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ABSTRACT

To better improve the lightweight and fatigue durability performance of the tractor cab, a multi-objective
lightweight design of the cab was carried out in this study. First, the finite element model of the cab with
counterweight loading was established and then confirmed by the physical testing, and use the inertial relief method
to obtain stress distribution under unitload. The cab-frame rigid-flexible coupling multi-body dynamics model was
built by Adams/car software. Taking the cab airbag mount displacement and acceleration signals acquired on the
proving ground as the desired signals and obtaining the fatigue analysis load spectrum through Femfat-Lab virtual
iteration. The fatigue simulation analysis is performed in nCode based on the Miner linear fatigue cumulative
damage theory. Then, with the mass and fatigue damage values as the optimization objectives, the bending-torsional
stiffness and first-order bending-torsional mode as constraints, the thickness variables are screed based on the
sensitivity analysis. The experimental design was carried out using the Optimal Latin hypercube method, and the
multi-objective optimal design of the cab was carried out using the Kriging approximation model fitting and particle
swarm algorithm. The weight of the optimized cab is reduced by 7.8% on the basis of meeting the fatigue durability
performance. Finally, a seven-axis road simulation test rig was designed to verify its fatigue durability. The results
show the optimized cab can consider both lightweight and durability.

KEYWORDS
Finite element analysis; multi-body dynamics; fatigue durability analysis; sensitivity analysis; lightweight design;
particle swarm optimization

1 Introduction

Commercial vehicles are widely used in the transportation industry because of their transport
distance, load capacity and fuel consumption [1]. However, because of the harsh working environment
and complex working conditions, the fatigue failure problem is increasingly prominent. According
to the research, fatigue damage accounts for 80% of vehicle structural failures. As one of the key
assemblies of commercial vehicles, fatigue durability performance of the cab directly affects the health
of drivers and passengers as well as transport safety [2]. At the same time, in the face of increasingly
strict energy saving and environmental protection needs, the lightweight design of commercial vehicles
is also imminent [3]. According to research by the World Aluminum Association, for every 10% decline
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in car mass, fuel consumption can reduce by 6% to 8% and exhaust emissions can reduce by 5% to
6% [4].

Durability and lightweight, as major topics in the field of automotive design, have been studied
extensively by domestic and foreign scholars. Traditional fatigue durability studies usually rely on
prototype vehicle road tests and bench tests [5]. However, the former is difficult to monitor the fatigue
failure, and has limited guidance for design, while the latter needs customized tooling fixtures for
different research objects, which has a long test preparation cycle and poor repeatability. In recent
years, with the continuous maturity of CAE numerical simulation technology, especially the virtual
simulation technology combining finite element analysis and multi-body dynamics has been widely
used to develop automobile fatigue durability performance. Particularly in the development stage of
new models, CAE simulation technology has the advantages of short cycle time and low cost compared
with the vehicle test in calibrating structural strength and predicting fatigue life.

Fu et al. [6] set up the flexible body whole vehicle model, and created a potholed road through
Adams/Car for virtual road simulation. The results show the simulation can accurately predict wheel
travel, tire force and suspension load. This simulation method, also known as Virtual Proving Ground
(VPQG), can provide necessary data for vehicle structure development and part design, thus reducing
the risk and cost in the later verification. To give full play to VPG technology advantages, Kanget al. [7]
got the transfer function of the whole vehicle model under road excitation by calculating the axle head
force, and the road excitation spectrum was obtained by iterating through designed algorithms. Then,
the obtained spectrum is imported into VPG for whole-vehicle simulation analysis, to make up for the
error of fatigue analysis result caused by the lack of tire modeling accuracy. Ryu [¢] tried to reproduce
the physical test process of the test field by Virtual Test Lab, and using the virtual iteration method to
obtain the input load. In Pradeepak’s study [9], the acceleration signal collected on the test field was
taken as the target signal, and RPC remote control system was adopted in the laboratory to get the
axle head displacement by the virtual iteration, which was used to drive the physical bench for fatigue
test, saving a lot of man-machine time and test cost. Achyut et al. [10] used Adams and FEMFAT-
Lab to iterate the measured six-component force signal into the equivalent displacement of the wheel
center, and then drove the multi-body dynamics model to extract the load spectrum of the suspension
system. Generally speaking, the virtual simulation technology combining finite element and multi-
body dynamics can describe almost all the complex loading processes of vehicles.

