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Abstract

Urban and regional air mobility have the potential to become important modes of transportation in the future
and thus currently attract a lot of attention. Tilt-wing electric vertical takeoff and landing vehicles (eVTOLs)
appear to be especially suited in this context as they combine hover capability with efficient cruise flight.
However, the development and validation of control concepts require a reasonably accurate yet performant
aerodynamic model of the aircraft. In order to obtain representative aerodynamic models of eVTOL aircraft at
comparatively low efforts and equipment demands, this work adapts the sequential rapid aero modeling (RAM)
process using a mid-fidelity numerical tool DUST. Design of experiment and mid-fidelity numerical simulation
reduce the computational cost of aerodynamic data generation. Stepwise regression is used to fit the data
into a coefficient model. In addition to the total aero-propulsive model, an aerodynamic model decoupled from
propulsion forces and moments is identified. The latter is simplified by assuming that the influence of the rotors
on the aerodynamic forces and moments depends solely on the thrust. The process is demonstrated on a
tandem tilt-wing configuration similar to the Airbus A3 Vahana, where an aero-propulsive model is efficiently
identified. Moreover, a model decoupled from the propulsion forces and moments is obtained. For evaluation,
an analysis of aero-propulsive coefficients and a trim study are performed. Two ways to achieve a steady-state
transition trajectory are proposed, each using a combination of differential thrust and differential tilt.

Keywords: eVTOL, tilt-wing, aerodynamics, aerodynamic simulation

1 Introduction
Advanced battery and electric propulsion technologies are key developments for urban air mobility
and regional air mobility, which are expected to become important modes of transportation in the
future [1, 2, 3]. These concepts have the potential to improve travel patterns and thereby significantly
shorten travel times [1, 2, 3]. For the intended operations, electric vertical takeoff and landing vehicles
(eVTOLs) appear to be particularly advantageous. They allow to reduce the dependence on infras-
tructures such as runways, providing flexibility for take-off and landing [4, 5]. Tilt-wing and tilt-rotors
are subcategories of eVTOLs especially suited for larger flight ranges. Winged flight combined with
tilting of the propulsion system promises a compromise with respect to efficiency for both hover and
cruise [5].

Despite numerous research efforts, these concepts are not well understood and remain to be an-
alyzed [1]. Their complexity arises from the large design space, the limited availability of empirical
data, and the complex aerodynamics [6, 7, 8]. Interactional effects between rotor-rotor, rotor-wing,
and wing-rotor impact the aerodynamic performance and behavior. Due to the different flight phases,
i.e. hover, transition, and cruise, various aerodynamic effects occur. During transition maneuvers,
i.e., from hover to cruise and vice versa, these aerodynamic effects change continuously. In addi-
tion, high incidence angles for the rotors and the wings can occur due to wing tilting. Furthermore,
it lacks advantageous approaches to perform the transition maneuver between hover and horizontal
cruise [9].
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However, for the market entry of these eVTOL configurations, it is crucial to maintain safe flight even
under non-nominal conditions [10, 11]. That requires fault-tolerant control design, encompassing
reliable fault detection, identification, and recovery (FDIR) concepts [10]. Their development and val-
idation demand a reasonably accurate yet capable aerodynamic model of the aircraft [10, 12, 13].

Tilt-wing VTOLs have been part of research for decades. There is research for single wing-rotor
combinations [14, 15], single tilt-wing configurations [16, 17], and also on tandem tilt-wing configu-
rations [18, 19, 9, 10]. However, semi-empirical or analytical models have been used primarily for
the investigation [13]. The modeling of these systems is mainly performed in the low-fidelity do-
main, for instance with the aerodynamic tool VSPAero [20] based on the vortex lattice method. At
the same time, efforts are being made to increase fidelity and efficiency. This includes wind tunnel,
flight, and computational testing [21, 22, 23]. CFD simulations are computationally expensive and
time-consuming, whereas for flight and wind tunnel tests a functional prototype has to be available,
usually associated with high resource requirements.
Nevertheless, these high-fidelity analyses indicate that tilt-wing systems require methods capable of
modeling the significant interactions that occur during the transition. A method suitable for efficient
analysis and model identification of tilt-wing configurations is presented in [19]. There, momentum
theory combined with strip theory is used to capture the effect of propeller-induced slipstream on
the wing. However, this yields low complexity of the underlying model and it does not account for
rotor-rotor interactions. [19]
A model identification approach using a sequential process to efficiently identify an aerodynamic
model has been developed in [24, 25, 12, 13]. However, wind tunnel testing and CFD simulations
are used to gather data for the model identification, which poses a resource-intensive step. Still, the
process itself is well suited for tilt-wing eVTOL model identification and is thus used in this work.
The tilt-wing configuration of the Airbus A3 Vahana has already been analyzed using the mid-fidelity
aerodynamic tool DUST, but no detailed numerical results are provided. Nevertheless, it was demon-
strated that the tilt-wing configuration can be adequately analyzed using DUST. Besides DUST, the
FLOW Lab “FLOW Unsteady Aerodynamics Suite” is a promising alternative [26]. Like DUST, it is
based on Vortex Particle Method VPM to model the wake. This is intended to capture fully resolved
rotor-rotor, rotor-wing, wing-rotor, and wing-wing interactions [26]. The implemented solver, however,
is not yet publicly available.

