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Abstract. This paper follows the results of measurements carried out on trucks of
different types. The emphasis is on the load on the cardan shaft and the variation
of this load with its length. The effect of the angle between the shafts on the
magnitude of the load torques is also investigated. In addition, attention is paid to
the determination of the forces acting on the designed frame of the experimental
equipment. These forces are used as input to the FEM analysis. FEM analysis
considers the effect of these forces on the behavior of the frame as well as the
magnitude of acceleration at specific locations. The evaluation is determined by
combining the results obtained by the analytical approach and the FEM.
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1 Introduction

In industrial practice, especially in the automotive industry, it appears that in applica-
tions in which a cardan shaft is used, negative vibrations occur at its second harmonic
frequency. Measured data from different vehicles show that vehicles with a longer car-
dan shaft exhibit lower vibration. [1] The intensity of these vibrations depends mainly
on the unevenness of the running, which is influenced by the deflection angle, com-
monly denoted as 8. The uneven running can be eliminated theoretically by a simple
modification so that the angles between the shafts of the driving and driven parts are
the same. [2] This rule is often unattainable in practice, most often for building reasons
or because of the suspension of following parts. As such, the running irregularity will
further affect the time histories of angular velocities and accelerations [3], in addition, it
will also influence the magnitudes of torques and force actions across the cardan shaft.
It is also necessary to bear in mind the inertial effects of the individual parts. [4, 5] The
reasons described above led to a reflection on how the length of the cardan shaft can
influence vibrations and how to verify its influence. Based on these considerations, it
was decided to construct an experimental device to vary the length of the cardan shaft,
thereby changing the angles between the shafts 8 and thus also changing the force and
moment action and ultimately the angular velocities and accelerations. The main focus
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of this article will be the determination of the excitation forces acting on the frame of the
mentioned experimental device, then the loads within the cardan shaft and their change
depending on its length will be determined.

2 Materials and Methods

2.1 Determination of Excitation Forces

In this chapter, a large part of attention will be paid to the forces arising due to the
unevenness of the Hook joint, especially at the location of the cardan shaft. The force
and torque load on the cardan shaft are indicated on Fig. 1. The effect of the cardan shaft
length will be assessed based on the variation of the forces acting on the frame of the
experimental device at the foot of the electric motor and the tilting device with its length.

Assuming that the torque from the electric motor will be constant over time, so 7; =
const., a time-varying torque 7>(y ;) will act on the intermediate shaft. The torque will
be transmitted to the output shaft via another Hook joint, where act the torque 7T3(y ;).
The determination of the torques is based on the equality of the power on the input and
output or intermediate shafts. [6] Similar problems are solved by i.e. [2—4].

T -w1 =T w2(y1) (D

After modification, the following mathematical formulation for determining the
torque can be obtained T'2(y ;):

Ti - [sin* (1) - cos® (B1) + cos*(11)]

(1) = cos(B) &
T [cos’(B2) - cos* () + sin*(12)]
T3(n1) = cos(Ba) 3)

In order to accurately determine the forces acting in the electric motor or tilting
device mounting, it is also necessary to determine the additional torques T'»;(y ;) and
Tp2(y 1). Using Eq. (4), (5) according to [8] we obtain a graphical time course, see Fig. 2.

Tp1(y1) = =T\ - cos(y1) - tan(B) “4)

sin’(y1) - sin(B)

5
sin(y2) ©)

Ty, v2) =T

Reliable determination of the additional torques can also be obtained using numerical
methods.

It should be noted that some differences can be traced with the analysis performed
in Ansys and with the relationships reported in [8]. By comparing Fig. 2 and Fig. 3 it
can be seen that the time course of the additional torque T'»;(y ;) differ from each other.
The fundamental differences are mainly in the magnitude of the torque amplitude and
also in the angular frequency or period of the waveform. These differences are likely to
be due to different initial conditions considered in the calculation, similar to the angular
velocity described in the introduction. [7].



Cardan Shaft Load and Its Variation with Length 345

\

| f=105

e=148

537

b=394

a=270

|

Fig. 1. Force and torque loads during the experiment.