At present, the lightweight design of cabs usually takes the mass, strength or stiffness of the
body-in-white as the optimization objective, and the multi-objective lightweight that comprehensively
considers the performance indexes of the cab is fewer. The fatigue durability performance of a
cab is a key indicator to assess its serviceability. It is clear that a single topology optimization
or only using the approximate models for multi-objective optimization design cannot achieve a
comprehensive improvement in structural performance. In the existing research, the multi-objective
lightweight research considering fatigue life, especially the user’s road fatigue durability is relatively
few. Based on the Topsis theory to screen variables, using a non-dominated ranking genetic algorithm
to optimize the design parameters then improve the flexural stiffness, torsional stiffness and mass
of the steel structure without reducing the low-order inherent frequency [11]. A method combining
principal component analysis with modified particle swarm optimization algorithm (MPSO) was
proposed for the multi-objective lightweight design of the b-column [12]. The results show that the
b-column weight was reduced by 20.7% and the peak intrusion deformation improved by 23.5%
and 41.7%, respectively, under the premise of peak impact velocity. Based on Kriging approximation
model, experts have studied the anti-fatigue lightweight design of welded structures [13]. Although
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the proposed optimization method can achieve weight decline, other performance indexes are not
completely guaranteed.

In this paper, the lightweight multi-objective optimization is carried out on the basis of ensuring
the fatigue durability performance, considering the fatigue life constraint and integrating the mass and
structural durability. Firstly, establishing the full interior cab finite element model and obtaining the
results of their unit load stress field distribution by inertial release. Since the location of cab fatigue
load excitation is located at the cab-frame connection, it cannot be collected directly through the
installation equipment. In order to obtain an accurate load spectrum of cab fatigue life analysis, a
fatigue analysis method combining measured road spectrum with virtual simulation was proposed.
Based on the multi-body dynamics model, the fatigue load spectrum of the cab-frame connection
point was extracted by virtual iteration with software co-simulation. Combined with the results of
inertial stress distribution and material property parameters of the cab, fatigue simulation analysis was
carried out in nCode. Then, the multi-objective lightweight design of the cab was carried out based
on the Kriging approximate model. With the mass and fatigue damage values as the optimization
objectives and the bending-torsional stiffness and first-order bending-torsional mode as the constraint
conditions, established the mathematical model between the mass and fatigue damage values of the cab
and the thickness of the key sheet metal parts. The optimal solution of design variables was determined
by using the particle swarm optimization algorithm, and the performance indexes of cab structure
before and after optimization were compared. Finally, use the cab bench test to verify the effectiveness
of the lightweight scheme.

The remaining sections of this article are organized as follows: Section 2 introduces the data
acquisition and processing of the test vehicle on the proving ground. In Section 3, the finite element
model and the rigid-flexible coupling multi-body dynamic model of the cab are established. Section 4
mainly includes fatigue load spectrum extraction by virtual iteration and iterative accuracy checking.
The fatigue simulation and experimental results are compared in Section 5. The multi-objective
optimization of cab lightweight is carried out in Section 6 and finally, the effectiveness of the proposed
optimization method is validated through a designed bench test. See Section 7 for the conclusion of
this paper.

2 Signal Acquisition and Processing

The purpose of road spectrum acquisition is to get the response of the cabin and mount system
under the strengthened road excitation on the test site. Then take it as the expected signal of virtual
iteration, to get the fatigue load spectrum at the attachment points between cabin and frame.

A 6 x 4 drive domestic tractor was taken as the test vehicle. The front suspension was a leaf spring
and the rear suspension was a combination of air bag shock absorption and leaf spring. The curb
weight was 8.8 tons, and the full load weight was 45 tons. The road spectrum was collected at an
automobile testing ground, and the collection procedure was formulated according to enterprise user-
related test specification and the damage equivalence principle [14], as shown in Table 1.

Adopting The HBM Somat EDAQ dynamic data collector to collect the road spectrum, according
to the test specification, the sampling frequency was 512 Hz. The sensor layout diagram of the test
prototype is shown in Fig. 1. Based on the Rossow sampling principle, each road condition was tested
three times, and the most stable result of the three groups was selected as the expected signal of virtual
iteration.
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Table 1: Proving ground road spectrum acquisition program

No. Routes Speeds Cycle numbers
1 Pebble road (A) 20 km/h 2000

2 Twist road (B) 10 km/h 53375

3 Slate road 25 km/h 2000

4 Slate road 25km/h 13434

5 Stone road (B) 25km/h 18800

6 Pebble road (C) 40 km/h 5000

7 Wavy road 30 km/h 40000

-~ N.-8
Date Acquisition Device
Voltage 12V

-~ Displacement Acceleration
Sensor Sensor

Figure 1: Sensor’s layout of the test vehicle

Because of the impact vibration of road roughness in the test site and the electromagnetic
interference of vehicle related wiring harness, the signals collected at first cannot be directly used for
virtual iteration, and corresponding signal processing is required [ 5]. The signal consistency check
was carried out and maximum acceleration at the lower end of the airbag was around 10 g, which
was in line with the expected extent, and the acceleration response distribution was consistent. The
acceleration curve of the lower end of the cab airbag mount is shown in Fig. 2.