In this work, the sequential rapid aerodynamic modeling process “RAM” from [25] is adapted for the
utilization of a mid-fidelity simulation. The process is intended to efficiently identify aerodynamic mod-
els of tilt-wing eVTOL configurations in a fast but still representative manner. Design of Experiment
(DoE) significantly reduces the number of simulation points required to cover the aerodynamic enve-
lope space. These points are then simulated with a mid-fidelity numerical tool. The choice of the sim-
ulation tool is based on a comparative study of eVTOL rotor analysis tools in [27]. Due to the fidelity
requirements, the expected computational cost, and the automation capabilities, the aerodynamic
tool DUST [28] is chosen, which is publicly available [29]. The particle-based approach promises
to capture relevant effects, such as rotor-wing and rotor-rotor interactions. Stepwise regression is
performed to efficiently identify a model from the generated data with a polynomial representation.
In addition to the aero-propulsive model, a model decoupled from the propulsion system is identi-
fied, the aerodynamic model. Propulsion models of any complexity can then be added to this model.
Considering most of the explanatory variables for propulsion in the propulsion model rather than in
the overall model greatly simplifies the identification process. Complexity is thereby transferred to a
propulsion model. The process is demonstrated on a simplified tandem tilt-wing configuration similar
to the Airbus A3 Vahana.

This work is structured as follows: In section 2, the tandem tilt-wing application is performed. Thereby,
all steps of the model identification process are explained. The identified aero-propulsive model is
analyzed in section 3. In section 4 the results are summarized, and a conclusion is drawn.
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2 Tilt-Wing Model Identification
In this section the process shown in fig. 1 is applied to a tilt-wing eVTOL configuration. The individual
steps are explained in more detail by applying them to the tilt-wing eVTOL application.

Modeling Approach

Mid-Fidelity Test Facility: 
Data Collection

Design of Experiment
(DoE)

- Explanatory Variables
- Flight Envelope

- Test Matrices

Model Identification: 
Stepwise Regression

- Simulation Results

Model Validation

Aero-propulsive Model

- Model
- Validation Points

Decoupling 

Model Identification: 
Stepwise Regression

- Decoupled Results

Aerodynamic Model

Propulsion Model

Adapted RAM

Figure 1 – Overview of the model identification process that integrates mid-fidelity numerical
simulations.

2.1 Configuration Description
The investigated tilt-wing configuration is inspired by the Airbus A3 Vahana but simplified by only
considering the wings and rotors. The main wing has a span of bm = 6.25 m and a chord length of
cm = 0.9 m. For the canard wing it yields bc = 6 m and cc = 0.67 m. The 25 %-lines of the two wings
have a horizontal distance of 4.4 m and a vertical distance of 1.11 m. All dimensions can be found
in [30]. The fuselage is neglected since it causes solver problems in DUST. Here, it is assumed that
aerodynamic characteristics are mainly determined by wings and rotors. Therefore, it is acceptable
to neglect the fuselage. The resulting eVTOL tilt-wing configuration is a tandem tilt-wing and shown
in fig. 2. The main wing is equipped with two winglets for lateral stabilization. Eight rotors, n = 8, are
distributed equally on canard and main wing and remain aligned with them during tilt actuation. The
sense of rotation of individual rotors can be seen in fig. 2 and is taken from the patent [31].

In a first approach, a NACA0012 airfoil is assumed for all lifting surfaces. The collective rotor pitch
θ = 10◦ is kept constant throughout the transition maneuver. The resulting total forces and moments
are expressed with respect to the center of gravity. In a first step, this is set in the XZ plane at the
center point between the 25 % chord lines of canard and main wing.

