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Abstract: The Analytic Target Cascading (ATC) is an effective method for solving hierarchical
Multidisciplinary Design Optimization (MDO) problems. At the same time, this method suffers
from poor convergence and low accuracy, which is caused by the inconsistency of system constraints.
In this paper, a novel ATC method based on dynamic relaxation factor is proposed. The dynamic
relaxation factor of consistency constraint is added in the system level and is adjusted by the deviation
of the linking variables between the levels to ensure the feasible region of the design space. The
effectiveness and accuracy of this method are verified by a mathematical example. This method
is used to solve the lightweight problem of the trussed front part of the vehicle body frame based
on active and passive safety to achieve the collaborative optimization of lightweight trussed frame,
crash safety, and aerodynamic characteristics. The important value of the novel ATC method based
on dynamic relaxation factor in engineering applications is proven.

Keywords: trussed frame; ATC; dynamic relaxation factor; lightweight; crash safety; aerodynamic
characteristics; MDO

1. Introduction

Formula Student Electric China (FSEC) is a competition which consists of static and
dynamic events. Five items are included in the dynamic competition: linear acceleration
test, 8-word detour test, high-speed obstacle avoidance test, durability test, and efficiency
test. Therefore, it is necessary to comprehensively evaluate the acceleration, durability, and
body weight of the racing car. Under the premise of ensuring the personal safety of the
driver, the overall performance of the racing car’s acceleration, driving range, handling
stability, braking, and lightweight is required to be optimal.

The electric racing car in the FSEC is a typical trussed frame structure [1–3]. At present,
most scholars only consider the collision safety of the body for lightweight research. In [4],
Xiong studied the multi-objective lightweight optimization problem of the front impact
structure of the automobile body. The crashworthiness model of the vehicle was established
by taking the thickness of the automobile body and the materials as the design variables.
In [5], Xie used the thickness of the front cabin of electric automobile as the design variable
to design the vehicle lightweight, and verified the safety of the automobile by the simulation
of the collision. However, for automobiles, the research of lightweight should not only
include passive safety; active safety is also an important factor that cannot be ignored [6,7].
The main problem of active safety is how to improve the handling stability, in addition
to being improved by the electronic control safety system [8–11]. In [12], Yu pointed out
that the vertical load of the tire on the ground is reduced by the aerodynamic lift on the
automobile, and the change of the vertical load has a significant impact on the wheel
cornering characteristics, thus affecting the handling stability, as well as the dynamic
performance and braking performance of the automobile. Therefore, the research on active
safety of racing car can be considered to include aerodynamic characteristics. In [13], the
author analyzed the aerodynamic characteristics of Ford F-150 race truck. In order to
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change the aerodynamic lift coefficient of the whole vehicle, the modeling design of the
truck was adopted, so as to increase the downward pressure of the tire during driving and
improve the handling stability of the truck during driving. Aerodynamic characteristics
are closely related to the shape of the front of the vehicle [14–16], and are affected by the
position of the key nodes in the front of the vehicle. In [17], the author used the key control
points of the head shape surface to establish 12 spline curves according to the streamlined
head shape of a high-speed train, and then generated seven spline curves for parametric
modeling of the head. For the truss body structure, when the node changes, the racing
car weight will be affected by the length of the pipe with the change of the node position.
Therefore, FSEC racing car is improved in the process of lightweight, which is conducive
to improving the active safety and affecting the weight of the racing car.

In general, active and passive safety collaborative optimization is needed to optimize
the overall performance of FSEC racing car. The combination of active and passive safety
is an effective way to improve vehicle safety. Although many companies and scholars
began to pay attention to the research on the combination of active and passive system
safety [18,19], the improvement of handling stability in these studies was carried out
from the electronic control system. Study of the body structure is ignored, which in-
creases the crash safety and improves the aerodynamic characteristics while lightening,
and realizes the integration of active and passive safety. Therefore, this paper studies
the abovementioned complex system with multiple couplings from the perspective of
structural considerations. The system needs to consider the influence of many disciplines
such as the structure, aerodynamic characteristics, and braking performance of the entire
vehicle. It is a typical MDO problem, which was formally proposed by the multidisci-
plinary design optimization technical committee [20]. It fully considers the coordination
mechanism between various disciplines in the process of complex product design. It can
shorten the design cycle and obtain better design schemes by obtaining the optimal value
of conflicting objectives [21–25].

In the study of multidisciplinary optimization engineering problems, MDO optimiza-
tion method is the key part of MDO research content. It is used to describe the engineering
problems involved mathematically. The selection of different types of optimization meth-
ods has a great impact on the complexity, accuracy, and calculation time of solution. So far,
MDO optimization method has been developed from single-level optimization method
to multi-level optimization method. The single-level MDO method is integrated into the
system level for design optimization by the design variables and constraints of various
sub disciplines, which results in the complexity of the system level. It is not optimized
for large-scale engineering cases [26–28]. Therefore, multi-level MDO methods are often
used in MDO. It can be decomposed into a number of relatively simple suboptimization
problems according to disciplines. The system-level control of global design variables is
adopted, and the local design variables are controlled by the subsystem. The difference
in optimization results is coordinated by the system level; for example [29–31], Concur-
rent Subspace Optimization (CSSO), Collaborative Optimization (CO), Bilevel Integrated
System Synthesis (BISS), etc. Many new MDO methods have been developed by scholars
on the basis of existing MDO optimization methods. In [32], Michelena proposed an ATC
method based on component hierarchical decomposition for large-scale system problems
according to their structure. This theory provided a reliable method for solving large and
complex problems. In [33], Yao considered structural layout, shape, and size optimization,
and proposed a Concurrent Subspace Collaborative Optimization method (CSCO). Many
design variables do not need to be optimized simultaneously using this method, which
significantly reduces the degree of nonlinearity in structural analysis. In [34], Shin and
Park proposed the MDO Based on Independent Subspaces (MDOIS) algorithm, which uses
a system analysis method to coordinate the coupling relationship between subsystems.

