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ABSTRACT The electric truck frame as a vital load-bearing component has aroused growing attentions
due to its enormous potential in lightweight. However, few systematic studies have been performed on the
multi-objective topological design of the frame attributable to its complexity on loading and conflicting
objectives. This paper aims to develop a multi-objective topology optimization strategy of the electric truck
frame based on the hybrid decision making method combining orthogonal test design (OTD) and analytic
hierarchy process (AHP). The hybrid strategy is performed to obtain a new set of weight ratio combination
from objective data and subjective judgment. The topological results show that the overall performance of the
optimal frame is better than any of the methods applied alone. By comparing, it is found that the strength and
stiffness of the optimal frame is higher than that of the original frame from the perspective of static conditions,
and the low-order natural frequency of the optimal frame is significantly improved. It demonstrates that the
proposed approach could be as an effective tool for multi-objective topology optimization of the electric
truck frame in seeking lightweight and comprehensive mechanical performance. The hybrid strategy might
be expected to provide some guidance for more complicated engineering problems.

INDEX TERMS Electric truck frame, multi-objective design, topology optimization, orthogonal test,
analytic hierarchy process.

NOMENCLATURE A;j  the eigenvalue corresponding to the ith

K global stiffness matrix eigenfrequency

U displacement vectors R,  the influence degree of the factor x.

u; displacement vectors of the ith individual element M  the positive reciprocal matrix

ko element stiffness matrix CI  coincidence indicator

Vv the volume of the structure

v* the prescribed volume of the structure I. INTRODUCTION

m total number of loading conditions The frame subjected to various conditions such as bending

Wk the weight value of the kth working condition and torsion during driving is the main load-bearing compo-

q penalty exponent nent of the whole vehicle, thereby it has aroused extensive

G the maximum value corresponding the kth single research in term of the desirable balance between perfor-
_ objective mances and lightweight [1]-[3]. While achieving weight

" the. mi'nimum value corresponding the kth single reduction could not sacrifice stiffness, the low-order natural

objective frequencies should be maximized to avoid resonances caused

by excitations from the transmission system, engine vibration
or uneven road surfaces [3], [4]. Therefore, it is necessary to
develop a multi-objective optimization function to achieve the
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minimum mean-compliance of multi-conditions under and
maximize eigenfrequency under dynamics [5], [6].

For the multi-objective optimization problem, the clas-
sical method is to simply transform the multi-objective
problem into a single-objective problem by linear weighted
sum method. Although this method is simple to calculate,
it is quite difficult to solve all Pareto optimal solutions for
nonconvex optimization problems [7], [8]. In recent years,
a multi-objective topology optimization method based on
compromise programming theory has been widely used by
researchers [9]-[11]. However, it might be unreasonable for
designers to directly assign values for weights because of
the uncertain, incomplete, and local properties inherent to
weights themselves [12].

In multi-objective optimization, the weight-to-weight ratio
between sub-goals will directly affect the outcome of the
composite objective function. Therefore, how to reasonably
allocate the weight value of multi-objective optimization neu-
tron target is a problem worthy of exploration. To sum up
the previous studies, the weighting method can be divided
into two categories from subjective judgment and objective
calculation.

In view of the objective weighting method,
Zhang et al. [13] proposed a method for determining the
weight factors of the sub objective of the comprehensive
objective function by grey comprehensive relational analysis.
The sub sequences obtained by single objective topology and
optimal sequence formed by each objective optimal value
were exerted comprehensive relational analysis to obtain
the weight factors. Li and Wang [14] proposed a «-method
to determine the weighting factors under various working
conditions whose basic principle was to construct a hyper-
plane equation through the optimal solution of each working
condition. Qin and Yang [15] utilized the expert evaluation
method to acquire the grey interval of the operating condition
weight coefficient, and then calculated the exact value of the
grey interval of the operating condition weight coefficient
by combining the grey theory. Other researchers [16]-[18]
combined the weight coefficients by orthogonal table, and
analyzed the test results by the range analysis method to
obtain the optimal weight ratio coefficient. The above meth-
ods for calculating weights acquire original information from
an objective environment, and there is no subjective judgment
of researchers. Therefore, those methods do not take into
account the relative importance of each sub-goal in the actual
project, and the target weight is completely different from the
relative importance of each target in the actual project.