2.2 Modeling Approach
For the present application, the explanatory variables are composed of variables that account for the
inflow conditions and variables that represent the aircraft actuation systems. For the explanatory vari-
ables of the inflow, the fixed-wing convention is applied, using the freestream velocity V∞, the angle
of attack α, and the sideslip angle β . However, the aerodynamic angles become undefined when the
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Figure 2 – eVTOL tandem tilt-wing configuration used for the main application.

longitudinal airspeed component approaches zero. Since the focus here is on the transition trajec-
tory, low-speed conditions are disregarded and the fixed-wing convention is applicable. A separate
model for the low-speed regime including pure vertical flight is intended. In former applications of the
RAM process, rotational rates p,q,r were not considered due to the difficult realization in the wind
tunnel [12]. In this work, they are disregarded in order to reduce the design space. The assumption is
made that they do not significantly affect the overall aerodynamics for this application. Nevertheless,
inflow due to angular rates influences the rotor aerodynamics. Due to the decoupling of the propulsion
forces and moments from the model, it is reasonable to neglect the angular rates for aerodynamic
considerations while maintaining their influence on the rotors in a separate propulsion model. The
remaining explanatory variables describe the vehicle actuators and encompass the tilt angle of the
canard wing δ c, the tilt angle of the main wing with respect to the canard wing ∆δ m, and the rotational
velocities of the eight rotors n1 . . .n8. Here, ∆δ m prevents unrealistic scenarios with large differences
in tilt angles that may occur due to DoE. In contrast, the assignments of rotor speeds n1 . . .n8 are
independent of each other. Modeling of flaps and control surfaces was only recently introduced to
DUST and is therefore not covered in this work [32]. The resulting actuation-related explanatory
variables are shown in fig. 2.

The convention for fixed-wing aircraft, assuming non-dimensional coefficients inversely proportional
to the freestream dynamic pressure, is not applied for the response variables because it is invalid for
propulsion-dominated vehicles [14, 12]. It is also not applicable if significant interactions between the
airframe and propulsion occur [12]. Instead, the dimensional forces Fx,Fy,Fz and moments Mx,My,Mz
are considered to describe the response variables. The explanatory variables and the response
variables comprise a mixed approach for system identification, which is summarized in table 1.

Table 1 – System identification approach for the tandem tilt-wing configuration

Approach Mixed
Explanatory variables V∞, α, β , δ c, ∆δ m, n1, n2, n3, n4, n5, n6, n7, n8
Response variables Fx, Fy, Fz, Mx, My, Mz

The input space is defined as a compromise between the goal to cover a large part of the flight
envelope and limitations of the simulation tool in combination with DoE. For the eVTOL tilt-wing
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configuration, the flight envelope from early transition flight to cruise flight shall be covered by the
model. In order to avoid inconsistent simulation setups provided by DoE, the parameter ranges need
to be limited compared to the ranges expected at these flight states. Here, a reliable model at the
cost of decreased flight envelope coverage is preferred. As an alternative, either multiple linear design
spaces or a nonlinear transformation of a linear space could be used. The respective parameter limits
for the selected region of the flight envelope are shown in table 2.

Table 2 – Flight envelope intended to cover early transition to cruise flight: feasible parameter range

Expl. variables Minimum Maximum
V∞ 10 ms−1 60 ms−1

α −5◦ 10◦

β −3◦ 3◦

δc 0◦ 30◦

∆δm −10◦ 10◦

n1 - n8 600 min−1 5000 min−1

The minimum of V∞ is chosen to be reasonable for a flight state in early transition. The maximum V∞ is
chosen to be slightly higher than the expected cruise speed of the Vahana. Compared to conventional
aircraft, the ranges of α and β are chosen to be relatively large. For vehicles with VTOL capabilities,
larger sideslip angles can occur at low flight speeds and strong winds. But again, conservative limits
are preferred. By definition, the wings are oriented horizontally for δ c = δ m = 0◦. A differential tilt
angle of ∆δ m = 0◦ corresponds to an identical wing tilt of canard and main wing. The ranges of δ c
and ∆δ m are based on investigations in [30]. The aerodynamic solution in DUST diverges at post-
stall conditions (α + δ above 50◦). The choice of the minimum and maximum n is likewise based on
the insights from [30].

