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Abstract: In this paper, the effect of thrust vectoring of propulsors on gust load alleviation of
an electric aircraft is investigated. The electric aircraft is composed of 6 small high-lift devices
which are distributed equally along the wing span, and a cruise propulsor located at the tip of the
wing. The aeroelastic behaviour of the wing is simulated by coupling the geometrically exact
fully intrinsic beam equations with the Peters’ unsteady aerodynamic model. A ”1-cos” type
gust is considered with various gust wavelength and speed. It is assumed that the propulsors
are able to tilt their thrust vector in the pitch direction. The thrust of each propulsor is modelled
using a follower force. Furthermore, it is assumed that the action point of propulsors’ thrust
has a chordwise offset from the wing elastic axis. First the developed numerical model is
verified against the published results, and a very good agreement is observed. The results
indicate that by pitching the thrust vector, it is possible to alleviate the gust loads. It is observed
that the tip propulsor is more effective in gust load alleviation than the distributed high-lift
propulsors. Furthermore, the results show that the thrust vectoring frequency is dependent on
the gust wavelength. Finally, it is found that if the chordwise offset is zero, the torsional load
can’t be reduced by thrust vectoring, while by moving the propulsor ahead of the wing elastic
axis, it is possible to alleviate all loads including torsional load.

1 INTRODUCTION

Due to environmental issue, the aviation industry has realised an urgent need for more environ-
mentally friendly products such as electric aircraft. One of the potential solutions is to design
a full electric aircraft with distributed electric propulsors (DEP) [1]. Since in this configura-
tion several units of propulsors have been distributed along the wing span, it can bring several
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benefits. One of the main benefits of a DEP configuration is its higher safety due to having
higher number of propulsors [2]. Another key benefit is its lower noise emission due to the
slower rotational speed of the rotor compared to fuel-based jet engines [3, 4]. There are a few
more benefits such as better wing aerodynamic performance [2] and aeroelastic stability en-
hancement [5]. DEP configuration can possibly bring more potential benefits such as the one
discussed in this paper. That’s why in recent year, the design of aircraft with distributed propul-
sors has received a great attention.
The influence of distributed propulsors on lift to drag ratio of blended wing-body was con-
sidered by Leifsson et al [2]. Their findings indicate that the implementation of a Distributed
Propulsion (DP) concept can lead to an improvement in the wing’s lift-to-drag ratio. Patterson
and German [6] investigated the impact of distributed propulsor positioning along the wing on
its aerodynamic efficiency. The results showed that if the propulsors are placed at the wing
leading edge, the wing lift can be enhanced more. Wing drag reduction due to distributing
the propulsors along the span was studied by Stoll et al. [3]. The study utilized a leading-edge
asynchronous propeller concept, demonstrating a 60% reduction in wing drag. Ma et al. [7] con-
ducted a comparative study to examine the effect of a DEP concept on a vertical take-off and
landing (VTOL) UAV. Their findings demonstrated that 34% of the aircraft’s take-off weight is
attributable to the propulsion system and cable weight, highlighting the challenges in designing
a VTOL aircraft with a DP configuration. Erhard et al. [8] investigated aero-propulsive inter-
actions in a Distributed Electric Propulsion aircraft using a low-fidelity method. Their study
concluded that the overall aero-propulsive efficiency of the aircraft could be increased by up to
5.5%. Simmons and Murphy [9] investigated the wind tunnel-based model identification of a
tilt-rotor wing with a Distributed Electric Propulsion configuration. The findings suggest that
traditional aerodynamic modelling techniques must be adapted for application to these config-
urations. Burston et al [10] conducted a comprehensive review on the current efforts on the
design and control of advanced DEP systems.
One of the main challenges of designing a wing with DEP configuration is that since the propul-
sors are distributed along the wing, the wing mass and stiffness are altered. This can directly
impact the structural dynamics and subsequently the aeroelastic behaviour of the wing [10–13].
Not only this, but also the gust loads may also be altered due to the propulsors’ mass, thrust
and wake. It is already known that how the thrust can influence the wing aeroelastic stabil-
ity [11, 14, 15], but its influence on gust loads has not been clarified. The position of the
propulsor can affect the flutter speed of the wing, either increasing or decreasing it, particu-
larly noticeable with highly flexible wings. Additionally, the aerodynamic interactions between
the propellers and the wing could impact the aeroelastic characteristics of the wing. [16]. Air-
craft structures must endure all the forces exerted on them during flight and ground maneuvers.
Among the most severe dynamic loads encountered during flight are gust loads. While the air-
craft may only face the most extreme gust conditions infrequently throughout its lifespan, its
structure must still be designed to withstand these rare occurrences [17–19]. While it is desir-
able to design the wing structure in a way that it can withstand all such loads, an alternative way
is to alleviate the gust loads. Castrichini et al. [20, 21] investigated the impact of employing
a hinged wingtip to mitigate heavier load instances on the wing during flight. Their findings
demonstrated that this mechanism has the potential to reduce the dynamic loads experienced
by the wing. Szczyglowski et al. [17] examined the utilization of an inerter-based device for
truss-braced wings to passively mitigate gust loads. Their findings indicated that employing
a combination of inerter-based devices can result in a reduction of gust loads by 4%. Khalil
and Fezans [22] devised a hybrid feedback/feedforward controller for a flexible aircraft’s gust
load alleviation system. The suggested approach relied on the H∞-optimal control technique,
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demonstrating its efficacy. More recently, Amoozgar et al. [19] showed the effectiveness of us-
ing a nonlinear energy sink to alleviate the wing gust loads. It was shown that the effectiveness
of the NES in gust load alleviation is very sensitive to its design.
This paper proposes a new gust load alleviation concept for wings with distributed electric
propulsors. It is assumed that the rotor disc can be tilted upward and downward sinusoidally to
alter the thrust vector of the propulsor. An aeroelastic model is developed to evaluate the effec-
tiveness of the proposed concept on gust load alleviation of a wing with DEP configuration.

