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Abstract: In recent years, increased sales of fuel cell electric vehicles (FCEVs) have required
composite overwrapped pressure vessel (COPV) designs to be lightweight and allow safe high-
pressure hydrogen storage. In this study, we propose the weight minimization of Type 2 COPVs for
FCEVs considering mechanical safety. Steel liner thickness, ply thickness, ply orientation, and the
number of plies were set as design variables, and weight minimization was performed. For the
constraints of optimization, the Tsai-Wu failure index of the composite layer and von Mises stress
of the steel liner are considered. The design of experiments (DoE) was conducted to generate kriging
model and perform sensitivity analysis. The optimized design of Type 2 COPVs was determined by
satisfying all constraints, with significant weight reduction and preserved mechanical safety of the
structure.

Keywords: Type 2 composite overwrapped pressure vessel; fuel cell electric vehicle; composite;
Tsai-Wu failure criterion; finite element analysis; weight minimization; optimal design

1. Introduction

Recent environmental requirements have increased sales of fuel cell electric vehicles
(FCEVs), which use hydrogen and oxygen as fuel and are operated by a fuel cell system
that generates electricity through an electrochemical reaction. Therefore, FCEVs are using
pressure vessels that can be recharged and discharged easily to store energy. This is
shown in Figure 1. Pressure vessels are hydrogen storage tanks designed to keep
hydrogen at high pressure, which can reduce fuel expenses by decreasing the overall
weight of the vehicle. However, designing a thin-walled pressure vessel to improve the
fuel economy of a hydrogen electric vehicle can lead to mechanical failure. When pressure
vessels are filled with hydrogen, high internal pressures can cause cracks and fractures
that may lead to explosions or accidents. Therefore, lightweight and structurally safe
hydrogen storage pressure vessels are required for FCEVs [1-9].

There are four types of hydrogen storage pressure vessels: Type 1 with a metal liner,
Type 2 with a metal liner and composite reinforcement in the cylindrical portion of the
liner, Type 3 with composite reinforcement throughout the liner, and Type 4 with a
synthetic resin liner and composite reinforcement [10-12]. Type 1 pressure vessels are not
suitable for FCEVs due to their heavy weight and low maximum pressure tolerance. To
reduce weight while increasing the structural safety of the pressure vessels, research using
composite materials with higher specific strength and stiffness than conventional metals
are being actively investigated to reduce the weight and maintain the safety of pressure
vessels. Recently, Type 2 composite overwrapped pressure vessels (COPVs), which are
used in this study, are widely used because they can store large amounts of hydrogen in
a limited space and are lightweight, resulting in high fuel efficiency. In addition, Type 2
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COPVs are more acceptable for production and less costly than Type 3 and 4, leading to
their broad applicability across various industries [13-16]. Since Type 2 COPVs use
anisotropic materials, it is necessary to consider that their mechanical performance
depends on various design variables, such as ply thickness and the number of plies [17].

Several studies have analyzed the effects of different design parameters on the
mechanical performance of Type 2 COPVs. Haris et al. compared the specific strength and
stiffness of S-glass/epoxy, Kevlar/epoxy and carbon/epoxy used in composite layers. They
found that carbon/epoxy had better mechanical performance than other materials. [18].
Sulaiman et al. analyzed the effects of ply orientation on the different Tsai-Wu and Tsai-
Hill failure index of composites when COPVs are subjected to constant internal pressure
[19]. David T.W. et al. analyzed the effect of metal liner thickness on the von Mises stress
of metal liners and found that the von Mises stress decreases nonlinearly with an
increasing winding angle [20]. Jose et al. analyzed the effect of different metal liner
thicknesses and ply thicknesses on the von Mises stress and found that the point at which
fracture occurs changes by adjusting the thickness of each [21]. Considering various
design variables, it is necessary to design a COPV that satisfies the design constraints of
the required strength and stiffness.

There have been several notable attempts made on COPVs to minimize the weight
while maintaining mechanical safety in recent years. Leh David, et al. set the ply thickness,
ply orientation, and metal liner thickness as design variables and minimized weight using
kriging metamodel obtaining 29.7% reduction from the initial weight [22]. Alcantar, V. et
al. performed weight minimization and reduced the initial weight by 11.2% by setting the
metal liner thickness and ply thickness as design variables and considering the fracture of
COPVs [23]. Kim et al. set the metal liner thickness, ply orientation, and number of plies
as design variables and minimized the weight to achieve a 23.5% reduction from the initial
weight [24]. A. Paknahad et al. conducted weight minimization by setting the dome radius
as a design variable and considering the fracture of COPVs [25]. In most previous studies,
the optimal design uses a genetic algorithm that guarantees a global optimal solution.
However, global optimization algorithms can become computationally expensive for
optimization problems with strong nonlinearities.