2.3 Data Generation
Based on the explanatory variables (table 1) and the corresponding ranges (table 2), DoE provides
a test plan for the efficient exploration of the spanned 13-dimensional design space. The deployed
methods in the course of DoE application reflect the intended order of the resulting model. Frac-
tional factorial design (FFD) [33] covers linear relationships between all parameters. That is ex-
tended to second-order modeling using additional center points provided by central composite design
(CCD) [33]. To explore the inner design space, nearly orthogonal latin hypercubes (NOLH) [33, 34,
35] are deployed. A sufficiently high number of NOLH points avoids an underdetermined system of
equations for third-order polynomial approximation. Additional NOLH points are exclusively gener-
ated for validation.

The mid-fidelity numerical tool DUST is employed to simulate the test and validation points specified
by DoE in order to generate the data for the subsequent system identification process.

Comprehensive preliminary tests are described in [30]. The configuration shown in fig. 2 is configured
in DUST, whereas the choice of component modeling is again described in [30]. The eight rotors are
modeled using a lifting line method (LL). All remaining lifting surfaces, i.e. all wings and winglets,
are also modeled with LL. The wake is modeled by vortex particles. This selection process is an
iterative process and studies are carried out for key parameters. These studies and all resulting
simulation parameters are described in [30]. After configuration creation and simulation setup, all
flight conditions provided by the DoE are simulated. Fig. 3 shows three simulation points representing
different phases of the transition flight.
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(a) Early transition at δc = δm = 45◦ and V∞ = 10ms−1 (b) Mid transition at δc = δm = 20◦ and V∞ = 20ms−1

(c) Cruise flight at δc = δm = 4◦ and V∞ = 55ms−1

Figure 3 – Visualization of numerical simulations of different tilt-wing configuration flight states
performed with DUST.

The representation of the wake with vortex particles indicates the various interactions that occur. In
early transition (fig. 3a), there is interference between the canard wake and the main wake despite
high tilt angles. The slipstream of the canard is deflected by interaction with the freestream and
causes an upwash and high angles of attack at the main wing. The inflow of rotors at the main wing,
in contrast, is not directly affected. The opposed rotation of rotors in combination with high incidence
angles appears to result in a coupled vortex shedding from the canard wake, as indicated here by two
blue arcs of particles. This behavior is not seen for moderate tilt angles in neither fig. 3b nor fig. 3c.
For the mid-transition case, interaction between main and canard wing-rotor components shows to
be reduced by the vertical geometrical offset. As can be seen, the interaction of slipstream with the
tip vortex is included in the simulation, causing the wake of outer rotors to rotate inwards. Strong
turbulence is present after the mixing of canard and main wing wakes. In cruise flight, the high-speed
wake of the canard wing and respective rotors acts almost frontally on the main wing rotors and the
main wing itself. As both slipstream and the freestream are aligned, no strong lateral or vertical
turbulences can be observed. In contrast to fig. 3b, slipstream contraction is less prominent in cruise,
because the effect of flow acceleration is small compared to the high total velocity. However, diffusion
between the slipstream tube and the surrounding air is visible in the transition from near- to far-wake.

2.4 Model Identification: Stepwise Regression
The data obtained for the DoE points is used to identify an aero-propulsive model. Stepwise re-
gression [36] is performed with an entry criterion Pin = 0.95 and an exit criterion Pout = 0.95 for the
partial F-test. Terms up to the 3rd order are considered. These settings have been examined in [30].
An aero-propulsive model in polynomial representation is generated. The forces and moments are
obtained as a function of the vehicle state and control variables.
Table 3 provides a summary of the resulting modeling metrics. Here, p represents the number of
regressors and DoF the degrees of freedom. R2

m denotes the modeling coefficient of determination
and R2

ad j,m is the adjusted modeling coefficient of determination. NRMSEm denotes the modeling
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Table 3 – Modeling metrics for 3rd order stepwise regression to identify the aero-propulsive model

Fx Fy Fz Mx My Mz

p 102 41 40 61 42 86
DoF 498 559 560 539 558 514
R2

m 0.999 0.902 0.987 0.923 0.970 0.990
R2

adj,m 0.999 0.895 0.986 0.915 0.968 0.988
NRMSEm (%) 0.594 5.003 2.021 2.993 3.073 1.115

normalized root mean squared error, whereas the normalization is performed by the range of the
respective response variable. The modeling metrics are adequate for the identification of the aero-
propulsive model. However, these metrics provide limited information about the predictive capabilities
of the identified model.

