertical bearings (K2). This is not entirely unexpected considering the play in the
bearings. For the multi-model updating case, the sixth eigenfrequency is not taken into account.



Notice the very good MAC values (figure 4), justifying the 2D representation of the 3D structure. Visible
inspection and investigation of the vibration data also highlighted the presenceof two torsional modes of the
structure at 5Hz and 9.1Hz. However, their influence on the total response in the horizontal direction is low,
so they are not taken into account.

3.3 Force identification

For the identification of forces, the algorithm described by Dascotte [8] is applied. This starts from the modal
expansion of the dynamic flexibility matrix:

{X} =
N

∑

i=1

{ψi}{ψi}
t

λ2
ri − ω2

{F} (1)

where{F} and{X} are the vectors of harmonic forces applied to the structure and the resultingdisplace-
ments, andω, λri and{ψi} are respectively the excitation frequency, the damped eigenfrequencyand the
corresponding modeshape. Inversion of equation (1) gives:

{F} =
N

∑

i=1

{ψi}
+{ψi}

t[M ]{X}(λ2
ri − ω2) (2)

So, by calculating the pseudo-inverse of the modal matrix, a least squaresapproximation of the forces is
obtained. Because the experimental responses usually don’t cover allthe degrees of freedom of the FE-
model, the test data is expanded with the SEREP method. In case forces act on onlym < n degrees of
freedom,{ψ}+ can be reduced. This algorithm is implemented in FEMtools.

Now, if a time sample of the displacements is given, this signal should first be converted to frequency domain
by taking the discrete fourier transform. Then, harmonic forces can be identified as described above and the
time signal of the forces is obtained by taking the inverse discrete fourier transform.

Following this procedure, the time signals of the equivalent displacement inputs U1, and U2 are identified
from the measured spray boom accelerations. Modal damping is assumed here and damping ratios obtained
from stochastic subspace identification of modal parameters are used forthis purpose.

Figure 5 shows the PSD of these input displacements for the three configurations. Since the same signal
is applied to the position controller of the shaker for the three experiments, thePSD’s should be the same.
However, there seems to be a significant difference in spectrum of the rotation input of configuration 3
compared to the other two spectra. It indicates an inconsistency between themodel and the real structure,
which could be caused by:

• Oversimplificated model structure (2D)

• Simplification of the load path (only 2 input forces are considered)

• Interaction between dynamics of the trailor-tractor and sprayboom

• Nonlinear elements e.g. K2 (cellasto springs) and K3 (bearings with play)

• Assumption of modal damping, while the damping is clearly located in the spring elements

So, when simulations are performed, we should take into account that the response level can be underesti-
mated by lowering the spring stiffness K2.

Locally, there are large differences between the PSD’s caused by an error in eigenfrequency between the test
model and the FE-model. This is certainly the case for lightly damped modes, such as the third symmetrical



mode. At 9Hz large peaks can be observed in the PSD of the translation input. In a lesser extend, this effect
is also noticeable at the frequency of the first asymmetrical mode in the PSD ofthe rotation input (the model
parameters obtained from multi-model updating are used here). The purpose is to estimate a parametric
spectrum model from these PSD’s, so this effect is not important. Frequency lines were such problems are
encountered can be omitted in the estimation process.

Figure 4 shows the PSD of the spray boom response by applying the identified forces to the model. At
the boom tip, there is an excellent agreement with the measured response. Though, the difference gets
larger for responses at locations closer to the middle of the boom, which canbe explained by the larger
amplitudes of vibration at the beam tip having a stronger influence on the estimation process. Especially in
the neighborhood of zero’s there are large differences.

4 Field experiments

In this section, the previous procedure is applied to identify the load spectrum in field conditions. By driving
on different fields with the sprayer, it is possible to make a classification of the obtained input displacement
spectra, based on a parameterized spectrum model.

Damping properties can change with operational conditions. For foldable structures like spray booms, even
eigenfrequencies can vary slightly from time to time. Therefore, for the fieldexperiments, modal parameters
should be re-estimated. Figure 7 shows the PSD of the boom tip accelerationsdriving with different speeds
on a meadow. Aside from the eigenfrequencies of the spray boom, also speed dependent components are
detected. This implies that identification of modal parameters is hampered, because these components are
identified as well.

The existence of speed dependent components is explained by the correlation between the excitations under
the different wheels. This implies that their mutual faze relationship is predetermined by the driving speed
and the excitation frequency. When the rear wheels of the tractor are in anti-faze with the wheels of the
trailer, horizontal excitation of the spray boom is larger than when they’ rein faze. This assumption is
confirmed by figure 8. Here, the PSD of the identified loads is shown for different driving speeds. Vertical
lines are drawn at the frequency lines where the rear wheels of the tractor and the wheel of the trailer are in
faze. The front wheels of the tractor seem to have less influence in this.

