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In the development of electric aircraft, due to the use of Distributed Electric Propulsion (DEP), not only the 
classic wing flutter but also the propeller whirl flutter needs to be considered for wing structural design. To 
this end, this paper proposes an aeroelastic optimization method within the framework of an in-house tool 
named PROTEUS, which enables the preliminary design of DEP wing laminates including propeller whirl flutter 
effect. In this method, a new aeroelastic model is developed for the coupled propeller-wing system, based on 
a classic whirl flutter analysis model and the wing aeroelastic model implemented in PROTEUS. Further, the 
required sensitivities of aeroelastic stability constraints are derived and implemented by making use of these 
implemented in PROTEUS for conventional wing design. The objective of the optimization is to minimize 
wing mass by aeroelastically tailoring the lamination parameters and thickness of wing laminates, subject to 
given aerostructural design constraints. The features and usefulness of the proposed optimization approach are 
demonstrated through two numerical case studies (with and without whirl flutter constraints) focused on sizing 
the wing structure of a reference DEP aircraft. The necessary inputs regarding propeller mounting stiffness and 
damping for the case studies are determined through parametric studies of isolated propellers. The results indicate 
that including whirl flutter effect in wing sizing slightly increases wing mass, and introducing a flexible-mount-
propeller leads to the decrease in wing flutter speed. Additionally, a parametric study of investigating propeller 
mounting stiffness is conducted, which confirms that the propeller mounting properties have a large influence 
on aeroelastic instability of the coupled propeller-wing system.

1. Introduction

Driven by the growing shortage of the traditional fossil energy re-
sources and the stringent sustainability goal of reducing in-flight emis-
sions, the concept of hybrid-electric or all-electric aircraft has garnered 
great attention in the past decade [1]. In contrast to the conventional air-
craft powered by a fuel-based propulsion system, most electric aircraft 
utilize a so-called Distributed Electric Propulsion (DEP) system, where 
multiple electrically-driven propulsors spread across the wing span, to 
generate the required lift and thrust [2].

The use of DEP has a great potential to increase the aerodynamic and 
propulsive efficiency of the aircraft, because the propulsors can be sized, 
placed and operated in a beneficial manner by taking the advantages 
of the versatility and scalability of the electrical systems [3]. For the 
further improvement of aerodynamic performance, currently, most DEP 
aircraft concepts are equipped with high aspect ratio wings [4,5].

* Corresponding author.
E-mail address: Z.Wang-16@tudelft.nl (Z. Wang).

It is well known that thinner wings with high aspect ratio are more 
prone to undergo large deformations because of the higher flexibility 
of the wing [6,7]. This makes clearing aeroelastic instabilities, such as 
wing flutter, more challenging in wing design, as flexible wings tend to 
experience these instabilities at lower speeds compared to stiffer ones 
[8]. In particular, since the electric aircraft is driven by flexibly-mounted 
propellers, another dynamic aeroelastic instability phenomena, known 
as propeller whirl flutter [9,10], may occur during the operation of DEP 
aircraft.

Propeller whirl flutter is characterized by a diverging spiral motion 
described by the rotor hub, which is mainly caused by the interaction 
between the unsteady aerodynamic forces and moments of the propeller 
and the gyroscopic effects induced by the revolving rotor [11]. For 
propeller-driven aircraft, propeller whirl flutter and classic wing flut-
ter can happen independently or coupled together, which can severely 
damage the aircraft structure on which the propeller system is mounted, 
and even lead to fatal accidents [12,13]. Therefore, it is important to 
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take both wing and propeller aeroelastic instabilities into account at the 
preliminary design stage of DEP aircraft.

To this end, the wing and propellers of DEP aircraft are required to 
be modeled as a fully-coupled system for aeroelastic analysis. This is 
because, on the one hand, including the flexibly-mounted and rotating 
propellers adds extra mass, inertia and aerodynamic loads to wing struc-
tures [5], and it also affects wing aerodynamics as the result of blowing 
the air around the wing [14]. On the other hand, the deformation of the 
flexible wing has an impact on propeller aerodynamics as it results in a 
change in the local angle of attack of the propeller blades [15].

Regarding to the existing studies on modeling DEP wings, Amooz-
gar et al. [5] have proposed an aeroelastic stability analysis method, in 
which the electric propellers are modeled as concentrated masses and, 
the propeller thrust force is included as a follower force. Although this 
method can account for the propeller effects on wing aeroelastic char-
acteristics, it lacks the capability to analyze propeller whirl flutter.

In the development of the NASA X-57 Maxwell all-electric aircraft, 
Hoover et al. [16], Hoover and Shen [17] and Heeg et al. [18] have 
investigated propeller whirl flutter stability and its influence on aircraft 
design. Their studies are carried out by making use of the multibody 
dynamics simulation tools [19,20] developed for turboprop and tilt rotor 
aircraft [10,21,22].

Alternatively, a simple whirl flutter analysis model originally devel-
oped by Houbolt and Reed [23] recently has been reused to develop new 
aeroelastic analysis methods for DEP wings [24,25]. In these methods, 
the propeller is attached to a flexible wing via a rigid pylon consider-
ing only pitch and yaw motions. For improving the structural model 
of propellers, the flexibility of pylon can be accounted for using beam 
elements [26].

Furthermore, several sensitivity studies have been conducted based 
on recently developed whirl flutter analysis methods. For example, Böh-
nisch et al. [27,28] investigate the effects of propeller spanwise and 
chordwise locations, mounting stiffness, and aerodynamic interaction 
on aeroelastic instabilities in propeller-wing systems. Koch and Ko-
ert [29,30] propose a method to include and analyze the influence of 
blade elasticity on propeller whirl flutter stability, with results showing 
a significant stabilizing effect compared to rigid propeller blades.

Additionally, to overcome the limitations of conventional eigen-
value-based whirl flutter analysis approaches, Riso [31] explores new 
methods for predicting whirl flutter, such as the pre-flutter output-based 
bifurcation forecasting method [32] and machine learning techniques 
[33].

According to the literature survey, currently, only a limited number 
of research work has been done on the study of DEP wings considering 
whirl flutter instability. In particular, to the best of authors’ knowledge, 
almost all existing studies focus on investigating the aeroelastic instabil-
ities of the existing or given wing designs of electric aircraft. The field 
related to wing sizing of DEP aircraft including propeller whirl flutter ef-
fect seems to be unexplored. However, as it has been demonstrated in the 
development of tilt rotor aircraft [34–36], that the aeroelastic tailoring 
techniques are capable of reducing wing weight with the maintenance 
of sufficient whirl flutter stability margins.

Accordingly, the present work proposes an aeroelastic optimization 
method for the preliminary design of composite wings with DEP units, 
in which not only the classic wing aeroelastic instabilities (e.g., wing 
flutter) but also the propeller whirl flutter can be considered as design 
constraints. The proposed method is numerically implemented through 
extending an existing in-house tool PROTEUS [37] that is originally de-
veloped for the aeroelastic tailoring of conventional composite wings. 
The novelty of this paper mainly lies in developing a new aeroelastic 
model of the fully-coupled propeller-wing system based on the classic 
whirl flutter analysis model developed by Houbolt and Reed [23] and 
the wing aeroelastic model already implemented in PROTEUS. Further, 
the new sensitivities required for aeroelastic stability constraints are 
derived and implemented within the framework of PROTEUS, which en-

ables the optimization of DEP wing structures including propeller whirl 
flutter effect.

Additionally, to demonstrate the features and usefulness of the pro-
posed optimization method, a reference DEP configuration developed in 
GENESIS project [38] is employed to perform numerical case studies.

The manuscript is organized as follows. In Section 2, a new aeroelas-
tic model is developed for the coupled propeller-wing system. Section 3
provides the sensitivities required for aeroelastic stability constraints, 
Section 4 defines the optimization problem for the design of DEP com-
posite wings. Then the proposed optimization method is applied to nu-
merical case studies in Section 5. Finally, Section 6 summarizes the main 
conclusions of the current study.

