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Abstract. The search for less polluting means of transport has been stimulating the development of batteries
with higher energy densities and electric motors that are more efficient. These advances have made possible the
emergence of several all-electric aircraft, which make use of multiple rotors. In this sense, there was a need to
create a methodology to be followed in the conceptual design phase, focused on aerodynamic and structural issues
that change in this type of aircraft. These changes, such as the lack of a Gravity Center shift and the need for a
greater number of engines and rotors, alters the spar, the aerodynamic flow, the number of ribs and the stiffness of
the wing itself. In this study, the engines are distributed along the wing, aiming greater traction and less variation
in the angle of attack along the wingspan. An aerodynamic model was created with these requirements, based on
the lift line theory, in order to calculate the flight load. Finally, using these values, employing routines of genetic
algorithms, the structure was optimized, adopting the spar geometry and thickness as design variables, with the
objective of minimizing weight, following the Tsai-Wu criterion and the impossibility of buckling.
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1 Introduction

At the beginning of aviation, most of the aircraft needed several engines and rotors to produce sufficient
traction for their flight, given the low power available by the combustion engines existing at the time. With
the improvement of jet and turboprop propulsion, a reduction trend was seen in this number, mainly due to the
great complexity that these engines require, such as electrical, hydraulic and fuel supply, in addition to presenting
greater thermal efficiency when used in larger dimensions. However, the need to develop less polluting means
of transport, following the goals seated in the ’FlightPath 2050’, mentioned in Graham et al. [1], has stimulated
the improvement in batteries with higher energy densities and more efficient electric motors, which, according to
Moore and Fredericks [2], have great scalability, that is, they are able to present an energy efficiency relatively
constant, regardless of its size. This characteristic allows the use of several engines to be resumed, no longer
due to the lack of power, but taking the several advantages that the “electric distributed propulsion” (EDP) can
provide to the aircraft design. In this sense, several researches have concentrated efforts to establish and quantify
what would be the trade-offs of (EDP). This form of propulsion increases the complexity of the project, especially
when the motors are positioned on the lifting surfaces. The propellers, when producing traction, change the flow
angle and speed, creating vortexes that modify the lift distribution generated by these surfaces. Because of these
effects, the variation in the size, spacing and positioning of electrically-driven propellers, according to Moore and
Ning [3], can provide greater redundancy against failures, alter structural loading, reduce drag, improve propulsive
efficiency, and increase lift during landing and takeoff. Besides that, by distributing the propulsion, the aircraft
can produce less noise, cited in Gohardani et al. [4], and combine with differential thrust, create a ”virtual rudder”,
downsizing the vertical tail to reduce weight and drag, according to Reynolds et al. [5].

Therefore, given so many advantages, this paper proposes to study the process of structural optimization
of the wing, carried out by using genetic algorithms, of an aircraft that uses the propulsive system known as
(EDP). Changes in aerodynamic loading were analyzed and the structure was modeled numerically and using the
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Foz do Iguaçu/PR, Brazil, November 16-19, 2020



Wing Structural Optimization for Electric Distributed Propulsion Aircraft using Genetic Algorithm

finite element method (FEM). To validate the adopted model, data from the CB-10 Thriatlon aircraft was used,
considering the replacement of its single combustion engine by several electrically-driven propellers throughout
its wingspan.

2 Matematical Model

2.1 Blade Model

First, in order to quantify the performance and the changes in the flow caused by the blades, the propeller
model was created using Blade Element Theory (BET). In this theory, each blade is divided into elementary
sections dr along its radius. In each element, a balance of forces is applied between lift, drag, traction (dT ) and
torque (dM ) produced, represented, respectively, by eq. (1) and eq. (2):

dT = 0.5BρcV 2
rel(Clb cos(φ) − Cdb sin(φ))dr. (1)

dM = 0.5BρcV 2
rel(Clb sin(φ) + Cdb cos(φ))rdr. (2)

Where B represents the number of blades, ρ the air density, c the chord of the element, Vrel the air relative
velocity to the element, r the distance from the center of rotation, Clb and Cdb the lift and drag coefficients of the
2D blade airfoil and φ the angle between the traction and lift forces.

At the same time, a balance is applied between the axial and angular momentum, defined by eq. (3) and eq. (4),
with the tip and hub loss corrections, eq. (5), addressed by El khchine and Sriti [6], represented respectively by the
variables Ftip and Fhub.

dT = 4πFρV 2
inf (a+ 1)ardr. (3)

dM = 4πFρV 2
inf (a+ 1)bΩr3dr. (4)

F = Ftip ∗ Fhub (5)

In which, Vinf is the free stream velocity, Ω the angular velocity, a and b the axial and angular inflow factor,
rhub the radius of the hub and Ftip and Fhub defined by:

Ftip = 2
π arccos

[
exp

(
−B(R−r)
2r sin(φ)

)]
;Fhub = 2

π arccos
[
exp

(
−B(r−rhub)

2r sin(φ)

)]
.