Among them, ATC is used to solve the problem of lightweight and active passive
safety comprehensive optimization design of truss body. System decomposition is used to
divide a complex system into smaller subsystems and determine the interaction between
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them. After decomposition, the different disciplines in the subsystem level are connected
with each other by linking design variables, so system coordination must be performed to
ensure the convergence of all linking design variables, and the inconsistency of variables
between disciplines needs to be considered [35]. In view of the inconsistency between
subsystem level, Brauhn [36] used the inequality constraint form to relax the system-level
consistency constraints in the CO method, which improved the convergence effect of the CO
method. In [37], Li proposed a dynamic relaxation factor method based on the relaxation
factor constraint, so that the size of the relaxation factor can be adjusted according to the
dynamic inconsistency between disciplines. His theory provides a powerful idea for the
research in this paper and is a very useful algorithm. It is used to ensure that the relaxation
factor is not only large, but also small, which leads to the failure to meet the relaxation
requirements among disciplines and leads to no feasible solution.

In recent years, the intermixing of algorithms has provided a good reference for
constructing new algorithms and improving the efficiency of the original ones. In [38], new
metaheuristic algorithms are proposed by inserting the model F1 in Slime Mold Algorithm
(SMA) and other representative algorithms. In [39], Zapata built a 3D structure using Self-
Assembly Algorithm With Particle Swarm Optimization (SAPSO) which is a combination
of two emerging techniques (self-assembly and PSO) with the purpose of improving the
process of construction of 3D structures and the convergence speed based on decreasing
the number of iterations for building any structure. In [40], Roman proposed to mix the
Compact Form Dynamic Linearization–Proportional–Derivative Takagi–Sugeno Fuzzy
Algorithm (CFDL-PDTSFA) and Virtual Reference Feedback Tuning VRFT to get a new
data-driven algorithm of CFDL-PDTSFA-VRFT.

Therefore, in this paper, the idea of dynamic relaxation factor in the CO model is
introduced into the ATC model, and the consistency of the linking design variables between
the same levels of ATC is used as the dynamic constraint condition. The size of the
relaxation factor is adjusted according to the inconsistency of the linking design variables,
taking into account the iterative calculation in the optimization process. At the same
time, the problem of choosing the size of the relaxation factor is well avoided. However,
as the number of iterations increases, the inconsistent information of the linking design
variables may be too small and cause the problem to converge incorrectly, so a fixed term
is introduced to constrain the lower limit of convergence to ensure the solution feasibility.
Then, the dynamic relaxation factor constraint ATC method is used to construct the active
and passive safety MDO design platform for the front impact structure of the racing car
body, and the polynomial response surface model is used to obtain the analysis models
of each level [41] to reduce the calculation time, realize the lightweight of the body frame,
and improve the active and passive safety of the whole racing car. It is confirmed that the
dynamic relaxation factor ATC method is suitable for practical engineering problems.

2. Materials and Methods
2.1. Multidisciplinary Optimization Model

The CO model is widely used in the MDO method. The main idea of CO is to
decompose the complex engineering project system design problem into several subsystem
level problems. The design optimization of each subsystem is completed independently
without considering the influence of the design results of other subsystems on the system.
The incompatibility and inconsistency between subsystems are coordinated by the top
system level [31]. It has the characteristics of parallel computing and reduces the difficulty
of solving high-order nonlinear equations. However, the algorithm framework is a two-
level structure, as shown in Figure 1, which cannot be widely used in all kinds of multi-layer
engineering problems, such as automobile manufacturing.
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Figure 1. Collaborative optimization method hierarchy.

The ATC method originated from the design of automotive products [32]. The design
targets are continuously decomposed from the upper level to the lower level. At the same
time, the responses of all levels are continuously fed back from the lower level to upper
level. Each unit problem is solved independently; the upper and lower levels overlap
for optimization. The optimization process stops when the convergence conditions are
satisfied. Therefore, ATC can be applied to infinitely divided i (i = 1, 2, ..., N) level problems.
Figure 2 shows the three-level decomposition system.

Figure 2. ATC level delivery.

2.2. ATC Model Description

For the automotive industry, a large number of design variables of complete vehicles,
systems, subsystems, and parts need to be optimized. The original design problem (vehicle
level) can be interpreted as finding a design scheme to minimize the deviation between all
design targets and responses on the premise of meeting all constraints, and its mathematical
description is shown in Equation (1) [32]:

Min||P− R||
Where R = r(x)

s.t. gi(x, y) 5 0 i = 1, 2, . . . , n
hi(x, y) = 0 j = 1, 2, . . . , m

xmin ≤ x ≤ xmax
ymin ≤ y ≤ ymax

(1)

The optimized objective function in the Equation (1) is defined as the deviation
between the required target P and the system response R obtained by the analysis model.
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r(x), gi(x, y), and hi(x, y) are inequality and equation constraints, x is design variable, y is
a linking design variable.

The abovementioned initial design problem is decomposed, and the original problem
is divided into multiple hierarchical structures. When using ATC decomposition, the initial
targets and constraints in the system level will be decomposed into multiple subsystem
spaces. The optimization target Pij at level i is the minimum response deviation calculated
by the upper system (i − 1) and the lower system (i + 1). The optimization target Pij
and the analysis model r exist in the target cascading structure. The design variables and
parameters, as well as the lower level response, are occupied by the analysis model and
return the response of the design problem. Response and linking variables are introduced
to describe the interaction between the vertical and horizontal subsystem problems. The
response is defined as the output of an analysis model, and the linking variable is defined
as a common design that exists between two or more design models. Therefore, the general
flowchart of ATC is described [36], as shown in Figure 3.

Figure 3. ATC model data flow level transmission design problem.

According to the data transfer flow chart shown in Figure 3, the general ATC model is
proposed in this article, as shown in Equation (2).

Level i: 

Pij : minωR
ij

∣∣∣∣∣∣Rij − RU
ij

∣∣∣∣∣∣+ ω
y
ij

∣∣∣∣∣∣yij − yU
ij

∣∣∣∣∣∣+ εR + εy

respect to x̃ij, yij, y(i+1)j, R(i+1)j, εR, εy

where, Rij = rij

(
R(i+1)j, x̃ij, yij

)
s.t. ωR

ij

n
∑

i=1

c(i+1)k

∑
j=1
||R(i+1)j − RL

(i+1)j||
2
2 ≤ εR

ω
y
ij

n
∑

i=1

c(i+1)k

∑
j=1
||y(i+1)j − yL

(i+1)j||
2
2 ≤ εy

gij
(

Rij, xij, yij
)
≤ 0

hij
(

Rij, xij, yij
)
= 0

x̃min
ij ≤ x̃ij ≤ x̃max

ij , ymin
ij ≤ yij ≤ ymax

ij

(2)

where Pij is the j-th subsystem optimization problem obtained by the upper level of

i (i = 1, 2, . . . , n), Pij =
{

k1, k2, . . . , kPij

}
. R is defined as the response value of the analysis

system at this level. RU , RL are the target values passed by the upper and lower systems,
respectively. y is defined as the linking variable between the same level. yU , yL are the
linking variables transmitted by the upper and lower systems, respectively. ω represents
the weight coefficient value of the response or the linking variable and the matching target
importance. εR is obtained by the deviation between the target value and the response
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value. The number of subproblems in the (i + 1)th level is defined as c(i+1)k (k = 1, 2, ..., m).
εy is obtained by the deviation between the linking variable and the calculated value. r
represents the analysis model of the level. x̃min

ij , x̃max
ij are used as the lower limit and upper

limit of the local design variable x̃ij.