Fortunately, the subjective weighting method is drove to
solve this issue. In some literatures, the designer directly
determines the importance of all working conditions accord-
ing to own experience, and gives a ratio as the weight coef-
ficient [19]-[21]. Ryu et al. [22] proposed a multi-objective
optimization method using an adaptive weight determination
scheme and tunneling method. To find the optimum designs
that are evenly distributed on the Pareto front, the weights
of different objective functions are adaptively determined by
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using the concept of a hyperplane so that new solutions can be
gradually found in the objective space. Marler and Arora [23]
determined the factors that dictate which solution point
results from a particular set of weights and fundamental
deficiencies are identified in terms of a priori articulation
of preferences, and guidelines are provided to help avoid
blind use of the method. Sato ef al. [24] proposed a new
Pareto frontier exploration methodology for multi-objective
topology optimization problems by using a population-based
approach in which multiple points in the objective space are
updated and moved to the Pareto frontier.

Regarding multi-objective decision-making methods, the
extension to multi-objective optimization design has been
extensively studied. These methods are substantial and
diverse, but they all seek solutions based on the correla-
tion between the data. The principal component analysis
(PCA) [25], as one of the multi-objective decision-making
methods, is to explain the structure of variance-covariance
by using the linear combination of each response quality
feature, which is used to analyze the degree of influence of
different responses on the system. In addition, in the gray
entropy theory, the larger the entropy value is, the greater
the disturbance of the corresponding response is. The gray
entropy measurement method is also a method for evaluating
the importance of each response in a multi-response sys-
tem [26]. Furthermore, the TOPSIS method is also an impor-
tant multi-objective decision-making method. It determines
the current object’s pros and cons by calculating the relative
fit between the current point and the optimal and worst solu-
tions. Amit Kumar Singh et al. [27] proposed a fuzzy-AHP
and TOPSIS based approach for selection of composite mate-
rials used in structural applications, which has been used for
calculating the weights of mechanical properties and for rank-
ing of different alternate composite materials respectively.

At present, according to the data determining the weight
coefficient is derived from subjective judgment and calcu-
lated objectively, the weighting method can be divided into
two categories: subjective weighting method and objective
weighting method. The basic principle of the subjective
weighting method is that researchers select the weight value
of each target reasonably according to the relative importance
of each condition or performance in the actual project and
combine with experience. The advantage of the method is
that the weight of the target is consistent with the actual
importance of the target. However, the results are subjective
and arbitrary, lacking certain objectivity, and the results are
not necessarily optimal. The objective weighting method cal-
culates the weight data by obtaining the original informa-
tion from the objective environment. There is no subjective
judgment of the researchers, and the objectivity is strong.
However, the relative importance of each sub-goal in actual
engineering is not taken into consideration. The weight coef-
ficient of the goal often obtained is opposite to the relative
importance of each goal in actual engineering.

Different from other scholars’ constructive works with
only subjective weighting method or only objective weighting
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FIGURE 1. Flowchart of multi-objective topological optimization of an electric truck frame based on

orthogonal test and analytic hierarchy process.

method, this study aims to develop a hybrid method to effec-
tively determine weight values combining with objective and
subjective weighting method. In other words, this paper aims
to develop a topology optimization strategy of dynamic elec-
tric truck frame based on orthogonal test design (OTD) and
analytic hierarchy process (AHP). The results show that the
comprehensive performance of the obtained frame topology
is better than that obtained by the respective corresponding
method alone therein. Compared with that of the original
frame, it is found that the strength of the new frame is higher
than that of the original frame. Importantly, the low-order
natural frequency of the new frame is significantly improved,
which demonstrate that the proposed approach could be an
effective tool for topology optimization of the electric truck
frame. The proposed coupling method is expected to provide
some guidance for more complicated engineering problems
in similar structural design.

Il. MULTI-OBJECT TOPOLOGY OPTIMIZATION STRATEGY
OF AN ELECTRIC TRUCK FRAME

A. OPTIMIZATION FLOWCHART

The most significant contribution of this paper is the
further development of multi-objective topology optimiza-
tion inspired by multi-objective decision making method.
Specifically, a multi-objective decision-making method cou-
pling OTD and AHP to guide the multi-objective topology
optimization design of structures is proposed considering
the sensitivity of weight ratios of conflicting objectives to
optimization results.

The detailed flowchart concerning multi-objective topol-
ogy optimization design of a frame is shown in Figure 1.
First, a finite element model of an electric truck frame is
established, as well the optimized and non-optimized areas
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are defined. Then, a compromised programming method is
applied to establish a multi-objective topology optimization
mathematical model for the frame by combining static stiff-
ness and dynamic natural frequency. Further, the weight
ratios for optimization objectives are calculated according
to the OTD, AHP and the two coupling methods. Finally,
the multi-objective decision method is introduced into the
multi-objective topology optimization to guide the design of
weight ratio for complex and contradictory functions, so as to
obtain a desirable design scheme for lightweight and compre-
hensive mechanical performance of the electric truck frame.