Considering the values ofClb andCdb for a fixed angle of attack (α), the geometric torsion angle of the blades
(θ), was determined by eq. (6). In addition, was established a relationship between the axial and tangential speeds
with the relative speed, eq. (7):

θ = α+ arctan

(
Vinf (1 + a)

Ωr(1 − b)

)
. (6)

Vrel =
√

[Vinf (1 + a)]2 + [Ωr(1 − b)]2. (7)

Using eqs. (1) to (4) and eqs. (6) and (7), was developed an iterative process in MATLAB, which solves this
non-linear system for each element along the radius of the blade. Thus, defining the values of geometric torsion,
traction, torque and the distribution of a and b values. Therefore, with the latters, it was determined the changes in
the flow caused by the propeller, due to the induced velocities, shown by eqs. (8) and (9) and Fig. 1, illustrated in
D.J. Auld [7]:

Vθ = bΩr. (8)

Vx = Vinf (1 + a). (9)
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Figure 1. Induced velocity by the blades

2.2 Aerodynamic Model

In order to determine the lift coefficient (Cl) distribution of the wing, an aerodynamic model was developed,
in MATLAB, using Prantl’s lift line theory, considering a straight wing with the same area as the original aircraft.
In this theory, as explained in Houghton et al. [8], the wing is modeled by a superposition of horseshoe vortexes,
located in one quarter of the chord, which define the circulation Γ along the span. At each point of analysis, the
effective angle of attack of the section (αeffect) is determined by eq. (10):

αeffect = α− αi. (10)

Where α represents the wing geometrical angle of attack and αi the induced angle of attack.
This is necessary because, unlike 2D sections, the wing, when is generating lift, causes a downwash (ωi) in

the flow, which, coupled with the induced axial and tangential speeds by the propellers in the wing, modify the
effective angle of attack in each section, shown in Fig. 2, illustrated in Ferraro et al. [9].

Figure 2. Effects of the Propeller on the wing

For this reason, to take into account the effects of the propellers, an adaptation was used in lift line theory,
discussed in Epema [10], in which the induced angle of attack in the wing sections, behind the motors, was
determined by eq. (11):

αi =
ωi + Vθ
Vinf + Vx

. (11)

With the model defined, a optimization using genetic algorithm, already implemented in MATLAB, was used
to determine the distribution of the electrically-driven propellers along the wing, as shown in the Fig. 3.

For this, the quantity, the position, the angular speed and the number of blades of the motors were established
as the optimization variables. For each individual, in the population, the performance of the propellers was defined
by (BET). With these values, along with the 2D aerodynamic polar of the wing airfoil, the influence coefficients
for each point of analysis were calculated, determining the Cl distribution. In each population, the individual with
the highest traction, respecting the minimum value required to maintain the flight, obtained in Barros [11], and the
smallest variation in the angle of attack along the wingspan, compared to the original Cl distribution, received the
best score. Repeating this process, the best individuals of each population reproduce, combining and generating a
new different population by the crossover and mutation process, converging to the best combination.
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Foz do Iguaçu/PR, Brazil, November 16-19, 2020



Wing Structural Optimization for Electric Distributed Propulsion Aircraft using Genetic Algorithm

Figure 3. Aerodynamic optimization flowchart

2.3 Flight loads

To calculate the aerodynamic loads, was used the most critical condition in the flight envelope of the CB-10
aircraft, with the load factor n = +4.87 and dive speed (Vd) = 102.2 m/s. In this sense, the wing was divided
into sections dy along the semi-span (S), as shown by Fig. 4:

Figure 4. Wing dy

With the Cl distribution, determined by the aerodynamic model, along with the axial velocity Vx, induced by
the engines, the elementary lift values dL, for each section, were calculated using the eq. (12), considering Vx = 0
for the wing regions outside of the propellers influence.

dL(y) = 0.5ρcwing(Vinf + Vx)2Cl(y)dy. (12)

In which, (cwing) represents the wing chord.
Furthermore, considering the value of the pitching moment coefficient Cm1/4 to be constant in 1/4 of the

chord, the shear force (V ), the bending moment (M ) and the twisting moment (T ) were determined by eqs. (13)
to (15), respectively:

V =

∫ S

0

dLdy. (13)

M =

∫ S

0

V dy. (14)

T =

∫ S

0

0.5ρc2wing(Vinf + Vx)2Cm1/4dy. (15)

Lastly, with the power produced by the electric engines, determined by (BET), its weight was calculated
using the 13 kW/kg power density, proposed by Yoon et al. [12]. Combining that weight with the load factor, the
inertial forces was determined.

