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ABSTRACT

Conceptual modelling is known as a well suited alternative approach for Computer-Aided
Engineering (CAE) analysis in automotive industry. In this paper, an improved
conceptual modelling method in which beams and panels of the structure are modelled as
simplified beam elements has been proposed. To explore the advantage of conceptual
modeling in determining the resonant frequencies/mode-shapes, a case study for
wheelhouse was performed. Firstly, an experimental test and advanced CAE analysis
were carried out to measure the wheelhouse dynamic characteristics. The advanced CAE
model was then validated by means of Modal Assurance Criterion and natural frequencies
by associated experimental measurements. The results of wheelhouse concept model
compared to the advanced CAE and experimental model in low frequency range, showed
that the error percent of natural frequency is lower than 10% and the Modal Assurance
Criterion is above 0.75 for the first four mode shapes of wheelhouse structure. Finally,
the conceptual model is used as a baseline for optimization. The genetic algorithm was
implemented to maximize the first natural frequency to 41.74 Hz. So The genetic
algorithm successfully provided new possibility for optimization by attempting to
influence the first mode shape by means of the cross section characteristics. Due to the
accuracy and reliability of developed conceptual model, this modelling approach can be
a crucial tool in CAE and vibration analysis of vehicle in the early design phase. The
proposed method allows the designer to give the results of design changes very quickly
by neglecting details. Therefore, for the analysis of the vehicle performance in NVH
domain, the proposed method could be considered in the conceptual design phase.

Keywords: Conceptual model; vehicle structure; advanced CAE model; optimization;
genetic algorithm.

