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Tilt-Wing Control Design for a Unified Control Concept

Daniel Milz∗ and Gertjan Looye†

Institute of System Dynamics and Control, German Aerospace Center (DLR), 82234 Weßling, Germany

Urban Air Mobility (UAM) promises an economic and ecological solution for the growing
mobility demand by utilizing Electric Vertical Take-off and Landing Vehicles (eVTOLs). Tilt-
wing eVTOLs (e.g., Airbus A3 Vahana) appear to be themost promising ones because they offer
an efficient wing-borne cruise flight while reducing the need for ground-based infrastructure at
the cost of a complex control task. Tilt-wing vehicles increase the pilot’sworkload and introduce
possible human and technical failures due to mechanical complexity. A unified control concept
shall be able to handle the vehicle in every phase and provides a single clean and intuitive
interface. This work develops a controller capable of decoupling the physical couplings of
the flight dynamics. An integrated six-degree-of-freedom rigid body model in a compact
mathematical representation is proposed, and flight control requirements are identified. An
Incremental Nonlinear Dynamic Inversion (INDI) controller is designed which fulfills the
requirements. Moreover, multiple command filters and outer-loop controllers are designed to
handle different control modes and provide a proof-of-concept for a unified control scheme.
Finally, the closed-loop system is evaluated by means of the control requirements and a generic
UAM mission. The closed-loop system masters all parts of the mission and fulfills these
requirements. The developed dynamic model and control system will be valuable for future
tilt-wing eVTOL research, especially subsequent works on unified control systems.

I. Introduction

Aircraft capable of vertical take-off and landing (VTOL) have been part of aeronautical research for decades [1].
However, except for helicopters and some special, mostly military configurations, VTOL aircraft have not made

it to the civil market yet [1]. Recent technological developments (e.g., distributed electric propulsion) and trends on
novel mobility concepts, i.e., (On-Demand) Regional and Urban Air Mobility (UAM), led to a renaissance of VTOL
vehicles in the form of electric vertical take-off and landing (eVTOL) vehicles [1]. There are various concepts for
realizing eVTOLs [2]. The most common solution is the tilting propulsion system concept [3]. Compared to other
VTOL systems, like multicopters, especially tilt-wing VTOL aircraft feature higher airspeeds and extended flight ranges
in a trade-off with mechanical complexity and complex flight control systems [4].

One promising vehicle concept for research studies on tilt-wing eVTOL vehicles is theAirbus A3 Vahana configuration.
It has the advantage of an open-source design study [5, 6] and thus allows detailed analysis in research. Moreover,
various research studies are based on this configuration, e.g., [7–9]. Additionally, the vehicle design consists of mostly
known parts and does not require, for instance, little studied propulsion concepts. The used aircraft configuration is
shown in [10] and consists of a fuselage and tandem tilt-wings with two canard wings in the front and two main wings
in the back, each carrying two propeller engines and one control surface.

Tilt-wing aircraft already gained attention in the 1950s and 1960s through companies as Boeing, Ling–Temco-Vought
(LTV), Hiller, and Canadair that developed flying tilt-wing prototype aircraft [11]. However, due to “challenges related to
control and stability as well as mechanical complexity” [11], tilt-wing aircraft mostly vanished from active development
and research. Current technological developments allow new ways to overcome these issues. Nevertheless, most of the
current research is focused on small tilt-wing unmanned aerial vehicles (UAVs), dominated by tail-sitter UAVs, e.g.,
in [4, 12, 13]. Tilt-wing eVTOL control concepts for piloted Air Mobility solutions are only little studied so far.

The control design problem for tilt-wing eVTOL vehicles is a complex task. Hybrid aircraft, which can fly
horizontally and vertically, handle the horizontal and vertical flight phases, as well as the transition, mostly separately
in the control system [4]. However, this approach has notable drawbacks. First, the controller has to switch or
schedule, which introduces possibly error-prone functionalities. Second, the input device (inceptor) mapping most likely
changes during the different phases. This introduces a significant security risk since human errors are likely in such
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a constellation [3]. Thus, intensive pilot training is required, which increases operational costs. Since many eVTOL
concepts will be operated parallel, extra training and certification for every configuration are necessary. Even if the
vehicle flies autonomously, the inner-loop controller takes different command variables for each phase. This behavior
brings additional complexity and possible failures to all outer-loop and autopilot control systems.