2.3. The Introduction of Dynamic Relaxation Factor in ATC

In the standard ATC optimization method, the deviation between the target and the
response is not as small as possible. When the deviation is too small, the Kuhn–Tucker
condition may not be met during the calculation process, causing convergence problems.
Furthermore, too large will lead to the constraints between the systems being out of control.
In [37], Li proposed a dynamic relaxation factor method for the CO algorithm multidisci-
plinary model based on the fixed relaxation factor, so that the size of the relaxation factor
can be self-adjusted according to the inconsistency between disciplines, avoiding exces-
sively large or small case. This mathematical method has brought significant contributions
to multidisciplinary optimization, as shown in Equation (3).

ε = (λ× ∆)2∆ = ||xch1 − xch2||2 , 0.5 < λ < 1 (3)

where ∆ represents the inconsistency between sublevel 1 and sublevel 2. xch1, xch2 are
the design variables optimization solutions from the two subsystems in the optimization
process. λ is a constant coefficient, which is used for the system-level optimization problem
that determines a feasible region.

In this method, the relaxation factor is adaptively adjusted according to the incon-
sistent information of the linking variables in each iteration. However, its applicability is
limited and only applies when the linking variables are completely consistent.

To improve the consistency of the ATC method, by referring to the method of Equation (3),
the tolerance of dynamic linking variables between i + 1 system level is constructed as the
dynamic relaxation factor constraint of ATC method. In this method, the inconsistency of
linking variables among subsystems is taken as the constraint condition. The inconsistency
between systems is represented by the deviation of the linking variable γ between levels
after each iteration, as shown in Equation (4).

γ =
n

∑
j, k = 1

||y(i+1)j − y(i+1)k||22 (4)

In order to ensure that the optimization problem has a reasonable calculation domain,
the coefficient ρ is added to γ, 0.5 ≤ ρ ≤ 1. In the early stage of the optimization process,
when the inconsistency between the linking variables is large, γ plays a major role in
improving the efficiency of the global search in the system-level optimization process.
However, in the later stage, when the amount of inconsistency between disciplines γ
gradually decreases, then a fixed relaxation term ϕ is added to the relaxation factor to
limit the lower limit of the relaxation factor. It is used to ensure that the system-level
optimization problem always has a certain size of feasible region during the dynamic
change of the relaxation factor, as shown in Equation (5).

ε∗y = ρ2γ +ϕ (5)

whereϕ ∈ [0.01, 0.00001], the value ofϕ depends on the order of magnitude of the variable.
For example, when the magnitude of the linking variable is about 10−1 and 100, we can
choose 0.001 as its value, as used in the mathematical example of Equation (9) in this paper.
Of course, it is also feasible to choose a smaller value. However, if the value is too small,
non-convergence may occur, and appropriate expansion is needed at this time.
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The dynamic relaxation factor ATC model is constructed by introducing ε∗y in the
original ATC model. In Equation (6), the dynamic relaxation factor ATC model consisting
of system level and subsystem level is shown.

System level : minωR
ij

∣∣∣∣∣∣Rij − RU
ij

∣∣∣∣∣∣+ ω
y
ij

∣∣∣∣∣∣yij − yU
ij

∣∣∣∣∣∣+ εR + ε∗y
respect to x̃ij, yij, y(i+1)j, R(i+1)j, εR, ε∗y

where Rij = rij

(
R(i+1)j, x̃ij, yij

)
ε∗y = ρ2

n
∑

j,k=1
||yij − yik||22 +ϕ

s.t. ωR
ij

n
∑

i=1

c(i+1)k

∑
j=1
||Rij − RL

ij||22 ≤ εR

ω
y
ij

n
∑

i=1

c(i+1)k

∑
j=1
||yij − yL

ij||22 ≤ ε∗y

gij
(

Rij, xij, yij
)
≤ 0

hij
(

Rij, xij, yij
)
= 0

x̃min
ij ≤ x̃ij ≤ x̃max

ij , ymin
ij ≤ yij ≤ ymax

ij

Subsystem level : minωR
ij

∣∣∣∣∣∣R(i+1)j − RU
(i+1)j

∣∣∣∣∣∣+ ω
y
ij

∣∣∣∣∣∣y(i+1)j − yU
(i+1)j

∣∣∣∣∣∣+ εR + ε∗y
respect to x̃(i+1)j, y(i+1)j

where R(i+1)j = r(i+1)j

(
x̃(i+1)j, y(i+1)j

)
s.t. gij

(
R(i+1)j, x(i+1)j, y(i+1)j

)
≤ 0

hij

(
R(i+1)j, x(i+1)j, y(i+1)j

)
= 0

x̃min
(i+1)j ≤ x̃(i+1)j ≤ x̃max

(i+1)j , ymin
(i+1)j ≤ y(i+1)j ≤ ymax

(i+1)j

(6)

where the parameters ϕ and ρ are selected according to the actual situation in order to
ensure the convergence of the algorithm. εR is controlled by the system. In this paper, the
default weight coefficientω is 1, which can be adjusted according to the actual weight for
different problems.

The calculation process of the dynamic relaxation factor method is shown in Figure 4:

Figure 4. ATC dynamic relaxation factor calculation process.

2.4. Math Problem Application

In order to better prove the ATC method of inter-system linking variable as relaxation
factor constraint, a simple mathematical example, Equation (7) [36], is introduced to
compare the dynamic relaxation factor and fixed relaxation factor of 0.1, 0.001, and 0.00001,



Mathematics 2021, 9, 907 8 of 20

respectively. This example can be decomposed to make it exist only as related variables,
which reduces the difficulty of calculation and can be solved by ATC algorithm.