B. MULTI-OBJECTIVE TOPOLOGY OPTIMIZATION
METHOD

Structural topology optimization subjected to static load with
multiple conditions is to study the optimal distribution of
materials in the design domain to minimize structural com-
pliance (i.e. maximum stiffness). Taking compliance mini-
mization as the objective, the density of the structure unit as
the design variable and the volume fraction as the constraint
condition, the mathematical model of single-condition topol-
ogy optimization based on the solid isotropic material with
penalization theory (SIMP) is described as follows [28]-[31]:

find X = [x1, x2, ooxg)l eR"
n
min C(X) = UTKU = Y Ei(x)u! kou;

i=1 (1
st VX)—V*<0
0 <Xmin <x; =<1

where K and U are the global stiffness matrix of the structure
and displacement vectors, respectively. F' refers to the force
vector of this system. The design variable x; denotes the
density of ith element. u; represents the displacement vectors
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of the ith individual element, ko is the element stiffness
matrix of structure before optimization. V and V' represent
the volume and prescribed volume of the structure, respec-
tively. To obtain a solid-void design, two bound densities
(1 and xpin) are defined as discrete design variables. A min-
imum value of xpi, denotes the void elements; effectively
avoid the singularity of the stiffness matrix.

For topological optimization design of structure, only
one corresponding topological structure can be obtained
under one load condition. However, in practical engineering,
the frame needs to satisfy multiple working conditions at
the same time, which might involve multi-objective decision
making. In order to achieve the desirable Pareto optimal
solution, a multi-objective topological optimization function
based on compromise programming approachcan be defined
as [11], [32], [33]:

1
m min |7) ¢
min C(X) = {ng [%] } )
k=1 G G
where m refers to the total number of loading conditions,
wy represents the weight value of the kth working condition.
q is a penalty exponent (¢ > 2), and here g is set as 2.
Ck (x) denotes the objective related to the kth loading case
and C™ and C"" are the maximum value and minimum
value corresponding the kth single objective in the feasible
region.

The frame is not only subjected to static loads, but also to
the excitation of dynamic external loads. Therefore, the topo-
logical optimization of dynamic vibration frequency is intro-
duced to improve the low order frequency of the frame and
avoid resonance phenomenon. Unfortunately, as maximizing
the ith eigenfrequency, (i + 1)th or (i — 1)th eigenfrequency
may fall down to the lower value, and the eigenfrequen-
cies switch their orders very frequently in the optimization
process, which may result in divergence of the optimization
problem. In order to overcome the defect, mean-frequency
formulation has been suggested as seen below [34], [35]:

f -1
max AX) =Ao+s | Y
j=1

wj
Aj— o

3

where A; represents the specified eigenvalues. A; refers to
the eigenvalue corresponding to the ith eigenfrequency. w;
denotes the given weighting coefficients. Ao and s are arbi-
trary constants, used for generating some physical meaning
of the objective function and adjusting its dimension.

It is extremely necessary to consider the topology opti-
mization of the frame structure under both static and dynamic
conditions. It is worth noting that the attribute difference
between stiffness and frequency requires standardization
of each sub-goal to eliminate the influence of different
sub-goal attributes on the comprehensive objective func-
tion. Therefore, combining formula (2) and formula (3),
a new multi-objective topology optimization model of frame
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structure can be obtained as follows:

; 2
- Cr (x) — C™"
min F(X) = “’22“’% ["()—k
k=1

C[gnax _ Clinin
1
A — AN |
+ (- w)? (m—) @
Amax - Amin

where F (X) represents the object function. w refers to the
weight coefficient of the compliance objective function. The
values of C™*, Ckmi“, Amaxand Apin can be acquired from
the optimization results of equations Eq. (1) and Eq. (3),
respectively.

C. DECISION MAKING METHOD COMBINING OTD

AND AHP

Orthogonal test design (OTD) is a scientific calculation
method for efficiently dealing with multi-factor optimization
problems attributable to its benefit in less experiment num-
bers than full-factor experiment [36]—[38]. In the orthogonal
experiment, the standardized orthogonal table is applied to
carry out the experimental scheme, and then the optimization
scenario is performed based on the corresponding calculation
and analysis.

Range analysis with the range defined as the distance
between the extreme values of the data is a statistical method
for determining the sensitivity of each factor to test results
based on orthogonal experiments. The calculation process of
range analysis is shown in Eq. (5) and Eq. (6) [39].

Ki

ki = = &)

Ry = max (ky1, k2, ki3, kxa) — min (K1, k2, ki3, kya)  (6)

where K,; stands for the sum of the experimental results
which cover the factor x with i level. k,; represents the average
value of the test results at the same level. R, means the
influence degree of the factor x.

