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ABSTRACT

In recent years, the reduction of noise and vibrations caused by the road or internal
components of vehicles have been a significant factor in the satisfaction and comfort of the
occupants of cars. Therefore, to minimize these vibrations, the dynamic behaviour of the
components of the vehicle should be considered in detail to reduce their level by setting
useful parameters on structures. Nowadays, the conceptual model method can be regarded
as a suitable alternative to the fundamental sophisticated computational techniques in
measuring the vibration of vehicle components. Accordingly, the advanced finite element
(FE) model examined for the subframe structure under the vehicle engine, and its conceptual
model is developed by the one-dimensional beam elements to justify the dynamic behaviour
of the subframe. The results of the experiments in the laboratory as well as the advanced
subframe model are adapted, and the integrity of the natural frequencies and the mode shapes
at low frequencies represented comprehensively. The result of the subframe concept model
compared to the experimental model and computer-aided-engineering (CAE) model showed
that the modal assurance criterion (MAC) is above 0.75 for the first four mode shapes of
subframe structure and is above 0.9 for first and fourth mode shapes, and also the error
percentage of natural frequency is lower than 8%. Therefore, for the analysis of the subframe
performance in noise, vibration, and harshness (NVH) domain, the presented model could
be considered in the conceptual phase design to reduce the solution time significantly.
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INTRODUCTION

The conceptual modelling is the initial step of design in which models are used to evaluate
the behaviour of the structure and body of the vehicle when the details of the vehicle body
are not added, yet. These models can reduce the required time for the dynamic analysis of
the vehicle structure considerably. In the event of the evolution of existing structures, the
engineers attempt to update the conceptual models of each composition according to the
resulting changes. Therefore, the error rates are minimised, and the desired result
maintained.

Due to problems for simulations, general and straightforward models with low
computational volume considered for the first time in the industry. Gradually with the
advancement of the computer simulation equipment, these models developed and covered
all sections in detail. Because of the predicting power of simple models, they have regained
their importance in the conceptual design phase and emerged again in the industry [1, 2]. In
general, conceptual modelling is divided into two categories. In the first category of
conceptual modelling which is called optimisation of design topology; the whole vehicle

7498


mailto:amasomi@ut.ac.ir

A New Conceptual Modelling Method for Vehicle Subframe to Evaluate Dynamic Performance of Structures
at Conceptual Design Stage

body is considered as a design parameter and is modelled with three-dimensional elements.
In the next step, the presence or absence of components in a different situation is discussed
with the help of the results of the optimisation and creating a specific objective function.
Usually in the NVH domain of the static hardness of the vehicle body[3]. For example, Wang
et al. [4] considered enhancing the hardness of the vehicle body using optimisation
techniques in the finite element.

In this study, the torsional or flexural principal mode shape frequency represents the
hardness of the vehicle body. Gur et al. [5] analysed damping properties of the carbon fibres
composite parts in B-pillar to evaluate dynamic performance in vehicle design and show the
result of mode shapes and modal damping. Raasch [6] considered a rectangular section for
all beam-shaped parts modelled with one-dimensional elements along with it concerning the
optimisation results of the surfaces. Also, the joints shaped as T-shaped and multi-channel
sections, and panels were constructed with significant two-dimensional elements and
connected to the beams with rigid non-dimensional elements at specific locations. Zou et al.
[7] simplified the passenger car seat to a cantilever beam physical model and analysed seat
vibration with an effective seat modal test method to enhance the vehicle dynamic comfort.
You et al. [8] developed a model based on the same principle. In their model, in addition to
optimising of the beam sections and the size of the body components with the vibration
analysis criterion, it is possible to change the position of different structural elements to
maximize the body structure performance. The process of optimising the design of the car
structure and the design of the components of the body structure with a lower weight model
has been studied by Lee et al. [9]. In this research, the specification of the vehicle has been
optimised for the maximum stiffness and minimum body weight.

