
INFLUENCE OF ELECTRIC PROPULSION ON PERFORMANCE AND
FLIGHT MECHANICS OF VTOL AIRCRAFT

D. E. Lampl, S. F. Armanini

Technical University of Munich, TUM School of Engineering and Design,
Department of Aerospace and Geodesy, Lise-Meitner-Str. 9, 85521 Ottobrunn, Germany

Abstract

In recent years, electric vertical take-off and landing (eVTOL) aircraft have emerged as a promising alternative
for urban air mobility (UAM). These aircraft, characterized by their wide altitude-velocity flight envelope, feature
electric propulsion systems that are now part of the primary control system, introducing additional complexity in
their design process. This study outlines a basic framework for the design, simulation, and analysis of eVTOL
aircraft, with emphasis on understanding the impact of electric propulsion systems on flight mechanics and
performance characteristics. The central part of our framework is a simulation of the flight dynamics using a
multi-physics, multibody model based on the nonlinear equations of motion of a tiltrotor aircraft configuration.
To show possible applications of the framework, we simulate a trimmed conversion flight, as well as the effect
of a voltage drop at the tilting motors on an initially trimmed flight condition. The initial framework offers a
flexible toolbox for eVTOL analysis, that can be easily adapted to different configurations. Future extensions
of this framework will enable a more comprehensive investigation of the complex dynamics that govern eVTOL
aircraft.
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1. INTRODUCTION

Thanks to recent advances in battery technology and
power electronics, electric vertical take-off and land-
ing (eVTOL) aircraft have the potential to provide a
new and environmentally friendly mode of transporta-
tion, especially for urban air mobility (UAM) in densely
populated regions [1–3]. These developments have
led to a variety of innovative and unconventional
eVTOL configurations in recent years. One of the
main advantages of eVTOL aircraft is their wide
altitude-velocity flight envelope compared to conven-
tional airplanes or helicopters, which allows a wider
range of missions [4]. They also feature different
characteristics in terms of flight mechanics and per-
formance. Moreover, performance (e.g. range) and
flight dynamics aspects (e.g. stability and handling
qualities) are connected via the electric propulsion
system, which is now an integral part of the primary
control system. Additionally, the aircraft can be fully
controlled via differential thrust or tilting propellers,
even without aerodynamic control surfaces. Conse-
quently, the propulsion, energy storage and control
system are coupled and thus also affect the overall
flight performance. In summary, the interactions

between aircraft subsystems increase the complexity
of the overall aircraft system and its design process.
For example, the battery management system could
limit the instantaneous power output after a peak
power demand to avoid thermal runaway of the
battery, which may reduce the maneuverability,
flight performance and the boundaries of the flight
envelope. As a result, the flight characteristics of
certain flight modes cannot be investigated individ-
ually, as similar flight maneuvers may have different
boundaries depending on the previous flight states.
In addition, fast spinning and tilting propellers with
relatively high masses and moments of inertia com-
pared to the main airframe, may also impact the
flight dynamics. Therefore, introducing these new
aircraft require a profound understanding of their
flight characteristics, especially in conjunction with
the electric propulsion system.
Some studies have already investigated the flight me-
chanics of multibody eVTOL aircraft. However, these
studies are often limited to specific flight conditions,
such as hover and fixed-wing flight, or assume highly
simplified configurations. In the following, we will give
a short summary on some relevant studies.
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A few non-electric VTOL aircraft like the experimen-
tal tiltrotor Bell XV-15 or the Osprey V-22 have been
already intensively investigated in terms of flight me-
chanics [4,5]. However, those studies have not incor-
porated electric propulsion in their models. In Ref. [6],
the equations of motion of a generic multibody tiltro-
tor aircraft are comprehensively derived using Kane’s
method. However, the authors did not explicitly in-
clude aerodynamic or electric motor models in their
study. In a similar study, the authors of Ref. [7] also
modeled a multibody tiltrotor aircraft but assumed that
all nacelles could only be tilted synchronously. Ref-
erence [8] investigates the flight dynamics of a non-
electric VTOL aircraft with two tilting propellers using
Newton’s laws. The authors of Refs. [9, 10] provide
a comprehensive dynamic model including the multi-
body dynamics (MBD) and quasi-steady aerodynam-
ics. The authors have not implemented an electric
motor model, but used the rotor kinematics as control
inputs, besides the conventional aerodynamic control
surfaces. In Ref. [11], the author investigates flight
mechanics and handling qualities of the pitch maneu-
ver of a quadcopter configuration, including the elec-
tric motor dynamics. Other studies shift their focus
on the aeroelastic effects using specialized software
[12,13]. In summary, there is a clear need for detailed
but generic multibody eVTOL model that includes the
dynamics of the electric propulsion system.
Therefore, this study presents the basis for a prelimi-
nary framework for design, simulation, and analysis of
eVTOL aircraft focusing particularly on the influence
of the electric propulsion system on the flight mechan-
ics and performance characteristics. For this, we de-
velop a multibody, multi-physics simulation based on
the nonlinear equations of motion of a representa-
tive aircraft, together with simplified aerodynamic and
electric motor models. As a reference configuration
we select a tiltrotor configuration sized for UAM with
multiple fixed-pitched propellers and capable of fixed-
wing cruise flight.
Since we expect that the rotor dynamics have a con-
siderable effect on the overall dynamics, we model
the aircraft as a multibody system using Kane’s
method. This also results in a generic and flexible
framework that allows us to easily adapt the aircraft
system, since each component is modelled indepen-
dently [4]. Therefore, the approach can be easily
extended to other configurations such as tilt-wing
or lift+cruise with only minimal modification of the
modeling structure. To verify our simulation setup
and the implementation of the equations of motion,
we model an electric tiltrotor aircraft with four engines
and compare the simulation results to another study
found in the literature. To give a brief perspective
on possible applications, we also simulate a short
open-loop conversion flight phase. In this simulation,
we investigate the effect of a small drop in motor input

