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Abstract: This paper deals with modal analysis through 3 different approaches, namely: analytically,
numerically and experimentally. The investigated mechanical structure in this case will be a
beam, which is characterized by three parameters, one of which is significantly larger than the
other two. The beam is a structural element designed to transmit forces, mostly external ones.
Modal analysis of the beam will be performed in 2 versions of its fixation, as a free structure and
a one-sided embedded fixation. Modal parameters obtained by 3 different approaches will be
compared with each other, which will determine whether the method of calculation was chosen
correctly or whether the experiment was performed correctly.
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1. Introduction to modal analysis

Modal analysis as a scientific discipline belongs to the highly extensive methods.
We use it to describe the dynamic behaviour of mechanical structures by decomposing
a complex oscillating action (Figure 1) into partial actions, which are characterized
by modal parameters, namely natural frequency, natural shape of oscillations and
damping. Thanks to these parameters, we can assume the properties and dynamic
behaviour of the mechanical structure [1-3].

We can use modal analysis in 2 different levels, in the theoretical and practical
level. In the theoretical level as a calculation method and in the practical level by direct
implementation of experimental measurement of a specific mechanical structure, the
so-called modal test [1-3].

In technical practice, the comparison of the results of modal parameters obtained
by the FEM method or another theoretical method with the results obtained
experimentally is used [4].

The natural frequencies obtained by the modal analysis help us to determine
the critical operating states that must not occur in the mechanical system. This is a
dangerous question of the resonance of the system, which arises when the natural
frequencies coincide with the frequencies of the excitation forces. The principle
is therefore to combine two oscillations with the same frequencies, resulting in a
resonant frequency (Figure 2). With this frequency match, even small excitation forces
elicit a high response. Resonance in the mechanical system causes increased noise and
significant vibration, resulting in reduced life and damage to the system [5-7].

A simple case of resonance can be seen in this graph. Frequency fz indicates the
resonant frequency. It is clear from the figure that at a lower frequency fa, but also at a
higher frequency fc, the amplitude is significantly lower than at the resonant frequency
/B, where the amplitude we do not even see [5-7].

The proper shapes of the oscillations obtained by modal analysis help us also to
determinethe places of maximumdeformation.Thanks to this, itis possible toimplement
several system optimizations, such as geometric optimization, material optimization,
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Figure 1: Modal decomposition
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Figure 2: A simple case of resonance.
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shape optimization or addition of supporting parts,
etc. The purpose of this optimization is to eliminate
dangerous oscillations [8].

According to the authors [9-11], Figure 3 shows
how the optimization cycle proceeds through the
individual phases from the input, which is our CAD
model of the part, to the output, which represents
the final shape of the part after optimization, not
only in modal analysis, but also in general.

In technical practice, the comparison of the
results of modal parameters obtained by the FEM
method or another theoretical method with the
results obtained experimentally is then used. There
are several reasons for using both areas [12-13]:
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Figure 4: Scheme of considered beam bending stress.
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Figure 3: Optimization cycle

— correction of the theoretical model in such a way that it better
corresponds to the actual measured values,

— verification of theoretical results with experimentally obtained
data before further calculations,

— correlation of theoretical and experimental data to determine
discrepancies between the two sets

2. Bending stress analysis on beam

First, it is necessary to define several valid
conditions and relationships, which were defined in
publication by the authors [8]:

— Moment of inertia and shear deformation are neglected.

— The cross section of beam A(x) is constant along its entire length.
— EJ(x) is constant and the beam is symmetrical along the neutral
axis.

— No axial forces are present in the longitudinal direction.