To reduce the high computational cost, which is a disadvantage of optimization
methods using global optimization algorithms, metamodel-based optimization methods
that simplify complex design problems with numerical approximations are used [26].
Abbas Vafaeesefat et al. set the metal liner thickness, number of plies, and ply orientation
as design variables and generated a response surface model (RSM). The internal capacity
maximization was conducted, and the optimal solution’s accuracy and computational cost
were compared with the model without using the metamodel [27]. Most previous studies
used RSM as a metamodel to obtain the optimal solution. However, the RSM is not
suitable for composite structures with highly nonlinear responses to design variables. This
is because a numerical approximation with RSM is expressed as a first-order function.
Therefore, it is necessary to use metamodels suitable for designing highly nonlinear
problems. The kriging metamodel is a typical interpolation model that produces a
numerical approximation that passes through all sampling points, which is suitable for
design problems with strong nonlinearity.

In this study, we proposed a design optimization to minimize the weight of a Type 2
COPV for FCEVs considering the kriging metamodel for mechanical safety. First, the
mechanical safety and weight under burst pressure were calculated for the Type 2 COPV.
Next, Type 2 COPV’s weight minimization was performed by setting design variables as
steel liner thickness, ply orientation, number of plies and ply thickness. For the constraints
of optimization, the Tsai-Wu failure index of the composite layer and von Mises stress of
the steel liner were considered. A sensitivity analysis was performed to estimate the effect
of design variables on the objective function and constraints using the design of
experiments (DoE). Using the data generated through DoE, a kriging metamodel suitable
for design problems with strong nonlinearity was created, and weight minimization was
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performed using a genetic algorithm(GA). Finally, we compared the weight of the initial
and optimal designs. The optimal design of Type 2 COPV satisfied the constraints
considering mechanical safety and reduced the weight by 26.57% compared to the initial
model.

Electric Motor

Figure 1. Type 2 composite overwrapped pressure vessel (COPV) of fuel cell electric vehicle (FCEV)
[28].

2. Finite Element Analysis of Type 2 Composite Overwrapped Pressure Vessel
2.1. Type 2 Composite Overwrapped Pressure Vessel Analysis Methodology

Figure 2a shows the geometry information for a Type 2 COPV. Considering the width
of the FCEYV, the transverse length was set to 650.7 mm, and the fuel filler was placed at
both ends. In addition, the radius of the dome was set to 500 mm using the isotensoid
dome theory to prevent the dome from fracturing. The Type 2 COPV consists of a steel
liner and a composite layer. The steel thickness was 3.4 mm, the ply thickness was 1 mm,
the number of plies was 10, and the ply orientation was [30/-30]ss. It also used steel 201 for
the steel liner and carbon fiber reinforced plastic (CFRP) for the composite, with a
calculated weight of 81.62 kg. The physical properties of each material are shown in Table
1.

Table 1. Material properties of steel 201 and CFRP.

Steel 201 CEFRP
Longitudinal young’s modulus (E;) 210 GPa 142 GPa
Transverse young’s modulus (E,) - 10.8 GPa
Poisson’s ratio (v,,) 0.3 0.27
Shear modulus XY (G,,), XZ (G,,) 76.9 GPa 5.5 GPa
Shear modulus YZ (G,,) - 3.9 GPa
Longitudinal tensile strength (X)) 0.311 GPa 1.568 GPa

Transverse tensile strength (Y,) - 1.341 GPa
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Figure 2. Type 2 composite overwrapped pressure vessel model: (a) geometry; (b) stacking se-
quence.

Each end was constrained with three translational and rotational degrees of freedom
to consider the COPV’s mounting points. In addition, based on the safety management
standard for pressure vessels, a pressure of 30 MPa was uniformly applied to the inner
surface of the vessel surface and perpendicular to the vessel.

2.2. Classical Lamination Theory

Type 2 COPVs are constructed via the filament winding method. Structures pro-
duced via the filament winding method can be considered laminated plates of single ply
with a symmetrical fiber orientation, assuming that the macroscopic properties of the two
materials are mixed to produce average properties without distinguishing between the
fibers and materials in each ply. So, classical lamination theory (CLT) was used to calculate
the displacement and strain between each layer [29].