One promising approach is to use the same inner-loop control system for all cases and provide control modes for
different situations through outer-loop controllers and command filters, i.e., a unified control system [3]. However,
in order to develop the aforementioned framework, a suitable inner-loop controller is required. The different control
modes implement different operational modes via the same interface to the inner loop. Thus, it is advantageous if the
inner loop is capable of decoupling the physical couplings. This would decrease the complexity of the control mode
implementations. For instance, a vertical velocity control loop can utilize the vertical acceleration command channel of
the vertical acceleration. A height controller can then be realized via an additional loop around the vertical velocity
controller and the vertical acceleration command channel. Besides the decoupling capability, this controller should
meet relevant flight control standards for tilt-wing eVTOLs in UAM operation.

A. Related Work
The concept of a unified control system probably first came up at the UK Royal Aircraft Establishment with the

development of Vector thrust Aircraft Advanced Control (VAAC) for the AV-8B Harrier in the 1970s to 1980s [14]. The
VAAC Harrier has sought a solution to the Harrier’s “three-hand” problem where the pilot must simultaneously handle
the thrust lever, stick, and the nozzle angle lever during take-off and landing. The VAAC Harrier was modified to be
operated with a hand-on-throttle-and-stick control principle by pilots without special training [3, 15]. The research
results were never actually implemented as another Harrier update. However, these results were fundamental for
developing the F-35B Lightning II [14].

Lombaerts et al. make a step in developing a unified control system for eVTOL vehicles by reviewing the history and
discussing the development and evaluation of simplified vehicle operation concepts using simplified models, controls,
inceptors, and displays in [3]. According to the authors, these aspects are “inseparably interconnected” [3]. However,
the publication’s primary focus is not the inner-loop control system but the outer-loop command modes and envelope
limitations. Nevertheless, the published results and learnings help design and optimize an outer-loop control system and
the inceptor-command mappings.

In the publications [16, 17], the authors design an inner-loop control system for an eVTOL vehicle with separate
horizontal and vertical propulsion systems. Their approaches use different forms of feedback-linearization control.
The used control concepts, nonlinear dynamic inversion (NDI), and incremental nonlinear dynamic inversion (INDI)
promise to control a plant in different regimes with different dynamics. They further focus on a unified command
framework and describe their findings. A possible structure for a unified control system is introduced. The results are
evaluated through current UAM scenarios. Both publications provide a valuable basis for this work. However, they do
not consider tilting propulsion or tilt-wing concepts but a lift and cruise concept.

In 2016, Di Francesco and Mattei published their work on modeling a tilt-rotor vehicle and developing the
corresponding control system based on INDI [18]. The authors conclude that the INDI approach was an “effective way
to solve the problem of the dynamic inversion of systems non-affine in the control” [18].

In [13], Yanguo and Huanjin use an eigenstructure assignment algorithm to control a small tilt-rotor aircraft.
However, this approach mainly depends on an adequately evaluated model, which is not available in this works’ scope
and is hard to realize in a practical implementation.

Hartmann et al. published various findings on tilt-wing aircraft. In [19], the authors attempt to control tilt-wing
aircraft via the following control law: A predefined mapping between trim states and control outputs provides the
trimmed control output. A disturbance realized via the inversion of a linear control effector matrix gives a mapping
between desired forces and moments and control outputs. This disturbance can be used to accelerate or rotate the
aircraft. However, this method requires the state to be in a “local attractor’s sphere of influence” [19]. Large or fast
disturbances thus lead to undetermined and possibly unstable behavior.