In the second category of conceptual modelling which is carried out based on the
previous model, the information in the detail-based model of the preceding vehicle is very
useful in conceptual modelling. Fard [10] provided conceptual modelling only with the help
of one-dimensional elements. In this model, only the main components of the vehicle body
structures that constitute the principal framework are in the conceptual model. Sung et al.
[11] examined conceptual modelling with the use of 1-D elements. In their model, the
components of the overall structure of the body and auxiliary parts were considered to
evaluate the effects of other surfaces. Long [12] conducted research that linked the
application goals of the vehicle with the connections, and in fact, the geometry of the model
was determined according to the bonds’ arrangement. Lee et al. [13] studied the impact of
joint stiffness. They initially calculated the equivalent one-dimensional elements for the
main components of the vehicle using advanced model information and built their
conceptual model using only the bar elements by ignoring the deformation of the primary
connections. Kiani et al. [14] introduced a new method for the evaluation of the structural
performance of the vehicle through the stiffness of the joints. They proposed the sensitivities
of the vibration responses to the joint stiffness. Moroncini et al. [15] considered the
conceptual model derived from the shell and beam elements. They optimised the thickness
of the sheet to control the vibration of the vehicle under study. Also, they were able to reduce
the bodyweight of BMW. Mundo et al. [16, 17] proposed replacement methodology based
on the reduced beam and joint modelling approach which involves a geometric analysis of
beam-member cross-sections and a static analysis of joints. They identified the beam centre
nodes and computed the equivalent beam properties. They also analysed a simplified model
of a joint that connects three or more beam-members through a static reduction of the
detailed joint FE model. Tebby et al. [18, 19] used the beam elements to create a structural
model of the vehicle. Their approach used a numerical FE method and can determine
unknown deflections and reaction forces as well as the internal loading on each member.
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Marburg et al. [20] considered design optimisation of the geometry of a vehicle hat-shelf.
They decreased the vehicle interior noise due to three different excitations for two cases of
fluid damping. Zhu et al. [21] proposed a study on the lightweight design of the automotive
front-body structure based on robust optimisation, considering the variation in design
variables including sheet gauge and yield limit of materials. Gundogdu [22] presented an
optimisation of a four-degrees-of-freedom quarter car seat and suspension system using
genetic algorithms to determine a set of parameters to achieve the best performance of the
driver. Zargar et al. [23, 24] proposed a conceptual modelling method in which beams and
panels of the structure modeled as simplified beam elements. They considered an
experimental test and advanced CAE analysis to measure the dynamic characteristics of the
wheelhouse.

In the present research, a new improvement on the conceptual model has been
developed based on modifications recommended by Zargar et. al.[23] and Mundo et. al.[17].
This method is implemented in the subframe structure of a sedan. Then, the results of the
simulation of the structure and the experimental modal analysis are compared with the results
of the proposed model to assess the exactness and execution of this strategy. This
demonstration can be utilised for distinctive parts of the body in vehicles owing to the
capacity to broaden of components utilised to simplify structures and assigning a different
type of beams to produce a new conceptual model in every variegated single part. Using this
new conceptual model essentially decreases vibration examination time. Also, this approach
can provide the natural frequencies and mode-shapes to the designer with much less
computation and complexity than commonly used methods and it allows the design flaws to
resolve in the initial phases of design.

EXPERIMENTAL METHOD

The modal analysis experiment has been used to obtain modal parameters of a subframe.
The primary purpose of collecting these modal parameters is to create, compare, and modify
an FE model of the subframe. This structure is one of the leading sources of generating and
transmitting vibration to the vehicle. Therefore, the prediction of its behaviour is a
fundamental issue. When the subframe is excited at its resonance frequencies, it vibrates in
particular forms called mode shape. These experiments include excitation by a shaker with
an electrodynamic head and measuring frequency response functions at some specific points
on the subframe.

A modal analysis test is conducted to determine the original mode shapes and their
corresponding frequency for the subframe structure of a sedan car. The tested set, as shown
in Figure 1, includes subframe structures, holders and excitation mechanisms with the
required hardware and software. The subframe structure is suspended using several ropes to
obtain its dynamic properties in free conditions. This type of suspension allows the structure
to move freely in six directions. Although different methods are used to create free boundary
conditions in the modal analysis, according to the available facilities the elastic ropes were
preferred to other techniques. Elastic ropes can maintain the rigid position of the frame
vertically and tolerate its weight perfectly.
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(©) (a)

Figure 1. General view of the experimental setup: (a) subframe structure assembly
(b) shaker (c) stringer with a force transducer (d) accelerometer sensor.