2 PROBLEM STATEMENT

An electric aircraft wing similar to the NASA X-57 ”Maxwell”, as shown in Figure 1, is consid-
ered. The wing consists of one tip cruise propulsor and 6 high-lift motors which are distributed

(a)

(b)

Figure 1: (a) A schematic of the wing with DEP configuration, (b) The wing/propulsor cross-section and thrust
vectoring

equally along the wing span. All propulsors have a chordwise offset from the wing elastic axis
denoted by yp and thicknesswise of zp. It is noted that in this study, there is no thicknesswise
offset between the wing and propulsor (e.g. zp = 0). It is assumed that the rotor disc of each
propulsor can be tilted in the pitch directions with a maximum pitch angle denoted by θ. A
follower force is applied to each propulsor to model the thrust. The follower force is directly
acting on the centre of mass of propulsors. In what follows, the aeroelastic equations of this
model are developed, and the effectiveness of thrust vectoring on gust load alleviation of the
wing is investigated.
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3 THE AEROELASTIC MODEL

The wing structural dynamics is modelled using the geometrically exact fully intrinsic beam
formulation [23]. This model is then coupled with the 2D Peters’ incompressible unsteady
aerodynamic theory [23] to complete the wing aeroelastic equations as below

F ′ + (k̃ + κ̃)F − Ṗ − Ω̃P + fa + fT = 0 (1)
M ′ + (k̃ + κ̃)M + (ẽ1 + κ̃)F − Ḣ − Ω̃H − Ṽ P + ma = 0 (2)

V ′ + (k̃ + κ̃)V + (ẽ1 + γ̃)Ω − γ̇ = 0 (3)
Ω′ + (k̃ + κ̃)Ω − κ̇ = 0 (4)

where F , M , V and Ω are internal force, moment, generalised linear velocity and angular
velocity, respectively. fT is the thrust force represented by the follower force, and fa and ma

are the aerodynamic force and moment, respectively. Furthermore, γ and κ are the generalised
strain and curvature measures which are related to the internal force and moment as follows[

γ
κ

]
=

[
R S
ST T

] [
F
M

]
(5)

where R,S and T are the beam cross-sectional flexibilities. Furthermore, the linear and angular
velocities are related to the linear and angular momenta through the cross-sectional mass matrix
such that [