In [4], the authors show a method for a unified velocity control scheme for tilt-wing aircraft, improving the method
from [19]. They introduced virtual control inputs to combine the effect of multiple control inputs. A control allocation
scheme is, therefore, needed. The control allocation is a static mapping. Tilting the wing in “thrust-borne” [4] (vertical)
flight or adjusting the body pitch angle in “wing-borne” [4] (horizontal) flight changes the effective wing angle. The
primary control law uses gain scheduling: The control effectiveness matrix that maps control outputs to forces and
moments is inverted. Thus desired forces and moments can be used to calculate corresponding control outputs. A “set
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of characteristic maps” [4] stores the inverse of the effectiveness matrix.
Another research group published several papers on the construction, aerodynamic analysis, and control design

of a novel quad tilt-wing UAV [12, 20, 21]. In [12], they describe the process from the initial design, over the model
generation and analysis, and the control design to experimental tests. The control system uses virtual control inputs from
a high-level controller to a low-level controller scheduled depending on the current tilt angle via a lookup table [21].
The tilt angle follows the required velocity [21]. Although the published results are promising and describe the complete
progress, the used tilt-wing aircraft is small and consists of only four propellers. Furthermore, the used control structure
is not designed for large UAM applications but small radio-controlled (RC) vehicles.

B. Approach
This work proposes a unified control function for an integrated six-degree-of-freedom rigid body model based

on [10]. Relevant flight control requirements for the unified control scheme (e.g., decoupling capabilities) and UAM
operations and certification (e.g., according to air- and rotorcraft standards) are identified. A suitable flight control
function is chosen and designed with the stated requirements in mind. Multiple command filters and flight control
modes are implemented to cover different UAM-relevant flight phases, provide a proof-of-concept for the unified
control concept, and complete a generic UAM mission. The closed-loop system is evaluated by means of the control
requirements and the UAM mission.

II. Integrated Model
The tilt-wing eVTOL dynamic model is based on a simplified version of the model published in [10]. The basis

of the integrated dynamic model consists of the 6-DOF rigid body flight mechanical equations of motion and the
relevant forces and moments acting during the different flight phases, i.e., mainly propulsive and aerodynamic forces
and moments.

Assuming a flat-earth environment, let Nx ∈ R3 denote the aircraft’s position vector in the north-east-down frame
FN, Bv = [D E F]) ∈ R3 the aircraft’s velocity vector in body frame FB, N� = [q \ k]) ∈ [−c; c]3 ⊂ R3 the aircraft’s
rotation vector in FN, and Bl = [? @ A]) ∈ R3 the aircraft’s angular velocity vector in FB. Furthermore, let Bfa ∈ R3

denote the total aerodynamic force, Bfp ∈ R3 the total propulsive force, Bfg = < 6 [− sin \ sin q cos \ cos q cos \]) ∈
R3 the gravitational force, Bma ∈ R3 the total aerodynamic moment, and Bmp ∈ R3 the total propulsive moment resolved
in FB. Then, the state space representation of the 6 degrees-of-freedom rigid-body flight mechanics are given as

N ¤x
B ¤v
N ¤�
B ¤l


=


NRB

Bv
−Bl × Bv + 1

<
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Bl

−Bl ×
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0
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(1)

with the aircraft’s mass < = 752.2 kg [8] and the components of the aircraft’s inertia matrix I normalized with
the aircraft’s mass < being �xx = 0.4183 m2, �yy = 1.8643 m2, �zz = 1.9484 m2, �xy = 0.2798 m2, �xz = 0 m2, and
�yz = 0 m2. Additionally, NRB represents the rotation matrix from frame FB into frame FN. The propulsive forces and
moments Bfp and Bmp are further defined as

Bfp =


cos (Xtilt) · )0

0
− sin (Xtilt) · )0


Bmp =


cos (Xtilt) · X)pm

0
− sin (Xtilt) · X)pm

 +


AH sin (Xtilt) · X)lr

(cos (Xtilt) AI + sin (Xtilt) AG) · X)fr

AH · cos (Xtilt) · X)lr

 (2)

with the characteristic lengths Ax = 3 m, Ay = 1 m, and Az = 0.5 m, the tilt angle Xtilt ∈
[
0; c

2
]
, and the nominal thrust

)0 ∈ [0 N; 1635 N]. Furthermore, X)pm denotes the torque difference between clockwise and counter-clockwise rotating
rotors to zero, X)fr the difference between front and rear rotors to zero, and X)lr the difference between left and right
rotors to zero. The aerodynamic forces and moments Bf0 and Bm0 are defined according to [10] as