For a thin laminate, assume that there is no deformation in the thickness direction
and that the normal vector of each ply is always perpendicular to the neutral plane. The
midplane of the laminate is selected as the reference plane, and the stress—strain relation-
ship at any point of the laminate for the deformation and curvature of the reference plane

is given by Equation (1) [29].
{Gy}= Qiz Q22 Q2 {EJ’} @D

f) Qi Qa6 Qosl T

where oy, 0, and 7, represent the stresses in each ply plane, and Qjj represents the
transformed stiffness matrix. &,, £y, Vxys representing the strain in each direction, is given
by Equation (2).

Ex €x0 ky
g [=|&" | +2|ky (2)
Yxy nyo kxy

where z represents the distance from the middle surface and k,, k,, k,, represents the
curvature per direction. The force (N) exerted per unit length of the laminate in Figure 3a
and the moment (M) exerted per unit length are given by the following Equations (3)—(5).

N zk

N, = ,Z | @z ©
N zk

Ny= )l f @), a3 (4)

k=1
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Figure 3. (a) Cylindrical section of Type 2 COPV; (b) stress resultant of laminated plate.

Using the above equations, the relationship between the plane stresses and moments
acting on any laminate is expressed as Equation (6).

Ny Ay Az Aig Bir Bip Big)( x
Ny A, Ay Az Biz By Bygl|| %y
Nyy _|A1e Az6 Aes Bis Bas Bes Yy ©)
Mx B Bi1 By, Blﬁ D11 D12 D16 kx
M, Bi; By, Bye D1z Dyp Dye k,
M, Bi¢ Bzs Bse Dis Dzs Des kxy

[A], [B], and [D] are submatrices of the global stiffness matrix and represent the effect
of each factor on the mechanical behavior. [A] is the in-plane acting stiffness, [B] is the in-
plane and out-of-plane coupled stiffness, and [D] is the out-of-plane bending stiffness.
Summarizing the above equations, the stress (oy, 0, T4,) applied to the plane of each ply
can be calculated using the following Equation (7).

{o%, Oy, Txy} = Qxyz{sx: &y, ny} (7)

2.3. Tsai—-Wu Failure Criterion

The failure of the COPV was evaluated using the Tsai-Wu failure theory, commonly
used as a failure criterion for structures with anisotropic materials [30]. The Tsai-Wu fail-
ure theory for a 2-D plane stress state is given by Equation (8).

Fi0y + Fy0, + Fy0g + F1101% + F,0,% + Fe04% + 2F; 000, = 1 (8)
where F; and F;; are the experimentally determined material strength parameters. And,
o; and o; represent the stresses in each direction of the fiber, and the F;; represents the
interaction of the stresses in the first and second directions. In Equation (8), considering

only the tensile stress (o; = X*) or compressive stress (0; = X¢), it can be expressed as the
following Equations (9) and (10).

F1Xt+F11(Xt)2:1 (9)

F1XC+F11(XC)2 =1 (10)
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Given a stress of 0; = 0, = ¢ and g = 0, Equation (8) is simply written as Equation
(11) [19]. So, Equation (11) becomes the baseline representation for failure; if it is greater
than 1, it is defined as a failure.

(Fy + F)0 + (Fiq + Fpp + 2F3)0% = 1 (11)

2.4. Finite Element Analysis

A static structural analysis was performed on the Type 2 COPV to calculate the max-
imum von Mises stresses developed in the steel liner, the maximum principal stresses im-
posed on each layer of the composite and the Tai-Wu failure index. At first, the least de-
formation occurred near the cylinder wrapped by the composite layer in the steel liner,
resulting in a maximum von Mises stress of 420.2 MPa. This is shown in Figure 4.
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Figure 4. (a) Von Mises stress distribution in steel liner; (b) von Mises stress in longitudinal direction
for steel liner.

The maximum principal stress occurred in the 10th ply of the composite layer. The
most deformation occurred at the ends of the cylinder adjacent to the dome, resulting in
a lower principal stress. However, the maximum principal stress was calculated to be
112.0 MPa at a point 40 mm from both ends of the composite layer. A comparison of the
principal stress distribution in the outer layer and the inner layer is shown in Figure 5b.
From the inside out, principal stress was calculated to be higher near the edges of the
cylinder, and there was little difference in the principal stress in the center of the cylinder.
The results of the maximum principal stress calculation according to the stacking order
are shown in Figure 6.
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Figure 5. Principal stress distribution in composite layer: (a) principal stress for 10th ply; (b) princi-
pal stress in the longitudinal direction for the outer layer and inner layer.
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Figure 6. Maximum principal stress profile with ply number.