P
H

]
=

[
µ∆ −µξ̃

µξ̃ I

] [
V
Ω

]
(6)

where µ is the mass per unit length of the beam, I is the mass moment of inertia matrix, ξ is the
offset of the mass centre from beam reference axis, and ∆ is the identity matrix. Moreover, the
aerodynamic force and moments are obtained on beam reference axis using the transformation
matrix (Ca)

fa = CaFa (7)
ma = CaMa +CaỹacFa (8)

where Fa and Ma are the unsteady aerodynamic loads in the aerodynamic reference frame
system which are obtained using the Peters’ model [24] which for a symmetric airfoil (Cl0 =
Cd0 = Cm0 = Cma = 0) can be written as [25, 26]

[
Fa

]
= 2πρb

 0
(Va3 + λ0)

2

−V̇a3b/2− Va2(Va3 + λ0 − Ωa1b/2)

 (9)

[
Ma

]
= 4πρb2

 −Va2Ωa1b/8− b2/32Ω̇a1 + b/8V̇a3

0
0

 (10)

where λ0 is the inflow which can be determined using the equations

λ0 = 1/2BTλ (11)

Aλ̇+
√

V 2
a2 + V 2

a3λ/b = (−V̇a3 + b/2Ω̇a3)C (12)
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where A,B and C are constant vectors or matrices as defined in [24].
In this study, a ”1-cos” gust disturbance is used which is defined as

wg(t) =
wg0

2
[1− cos(

2πV

lg
t)], 0 ≤ t ≤ lg

V

wg = 0, t ≥ lg
V

(13)

where lg, and wg0 are the gust wavelength and the gust maximum velocity, respectively. The
gust maximum velocity can be obtained as

wg0 = wref

(
H

106.14

)(1/6)

(14)

(15)

where H is the half gust wavelength, and wref is the reference gust velocity which is a function
of the altitude as defined in regulations.
The combined aeroelastic equations are discretised using a central finite difference method, and
interagted numerically. The effects of propulsors’ thrust vectoring are simulated based on the
method explained in [5].

4 RESULTS AND DISCUSSIONS

In the first step, to verify the developed aeroelastic model, the flutter speed of a wing with the
properties presented in Table 1 is obtained and compared with those reported by Amoozgar et
al. [27]. This comparison for a clean wing without the effect of propulsors is presented in Table
2. It is noted that for all the results from here on, a time-step of dt = 0.005 is used, since, as
shown in Figure 2, this leads to a converged results.

Figure 3 shows the tip response of the clean wing (without propulsors) for three speeds which

Table 1: The considered wing properties

Parameter Value
Wing semi-length 6.1 m

Chord length 1.83 m
Out of plane bending rigidity (EI) 9.77× 106 N.m2

Torsional rigidity (GJ) 0.99× 106 N.m2

Mass per unit length 35.7 kg/m
Wing moment of inertia per unit length 8.64 kg.m

Elastic axis offset from L.E. 33% chord
Centre of gravity offset from L.E. 43% chord

Aerodynamic centre offset from L.E. 25% chord
dx1, dx2, ..., dx6 0.76 m

dxt 1.52 m
Nominal cruise thrust 9814 N

are below, on and above the flutter speed, which clearly shows the onset instability speed. In
this study, various gusts wavelength is considered. Figure 4 shows the change of gust velocity
for gust wavelength from 18m to 214m and for reference gust velocity of wref = 17.07m/s.
Figure 5 shows the effect of four gust wavelengths on the flap, and twist responses of the wing

tip at sea level and speed of V = 100m/s which is well below the flutter speed. The results show
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Figure 2: Time history of the wing tip for various time-steps and for V = 145 m/s
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Figure 3: Time history of the clean wing tip response for various speeds
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Table 2: Comparison of the flutter speed and frequency

Method Flutter speed (m/s) Flutter frequency (rad/s)
Present 136.8 69.9

Amoozgar et al. [27] 136 70
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15

