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Abstract: As the performance of aluminum alloy material is close to that of steel and the
density is much smaller than that of steel, it is widely used in vehicle lightweight construction.
In this paper, aluminum alloy 7475 material is applied to the frame of micro-electric
commercial vehicle, and the frame model is adopted by Ansys Workbench software to perform
finite element analysis of mode analysis, topology optimization, bending stiffness and torsional
stiffness. The results show that compared with the steel frame, the mode frequency slightly
increases, and the change rate does not exceed 0.5%, and the weight decreases by 64.6%. After
topology optimization, the beam reduces the excess material and optimizes the layout, and the
frame weight is further reduced by 13%. The bending stiffness and torsional stiffness have
reached the pre-design goals, which exceed the target value by 0.9% and 4.72% respectively. A
basis is provided for structural optimization and vehicle lightweight.

1. Introduction

The car is subject to various loads such as torsion, bending and collision during use. The stiffness of
the car body is one of the important mechanical properties of the car [1]. If the design of the car body
is unreasonable, in the process of use, the car can be sealed unsteadily to bring air and rain leakage,
which will directly or indirectly affect the phenomenon [2][3]. The vehicle's dynamic response, NVH
performance, etc., adversely may affect the ride comfort and steering stability of the car, thus affecting
the active safety. In addition, due to the fuel economy and other performance requirements, the car
quality is as light as possible [4][5]. Therefore, the light weight and high rigidity of the car body are
important goals pursued in the development and design process of the car. It is very important to study
the rigidity of the car body structure [6][7]. At present pure electric mini-trucks are not restricted by
the license plate, and are favoured by the majority of logistics transporters. However, the current life
of pure electric vehicle battery is limited, and it is more and more important to reduce the weight of
the structure [8][9]. However, the optimization space of steel has been small, and the aluminium alloy

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1


http://creativecommons.org/licenses/by/3.0

4th International Conference on Energy Equipment Science and Engineering IOP Publishing
IOP Conf. Series: Earth and Environmental Science 242 (2019) 032044  doi:10.1088/1755-1315/242/3/032044

has about one-third of the steel density. Thus of the frame weight can be significantly reduced, which
can greatly improve the cruising range of new energy vehicles [10][11].

7475 aluminum alloy belongs to Al-Zn-Mg-Cu alloy, mainly used for aluminum and uncoated
aluminum plates for fuselage, wing frame, purlin and so on and other high strength and high fracture
toughness parts. In this paper, the modal of the 7475 aluminum alloy frame of the miniature electric
commercial vehicle is calculated by the finite element method, and compared with the modal of the
steel frame. Based on this model, the topology of the 7475 aluminum alloy frame is optimized. Then
calculate the bending stiffness and torsional stiffness of the vehicle and compare it with the benchmark
value.

2. Theoretical basis

2.1 Bending stiffness
In the calculation of bending stiffness, the frame can be simulated as a simply supported beam

mechanism, and the stiftness is calculated as shown in equation (1) [12].
a® _F
C B = E X E ( 1 )

Where, Cg is the bending stiffness (N-m?), F is the applied load (N), a is the wheelbase (m) when
the frame stiffness is calculated, and # is the deflection (m) at the point of load application. Bending
stiffness is calculated by constraining the three degrees of freedom of UX, UY and UZ at the support
of the left and right coil springs before installation, and then constraining the UY and UZ of the front
and rear lifting ears of the leaf spring and the bearings between the two. The displacement degree in
the Z direction is constrained at the joint between the leaf spring and the wheel, and the vertical
downward load force is applied 1000 N, so that the frame is only bent and deformed, and the boundary

conditions and load conditions are arranged.

2.2 Torsional stiffness
When calculating the torsional rigidity of the frame, the frame is only subject to torsional deformation,
and the formula for calculating the torsional stiffness is Equation (2)[2].
> F
cC=—— - ——
180 2Au
Where, / is the distance between the left and right constraints, F is the applied force, and Au is the
displacement value in the center z direction of the left and right sides of the middle support of the two
lifting ears. The calculation method of torsional stiffness is to constrain the degrees of freedom of the
four directions of UX, UY, UZ, and ROTY at the support of the left and right coil springs before
installation, which only retains the degrees of freedom in both directions of ROTX and ROTZ, and
then constrain the leaf springs after installation. Two equal and opposite forces are applied to the left
and right sides of the front and rear lug support and the support between them, that is, a torque is
applied to the whole vehicle.