Then, nCode software was used for data preprocessing. The frequency of road excitation in the
test site affecting the fatigue of automobile parts was mainly concentrated in 0-50 Hz, and the other
high frequency components were caused by noise during signal acquisition. Therefore, the measured
signal was processed by low-pass filtering at 50 Hz to improve the signal to noise ratio. The PauTa
Criterion was used to identify the measured signal singular values to avoid the influence of singular
values on the accuracy of parts durability prediction.
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Figure 2: Airbag suspension acceleration comparison
Use the Trend Remove function in nCode software to remove data drift. The original data were

resampled to reduce the number of data points and improve the efficiency of the fatigue test. Taking
pebble road as an example, the test data after signal processing is shown in Fig. 3.
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Figure 3: Airbag suspension displacement signal
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3 Model Establishment and Verification

3.1 Finite Element Model (FEM )of Cab

The accuracy of the FEA model is the key to fatigue analysis. In order to simulate the fatigue
endurance performance under full load conditions accurately, the weight of the passengers and luggage
in the vehicle during the road test at the proving ground is fully considered. The model was loaded
with 150 kg passenger weight and 40 kg luggage weight. The FEA model of the cab is established by
the software called HyperMesh. The FEA model is mainly a quadrilateral shell element with 8 mm
mesh size, the number of elements and nodes are 1927244 and 1441956, respectively. The ACM unit is
used to simulate the welding spot of sheet metal parts, the diameter of the welding spot is 6 mm, and
the number is 3221. Taking the rigid unit to simulate the bolt connection. Fig. 4 shows the full-interior
FEA model of the cab.

Figure 4: Finite element model of the cab

To verify the accuracy of the FEA model, the calculated values of centroid and moment of inertia
are compared with those from the physical tests. The weight of the cab is 944 kg, and the centroid is
located at (—325.43, 46.75, 1048.35 mm). The moment of inertia test bench is shown in Fig. 5. The
relative error between the calculated value and the test value is within 10%, as shown in Table 2. The
results show that the FEA model of cab meets the requirement of precision [16].

During the transport of the tractor, the attachment points between the cab and mount system
are under stress. To simplify the mechanical analysis of constraints and loading conditions, the
inertia release method was proposed. The inertia release method [1 7] uses the inertia force to balance
the external force, and imposes the virtual constraint consistent with the test vehicle state on the
connection of the cab mounting point to ensure the balance. This method can eliminate the calculation
error caused by the restraint point reaction force during in static analysis, and thus gain more correct
calculation results. Under the action of external force, if the damping of structure is ignored, the
balance equation of inertia release analysis is described as follows:
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F+M5=0 (1)

where F' is the external load matrix of model nodes; M is a mass matrix of the model; & is the
acceleration matrix of model nodes.

Figure 5: Momentum of inertia test bench test

Table 2: Comparison of computational inertia and experimental inertia

. . 5
Numerical types Principal moment of inertia/(kg.m?)

IXX Iyy IZZ
Calculated 1190.25 1017.03 1256.22
Measured 1084.98 940.60 1148.50
Relative error/% 9.70% 8.13% 9.38%

The X, Y and Z three-way unit forces and moments are applied at the connection between cab
mount and frame, and the stress response is calculated by the Optistruct solver. The calculation
formula of stress-time history is as follows [18]:

Ui',a,

0y (1) = D Pi(0) 5= )
. k,FEA

where oy, a (7) is the stress-time history; k is the number of loads; o, is the stress response of static

load at point ij; P, 1, is the magnitude of static load force.

Specifically, X, Y, and Z unit force and unit moment are applied at the four mounting points of
the cab. Each unit load is set as a working condition, a total of 24 load conditions. These unit load
condition were established to correspond to the fatigue load spectrum channel of the virtual iteration.
Inertial relief settings of the cab are shown in Fig. 6a, and solution results are presented in Fig. 6b.
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Figure 6: Inertia release of the cab: (a) Settings, and (b) Results

3.2 Rigid-Flexible Coupling Multi-Body Dynamics Model

According to the load transfer path, road excitation is transferred to the cab through the frame
and rubber bushing. Under the road excitation of the proving ground, the front part of the frame
connected with the airbag suspension has a great influence on the dynamic response of the cab.

Therefore, selecting the front half of the frame, and based on the Craig-Bampton modal synthesis
method, a modal neutral file containing mass, node position and modal is obtained. It is then imported
into Adams/Car software to make a flexible body frame model, which is then combined with the
cab rigid body model in Adams/Car to generate a rigid-soft coupled multibody dynamics model for
simulation analysis. In Adams, the dynamic differential equation of flexible body obtained based on
the Lagrange equation can be expressed as [19]:
M A1 1Tam.7".