2. Aeroelastic analysis

2.1. Wing aeroelastic model

This section reviews the wing aerodynamic and structural analysis 
models implemented in PROTEUS, which provides the necessary details 
for constructing the aeroelastic model of the coupled propeller-wing sys-
tem in Section 2.3.

For wing structural analysis, a geometrically nonlinear beam Finite 
Element Model (FEM) is adopted. In this model, the linear Timoshenko 
beam elements are coupled into a co-rotational framework, making the 
beam model essentially nonlinear, as the stiffness properties depend on 
displacement [39]. In general, the structural model can be expressed as:

𝑴w�̈�w +𝑲w𝒒w =𝑸w , (1)

where 𝒒w is composed of the degrees of freedom (DOF) of each beam 
node, and 𝑴w and 𝑲w refer to the global mass and stiffness matrices, 
respectively. Furthermore, 𝑸w represents the equivalent nodal forces 
and moments obtained from wing aerodynamic loads using [40]

𝑸w = 𝑻 AS𝑹𝛼𝑸
a
w , (2)

where the matrix 𝑹𝛼 is used to rotate the wing aerodynamic loads 𝑸a
w

through the aircraft angle of attack, 𝛼, to the body-fixed coordinate sys-
tem, then the rotated wing aerodynamic loads are transferred to beam 
element nodes via a transformation matrix 𝑻 AS.

For wing aerodynamics, an unsteady vortex lattice method based 
on potential flow theory is implemented in PROTEUS. In this aerody-
namic model, the wing aerodynamic state vector can be expressed as 
𝒙a = [𝚪T

w,𝜶T
air]

T, in which the vector 𝚪w contains the vortex strength 
of each aerodynamic panel of the free wake panels, and 𝜶air are the 
perturbation angles of attack induced by the free stream flow. Defining 
𝒙w = [𝒙T

a ,𝒙
T
s ]

T as the aeroelastic state vector with the wing structural 
state vector 𝒙s = [�̇�T

w,𝒒T
w]

T, then the wing aerodynamic loads 𝑸a
w can 

be formulated as

𝑸a
w =𝑯3𝑻 1𝒙w +𝑯4𝑻 2�̇�s +𝑳3𝑩𝛼�̇�air , (3)

with the wing aerodynamic state equation

�̇�a =𝑯1𝑻 1𝒙w +𝑯2�̇�air , (4)

where the details on matrices 𝑯1, 𝑯2 𝑯3, 𝑯4, 𝑻 1, 𝑻 2, 𝑳3 and 𝑩𝛼

can be found in Appendix B of [37]. Further details on the aerodynamic 
model refer to the work of Werter et al. [41].

Combining Eqs. (1) - (4), the aeroelastic state equation of the wing 
can be formulated as

�̇�w =
⎡⎢⎢⎣

𝑯1𝑻 1

𝑯−1
5 𝑯6

⎤⎥⎥⎦𝒙w +
⎡⎢⎢⎣

𝑯2

𝑯−1
5 𝑯7

⎤⎥⎥⎦ �̇�air =𝑨ss𝒙w +𝑩ss�̇�air , (5)

where the formulations of the matrices 𝑯5, 𝑯6 and 𝑯7 are also given 
in Appendix B of [37]. The aeroelastic instabilities of the classic wing 
(without DEP units) can be identified using the above aeroelastic model.
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Fig. 1. Illustration of a propeller-wing model with the main parameters indicated for deriving propeller aerodynamics and equations of motion of the coupled 
propeller-wing system [24].

2.2. Propeller aeroelastic model

In this section, a classic whirl flutter analysis model originally de-
veloped by Houbolt and Reed [23], and recently revisited by Mair 
et al. [42], Liu Xu [24] and Böhnisch et al. [25], is introduced for the 
analysis of an isolated propeller system (which is equivalent to a pro-
peller flexibly mounted on a rigid wing).

In the classic model, the propeller is assumed to rotate under wind-
milling conditions. This work considers rigid, fixed-pitch propellers, 
where the propeller’s rotational speed changes with incoming airspeed 
to maintain windmilling. For constant-speed propellers, however, wind-
milling is achieved by adjusting the propeller blade pitch.

Further, as illustrated in Fig. 1, the motion of a flexible mounted 
propeller can be described using 2 DOF: Pitch 𝜃 and yaw 𝜓 angles. For 
the construction of the structural dynamic model, the propeller mass is 
lumped into two concentrated masses: Rotor mass representing the spin-
ner and blades and motor-nacelle system mass describing the motor, 
nacelle and other system components. The nacelle-pylon is simplified 
as a massless rigid rod with pitch and yaw pivot points (elastic cen-
tres for pitch and yaw deflections), and the rod connects the propeller 
concentrated masses to wing structural model, i.e., beam axis. The na-
celle stiffness properties are characterized by the pitch 𝐾𝜃 and yaw 
𝐾𝜓 stiffnesses defined at pivot points. They can be determined accord-
ing to the given uncoupled pitch 𝑓𝜃 and yaw 𝑓𝜓 frequencies through 
𝐾𝜃 = 𝐼𝜃(2𝜋𝑓𝜃)2 and 𝐾𝜓 = 𝐼𝜓 (2𝜋𝑓𝜓 )2, where 𝐼𝜃 and 𝐼𝜓 are the pro-
peller mass moments of inertia in pitch and yaw motions, respectively. 
Moreover, to evaluate the structural damping of the nacelle, the pitch 
𝑔𝜃 and yaw 𝑔𝜓 damping coefficients are required as input.

Accordingly, the equations of motion of the isolated propeller can be 
derived using Lagrange’s equations, and the structural dynamic model 
of a flexibly mounted propeller can be formulated as

𝑨s�̈�p +𝑪 s�̇�p +𝑬s𝒒p =𝑸p , (6)

where 𝒒p = [𝜃,𝜓]T contains the generalized coordinates of propeller, 
and 𝑸p represents propeller aerodynamic loads. The formulations of 
propeller mass 𝑨s, damping 𝑪s and stiffness 𝑬s matrices can be found 
in Section 8.1.1 in [24].

The propeller aerodynamic model is built using Houbolt-Reed’s 
method [23], where the aerodynamic loads acting on a rotating pro-
peller are expressed via 16 aerodynamic derivatives. Accordingly, the 
propeller aerodynamic loads 𝑸p in Eq. (6) can be formulated as

𝑸p =𝑨a�̈�p +𝑪a�̇�p +𝑬a𝒒p . (7)

Similarly, the calculation of aerodynamic mass 𝑨a, damping 𝑪a and 
stiffness 𝑬a matrices refers to Section 8.2.1 in [24].

Inserting Eq. (7) into Eq. (6), the aeroelastic state equation of the 
propeller can be formulated as

�̇�p =
⎡⎢⎢⎣

𝟎 𝑰

−𝑨-1
sa(𝑬s −𝑬a) −𝑨-1

sa(𝑪 s −𝑪a)

⎤⎥⎥⎦𝒙p

= �̂�ss𝒙p ,

(8)

where 𝒙p = [𝒒T
p , �̇�

T
p]

T is the propeller structural state vector, 𝑨sa =𝑨s −
𝑨a, and 𝑰 is used to represent the identical matrix throughout the paper. 
The above aeroelastic model is used to investigate the whirl flutter of 
an isolated 2-DOF propeller system.