The Tsai-Wu failure index determines whether the composite structure is a failure.
The maximum Tsai-Wu failure index is calculated to be highest at the 10th ply, which is
the outer composite layer. The maximum Tsai-Wu failure index is 0.808, and both ends of
the 10th ply are most susceptible to fracture. Since the Tsai-Wu Failure Index is less than
1, it is confirmed that the initial design model will not fail. This is shown in Figure 7.

Contour Plot
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Figure 7. Tsai-Wu failure index distribution in 10th ply.

3. Weight Minimization of Type 2 COPV

Figure 8 is a flowchart showing the research procedure of weight minimization in
this study. First, the initial Type 2 COPV model was subjected to internal pressure, and
the finite element analysis was performed to calculate the von Mises stresses in the steel
liner and the principal stresses in the composite layer. A full factorial design (FFD) was
performed to generate sampling data. A sensitivity analysis using FFD data was then per-
formed to analyze the effect of the design variables on the responses. Then, significant
design variables were used to generate the kriging metamodel. Next, we created an opti-
mal design problem formulation to minimize the weight while satisfying the safety con-
straints of the composite layer and steel liner. The optimization was performed using the
genetic algorithm (GA) that guarantees a global optimal solution.



Machines 2024, 12, 132

8 of 15

Static structural analysis of type 2 COPV

l Metamodel Generation

Design of experiments:
Full Factorial Design

v

1
1
1
1
1
1
Sensitivity analysis :
1
1
1
1
1
1

!

Build metamodel:
Kiriging Method

I Optimization Process
- - ----- - T TEEEETIIEIEITITTTT \
: | Random sampling | :
I 1
| 1
I - 1
I | New population |<7 1
| 1
I i 1
I 1
: | Design evaluation | Crossover :
: i Mutation :
| Elitist Policy 1
: | Fitness evaluation | [ :
I 1
I 1
I o 1
| Terminating 1
: condition :
| satisfied? 1
I 1
| 1
I 1
I 1
\ }

Figure 8. Flowchart of the optimization process.

3.1. Optimal Design Problem Formulation

The optimal design problem formulation for minimizing the weight of a Type 2
COPV is shown in Equation (12).

Find Xi(i=14)

Tsai — Wu failure index < 1

Subject to {Maximum von — Mises stress in steel liner < 650 (MPa)

The design parameters were set to minimize the weight of the Type 2 COPV consid-
ering the manufacturing process. Four design variables were selected: steel liner thickness
(1) and ply thickness (x;), which affect the weight, and ply orientation (x3) and number
of plies (x4), which affect the failure of the composite structure. This is shown in Figure 9.
The steel liner thickness was set as a design variable to consider the failure of the dome
part, and the ply thickness, ply orientation, and number of plies were set as design varia-
bles considering the characteristics of the COPV manufactured through the filament
winding method.
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Number of ply: 10 ea

Ply orientation: [30/—30]s; Ply thickness: 1 mm

£ L M

Steel liner thickness: 3.4 mm
Figure 9. Design variables of Type 2 COPV.

The range of each design variables is shown in Table 2. The objective function was to
minimize the weight (W). As a constraint, the Tsai-Wu Failure Index was defined not to
exceed 1 to prevent failure of the composite layer due to burst pressure, and the maximum
von Mises stress in the steel liner was defined not to exceed 650 MPa, the tensile strength
of steel 201, to prevent failure of the metal liner.

Table 2. Design variables and their bounds.

Design Variables Boundary
Steel liner thickness (mm) 1<x <6
Ply thickness (mm) 05 < x, <12
Ply orientation (degree) 10 < x; <60
Number of plies (ea) 5<x, <15

3.2. Design Sensitivity Analysis and Kriging Metamodel Using Design of Experiments

The design of experiments (DoE) method to extract sampling points from a given
range of design variables was performed to perform a sensitivity analysis and generate
the metamodel. We used the full factorial design (FFD), a method that samples all experi-
mental points for a user-defined number of levels for each design variable. For the four
design variables, a total of 625 sampling points were generated by performing the DoE at
five levels. We used the sensitivity analysis and the analysis of means (ANOM) extracted
from the DoE, and the results are shown in Figures 10 and 11, which present an analysis
of the effect of each design variable on the objective function and constraints.