¢ ¢ 2| oz ¢l ¢
. Tov]"
+K+ G+ D¢ + ac r=0
where M, K, D represent the flexible body mass matrix, modal stiffness matrix and modal damping

matrix, respectively. ¢ is the generalized coordinate vector; Q is the additional load vector; G is the
gravity force; v is the constraint equation vector; A is the Lagrange multiplier for the constraints.

(€)

For the purpose of the virtual iteration, four Z-directional displacement excitations were estab-
lished at the frame leaf spring lugs and the coil lugs respectively, to simulate the vertical, pitch and
roll force characteristics of the cab. An X-directional displacement excitation is established at the first
cross member of the frame to simulate the longitudinal impact force characteristics of the cab, such as
acceleration and braking. Two Y-directional displacement excitations are set on the same side of the
frame to simulate the lateral and yaw force characteristics of the cab.

Seven spline curves are created and given displacement excitation by the AKISPI function. In
addition, the output response signal should be established in the model consistent with the sensor
installation position during the road test of the proving ground. The displacement signal established
on the frame above is used as the excitation signal of iteration, and the airbag mounting displacement
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and its acceleration are used as the response signals. The cab-frame rigid-flexible coupled multi-body
dynamics model is shown in Fig. 7.

Cabin. ges_cab EXTRI

Figure 7: Rigid-flexible coupling multi-body dynamics model

The above channel settings are executed in Adams software, and the (x.adm) format file produced
during the simulation process is invoked by Femfat-Lab software for co-simulation. The signals of
cab mounting displacement and acceleration measured on the proving ground used as the iteration
expectation signals, the random red, pink and white noise produced as the first excitation signal to
start the virtual iteration.

4 Virtual Iteration

Virtual iteration is to simulate a nonlinear system with linear transfer function by means of multi-
body dynamics, and solve the external excitation through the known response of the structure [20].
The virtual iteration flow chart is shown in Fig. 8.

Initial white Drive System System
: — —] SR —Output—
noise MBS (FRF) iy response
Target signal Sk ;
on the proving (FRF!) {mln:l:inl dr_w}_;_,
ground Erisiens )
T 1
Test value Drive
; ti-bo
Iterative Simulation System d amicsy
convergence value response instcm

Figure 8: Virtual iteration schematic

Firstly, random white noise signal is generated to drive multi-body dynamics model, combined
with the response signal of the corresponding channels, from which the frequency response transfer
function of the system is derived.
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X(w) = / ) x(t)e " dt 4)

Y(w) = /OO y(He ™dt (5)
_ Y(w)

H(w) = Y@ (6)

where x (1), X (w) represent time domain signal and frequency domain signal of white noise, respec-
tively; y (¢), Y (w) represent time domain response signal and frequency domain response signal under
whiten noise excitation, respectively; H (w) is the frequency response transfer function of multi-body
dynamic.

According to the classical control theory, the external excitation can be calculated by the response
signal on the proving ground and the frequency response transfer function of the system. However, the
multi-body dynamic system is nonlinear and the transfer function is linear, there is an error between
the external excitation calculated by inverse calculation and the actual load, so an iterative step is
introduced to reduce the error.

V@ = [ kvt )
. T

X = 22 ®)

X' () = % /°° X (w) e”'dw 9)

In the formula: k is the correction. Driving the multi-body system with the initial excitation signal
x° (1) to obtain the response signal )° () and comparing it with the testing acquisition signal y,,, (7).
The next iteration of the excitation signal x' (¢) is obtained by correcting the excitation signal with the
response deviation.

(1) = ypo () = Y (0) (10)

E'(w) = /°° (e dt (11)
0 n L * E(w) .,

AN = o T ¢dw (12)

X' = x"(t) +a- AQ) (13)

where ¢° () represent the response deviation value; A° is the excitation signal correction amount; a is
the multi-body system correction factor. Through several iterations, the response signal is infinitely
close to the desired signal, and finally the external excitation of the system is obtained.

The accuracy of the virtual iteration will directly affect the reliability of the fatigue load spectrum,
and its accuracy can be judged from four aspects: relative damage value, time domain, frequency
domain and amplitude domain [21]. The relative damage value refers to the approximate degree of
fatigue damage caused by two different load spectra to the same structure.