To verify the correctness of the analysis results, an indica-
tor is introduced which represents the sum of all test results.
The formula Eq. (7) indicates the sum of all the horizontal
calculation results of each factor.

T=K+K+ K3+ Ky )

According to the experience and judgment of experts,
a judgment matrix M = (Mij)nxn is constructed by com-
paring the relative importance of sub-items in the analytic
hierarchy process (AHP). In the judgment matrix (Eq. (8)),
n denotes the number of working conditions, and M;; repre-
sent important degree of the ith working condition compared
with the jth. The number (1~9) and its reciprocal can be used
as the scale of the judgement matrix [40], [41], as shown
in Table 1.

My My - My,
My My - My,

M = . . . (8)
Mnl Mn2 Mnn
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TABLE 1. Definition of the scale of the judgment matrix.

Intensity of .
. Explanation
importance
1 i is as important as j
3 i is a little more important than j
5 i is more important than j
7 i is strongly more important than j
9 i is extremely more important than j
2.4.6.8 Represent the intermediate values of the above

adjacent judgments

. If i has one of the above nonzero numbersassigned
Reciprocals of . L
b to it when compared with j, then jhas the
above
reciprocal value when compared with i. M;=1/M;

The matrix M has two characteristics: one is M;; > 0
and the other is Mj; = 1‘%}0 i=1,2,...n). M refers to the
positive reciprocal matrix in which M;; = 1.

The eigenvectors w and the maximum eigenvalue A, of
the judgment matrix are calculated according to the square
root method [42], [43]:

(H"l:l Mij) %

wi:ﬁ’ i=1,2,...,n (9)
B (11
Fon
w = [0, w2, @3, ..., wp)" (10)
1 & (Mw);
Amax = ;ZTI (11)

where (M w); denotes the ith element of M w:

(Mw), My My - My, w]
(Mw), My My -+ My,

Mo = . = . . ) (12)
(Ma))n My My - My, wWp

In general, if the positive reciprocal matrix M satisfies
M;j-Mjx = Mix,i,j,k=1,2,...,n, then M is called the
consistency matrix. In addition, the normalized eigenvector
corresponding to the maximum eigenvalue of the judgment
matrix is taken as the weight vector of all subitems in the
objective function. However, there is a problem that the actual
judgment matrix is usually inconsistent, which drives the
calculation of CR (consistency ratio) and verifies whether the
degree of inconsistency of matrix M is within the acceptable
range according to the consistency judgment criterion.

)\. —
Cl = Amax 7 1 (13)
n—1
CI
CR = — 14
Rl (14)
where CI means coincidence indicator. When CI = 0

(Amax = n) M refers to a consistency matrix. The larger CI
means the more inconsistent of the matrix M. RI indicates the
random consistency index.
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The topological structure obtained by OTD and AHP
give full play to their respective advantages. Specifically,
the weight combination obtained through OTD will make the
comprehensive objective function reach the best without con-
sidering the relative importance of the framework under each
working condition in the actual project. Although the weight
ratio combination obtained by AHP fully is taken account
of the relative importance of actual engineering conditions,
the comprehensive objective function obtained was not the
optimal value. Therefore, the hybrid strategy of the above
two methods is developed to obtain a new set of weight ratio
combination. That is to say, the determination of weight ratio
not only comes from objective actual data, but also includes
subjective judgment, which fully reflects the complemen-
tarity between subjective weighting method and objective
weighting method. The new weight ratio combination can be
obtained by the following formula:

WOTDo + WAHPo
n

> (woTDa + WAHPA)
a=1

15)

Wy =

where woTtpy and wappy represent the weight values of the
a-th working condition obtained by the OTD and by the
AHP, respectively, and n refers to the number of all working
conditions.

Ill. NUMERICAL MODEL OF THE ELECTRIC TRUCK FRAME
In this paper, the geometry model of the electric truck frame
is established and the outer dimensions of the frame are
5560 mm x 700(800) mm x 165 mm, as shown in Figure 2.
It is mainly divided into two domains, i.e., the optimized area
and the non-optimized area.

No-Design

(b

FIGURE 2. The geometry model of the electric truck frame.