Another consequence of the presence of speed dependent components is that the driving speed has a large
effect on the boom movements. It is seen that for driving speeds of 6 km/hand 8.7 km/h the first symmetrical
eigenfrequency corresponds to a speed dependent component, whiledriving at a speed of 7.3 km/h this is
not the case (figure 7). The difference in amplitude of vibration is clear (factor 3).

The identified load spectrum for the three configurations can be found in figure 6. Note that the mutual
difference is smaller compared to the tests on the shaker. The presence ofa frequency component at 6.5Hz
is explained by the tyre nibbles. In the PSD of the rotation input, the torsional mode at 9.1 Hz is also clearly
visible.

Finally, figure 9 shows the load spectrum for three different fields: a field with maize stubbles and two
meadows. In the second meadow tramlines are crossed, which gives a possible explanation for the lower
excitation level. The identified time histories of the excitations can be used directlyin simulations. However,
because of the variable pattern caused by the speed dependent components, it seems more interesting to
estimate a parametric model from the PSD’s. This way a very rough classification is made between what is
assumed to be representative for a normal spraying conditions and rough spraying conditions. A spectrum is
assumed, of the form

S1,2(ω) =
a1,2

ωp1,2

1

(1 + ω/ωc1,2)q1,2
(3)



whereω is the frequency in rad/s and the indices1,2 refer to respectively the translation and rotation input.
The coefficients are listed in table 3

field a1 ωc1 p1 q1 a2 ωc2 p2 q2

normal 9e− 4 7.5 1.5 4.5 9e− 5 7.5 1 3.5
rough 1.5e− 4 7.5 1.5 4.5 1.5e− 5 7.5 1 3.5

Table 3: Coefficients of parametric spectrum model for normal and roughspraying conditions

Assuming that the excitations are stationary random processes with a Gaussian distribution and zero mean
value, the statistical description of the excitations is completely determined by the spectrum. Time records
can be generated by an inverse Fourier transform:

u1,2(t) =
N

∑

i=1

√

2S1,2(ωi)∆ω cos(ωit+ θi) (4)

whereθi is the random faze with a uniform distribution in the interval from 0 to 2π.

Because the coherence of the two inputs is low (figure 10) they can be treated as independent inputs.

5 Conclusion

A simple 2D finite element model of a spray boom is proposed, that represents it’s dynamic behavior. The
parameters of the model are updated with experimental output-only vibration data and input forces are iden-
tified from these data. The model is tested in three configurations to improve thecondition of the updating
process.

By applying the same forces to the model in three configurations, the identifiedforces should be the same to
ensure a consistent model. This is checked first by shaker experiments,because this way it can be ensured
that the applied forces are the same. A clear difference is noticeable in the identified force spectrum of one
of the configurations compared to the other two. However, this distinction is less pronounced in the field
experiments. By a lack of data it is not possible to draw concrete conclusions from this. The obtained model
is considered as a good simplified linear approximation of the dynamic behaviorof the complex structure,
but we should keep in mind that the response level can be underestimated bylowering the spring stiffness
K2 when simulations are performed with this model.

Speed dependent frequency components seem to influence the identification process when field experiments
are performed. It is shown that they are caused by the correlation of theexcitations to the tires. Their
presence allows only to make a very rough classification of different excitation spectra.
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Figure 4: PSD of measured spray boom accelerations (excitation by shaker and structure in configuration 1)
and the accelerations obtained by applying the identified forces to the finite element model: at boom tip (left)
and 3m from the boom tip (right)
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Figure 5: PSD of identified input excitations for 3 different configurations (excitation by shaker): translation
input U1 (left) and rotation input U2 (right)
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Figure 6: PSD of identified input excitations for 3 different configurations, driving on meadow 2 : translation
input U1 (left) and rotation input U2 (right)
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Figure 7: PSD of measured spray boom accelerations driving on meadow2 for different driving speeds
(structure in configuration 1)
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Figure 8: PSD of identified input excitations for different driving speeds, driving on meadow : translation
input U1 (top) and rotation input U2 (bottom); vertical lines coincide with frequencies where rear wheel of
tractor is in faze with wheel of trailer (structure in configuration 1)
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Figure 9: PSD of identified input excitations driving on different fields and estimated parametric spectrum;
(structure in configuration 1); translation input U1 (left) and rotation input U2 (right)
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Figure 10: Coherence of translation excitation U1 and rotation excitation U2