20

Figure 4: Gust velocity for different gust wavelength for V = 200 m/s and wref = 17.07 m/s

that the wing response is a function of the gust wavelength, and in this case, as the wavelength
increases, the response peak also increases.
Next, the effect of gust wavelength and tip propulsor’s thrust on the maximum and minimum

values of quantities of interest (QI) (e.g. shear force, bending moment and torsion) for wing
root at sea level are determined and shown in Figure 6. It is noted that here, the thrust is nondi-
mensionalised with the nominal cruise thrust value specified in Table 1. The results shows that
the shear force and bending moment do not change much by adding the thrust of propulsors,
while the torsional load is affected to some extent. Also, the maximum and minimum loads are
dependent on the gust wavelength. Figure 7 shows the same analysis for the effect of high-lift
motors’ thrust. Comparing this with the tip propulsor’s thrust (6), it is clear that the gust alods
are not affected too much with the level of thrust of high-lift propulsors, and hence from here
onward, the focus of this study will only be on the effect of tip propulsors on wing gust loads.
The effect of reference gust velocity on the QIs are determined next and presented in Figure 8

for various values of tip propulsor’s thrust. As the gust reference velocity increases, all load lev-
els change, and the change is uniform. Hence, in all the upcoming studies, only one reference
gust velocity is considered since the conclusion will stay the same irrespective of how much is
the gust reference velocity. Here again it is the torsional loads that is being affected the most by
increasing the thrust level.
Now, it is assumed that the tip propulsor thrust is able to be tilted in the pitch direction sinu-

soidally as described below

Θ(t) = θsin(ωvt) (16)

where θ is the maximum pitch angle, and ωv is the pitching frequency.
Figure 9 shows the effect of thrust vectoring on gust response of the wing for the QIs at nominal
cruise thrust for various maximum pitch angles. When the thrust vector tilts, it will make
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Figure 5: The effect of gust wavelength of (a) flap and (b) twist response of the wing tip for V = 100 m/s and
wref = 17.07 m/s
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Figure 6: The effect of gust wavelength and tip propulsor on (a) shear force, (b) torsional and c) bending moment
of the wing root for V = 100 m/s and wref = 17.07 m/s
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Figure 7: The effect of gust wavelength and high-lift propulsors on (a) shear force, (b) torsion and c) bending
moment of the wing root for V = 100 m/s and wref = 17.07 m/s
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Figure 8: The effect of gust velocity and tip propulsor on (a) shear force, (b) torsion and c) bending moment of the
wing root for V = 100 m/s and lg = 20 m
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two components in the chordwise and thicknesswise directions. That’s why the gust loads are
affected by thrust vectroing. As the maximum pitch angle increases, the gust loads are affected
more. The results show that it is possible to reduce the maximum shear force and bending
moment by up to 14% and 26%, respectively, while the torsional moment increases. This
clearly highlights the potential influence of thrust vectoring on gust load reduction, even that
here vectoring made the torsional load worse, but this will be discussed further in more details
later.
The effect of thrust vectoring frequency on the maximum loads is shown in Figure 10. As it

is expected, the best thrust vectoring which results in higher load reduction happens when the
vectoring follows the same frequency of the gust. Therefore, from here on, this frequency is
assumed for all case studies. Furthermore, still the torsional load doesn’t decrease due to thrust
vectoring. This is because that its assumed that the action point of the propulsor is exactly on the
wing elastic axis, hence the thrust vectoring doesn’t influence the torsional loads. However, if
an offset in the chordwise direction from the wing elastic axis is considered, the thrust vectoring
can become effective in reducing the torsional load as shown later.
Figure 11 shows the effect of gust wavelength and propulsor’s thrust level on maximum gust

loads. In this case, the thrust vectoring amplitude and gust velocity are assumed to be θ = −60o,
and wg0 = 17 m/s, receptively, while the vectoring frequency is assumed to be half of the gust
frequency (e.g. ωv = V