Pulse software, one-axial accelerometer, plastic stringer, loading transducer (8200+
2647), a data logger (B & K 356), amplifier (B & K 2786), and electromagnetic shaker (B &
K 4808) were the equipment needed to carry out tests on the suspended structure. Power
transducers were other types of sensors used in vibration analysis. Similar to the
accelerometer, a piezoelectric force transducer produces an output signal in the form of a
current or voltage proportional to the force applied to the transducer and this signal can be
affected by alternations in mechanical forcing, thermal gradient, the shape of plates used in
the piezoelectric structure [25-28]. Unlike the accelerometer, the transducer does not have
masses connected to the sensor element. The power transducer will produce output if the
sensor sector is compressed or pulled. In the vibrator test, the power transducer should be
placed between the vibrator and the surface of the structure. Therefore, they were fixed in
the upper part of the subframe structure by an adhesive.

In the second stage, the laboratory equipment was prepared to perform the modal
analysis. In the subframe modal test, a fixed shaker test for extraction mode shapes and
structural responses of the subframe was used. Finally, the received signals from the
accelerometer and the shaker connected to the inputs of the data-processing machine [29].
Pulse software used for data processing and the necessary settings were made to improve the
data quality. This method is beneficial for obtaining frequency response function (FRF)
charts, which represent the system behaviour, and can be used to extract behaviour the
system and more importantly the natural frequencies[30-32].

By performing the experimental modal tests of the subframe, the FRF charts were
obtained by the electromagnetic shaker input at different points and the accelerometer output
at a fixed position which display a row of the frequency response examples of which are
represented in Figure 2. For instance, the first mode shape has occurred near a frequency of
100 Hz. The peak frequencies in the FRF graphs represent the typical frequencies of the
subframe structure, and the mode shapes of each structure can be easily extracted from the
resonance slopes of the FRF graphs. In fact, by choosing one of the natural frequencies, the
acceleration amplitude of all the FRF graphs at that frequency with the correct phase is
defined as the specific vector of the degree of freedom and its mode shape is presented by
the eigenvector of a natural frequency.
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Figure 2. Frequency response function diagram at (a) point 1 and (b) point 6.
Conceptual Modelling

In the conceptual modelling, the advanced model of subframe structural engineering
calculations consisting of a mass of one dimensional, dual force and beam, two dimensional
triangular and quadrilateral shells and lines were modelled by CBAR beam shape elements
and multiple weld points were developed by CWELD elements. In the elements’ layout, it
was attempted to match with the structure by the central, fundamental points (such as the
connecting points of the handles, the frame of the subframe, the corners of the panels
connecting to each other), or the ends representing the main subframe structure.

In this process, the upper and lower sheet panels were modelled in a conceptual
model using one-dimensional beam elements, and then they were linked to other structural
components, and the final model was constructed. It was attempted to use 1-D elements for
beam and available panels in the upper and lower panels of the subframe for more
simplification and generalizability in the mode shapes. Beam element (e.g., PBEAM in
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Nastran software [33]) and rigid elements (e.g., RBE2 in Nastran software [33]) were used
to model the parts of the subframe structure.

The final model was developed using 128 CBAR elements. During these steps, it was
attempted to replace the sections with the most similarities to the main structure properties
by the trial and error to reduce the chance of failure. Due to the cross-sectional deformation
in different parts, a separate cross-section should be defined for each one-dimensional beam
to provide features similar to the modelled section. The use of beam components with small
sections in this modelling has led to consider the effects of heterogeneity due to joints,
curvatures of the primary model in different parts. The advantage of CBAR elements which
were used in this modelling was that they can be defined with the help of their cross-sectional
features. This makes these elements to tolerate bending and torsional forces along with the
tensile and stress tolerance.

Numerical Model

For subframe modelling, the material properties were entered in the software as given in
Table 1. It should be noted that the CATIA software was used to design the surface of the
structure precisely and then the HyperMesh software applied for meshing. The final analysis
was done with the help of NASTRAN software.

The subframe was geometrically modelled in exact details because the subframe's
dynamic behaviour highly depends on its form and in case of failure to observe small
circumstances, otherwise, it will not be possible to get the right model. The geometry and
shape of the plates have a more significant impact on the model's hardness, and therefore on
the resonance frequency of the model. Another critical factor that affects the hardness of the
subframe is the precise modelling of joining the pieces of arms and plates to each other. The
upper and lower plates connected by the weld point that the RBE3 element should be defined
by the NASTRAN software for their modelling.

Table 1. Material properties of subframe structure.