140927



IEEE Access

J. Qiao et al.: Multi-Objective Topological Optimization of an Electric Truck Frame

Based on the geometry model, the finite element model of
electric truck frame is shown in Figure 3. In order to ensure
the accuracy of the optimization results and consider the
efficiency of the optimization iteration, 10 mm x 10 mm x
10 mm hexahedral grid units were used to discretize the
frame and the frame model was discretized into 760240 hex-
ahedral units and 816534 nodes. The used material of the
frame is 16Mn steel and its mechanical properties are shown
in Table 2. The frame structure is subjected to the main load
with the cab assembly 500 kg, cargo box 500 kg, rated load
2500 kg and battery assembly 320 kg. The cab is mounted
at the front of the frame and the battery assembly is fixed on
both side longitudinal beams. According to the actual loading
situation of the frame, the cab and the battery assembly
are simulated by the concentrated load and applied to the
corresponding position of the longitudinal beam. The mass
and rated loads of the container are distributed to the corre-
sponding position of the stringers in the form of a uniform
load with dynamic load factor 2 after full consideration of
security.

Container quality and
rated load

Battery assembly

Cab load

Constraints

Constraints

FIGURE 3. Finite element model of the electric truck frame.

TABLE 2. The material properties of the electric truck frame.

Young’s modulus Poisson’s Density(t/mm3) Yield limit
(MPa) ratio (MPa)
2.1x10° 0.3 7.8x10° 345

Herein, the four conditions would be considered, i.e.,
bending, torsion, braking and turning. Table 3 shows the
constraints of each wheel under various working condi-
tions. Among them, UX, UY and UZ represent the degree
of freedom of displacement constrained by the X, Y and
Z directions, respectively.

TABLE 3. The constraint conditions under each working case.

. Left front Right front Left rear Right rear
Conditions
wheel wheel wheel wheel
. UX, UY,
Bending UX, UZ uz UX, UY, UZ
Uz
. UX, UY,
Torsion Uz UX, Uz UZ(+5mm)  UZ (-5mm)
. UX, UY, UX, UY,
Braking UX, Uz UX, Uz
Uz Uz
X UX, UY,
Turning vz UX, Uz Uy, Uz Uy, Uz
140928

Contour Plot
Element Densities(Density)
+00

1.000E:
[8 S00E-01
7.800E-01

—6.700E-01
=—5.600E-01
=—4.500E-01

3.400E-01
2.300€-01
1.200E-01
1.000E-02

Max = 1.000E+00
3D 765505

Min = 1.000E-02
3D 765671

(a)

Contour Plot
Element Densities(Density)
000E+00

1
[B S00E-01
7.800E-01
—6.700E01

—5.600E-01
= 4.500E-01

3.400E-01
2.300E01
1.200E-01

1.000E-02

Max = 1.000E+00

3D 765505

Min = 1.000E-02 |
3D 765511 5 g

(b)

Contour Plot
Element Densities(Density)
E+00

1.000i
[El 900E-01
7.800E-01

—6.700E-01
—5.600E-01
——4.500E-01

3.400E-01
2.300E-01
1.200E-01
1.000E-02

Max = 1.000E+00
3D 765505

Min = 1.000E-02
3D 45900

()

Contour Plot
Element Densities(Density)
000E-+00

1
[B S00E-01
7.800E-01
—6.700E-01

—5.600E-01
—4.500E-01

3.400E-01

2.300E-01

1.200E-01

1.000E-02
Max = 1.000E+00
3D 765505

Min = 1.000E-02
3D 765671

(d)
FIGURE 4. Topology optimization structure of frame under various
working condition: (a) bending; (b) torsion; (c) braking; (d) turning.

IV. RESULTS AND DISCUSSIONS

A. SINGLE-OBIJECTIVE TOPOLOGY OPTIMIZATION

The minimum mean compliance is the objective function of
stiffness (Eq. (1)) and the maximum average frequency is
taken as the objective function of the characteristic frequency
(Eq. (3)). For the sake of getting an ideal frame topology,
the maximum number of optimization iterations is defined
as 80 and the minimum density of a unit is limited as 0.01.
The volume fraction constraint is chosen to be 0.3. Topol-
ogy optimization structure of frame under various working
condition is illustrated in Figure 4. It can be seen that the
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strain energy of the frame structure is reduced to different
degrees under each working condition, but the frame topo-
logical structure can be optimized under different working
conditions. The frame topology under each operating con-
dition can only meet the operating requirements under this
operating condition, but cannot be applied to other oper-
ating conditions. Therefore, it is necessary to combine all
working conditions to carry out multi-objective topological
optimization of the frame, so as to obtain a frame topological
structure suitable for all working conditions. The compliance
iteration curves are depicted in Figure 5(a), and it can be
found that compared to the other cases where case 4 has the
maximum compliance, case 1 has the minimum compliance.
The mean eigenvalue basically converges in the fifth iteration,
as shown in Figure 5(b). Combining the results of the static
stiffness of frame under single working condition and the
dynamic frequency optimization,the maximum and minimum
compliance values under each working condition and mean-
eigenvalue values are obtained and listed in Table 4.
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FIGURE 5. The compliance and frequency iteration curves:
(a) Mean-compliance iteration curves; (b) Mean-eigenvalue iteration
curve.