The identified model is therefore tested by means of a prediction error test using validation points. For
this purpose, an error threshold is defined. Former applications of the RAM process use a prediction
error threshold of εth = 5 % [12] when comparing validation data to model prediction. The prediction
error ε is normalized over the range of simulation results for each output variable. In table 4, the mean
and standard deviation for the normalized prediction errors ε* are given for all response variables.

Table 4 – Normalized prediction error: Mean value and standard deviation for the validation points

Fx Fy Fz Mx My Mz

ε∗ (%)
0.777 0.294 2.026 1.822 4.467 1.169
± ± ± ± ± ±

0.611 0.298 1.823 1.159 4.432 1.026

The mean of ε* is lower than the defined threshold of εth = 5 % for all response variables. However, Fz
and My show a relatively high standard deviation for ε*. This is due to higher-order nonlinear effects
resulting from stall. These cannot be captured by the 3rd order stepwise regression.

The prediction error test demonstrates the ability of the model to predict the data provided by DUST.
The capability of the model to represent realistic data remains to be evaluated in section 3 with the
analysis of the aero-propulsive model.

2.5 Decoupling of Propulsion Forces and Moments
Next to the aero-propulsive model, a decoupled aerodynamic model is identified. That allows to
shift modeling complexity of propulsive dependencies from the total model to isolated rotor models,
thereby reducing the dimensionality of the input space. Explanatory variables that can be shifted are
the body rotational rates p,q,r, the variable blade pitch, and the rotational speed ni of each rotor.
To obtain a non-propulsive representation of the aircraft, propulsion forces and moments are sub-
tracted from the aero-propulsive response obtained in DUST :

T i = Fx,rotor i,hub i (1a)

F̂ = F−
n

∑
i=1

F rotor i,body (1b)

M̂ = M−
n

∑
i=1

Mrotor i,body (1c)

Here, F̂ and M̂ are the decoupled force and moment, respectively. The relevant propulsion data,
Fx,rotor i,hub i, Fx,rotor i,body i, and Mrotor,i,body, is directly provided by DUST in both the body and hub
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frame for each rotor with index i. That means that no additional data acquisition is necessary, making
the decoupling a pure post-processing step with low effort. Although the ambition is to exclude the
propulsion response from the system, the impact of rotor slipstream on the flow field is still present
in the aerodynamic behavior and must be considered [12]. Assuming that the wake of the rotors can
solely be characterized by thrust T according to momentum theory [15], the respective thrusts T 1−T n
enter the model identification as new explanatory variables to describe the propulsion-dominated flow
field.

After the decoupling is applied to the complete data set, the aerodynamic model can be identified
analogously to the aero-propulsive model. The respective system identification approach is summa-
rized in table 5. Adequate modeling metrics are obtained, as can be seen in table 6. For M̂x, R2

ad j,m
is considerably lower in comparison to all other response variables. This can result from the lack
of propulsion-generated moment around x after decoupling, which makes the identification of this
variable problematic. For M̂z this behavior is less apparent.

Table 5 – System identification approach after decoupling

Approach (Decoupled) aerodynamic model
Explanatory variables V∞, α, β , δ c, ∆δ m, T 1, T 2, T 3, T 4, T 5, T 6, T 7, T 8
Response variables F̂x, F̂y, F̂z, M̂x, M̂y, M̂z

Table 6 – Modeling metrics for 3rd order stepwise regression to identify the aerodynamic model.

F̂x F̂y F̂z M̂x M̂y M̂z

p 50 49 43 46 46 56
DoF 550 551 557 554 554 544
R2

m 0.998 0.929 0.992 0.766 0.980 0.914
R2

adj,m 0.998 0.923 0.991 0.747 0.978 0.905
NRMSEm (%) 1.006 4.633 1.851 4.893 2.498 5.111

A limitation to note is that while the rotor thrusts are included in the data model, the superimposed
flow is not quantifiable. If a separate propulsion model would be added, however, the inflow would be
required to be considered as input among other parameters. The superposition of free and propeller-
induced flow is intrinsically included in the (decoupled) aerodynamic model.

3 Tilt-Wing Model Analysis
Since no validation data is publicly available for this tandem tilt-wing configuration, the identified
model is tested by various other means. First, the aero-propulsive coefficients are compared to avail-
able coefficients of a single wing-rotor combination. Then, a trim study is performed and qualitatively
compared with trim trajectories from other studies. Thereby, different trim approaches are analyzed
and it is investigated which approaches can be realized with the identified model.