INTRODUCTION

In general, finite element modelling of vehicle parts is classified into two different
techniques. In the first method, which is termed as advanced CAE model, the detailed
geometry of all components are considered, while in the second approach (conceptual
modelling) only basic frames and initial dimensions are taken into consideration. Due to
fast performance computations need of industry, the conceptual modelling method is still
an attractive research area for the automotive CAE investigations[1-4]. Recently,
considerable studies have been devoted to this subject, which is motivated greatly by its
advantages in vehicle parts modeling [5-7]. Fard [8] developed a concept model for the
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body-in-white structure in accordance with its corresponding physical properties of its
structural members and found a close agreement between concept model results and test
data. [9] improved Fard’s method by changing the 1-D elements to some optimal cross
sections in concept model to reduce the vehicle weight. Moroncini et al. [10] considered
concept modelling with beam and shell elements together for optimization of the sheet
thickness to achieve an appropriate level of Noise, Vibration and Harshness (NVH) and
reduce the body weight of BMW. Gur and Wagner [11] Conducted an experimental study
to develop correlated CAE models for lightweight vehicle design with the use of carbon
fiber composite vehicle body parts to determine the material and NVH characteristics of
the carbon fiber composite materials. Lee et al.[12] investigated the effects of joints
stiffness in vehicle vibration and presented a method for correcting a rod model. They
introduced correct coefficients for the rod model using surface answer method to reduce
its stiffness approximation to the real model. Long [13] proposed a method related to the
performance targets of new vehicle with a group of design parameters (joints). This
method consists of two steps. In the first step, the stiffness and mass of an automotive
joint is specified. Then, the most efficient, feasible design for which characteristics are
close to given performance targets is found. Kiani et al. [14] presented an approach for
the structural performance evaluation of a vehicle model by means of the joint stiffness.
They showed that the car body structure evaluation based on the optimum joint stiffness
has much better performance relative than the baseline model without a weight penalty.
Maressa et al. [15] proposed an innovative procedure based on the wave-based sub
structuring (WBS) technology to achieve a database framework for joint concepts. They
analyzed an industrial case study by using the proposed methodology which was validated
through static and dynamic Finite Element (FE) simulation. Mesh morphing [16] is
another method applied for developing new models. In this approach the evaluation of
design concepts starts from the morphed predecessor models and validated solutions can
be incorporated in the first version of the CAD model. Mundo et al. [17] and [18]
suggested conceptual modelling using equal elements and the main model joints. In their
model, an equal standard cross section is defined for calculating the cross section
properties of equal beam elements. For the evaluation of panel’s effects in the body, they
studied the use of 2-D parts with coarse mesh using mesh morphing technique. Tebby et
al. [19] and [20] developed a method in which vehicle structure is represented by using
beam elements. Their method uses a numerical finite element method and is able to
determine unknown deflections and reaction forces as well as the internal loading on each
member. Their method also was used to conduct a parametric optimization for torsion
stiffness. Zhu et al. [21] considered the vehicle front rail using robust optimization for
vehicle weight minimization. In their study surface answer method was coupled with
experimental design method. Shin et al. [22] used topology optimization to maximize the
stiffness of A-pillar of the low speed vehicle body. They determined the thicknesses of
the cross-sections to minimize the mass of the body while design specifications were
satisfied, too. Marburg and Hardtke [23] presented design optimization of the geometry
of a vehicle hat-shelf for the vehicle interior noise reduction. These noises were due to
three different excitations for two cases of fluid damping. Liu and Vagner [24] and [25]
proposed a vibration isolation seating system for passenger/light-duty vehicles to improve
ride quality. They presented mathematical models to describe the vehicle's passive
suspension and seating systems, the occupant's response to vertical motions, and two
force actuators. Gundogdu [26] and [27] presented an optimization 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. Hassen et al. [28]
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Investigated the dynamic behavior of a quarter car vehicle system using the Operational
Modal Analysis (OMA) using Independent Component Analysis (ICA). Quanbo and Wei
[29] simulated crashworthiness process and its effect on front rail in sedans. In this study,
the values of energy absorption were compared before and after crash. Angelo et al. [30]
have reported the influence of front wheelhouse elements of vehicle quarter model on its
aerodynamics performance. In fact, they conducted this study for identifying the
aerodynamic loads which were generated by these components and consequent effects on
the surrounding flow dynamics of wheel with computer simulations. Lee and Thompson
[31] analyzed properties of frequency response with a calculated model for a vehicle
system consisting of wheels, suspension system and vehicle body. Vehicle physical parts
are equalized by substructures used for the vehicle parts physical properties. Hurlebaus et
al. [32] used experimental modal analysis for PVDF films with sensors and actuators.
They implemented the modal controller on a digital controller board. They also carried
out experimental tests with the floor panel and center panel of a car body to validate the
proposed concept. Sun, Chen and Zhao [33] performed modal analysis in order to obtain
the modal frequency of actual structure of a car body-in-white, find the weak positions of
the body design and improve the dynamic performances. Fard et al. [34] provided
important knowledge to predict the structural resonant frequencies and corresponding
vibration mode shapes of the vehicle seat coupled with occupant from the seat alone or
seat bare-frame (seat without foam cushion). Zou et al. [35] Simplified the seats to a
cantilever beam physical model. Moreover, seat modal test method is proposed to model
seat vibration characteristics and it validated by the mode theory. Muller et al. [36]
performed static and dynamic analyses for motor loads. They optimized motor
comportment rubber spring with finite element and presented active vibration absorption
for motor comportment noise reduction.

In this study, a new improved conceptual model has been presented based on
modifications suggested by Mondo et al. [18]. It is then used to analyze wheelhouse
dynamics behavior of a sedan as a case study to provide deep insight of such model
application. Then the modal experiments and simulation analysis were compared with the
results of conceptual model. Finally, it was shown that the first natural frequency can be
maximized by application of conceptual model together with optimization with GA.
Using conceptual modeling technique, it is possible to calculate vehicle dynamic
characteristics such as natural frequencies and mode-shapes accurately by less
computational effort in comparison to conventional methods. Moreover, using the
proposed method the designer can give the results of design changes very quickly by
neglecting details.