B. MULTI-OBJECTIVE TOPOLOGY OPTIMIZATION

According to the comprehensive optimization objective func-
tion (Eq. (4)), the weight coefficients are divided into two
categories. One is the weight ratio coefficient between four
working conditions of static stiffness, and another is the
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TABLE 4. The optimal objective results of the frame under different
conditions.

. . . . Mean-
Cases Bending Torsion Braking Turning .
eigenvalue
Cmax 857 4226 13180 14720 -
min 353 783 1985 2286 -
Anax - - - - 310546
Apnin - - - - 50594

weight ratio coefficient between the static stiffness and the
dynamic frequency. Specifically, the weight values of four
compliance cases and frequency in the comprehensive objec-
tive function are taken as the factor with 4 levels adding up
to 1, as shown in Table 5.

TABLE 5. Design variables and corresponding candidate choices.

Factors Description Levell  Level2 Level3 Level4
A Bending, 0.1 0.2 0.3 0.4
B Torsiong, 0.2 0.3 0.4 0.1
C Brakingwy 0.3 0.4 0.1 0.2
D Tuminga)4 0.4 0.1 0.2 0.3
E Static stiffness ¢ 0.3 0.4 0.5 0.6

A total of 16 frame topology optimization design tests
presented in orthogonal table L¢ (45) is calculated by Eq. (4)
to obtain the response as shown in Table 6. It can be seen from
the values of each group of F(X) that the results obtained

TABLE 6. Orthogonal test results.

Scenario A B C D E F(X)
1 0.10 0.20 0.30 0.40 0.30 0.2064
2 0.11 0.33 0.44 0.11 0.40 0.2103
3 0.13 0.5 0.13 0.25 0.50 0.2125
4 0.14 0.14 0.29 0.43 0.60 0.1804
5 0.20 0.20 0.40 0.20 0.60 0.1812
6 0.18 0.27 0.27 0.27 0.50 0.2067
7 0.17 0.33 0.17 0.33 0.40 0.2116
8 0.40 0.20 0.20 0.20 0.30 0.2119
9 0.33 0.22 0.11 0.33 0.40 0.2262
10 0.30 0.30 0.20 0.20 0.30 0.2005
11 0.27 0.36 0.27 0.09 0.60 0.1871
12 0.25 0.08 0.33 0.33 0.50 0.2091
13 0.44 0.22 0.22 0.11 0.50 0.2179
14 0.33 0.25 0.08 0.33 0.60 0.1898
15 0.27 0.27 0.27 0.20 0.30 0.1995
16 0.40 0.10 0.30 0.20 0.40 0.2380

K1 0.8096 0.8317 0.8382 0.8169 0.8183 -
K2 08114  0.8073  0.8001 0.8272  0.8861 3.2891
K3 0.8229  0.8107 0.8404 0.8322  0.8462 -
K4 0.8452 0.8394 0.8104 0.8128 0.7385 -
k1 02024 02079 02096 02042  0.2046 -
k2 02029  0.2018  0.2000 0.2068  0.2215 -
k3 0.2057  0.2027  0.2101 0.2081 0.2116 -
k4 02118 02099 02026 02032 0.1846 -
R 0.0094  0.0081 0.0101 0.0049  0.0369 -
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by combining optimization with different weight ratios are
somewhat different.

According to the ky; presented in Table 6, the relationship
between factors and levels can be illustrated in Figure 6,
from which the influence degree of each factor on the test
results at all levels can be intuitively seen. To minimize the
comprehensive objective function, the level of each factor
that minimizes the average should be chosen. According to
Figure 6, it can be seen that the optimal level combination to
minimize the value of the comprehensive objective function is
Al, B2, C2, D4, E4. After normalization, the combination of
weight ratio determined by orthogonal test design to achieve
the optimal comprehensive objective can be obtained as fol-
lows: wOoTD1 = 0.091, woTrD2 = 0.273, wOoTD3 = 0.363,
wWOTD4 = 0.273, worD = 0.600.

0.225 T T T T T T T T T T T

T
1

1

0. 220

0.210 - f T
0.205 ‘\// W

0.200 T

o

)

o
T
1

0.195 | q

Average of the same level(k)

0. 180 | I | 1 L | L 1 | | L |
A1 A2 A3 A4 Bl B2B3B4 C1C2C3C4 DID2D3D4  El E2E3 E4

Factors and levels

FIGURE 6. Level average and factor level diagram.