voltage on an initially trimmed and steady longitudinal
flight condition.
Following this introduction, Section 2 describes the
aircraft model. The flight dynamics with the model-
ing of the kinematics, forces, and equations of mo-
tions are explained in Section 3. The section also
describes the model implementation in Python and
discusses the trimming of the eVTOL aircraft for lon-
gitudinal conversion flight. In Section 4, we present
the simulation results, where we verify our implemen-
tation by comparing results to another study found in
the literature. Then, we investigate the open-loop re-
sponse of the aircraft to a small drop in motor input
voltage. Finally, Section 5 summarizes the main con-
clusions and gives an outlook on future work.

2. AIRCRAFT MODEL

FIG 1. Tiltrotor aircraft model with four propellers.

In this study we consider a generic tiltrotor eVTOL air-
craft with nD propellers, each having a rotor disc mass
of mD and a moment of inertia of ID (with respect
to the rotor-fixed reference frame). The basic aircraft
model is based on Ref. [6]. Figure 1 sketches a tiltro-
tor aircraft model with four propellers. Aerodynamic
control surfaces are not considered in this study.
The center of mass of each rotor disc Di is denoted
as GDi . The main rigid airframe B, which includes
the fuselage, the fixed wings, and the tail, has mass
mB and moment of inertia IB (relative to its center of
mass GB and with respect to the body-fixed frame).
The total mass of the aircraft model is therefore given
by Eq. (1).

(1) m = mB +mDnD

The airframe also defines the body-fixed reference
frame B, which is located at the center of mass GB

of the airframe and oriented as shown in Fig. 1. Each
individual rotor disc can rotate around itself, and is
mounted on nacelles of length li, which can rotate
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relative to the main airframe by a revolute joint, i.e.
around the yB axis. The nacelle masses are assumed
to be zero but can be easily added to the model. The
positions of the revolute joints Pi are fixed in frame B
and are defined with respect to GB . Consequently,
the whole system has n = (6 + 2nD) degrees of free-
dom.
The position vector of the center of mass S of the en-
tire aircraft system relative to GB is given by Eq. (2),
where r⃗GBGDi

is the position vector from GB to GDi .