Min F = x2
1 + x2

2
s.t. g1 = x1 + 0.1x2 − 4 5 0

g2 = 2− 0.1x1 − x2 5 0
0 < x1 < 5, 0 < x2 < 5

(7)

The theoretically optimal solution of this problem is x∗ = (0.19802, 1.9802),
f (x∗) = 3.9604. Aiming at this problem, the traditional fixed relaxation factor ATC opti-
mization method is used as Equation (8):

System level : Min F = x2
01 + x2

02 + ε1 + ε2
Where R1 = r1 = 0.5×

(
x2

01 + x2
02
)
, R2 = r2 = 0.5×

(
x2

01 + x2
02
)

s.t. (x01 − x11)
2 + (x02 − x12)

2 5 ε1

(x01 − x21)
2 + (x02 − x22)

2 5 ε2

Subsystem level 1 Min j1 =
(
x11 − xu

01
)2

+
(
x12 − xu

02
)2

s.t. g1 = x11 + 0.1x12 − 4 5 0
Subsystem level 2 Min j2 =

(
x21 − xu

01
)2

+
(
x21 − xu

02
)2

s.t. g2 = 2− 0.1x21 − x22 5 0

(8)

The inter-discipline consistency constraint is used as the response deviation to con-
struct the dynamic relaxation factor, as shown in Equation (9).

System level : Min F = x2
01 + x2

02 + ε∗

Where R1 = r1 = 0.5×
(
x2

01 + x2
02
)
, R2 = r2 = 0.5×

(
x2

01 + x2
02
)

s.t. (x01 − x11)
2 + (x02 − x12)

2 5 ε∗

(x01 − x21)
2 + (x02 − x22)

2 5 ε∗

ε∗ = ρ2γ +ϕ = ρ2[(x11 − x21)
2 + (x12 − x22)

2] +ϕ

Subsystem level 1 Min j1 =
(
x11 − xu

01
)2

+
(
x12 − xu

02
)2

s.t. g1 = x11 + 0.1x12 − 4 5 0
Subsystem level 2 Min j2 =

(
x21 − xu

01
)2

+
(
x21 − xu

02
)2

s.t. g2 = 2− 0.1x21 − x22 5 0

(9)

The multidisciplinary optimization platform is built into the Isight software; the above
problems are solved respectively. The Modified Method of Feasible Directions (MMFD)
algorithm is used in the system level, and the Non-Linear Programming by Quadratic
Lagrangian (NLPQL) algorithm is used in the subsystem level. The initial values of the
above questions are all set to (1,1). The value of ρ as long as it meets the requirements of
the value range and the value of ϕ have been introduced above.

As shown in Figure 5a–c: (a) is the iterative graph of dynamic relaxation factor
constraints, (b,c) are the iterative graphs when the relaxation factor is constrained to 0.1 and
0.001. When the relaxation factor is 0.001, there is no feasible solution due to overconstraint.

Table 1 shows the comparison between traditional ATC and ATC based on dynamic
relaxation factor. As shown in Table 1, when the relaxation factor is 0.1 for optimization, the
constraint strength is insufficient, which leads to premature convergence, with a large error
of 28.79%; when the relaxation factor is 0.001, the optimal value is close to the theoretical
solution and the difference is only 2.04%, but there is still a 0.83% gap compared with
the dynamic relaxation factor; when the relaxation factor is 0.00001, the relaxation factor
constraint is too small, resulting in no feasible solution. In addition, when the dynamic
relaxation factor is used for iteration, the number of iterations is only 17 times. Compared
with the relaxation factor of 0.1, the number of iteration steps is reduced by three steps,
and compared with the relaxation factor of 0.001, it is reduced by 17 steps.
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Figure 5. Different relaxation factor iteration; (a) dynamic relaxation factor constraints; (b) the
relaxation factor is constrained to be 0.1; (c) the relaxation factor is constrained to be 0.001.

Table 1. Comparison between traditional ATC and dynamic relaxation factor ATC.

Solve under Different Conditions Optimal Solution Error Accuracy Number of Iterations

Theoretical solution 3.9604 —— ——
Solution with a relaxation factor of 0.1 2.8204 28.79% 20

Solution with a relaxation factor of 0.001 3.8796 2.04% 34
Solution with a relaxation factor of 0.00001 No feasible solution —— ——

Dynamic relaxation factor 3.9125 1.21% 17

Therefore, dynamic relaxation factor constraints are adopted to avoid constraints and
insufficient constraints when selecting relaxation factor constraints, and to improve the
efficiency and accuracy of the solution.

3. Engineering Problem Solving

Lightweight optimization for front impact structure of body frame based on active and
passive safety is a typical ATC problem. Before the problem is stratified, the optimization
objective is lightweight, and the constraints are collision safety and air lift. The research
object of this problem is the original truss body, as shown in Figure 6. It is a typical MDO
problem to study the lightweight of a truss body while ensuring active and passive safety,
which involves many design variables and constraints. Since the linking variables of the
two disciplines, crash safety and air lift, are the length and wall thickness of critical pipe
fittings, which have a direct impact on lightweighting, the above unstratified problem can
be decoupled into a two-level ATC problem.
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Figure 6. Electric formula racing.

Therefore, the ATC method is used to decompose the complex engineering system
into several subsystems for optimization, which can eliminate the complex system analysis
and optimize each subsystem in parallel, reducing the complexity of the whole system.
However, auxiliary variables are added in the process of optimization, which also increases
the calculation of the whole system to a certain extent, so it is very important to apply
efficient optimization algorithm to each subsystem of ATC for optimization calculation. At
the same time, the response surface model is used to overcome the problems of spending
a lot of time and energy on simulation calculations and low efficiency in finite element
simulation analysis.

3.1. Passive Safety

The truss body established in this paper is based on a certain electric formula, com-
bined with the design requirements in the competition rules and created by SolidWorks
software. Considering the truss body’s passive safety, materials, processing technology,
cost, and other aspects, the pipe fittings of truss body are divided into seven specifications,
as shown in Figure 7.

Figure 7. Grouping of pipe fittings.

Since (0) the main ring and the front ring are important structures of the truss body,
the size specifications and material requirements are relatively strict. They are not used as
design variables to ensure the strength and rigidity of the frame structure. The thickness of
the pipe fittings (1)–(6) is shown in Table 2 as the design variable ti (i = 1, 2, . . . , 6).