By calculating the ratio of pseudo damage between the iterative signal and the measured signal,
if the relative damage of each channel is close to 1, it shows that the iteration quality is high. It is
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believed that the relative damage value between 0.5~2 basically meets the engineering requirements.
The pebble road is taken as an example to illustrate the iteration results. The relative damage values
of the simulated response and target response are shown in Fig. 9.
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Figure 9: The relative damage value of each channel

In the time and frequency domain, the coincidence of curve trend and peak value between
simulation value and test value is mainly studied. Time-domain simulation and test comparison of
z-direction acceleration of left rear airbag suspension are shown in Fig. 10a, and the partial enlarged
view is shown in Fig. 10b. From the amplitude and trend of the time-domain signal, it can be seen that
simulation signal is in good agreement with the measured signal.
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Figure 10: Comparison of time series curve. (a) Simulation and test comparison, (b) Enlarged view of
the local area

The comparison of frequency domain curves is shown in Fig. 11. Under the impact of 0-40 Hz on
the proving ground, the power spectral density energy distribution trend of the simulated signal and
measured signal is consistent.

The evaluation of the amplitude domain is based on rain flow counting, and the shape of the rain
flow matrix composed of amplitude and mean value is essentially the same. The comparison of rain
flow distribution histogram, as shown in Fig. 12.
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Figure 11: Comparison of frequency domain
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Figure 12: Rain flow distribution histogram: (a) Front airbag mounting test acceleration rain flow
count, (b) Corresponding simulation acceleration rain flow count, (c) Rear airbag mounting acceler-
ation rain flow counting, (d) Corresponding simulation acceleration rain flow count
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In summary, the simulation signal is consistent with the test signal, which meets the requirements
of iterative accuracy. That is, the equivalent displacement of iteration accurately simulates the impact
of road surface and reproduces the real force status of the vehicle. For reasons of content, it is only
displaying the fatigue load spectrum of part roads. Fig. 13 shows the load spectrum of the cabin left
front mount on Pebble Road (C). The fatigue load spectrum in the .rsp format of each road is combined
according to the cycle times of the road test program. Subsequently, the combined load spectrum in
the .dcy format will be used for fatigue analysis.
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Figure 13: Load spectrum of left front suspension: (a) Longitudinal force, (b) Lateral force, (c) Vertical
force (d) Rolling moment, (e) Pitching moment, (f) Yawing moment

5 Fatigue Simulation Analysis

The cab of a commercial vehicle is mainly composed of thin sheet metal components, which bear
the alternating load of the road during transportation. When fatigue failure occurs, it includes not only
elastic strain but also plastic strain, so adopting the stress-strain fatigue analysis method. The stress-
strain method is based on the rain flow counting method, which was developed from Coffin-Manson
theory for fatigue life prediction of systems under uniaxial loading [22,23]. The relationship between
the total strain of materials and fatigue life is:

&= 2 (2N) +& (2N))' (14)
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where ¢, is the total strain amplitude, o; is the material strength coefficient, b is the strength exponent,
E is the modulus of elasticity, N, is the fatigue life, ¢, is the material durability coefficient, c is the
durability exponent.

However, Coffin-Manson is only applicable to material strain under uniaxial load. In multi-axial
load, the function needs to be equivalently processed according to the fourth strength theory. The total
strain g , after processing is expressed as [24]:

— \/(8311 - ela)z + (eSa - eZa)z + (eZa - ela)z
V214w

where e,,, e,,, €;, represent the first-order, second-order and third-order strain amplitude respectively
and w is the Poisson’s ratio of the material. Given that the materials have different Poisson’s ratios in
the elastic and plastic deformation stages, 1, and p, are used to represent these two different stages,
respectively.

(15)

qa

The equivalent total strain ¢, is composed of elastic strain ¢,, and plastic strain ¢,,, whose
expression can be expressed as:

e(c) e(c)
= &, = 1
fu = S T o = 0 T T ) (16)
\/(630 - elu])2 + (e3a - 620)2 + (e2a - ela)2
e(c) = >

By integrating the above equations, the relationship between the strain and fatigue life of a
component can be modified as [25]:

e = (141 ZON) + (L4 11,) &, 2N, (18)

(17)

When the stress amplitude of the structure is o;, the fatigue failure occurs in cycles of N, and the
damage caused by each cycle is D = 1/N,. If the number of cycles is n;, the damage to the structure
is D, = n,;/N,. When the structure bears stress amplitudes of oy, 05, ..., 0,, and the number of cycles
corresponding to each stress amplitude is n,, n,, . . . , n,, the damage generated under the above actions
can be expressed respectively as:

n n n,
D1:_15D2:_25""Dn=_ (19)
N, N, N,
According to the linear superposition criterion, it can be seen that the total damage under the
action of the above stress amplitude can be expressed as [26]:

D= Z D, = Z % (20)
i=1 i=1

Once the total damage value D increases to 1, the structure will occur fatigue failure [27].
Combined with the fatigue load spectrum, stress analysis result under unit load and material e-N
curve, a simulation block was built in nCode for fatigue calculation, as shown in Fig. 14. Compared
with the endurance road test results, to verify the authenticity of the simulation results, as shown in
Table 3. The results show that the simulation failure part is basically consistent with the road test,
indicating the proposed method is reliable.
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Figure 14: Cab fatigue simulation flow block diagram