Figure 10 shows the effect of design variables on the responses using ANOM, where
L represents the lower bound of each design variable and U represents the upper bound
of each design variable. As shown in Figure 10, the design variable that has the greatest
effect on weight is the number of plies, with ply orientation having no effect. For the Tsai-
Wau failure index of the composite layer, steel liner thickness, ply orientation, and the
number of plies have influence, in that order. The design variables that affect the von
Mises stress of the steel liner are the number of plies, ply thickness, and steel liner thick-
ness. Given the sensitivity of the design variables to the responses, all the initially set de-
sign variables are considered to be significant.

Figure 11 shows the significance of the design variables on the responses using the
sensitivity analysis. While changing the ply orientation does not affect the weight, it does
affect the Tsai-Wu failure index and von Mises stress. In addition, the other design varia-
bles, such as steel liner thickness, ply thickness, and the number of plies, were identified
as influencing all three responses.
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Figure 11. Design sensitivity with respect to design variables.

Composite structures are mostly brittle and exhibit strong nonlinearity compared to
typical metal structures. In addition, COPVs can exhibit nonlinearity at any region of each
design parameter depending on the ply orientation and number of plies. Therefore, the
kriging metamodel was generated to reduce the computational cost. It is suitable for de-
sign problems with strong nonlinearity. The kriging metamodel is a method of interpolat-
ing sampling points using a regression model and residual terms and is shown in Equa-
tion (13) [31].

y(x) = f(x) +Z(x) (13)

where y(x) is the response approximation function, f(x) is the regression model ex-
pressed as the nth-degree polynomial, and Z(x) is the residual term. The regression
model f(x) approximates the response over the entire design range, and Z(x) represents
the error between the regression model and the results calculated at each sampling points.
Of the 625 sampling data, 500 were used to generate the kriging metamodel and the re-
maining 125 were used to calculate the accuracy of the metamodel. The root mean square
error (RMSE) was used to calculate the accuracy of the kriging metamodel. For the calcu-
lation of RMSE, the calculated value using the metamodel and finite element analysis was
compared. The results of the RMSE calculation are shown in Table 3.
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Table 3. Accuracy of the kriging metamodel.

Response RMSE (Training) RMSE (Test)
Weight 1x 10712 0.00023
Tsai-Wu failure index 3x 10712 0.00197
Von Mises stress 1x 10712 0.00071

According to the RMSE results, the relative errors between the actual and predicted
values for the weight, Tsai-Wu failure index, and von Mises stress were calculated to be
small, confirming the high prediction accuracy of the metamodel.

3.3. Optimization Using Genetic Algorithms

Due to the strong nonlinearity of composite structures, it is necessary to use a global
optimization algorithm to determine the optimal solution. In this study, the optimal de-
sign was performed using a genetic algorithm that guarantees a global optimal solution.
It was developed based on Darwin’s concept of natural selection as one of the optimiza-
tion methods to obtain a global optimal solution [32].

This is an overview of the genetic algorithm’s operation. First, a new population is
formed based on randomly generated initial sampling points. The generated population
is then evaluated to determine if it is optimal. If the terminating condition is not satisfied,
it prepares to create a new population through crossover, mutation and elitist policy. This
process is continued until the fitness value is satisfied.

We defined the parameters required to use the genetic algorithm to perform weight
minimization. Furthermore, 20 populations were produced per generation, and the itera-
tions were limited to a minimum of 20 and a maximum of 50 and to stop terminating the
search if the weight did not improve after 15 generations.

3.4. Optimization Results

The weight decreased with iterations and finally converged after 25 iterations. This
is shown in Figure 12. As a result of the optimization, the steel liner thickness was 2.94
mm, the ply thickness was 0.5 mm, the ply orientation was 32.22°, and the number of plies
was 15. The weight of the COPV was mainly due to the steel liner thickness, which was
reduced by 15.64% while satisfying the constraints. The total laminate thickness was ini-
tially 10 mm, but it was reduced to 7.5 mm by decreasing the ply thickness to 0.5 mm and
increasing the number of plies to 15. The weight decreased by 26.57%, from 81.62 kg to
59.93 kg. Both the Tsai-Wu failure index and the maximum von Mises stress in the liner
were calculated to be 0.802 and 647.3 MPa, so the constraints were satisfied. The optimi-
zation results are shown in Table 4.