2.3. Propeller-wing aeroelastic model

In the coupled propeller-wing system, the propeller is flexibly 
mounted on a flexible wing. As a consequence, the propeller displace-
ments are not only described by pitch and yaw motions, but also have a 
dependency on wing deformation. As depicted in Fig. 1, in the present 
work, only the heave ℎ and torsion 𝛼 motions of the wing are coupled 
with the propeller’s pitch and yaw motions, and there is no coupling be-
tween wing’s inplane-bending and propeller’s yaw motions. It is worth 
mentioning that the model illustrated in Fig. 1 is devised base on the 
one presented in the work of Bennett and Bland [43]. The main differ-
ence, as described in the authors’ previous publication [24], is that the 
nodal degrees of freedom of the system are used as generalized coordi-
nates in the present model, instead of the uncoupled vibration modes 
used in [43].

Applying the Lagrange’s equations to the propeller that is coupled 
with a flexible wing, then the propeller structural dynamic model is 
changed from Eq. (6) to

𝑨s�̈�p +𝑩s�̈�wp +𝑪s�̇�p +𝑫s�̇�wp +𝑬s𝒒p =𝑸p , (9)

where the vector 𝒒wp = [ℎ,𝛼]T is composed of the wing nodal (vertical) 
displacement and twist at the section where the propeller is placed. The 
matrices 𝑩s and 𝑫s, provided in Section 8.1.1 in [24], are the new 
mass and damping matrices introduced for propeller model due to the 
coupling with the flexible wing.

Similarly, due to the coupling between propeller and wing, the pro-
peller aerodynamic loads formulated as Eq. (7) have to be changed to

𝑸p =𝑨a�̈�p +𝑩a�̈�wp +𝑪a�̇�p +𝑫a�̇�wp +𝑬a𝒒p + 𝑭 a𝒒wp , (10)

where the aerodynamic mass 𝑩a, damping 𝑫a and stiffness 𝑭 a matrices 
are the new terms, which can be found in Section 8.2.1 in [24].

Inserting Eq. (10) into Eq. (9), then the aeroelastic model for a pro-
peller coupled with a flexible wing can be formulated as(
𝑨s −𝑨a

)
�̈�p +

(
𝑩sg −𝑩ag

)
�̈�w +

(
𝑪 s −𝑪a

)
�̇�p

+
(
𝑫sg −𝑫ag

)
�̇�w +

(
𝑬s −𝑬a

)
𝒒p − 𝑭 ag𝒒w = 𝟎 ,

(11)

where 𝑩sg, 𝑩ag, 𝑫sg, 𝑫ag and 𝑭 ag represent the global form of the ma-
trices 𝑩s, 𝑩a, 𝑫s, 𝑫a and 𝑭 a, respectively. These global matrices are 
introduced as the result of replacing the vector 𝒒wp by wing generalized 
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coordinates 𝒒w, and they are obtained by restructuring their counter-
parts according to the location of the beam node that is connected to 
the propeller. One may refer to Appendices C and D in [24] to under-
stand the process of coupling the propeller and wing matrices. However, 
note that the beam model used in [24] differs from the one used in the 
present work.

For a DEP wing, on one hand, including a rotating propeller adds 
extra mass and inertial terms into the wing structural model due to 
propeller mass and gyroscopic effect. On the other hand, the propeller 
aerodynamic loads can be added as nodal forces and moments acting 
on wing structural model, in order to account for the propeller aerody-
namic effect on the wing. Note that the interaction between the wing 
and propeller aerodynamics is not considered in the present work. Ac-
cordingly, on the basis of the clean wing structural model given in Eq. 
(1), the dynamic structural model of a DEP wing can be formulated as

𝑴w�̈�w +𝑲w𝒒w + 𝑭 sg�̈�p +𝑮sg�̈�w +𝑯 sg�̇�p =𝑸w +𝑸pw , (12)

where 𝑭 sg, 𝑮sg and 𝑯 sg are introduced because of the presence of a ro-
tating propeller. They refer to the global form of the matrices 𝑭 s, 𝑮s and 
𝑯 s which are given in Section 8.1.1 in [24]. From the numerical imple-
mentation point of view, note that, here the global wing mass 𝑴w and 
stiffness 𝑲w matrices are obtained from PROTEUS without considering 
propeller concentrated masses. Moreover, 𝑸pw represents the propeller 
aerodynamic loads applying on wing (vertical) displacement ℎ and twist 
𝛼 DOF, which can be expressed as

𝑸pw = 𝑷 1g�̈�p + 𝑷 2g�̈�w + 𝑷 3g�̇�p + 𝑷 4g�̇�w + 𝑷 5g𝒒p + 𝑷 6g𝒒w , (13)

where 𝑷 1g to 𝑷 6g are restructured from the matrices 𝑷 1 to 𝑷 6 that are 
provided in Section 8.2.2 in [24].

Combining Eqs. (11) - (13) and (2), then the dynamic structural 
model of the DEP wing can be formulated as

𝑴wp�̈� +𝑪wp�̇� +𝑲wp𝒒 =𝚽1𝑻 AS𝑹𝛼𝑸
a
w , (14)

with

𝑴wp =
⎡⎢⎢⎣
𝑴w +𝑮sg − 𝑷 2g 𝑭 sg − 𝑷 1g

𝑩sg −𝑩ag 𝑨s −𝑨a

⎤⎥⎥⎦ ,

𝑪wp =
⎡⎢⎢⎣

−𝑷 4g 𝑯 sg − 𝑷 3g

𝑫sg −𝑫ag 𝑪s −𝑪a

⎤⎥⎥⎦ ,

𝑲wp =
⎡⎢⎢⎣
𝑲w − 𝑷 6g −𝑷 5g

−𝑭 ag 𝑬s −𝑬a

⎤⎥⎥⎦ ,

(15)

and 𝚽1 = [𝑰 ,𝟎]T, where the vector 𝒒 = [𝒒T
w,𝒒T

p]
T represents the DOF of 

the coupled propeller-wing system. Further, by defining 𝒙wp =
[
�̇�T,𝒒T

]T
, 

the structural state-space system can be expressed as

�̇�wp =𝑨wp𝒙wp +𝑩wp𝚽1𝑻 AS𝑹𝛼𝑸
a
w , (16)

where

𝑨wp =
[
−𝑴−1

wp𝑪wp −𝑴−1
wp𝑲wp

𝑰 𝟎

]
, 𝑩wp =

⎡⎢⎢⎣
𝑴−1

wp

𝟎

⎤⎥⎥⎦ . (17)

To include the wing aerodynamic loads (formulated as Eq. (3)) into 
Eq. (16), Eq. (3) is reformulated as

𝑸a
w =𝑯3𝑻 1𝚽2𝒙+𝑯4𝑻 2𝚽3�̇�wp +𝑳3𝑩𝛼�̇�air , (18)

where 𝒙 =
[
𝚪T

w,𝜶T
air, �̇�

T
w, �̇�T

p ,𝒒
T
w,𝒒T

p

]T
is the state vector for the propeller-

wing system, 𝚽2 and 𝚽3 are the matrices composed of zeros and ones, 
which are used to select 𝒙w from 𝒙, �̇�s from �̇�wp, respectively.