Table 3: Comparison of road test results and simulation results

No. Simulation failure parts Damage value  Test status
1 Deflector bracket mounting 142.5 Failure

2 Flooring braces 27.714 Failure

3 Rear mount rear mount 5.232 Failure

4 The stringer connecting rear floor 4.804 Safety

5 Front panel of the passenger side  4.094 Safety

Cracking diagrams of the proving ground and simulation cloud diagrams are shown in Fig. 15.
The maximum damage value was 142.5, located at the deflector bracket mounting point. Figs. 15a
and 15b show the tearing diagram of the deflector bracket installation point during the test. Fig. 15¢
shows the simulation cloud diagram. Fig. 15¢ shows the fatigue cracking diagram at lap joints of floor
braces during the test and Fig. 15f shows the corresponding fatigue simulation cloud diagram. Fig. 15d
is the upper bracket cracking diagram of the rear airbag suspension during the test, and Fig. 15gis the
corresponding fatigue simulation cloud diagram.

According to the simulated cloud and road test results, the fatigue damage is mainly located at the
outer support mounting point and load conduction point of the cab. And there is no fatigue failure of
body components. Therefore, the fatigue life of the cab still has a certain potential to improve, and the
body sheet metal parts have a certain space for lightweight.
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Figure 15: Comparison of road test results and simulation

6 Lightweight Design
6.1 Screening Variables Based on Sensitivity Analysis

From the perspective of cab structure, the cab structure is welded together by a large number of
sheet metal parts with different thickness. If all of them are used as design variables, some variables that
have little impact on the optimization objective will be introduced, resulting in increased optimization
iteration times or even failing to find the best solution.

Sensitivity analysis presents the partial derivatives of performance parameters to each design
variable, whose magnitude reflects the influence of design variables on performance parameters
[28]. Therefore, the sensitivity analysis results were used to screen design parameters. To meet the
lightweight based on fatigue durability, the material thickness of the body parts is taken as the design
variable. The sensitivity of the body structure performance parameters to the thickness variables of
the components can be expressed as:

4]

S = 21
0X; (21)

where S is the sensitivity, / (x) is the objective function and x; is the sheet metal thickness variable.

The thickness of body sheet metal parts was taken as a screening set of data variables. And
the calculated results are the sensitivity of bending stiffness (BS), torsional stiffness (TS), first-order
bending modal (BMS) and torsional modal (TMS) to thickness variables. The results of the sensitivity
analysis were shown in Fig. 16.

Through sensitivity calculation, the thickness of 20 components is determined as the optimized
design variable. These components have high sensitivity to the objective function and low sensitivity
to fatigue performance. These satisfy the lightweight requirements without sacrificing too much
performance, so they are chosen as design variables for the lightweight design.
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ID Label Thickness Bending Stiffness | ID Label Thickness Torsional Stiffness
1 Middle front floor 1.0 1 Frame side surround 1.0 _
2 Cab stringer 1.5 _ 2 Hinge reinforcement plate 1.5 -

3 Cab floor 1.0 _ 3 Cab stringer 1.5 -
4 Stringer reinforcing plate 2.0 - 4 Front plate 1.2 -
5 Frame side surround 1.0 - 5 Front side plate 0.8 -
6 Middle rear floor 1.0 . 6 Rear plate 0.8 .
7 Front surround inner panel 1.0 . 7  Front side connection plate 1.5 .
8 Front side plate 0.8 . 8  Front surround inner panel 1.0 .
9 Front connection plate 1.5 l 9 Front connection plate 1.5 .

10 Front mounting plate 2.0 I 10  Side A-pillar inner panel 1.2 .

11 Seat mounting plate 1.5 I 11 Front roof outer plate 0.8 I
12 Front plate 1.2 I 12 Roof connection plate 1.5 I
13 Side door connection plate 1.2 I 13 Cab floor 1.0 I
14 Stringer mounting plate 2.0 I 14 Rear side inner plate 1.2 I
15 B pillar inner panel 1.2 I 15 Rear upper outer plate 0.8 I
16  Front side connection plate 1.5 I 16 Rear lower outer panel 1.0 I
17 Side plate 1.0 I 17 Roof front crossbeam 0.8 I
18 Floor front beams 1.5 I 18 Side plate 1.0 I
19 Mid floor beam 15| 19 Middle front floor o |
20 A pillar inner panel 1.2 I (a) 20 Upper side panel 1.0 I (b)