2.4 Wing structure

For the structural model of the aircraft’s wing, the spar was designed as a hollow square beam with thin-walls,
using composite materials, like the original spar of the CB-10 Thriatlon. As proposed by Zahm [13], the ribs were
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distributed following a space of approximately one fifth of the chord, with adaptations to ensure the correct support
for the motors.

For dimensioning the structure, a genetic optimization algorithm, already implemented in MATLAB, was
used aiming to reduce the structural weight. In this process, represented by the Fig. 5, the thickness of the flange
(tflange) and of the web (tweb) was varied, as well as the height (h) and width (l), defining the geometric shape of
the spar along the span.

Figure 5. Structural optimization flowchart

In order to ensure that the structures found, during the optimization process, withstand the flight loads, con-
sidering the safe margin as 1.5 and quality factor as 1.15, an assessment was made for each individual, evaluating
the failure index and the buckling eigenvalue (λ) of the structure, adding a penalization over the spars that failed.
In order to identify these failures, each spar was divided, for analysis, into several sections over the span. In each
section, along with the aerodynamic loads and the geometrical properties, the values of axial and shear stresses in
the plane were calculated. With these stress values, an algorithm was developed, modeled using Tsai-Wu’s failure
theory, covered in Voyiadjis and Kattan [14], to calculate the failure index. In this sense, the stresses found at each
point were compared with the allowable stresses of the material, obtaining the index value, by eq. (16):

F11σ
2
yy + F66τ

2 + F1σyy = Index. (16)

Where,

F11 = 1
σT
yyσ

C
yy

;F66 = 1
(τF )2

;F1 = 1
σT
yy

− 1
σC
yy
.

And, σTyy, σCyy , τF represents the parallel traction, compression and shear failure strength of the material.
In addition, to calculate the local buckling eigenvalue (λ) of the structure, an algorithm was developed, based

on the method addressed by Tarjan et al. [15, 16]. In this calculation, a combined request between axial, bending
and transverse load was considered, in the web and in the spar flange, created by the aerodynamic forces as well
as by the weight and traction produced by the electrically-driven propellers positioned on the wing. For each part,
the eigenvalue (λ) was calculated by solving the Rayleigh-Ritz method, represented by eq. (17):

λ2

[(
Nxb
Nxy,cr

)2

+

(
Nxy

Nxy, cr

)2
]

+ λ

(
Nx
Nx,cr

)
= 1. (17)

Where, Nx, Nxy , Nxb represents the forces per unit length and N(x,cr), N(xy,cr), N(xb,cr) the critical axial,
transverse and bending load values for buckling of the structure.

3 Results

The aerodynamic optimization converged in distributing the electric motors, along the wing, with a bigger
propeller in the tip, as shown in Fig. 6:

As consequence, theCl distribution resulted in minor changes, caused by the high value of Vd when compared
to the induced velocity by the propellers, as shown in Fig. 7:
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Figure 6. EDP distribution over the semi-span

Figure 7. Cl distribution

With that distribution, the spar geometry was defined by the optimization process. To compare with the
results from the method developed in MATLAB, the structure was evaluated using HyperWorks Optistruct Finite
Element Method (FEM), in the critical flight condition. For that, the wing was modeled using second order 2D
quad elements, initially with the size of 12x12 mm. After performing a convergence test, was used a size of 8x8
mm. The loads were distributed along the semi-span using RBE3 elements. The result, as shown in the Fig. 8,
demonstrate a critical region in the spar upper flange for buckling and Tsai-Wu failure criteria respectively, but
confirming that the structure is able to withstand the flight loads. The comparison between the methods results are
presented in Table 1:

Figure 8. Buckling and Tsai-Wu failure index values in FEM

Table 1. MATLAB and FEM results

Result Tsai-Wu Index λ

MATLAB 0.90 1.54

FEM 0.86 1.76
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4 Conclusions

As a conclusion, it is possible to observe that there is a good correlation between the data obtained in the
model developed in MATLAB, with the analyzes carried out using (FEM), in which the first one presented more
conservative results. In addition, compared to the original aircraft, when replacing its single combustion engine
with 6 electric motors on the wing, there was a reduction in the shear stress, in the z axis, and in the bending
moment, in the x axis. This was due to the effects of the inertial load, during the critical flight condition n = +4.87
and speed Vd = 102.2 m/s, that generated forces in the opposite direction to the lift, contributing for a lighter
structure.
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