Material specifications Matric system Hyper Mesh system
Young's modulus, E 210 GPa(N/m?) 2.1e8 mN/mm?
Poisson coefficient, Nu 0.3 0.3
Density, p 78000 kg/M?3 7.8e-6 kg/mm?
Structural damping, GE 0.05 0.05

Also, as the CO2 weld line is used to connect side accessories to two central plates,
the RBE2 element in NASTRAN software was used to model it. For full meshing of the
structure, elements with a 9 mm dimension were used in the form of a quadrangle and a
triangle that is introduced as PSHELL in the NASTRAN software. This kind of meshing
covers all surfaces with much complexity. The meshed subframe is illustrated in Figure 3.

After validation of the FE model, the convergence test of meshing must be satisfied.
In this research, a grid-independent technique is used for determination of the grid
convergence. Six different elements were applied to the structure and the natural frequencies
between the same modes of these four sets will determine the convergence. Figure 4 shows
the natural frequency between the same modes when six different elements were applied in
the FE model of the subframe. It can be observed that for these four sets the difference is
less than 1.7% which is an acceptable threshold.
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Figure 3. General view of grid mesh.
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Figure 4. The convergence diagram.

In this type of modelling, the plate between the two layers of the sheets in both upper
and lower parts is defined as the middle level. The welded points determined by specific
coordinates. In these points, the solid object is described as a square or cylindrical shape, the
diameter of which is considered between the elements of meshing. This rigid component is
located and limited between the two middle plates forming the way. A total of 44 weld points
and 18 weld lines have been used in the above modelling, and the weld joints are shown in
Figure 5.

Figure 5. General view of weld spots on the subframe.
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It should be noted that there are usually several thousand degrees of freedom in the
frequency analysis of a structure. Only in such cases, some initial natural frequencies and
the corresponding modes are applied and studied. The NASTRAN solution method for
eigenvalue problems is the Block Lanczos method with the repeated invertible matrix
method and the introduction of the shift parameter, which is a conventional method for
dynamic analysis of structures.

RESULTS AND DISCUSSION

The information on the conceptual model and the CAE model of the subframe is shown in
Table 2. Also, the developed conceptual model is presented in Figure 6. In order to compare
and validate the model, first the fundamental and underlying features in the dynamic domain
are compared, and if the result is appropriate, the comparison criterion will go one step
forward, and relatively more complex features will be used for a more accurate comparison.
The natural frequencies of the structure are the main features in the dynamics domain.
Therefore, the first and most straightforward comparison criterion is the natural frequencies
of the two models.

Table 2. Comparison of detailed information for CAE and conceptual model.

CAE model numbers Conceptual model numbers
Spot Welds 44 Beam elements 128
Bead Welds 18 Solid elements 32
Shell elements 13288 Concentrated mass 21
Mass 12.585 Mass 12.50
Time of solution 5.50 min Time of solution 11.03 sec

Figure 6. Representation of welds on subframe: (a) spot welds and (b) bead welds.
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Figure 7. Final conceptual modelling of subframe structure.

The expression of the natural frequency numbers obtained from conceptual and the
advanced numerical models paves the way for the initial validation of the results, but since
the comparison should be conducted, it is better to deal with this issue by the error rate
method. The error rate of the frequencies is calculated according to Eq. (1). The results for
the first four frequencies of the subframe are listed in Tables 3.

(a)c'a)a)

@,

AY%= x100 1)

Table 3. Comparison of subframe resonant frequencies between the conceptual model and
advanced model in different mode numbers.

Mode number Advanced model (Hz) Conceptual model (Hz)  Error rate, A%

1 99.1 100.6 1.41
2 196.5 203.1 3.36
3 203.7 211.7 3.93
4 235 233.4 0.68

After comparing the natural frequencies, it is time to examine the mode shapes
derived from these frequencies. There are various methods for analysing the similarity of the
mode shapes graphically and mathematically. Graphical means of comparing two mode
shapes are swift and straightforward. A simple way is to put the graphical representation of
two modes besides each other and examine the difference between them visually. Although
this technique is very convenient and it seems very capable for simple models with only a
few degrees of freedom, but it cannot be suitable for intricate models, and its main drawback
is the difficulty in interpreting the difference in the two models. Therefore, using a
reasonable mathematical criterion is very helpful [34, 35].