METHODS AND MATERIALS

Design and Experiment Procedure

Structural resonant frequencies and corresponding mode shapes of vehicle body
subassemblies can be determined by means of experimental modal analysis. Quality of
main structure behavior against dynamic loads can be evaluated using such analysis. For
the extraction of structural resonance and mode shapes of the wheelhouse, fixed shaker
test, which is a regular method in modal testing, was used. The used test setup consists of
an electromagnetic shaker (B & K 4808), plastic stringer, charge amplifier (B & K 2786),
1-axial accelerometers, data logger (B & K 356°C), loading transducer (8200+ 2647) and
Pulse 12 software. Elastic ropes were used to suspend the wheelhouse structure so as to
be nearly free in six axes. Consequently, the modal characteristics of wheelhouse were

4198



Zargar et al. / International Journal of Automotive and Mechanical Engineering 14(2) 2017 4196-4210

measured in the free-free boundary condition. Adhesive wax was used to mount the
accelerometers to the different areas of the wheelhouse structure. In modal test, FRF
(Frequency Response Function) diagrams are defined with the shaker input at a fixed
point and the sensor output at various points. For obtaining natural frequencies, maximum
points in diagrams should be identified. Also shape of modes of any structure is simply
extracted from resonance domain of FRF diagrams. For this reason, 37 points of the
wheelhouse body were measured. Figure 1 illustrates the test rig which was used for
modal measurements.

Stringer with force transducer

Shaker

Accelerometer sensor

Data collector system

Power amplifier

(b)
Figure 1. General view of experimental setup (a) wheelhouse structure assembly;
(b) Test data.

Numerical Scheme

The wheelhouse of a mid-size sedan car was considered as case study. FE methods and
CAE techniques were used for analysis. Altair Hyper Works in coupled with MSC
Nastran software are used to numerically analyze the wheelhouse dynamic behavior. It
should be noted that the wheelhouse body is made of steel with total mass of 10.61 kg. A
combination of triad and quad elements (e.g., PSHELL in Nastran software) was used to
discretize computational domain (Figure 3). When an FE model is to be validated, the
requirement on the convergence of the model must be satisfied. In this study, a grid
independent technique is used for FE model to determine the grid convergence. Five
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different elements are applied to the same structure. The natural frequencies between the
same modes of these four sets can then be used to determine the convergence. Figure 2
shows the natural frequency differences between the same modes when five different
elements are applied in the FE model of the wheelhouse. It can be seen that for these four
sets the difference is less than 1.5% which is an acceptable threshold. The optimum mesh
sizes is 8 mm and the total number of grid elements is 22629. Subsequently, joint constraints
which were spot welded and bead welds (CO2 weld) in this case (e.g., RBE3 and RBE2
in Nastran software [37], respectively), were added to simulate contact region as can be
seen in Figure 3. It should be mentioned that in the wheelhouse structure, the total
numbers of spot welds and bead welds were 249 and 23, respectively.
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Figure 2. The convergence diagram.

Concept Modeling

In this section, the vehicle wheelhouse was modelled using FE methods. The wheelhouse
model must be validated with its corresponding test data. This model will be used instead
of the baseline wheelhouse in the next steps. The developed model was accurate enough
to characterize the resonant frequencies and corresponding mode shapes which represent
major behaviors of wheelhouse structural. Therefore, a conceptual model, which
represents the main characteristics of the system, was developed for the wheelhouse. In
this study, the conceptual model for wheelhouse structure was implemented by using 1-
D elements for beam elements and available panels of structure. The connection between
some equivalent panels with their adjacent beam elements was done by rigid elements
(e.g., RBE2 in Nastran software). Beam elements (e.g., PBEAM in Nastran software)
were used to model the components of the wheelhouse structure. These elements have the
same cross section as those corresponding to the beam parts at the wheelhouse while
standard cross sections were used for the panels.
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Figure 3. (a) General view of grid mesh. (b) Representation of welds on wheelhouse: (1)
spot welds (2) bead welds.

For arbitrary cross sections, effort was made to choose simplified standard cross

sections such as box profiles similar to the main section. It should be noted that 1-D
element of wheelhouse structure conceptual model, should not merely undergo tension
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and pressure. For example, the front side rail was simplified using beam modelling
approximation as seen in Figure 4. It should be noted that in modelling beam parts based
on changes made in the length of beam elements cross sections, it is better to define
equivalent element for each part. Also the effects of non-uniformity of these parts of the
advanced model, such as holes and spot welds, must be considered. The method chosen
for these effects was to reduce section lateral thickness. For equivalent panels (Figure 4),
firstly, due to high stiffness, their frame was modelled by beams with the simplest cross
section, having the same thickness. In the next step, in distortion regions of panels,
different beams are used to show high stiffness of these parts. After that, for panels with
discontinuity in some parts of their frame, beam elements were used with smaller cross
sections to obtain less stiffness as seen in Figure 4. Finally, for equalizing the mass of
beam element with panels, the dimensions of box cross sections were adjusted.