Subsequently, inserting Eq. (18) into Eq. (16), the aeroelastic model 
of the propeller-wing system can be formulated as

�̇�wp = �̄�
−1
5 �̄�6𝒙+ �̄�

−1
5 �̄�7�̇�air , (19)

with

�̄�5 = 𝑰 −𝑩wp𝚽1𝑻 AS𝑹𝛼𝑯4𝑻 2𝚽3 ,

�̄�6 =𝑨wp𝚽4 +𝑩wp𝚽1𝑻 AS𝑹𝛼𝑯3𝑻 1𝚽2 ,

�̄�7 =𝑩wp𝚽1𝑻 AS𝑹𝛼𝑳3𝑩𝛼 ,

(20)

where 𝚽4 is used to select 𝒙wp from 𝒙. Combining Eqs. (4) and (19), 
the aeroelastic state equation of the coupled propeller-wing system can 
be formulated as

�̇� =
⎡⎢⎢⎣
𝑯1𝑻 1𝚽2

�̄�
−1
5 �̄�6

⎤⎥⎥⎦𝒙+
⎡⎢⎢⎣

𝑯2

�̄�
−1
5 �̄�7

⎤⎥⎥⎦ �̇�air = �̄�ss𝒙+ �̄�ss�̇�air , (21)

where 𝚽2 is used to select 𝒙w from 𝒙, as mentioned above.
To identify the aeroelastic instabilities, an eigenvalue problem of the 

state matrix 𝑨ss in Eq. (5), �̂�ss in Eq. (8), or �̄�ss in Eq. (21) is solved with 
the increase in airspeed, and the system is recognized as unstable when 
the real part of one of the eigenvalues becomes positive. Additionally, it 
is worthwhile to mention that the final aeroelastic model (given in Eq. 
(21)) derived for the coupled propeller-wing system follows a consis-
tent form and notation used for PROTEUS wing aeroelastic model given 
in Eq. (5). This makes the implementation of whirl flutter analysis in 
PROTEUS become very straightforward. Specifically, to perform a whirl 
flutter analysis, the only modification in PROTEUS is to construct a new 
state matrix proposed in this work, which eventually only requires the 
inclusion of the terms introduced by propellers.

3. Sensitivity analysis

In order to govern the real part of eigenvalues of the state matrix 
�̄�ss in Eq. (21) to prevent the occurrence of whirl flutter and/or wing 
flutter, the sensitivities of the real part of eigenvalues with respect to 
design variables are required for optimization.

Defining an eigenvalue 𝜆 with the right 𝒖 and left 𝒗 eigenvectors, 
such that �̄�ss𝒖 = 𝜆𝒖 and 𝒗T�̄�ss = 𝜆𝒗T, then the partial derivatives of the 
eigenvalue 𝜆 with respect to the state matrix �̄�ss can be obtained using 
[44,45]

𝜕𝜆 
𝜕𝑎𝑖𝑗

= 𝒗T 𝜕�̄�ss

𝜕𝑎𝑖𝑗

𝒖∕(𝒗T𝒖) , (22)

where 𝑎𝑖𝑗 refers to an element in matrix �̄�ss.
According to Eqs. (20) and (21), the sensitivity of �̄�ss with respect 

to a design variable 𝛿 can be formulated as

𝜕�̄�ss

𝜕𝛿
=

⎡⎢⎢⎢⎢⎣

𝜕𝑯1
𝜕𝛿

𝑻 1𝚽2

−�̄�−1
5

𝜕�̄�5
𝜕𝛿

�̄�
−1
5 �̄�6 + �̄�

−1
5

𝜕�̄�6
𝜕𝛿

⎤⎥⎥⎥⎥⎦
, (23)

with

𝜕�̄�5
𝜕𝛿

=−
𝜕𝑩wp

𝜕𝛿
𝚽1𝑻 AS𝑹𝛼𝑯4𝑻 2𝚽3

−𝑩wp𝚽1
𝜕𝑻 AS

𝜕𝛿
𝑹𝛼𝑯4𝑻 2𝚽3

−𝑩wp𝚽1𝑻 AS𝑹𝛼

𝜕𝑯4
𝜕𝛿

𝑻 2𝚽3 ,

(24)

and
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𝜕�̄�6
𝜕𝛿

=
𝜕𝑨wp

𝜕𝛿
𝚽4 +

𝜕𝑩wp

𝜕𝛿
𝚽1𝑻 AS𝑹𝛼𝑯3𝑻 1𝚽2

+𝑩wp𝚽1
𝜕𝑻 AS

𝜕𝛿
𝑹𝛼𝑯3𝑻 1𝚽2

+𝑩wp𝚽1𝑻 AS𝑹𝛼

𝜕𝑯3
𝜕𝛿

𝑻 1𝚽2 ,

(25)

where 𝜕𝑯1∕𝜕𝛿, 𝜕𝑻 AS∕𝜕𝛿, 𝜕𝑯3∕𝜕𝛿 and 𝜕𝑯4∕𝜕𝛿 are already imple-
mented in PROTEUS for classic wing optimization. Here it is worth-
while to mention that the design variables defined in PROTEUS are the 
lamination parameters and laminate thickness of wing laminates. More 
information on the definition of wing aeroelastic optimization is given 
in Section 4.

Further, according to Eqs. (15) and (17), the terms 𝜕𝑩wp∕𝜕𝛿 in Eq. 
(24) and 𝜕𝑨wp∕𝜕𝛿 in Eq. (25) can be obtained via

𝜕𝑨wp

𝜕𝛿
=
⎡⎢⎢⎢⎣

𝑴−1
wp

𝜕𝑴wp

𝜕𝛿
𝑴−1

wp𝑪wp 𝟎

𝑴−1
wp

𝜕𝑴wp

𝜕𝛿
𝑴−1

wp𝑲wp −𝑴−1
wp

𝜕𝑲wp

𝜕𝛿
𝟎

⎤⎥⎥⎥⎦
T

, (26)

𝜕𝑩wp

𝜕𝛿
=
[
−𝑴−1

wp

𝜕𝑴wp

𝜕𝛿
𝑴−1

wp 𝟎
]T

, (27)

with

𝜕𝑴wp

𝜕𝛿
=
⎡⎢⎢⎢⎣

𝜕𝑴w

𝜕𝛿
𝟎

𝟎 𝟎

⎤⎥⎥⎥⎦
, 
𝜕𝑲wp

𝜕𝛿
=
⎡⎢⎢⎢⎣

𝜕𝑲w

𝜕𝛿
𝟎

𝟎 𝟎

⎤⎥⎥⎥⎦
, (28)

where 𝜕𝑴w∕𝜕𝛿 and 𝜕𝑲w∕𝜕𝛿 have been implemented in PROTEUS for 
classic wing optimization.

Since the real part of the eigenvalue 𝜆 can be implicitly expressed 
as 𝑅𝑒(𝜆) = 𝑓

(
𝛿,𝒒w(𝛿),𝒙a(𝛿)

)
, thus the corresponding sensitivity can be 

obtained by

𝑑𝑅𝑒(𝜆)
𝑑𝛿

= 𝜕𝑅𝑒(𝜆)
𝜕𝛿

+ 𝜕𝑅𝑒(𝜆)
𝜕𝒒w

𝑑𝒒w

𝑑𝛿
+ 𝜕𝑅𝑒(𝜆)

𝜕𝒙a

𝑑𝒙a

𝑑𝛿

= 𝜕𝑅𝑒(𝜆)
𝜕�̄�ss

(
𝜕�̄�ss

𝜕𝛿
+

𝜕�̄�ss

𝜕𝒒w

𝑑𝒒w

𝑑𝛿
+

𝜕�̄�ss

𝜕𝒙a

𝑑𝒙a

𝑑𝛿

)
,

(29)

where 𝜕𝑅𝑒(𝜆)∕𝜕�̄�ss can be determined according to Eq. (22), and 
𝜕�̄�ss∕𝜕𝛿 is calculated using Eqs. (23)-(28). Similarly, the terms 𝜕�̄�ss∕ 
𝜕𝒒w and 𝜕�̄�ss∕𝜕𝒙a can be also determined according to Eqs. (23)-(28)
when the design variable 𝛿 is assumed to be one of elements in vector 
𝒒w or 𝒙a. Furthermore, the terms 𝑑𝒒w∕𝑑𝛿 and 𝑑𝒙a∕𝑑𝛿 are also already 
implemented in PROTEUS.

Note that, in principle, the derivatives of the generalized coordinates 
and aerodynamic derivatives of propellers with respect to design vari-
ables also need to be considered for calculating sensitivities. However, 
in the current work, these related terms are canceled in Eq. (29) as they 
are not considered for sensitivity calculation.