(2)

3. Model building and modal analysis

3.1 building model

The quality of the meshing tends to have a large impact on the finite element analysis structure. Since
the frame model is too complicated after the structure is lightweight, the hexahedral mesh cannot be
used, so the tetrahedral mesh is used when meshing. The average mesh quality classification is 0.6~0.8
for general quality, and 0.8~1 is high quality mesh. If the mesh is the finer, the quality is the higher,
and if the calculation time is the longer, the computer requirements are the greater. Under the premise
of performance satisfaction, the mesh quality is increased to 0.68 to ensure the reliability of the
calculation results.
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3.2 Mode analysis
Table 1. Natural frequency of the frame under different materials

No  Aluminum Alloy /Hz  Steel/Hz  difference/Hz rate of change

1 12.602 12.586 0.016 0.13
2 19.315 19.261 0.054 0.28
3 34.581 34.437 0.144 0.42
4 35.658 35.507 0.151 0.43
5 46.543 46.408 0.135 0.29
6 48.137 47.969 0.168 0.35
7 57.522 57.349 0.173 0.3

The Block Lanczos method was used to analyze the aluminum alloy material and the steel frame
modal. The first seven-order pairs of the mode frequency before and after the aluminum alloy replaced
the steel are shown in Table 1. As can be seen from the table, the modal of the aluminum alloy 7475
The frequency is slightly higher than that of steel at all stages, the rate of change does not exceed 0.5%,
while the weight of steel frame is 249.29, and the frame of aluminum alloy is only 175.93 kg, which is
87.965 kg less, a decrease of 64.7%. The first-order torsional mode matrix is shown in Figure 1. The
first-order torsional frequency of the whole vehicle is 19.315 Hz. As can be seen from the figure, the
section line of the vibrating type is located at the lower part of the front end of the vehicle body, and
the rear end of the two longitudinal beams is a vibrating abdomen. This mode can be aroused when the
vehicle body is subject to excitation from the road left and right sides.
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Figure 1. First order torsional mode
4. Topology optimization and stiffness calculation

4.1 Topology Optimization

The ansys workbench topology optimization design will be used to calculate the irremovable area of
the frame under various working conditions, and the beam will be assembled in the non-removable
area. At this time, the beam is the best position of the frame. The selection of the optimal position of
the beam is beneficial to the weight reduction of the frame, which not only reduces the burden on the
stringer, but also reduces the quality of the beam and reduces the weight of the beam. Through the
initial establishment of the frame model, the number of beams and the optimal arrangement position of
the beam are determined by Ansys workbench topology optimization. The boundary conditions of the
position are derived from the four working conditions often encountered by the frame, and the four
working conditions are full load static. The bending condition during horizontal driving and the
torsion condition of each wheel may be falling into the pit. The position of the beam arrangement
optimized by Ansys workbench topology can effectively support the force of the frame longitudinal
beam under four working conditions, and can also effectively reduce the arrangement of redundant
beams under the premise of meeting the frame force, reducing unnecessary Waste of materials. Figure
2 is the topology optimization result of one of the working conditions. The Ansys workbench topology
is used to optimize the design of the frame beam position. It can be adjusted within a reasonable range.
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In actual production, it can also be based on motor size, drive shaft size, clutch. The size of the battery,
the size of the battery box, and the size of the special equipment are used to fine-tune the beam
position. After optimization, the weight of several beams of the aluminum alloy 7475 frame is reduced
by 22.8 kg, which is reduced by about 13%.
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Figure 2. Topology optimization under the condition of a working condition

4.2 Bending stiffness

In the analysis, the sketch of the leaf spring of the frame is modeled, the displacement degree of
displacement in the Z direction is constrained at the joint between the leaf spring and the wheel, and
the vertical 1000N force is applied at the midpoint of the two longitudinal beams to make the car The
frame only undergoes bending deformation.