Figure 4. Conceptual modelling of (a) front rail before simplification (b) front rail after
simplification (c) one of the main panels before simplification (d) one of the main
panels after simplification (e) small beam in frame of panel

Optimization Algorithm

Traditional optimization methods which use the objective function gradient for domain
search may face with some limitations. The limitations of these methods appear when the
objective function and the constraints of the optimization problem are discontinuous. GA
which was developed by Holland [38] is a powerful computational method which
incorporates a successful direct searching algorithm to solve linear and nonlinear
optimization problems. Therefore, this method can be used for optimization problems in
which the derivatives of the objective function and constraints are not available. When
the design vectors are discrete, GA changes the available discrete set towards generating
a fitter generation of design points. GA operators include selection, cross over and
mutation [39], [40]. Concerning mating, a set of chromosomes is selected in every
generation based on their relative fitness. This allows fitters more chance for passing their
genes into the next generation. The stochastic universal sampling method [41] has been
used in this research for selecting chromosomes for mating based on their fitness values
in the current population, Eq. (1):
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F(x,
P(x,)= ———"—, i=12,..,N,, (1)
2 mdF(xi)

i=1
where F(x;) and P(x;) are fitness of chromosome and probability, respectively. N, , is

the number of individuals.

The chromosomes are then selected randomly through cross over for producing
offspring. This process continues to have the final generation, where the best fitness is
achieved and is considered as the optimum point. Recently, GA is used in some
researches. Truong, Nguyen and Kim [42] proposed an effective method for optimizing
space steel frames with semi-rigid joints using practical advanced analysis (PAA) and
micro-genetic algorithm (uGA). The results of steel frame examples prove that the
proposed method is computationally efficient. Chang et al. [43] assessed two kinds of
multi-chamber plenums within a fixed space. To assess optimal plenums, a genetic
algorithm is applied. The results reveal that the maximum value of the transmission loss
can be improved at the desired frequencies.

RESULTS AND DISCUSSION

Modeling, Simulation and Experimental Results

The final conceptual model of wheelhouse was simplified with 321 1-D equivalent beam
element with the properties of standard cross section for beam elements and panels. The
information of advanced and conceptual model of the wheelhouse is given in Table 1.
Also the final wheelhouse model is given in Figure 5.

-~

Figure 5. Final conceptual model of wheelhouse structure.

Table 1. Comparison of detailed information for advanced and conceptual model.

Advanced model numbers Conceptual model numbers

Shell elements 22629 Beam elements 321
Spot welds 249 Solid elements 27
Bead welds 23 Concentrated mass 33
Mass 10.6 Mass 10.7
Time of solution 1.20 min  Time of solution 6 sec

Comparison of resonant frequencies values and those of Modal Assurance
Criterion (MAC) [44] between the experimental and numerical results have been detailed
in Table 2. Regarding what preceded, error percent (A %) of natural frequencies and MAC
of the advanced and test models are computed to validate the results. Eq. (2), has been
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used for the calculation of MAC index between similar modes of two models. K, @5 and
@, are mode number, the Matrix of Eigen vectors for the experimental results and
advanced model, respectively.

(P )i (P}’

MAC =
(@R AD D

2

E,c

Table 2. Comparison of wheelhouse resonant frequencies and MAC.