Bfa = @ (
BRW


−�D (Ueff , V)
�S (V, Blz)
−�L (Ueff)


Bma = @ (

BRW


1�l (V, Blx,

Blz, XA)
2�m (Ueff ,

Bly, XE)
1�n (V, Blx,

Blz, XA)

 (3)
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with the rotation matrix BRW from wind frame to body frame, the reference span width 1 = 6.87 m, mean chord length
2 = 0.65 m, and the reference wing area ( = 8.93 m, as well as the dynamic pressure @ = 1

2 d+
2 with d = 1.225 kg m−3.

The angle of attack U, the sideslip angle V, and the airspeed + are defined according to [10]. XA and XE are the aileron
and elevator deflections, respectively. The effective angle of attack is Ueff = U + Xtilt. The aerodynamic coefficients are
approximated in [10].

The control input vector is u =
[
Xtilt )0 X)pm X)fr X)lr XA XE

]) , the state vector is x =
[Nx Bv N� Bl

]) , and the
output vector of the full-state observable system is y =

[Nx Bv N� Bl U V +
]) . The control inputs follow a first-order

low-pass model

� (B) = 1
gB + 1

(4)

where g denotes the time constant of the filter. Thus, the commanded control input is uc with u = � (B) uc. The time
constants differ between the inputs. The motor time constants are assumed to be g)0 = gX)pm = gX)fr = gX)lr = 24 ms [22].
The aileron and elevator time constants are approximated by the values of a comparable-size aircraft, the Cessna 182,
to be gXA = gXE = 60 ms [23]. The tilt mechanism is approximated by gXtilt = 250 ms and

�� ¤Xtilt
�� ≤ 12 ° s−1, according

to [24]. The maximum thrust value of 1650 N is chosen so that possible safety requirements are fulfilled including the
ability to land safely in the case of two failed engines.

A trim point analysis of the open-loop model is shown in [10].

III. Flight Control Requirements
As a next step, the control system requirements are defined since a requirements-based control design approach is

used.

A. Unified Control Inputs
In order to design a controller for a unified control concept, an overview of a possible unified control concept and its

control input mappings is helpful. The main goal of a unified control system is to have a single inner-loop controller
capable of handling all occurring flight phases, i.e., hover, transition, and cruise, while maintaining the same control
inputs and the same control structure. Having the same control inputs in every phase reduces the complexity for the pilot
and the outer-loop control system, reducing possible errors [3]. However, due to the vast difference between the flight
phases, a blending of some control inputs may be unavoidable. In [3], the authors proposed multiple inceptor-command
mappings. Two promising mappings there are “unified control” and “E-Z-fly”. This unified control mapping is mainly
focused on a flight-physical representation, which “brings the concept closer to what the pilot expects” [3]. The other
promising mapping is based on the E-Z-Fly concept from [25]. This concept completely decouples the different axes
making it “easy to fly” for untrained persons [25]. This E-Z-fly concept is focused on simplicity and avoiding control
input changes while decoupling flight-physical relations.

Possible inceptor constellations consist of a 3-axis side stick and a lever. The presence of a side stick and a lever
is reminiscent of a classic cockpit. Let Xlat denote the sidestick’s lateral axis, Xlon its longitudinal axis, and Xyaw its
rotational yaw axis. The lever is denoted as Xlever. The three-axis sidestick commands horizontal movement and rotation.
The forward movement is controlled by Xlon, the sidewards movement by Xlat, and the heading by Xyaw. The lever Xlever
commands the vertical movement, i.e., the height change ¤ℎ.

The different mappings are shown in Table 1, where +gnd denotes the absolute velocity over ground and +cas the
calculated airspeed.

Table 1 Possible assignment of inceptors and control inputs during the different flight phases.

Unified control [3] E-Z-Fly [3]

Xlon Xlat Xyaw Xlever Xlon Xlat Xyaw Xlever

Hover ¤vx vy ¤k ¤ℎ ¤vx vy ¤k ¤ℎ
Transition +gnd q V W or ¤ℎ ¤+gnd vy ¤k ¤ℎ
Forward flight +cas V W or ¤ℎ ¤+cas vy ¤k ¤ℎ

4



This development of a unified control concept is beyond the scope of this work. It may be the focus of future research
and studies.