2.2 Force Action via the Electric Motor Contact Surfaces

The text above describes the procedure for determining the torque across the entire
cardan shaft. If the torque waveforms on the shaft are known, it is possible to determine
the magnitudes of the forces acting on the frame of the experimental device. The force
acting through the electric motor contact surfaces can be seen from Fig. 4, respectively
Fig. 1. The forces loading the electric motor contact surfaces will be composed of two
components, the first component of the force will be static and generated by the weight
of the electric motor itself and the torque. The second component of the forces will be
time-varying generated by the additional torques. The relationships for calculating the
resulting forces acting at the contact surfaces of the electric motor with the frame are as
follows:
Ry Finax1 — Finl

Fo= 4 _ _max] cmml .
1 > 5 cos(w -t +61) (6)
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Fig. 2. Time course of additional torques Tp1(y1) a Tp2(y1,v2) — Eq. (4), (5).
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Fig. 3. Time course of additional torques Ty,1(y1) a Tyo(y1) — FEM.
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2.3 Determination of Excitation Forces in Tilting Device Bearings

The time course of the forces acting in the bearings of the tilting device is indicated in
the following Fig. 5. The calculation procedure is similar to the previous case.

2.4 Comparison of Analytical Calculations and FEM

From the torque waveform, see Fig. 2 a Fig. 3 some differences are evident. These
differences will certainly be evident in the results of the forces. A graphical comparison
of these results is indicated in the figures below.

Fig. 4. Direction of forces acting on the frame via the electric motor contact surfaces.

3 1,000
~ 800
o)
= 600
g 400
& 200
]
S 0
o
&)

-200
-400
-600

-800
-1,000

Rotation angle of drive shaft y, [°]

Fig. 5. — Time course of the forces acting in the bearings of the tilting device.
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Fig. 6. — Graphical comparison of results obtained analytically or by FEM (Solid line shows
results obtained analytically. Dashed line shows results obtained by FEM).

The differences described in the introduction of this subsection are reflected in the
pattern of forces shown in Fig. 6. Since, the torque amplitude (Fig. 3) is smaller compared
to the results on Fig. 2, this fact can also be seen in the force waveforms shown in Fig. 6.
The frequency of the force is different as well. For the following calculations, analytical
results are considered as their values are higher and are on the safety side.

2.5 Load Variation with Cardan Shaft Length

The purpose of this study is to specify exactly what effect the length of the cardan
shaft has on its load or the load of the following components. The experimental device
under consideration is designed to allow a change in the length of the cardan shaft by
Al = 300mm. In this way it is possible to achieve the arrangement indicated in Fig. 7.
The figure also shows that changing the length will change the deflection angles, which
will affect the resulting load.

The geometrical arrangement implies that the distance between Hooke’s joints will
vary between values 537 mm to 837 mm. If we scale distance by 100 mm, the deflection
angles will correspond to the values § = 8,4° 8 = 7,3°; B = 6,4°. How the forces will
change at the locations of the electric motor contact surfaces are shown in Fig. 8.

From Fig. 8 is obvious, that there is a reduction in the amplitude of the forces acting
at the locations of the electric motor contact surfaces and also the tilting device. This
phenomenon is caused by a geometric change in the drive arrangement, as the 8 angle
decreases with increasing cardan shaft length.
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Fig. 8. Effect of the deflection angle on the course of forces at the electric motor footers.

3 Results and Discussing

In the previous chapter, the time-varying forces acting on the frame of experimental
device were determined. On the basis of these calculations, a dynamic analysis was cre-
ated to assess the influence of the length of the cardan shaft on the manifested vibrations,
because these forces will change with the arrangement of the shaft or the change of its
length.

Since the load forces vary with the length of the cardan shaft the results of this
analysis can also be considered as a certain indicator of the influence of the length of the
cardan shaft on the vibrations manifested. The following figures show the results of the
simulation, with particular emphasis on the deformations, see Fig. 10 and the magnitude
of acceleration at selected points in the frame, indicated in red in Fig. 9.



350 J. Struz et al.

GRAVITATION

LOADING FORCES
according to Fig. 5

LOADING FORCES

according to (6) — (9
gt0(6)-(9) B cnr |
=P\ SIDE -
FIXED SUPPORT. » > 4
0,00 500,00 ¥
— — < .
250,00 750,00 L2 LEFT

Fig. 9. Definition of initial conditions.

F: Copy of Transient Structural

Directonal Deformaton

Type: on(y Asis)
it

0,006805 Max
0,00042805
00059489
0012326

-33172e-002

004421
-0,050587 Min

MAX. DEFLECTION

000 500,00 1000,00 (mm)
i

25000 75000

Fig. 10. Deformation of the frame in Y direction.