ID Label Thickness Bending-Mode | 1D Label Thickness  Torsional-Mode
1 Rear plate 0.8 1 Frame side surround 1.0 _
2 Rear upper outer plate 0.8 _ 2 Hinge reinforcement plate 1.5 -

3 Front connection plate 0.8 _ 3 A pillar inner panel 1.2 .
4 Rear side inner plate 1.2 - 4 Front side connection plate 1.5 .
5 Middle rear floor 1.0 - 5 Front side plate 0.8 .
6 Rear surround crossbeam 1.0 - 6 Roof connection plate 1.5 I

7 Rear upper outer plate 0.8 - 7 Rear side inner plate 1.2 |

8 Side plate 1.0 - 8 Rear corner joint plate 1.2 |

9  Roof-beam connection plate 1.0 - 9 Rear reinforcement plate 1.0

10 Side upper inner panel 1.0 . 10 Rear floor joint panel 1.5

11 Outer rear roof panel 0.8 I 11 Rear surround crossbeam 1.0

12 Floor joint plate 1.0 I 12 Side upper connecting plate 1.2

13 Outer middle roof panel 0.8 I 13 Rear reinforcement panel 1.5

14 Roof longitudinal beams 1.0 I 14 Bunk mounting bracket 2.0

15 Rear surround nut plate 1.2 I 15  Skeleton connection plate 1.0

16 Cab stringer 1.5 I 16 Floor-beam joint plate 1.2

17  Front roof attachment plate 1.0 I 17 Welded reinforcement plate 1.2

18  Side upper connecting plate 1.5 I 18 Lower Cover Plate 1.0

19 Rear reinforcement plate 1.0 I 19  Rear surround outer panel 1.0

20  Front side connection plate 1.5 | (C) 20 Floor crossbeam 1.5 (d)

Figure 16: Sensitivity analysis results: (a) BS, (b) TS, (¢) BMS, (d) TMS

6.2 Optimization Design

To improve the optimization efficiency, using the Kriging approximation model instead of the
original simulation model to express the relationship between the optimization variables and the
response. According to the optimal Latin hypercube experimental design method, a total of 100 sample
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points were selected by uniform random sampling within the values range of each design variable,
combined with the fitting accuracy needs.

The accuracy of each approximate model is tested by determination coefficient R?, which be
expressed as [29]:

>3-
R="— (22)
Z;‘ 0 =)

where n is the number of sampling points, ¥, y; and y represent the prediction value of the approximate
model, the actual value of the sampling point i, and the mean of y, respectively. The closer R* is
to 1, the more reliable the approximate model is. The determination coefficients R* corresponding
to bending stiffness, torsional stiffness, first-order bending mode frequency and first-order torsional
mode frequency are 0.957, 0.968, 0.949 and 0.963, respectively, and the test results of the approximate
model are shown in Fig. 17. The check results show that all the approximate models meet the accuracy
requirements.
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Figure 17: Accuracy test of kriging model: (a) Bending stiffness, (b) Torsional stiffness, (c) First-order

bending mode, (d) First-order torsional mode
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Taking the thickness of 20 sheet metal components screened by sensitivity analysis as the design
variable, and comprehensively considering the mass, fatigue damage, stiffness and modal performance
indexes, the particle swarm optimization algorithm was adopted to carry out a lightweight multi-
objective optimization design of the cab. The mathematical optimization model can be described as
follows:

[ min(d(x), m(x))
s.t.k,(x) > ky

k(x) > ky

Jo(X) = fro

Ji(x) > fuo

X € (X, xyp)

(23)

where d (x) represents the fatigue damage value of the cab, m (x) represents the mass of the cab; k, (x)
and k;, are the bending stiffness value and its initial value; &, (x), k,, are the torsional stiffness value
and its initial value; f, (x), f,, are the first-order bending mode and its initial value; £, (x), f,, are the
first-order torsional mode and its initial value; XL and XU are the upper and lower limits of the values
of design variables, respectively.

Under the condition of satisfying fatigue endurance and reaching the lightweight goal, there
is a conflict between these two objectives, and such problems are usually called multi-objective
optimization problems [30]. As a swarm intelligence algorithm, the particle swarm optimization
algorithm has the advantages of simple form, fast convergence and flexible parameter adjustment
mechanism, which has great advantages in solving multi-objective optimization problems. Therefore,
the performance index calculation ingredients are integrated into the multidisciplinary optimization
analysis platform, and the particle swarm multi-objective optimization algorithm is selected. Based on
Kriging approximation model, the multi-objective optimization model of cab lightweight is shown in
Fig. 18.