3.1 Aero-propulsive Coefficients Analysis
For wings that are largely immersed in the slipstream of a rotor, the forces and moments on the
wing are influenced by the dynamic pressure in the slipstream qs [15]. Therefore, it is not valid
for propulsion-dominated configurations to determine the dimensionless coefficients via the dynamic
pressure of the inflow. According to Kuhn and Draper [15], it is reasonable to consider qs for the
coefficients. It is assumed that the qs is related to the thrust via the momentum theory [15] as

qs =
1
2

ρV∞
2 +

T
Sd

(2)
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where Sd denotes the rotor disk area and ρ the local air density. Using qs, the slipstream lift coefficient
CLs , the slipstream coefficient to describe the forces in x-direction CXs , and the slipstream thrust
coefficient CTs can be derived according to [15] as

CLs =
L

qsS
(3a)

CXs =
D−T x

qsS
(3b)

CTs =
T

qsSd
=

T/Sd

T/Sd +q
(3c)

with the inflow dynamic pressure q = 1
2 ρV∞

2.

Fig. 4a shows the CLs curve for different CTs . Increasing CTs implies increasing contribution of the
thrusts T 1-8 to qs. It can be observed that with higher CTs the onset of stall, recognizable by the drop
in CLs , is delayed. This behavior can be observed in fig. 4a. It can also be observed that, despite
the symmetrical profiles employed, CLs

∣∣
δ=0 6= 0 is present in some cases. This is considered to be

caused by the influence of the canard wing and rotor wake on the main wing.
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Figure 4 – Aero-propulsive coefficients for different CTs for α = 0◦.

In fig. 4b, CXs is plotted for different thrust settings defined by CTs . The CXs curve is shifted down-
wards with increasing CTs , which shows that the thrust increasingly exceeds the drag. The increasing
behavior of CXs with increasing δ is present. However, this is not reflected adequately in this repre-
sentation. This is only due to the representation of several curves, which are shifted differently along
the y-axis depending on the CTs .

Similar characteristics could be observed in wind tunnel tests and in analytical calculations for a
single rotor-wing combination, described in [15] and [14]. Therefore, the results indicate that the
described characteristics can be transferred from a single rotor-wing combination to a tandem tilt-
wing configuration. However, an influence of the canard wing on the main wing is present.

3.2 Trim Study: Theoretical Analysis
There is currently a lack of understanding on how to accomplish the transition maneuver between
hover and horizontal flight efficiently [9]. This section investigates the transition maneuver along a
steady-state trajectory analytically. This gives basic knowledge of tandem tilt-wing trimming which
can subsequently be used as a comparison for the trim study performed with the aero-propulsive
model. Depending on the progress in the transition maneuver, the propulsive forces are needed to
provide lift and overcome the drag. In a first approach, the trim analysis is limited to longitudinal
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motion. Therefore, only the longitudinal forces Fx and Fz and the pitching moment My are relevant
for this calculation. It is assumed, however, that the equilibria for Fx and Fz are ensured. The pitching
moment equilibrium is considered to be the critical factor for the trim of a tilt-wing configuration.

The goal of this study is to find steady-state solutions for given constraints. Thus, operating points
for which the pitching moment vanishes (i.e., My = 0) are sought. There are three approaches to
achieve a trimmed trajectory of a tandem tilt-wing. The trimming could be realized exclusively by
differential thrust between main and canard wing, controlled by the respective rotor speeds n1-4 and
n5-8. Here, the main wing is tilted analogously to the canard wing. In another approach, the trimming
is realized via a differential tilt of the canard wing and the main wing, described by ∆δ m. In this case,
the rotational speeds of the rotors of the canard wing are set equal to those of the main wing. A
coupling of the two approaches is also conceivable, although it is more complex with regard to the
influencing variables. Which approach is preferable depends on the control strategy and limitations
due to design and configuration.

Fig. 5 shows the configuration with all relevant forces, moments and geometrical parameters.
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Figure 5 – All considered forces acting on the wings of the tandem tilt-wing configuration.