2lg
). The results indicates that as the level of thrust vectoring increases,

the maximum shear and bending loads decrease by almost the same factor as thrust change.
However, the torsional load still is not so sensitive to the thrust vectoring.
Figure 12 shows how the chordwise offset between the wing elastic axis and the thrust vectoring

action point can influence the QIs. It is clear that as the action point shifts toward leading edge,
the effectiveness of the thrust vectoring increases. Now, in this case, the wing root torsional
moment also decreases. Therefore, to make the thrust vectoring more effective, the propulsors
should be mounted as far as possible from the elastic axis and toward the wing leading edge. It is
noted that moving the propulsors toward leading edge could also be beneficial for aerodynamic
performance as described in [6].
Finally, the effect of thrust vectoring on gust load alleviation of the aircraft for multiple flight

points within the flight envelope of the aircraft is investigated. Figure 13 shows 20 flights points
within the flight envelop of the aircraft. It is noted that this flight envelope is not the actual
flight envelop of the NASA X-57, but is close to it [28]. Figure 14 shows the convex hull of
the maximum gust loads at the wing root with and without thrust vectoring. Here, 20 flight
points are combined with 10 gust wavelength ranging from 10 m to 100m (equally spaced),
which gives 200 gust load cases. I this case, the thrust vectoring angle is set as θ = 60o and it is
assumed that the propulsor is located 40% of the chord from the elastic axis toward the leading
edge. It is clear that thrust vectoring successfully reduced the critical load combinations. Not
only this, but also it reduced the region inside the convex hull. This clearly shows that using
a thrust vectoring has the potential to be effective in gust load alleviation of next generation
electric aircraft. It is noted that here, the aerodynamic and inertia influences of the propellers
are ignored, while they can affect the results. This will be investigated in future studies.

5 CONCLUSION

A new concept for gust load alleviation of aircraft wings with distributed electric propulsors
was proposed. The concept is based on pitching the propulsors thrust vector sinusoidally. The
aeroelastic model of the wing was developed by combining an exact beam formulation with an
unsteady aerodynamic theory. A ”1-cos” gust profile with various gust reference velocity and
wavelength was considered. The results showed that the tip propulsor affects the gust loads
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Figure 9: The effect of thrust vectoring pitch angle on the (a) shear force, (b) torsion and c) bending moment of
the wing root for V = 100 m/s, lg = 20 m, wg0 = 17 m/s, and ωv = 2 Hz
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Figure 10: The effect of thrust vectoring frequency on the (a) shear force, (b) torsion and c) bending moment of
the wing root for V = 100 m/s, lg = 20 m, wg0 = 17 m/s, and θ = −60 Hz
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Figure 11: The effect of gust wavelength and thrust vectoring magnitude on the maximum absolute values of (a)
shear force, (b) torsion and c) bending moment of the wing root for V = 100 m/s, wg0 = 17 m/s, and
θ = −60 Hz 15
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Figure 12: The effect of propulsor’s chordwise offset and gust wavelength on the maximum absolute values of (a)
shear force, (b) torsion and c) bending moment of the wing root for V = 100 m/s, wg0 = 17 m/s, and
θ = −60 Hz 16
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Figure 13: Flight points selected across the flight envelope

more than the high-lift motors. Also, it was found that by pitching the thrust vector with a
frequency similar to the gust frequency leads to the best possible gust load alleviation. The
bending moment and shear force were reduced significantly by pitching the thrust vector. the
amount of reduction is related to the pitch angle. To reduce the torsional load, it is required
to move the propulsor toward the leading edge of the wing. Also, the results showed that by
increasing the thrust level, the load alleviation capability increases almost by the same factor as
increasing the thrust level. Finally, the convex hull of a wing which resembles the NASA-X57
was determined with and without thrust vectoring, and it was obtained that by vectoring the
thrust it is possible to reduce and shrink the convex hull for all combinations of quantities of
interest. It is noted that in future studies the effects of propellers’ aerodynamics and mass will
be included, while ignored in this study, to fully analyse the capability of the proposed concept.
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Figure 14: The effect of thrust vectoring on wing root a) shear force-torsional moment , b) shear force-bending
moment, and c) torsional moment-bending moment for wg0 = 17m/s, θ = −60 m/s and ȳp = 0.4
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