(2) r⃗GBS =
mD

m

nD∑︂
i=1

r⃗GBGDi

As inertial frame (N ), we assume a flat and non-
rotating earth. Besides that, the states are defined
with respect to standard North-East-Down (O), body-
fixed (B) and aerodynamic (A) reference frames.
The inertial frame N has the same orientation as the
frame O, but is fixed to the earth. Also, we use local
reference frames fixed to the engine nacelle and rotor
disc (Di) for each propulsion system to define the
corresponding forces and moments.
To describe the complete aircraft system, including
the position relative to frame N , we need n gener-
alized coordinates q and n generalized velocities u,
as defined in Eqs. (3) and (4). The generalized coor-
dinates q are the minimum set of independent coordi-
nates that can be used to describe the configuration
of a system uniquely. Analogously, the generalized
velocities u are the independent motion variables.

q = [x, y, z,Φ,Θ,Ψ, δ1, . . . , δnD , ϕ1, . . . , ϕnD ]
⊺(3)

u = [u, v, w, p, q, r, ν1, . . . , νnD , ω1, . . . , ωnD ]
⊺(4)

Here, x, y and z describe the position of GB in frame
N . Φ, Θ and Ψ are the Euler angles between frame O
and frame B. The angles δi and ϕi denote the nacelle
tilt angle and the propeller angular position of the i-
th rotor disc, respectively. The rotation matrix from
frame B to frame Di is given in Eq. (5).
(5)

MDiB =

⎡⎢⎣1 0 0

0 cosϕi sinϕi

0 − sinϕi cosϕi

⎤⎥⎦ ·

⎡⎢⎣cos δi 0 − sin δi

0 1 0

sin δi 0 cos δi

⎤⎥⎦
The velocity components of GB in frame N , denoted
in frame B, are depict as u, v and w. The angular
velocities p, q, r are the roll, pitch and yaw rates, i.e.
the angular velocity components of frame B with re-
spect to frame O, denoted in frame B. The velocities
νi and ωi are the nacelle tilting angular velocity and
the rotational speed of the rotor disc Di, respectively.

3. FLIGHT DYNAMICS

In this section, we present the flight dynamics of the
generic VTOL aircraft discussed in Section 2. First,
we derive the kinematic differential equations, before
we describe the aerodynamic forces and moments
acting on the aircraft. In a next step, we use Kane’s
method to derive the final equations of motion of this
multibody system. Finally, we discuss the longitudinal
trimming of the conversion mode.

3.1. Kinematics

The time derivative of the generalized coordinates q̇
and the generalized velocities u are linked via kine-
matic differential equations, i.e. q̇ = fk(q,u, t). To-
gether with the definitions νi = δ̇i and ωi = ϕ̇i, the
attitude differential equations in Eq. (6) and the posi-
tion differential equations in Eq. (7) (see next page)
complete the set of n kinematic differential equations.

(6)

⎡⎢⎣Φ̇Θ̇
Ψ̇

⎤⎥⎦ =

⎡⎢⎣1 sinΦ tanΘ cosΦ tanΘ

0 cosΦ − sinΦ

0 sinΦ/ cosΘ cosΦ/ cosΘ

⎤⎥⎦ ·

⎡⎢⎣pq
r

⎤⎥⎦

3.2. Forces and Moments

In general, the gravitational force acting on a generic
body J (with mass mJ and its mass center GJ ) is in-
dependent of its attitude relative to other bodies and
thus given by Eq. (8). Here, g is the gravitational ac-
celeration.

(8)
(︃
F⃗

GJ

G

)︃
O

=

⎡⎢⎣ 0

0

gmJ

⎤⎥⎦
In the calculation of the aerodynamic forces we as-
sume that no wind is present and that the aerody-
namic lift, drag and side forces are only acting on the
airframe with the wings. In Eq. (9), the aerodynamic
forces are described with respect to the aerodynamic
center A, and are denoted in the aerodynamic frame.

(9)
(︂
F⃗

A

A

)︂
A
= qdynS

⎡⎢⎣−CD

CQ

−CL

⎤⎥⎦
S is the wing reference area. CQ, CD and CL are the
side force, drag and lift coefficients, respectively. The
latter two are defined below in Eqs. (10) and (11).