85

80

Weight (kg)
3 ~3
=] wn

(=)
wn

(=)
>

55 1 1 L
0 5 10 15 20 25
Number of Iteration

Figure 12. Optimization iteration history of objective function for weight.
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Table 4. Comparison of objective function, constraints, and design variables of Type 2 COPV.

Initial Value  Optimal Value Rate of Change

Steel liner thickness (mm) 3.4 2.94 -15.64%
. . Ply thickness (mm) 1 0.5 -100%
D bl
eolgh varables Ply orientation (degree) 30 32.22 7.4%
Number of plies (ea) 10 15 50 %
Objective function Weight (kg) 81.62 59.93 -26.57%
. Tsai-Wu failure index in composite layer 0.808 0.932 15.35%
Constraints - - -
Max. von Mises stress in steel liner (MPa) 420.2 647.3 54.05%

The finite element analysis was performed using the optimal solution of the calcu-
lated design parameters and compared with the initial analysis values. The von Mises
stress distribution in the optimization model is shown in Figures 13 and 14. As the steel
thickness decreased in comparison to the initial model, the von Mises stress distribution
in the cylinder was the same, but a significant difference occurred in the dome section,
where the maximum von Mises stress occurred.

Contour Plot Contour Plot
Composite Stresses(Von Mises Stress, Steel) Composite Stresses(Von Mises Stress, Steel)

4202 6442 - =
[ 3674 [ 5941
3545 5439 g =

—3216 — 4337 I
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(a) (b)
Figure 13. Comparison of von Mises stress in steel liner: (a) initial model; (b) optimized model.
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@« ! 1
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>
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6 160 260 360 460 560 660 700 800
Axial Length (mm)

Figure 14. Comparison von Mises stress distribution in steel liner of initial and optimal model.

Next, the principal stress distribution of the composite layer in the optimization
model is shown in Figures 15 and 16. As with the initial model, the principal stress distri-
bution near the center of the cylinder was calculated similarly, but the values were in-
creased by an overall factor of about 1.36. The maximum principal stress occurred at the
same point.
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Figure 15. Comparison of principal stress in composite layer: (a) initial model; (b) optimized model.
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Figure 16. Comparison principal stress distribution in composite layer of initial and optimal model.

4. Conclusions

In this study, the weight minimization for the Type 2 COPV was conducted consid-
ering the kriging metamodel for mechanical safety. First, the von Mises stress on the steel
liner and the Tsai-Wu failure index of the composite layer were calculated using finite
element analysis. The finite element analysis result showed that von Mises stress in the
steel liner was calculated to be 420.2 MPa lower than the ultimate tensile stress, and the
Tsai-Wu failure index in the composite layer was calculated to be 0.808, confirming the
mechanical safety.

The optimization set the weight minimization of the Type 2 COPV as the objective
function and the failure index of the steel liner and composite layer as the constraint to
achieve the optimal design to reduce the weight while ensuring mechanical safety. The
design variables selected were steel liner thickness, ply thickness, ply orientation, and
number of plies. A five-level full factorial design was conducted on the four design varia-
bles to generate 625 data points. The data were used to generate the kriging metamodel
and perform the sensitivity analysis.

The weight minimization was conducted on the generated kriging metamodel using
the genetic algorithm. The optimization resulted in a weight reduction of 26.57% com-
pared to the initial model while satisfying the constraints. The weight of the COPV was
most affected by the 15.64% reduction in steel liner thickness. And, the total laminate
thickness was initially 10 mm, but it was reduced to 7.5 mm by decreasing the ply thick-
ness to 0.5 mm and increasing the number of plies to 15. We compared the results of the
finite element analysis between the initial and optimal models using optimal design vari-
ables. The point where the maximum von Mises stress occurred changed from the cylinder
part to the dome part, and the value increased by about 1.5 times. The distribution of the
maximum principal stress of the composite layer was the same. Only the value increased.

The optimization process used in this study can be applied not only to COPVs used
in FCEVs but also to composite structures. It has the advantage of an accurate optimal
solution with a low computational cost in optimal design problems for composite
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structures with strong nonlinearity. In this study, we only considered the design under
static pressure, but in future research, it is necessary to consider dynamic loads such as
impact.
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