4. Aeroelastic optimization

In PROTEUS, composite wing structures, i.e., wing skins and spars, 
are divided into a series of design sections, where the independent lam-
ination parameters and thickness assigned to each design section are 
defined as design variables. In the present work, the aeroelastic opti-
mization problem defined for DEP composite wings is similar to that 
implemented in PROTEUS. In a general fashion, the optimization prob-
lem can be mathematically formulated as

min
𝑽 ,𝒕

𝑀(𝑽 , 𝒕)
𝑀0

,

subject to
𝑓

𝑗

𝑖
(𝑽 , 𝒕)

𝐶0
𝑖

≤ 1 ,

𝑖 = 1, ..., 𝐼 , 𝑗 = 1, ..., 𝐽 ,

with − 1 ≤ 𝛿 ≤ 1 ,

𝛿 ∈ {𝑽 , 𝒕} ,

(30)

where 𝑽 and 𝒕 are the lamination parameters and the normalized lam-
inate thickness of wing design sections, of which an arbitrary design 
variable is notated as 𝛿. Lamination parameters are a compact repre-
sentation of the stacking sequence of a laminate, their values depend 
solely on the stacking sequence and are independent of the material. 
The normalized laminate thickness is calculated using

𝑡𝑘 =
2 

𝑈𝑘 −𝐿𝑘

(
𝑡𝑘 −

𝑈𝑘 +𝐿𝑘

2 

)
, 𝑘 = 1, ...,𝐾 , (31)

where 𝑡𝑘 represents an element of vector 𝒕, and 𝐾 is the total number 
of wing design sections. 𝑡𝑘 refers to the original laminate thickness, 𝐿𝑘

and 𝑈𝑘 are the thickness lower and upper bounds, respectively.
Similarly, the objective, i.e., wing mass 𝑀 , in problem of Eq. (30)

is normalized by the initial wing mass 𝑀0. And the optimization con-
straints 𝑓𝑗

𝑖
(𝑖-th constraint under the 𝑗-th load case) is normalized using 

the corresponding limit value 𝐶0
𝑖
. Accordingly, in total, 𝐼 ×𝐽 constraints 

are considered in the optimization problem (30), in which 𝐼 is the total 
number of constraints per load case and 𝐽 is the total number of load 
cases.

From the numerical implementation point of view, the optimization 
problem of Eq. (30) is solved using the in-house tool PROTEUS. Al-
though PROTEUS is capable of considering both static and dynamic gust 
loads for wing sizing [46], in this work, only the static load cases are 
considered for wing optimization. Furthermore, the optimization con-
straints cover not only aeroelastic stability, but also local angle of attack, 
aileron effectiveness, material strength, buckling load and lamination 
feasibility. Further details on design constraints in PROTEUS refer to 
[37] and references therein. Additionally, PROTEUS updates the design 
variables with the globally convergent method of moving asymptotes 
(GCMMA) optimizer developed by Svanberg [47].

The optimization problem of Eq. (30) can be solved using the existing 
version of PROTEUS for conventional wing design, where the aeroelas-
tic stability constraints are assessed according to the aeroelastic model 
given in Section 2.1. However, in order to solve problem of Eq. (30) for a 
DEP wing including propeller whirl flutter effect, PROTEUS needs to be 
extended. Specifically, the aeroelastic state matrix 𝑨ss in Eq. (5) needs 
to be replaced by �̄�ss in Eq. (21). Further, the sensitivities provided 
in Section 3 are required to be implemented in PROTEUS for the opti-
mization of DEP wing structures. Note that the presented optimization 
problems focus on investigating wing structural sizing with and with-
out whirl flutter constraints. The aerodynamic interference between the 
propeller and wing, as well as propeller loads such as torque and thrust, 
are not considered in the optimization.

5. Numerical examples

5.1. Reference aircraft

To demonstrate the features and usefulness of the proposed opti-
mization approach, it is applied to preliminarily design composite wing 
structures of a reference aircraft illustrated in Fig. 2. This DEP config-
uration is developed for a 50-passenger regional class hybrid-electric 
aircraft, one can find more details in the work of Marciello et al. [38].

As illustrated in Fig. 2, each side of the aircraft wing is equipped with 
five propellers, of which a thermal engine (labeled as P1) is mounted in-
board and four electric engines (labeled as P2-5) are equally distributed 
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Fig. 2. Illustration of a DEP aircraft [38], where the propellers are labeled as 
P1-5.

Table 1
Main propeller parameters of the reference DEP aircraft.

Parameter Thermal Electric 
engine engine 

Number of blades [-] 4 4 
Blade chord [m] 0.259 0.117 
Blade lift slope [rad−1] 2𝜋 2𝜋
Geometric collective pitch angle, 𝛽0.75𝑅 [◦] 25 25 
Advance ratio, 𝐽 [-] 1.269 1.269 
Rotor radius 𝑅 [m] 1.965 0.885 
Hub radius [m] 0.290 0.130 
Rotor mass, 𝑀𝑟 [kg] 164 85 
Motor-nacelle mass [kg] 831 336 
Polar moment of inertia, 𝐼𝜔 [kg⋅m2] 633 67 

Table 2
Main characteristics of the reference air-
craft wing.

Parameter Value 
Wing span [m] 24.57 
Aspect ratio [-] 11.08 
Planform area [m2] 54.50 
Root chord [m] 2.59 
Tip chord [m] 1.39 
Maximum take-off weight [kg] 23600 

from semi-span to wing tip. The main propeller parameters are listed in 
Table 1, and note that the sole distinction among four electric engines 
is the mounting position. As mentioned in Section 2.2, fixed-pitch pro-
pellers are considered in this work. Accordingly, the propeller advance 
ratio is calculated using 𝐽 = tan(𝛽0.75𝑅 − 3◦)𝜋, where the geometric 
collective pitch angle, 𝛽0.75𝑅, is defined by the blade angle at the three-
quarter radius, and −3◦ represents the zero-lift AoA of the airfoil at the 
three-quarter radius. The polar moment of inertia of the propeller is es-
timated using 𝐼𝜔 = (𝑀𝑟 ⋅𝑅

2)∕3, where 𝑀𝑟 and 𝑅 denote the rotor mass 
and radius, respectively.

Table 2 summarizes the main characteristics of the reference wing. 
Fig. 3 shows the wing structural analysis model generated using tool 
PROTEUS, which indicates not only the position of propeller concen-
trated masses (black and red dots) but also the distribution of fuel (blue 
square) and ribs (green dots). The static load cases considered for wing 
sizing are listed in Table 3.

Fig. 3. Structural analysis model of the DEP wing generated using in-house tool 
PROTEUS. (For interpretation of the colors in the figure(s), the reader is referred 
to the web version of this article.)

Table 3
Static load cases considered for wing structural sizing.

Load case 𝑉EAS Altitude Mach number Load factor Fuel level 
ID (m/s) (m) (-) (-) (-) 
1 122.0 0 0.36 2.5 0.9 
2 112.5 6,090 0.49 1 0.7 
3 102.3 0 0.32 -1 0.5 

5.2. Whirl flutter of isolated propellers

As mentioned in Section 2.2, the classic 2-DOF propeller model re-
quires the inputs on uncoupled pitch and yaw frequencies and damping 
coefficients for whirl flutter analysis. In the present work, the required 
inputs are determined through performing parametric studies, because 
currently these data are not available for the reference DEP aircraft in-
troduced in Section 5.1. It is worthwhile to mention that the uncoupled 
pitch and yaw frequencies can also be obtained using an optimization 
method, where the certification (or critical) speed is selected as input 
[48].