Contrary to the graphical methods to compare the eigenvectors, mathematical
methods lead to significant statistical and qualitative information for the difference between
the two models. In this research, MAC was selected as a mathematical method for comparing
the vectors. The comparison of the mode shapes with MAC is obtained by computing the
relationship, which represents a number between zero and one after calculation. In the case
of two identical mode shapes, the resulting number is one, and this result indicates that the
two eigenvectors are dependent and linear. On the other hand, if the resulting number will
be zero, the finding suggests that the eigenvectors are independent and linear or the natural
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modes are orthogonal. In Eq. (2), ¢ is the mode shape eigenvectors to be compared with ¢,

[10, 36]. By examining and comparing the results presented in Table 4, and given the
simplifications in case of slight difference in the coordinates of the nodes used in the original
and conceptual models in the one-dimensional equivalent elements instead of two-
dimensional, the MAC also yields acceptable results.

)

Table 4. Comparison of subframe resonant frequencies and MAC.

Mode number Experimental model (Hz) Simulation (Hz)  Error, A% MAC

1 97 99.1 2.16 0.91
2 182 196.5 7.96 0.81
3 188 203.7 8.35 0.75
4 229 235 2.62 0.90

Accordingly, the effectiveness of the proposed method for the conceptual design of
the vehicle is confirmed. The results of the analysis show the interpretive match of the mode
shapes of the structure. The MAC numbers greater than 0.9 is a perfect match, numbers
between 0.8 and 0.9 are appropriate to match, numbers between0.7 to 0.8 is an acceptable
event, and the numbers below these intervals are considered unacceptable by the analysts.
These modes have occurred after six rigid modes of subframe structures and are among the
essential vibrational modes for dynamic analysis. In the first torsion mode of the structure
entirely matches for the conceptual model in this criterion with the values of 0.91 and 0.9 in
the fourth mode. There is a smaller MAC number in the second and third modes the reason
for which is in the occurrence of the hybrid and local modes of the structure. In other words,
the appearance of different mode shapes in a frequency reduced the matching to the first and
fourth modes and reduced the MAC number slightly.

Local modes usually are created in any structure, and they occur in different
frequency ranges depending on its physical and structural properties. Of course, it is
noteworthy to note that the first and fourth modes are significant for modal analysis because
they occur individually rather than locally and influence the structural behaviour by their
effects on the initial frequencies. Therefore, the validity of the model is accepted concerning
the above numbers. The mode shapes of these models were shown in Figure 8.

Mode#l,Ferequency=99.1
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Mode#2,Ferequency=196.5Hz

Mode#2,Ferequency=203. 1Hz

(b)

Mode#d,Ferequency=235Hz

MOde#4,Ferequency=233.4Hz

(d)

Figure 8. Subframe structural dynamics: (a) first, (b) second, (c) third and (d) fourth mode
shapes of advanced and conceptual models.

CONCLUSION
The remarkable precision of the conceptual model presented in this study has the potential

to provide sufficient accuracy in predicting and controlling the subframe's vibration in the
frequency range of 0-300 Hz. Although it is usually difficult to achieve a conceptual model
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at frequencies higher than 100 Hz, it is made possible and thanks to the well-designed model.
The results of the conceptual modelling of the vehicle subframe in comparison with the
advanced engineering calculations model and its experimental test in the frequency range of
0-300 Hz illustrates the proper precision of the method is the difference between natural
frequencies to be less than 8%. It also provided reliable results for the modal assurance of
the first and fourth modes with the value of above 0.9 and 0.7 for the second and third modes
as the four primary and principal modes of the vehicle subframe. Also, the high match
between the natural frequencies generated by the test with the CAE model paved the way
for a conceptual model based on the CAD model.

It should be noted that due to the excessive reduction in the time of calculations for
the conceptual model analysis compared with the advanced model (330 s vs 11.1 s), the
application of the method presented in this study in the design of the vehicle subframe
significantly reduced the engineering time and improve the vibration performance of these
structures. The sum of these periods in each structure and the various parts of the vehicle
results in a great deal of time, which can be reduced by designing a more conceptual and
straightforward model with the same behaviour prediction potential. Also, the lack of need
for complete data to design subframe helps engineers to predict and improve its performance
at an early stage. Due to the accuracy and applicability of the developed conceptual
modelling method, this modelling method can be a significant strategy to manage noise and
vibration for vehicle subframe structures. Therefore, using the results of the rapid changes
in the model and analysing them, vehicle performance can be improved in the area of noise
and vibration.
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