The considered beam is bend in the transverse
direction with a length 7 and a rectangular cross-
section A(x) as shown in Figure 4. The flexural
stiffness of the beam is EJ(x), where E is the Young's
modulus and J(x) is the quadratic moment of the
cross section around the y-axis [8].
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From the Euler-Bernoulli theory of beams, the
relation for the bending moment M(x, ¢) and the
deflection in the direction of the z-axis w(x, f) is
applied [8]:

M(x,t) = EJ(x)ﬁw(x,t) / ox* (l)

By successive modifications of Equation 1, we
finally obtain a relation for the analytical calculation
of natural frequencies in the form [8]:

o= ,b’Z(EJ/pA)l/2 (2)

where B is a coefficient determined from the
boundary conditions of the equation and p is bulk
density or density of the material.

3. Analytical calculation

For the analytical calculation to be performed
correctly, it is necessary to consider part geometry,
material type (isotropic, anisotropic), variable
plate thickness, applied loads (forces, moments),
boundary conditions (F - "FREE", C - " CLAMPED ", SS
-" SIMPLY SUPPORTED ").

In our case, the following characteristics were
used:

- p=7832kg/m’
— [=400mm

- h=40mm

- b=8mm

- E=210GPa

- u=03

We write the boundary conditions for our type
of problem as follows: F-F-F-F for free boundary
condition and C-F-F-F for one-sided embedded
fixation.

Based on the knowledge of the relations from
the previous chapter, it is possible to calculate the
natural frequencies of the mechanical structure
analytically using the relation (2). However, it is still
necessary to define the values of the coefficient
B. The values of the coefficient B, similarly to the
integration constants, are determined from the
boundary conditions of the beam. Table 1 lists the
first four values of Bn for the basic cases of beam
mounting loosely at both ends and with one end
free and the other inverted [14].

By successively substituting the values of
geometric characteristics and the values of the
coefficient Bn into equation (2), the first four natural
frequencies for a loosely placed and unilaterally
embedded beam were analytically calculated. The
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results are shown in Table 2.
Table 1: Values of the coefficient fn

Bn for free structure [Bn for one-sided embedded fixation

B1 4,730041 1,875104
B2 7,853205 4,694091

B3 10,995608 7,854757
B4 14,137165 10,995541

Table 2: Results of natural frequency values for both types of
boundary condition using analytical calculation.
One-sided embedded fixation

Natural frequency (Hz) Free structure

w1 267,5479 42,0458
w2 737,50622 263,4973
w3 1445,8098 737,7992
w4 2389,9968 1445,7922

4, Experimental measurement

The measurement procedurein the experimental
part of the modal analysis can be divided into the
following stages [14]:

1. Pre-preparation of experimental measurement

a) Creation of a network of measuring points directly on the
analysed component

b) Determination of excitation and measurement point.

¢) Appropriately chosen placement of the measured structure,
according to the specified boundary conditions.

d) Selection of excitation method (dynamic exciter or modal
hammer).

e) Selection of force and response sensors (acceleration, velocity
and deflection). It is often advisable to choose contactless sensors.

f) Analyzer configuration for signal processing.

g) Calibration of sensors and checking the settings of the
measuring technique.

2. Measurement of modal data

a) Application of the response sensor (or adjustment of the laser
vibrometer beam) to the measuring point.

b) Excitation of the structure by the selected type of exciter.

¢) Recording of sensed signals at measuring / excitation points.

3. Analysis of measured data

a) Evaluation of measured results. Subsequent comparison
with values obtained through calculation procedures (analytical /
numerical).

b) Possibility to extend the experiment by harmonic analysis,
while creating an amplitude-frequency characteristic.

The first step of the measurement was
to assemble the measuring apparatus. The
measurement was performed on two beams, which
were identical in their geometric characteristics, only




the method of their fixation was different. It is for
this reason that the whole measurement procedure
had to be repeated twice [15-25].

The specific method of their fastening is shown
in Figure 5, namely:

1. Inthe first case, the beam is placed as F-F-F-F for free boundary
condition (right arrow)

2. In the second case, the beam is placed as C-F-F-F for one-sided
embedded fixation. (left arrow)

Figure 5: (a) Types of fixation of the measured beam. (b)
Measurement system configuration.