CL = CL0 + CLαα(10)

CD = CD0 + kLC
2
L(11)
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(7)

⎡⎢⎣ẋẏ
ż

⎤⎥⎦ =

⎡⎢⎣cosΨ cosΘ sinΦ sinΘ cosΨ− sinΨ cosΦ sinΦ sinΨ + sinΘ cosΦ cosΨ

sinΨ cosΘ sinΦ sinΨ sinΘ + cosΦ cosΨ − sinΦ cosΨ + sinΨ sinΘ cosΦ

− sinΘ sinΦ cosΘ cosΦ cosΘ

⎤⎥⎦ ·

⎡⎢⎣u

v

w

⎤⎥⎦

Here, CD0 is the zero-lift drag coefficient, CL0 is the lift
coefficient at zero angle of attack α = arctan (w/u).
CLα depicts the lift curve slope, and kL defines the
lift-induced drag contribution.
The dynamic pressure qdyn is calculated as defined
in Eq. (12), where ρ is the air density. For simplifica-
tion, we assume that the air density is constant with
altitude.

(12) qdyn =
1

2
ρ
(︁
u2 + v2 + w2

)︁
We can calculate the aerodynamic moments denoted
in B frame around the aerodynamic center A with
Eq. (13), where b is the wing span and c is the mean
chord length.

(13)
(︂
M⃗

A

A

)︂
B
= qdynS

⎡⎢⎣Clb/2

Cmc

Cnb/2

⎤⎥⎦
Cl, Cm and Cn are the rolling, pitching and yawing
moment coefficients.
For the rotor discs, we consider only the counteracting
aerodynamic torques defined in Eq. (14) and denoted
in the rotor disc frame Di [4].

(14)
(︃
M⃗

GDi

A

)︃
Di

= − sgn (ωi)πρR
5
iω

2
i

⎡⎢⎣Cτ,i

0

0

⎤⎥⎦
Ri is the rotor disc radius and Cτ,i is the propeller
torque coefficient. Since we can have counter-
rotating rotors, we have to take the rotation direction
into account, such that the aerodynamic torques are
always acting against the rotation direction, assuming
Cτ,i > 0.
The rotor thrust force acting on a rotor disc is denoted
in frame Di and defined by Eq. (15), where CT,i de-
scribes the thrust constant [4]. Note that we assume
that thrust is always positive.

(15)
(︃
F⃗

GDi

P

)︃
Di

= πρR4
iω

2
i

⎡⎢⎣CT,i

0

0

⎤⎥⎦
To control the aircraft, the aircraft has nD electric mo-
tors, which create torques to tilt the nacelles as de-
fined in Eq. (16), and nD electric motors which power
the propellers as shown in Eq. (17). These internal

control torques shown here act on the rotor disc Di,
but we also need to implement the reaction torques
that act in opposite direction on the airframe B. The
indices δ and ϕ denote the tilting and propeller mo-
tors, respectively.

(︃
M⃗

GDi

δ

)︃
B

=

⎡⎢⎣ 0

−Kν,i νi +
Kδ,V,i

Rδ,i
Vδ,i

0

⎤⎥⎦ = −
(︃
M⃗

GB

δ

)︃
B

(16)

(︃
M⃗

GDi

ϕ

)︃
Di

=

⎡⎢⎣−Kω,i ωi +
Kϕ,V,i

Rϕ,i
Vϕ,i

0

0

⎤⎥⎦ = −
(︃
M⃗

GB

ϕ

)︃
Di

(17)

Kν,i and Kω,i are the motor damping constants for
the tilting and propeller motors, which can include for
example mechanical friction. Kδ,V,i and Kϕ,V,i are the
corresponding motor back-EMF constants. Rδ,i and
Rϕ,i represent the electrical resistance of the motors.
The motors are controlled by the input voltages Vδ,i

and Vϕ,i, which define the control input vector c of the
aircraft system, as shown in Eq. (18).

(18) c = [Vδ,1, . . . , Vδ,nD
, Vδ,1, . . . , Vϕ,nD

]
⊺

3.3. Equations of Motion

To derive the equations of motions for this aircraft, we
use Kane’s method. The following formulation shown
here is based on Ref. [14].
Kane’s method is a systematic approach to derive
the equations of motion of a multibody system using
generalized coordinates, velocities and forces, which
can be easily solved numerically. Furthermore, using
MBD ensures that the kinematics are exact, even
if we approximate aerodynamic forces or structural
dynamics, as all non-linear inertial terms are in-
cluded [4]. In general, a multibody system is bounded
by two types of constraints, which define how Kane’s
dynamical equations are derived: (holonomic) con-
figuration constraints and (non-holonomic) motion
constraints. In this study we have a holonomic system
with no motion constraints. For a holonomic system,
the number of degrees of freedom equals the number
of generalized coordinates.
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For a holonomic system with n degrees of freedom
in the inertial frame N , the generalized active forces
vector F r = F r(q,u, t) and the generalized inertia
forces vector F ⋆

r = F ⋆
r(q,u, u̇, t) form the n Kane’s

dynamical differential equations in Eq. (19).