A safety factor is defined to assess the aeroelastic stability of a sys-
tem. Here, the system can be an isolated propeller, a flexible wing or a 
coupled propeller-wing. This factor is formulated as 𝑠 = 𝑉ins∕(1.15𝑉D), 
where 𝑉ins is the approximated instability speed of the system and, 
𝑉D = 1.25𝑉1g is the aircraft dive speed obtained according to cruise 
speed 𝑉1g. In accordance with the load cases provided in Table 3, 𝑉ins
has to be equal or higher than 221.4 m/s (true airspeed) to maintain 
sufficient aeroelastic stability margins (i.e., 𝑠 ≥ 1).

With the prescribed values of uncoupled frequencies and damping 
coefficients, the whirl flutter speed of an isolated propeller can be cal-
culated using the aeroelastic model given in Section 2.2. Accordingly, 
the so-called whirl flutter boundary, where 𝑠 = 1 always holds, can 
be identified for each propeller via a parametric study. Note that, in 
this work, the pitch and yaw motions of each propeller are assumed to 
be symmetric, which leads to 𝑓𝜃 = 𝑓𝜓 and 𝑔𝜃 = 𝑔𝜓 . Furthermore, it is 
worth mentioning that the mounting stiffnesses (represented by uncou-
pled pitch and yaw frequencies) are identified solely for the whirl flutter 
stability of the isolated engine/propeller system; no other design factors, 
such as the vibration isolation characteristics of the engine suspension 
system, are considered.

Fig. 4 depicts the whirl flutter boundaries for five isolated propellers. 
As shown in Fig. 4(a), the parametric study performed for thermal en-
gine focuses on investigating the effect of damping coefficient on whirl 
flutter boundary. The study result indicates that, as it can be expected, 
the increase in nacelle structural damping enlarges the stable area. 
Fig. 4(b) plots the whirl flutter boundaries for four electric engines with 
damping coefficients 𝑔𝜃 = 𝑔𝜓 = 0.005. It can be seen that, from propeller 
2 to 5, the stable region is decreased although all electric engines use 
the identical parameter values listed in Table 1. This trend is attributed 
to the monotone decrease in the distance between propeller pivot point 
and rotor center (i.e., propeller pivoting length), which is also indicated 
by the propeller mass moments of inertia given in Table 4. It is worth-
while to mention that, in this work, both the pitch and yaw pivot points 
are defined at wing reference axis.
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Fig. 4. Whirl flutter boundaries of the (a) thermal engine and (b) electric engines. 

Table 4
Uncoupled pitch and yaw frequencies and damping coefficients chosen for each 
isolated propeller.

Propeller ID P1 P2 P3 P4 P5 
Uncoupled frequency [Hz] (𝑓𝜃 = 𝑓𝜓 ) 5 12 17 26 32 
Damping coefficient [-] (𝑔𝜃 = 𝑔𝜓 ) 0.005 0.005 0.005 0.005 0.005 
Moment of inertia [kg⋅m2] (𝐼𝜃 = 𝐼𝜓 ) 4499 218 127 63 47 
Stiffness [kNm/rad] (𝐾𝜃 =𝐾𝜓 ) 4440 1239 1449 1681 1900 

According to the identified whirl flutter boundaries, the uncoupled 
pitch and yaw frequencies of each isolated propeller listed in Table 4 are 
chosen to be the critical values required for providing a stable propeller 
system. It can be observed that, from propeller 1 to 5, the critical uncou-
pled frequencies are increased as the result of the decrease in propeller 
mass moments of inertia. Comparing the resulting pitch and yaw stiff-
nesses listed in Table 4, the thermal engine P1 requires higher mounting 
stiffness than that of electric engines P2-5 to remain stable, which is be-
cause the thermal engine is heavier than electric engines as indicated 
in Table 1. The comparison among four electric engines indicates that 
a stiffer mount is necessary when the propeller is placed closer to wing 
tip. This trend is similar to the finding given in the work of Houbolt and 
Reed [23]: A shorter propeller pivoting length requires higher nacelle 
stiffness to prevent whirl flutter.

Fig. 5 gives the time responses, including the pitch and yaw displace-
ments and their velocities, of the isolated thermal engine P1. As shown 
in Fig. 5(a), a circle displacement path is observed due to the assumption 
of symmetric properties in pitch and yaw motions. Note that the motion 
of an isolated propeller is described by two mode shapes: backward and 
forward whirl mode. The backward whirl rotates in the opposite direc-
tion to the propeller rotation and, it has a lower frequency compared 
to the forward whirl that rotates in the same direction as the propeller 
rotation.

Further, only the backward whirl mode can become unstable for an 
isolated propeller due to the assumption of rigid wing and rotor blades. 
The whirl flutter rotation direction can be checked via the pitch and yaw 
displacements and their velocities plotted in Fig. 5(b). As it can be seen, 
the isolated thermal engine indeed features a backward whirl flutter as 
a clockwise rotation indicated by Fig. 5 is in opposite with predefined 
counter-clockwise propeller rotation.

5.3. Wing aeroelastic optimization

Table 5 summarizes the optimization setup for wing sizing. As intro-
duced in Section 4, the optimization objective is to minimize wing mass 

by tailoring the lamination parameters and thickness of wing laminates. 
In this study, the wing skins and spars are partitioned into 120 design 
sections. Consequently, there are in total of 120×8+120 = 1080 design 
variables.

Regarding the optimization constraints, six lamination feasibility 
constraints are imposed to each design section, which ensures the opti-
mized lamination parameters always represent a feasible laminate. The 
composite strength failure and buckling load are assessed and restricted 
by means of implementing strain and buckling factors, respectively. As 
mentioned before, the aeroelastic stability is governed by the real part 
of the eigenvalues of the state matrix in aeroelastic governing equation. 
For efficiency, only the first 10 critical eigenvalues for each load case are 
restricted in this work. The constraint on minimum aileron control ef-
fectiveness is imposed for ensuring the aileron performance. In addition, 
the local angle of attack constraint is included to guarantee the attached 
aerodynamic flow. One may refer to the work of Wang et al. [46] and 
reference therein for more details on the aforementioned design con-
straints.

Table 6 lists the composite material properties used for wing sizing. 
Moreover, the property of aluminum alloy is chosen for modeling wing 
ribs and stringers.

To demonstrate the usefulness of the proposed optimization method, 
two optimization case studies, listed in Table 7, are defined and con-
ducted. In Case 1, the wing structures are sized without considering 
whirl flutter constraints. Namely, the aeroelastic stability constraints 
are assessed using the wing model given in Section 2.1, and the effect 
of propellers on wing sizing is taken into account via modeling the pro-
pellers as concentrated masses. This case study can be carried out using 
the existing version of PROTEUS developed for conventional wing de-
sign. Based on Case 1, ten additional aeroelastic stability constraints for 
each load case, calculated using the propeller-wing model given in Sec-
tion 2.3, are included in the optimization of Case 2. Note that solving 
the optimization problem in Case 2 requires the extended PROTEUS im-
plemented in the current work.
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Fig. 5. Pitch and yaw displacements and their velocities of the flexibly mounted thermal engine P1 on a rigid wing. 

Table 5
Aeroelastic optimization setup.

Type Parameter # variables Constraint limit 
Objective Minimize wing mass 1 (-) 
Design variables Lamination parameters 120 × 8 = 960 (-) 

Laminate thickness 120 (-) 
Constraints Lamination feasibility 120 × 6 = 720 (-) 

Composite strength 1104 per load case Strain factor ≤1 
Buckling load 7680 per load case Buckling factor ≤1 
Aeroelastic stability 10 per load case 𝑅𝑒(𝜆) ≤ 0
Aileron effectiveness 𝜂 1 per load case 𝜂 ≥ 0.1
Angle of Attack 𝐴𝑜𝐴 34 per load case ∣𝐴𝑜𝐴 ∣≤ 15◦

Table 6
Composite material properties.

𝐸11 𝐸22 𝐺12 𝜈12 𝜌 𝑋𝑡 𝑋𝑐 𝑌𝑡 𝑌𝑐 𝑆

(GPa) (GPa) (GPa) (-) (kg/m3) (MPa) (MPa) (MPa) (MPa) (MPa) 
147.0 10.3 7.0 0.27 1600 948.5 717.6 23.7 94.8 31.6 

Table 7
Definition of case studies.