During the collision, the deformation of the driver’s cockpit should be reduced as far
as possible to ensure that the driver has enough living space; the deformation of the front
cabin and the motor transmission cabin should be allowed to absorb the kinetic energy
transmitted by the body when the collision occurs, so as to reduce the collision acceleration
of the cockpit and reduce the impact damage to the driver caused by the collision impact.
For passenger cars, a major cause for the injury of the passenger’s leg is that there is body
front panel intrusion in the frontal rigid collision. Therefore, the deformation of body front
panel which is in contact with the front end of the driver should be reduced as much as
possible. This will lead to the driver’s leg injury being small and easy escape [5,42].
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Table 2. Main parameters of racing rods.

Main Components (Design Variables) Initial
Value/mm

Design Upper
Limit/mm

Design Lower
Limit/mm Material

(0) Front ring and main ring 1.6 - - 4130 steel
(1) Front baffle, roll cage diagonal brace, main ring
diagonal brace, side anti-collision structure, battery

protection structure
1.6 2.0 1.2 4130 steel

(2) The upper and lower supports of the front
clapboard and the upper and lower longitudinal pipes

of the motor drive cabin
3.5 4.5 3.0 6061 aluminum

(3) Truss support pipe for front cabin and motor
drive cabin 3.5 4.5 3.0 6061 aluminum

(4) Front partition support and main ring support 1.5 1.6 1.5 4130 steel
(5) Cockpit and battery protection structure truss

support pipe 1.6 2.0 1.2 4130 steel

(6) Mounting cross bar for motor, differential, and drive 1.2 1.6 0.9 4130 steel

Therefore, in the simulation analysis of the frontal crash safety of the racing car, the
intrusion at body front panel and the peak acceleration of the cockpit are two important
evaluation indicators.

3.2. Active Safety

In the process of vehicle driving, the vertical load of tire is often changed. The
cornering characteristic of tire is affected by the change of vertical load, which leads to the
change of handling and stability. As shown in Figure 8, there is the influence of different
vertical loads on the cornering stiffness of A-70 series tires, B-high performance 70 series
tires, and C-60 series tires [12].

Figure 8. Cornering stiffness of different series of tires.

Therefore, the vertical load of the air lift tire can be changed by the air lift, which
affects the handling and stability of the vehicle to a certain extent. At present, many rail
vehicles have been designed for the front part of the vehicle [43,44] to increase the air
pressure and reduce the air resistance. In order to reduce the amount of calculation, this
paper only designs the head of the truss car body. The front model is established and
the aerodynamic characteristics of the front part are optimized to increase the negative
pressure during the driving of the front part.

The vertical component of the vehicle becomes the aerodynamic lift during driving.
The aerodynamic lift is proportional to the square of the incoming flow velocity, the
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windward area of the racing car, and the air lift coefficient Cl . The air lift coefficient
expression is shown in Equation (10):

Cl =
Fz

2ρν2
∞S

(10)

where S, ν, ρ are defined as windward area, incoming flow velocity, and air density.
The head of the truss body is shown in Figure 9. Pipe fitting 1, pipe fitting 2, and pipe

fitting 3 are the longitudinal pipe of body front panel, the middle pipe under the front
diaphragm, and the transverse pipe of body front panel. Considering the influence of the
body structure on active safety, the length change ∆lj (j = 1, 2, 3) of three pipe fittings is
taken as the design variable and the length of other members is changed according to the
position relationship.

Figure 9. Truss body head pipe fittings.

As shown in Table 3, the negative and positive signs are represented as length decrease
and length increase. According to the position of the front pipe fittings, the parametric
design of the front shape is shown in Figure 10. According to the Computational Fluid
Dynamics (CFD) simulation analysis, the aerodynamic characteristics are greatly affected
by the concave and convex of the curve at the top of the vehicle head, and the height
change value ∆dy at the midpoint of the longitudinal symmetry plane of the vehicle head
is taken as the design variable.

Table 3. Selection of design variable parameters for front part.

Design Variable Initial
Value/mm

Lower
Limit/mm

Upper
Limit/mm

Change value of length of tube 1 0 −5.0 30.0
Change value of length of tube 2 0 −50.0 75.0
Change value of length of tube 3 0 −25.0 15.0

Change value of longitudinal symmetry
plane of the vehicle head 0 −20.0 25.0

The change range curve at the midpoint of the longitudinal symmetry plane is shown
in Figure 11. For the points between the longitudinal midpoint and the two ends, the
coordinate increment value is changed according to the linear law. The deformation is
mainly the change of the unevenness of the curve. The two end points of the control
line need to be fixed. The change from the endpoints at both ends to the midpoint of the
control line is increasing. When ∆dy < 0, the curve is concave inward, and when ∆dy > 0,
the curve is convex outward. The air lift coefficients at different locations are shown in
Figure 12.
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Figure 10. Shape design of the front part.

Figure 11. The change range of the midpoint of longitudinal symmetry plane of the vehicle head.

Figure 12. Air lift coefficients at different locations of the midpoint.

To make the incoming flow uniform and stable, the wake flow is fully developed,
and the calculation domain is too small to avoid backflow. This paper sets the calculation
domain of the cuboid as 4 times the head length of the front part, 8 times the head length
of the rear part, 6 times the head height of the upper part, and 6 times the head width of
the left and right parts, as shown in Figure 13.
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Figure 13. Setting of computational domain for CFD simulation of vehicle head.

ICEM software is used to treat the geometric surface, and tetrahedral mesh elements
are selected. Encrypt the grid near the front of the racing car to ensure calculation accu-
racy [2]. The basic parameter settings are shown in Table 4:

Table 4. Basic parameters of CFD simulation.

Calculation Domain Boundary Type Parameter Setting

VELOCITY INLET ν = 11.1 m/s

PRESSURE OUTLET Free pressure outlet, hydraulic diameter: 2.04 m,
turbulence intensity: 5%

GROUND Slip wall, ν = 11.1 m/s
WALL

FRONT SURFACE Immovable avoidance surface

3.3. Engineering Problem ATC Model

To sum up, in order to meet the lightweight needs of the automotive industry, as
shown in Equation (11):