(19) F r + F ⋆
r = 0

Since F ⋆
r is linear in u̇ for a holonomic system, we can

split the dynamical equations into the dynamic mass
matrix Md = M(q, t) and the dynamic forcing vector
fd = fd(q,u, t) using Eqs. (20) and (21), such that
Mdu̇ = fd.

Md = −JF ⋆
r
(u̇)(20)

fd = F r + F ⋆
r |u̇=0(21)

JF ⋆
r
(u̇) represents the Jacobian matrix of F ⋆

r with re-
spect to the time derivative of the generalized veloci-
ties u̇.
Finally, the complete equations of motion of a multi-
body system in reference frame N consist of the n
kinematic differential equations and the n dynamical
equations, hence in total 2n equations. Consequently,
we can formulate the complete equations of motion in
Eq. (22), where x = [q,u]

⊺ is the state vector of the
whole system.

(22) M ẋ =

[︄
Mk 0

0 Md

]︄[︄
q̇

u̇

]︄
=

[︄
fk

fd

]︄
= f

Here, Mk is a (n × n) identity matrix, and fk =
fk(q,u, t) is the right-hand side of the kinematic
differential equations. The complete derivation of the
generalized forces is beyond the scope of this study
and can for instance be found in Ref. [14].

3.4. Implementation

To implement our model we used Python, and
specifically the symbolic Python library SymPy, a full-
featured computer algebra system [15]. This library
has the advantage that we do not need to manually
derive the equations of motion, since Kane’s method
is already implemented in the library. Hence we can
use the numerical methods available for the Python
ecosystem to solve the coupled system without the
need of a specialized software. For a given aircraft
system, the SymPy function returns M and f . The
function requires the inertial reference frame N , the
list of generalized coordinates q and velocities u,
as well as the kinematic differential equations from
Section 3.1. To obtain the generalized active and
inertia forces, we have to further define the bodies
of the multibody system with their masses, moment
of inertias, center of mass center and the reference
frames in which the bodies are fixed. Furthermore,

we need to provide the forces (with the point of
application) and torques (with the reference frame)
acting on the system.
To integrate the equations of motion over time t for
a given set of initial conditions x0 = x|t=0, we can
reformulate Eq. (22) to get an explicit form in Eq. (23).

(23) ẋ = M−1(x, t)f(x, c, t)

3.5. Trimmed Longitudinal Conversion Flight

In the process of trimming, we want to find the un-
known control and state variables which define an
equilibrium flight condition. This is usually done by
solving a non-linear algebraic function [6]. In this
study, we only consider longitudinal trimming. An
analogous approach can be used to cover other
flight conditions. Since eVTOL aircraft can not only
transition between helicopter and airplane mode,
but can also be trimmed and fully operated at a
certain nacelle tilt angle, we call this part of the flight
envelope conversion mode or conversion flight [4].
We define trimmed longitudinal conversion flight as
a steady, level flight at a desired horizontal velocity
ẋtrim, i.e. ẋ = ẋtrim and ż = 0, and set all tilt angles
to δi = δtrim. Both the airplane and helicopter mode,
e.g. hover flight, are special cases of the conversion
flight, where all tilt angles are zero or δtrim = 90◦,
respectively. We solve for the unknown (3+4nD) trim
variables xs in Eq. (24), which consist of the control
voltage inputs and the unknown states.

(24) xs =
[︂
Θ, u, w, ω1, . . . , ωnD

, ϕ̇1, . . . , ϕ̇nD
, c
]︂⊺

For longitudinal trimming, all other states x = xtrim

and time derivatives ẋ = ẋtrim are set to zero. This
includes the x, y, z, ϕi and Ψ states, which have no in-
fluence on the trim solution. To minimize the residuals
g(xs) in Eq. (25), we define a least-squares problem
as shown in Eq. (26).

g(xs) = [g1, . . . , gn]
⊺
= M−1(xs)f(xs)− ẋtrim(25)

min
xs

∥g(xs)∥22(26)

We also defined appropriate lower and upper bounds
for the trim variables, which are considered in the op-
timization as constraints.