Figure 10 shows that the maximum deformation is achieved especially in the middle
of the length of the IPE200 support profile and also at the location of the electric motor.
Further attention is paid to the acceleration at the points marked in red. This method
was chosen because vibration intensity is most often assessed by measurements, where
vibration acceleration is most often examined. In the FEM analysis, data were obtained
at all points marked in Fig. 9. The data from the FEM analysis were treated similarly
to the measured data. In real measurements, in most cases the acquired acceleration
data are evaluated by spectral analysis, respectively by the Fourier transform. The same
approach was taken in this case. The data in the form of acceleration is viewed as data
obtained from measurements that serve as input to the Fourier transform. The obtained
waveforms in the frequency domain are then compared graphically at different cardan
shaft lengths corresponding to Fig. 7. The red line represents a shift of the cardan shaft
length by 300 mm, the blue line represents the initial state of the cardan shaft.
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Fig. 11. Fourier transform for point 3 according to Fig. 7.
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Fig. 12. Fourier transform for point 4 according to Fig. 7.
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Fig. 13. Fourier transform for point 8 according to Fig. 7.

Itcan be seen from the above figures that the accelerations reach their highest intensity
at point 4. By changing the length of the cardan shaft, the intensity is slightly reduced,
but the intensity is significantly higher compared to the other points. This trend is visible
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Fig. 14. Fourier transform for point 7 according to Fig. 7.
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Fig. 15. Fourier transform for point 5 according to Fig. 7.
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Fig. 16. Fourier transform for point 6 according to Fig. 7.

on the left part of the frame, respectively in points 3, 4, 5. On the right side of the frame,
points 6,7,8, this trend is not apparent. There is a very slight increase in acceleration
intensity (points 6, 8) or no significant change (point 7). The change in acceleration at
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points 6,7 is so small that a calculation deviation cannot be ruled out. The fact that the
acceleration value is highest at points 4 and 7 is due to the frame design itself and also
to the fact that the IPE 200 profile reaches its highest deflection at this point, see Fig. 10.
From the spectrums it can also be seen that the time course of acceleration at these
points will be purely periodic. This is not the case at the edges of the frame, because the
spectrums corresponding to points 3, 5, 6, 8 there is a sideband. The findings described
above can be explained by the fact that with the length of the cardan shaft, the deflection
angle decrease and also the load on the electric motor contact surfaces or tilting device
is located. Therefore, decreasing acceleration values in points 3, 4, 5 can be expected.
The fact that there are no significant changes in acceleration on the right side (points
6, 7) may be due to the fact that the forces (2, 3 - Fig. 4) on this right side are exerted
by the electric motor contact surfaces, which are significantly higher than the forces (1,
4 - Fig. 4) between the frame and the electric motor contact surfaces on the left side.
It can therefore be concluded that a change in the position of the forces of the tilting
device does not have a significant effect on the acceleration at these points. In all these
considerations, the influence of the frame design itself must also be kept in mind. The
results in points 1, 2, 9, 10 are not shown here to save space. The trend of the results
is consistent with the above results. The trends in points 1, 2 correspond to the trends
in points 3, 4, 5, i.e. on the left-hand side. The trends in points 9, 10 correspond to the
trends in points 6, 7, 8, i.e. on the right-hand side (Figs. 11, 12, 13, 14, 15 and 16).

4 Conclusion

This article responds to measured data on trucks with different types, which indicate that
vehicles with longer driveshafts exhibit higher vibration. Based on this, a load analysis
of the cardan shaft was carried out in this article. The torques on their individual shafts
or additional bending moments were determined. The determination of moments was
approached both by analytical method and by FEM. These moments are used as the basis
for calculating the forces acting on the frame of experimental device. After expressing
these forces, the influence of the deflection angle on their time course and magnitude
was considered. The obtained results prove that with decreasing the deflection angle, the
amplitude of the forces acting on the frame decreases. This is followed by a transient
structural analysis of the experimental device frame, where these forces represent the
boundary conditions. When evaluating the results on the frame, emphasis is placed on
the resulting frame deformations over time and also on the acceleration of selected
points/areas on the frame. Consequently, results were processed graphically based on
the Fourier transform and compared. The graphic shows the behavior of the frame under
load. At point 4, which corresponds to the point with the maximum deflection of the
IPE200 section, it can be seen that the acceleration decreases with length. The magnitude
of the acceleration is also highest at this point. By changing the length of the cardan
shaft, the intensity is slightly reduced at points 3, 4 and 5. If we compare the acceleration
values at these points, we find that the acceleration values at points 3 and 5 are very low.
Another finding is that at these points the magnitude of acceleration decreases with the
length of the cardan shaft, but at points 6, 7, 8 this trend is not apparent. At points 6,
8 is a very slight increase in acceleration intensity or no significant change (point 7).
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From this, can be concluded that a change of the tilting device position does not have a
significant effect on the acceleration at these points, because on the right side of frame
acts higher forces than on the left side. Here it is necessary to consider the influence
of the frame of experimental device design itself, which can significantly affect these
values and must be taken into account in all considerations and interpretations of the
results.
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