B. Control Requirements
The controller is designed based on certain handling quality requirements. Various standards propose means of

assessment for aerospace vehicles. However, no dedicated standard has been published for eVTOL vehicles and their
application in UAM [26]. Thus, a selection of handling quality standards for rotorcraft (ADS-33E-PRF [27]) and aircraft
(AS94900A [28] and MIL-HDBK 1797 [29]) is used. Note that other authors use the same approach, e.g., [17, 26, 30].
The requirements ultimately applied are listed below.

Damping ratio and stability margins A damping ratio of Z ≥ 0.35 is required in the “hover and low speed
requirements” in [27]. However, in [27], no stability margins are directly defined. Thus, as done by [26], the stability
margin requirements are obtained from AS94900. The gain margin has to be ≥ 6 dB while maintaining a phase margin
of ≥ 45°.

Height response characteristics The height response characteristic in hover mode, measured via a step input on the
lever, shall be in the form of a first-order response [27, 3.3.10.1]. More specifically, “the vertical rate response shall
have a qualitative first-order appearance for at least 5 seconds following a step collective input” [27, 3.3.10.1]. The
attitude shall be maintained essentially constant. Thus, the response shall be similar to the following transfer function in
the Laplace domain

¤ℎ
Xlever

=
 

)hB + 1
· exp (−ghB) (5)

where gh characterizes the time delay and )h the time constant. The closed-loop system requires )h ≤ 5 s and gh ≤ 0.2 s.
The values are obtained by time-domain fitting where the coefficient of determination A2 has to be 0.97 < A2 < 1.03 [27,
3.3.10.1].

Interaxis coupling ADS-33E-PRF states [27, 3.3.9, 3.4.5] that the control inputs to achieve a response in one axis
shall not result in objectionable responses in any other axis, where the most relevant ones are [27, 3.3.9.2, 3.4.5.1,
3.4.5.2]. Let Δq4 and Δ\4 denote the deviation from trim at end of a 4 seconds step period on the roll angle q and the
pitch angle \ respectively. Let Δ\pk, Δqpk, and Δ=zpk denote peak deviation of the corresponding quantity within the step
period. Then, a 4 seconds step input on q may only exhibit a disturbance in the pitch axis of − 1

4 ≤
Δ\pk
Δq4
≤ 1

4 . Vice versa,

a 4 seconds step input on \ may only exhibit a disturbance in the roll axis of − 1
4 ≤

Δqpk
Δ\4
≤ 1

4 . Furthermore, the peak pitch
angle deviation shall be small during a step on the vertical vertical acceleration =z caused by a change on the collective
and thus motor torque &. For a small change of the motor torque of Δ& < 20 %,

�� Δ\pk
Δ=zpk

�� ≤ 0.0573 ° s2

m . However, for

large changes on the motor torque of Δ& ≥ 20 %,
�� Δ\pk
Δ=zpk

�� ≤ 0.0286 ° s2

m shall hold for an upwards acceleration and�� Δ\pk
Δ=zpk

�� ≤ 0.0143 ° s2

m for a downwards acceleration.

Translational rate response The translational rate response describes the ability of rotorcraft to accelerate horizontally
by changing the roll or pitch angle. ADS-33E-PRF requires this translational rate response to fulfill [27, 3.3.12]:

For Response-Types designated as Translational Rate Command, the translational rate response to step
cockpit pitch (roll) control position or force inputs shall have a qualitative first order appearance, and shall
have an equivalent rise time, )x ()y), no less than 2.5 seconds and no greater than 5 seconds. [. . . ] the
following requirements shall apply:
• The pitch and roll attitudes shall not exhibit objectionable overshoots in response to a step
• Zero cockpit control force and deflection shall correspond to zero translational rate with respect to fixed
objects, or to the landing point on a moving ship.