The pitching moment equilibrium considering geometry constraints is:

∑My
!
= 0 =Mc +Mm + sin(α) [z(Lc−Lm)+ x(Dc−Dm)]+ cos(α) [x(Lc−Lm)− z(Dc−Dm)]

+ cos(δc)Tcz− cos(δm)Tmz+ sin(δc)Tcx− sin(δm)Tmx

=MC +MM + sin(α) [−z∆L− x∆D]+ cos(α) [−x∆L+ z∆D]

+ cos(δc)Tcz− cos(δm)Tmz+ sin(δc)Tcx− sin(δm)Tmx

(4)

where ∆L = Lm−Lc and ∆D = Dm−Dc are the differences in lift and drag between main and canard
wing. It is expected that for a symmetric airfoil, the slipstream-induced lift can be neglected and the
slipstream-induced drag is always opposed to the thrust and is orders smaller than the thrust, and
thus can be neglected as well. Now assuming that the respective airfoil pitching moments Mc and Mm

are small, and using small-angle approximation for α yields:

0 =−∆L(x+αz)+∆D(z−αx)+ cos(δc)Tcz− cos(δm)Tmz+ sin(δc)Tcx− sin(δm)Tmx (5)

Replacing δc = δ , and δm = δ +∆δm while assuming small ∆δm yields:

0 =−∆L(x+αz)+∆D(z−αx)+∆T [zcos(δ )+ xsin(δ )]−∆δm [cos(δ )Tmx+ sin(δ )Tmz] (6)
⇐⇒ ∆L(x+αz)−∆D(z−αx) = ∆T [zcos(δ )+ xsin(δ )]−∆δmTm [xcos(δ )+ zsin(δ )] (7)
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This represents a simplified formulation but considers both major trim options: differential thrust ∆T
and differential tilt ∆δm. Lift and drag terms are functions of αe f f = δ +α and the magnitude of the
respective terms depends on the flight phase. It is worth noting that differential tilt affects the aerody-
namic terms via the coefficients. For near-cruise conditions, ∆L > ∆D, a negative contribution of the
freestream angle of attack to the pitching moment (positive left side of eq. (7)) can be observed. The
moment needs to be canceled by the actuation variables on the right side. This relation is inverted
close to hover conditions (for δ > 80◦). A positive ∆δm, meaning that δm > δc, results in a negative
pitching moment. To cancel the negative freestream aerodynamic pitching moment, ∆δm thus must
be negative. The geometry and tilt angle term for ∆T is always positive, wherefore a positive differen-
tial thrust can cancel the negative aerodynamic pitching moment. These considerations show that,
assuming higher aerodynamic forces on the main wing ∆L,∆D> 0, Tc > Tm or δc > δm or a combination
of them can be used to balance pitching moment beyond early transition.

To provide more insight into the inversion of aerodynamic pitching moment, the formulation is further
simplified by merely considering differential thrust and assuming ∆δM = 0. The aerodynamic forces
∆L and ∆D are replaced with their coefficient definitions:

∆L = Lm− Lc =
ρ

2
V 2

∞CL (Sm−Sc) (8)

∆D = Dm−Dc =
ρ

2
V 2

∞CD (Sm−Sc) (9)

The aerodynamic coefficients are a function of the effective angle of attack, which is equal for main
and canard without differential tilt angle. Thus CL,M =CL,C =CL and CD,M =CD,C =CD. This results in:

∆L(x+αz)−∆D(z−αx) =
ρ

2
V 2

∞ (Sm−Sc) [CL (x+αz)−CD (z−αx)]︸ ︷︷ ︸
R

(10)

As Sm > Sc due to design, the sign inversion is determined by the term in square brackets, referred to
as R. The decisive term R is plotted in fig. 6.
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Figure 6 – Investigation of the inversion of the aerodynamic pitching moment.

As can be seen, R is consistently ≥ 0 for the range to be covered by the model when assuming
positive angles of attack. This demonstrates the considerations made that Tc > Tm must follow to
balance the pitching moment for this configuration. Sign conversion occurs at δ > 80◦ in near-hover
conditions. The angle of attack does not have a strong influence on the location of this zero crossing.
For moderate angles of attack, the term of R diminishes in cruise conditions when δ approaches zero.
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3.3 Trim Study: Aero-propulsive Model
Using the previously identified aero-propulsive model, it is investigated which trim approaches can
be realized. A nonlinear programming solver to find the minimum of a constrained nonlinear multi-
variable function is applied.

For a given velocity V∞ ∈ [10 ms−1; 60 ms−1], optimal values x∗ = [α∗,δ ∗,n∗] are sought.

x∗ = argmin
x

∥∥∥∥∥∥
Fx(x, . . .)

Fz(x, . . .)−Fg
My(x, . . .)

∥∥∥∥∥∥
2

(11)

where Fx,Fz,My are functions of V∞, α, β , δ c, ∆δ m, n1 . . .n8 and Fg is the gravitational force to be
compensated.