With regard to the topology optimization of frame, RI indi-
cates the random consistency index and the specific value
can be referred in Table 7. CR less than or equal to 0.10 is
considered acceptable. If CR is larger than 0.10, the problem
should be re-analyzed and the judgments are revised.

TABLE 7. Random consistency index.

N 1 2 3 4 5 6 7 8 9
RI 0 0 058 09 112 1.24 132 141 1.45

The weight coefficients of four working conditions, includ-
ing bending, torsion, braking and turning, in the static stiff-
ness, are determined first. According to Table 6, the relative
importance ratio between each working condition is derived,
and the matrix M is established:

1123
2
2 1 3 5
M=|1 1 16
> 3 12 1o
1 1 1
- = =1
3 5 2

140930

The maximum eigenvalue Amax = 4.016 and correspond-
ing eigenvector = (0.548,0.974,0.316, 0.178)T of the
judgment matrix are obtained from the Eq. (8), (9) and (10).
According to Eq. (12) and (13), the CR value of matrix M
can be calculated to be 0.0519. Since CR = 0.0519 < 0.1,
the constructed matrix meets the consistency criteria. By nor-
malizing the elements in the eigenvector w, the weight ratios
of the four stiffness conditions in multi-objective topology
optimization of the frame can be obtained: 0.272, 0.483,
0.157 and 0.088. Similarly, a matrix can be established as
shown below in term of the weight ratio between static stiff-
ness and dynamic frequency:

1 2
Mm=[1 1} a7
2

It can be seen from the values of the elements in the matrix
M, that the matrix is a consistent matrix because of the
elements in the matrix meeting ajj-ajx = ajx. Therefore, there
is no need for matrix My to make consistency judgment.
According to the above steps, the weight ratio between static
stiffness and dynamic frequency can be calculated as: 0.585,
0.415. To sum up, the weight coefficients of each working
condition in the multi-objective topology optimization of
the frame obtained by the analytic hierarchy process are:
wagp1 = 0.272, wagpr = 0.483, wagps = 0.157, wapgps =
0.088, wapp = 0.667.

Substituting the above two sets of weights into Eq. (12)
yields a new set of weight ratio combination: w; = 0.182,
wy = 0.378, w3 = 0.26, w4 = 0.18, w = 0.634. The three
sets of weights obtained by three methods (shown in Table 8)
are respectively put into the comprehensive optimization
objective function to optimize the frame. The topological
frame is shown in Figure7 and the optimization iterative curve
of different weight decision making methods is depicted
in Figure 8. Compared with the single OTD method, the
topology unit density obtained by the hybrid OTD + AHP
method is more uniform over the entire frame, which can
well display the approximate number and relative distribu-
tion position of the frame beam. Compared with the single
AHP method, the obtained frame topology has better overall
stiffness and dynamic frequency, which makes the frame
structure clearer. Therefore, this greatly proves the rationality
and correctness of the method by determining the propor-
tion of weighting combined with subjective weighting and
objective weighting. The scalability for the proposed decision
making is very flexible. The proposed method is essentially
a hybrid multi-objective decision-making method combining

TABLE 8. Three sets of weight ratio.

(O] [QF) 3 [on ®
OTD 0.091 0.273 0.363 0.273 0.600
AHP 0.272 0.483 0.157 0.088 0.667

OTD+AHP 0.182 0.378 0.260 0.180 0.634
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FIGURE 7. The topology results of the electric truck frame: (a) OTD
method; (b) AHP method; (c) the proposed hybrid method.
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FIGURE 8. Topology optimization iterative curve of different weight
decision making methods.

AHP and orthogonal table, so its greatest scalability lies in
the adjustment of the weight distribution between the two
methods. Strategic weight manipulation in multi-objective
decision making makes it possible to solve a wider range of
complex engineering problems.

According to the distribution of cell density in the frame
topology shown in Figure 9, the number of beams and the
relative arrangement position are determined. The specific

VOLUME 8, 2020

(a) Up of the
frame

(b) Down of the
frame

FIGURE 9. Density map of frame topological structure.

layout changes are shown in Figure 10. The new frame
structure adjusts the layout of the frame beam and fully
considers the load of the power battery pack on the frame.
The new frame structure adjusts the arrangement of frame
beams according to the result of frame optimization, and fully
considers the load of the power battery pack on the frame.

(a)

(b

FIGURE 10. Comparison of the original frame and the new frame
geometric mode: (a) original frame; (b) New frame.