• There shall be no noticeable overshoots in the response of translational rate to control inputs. The
gradient of translational rate with control input shall be smooth and continuous.
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C. Mission Definition
Uber has done much conceptual research in UAM and defined a generic mission trajectory [31]. A conceptually

derived mission trajectory is shown in Figure 1.

Distance

H
ei
gh
t

Hover 1 Hover 2

Transition 1 Transition 2

Cruise

Fig. 1 Generic mission trajectory from [31].

IV. Control Theory
Section I.A includes related work suggesting promising control law candidates, including gain scheduling control

laws, eigenstructure assignment, nonlinear dynamic inversion (NDI), and incremental nonlinear dynamic inversion
(INDI). Inversion-based control laws show significant advantages in flight control, especially when aiming to decouple
the axes and thus the basis for a unified inner-loop [16–18]. An outer-loop linear controller combined with a reference
model can be used to set and tune the dynamic behavior to ensure handling qualities [32]. Due to the axes decoupling,
the outer-loop construct does not directly depend on the system’s physical coupling. The axes and different states can be
controlled directly and independently. This property allows providing a single interface.

A common inversion-based control law is feedback linearization or NDI. Those control laws depend heavily on
the knowledge of the internal dynamics. Due to complex and partly unknown aerodynamic effects, especially effects
occurring during the transition or caused by propeller-wing or propeller-propeller interactions, the internal dynamics are
not fully known [10]. Thus, an adaptive or robust control law that ideally does not depend on the knowledge of the
internal dynamics is necessary.

Recent developments yielded the INDI control law [33–38]. This incremental version of NDI substitutes internal
dynamics with measurements. The measurements of the state derivatives, i.e., the acceleration and angular acceleration,
however, have to be synchronized and must have a sufficient sampling frequency [37]. Future eVTOL vehicles strive for
autonomy, where plenty of equipped sensors are necessary and thus likely fulfill the requirements of the INDI control
law.

Assume a control affine explicit state-space system with the dynamics ¤x = f (x) +G(x)u and a relative degree of 1.
Then, the INDI law can be stated as [39]

u = G(Gm)−1 (a − ¤xm +G(Gm)um) (6)

where ¤xm is the measured state derivative, um the measured control input, and a the pseudo control input. In [39], the
author shows that (6) is an advantageous formulation of the INDI law for control allocation.

V. Controller Design and Integration
This section describes the implementation of an INDI controller for a unified control scheme according to the

requirements from Section III.B. The implementation contains the realization of (6) and the control structure with filters
and linear outer-loop controllers. The inner loop handles all flight phases, whereas the outer-loop controllers allow
different flight control modes. In [37] and [3, 16, 17], the authors implement a similar control law and develop special
functions for the outer-loop. A parameter tuning and optimization is performed for all cases where the initial settings
are insufficient. Multi-objective optimization of the horizontal velocities’ step response is performed.
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A. Controller Structure
The principal structure of the controller is shown in Figure 2 which is a common structure in flight control design

with inversion based methods [17, 32, 37]. The controller consists of the following parts:
• INDI core and control allocation: Actual inversion of the required accelerations or forces and moments.
• Linear controllers: Linear controllers around the inversion.
• Reference model: A reference model of =th order to filter the command
• Command filtering: Implementation of different flight modes.
• Autopilot: Implementation of auto-flight functions and trajectory planning.
• Pilot input: Input device and filtering for cockpit inputs.

Signal Fil-
ter

Pilot Com-
mand Filter Autopilot

functions

Command
Filter

Reference
Model

Linear
Controller

INDI
Core and
Control
Alloca-
tion

Fig. 2 Basic cascade structure of the implemented controller.