Find : ti, ∆lj, ∆dy
Objective : Min M

(
ti, ∆lj

)
s.t. GA

(
ti, ∆lj

)
= A− 60 ≤ 0

GD
(
ti, ∆lj

)
= D− 71.6 ≤ 0

GCl
(
∆lj, ∆dy

)
= minCl

(
∆lj, ∆dy

)
tmin
i ≤ ti ≤ tmax

i
∆lmin

j ≤ ∆lj ≤ ∆lmax
j

∆dymin ≤ ∆dy ≤ ∆dymax

i = 1, 2, . . . , 6; j = 1, 2, 3

(11)

where A is the peak acceleration during the collision, D is the intrusion at body front
panel during the collision, M is the weight of the truss body, Cl is the air lift coefficient,
ti is the pipe thickness, li is the pipe length, ∆dy is the change value of midpoint height
of longitudinal symmetry plane. According to the calculation framework of the ATC
method, the active and passive safety car body crashworthiness structure optimization
problem is decomposed into a system-level optimization (lightweight system) and three
subsystems (intrusion subsystem, peak acceleration subsystem, and air lift coefficient
subsystem) optimization problems. At the same time, the dynamic relaxation factor model
is introduced into the ATC method framework. The mathematical description is as follows
in Equations (12)–(15):
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System level:

Min P = M
(
ti, ∆lj

)
+ εRCl + εA + εD + εCl

ωRCl ||CCl − CL
Cl ||

2
2) ≤ εRCl

ωA||yA − yU
A ||

2
2 ≤ εA

ωD(||yD − yU
D||

2
2 ≤ εD

ωCl ||yCl − yU
Cl ||

2
2 ≤ εCl

εA =
(
ρ2

A ×
∣∣∣∣∣∣tA − tD||22+

∣∣∣∣∣∣∆lA − ∆lD||22 +ϕA

)
εD =

(
ρ2

D ×
∣∣∣∣∣∣tA − tD||22+

∣∣∣∣∣∣∆lA − ∆lD||22 +ϕD

)
εCl =

(
ρ2

Cl ×
∣∣∣∣∆lA − ∆lCl ||22+

∣∣∣∣∆lB − ∆lCl ||22 +ϕCl
)

(12)

Subsystem level:
Analysis model of peak acceleration at impact:

Min J1 = ωA||yA − yL
A||22

s.t. GA = A− 60 ≤ 0
yA =

[
∆lj, ti

]
∆lmin

i ≤ ∆li ≤ ∆lmax
i

∆lmin
j ≤ ∆lj ≤ ∆lmax

j

(13)

Analysis model of intrusion at body front panel:

Min J2 = ωD(||yD − yL
D||22)

s.t. GD = D− 71.6 ≤ 0
yD = [∆li, ti]

tmin
i ≤ ti ≤ tmax

i
∆lmin

j ≤ ∆lj ≤ ∆lmax
j

(14)

Analysis model of air lift coefficient:

Min J3 = ωCl
(∣∣∣∣yCl − yU

Cl ||
2
2 +ωRCl

∣∣∣∣CCl − CL
Cl ||

2
2
)

s.t. GCl = minCCl
CCl = R

(
∆dy, ∆lj

)
ycl =

[
∆lj
]

∆lmin
j ≤ ∆lj ≤ ∆lmax

j
∆dymin ≤ ∆dy ≤ ∆dymax

(15)

where y represents the linking variables of different models, and the superscripts U and
L represent the system level and the subsystem level. C is the analysis model, which is
obtained through the fluid subsystem analysis module. εD, εA, εCl are defined as the
inter-system linking deviation of intrusion, peak acceleration, and air lift coefficient.

3.4. Multidisciplinary Optimization

In order to accurately establish a Response Surface Methodology (RSM), a Design of
Experiment (DOE) is usually used to sample the design space. Among the many DOE
methods, the Optimal Latin Hypercube Design (Opt LHD) improves the uniformity of
the random Latin Hypercube Design, making the fitting of factors and responses more
accurate and true. The Opt LHD makes all the test points evenly distributed in the design
space as much as possible, with excellent space filling and balance.

Generally speaking, the first-order RSM has a simple structure and requires relatively
little test data, but the accuracy of the RSM is low. The combined effect is poor and cannot
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reflect the interaction between the independent variables. Second-order polynomial RSM
is used to make up for this defect as Equation (16) is generally used [41]:

Ŷ = b0 +
n

∑
i=1

bixi +
n

∑
i=1

n

∑
j=1

bijxi (16)

where b0, bi, bij are the undetermined constant term, the first coefficient term, and the
quadratic coefficient of the polynomial. Ŷ is the fitting response of the polynomial response
surface. Y is the real function response, and xi (i = 1, 2 . . . , n) is the design variable.

The Opt LHD is used to extract 16 groups of sample points from 10 design variables,
ti, ∆lj, ∆dy. The vehicle weight (M), intrusion (D), peak acceleration (A), and air lift coeffi-
cient (Cl) are taken as the target response. M and D are solved by LS-DYNA software, Cl is
solved by Fluent software, the results are shown in Table 5.

Table 5. Sampling data and simulation response value.

Design Variable 1 2 3 4 5 6 7 8

t1/mm 1.68 1.65 1.81 2.00 1.84 1.92 1.89 1.87
t2/mm 3.97 4.03 4.30 3.83 3.77 4.17 3.57 3.90
t3/mm 4.23 3.50 4.30 4.43 4.37 3.77 3.90 3.83
t4/mm 1.51 1.50 1.60 1.54 1.58 1.53 1.51 1.53
t5/mm 1.95 1.76 1.92 1.87 1.60 2.00 1.71 1.63
t6/mm 1.95 1.81 1.79 1.89 1.73 1.71 1.68 2.00

∆l1/mm −14.00 −6.67 −21.33 4.33 26.33 −17.67 30.00 −3.00
∆l2/mm 0.00 −33.33 41.67 16.67 25.00 58.33 −8.33 75.00
∆l3/mm 15.00 −3.67 −9.00 −25.00 7.00 −19.67 −14.33 9.67
∆dy/mm −2.00 −17.00 −14.00 −11.00 16.00 13.00 1.00 −5.00

M/kg 46.43 45.77 45.85 47.79 49.22 48.81 47.52 43.84
D/mm 50.19 49.57 50.13 62.90 50.16 62.26 64.71 63.83
A/g 48.42 45.75 49.84 50.93 48.25 50.00 47.76 48.94
Cl 0.26 0.30 0.25 0.25 0.23 0.23 0.24 0.21

Design Variable 9 10 11 12 13 14 15 16

t1/mm 1.71 1.95 1.63 1.79 1.73 1.97 1.76 1.60
t2/mm 4.10 3.70 4.43 4.23 3.50 4.50 4.37 3.63
t3/mm 3.70 3.63 4.17 4.50 4.10 3.97 3.57 4.03
t4/mm 1.57 1.59 1.55 1.52 1.56 1.55 1.57 1.59
t5/mm 1.73 1.84 1.65 1.81 1.97 1.68 1.89 1.79
t6/mm 1.60 1.84 1.87 1.63 1.65 1.76 1.97 1.92