Obtim ization

@ —E—E—
Parametric Modal Dynamics Fatigue
Model Calculation Calculation Calculation

Pause Stress Calculation
Calculation Bending and

Torsional

Stiffness

Figure 18: Multi-objective optimization model



440 CMES, 2023, vol.136, no.1

Partial optimization results of design variables are demonstrated in Table 4. The performance
comparison of the cab before and after optimization is shown in Table 4. It can be seen from Table 5
that the first-order bending and torsion frequency improve by 1.82% and 1.13% respectively, while
the cab bending and torsional stiffness decrease by 0.11% and 0.23%, respectively, and its mass is
reduced by 53 kg. Through optimization iterations, the performance changes are within acceptable
limits while reducing the mass, which shows that this method is effective in the optimized design of
body lightweight.

Table 4: Partial optimization results of design variables

Part name Part material Part schematic Initial thickness Optimized
thickness

Frame side surround DC04 1.0mm 0.8 mm
Cab floor DCO03 1.0mm 0.8 mm
Hinge reinforcement  DC04 1.5mm 1.2mm
plate

Cab side member B210P1 1.5mm 1.2mm
Rear side inner plate ~ B210P1 1.2mm 0.8 mm

Table 5: Performance comparison before and after optimization

Performance indexes Original  Optimized Rate/%
Bending stiffness /(N.mm™") 35052 35013 —0.11%
Torsional stiffness /(N.m.(°)™") 45746 45640 —0.23%
First-order bending mode/Hz 41.32 42.07 1.82%
First-order torsional mode/Hz 23.86 24.13 1.13%

The original body mass was 681.4kg, and after optimization, it was 628.3kg, achieving a
lightweight effect of 7.8%, while the maximum fatigue damage value was reduced from 142.5 to 2.56.
From the result of the simulation, the fatigue failure risk was reduced greatly. The comparison of
fatigue simulation cloud diagrams before and after lightweight optimization was shown in Fig. 19,

6.3 Seven-Axis Bench Durability Test

The fatigue test of the lightweight designed cab was carried out on the bench. And the M TS seven-
axis road simulation test bench was used to reproduce the fatigue stress condition of the cab during
the road test on the proving ground. The seven hydraulic servo actuators are consistent with the seven
displacement channels of the virtual iteration, including four Z-direction displacement channels, two
Y-direction displacement channels, and one X-direction displacement channel. Compared with the
traditional six-axis test bench, it can not only simulate longitudinal, lateral and vertical translation
and three-directional rotation of roll, pitch and yaw, but also simulate the torsional attitude of the cab,
which can accurately reproduce the six degrees of freedom movement force of the vehicle [31].
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Figure 19: Comparison of fatigue simulation clouds: (a) Initial fatigue simulation cloud, (b) Fatigue
simulation cloud after optimization

The counterweight of the driver and occupants in the cab is the same as the aforementioned
durability test on the proving ground. By simulating the response of the test vehicle under the road
excitation, the force from the six degrees of freedom on the road is reproduced, and the cab fatigue
endurance test bench is shown in Fig. 20. Combined with the feedback from the road test on the
proving ground, marks were placed on the vulnerable parts for viewing the fatigue damage results
after the bench test.

Figure 20: Fatigue verification of lightweight cab bench: (a) Diagram of the seven-axis actuator,
(b) Cab bench test

The road test procedure is consistent with the aforementioned, which is 8000 km reinforced road of
automobile testing ground. Cyclic loading is carried out according to the road spectrum test procedure,
and the equivalent bench test time is 260 h. After the bench test, all components have no fatigue
damage, and the results are consistent with the simulation results. The results show in Fig. 21.
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Figure 21: Marked component test results: (a) Left-front airbag suspension, (b) Right-front airbag
suspension, (c) Hood locking mechanism, (d) Suspension locking mechanism

7 Conclusion

In this paper, three fatigue research methods, namely, prototype vehicle endurance road testing,
finite element fatigue simulation and physical bench test, are integrated and applied to engineering
practice, which provides an important reference for the future study of automotive system-level
durability and lightweight.

Firstly, aiming at the current poor correlation between the fatigue analysis based on random road
spectrum and the endurance road testing on the proving ground, a fatigue endurance analysis strategy
combining the measured road spectrum and virtual simulation is proposed, which improves the speed
of fatigue simulation solution while maximizing the restoration of the real user road conditions. The
fatigue simulation results are basically consistent with the durability test results of reinforced road,
which verifies that the method has good engineering practicality.

Then, the thickness is screened based on sensitivity analysis, with mass and fatigue damage value
as the optimization objectives, bending torsional stiffness and first-order bending and torsional mode
as the constraints. Combined with the Kriging approximation model and particle swarm algorithm,
the multi-objective optimization design of the cab is carried out to obtain the Pareto optimal solution
set, and the final lightweight scheme is determined.

Finally, durability performance is verified based on the seven-axis road simulation test bench. The
results show that the cab’s lightweight design can consider both lightweight and durability.
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