4. RESULTS AND DISCUSSION

In this section, we provide an initial demonstration of
our simulation framework’s capabilities for analyzing
the effects of electric propulsion on the flight mechan-
ics of eVTOL aircraft. Note that the simulations should
be considered as academic case studies and do not
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accurately replicate real-life flight conditions, since the
selected parameters do not necessarily correspond to
a real aircraft. Although the complete equations of
motion are implemented, in the following simulations
we consider only the longitudinal motion of a tiltrotor
aircraft with four rotors.
First, to verify our implementation, we simulate the
response of the aircraft to given initial conditions and
compare our results to results from the literature.
In a second simulation, we trim the aircraft to conver-
sion flight and simulate a drop of the input voltages at
the tilt motors. The voltage drop is a simplified exam-
ple of a potential failure mode, however it may not be
representative for a real flight situation, especially, as
we have not yet incorporated a flight control system.

4.1. Simulation Setup

We used the same aircraft properties as defined in [6].
The relative position of the tilt joints and the propellers
is also shown to scale in Fig. 1.
• Masses:
mB = 2176.0 kg, mD = 118.0 kg

• Nacelle lengths:
l = 1.0m

• Moments of inertia:(︂
IG

B
)︂
BB

=

⎡⎢⎣74110 0 0

0 6780 0

0 0 74529

⎤⎥⎦ kgm2

(︂
IG

Di
)︂
DiDi

=

⎡⎢⎣137 0 0

0 69 0

0 0 69

⎤⎥⎦ kgm2

• Tilt joint position:
(r⃗GBP1)B = [0.5,−5.5,−0.25]

⊺ m,

(r⃗GBP2)B = [0.5, 5.5,−0.25]
⊺ m,

(r⃗GBP3)B = [−2.5,−2.5,−0.5]
⊺ m,

(r⃗GBP4)B = [−2.5, 2.5,−0.5]
⊺ m

4.2. System Response

In this simulation example, we verify our model by
comparing the simulation results to the results from
[6]. Here, we simulate the response of the multibody
system to given inital conditions. To allow for a di-
rect comparison to Ref. [6], all internal and external
forces, such as gravity or thrust, are neglected. The
initial values are visible in Fig. 2 at t = 0 s. At the be-
ginning, we also set δi = 0◦ for all engine nacelles,
which corresponds to the airplane mode.
The comparsion of the results in Fig. 2 shows that the
simulation results are similar, but not identical. Note
that the markers in the plots are just used to differen-
tiate curves and thus do not represent all values. Be-
cause the implementation of the equations of motion
is the same in the absence of any forces and torques,
we suppose that any variations from Ref. [6] are due

to numerical and integration errors, since the differ-
ences increase as the simulation progresses. For ex-
ample, in contrast to the simulation from [6], where δ1
becomes positive after a few seconds, in our simula-
tion we have δ3 > 0 and δ1 < 0 at approximately the
same time step (not shown).
Nonetheless, the close agreement of the velocities
with the reference, as well as the initial agreement of
the angular rates, suggest a correct implementation
of the equations of motion.
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FIG 2. Comparison of the system response to the sim-
ulation results from Ref. [6].

4.3. Conversion Flight

For the conversion flight simulation with all external
forces and moments, we set the initial desired hori-
zontal velocity to ẋ = ẋtrim = 50ms−1 and the initial
collective tilt angle to δi = δtrim = 80◦. The other
parameters are defined as follows:
• General:
g = 9.81ms−2, ρ = 1.225 kgm−3, S = 15.0m2

• Aerodynamics:
(r⃗GBA)B = [−0.5, 0, 0]

⊺ m (position of point A),
CL0 = 0.3, kL = 0.04, CLα = 0.9 · 2π rad−1,
CD0 = 0.05, CQ = 0, Cl = Cm = Cn = 0

• Propellers:
Ri = 1.5m, CT,i = 0.05, Cτ,i = 0.01
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• Electric Motors:
Kν,i = Kω,i = 10Nms rad−1,
Kδ,V,i = Kϕ,V,i = 0.4NmA−1, Rδ,i = Rϕ,i = 0.1Ω