∆l1/mm 15.33 8.00 11.67 19.00 −10.33 −25.00 22.67 0.67
∆l2/mm 66.67 −41.67 8.33 33.33 50.00 −16.67 −25.00 −50.00
∆l3/mm 11.67 1.67 −17.00 −1.00 4.33 −6.33 12.33 −22.33
∆dy/mm 4.00 19.00 25.00 −20.00 22.00 10.00 −8.00 7.00

M/kg 46.66 39.19 43.04 43.08 45.20 41.43 45.85 51.78
D/mm 65.43 67.00 70.84 66.51 69.77 78.54 71.04 65.10
A/g 46.86 48.49 47.23 49.10 47.85 49.05 48.71 47.59
Cl 0.20 0.29 0.24 0.24 0.23 0.28 0.27 0.32

The RSM of the vehicle mass (M), the intrusion (D), the peak acceleration (A), and the
air lift coefficient (Cl) are obtained, following Equations (17)–(20):

M = 50.779− 0.102 ∗ ∆l1 − 0.041 ∗ ∆l2 + 0.032 ∗ ∆l3 − 0.0248 ∗ t1 − 0.002 ∗ t2 − 0.014 ∗ t3 − 0.015 ∗ t4 + 0.003 ∗ t5−
0.001 ∗ t6 + 0.001 ∗ ∆l1 ∗ ∆l2 + 0.001 ∗ ∆l1 ∗ ∆l3 + 0.412 ∗ ∆l1 ∗ t1 − 0.234 ∗ ∆l1 ∗ t2 − 0.04 ∗ ∆l1 ∗ t3 + 0.047 ∗ ∆l1 ∗ t4−

0.286 ∗ ∆l1 ∗ t5 + 0.189 ∗ ∆l1 ∗ t6 + 0.01 ∗ ∆l2 ∗ ∆l2 + 0.001 ∗ ∆l2 ∗ ∆l3 + 0.049 ∗ ∆l2 ∗ t1 − 0.106 ∗ ∆l2 ∗ t2 + 0.018∗ ∆l2 ∗ t3+
0.076 ∗ ∆l2 ∗ t4 − 0.071 ∗ ∆l2 ∗ t5 − 0.084 ∗ ∆l2 ∗ t6 + 0.006 ∗ ∆l3 ∗ ∆l3 + 0.33 ∗ ∆l3 ∗ t1 − 0.303 ∗ ∆l3 ∗ t2 + 0.057∗ ∆l3 ∗ t3−

0.096 ∗ ∆l3 ∗ t4 − 0.046 ∗ ∆l3 ∗ t5 + 0.06 ∗ ∆l3 ∗ t6 − 0.087 ∗ t1 ∗ t1 − 0.046 ∗ t1 ∗ t2 − 0.122 ∗ t1 ∗ t3 − 0.116 ∗ t1 ∗ t4 − 0.038 ∗ t1 ∗ t5
−0.038 ∗ t1 ∗ t6 − 0.006 ∗ t2 ∗ t2 − 0.024 ∗ t2 ∗ t3 − 0.033 ∗ t2 ∗ t4 + 0.004 ∗ t2 ∗ t5 − 0.003 ∗ t2 ∗ t6 − 0.123 ∗ t3 ∗ t3 − 0.122 ∗ t3 ∗ t4
−0.011 ∗ t3 ∗ t5 − 0.022 ∗ t3 ∗ t6 − 0.114 ∗ t4 ∗ t4 − 0.012 ∗ t4 ∗ t5 − 0.022 ∗ t4 ∗ t6 + 0.009 ∗ t5 ∗ t5 + 0.003 ∗ t5 ∗ t6 − 0.001 ∗ t6 ∗ t6

(17)
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D = 24.433 + 0.474 ∗ ∆l1 + 0.121 ∗ ∆l2 − 0.169 ∗ ∆l3 + 0.075 ∗ t1 + 0.012 ∗ t2 + 0.061 ∗ t3 + 0.044 ∗ t4 − 0.017 ∗ t5−
0.001 ∗ t6 + 0.004 ∗ ∆l1 ∗ ∆l1 + 0.003 ∗ ∆l1 ∗ ∆l2 − 0.001 ∗ ∆l1 ∗ ∆l3 − 1.211 ∗ ∆l1 ∗ t1 + 1.493 ∗ ∆l1 ∗ t2 − 0.186 ∗ ∆l1 ∗ t3 − 0.175 ∗ ∆l1 ∗ t4

+0.678 ∗ ∆l1 ∗ t5 − 0.56 ∗ ∆l1 ∗ t6 + 0.011 ∗ ∆l2 ∗ ∆l2 − 0.005 ∗ ∆l2 ∗ ∆l3 − 0.144 ∗ ∆l2 ∗ t1 + 0.444 ∗ ∆l2 ∗ t2 − 0.172 ∗ ∆l2 ∗ t3−
0.193 ∗ ∆l2 ∗ t4 + 0.245 ∗ ∆l2 ∗ t5 + 0.272 ∗ ∆l2 ∗ t6 − 1.416 ∗ ∆l3 ∗ t1 + 1.09 ∗ ∆l3 ∗ t2 + 0.145 ∗ ∆l3 ∗ t3 + 0.207 ∗ ∆l3 ∗ t4+

0.157 ∗ ∆l3 ∗ t5 − 0.3 ∗ ∆l3 ∗ t6 + 0.272 ∗ t1 ∗ t1 + 0.154 ∗ t1 ∗ t2 + 0.419 ∗ t1 ∗ t3 + 0.349 ∗ t1 ∗ t4 + 0.104 ∗ t1 ∗ t5 + 0.113 ∗ t1 ∗ t6+
0.043 ∗ t2 ∗ t2 + 0.13 ∗ t2 ∗ t3 + 0.121 ∗ t2 ∗ t4 − 0.015 ∗ t2 ∗ t5 + 0.017 ∗ t2 ∗ t6 + 0.547 ∗ t3 ∗ t3 + 0.442∗ t3 ∗ t4 + 0.035 ∗ t3 ∗ t5

+0.087 ∗ t3 ∗ t6 + 0.322 ∗ t4 ∗ t4 − 0.005 ∗ t4 ∗ t5 + 0.053 ∗ t4 ∗ t6 − 0.058 ∗ t5 ∗ t5 − 0.027 ∗ t5 ∗ t6 − 0.004 ∗ t6 ∗ t6