Case Wing aeroelastic constraint Whirl flutter constraint 
1 Yes No 
2 Yes Yes 

For the analysis of optimization results, firstly, the objective conver-
gence behavior and the maximum real part value (Re) of eigenvalues for 
aeroelastic stability constraints are plotted in Fig. 6. It shows that the 
wing mass at every iteration in Case 2 is above its counterpart in Case 
1. This is attributed to the inclusion of additional aeroelastic stability 
constraints, which leads to the final wing mass optimized in Case 2 is 
about 2% heavier than that obtained in Case 1. In both Cases 1 and 2, 
the maximum Re of eigenvalues are negative throughout optimization, 
which means the aeroelastic stability constraints implemented for both 
cases are satisfied during optimization. However, when the wing design 
obtained in Case 1 is reassessed using aeroelastic stability constraints 
implemented for the coupled propeller-wing system, the maximum Re 
of eigenvalues becomes positive with the reduction of wing mass (see 
the black line with triangle marker in Fig. 6). This demonstrates the lim-
itation of the existing version of PROTEUS and the effectiveness of the 
proposed optimization method for wing sizing of DEP aircraft.

Fig. 7 provides the thickness distribution of the optimized wing struc-
tures for Cases 1 and 2. It shows that the thickness distribution obtained 

Fig. 6. Objective convergence history and the maximum real part (Re) of eigen-
values for Cases 1 and 2.
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Fig. 7. Thickness distribution of the optimized wing skins and spars for Cases 1 and 2. 

Fig. 8. Difference in thickness distribution of the optimized wing structures for 
Cases 1 and 2 (Case 2 versus Case 1).

in both cases follow a similar trend, where the wing root and inboard 
regions are thicker than other regions for carrying aerodynamic loads. 
Further, it can be seen that some leading edge sections are thicker than 
their counterparts at trailing edge. This introduces the beneficial wash-
out effect to gain the reduction of wing mass as a result of aeroelastic 
tailoring. Note that, due to the limited number of load cases consid-
ered and the omission of the wing lift increase attributable to propeller 
aerodynamics, the optimized wing thickness is underestimated in the 
present work. Moreover, the difference in thickness distribution of the 
optimized wings (Case 2 versus Case 1) is provided in Fig. 8. It can be ob-
served that the thicknesses of most wing laminates (particularly at wing 
spars) are increased as the result of the additional aeroelastic stability 
constraints included in Case 2.

In order to investigate the optimized lamination parameters, Fig. 9
visualizes the laminate stiffness using a polar plot of the membrane and 
bending thickness-normalized modulus of elasticity. Further details on 
the stiffness visualization approach can be found in the work of Dillinger 
et al. [49] and Bordogna et al. [50]. Comparing the stiffness distribu-
tions obtained in Cases 1 and 2, some clear differences can be observed. 
These pronounced differences, along with those observed in the thick-
ness distributions (see Fig. 8), indicate the importance of considering 
whirl flutter effect when sizing DEP aircraft wings.

Tables 8 and 9 list the natural frequencies of the rigid-mount-
propeller wing and the flexible-mount-propeller wing for both Cases 1
and 2, respectively. For rigid-mount-propeller wing, aeroelastic insta-
bilities are assessed without considering propeller DOF, which can be 
directly obtained from the existing version of PROTEUS. To assess the 
aeroelastic instabilities of the flexible-mount-propeller wing, the cou-
pled propeller-wing aeroelastic model proposed in this work needs to 
be implemented in PROTEUS. The listed natural frequencies indicate 

that the whirl modes of each propeller are coupled with wing modes, 
and this coupling has a large dependency on propeller uncoupled pitch 
and yaw frequencies (listed in Table 4). Moreover, it can be seen that 
including propeller DOF leads to the increase in the wing natural fre-
quencies.

Table 10 gives the aeroelastic instability type, critical speed and fre-
quency of the rigid-mount-propeller and the flexible-mount-propeller 
wings. It can be seen that the wing designs obtained in both Cases 1
and 2 are safe (i.e., safety factor 𝑠 > 1) when the propellers are rigidly 
mounted on the wing. Further, the wing flutter frequencies in Cases 1
and 2, 2.48 Hz and 2.69 Hz respectively, align with the natural frequen-
cies of the 2nd wing mode, as listed in Tables 8 and 9 (2.43 Hz and 2.65 
Hz).

Further, when the propellers are flexibly mounted on the wing, the 
coupled propeller-wing system obtained in Case 1 is dangerous as the 
safety factor 𝑠 < 1, while the coupled system becomes safe (i.e., safety 
factor 𝑠 > 1) in Case 2 as the result of considering additional aeroelas-
tic stability constraints in wing sizing. In Case 1, the flutter frequency 
(25.39 Hz) is in accordance to the natural frequency (25.40 Hz) of the 
backward whirl mode of electric engine P5, which damages the wing 
system and leads to a very low (whirl) flutter speed of 38 m/s. Note 
that this is a specific case showing the likelihood of encountering a low 
flutter speed when the whirl flutter constraint is not included in wing 
optimization. As demonstrated in Section 5.4, the flutter speed of the 
propeller-wing system obtained in Case 1 can be increased (as indicated 
by safety factor 𝑠 > 1) by simply increasing the mounting stiffness (un-
coupled pitch and yaw frequencies) of the propellers. In Case 2, the 
flutter frequency (8.44 Hz) aligns with the natural frequency (8.36 Hz) 
of the 3rd wing mode, which clearly demonstrates the effectiveness of 
the proposed optimization method for considering the whirl flutter ef-
fect.

Note that, theoretically, it is challenging to categorize the aeroelas-
tic instability type in the couple propeller-wing system, because both 
the wing and propeller modes are present. In this work, the system in-
stability type is categorized as whirl flutter when the critical frequency 
corresponds to a propeller whirl mode, and the category of wing flutter

is used when the flutter frequency is in correspondence to a wing mode. 
Accordingly, in the current propeller-wing system, whirl flutter is recog-
nized in Case 1, while wing flutter occurs in Case 2, as listed in Table 10. 
In addition, comparing the critical flutter speeds obtained with rigid and 
flexible mounts, it can be seen that including flexible mounts leads to 
the decrease in flutter speed.

5.4. Parametric study of propeller mounting stiffness

In the current work, the critical propeller mounting stiffness and 
damping (listed in Table 4) are used to assess aeroelastic instabilities of 
the given DEP wing due to the unavailability of mounting property data 
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Fig. 9. Membrane (in-plane) and bending (out-of-plane) stiffness distribution of the optimized wing laminates for Cases 1 and 2. 

Table 8
Natural frequencies of the rigid-mount-propeller wing and the flexible-mount-
propeller wing for Case 1.

Mode Rigid mounts [Hz] Flexible mounts [Hz] 
1st wing mode 1.08 1.17 
2nd wing mode 2.43 4.22 
Thermal engine P1 backward whirl mode - 4.61 
Thermal engine P1 forward whirl mode - 5 
3rd wing mode 3.75 7.66 
Electric engine P2 backward whirl mode - 9.48 
Electric engine P2 forward whirl mode - 12 
Electric engine P3 backward whirl mode - 13.60 
Electric engine P3 forward whirl mode - 17 
Electric engine P4 backward whirl mode - 18.37 
Electric engine P5 backward whirl mode - 25.40

Electric engine P4 forward whirl mode - 26 
Electric engine P5 forward whirl mode - 32 
4th wing mode 5.95 33.01 
5th wing mode 8.93 35.25 

Table 9
Natural frequencies of the rigid-mount-propeller wing and the flexible-mount-
propeller wing for Case 2.