4.3.1. Trimmed Conditions

Before trimming, we set upper and lower bounds
for the states and inputs to get a trim solution with
counter-rotating propellers at the wings and tail, e.g.
ω1 > 0 and ω2 < 0, and to avoid the singularity at
cosΘ = 0. The trimmed solution is then used as
initial condition for the simulation. Figure 3 sketches
the aircraft in trimmed conversion flight. We get the
following values for the trimmed states:
• Attitude:
Θ = 3.06◦ = α

• Velocity:
u = 49.93ms−1, w = 2.67ms−1

• Propeller Velocity:
ω1 = −ω2 = 76.30 rad s−1, ω3 = −ω4 = 21.57 rad s−1

• Motor Voltage:
Vδ,i = 34.99V,
Vϕ,1 = −Vϕ,2 = 616.09V, Vϕ,3 = −Vϕ,4 = 87.92V

FIG 3. Aircraft in trimmed conversion flight.

Figures 4 and 5 show, that the aircraft is able to main-
tain the trimmed state in the first 5 s, prior to any actu-
ation. Here, the lift-to-weight ratio is L/(mg) = 0.532,
the total thrust amounts 12.249 kN. The steady center
of mass position of the aircraft system is found to be
(r⃗GBS

trim )B = [−0.147, 0,−0.242]
⊺ m.

4.3.2. Response to Voltage Drop

We run the simulation for 15 s. For the first 5 s, we
fly in the trimmed conversion flight mode. At t = 5 s,
we gradually reduce the applied motor voltages Vδ,i

of the tilt motors to 75% of the trimmed voltage at
t = 5.5 s, where we increase the voltages again to the
previously voltage level, as shown at the top in Fig. 4.
Since the voltage decreases, the nacelle should tilt
forward, as we have less motor torque counteracting
the moment due to the gravitational force acting on
the rotor discs.
After the voltage drop, we indeed see in Fig. 4 that
all rotors tilt forward. However, the aircraft cannot re-
cover from this voltage drop by itself without a flight
controller. At about t = 8 s, the aircraft starts to be-

come unstable and and loses altitude. The propeller
speeds ωi do not change, since we have no lateral
motion, i.e. p = r = ṗ = ṙ = 0, and the applied
torques are constant.
While this is just a simplified example without a flight
controller, it demonstrates that we need to incorporate
MBD and the electric system dynamics in order to un-
derstand the flight characteristics of eVTOL aircraft.

5. CONCLUSION

We developed the basis of a preliminary design and
analysis framework for eVTOL aircraft. The focus is
on investigating the influence of electric propulsion on
flight mechanics characteristics. At the center of our
framework is a dynamic simulation model. We im-
plemented the corresponding equations of motion for
a generic multibody tiltrotor aircraft in Python using
Kane’s method, including simplified aerodynamic and
electric motor models.
The framework can be used to evaluate how and to
what extend flight mechanic properties and perfor-
mance metrics of eVTOL are coupled. As we showed
in the simulation result, the framework allows also
to trim the aircraft in longitudinal conversion flight
mode, i.e. forward flight with tilted rotors. Hence, we
can determine how the boundaries of the conversion
flight envelope scale with different parameters. On
the other hand, possible implications on the design
of the electric system could be drawn, such as
sizing the system not only for the overall mission
but also for certain flight maneuvers. In addition,
the simulation program can help in the develop-
ment of new flight control architectures for eVTOL
aircraft. The framework can be easily extended to
other aircraft configurations, or modified to include
more sophisticated electric system and aerodynamic
models.
In a next step, we will model the dynamics of the
whole electric system architecture, including the bat-
tery system. For further analysis, including other flight
modes such as fixed-wing flight, a suitable flight con-
trol system needs to be developed. Also, although we
have verified our model by comparing our simulation
results to a similar study in the literature, validation
with experimental data would be valuable.
In summary, the results of the study show that the
framework is able to analyze and simulate the flight
mechanics of a generic multibody tiltrotor aircraft.
The presented approach provides a simple but
generic tool for preliminary investigations of the flight
mechanics and performance of eVTOL aircraft.
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