(18)

A = 43.549 + 0.008 ∗ ∆l1 + 0.012 ∗ ∆l2 − 0.009 ∗ ∆l3 + 0.01 ∗ t1 + 0.002 ∗ t2 + 0.001 ∗ t3 + 0.008 ∗ t4 − 0.002 ∗ t5−
0.158 ∗ ∆l1 ∗ t1 + 0.049 ∗ ∆l1 ∗ t2 + 0.03 ∗ ∆l1 ∗ t3 + 0.042 ∗ ∆l1 ∗ t4 + 0.045 ∗ ∆l1 ∗ t5 − 0.105 ∗ ∆l1 ∗ t6 + 0.006 ∗ ∆l2 ∗ ∆l2+
0.002 ∗ ∆l2 ∗ ∆l3 − 0.055 ∗ ∆l2 ∗ t1 + 0.01 ∗ ∆l2 ∗ t2 + 0.068 ∗ ∆l2 ∗ t3 − 0.055 ∗ ∆l2 ∗ t4 + 0.019 ∗ ∆l2 ∗ t5 + 0.025 ∗ ∆l2∗ t6+

0.001 ∗ ∆l3 ∗ ∆l3 − 0.075 ∗ ∆l3 ∗ t1 + 0.111 ∗ ∆l3 ∗ t2 − 0.055 ∗ ∆l3 ∗ t3 + 0.055 ∗ ∆l3 ∗ t4 − 0.013 ∗ ∆l3 ∗ t5 − 0.025 ∗ ∆l3 ∗ t6+
0.035 ∗ t1 ∗ t1 + 0.021 ∗ t1 ∗ t2 + 0.042 ∗ t1 ∗ t3∗ + 0.051 ∗ t1 ∗ t4 + 0.015 ∗ t1 ∗ t5 + 0.015 ∗ t1 ∗ t6 + 0.008 ∗ t2 ∗ t2 + 0.009 ∗ t2 ∗ t3+

0.024 ∗ t2 ∗ t4 + 0.001 ∗ t2 ∗ t5 + 0.003 ∗ t2 ∗ t6 + 0.012 ∗ t3 ∗ t3 + 0.04 ∗ t3 ∗ t4 − 0.006 ∗ t3 ∗ t5 + 0.001 ∗ t3 ∗ t6 + 0.064 ∗ t4 ∗ t4+
0.007 ∗ t4 ∗ t5 + 0.012 ∗ t4 ∗ t6 − 0.005 ∗ t5 ∗ t5 − 0.002 ∗ t5 ∗ t6

(19)

Cl = −0.0011 ∗ ∆l1 + 0.0017 ∗ ∆l2 − 0.0015 ∗ ∆l3 − 0.0008 ∗ ∆dy + 0.0002 ∗ ∆l2 ∗ ∆l2 + 0.0001 ∗ ∆l3 ∗ ∆l3+
0.0002 ∗ ∆dy ∗ ∆dy

(20)

In summary, the dynamic relaxation factor constraint ATC method is used to build a
multidisciplinary optimization design platform for the engineering problem and optimize
it. The Non-dominated Sorting Genetic Algorithm II (NSGA-II) algorithm is used for the
system level and the NLPQL algorithm is used for each subsystem. The specific process is
shown in Figure 14.

Figure 14. Construction of multidisciplinary optimization platform for engineering problems.

The optimized iterative diagram of the vehicle mass M, the intrusion D, the peak accel-
eration A, and the air lift coefficient Cl by numerical calculation is shown in Figure 15a–d.

After solving by MDO, compare the solved data with the initial results, as shown in
Table 6. The reduction effect is represented as “-” in the table.

Table 6. Data comparison before and after optimization.

Response Value Initial Value Optimized Value Improvement Effect

M/kg 46.76 43.71 −6.50%
A/g 53.42 46.96 −12.09%

D/mm 70.62 50.02 −29.18%
Cl 0.24 0.21 −12.50%
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Figure 15. The optimized iterative diagram; (a) the vehicle mass M; (b) the peak acceleration A; (c) the intrusion D; (d) the
air lift coefficient Cl .

It can be concluded from the table that before and after optimization, the body weight
is reduced by 6.50%, while the peak acceleration is reduced by 12.09%, the intrusion is re-
duced by 29.18%, and the air lift coefficient is reduced by 12.50%. This confirms the value of
the dynamic relaxation factor ATC method in practical application of engineering problems.

4. Conclusions

In this paper, the shortcomings of ATC method such as poor convergence and long
iteration time are researched. The novel ATC method based on dynamic relaxation factor is
proposed by adding a dynamic relaxation factor that is adjusted by the deviation of the
linking variables between the levels to ensure the feasible region of the design space. The
optimization framework of this method is as follows: the polynomial response surface
model is used to construct the approximate model, the dynamic relaxation factor constraint
is applied to the tolerance of the linking variables between levels, and the NSGA- II
algorithm and the NLPQL algorithm are used for the system level and subsystem level,
respectively, for the complex problems. When the dynamic relaxation factor constraint ATC
method is used to solve the problem, its convergence is obviously better than that of the
fixed relaxation factor constraint, which provides a method for avoiding the convergence
difficulty of ATC method.

In order to ensure the application value of the ATC method in engineering practice,
this paper researches the lightweight of the trussed body front impact structure based on
active and passive safety. The peak acceleration and the intrusion are used as the response
values to evaluate the passive safety and the air lift coefficient is used as the response
value to evaluate the active safety. Compared with the traditional lightweight design that
only considers passive safety, this paper reasonably associates active safety and passive
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safety through the body structure. After that, the platform of dynamic relaxation factor
constrained ATC method is built, each response model is fitted by RSM, the NSGA-II
algorithm and the NLPQL algorithm are used for the system level and subsystem level,
respectively. Compared with the initial value, the body weight is reduced by 6.50%, the
peak acceleration is reduced by 12.09%, the intrusion is reduced by 29.18%, and the air
lift coefficient is reduced by 12.50%. It is useful for studying the lightweight of the body
structure while improving the active and passive safety. It is proved that the dynamic
relaxation factor ATC method is effective in engineering practice.

However, the accuracy of the response surface approximation model method used
in this paper is relatively low. Therefore, higher accuracy approximate model methods,
such as reinforcement learning and deep learning, will be used in the future to improve the
optimization results.
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