The defined boundary conditions and load conditions are submitted to Ansys workbench for
analysis, and the Total Deformation cloud image is output. The Total Deformation result cloud
diagram is shown in Figure 3. It can be seen from the result cloud diagram that the maximum
displacement of the frame occurs between the beam 2 and the beam 3, which conforms to the basic
law of theoretical mechanics. The maximum deflection of 0.373 mm is brought into the formula (1) to
obtain CB=1.226 X 10° N-m?. It is higher than the reference target value of 1.215X10° N-m? which is
1.1X10* N-m? more than the target value of the target vehicle, exceeding 0.9%, meeting the design
requirements.
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Figure 3. Frame bending displacement deformation cloud map

4.3 Torsional stiffness calculation

When the freedom of movement in the X, Y, and Z directions of the left and right front leaf spring
joints of the frame is constrained, the degrees of freedom in the X, Y, and Z directions are restricted at
the right rear leaf spring link, and apply the Z axis to the left rear leaf spring link. The force with the
same positive direction is 1000N. The displacement result cloud image calculated by Ansys
workbench is shown in Figure 4. From the result, the maximum displacement of the frame under the
action of F=1000N is 5.63mm, and the deflection h=5.63mm is brought into the formula (2) to obtain
the torsional stiffness CT=2618 N-m/°, which is 2500 N-m/°compared with the enterprise target
reference frame torsional stiffness. It is much higher than the benchmark target value of 118 N-m/°,
exceeding 4.72%, in line with design requirements.
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Figure 4. Frame torsional displacement deformation cloud map

5.Conclusions

(1) The aluminum alloy 7475 is used to replace the micro electric vehicle steel frame. The mode
frequency does not change much, slightly increases, the change rate does not exceed 0.5%, and the
steel frame weight is 249.29 kg, and the aluminium alloy frame can be less 87.965 kg, which is a
decrease of 64.7%.

(2) After optimizing the topology of the aluminum alloy 7475 frame, the arrangement of the excess
beam is effectively reduced, and the waste of excess materials is reduced, and the weight of the
aluminum alloy 7475 electric commercial vehicle frame is reduced by 13%.

(3) The bending stiffness and torsional stiffness of the aluminum alloy 7475 frame after topology
optimization have reached the pre-designed target, which exceeds the target value by 0.9% and 4.72%,
respectively.

Acknowledgement

This research was financially supported by National Natural Science Foundation of China (U1604141)
and China Scholarship Council (CSC). The authors would like to acknowledge suggestion from the
colleges in the past laboratory and several electric car companies.

References

[1 JGUO W, QIU X.Y.. Analysis of rigidity of a certain MPV body-in-white based on
HyperWorks [J] . Journal of Hubei University of Technology, 2010, 25(4):91-93.

[2] Zhao H.J., Wang G.H., Tian L.P., et al. Model stiffness verification of mini-truck body based
o n lightweight improvement[J]. Journal of Mechanical Strength, 2016, 38(2):380-384.

[3] Yoshimi T. Research into achieving a lightweight vehicle body utilizing structure optimizing
analysis: aim for a lightweight and high and rigid vehicle body[J]. Technical notes/JSAE
Review 1999, (20): 555-561.

[4] Wu W.B., Nian X.S. Development of Vehicle Lightweight Technology[J]. Auto Engineer,
2017(1):15-17.

[5] Yi B.. CAE analysis and test verification of aluminum alloy front sub-frame[J]. Highways &
Automotive Applications, 2017, (179):9-12.

[6] Guo L.Q., Wang D.F.. Effect of frame stiffness on ride comfort of commercial vehicle [J].
Journal of Jilin University (Engineering and Technology Edition), 2010, 40(4):911-914.

[7] Sankaran M., Brian H., Kan N. and Mao H. Spot-weld joint stiffness degradation under high
mileage: probabilistic analysis[C]. SAE,2003-01-0694.

[8] Feng X., Wang D.F., Zhang S., et al. Lightweight optimization of the side structure of
automobile body using combined grey relational and principal component analysis[J].
Struct Multidisc Optim, 2018, 57:441-461.

[9] Dirk M.,, Thilo B., Hendrik B., et al. Enhanced lightweight design by composites — Results of
the EU project ENLIGHT[J]. Journal of Reinforced Plastics and Composites, 2018,
37(19):1217-1224.



4th International Conference on Energy Equipment Science and Engineering IOP Publishing
IOP Conf. Series: Earth and Environmental Science 242 (2019) 032044  doi:10.1088/1755-1315/242/3/032044

[10] Jonza, J., Herdtle, T., Kalish, J., Acoustically absorbing lightweight thermoplastic
honeycomb panels[C]. SAE, 2017-01-1813.

[11] Ou H.G, Tang X.D., Xiao J.P., et al. Lightweight body-in-white design driven by
optimization technology[J]. Automotive Innovation, 2018, 1:255-262.

[12] Liao H.H., Xu L., Cheng A.G., et al. Lightweight design of a minibus body based on
stiffness and modal analysis[J]. Automotive Technology, 2011, (3):15-20.