Mode Rigid mounts [Hz] Flexible mounts [Hz] 
1st wing mode 1.11 1.20 
2nd wing mode 2.65 4.27 
Thermal engine P1 backward whirl mode - 4.70 
Thermal engine P1 forward whirl mode - 5 
3rd wing mode 3.80 8.36

Electric engine P2 backward whirl mode - 9.63 
Electric engine P2 forward whirl mode - 12 
Electric engine P3 backward whirl mode - 13.73 
Electric engine P3 forward whirl mode - 17 
Electric engine P4 backward whirl mode - 18.56 
Electric engine P4 forward whirl mode - 26 
Electric engine P5 backward whirl mode - 27.39 
Electric engine P5 forward whirl mode - 32 
4th wing mode 5.94 32.49 
5th wing mode 9.53 33.66 

Table 10

Aeroelastic instabilities of the rigid-mount-propeller wing and the flexible-
mount-propeller wing.

Instability Rigid mounts Flexible mounts 
Case 1 Case 2 Case 1 Case 2 

Type Wing flutter Wing flutter Whirl flutter Wing flutter 
Speed 𝑉ins [m/s] 277 241 38 239 
Frequency [Hz] 2.48 2.69 25.39 8.44 
Safety factor 𝑠 [-] 1.25 1.09 0.17 1.08 

for real support systems. Consequently, the safety factor 𝑠 may be under-
estimated if the propeller mounts in real designs are stiffer. Conversely, 

the flexible-mount-propeller wing obtained in Case 2 could become un-
safe if the mounting stiffness and/or structural damping of propellers, 
given in Table 4, are reduced. Accordingly, to further investigate the 
effect of propeller mounting properties on aeroelastic instabilities, a 
parametric study is conducted through varying the uncoupled propeller 
frequencies for the optimized wings obtained in Cases 1 and 2.

Fig. 10 provides the parametric study result, and it shows the trend 
of safety factor with the variation of uncoupled propeller pitch and yaw 
frequencies (listed in Table 4). Specifically, the frequency variation in-
cludes increasing or decreasing the uncoupled frequencies (𝑓𝜃 = 𝑓𝜓 ) of 
individual propellers (e.g., P1 and P5) and all five propellers (i.e., P1-5), 
ranging from 10% to 90%, respectively. In Fig. 10(a), the wing design 
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Fig. 10. Trend of safety factor with the variation of uncoupled propeller frequencies. 

optimized in Case 1 is used, and the uncoupled propeller frequencies are 
increased. The result shows that increasing the uncoupled frequency of 
the electric engine P2 by 70%, or the frequencies of all five propellers 
by 40% can help stabilize the couple propeller-wing system obtained 
in Case 1 (i.e., safety factor 𝑠 > 1). This demonstrates that it may be 
possible to fix the unsafe wing design sized without considering whirl 
flutter effect by increasing propeller mounting stiffness, but it still re-
quires the development of an aeroelastic model for the fully-coupled 
propeller-wing system.

Further, Fig. 10(b) illustrates the trend of safety factor with reduc-
ing the uncoupled propeller frequencies for the coupled propeller-wing 
obtained in Case 2. It is clear that reducing the uncoupled frequencies 
of any propeller can aeroelastically destablize the coupled system. In 
general, lower propeller mounting stiffness (as a result of reducing un-
coupled frequencies) leads to a lower safety factor, except at specific 
oscillation points (e.g., P1 at 70%). When the uncoupled frequencies of 
all propellers are reduced at the same time, as shown by the red line 
with triangle marker in Fig. 10(b), the decrease in the safety factor al-
most follows a linear trend.

Moreover, Fig. 11 compares the flutter mode shape of the flexible-
mount-propeller wing obtained in Case 2 with the reassessed mode 
shape after reducing the uncoupled frequency of the thermal engine P1 
by 80% (i.e., 𝑓𝜃 = 𝑓𝜓 = 5 Hz × 0.2 = 1 Hz). It shows that the propeller 
deflection is rather small in Fig. 11(a), because the initial propeller 
mounting stiffness (indicated in Table 4) is sufficient, and the insta-
bility features wing flutter as indicated in Table 10. However, when 
the uncoupled frequencies of the thermal engine are reduced to 1 Hz, 
the propeller deflection is significantly increased, as can be observed in 
Fig. 11(b). In this case, the instability type of the coupled propeller-wing 
system is categorized as whirl flutter, where the backward whirl mode 
of the thermal engine P1 is very pronounced.

In summary, the parametric study results confirm that the propeller 
mounting properties have a large influence on aeroelastic instability of 
the coupled propeller-wing system. This effect, in this study, is demon-
strated through altering only uncoupled propeller frequencies, but it also 
will be interesting to perform parametric studies on propeller mounting 
damping and pivoting length, as indicated in the work of Liu Xu [24]. 
Further, the optimization method developed in this work focuses on 
realizing wing structural sizing with prescribed propeller properties. 
Accordingly, it is recommended to further develop the presented aeroe-
lastic optimization method by including propeller mounting effect in 
future work.

Additionally, although the in-house tool, PROTEUS, has been numer-
ically verified against other tools [37], such as NASTRAN [51], further 
verification of the extended version of the PROTEUS using a benchmark 

Fig. 11. Flutter mode shape of the coupled propeller-wing obtained in Case 2
with different uncoupled frequencies of the thermal engine P1.

DEP wing remains a valuable direction for future work. Specifically, 
enhancing PROTEUS to include functionality for categorizing system 
modes could enable a more detailed investigation of the instability 
mechanisms in the coupled propeller-wing system. This improvement 
would further strengthen the proposed method in analyzing and opti-
mizing DEP wing configurations.

6. Conclusions

This work proposes and implements a new aeroelastic optimization 
method within the framework of an in-house tool named PROTEUS, 
which enables the consideration of propeller whirl flutter for the pre-
liminary design of DEP aircraft wings. In the proposed method, a classic 
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whirl flutter analysis model, in which the pitch and yaw motions are 
considered to describe propeller DOF, is coupled to the conventional 
wing aeroelastic model implemented in PROTEUS, to build an aeroe-
lastic model of the fully-coupled propeller-wing system. The developed 
aeroelastic model is formulated into a state-space form, so that the in-
stabilities of DEP wings can be identified by analyzing the eigenvalues 
of the state matrix. Further, to consider the whirl flutter effect in wing 
sizing, the constraints on state matrix eigenvalues are included in an 
aeroelastic optimization model formulated for minimizing wing mass. 
Additionally, the sensitivity of the whirl flutter constraint is derived 
analytically based on the existing wing aeroelastic sensitivities imple-
mented in PROTEUS.

The developed optimization method has been applied to two case 
studies in the preliminary wing design of a DEP configuration devel-
oped in GENESIS project, which demonstrates the usefulness of the 
proposed method. In the present case studies, wing mass is minimized 
by aeroelastically tailoring the lamination parameters and thicknesses 
of wing laminates, subject to the design constraints on wing and pro-
peller aeroelastic stability, aileron effectiveness, material strength and 
buckling load. The required inputs of propeller uncoupled frequency 
and damping for whirl flutter analysis are determined by performing a 
parametric study of isolated propellers. The results of case studies indi-
cate that considering whirl flutter effect in wing sizing slightly increases 
the optimized wing mass, and including flexible propeller mounts leads 
to the decrease in wing flutter speed. Moreover, a parametric study has 
been conducted to investigate the impact of propeller mounting stiffness 
on aeroelastic instabilities, where the uncoupled propeller frequencies 
used for the wing designs obtained in case studies varied from 10% to 
90%. The result confirms that the propeller mounting properties have a 
large influence on aeroelastic instability of the coupled propeller-wing 
system. Accordingly, it is recommended to incorporate the effects of 
propeller mounting properties into the proposed aeroelastic optimiza-
tion method in future work.
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