C. COMPARATIVE ANALYSIS

Figure 11 and Table 9 show the modal analysis data of
original frame and new frame. It can be seen from the
analysis results that the low-order natural frequencies of
the new frame structure are improved except for the third
order. The first-order frequency increased by 55.45%, and the

TABLE 9. Comparison of low-order natural frequencies.

Original frame New frame
No. Change%
(Hz) (Hz)

First torsion 6.06 9.42 +55.45
Transverse bend 18.83 22.49 +19.44

Vertical bend 25.55 24.80 -2.94
Transverse bends 32.40 36.86 +13.77
Torsions 36.56 46.47 +27.11
Transverse bends 50.05 62.93 +25.73
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FIGURE 11. Comparison of the first mode of original and new frame:
(a) original frame; (b) new frame.

TABLE 10. Comparison of stiffness analysis data.

Original

Project New frame ~ Change%
frame
Bending
. 0.734 0.639 -12.94
. deflection (mm)
Bending .
Bending
. 2724.80 3129.89 +14.87
stiffness (N/mm)
Torsion Angle
. 0.238 0.25 +5.04
. ©)
Torsion .
Torsional 5286 5032 481
stiffness (Nm/°) o

second-order frequency increased by 19.44%, and the fourth,
fifth and sixth frequencies increased by 13.77%, 27.11% and
25.73% respectively. Moreover, the low-order frequency of
the new frame structure can better avoid the external interfer-
ence frequency, thereby avoiding the occurrence of resonance
phenomenon.

Figure 12 and Table 10 show the stiffness analysis data of
original frame and new frame. It can be seen that the bending
rigidity of the new frame is increased by 14.87%. The main
reason is that the arrangement of the fourth and fifth beams
improves the bending rigidity of the new frame. The torsional

TABLE 11. Comparison of strength analysis data.
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FIGURE 12. Comparison of the stiffness of original and new frame:
(a) bending deflection of original frame; (b) bending deflection of new
frame; (c) torsion angle of original frame; (d) torsion angle of new frame.

rigidity of the original frame is relatively high, because the
sixth beam of the original frame is a cylindrical beam, which
relatively increases the torsional rigidity of the original frame.

Table 11 shows the strength analysis data of original
frame and new frame. From the data, the bending condition,

Original frame

Optimal frame

Project

Safety factor
Max

Max stress Max deformation Safety factor Max stress . Safety factor Change (%)
deformation
Bending 207.4 0.597 1.66 167.5 0.58 2.06 +24.10
Torsion 231.9 5.476 1.49 235.9 4.92 1.46 -2.01
Braking 204.1 0.599 1.69 198.4 0.77 1.74 +2.96
Turning 221.6 4.287 1.56 139.1 3.22 2.48 +58.97
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the braking condition and the turning condition of the new
frame structure are higher than the original frame except for
the torsion condition. The strength of the structural frame
is increased by 24.1%, 2.96% and 58.97% respectively.
Although the strength of the new frame under torsional con-
ditions is slightly lower than the original frame, the maximum
strain displacement of the new frame is smaller than the
original frame.

V. CONCLUSION REMARKS

In this paper, multi-objective topological optimization devel-
oped by multi-objective decision-making method for an
electric truck frame was thoroughly studied under various
static and dynamic conditions. And a novel decision-making
method for weight ratiocombining the OTD and AHP was
proposed. Some remarkable conclusions could be summa-
rized as follows:

(1) A novel decision-making method is proposed to deter-
mine the weight ratio in multi-objective optimization. It could
be found that the frame optimized by the proposed hybrid
method of determining the weight ratio is more reasonable
than that of obtained by the respective corresponding method
alone. And it also provides a reference with more insight
information for studying the calculation of weight ratio of
each sub-objective in multi-objective optimization. Since the
method is a combination of subjective weighting method
and objective weighting method, its calculation process
may be somewhat complicated compared to other existing
methods.

(2) From the single-objective optimization results, it could
be seen that the rigidity of the frame structure under each dif-
ferent working conditions was significantly improved. How-
ever, it was only applicable for a given working condition
and not the optimal solution under other operating conditions.
In addition, it was quite difficult to determine the number
and position of beams due to the uneven distribution of the
existing unit structure of the frame.

(3) From the multi-objective optimization results, the opti-
mal frame is superior to the original frame, which improved
the utilization rate of the frame material and structural perfor-
mance. In addition to the torsion condition and the third nat-
ural frequency, the strength and low-order natural frequency
of the optimal frame had been significantly enhanced.

Therefore, the proposed multi-objective topology
optimization method further developed by multi-objective
decision-making can not only solve the frame optimiza-
tion problem, but also expected to have certain theoreti-
cal guiding value and engineering practice reference value
for multi-objective topology optimization of more complex
engineering structure.
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