Mode number Experiments (Hz) Simulation (Hz) Error (A %) MAC

1 23.8 24 0.83 0.98
2 38.6 42.2 9.3 0.76
3 50 53.5 7.0 0.82
4 76 73.1 3.8 0.81

The main structure nodes in the test and corresponding nodes in the advanced
model have been used for the Eigen vectors are construction (total 37 nodes). When a
MAC value equals to unity means 100% similarity between the vibration mode shape
determined from the simulation and that obtained from the test. The MAC values for the
first 4 modes detailed in the Table 3 are above 0.7 which indicates a good correlation
between the modes of the advanced model and the test data. Comparison of the first 4
resonant frequencies indicate nearly low differences (A< 10%). Since in the conceptual
design phase in vehicle industry the focus is necessarily on low frequency range,
conceptual model is able to successfully predict low frequency range. Thus, comparison
of conceptual model and results is only carried out in low frequencies (less than 100 Hz).
The MAC criterion reduction by increment of frequency is caused by the advent of local
and mixed modes reducing the accuracy of modeling prediction. Also, the generated noise
during experiment and measuring uncertainties are another source of discrepancy for
MAC criterion. The results of the first and forth modes were approximately precise
corresponding to torsion of front rail structure and whole torsion of structure. After this
step, the results of advanced model and conceptual model were compared. These results
are given in Table 3 and natural frequencies error percent is also reported. According to
the results, an apparently reasonable agreement was found between the conceptual model
and advanced model results (the errors in Eigen values domain lie within 4%). the mode
shapes of these models were also compared in Figure 6. It was observed that the first and
fourth mode shapes are approximately the same.

Table 3. Comparison of wheelhouse resonant frequencies between experiment and
simulation in different mode numbers.

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

1 23.6 24 1.6
2 42.4 42.2 0.5
3 554 535 3.5
4 75 73.1 2.6
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Figure 6. Wheelhouse structural dynamics: (a) first and (b) fourth mode shapes of
advanced and conceptual models.

Wheelhouse Structure Optimization

The application of conceptual modeling in improving dynamic performance of structure
is outlined in this section. With a reliable conceptual model, vibration performance
prediction caused by possible changes can be improved. In fact, the main issue in
predicting dynamic behavior of the structure is the capability of conventional methods
once small changes are made in initial design. This prediction is too expensive and time
consuming with traditional experimental tests and CAE analysis. For this reason, firstly
sensitivity analysis is applied for the modification of first mode shape [45]. For this
purpose, the most critical parameters were identified and the optimization procedure was
carried out based on those parameters. Then, with the result of such analysis, optimization
was applied with GA for maximizing the first natural frequency. The results of sensitivity
analysis for more effective component involving in the first shape mode are given in Table
4. Also the beam parts of the structure are shown in Figure 7 with numbers from 1 to 16.
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Figure 7. Beam elements of wheelhouse.

Table 4. Results of sensitivity analysis for some component of wheelhouse structure
which has major role in the first mode shape of structure.

Comp. No Results of sensitivity analysis
J I I

1 2.0725E-03 3.4781E-10 4.2290E-06
3 6.5662E-05 1.8628E-04 4.2565E-05
7 3.0402E-05 1.3312E-04 7.5192E-06
11 2.6906E-02 3.9821E-10 8.6153E-07
14 6.0323E-06 1.9304E-04 9.8639E-05

The results of GA are given in Table 5. As seen with the GA, the first frequency
increases to 41.74 Hz. It is clear that the parameter J for component 11 is more effective
on the first mode shape of wheelhouse structure as compared to other components. The
convergence behavior of the GA which includes the variation of the best fitness during
generations has been shown in Figure 8. It is obvious that at the final generation most of
the individuals have the same fitness.
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Figure 8. Convergence behavior of genetic algorithm (GA) to optimum answer.
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Table 5. Surface characteristics of the first mode shape (1) before Optimization (2) after
optimization using GA.

Surface characteristics (comp. No) (mm?)
J () L 3) J(3) L (7) Jan L (14)
(1) 104.0256 725.3333 1024 633.5488 373.1296 14.5833
(2) 484.32580 1586.62245 1311.30030 690.19959  1920.52817 42.19514

CONCLUSIONS

The results of wheelhouse concept model in comparison with advanced CAE and
experimental model in 0-100 frequency range, revealed acceptable coincidence in terms
of natural frequencies (A< 10%) and MAC (> 0.75) for the first four mode shapes of
wheelhouse structure. This method is able to make fast changes in components of
conceptual model to obtain an increase in the first natural frequency, which in this case,
increases to 41.74 Hz using GA. Due to the accuracy and reliability of developed
conceptual model, this modelling approach can be a crucial tool in CAE and vibration
analysis of vehicle in the early design phase. The proposed method allows the designer to
give the results of design changes very quickly by neglecting details. Therefore, for the
analysis of the vehicle performance in NVH domain, the proposed method could be
considered in the conceptual design phase
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