A network of measuring points was then defined
on the beams (1.). Excitation using a modal hammer
(2.) was chosen as the excitation method. In the next
step, a reflective element was applied to the beam,
to which a laser beam generated by a Polytec PDV
100 (3.) vibrometer was directed. With the help of
the reflective element, it is possible to monitor the
magnitude of the deflection.

We connected the measuring system according
to the instructions, checked the settings of the
measuring technology given by the manufacturer
and calibrated the sensor. Subsequently, according
to Figure 6, the entire measuring system was
configured in the Pulse software.

After connecting the measuring system, we
created a geometric model in the Pulse software
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corresponding to the real system. On the created
model, we defined the points at which the beam
was excited by a modal hammer. Subsequently, we
determined the point at which the response will
be measured via the coordinates [0.4; 3.75] and we
defined the degrees of freedom. The z* direction
(point 19) is the measurement direction and the z
(points 1-18) is the excitation direction.

] Lol
vad
5] Anal ;is Setu
(b) Ty P
FFT |
1 Frequency 1 [ Averaging
Lines: |1EUU LI Mode: IL\near ;I
Spar: 5k Hz j Awerages: |2
df: 3.125Hz Time:

T: 320m 5 dt: 78.13u ¢ Fixed:

Overoad: | Reject -

—Averaging Domain

 Analysis Mode

Baseband >
LCenter Frequency:
2.5k Hz

Triggers: Overlap

Record Trigger: |Hammer « | | | For fixed overlap set

Record Trigger to

Average Trigger: | Manual 1 - izl

& Spectum Averaging

" Signal Enhancement

1 Rspore Wt et ]| 0w 1615

( c ) f— %‘QJ-!\J |’Jﬁ
o || B -

~a

A

‘uwl i

S
sim
1
1o,

P reacagp>aer it

GGk

T Dol i eter

Figure 6: (a) Configuration of the system. (b) Measurement
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Table 3: Results of experimental modal analysis

2.mode

1.mode

3.mode 4.mode

o1 =265,91236 Hz

2 =731,29338 Hz

3 = 1430,00562 Hz w4 =1497,58102 Hz

o =47,15717 Hz wy =219,79543 Hz

o3 =733,39265 Hz s =1329,92324 Hz

Table 4: Results of numerical modal analysis

1.mode 2.mode

3.mode

) -
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<@

Da

A |
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o1 =263,692 Hz 2 =725,561 Hz w3 =1419,148 Hz
> . I
Bl 3 : \/
£ @ |  —— . :
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o =41,708 Hz 2 =260,82 Hz w3 = 728,675 Hz w4 = 1423,995 Hz

Using a modal hammer, we brought the
excitation to predefined points, while obtaining
the response of such a system. By analysing the
experimentally measured data, we obtained the
modal parameters of the system, which in our case
represented the natural frequencies and their own
natural oscillation shapes.

The following figures in Table 3 show the first
four mode shapes with the respective natural
frequencies for a free boundary condition (variant A)
and for a one-sided embedded fixation (variant B).

5. Numerical analysis

The finite element method in the NX Nastran
calculation program was used in the numerical
analysis. First,a model of the beam with the specified
dimensions and characteristics from Chapter 3 was
created as CAD model. The model created in this
way was then covered by a finite element mesh
with an element size of 4 mm (Figure 7).

In the next step, the numerical calculation of
modal properties called frequency analysis was
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Figure 7: Finite element mesh on a modelled beam.

started (in NX Nastran, this solver is referred to as
SOL 103 Real Eigenvalues). The values of natural
frequencies were obtained by numerical calculation
in the form of a simple table. We then transferred
the values obtained in this way to the calculation
tree and started the calculation again. With this step,
we also obtained a graphical display and animation
of the beam's own vibration shapes.

The following figures in Table 4 show the first
four mode shapes with the respective natural
frequencies for a free boundary condition (variant A)



and for a one-sided embedded fixation (variant B).

4. Conclusions

In this paper, a modal analysis of the beam as
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