In the tests performed, trimming of the entire intended transition trajectory was not feasible using ex-
clusively one approach. Trimming solely by differential thrust could not be achieved over any range.
The nose-down moment present can be equalized, but beyond that, no sufficient thrust can be en-
sured throughout the flight envelope. Trimming by differential tilt is only suitable for mid and late tran-
sition up to cruise flight. A smaller tilt angle of the main wing compared to the canard wing (δm < δc)
is recommended for this specific configuration. However, the combination of differential thrust and
differential tilt, on the other hand, allows trimming starting from V∞ ≈ 36 ms−1. No trimming could be
realized for lower speeds. This is due to the constraint of the tilt angles from section 2.2. For trimming
at low V∞, relatively high δc and δm would be required, which did not produce valid simulation results
when using DUST.

For the combination of differential thrust and differential tilt, two trim trajectories are proposed, shown
in fig. 7 and 8. The first proposed trajectory is shown in fig. 7. It is implemented in such a way
that, if possible, trimming is realized by differential tilt. In fig. 7b it is evident that trimming solely by
differential tilt is only possible starting from V∞ ≈ 44 ms−1. However, a δ c up to −10◦ is required, as it
can be observed in the fig. 7a. Before 44 ms−1 trimming is only achievable when additionally using
differential thrust.
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Figure 7 – Trim study for the aero-propulsive model of the tilt-wing configuration - Proposal 1.

The second proposed trajectory is presented in fig. 8. In this case, the trimming is preferably achieved
through the differential thrust and the differential tilt is kept as low as possible. Complete trimming
by differential thrust alone is not achievable for any range. Furthermore, a relatively high difference
in rotational speed between canard and main wing is required. This difference is apparent in fig. 8b.
Nevertheless, fig. 8a indicates that a reduced δ is required compared to fig. 7a.
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Figure 8 – Trim study for the aero-propulsive model of the tilt-wing configuration - Proposal 2.

The considerations from section 3.2 that pitching moment trimming is expected via ∆L,∆D> 0, Tc > Tm

and/or δc > δm can be observed. Furthermore, the qualitative behavior of both proposed trajectories
is comparable to trim trajectories in other studies. It is comparable to those of a single wing-rotor
combination [14] and to those of a single tilt-wing configuration [16]. It can also be compared to
tandem tilt-wing trim trajectories from [9, 37, 10, 18]. It should be mentioned that in [9], however,
trimming was only possible via differential thrust. This is in contrast to the results of this work. The
main reason for this could be the center of gravity position, which is further aft for the configuration
used in [9]. The aft center of gravity position could allow this trimming via differential thrust to be
facilitated. A higher positive moment could be generated via the thrust of the canard wing.

4 Conclusion
The presented adapted process enables the identification of aero-propulsive and aerodynamic mod-
els with medium fidelity. The mid-fidelity numerical simulations allow for a more efficient and time-
saving model identification compared to e.g. CFD, wind tunnel, and flight testing. The process is
intended for and was demonstrated using a tandem tilt-wing eVTOL configuration. This configuration
represents a simplified version of the Airbus A3 Vahana. An aero-propulsive model and an aerody-
namic model with adequate modeling metrics were identified and serve as a suitable base for control
tasks.

The aero-propulsive coefficients of the identified aero-propulsive model are comparable to coeffi-
cients of a single wing-rotor combination. In addition, the influence of the wake of the canard wing
and its rotors on the main wing can be observed. However, the model cannot represent behavior
exceeding 3rd order interactional terms. This limitation is relevant for the complex post-stall behavior
but could be addressed using a regression method that is capable of considering higher-order ef-
fects. Applying the model to a trim study demonstrated that trimming of the majority of the intended
flight envelope is feasible with a combination of differential tilt and differential thrust. Tc > Tm and
δc > δm are suggested, for which two ways are proposed. Tc > Tm and δc > δm is in agreement with
a theoretical evaluation. Trimming solely by differential tilt could not be achieved over any range.
Trimming by differential thrust could only be realized for mid transition to cruise flight. In general,
the identified model is not valid for early transition flight. For small inflow velocities (V∞ < 35 ms−1),
trimming is not feasible. This limitation results from a necessary restriction of the tilt angles, as the
used aerodynamic solver cannot realistically represent flight states with very high tilt angles. A valid
representation of hover and early transition remains to be established. However, for flight conditions
between mid transition and cruise flight, the model indicates reasonable behavior. Nevertheless, in
this process, no real data but simulation data is used to identify the models. To make an assessment
of the accuracy and physical quality of the models, a comparison with real data is required.
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