B. INDI Control Implementation
The controller implementation is based on the model (1). Note that the inputs X)pm and XA, as well as X)lr and XE,

are redundant. Those inputs affect a change in the same state derivative. However, it holds that rankG(Gm) ≤ 5 for all
possible Gm, but u ∈ R7. Thus, control allocation strategies are required to achieve the control law (6), e.g., [40]. In
the scope of this work XA = 0 and XE = 0 holds to make G(Gm) invertible. Note that, however, an optimization-based
approach would most likely lead to superior results. The directly controllable or external states b are Bvx, Bvz, Blx,
Bly, and Blz. The system of the external dynamics is

B ¤vx
B ¤vz
B ¤lx
B ¤ly
B ¤lz

︸ ︷︷ ︸
¤b

=



Blz
Bvy − Bly

Bvz − sin \6
Bly

Bvx − Blx
Bvy + cos q cos \6
|

−Bl ×
(
I Bl

)
|

︸                                        ︷︷                                        ︸
fe (x)

+



1
<

(
cos (Xtilt) · )0 + Bf0G

)
1
<

(
− sin (Xtilt) · )0 + Bf0I

)
|

I−1 (Bm0 + Bm?

)
|

︸                               ︷︷                               ︸
g4 (x,u)=Ge (x)u

(7)

The control law (6) can thus be written as

uc = G−1
e (xm) (a − bm + ge (xm, um)) (8)

where bm denotes the measured external states, G−1
e denotes the matrix inverse of Ge, a the virtual control input, and uc

finally the commanded system input. The index indexm denotes measured quantities. Note that the internal states, i.e.,
Nx, N�, and Bvy, remain and are not covered by the inversion. Since external states directly influence the internal states
and no zero dynamics are present, the internal states are controlled by the outer-loop controller that stabilizes these
states. Thus, it is sufficient to control the external states in order to control the system.

C. Linear Controllers and Reference Models
The linear outer-loop controller compensates for errors in the velocities and attitudes and commands the virtual

control input a to track the reference Gref . The controller is realized in a PID-like way. A feed-forward path of the second
derivative reference-filtered signal to the output is used [17, 37]. The error Gref − Gm between the reference Gref and the
measurement Gm is controlled via a PI controller with the gains  P and  I. The error in the derivative, i.e., ¤Gref − ¤Gm, is
controlled via a gain  D. ¥Gref is en-/disabled by  FF ∈ {0; 1} and represents the feed-forward path. The linear controller
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can be expressed as

a =

(
 P +

 I
B

)
(Gref − Gm) +  D ( ¤Gref − ¤Gm) +  FF ¥Gref (9)

with the parameter values given in Table 2.
The reference signals are calculated via a reference model that takes the desired signal and optionally the derivative

and outputs the filtered quantity and corresponding filtered first and second derivative. The commanded or desired
signals Gd, and its derivative ¤Gd are filtered via the second-order low-pass filter:

�ref (B) =
l2

0

B2 + 2Zl0B + l2
0

(10)

with the natural frequency l0 and damping ratio Z . The corresponding numerical values for the reference models
of the different axes are given in Table 3. This filter outputs the filtered signal Gref , its first derivative ¤Gref , and its
second derivative ¥Gref . The estimated and filtered outputs are sufficiently free of noise [37]. Thus, noise propagation
into the control laws is avoided [37]. The filter in (10) is implemented, as shown in [17]. It is essential to initialize
the integrators with the current measurement of the quantity Gm for the second integrator and the current measured
derivative of the quantity ¤Gm for the first integrator.

Table 2 Parameter values of the linear controller.

Parameter Value Parameter Value Parameter Value Parameter Value Parameter Value

 P,V 2  P,h 1  P,q 4  P, \ 2  P,k 1
 I,V 0  I,h 0  I,q 0  I, \ 0  I,k 0
 FF′,V 1  D,h 10  D,q 8  D, \ 4  D,k 2

 FF,h 1  FF,q 1  FF, \ 1  FF,k 1

Table 3 Parameter values of the reference model.

Parameter Value Parameter Value Parameter Value Parameter Value Parameter Value

l0,V 2 l0,h 2 l0,q 2 l0, \ 0.5 l0,k 1
ZV 1 Zh 0.8 Zq 1 Z\ 1 Zk 1

D. Command Filters
Command filtering realizes different flight control modes [17]. The command filtering is separated into command

filters for velocity, altitude, roll attitude, pitch attitude, and heading. They have different modes of control. The command
filters are inspired by [17] and [37].

Altitude command filter The altitude command filter creates height commands ℎc and its derivative ¤ℎc. For altitude
control, three modes are available. The altitude can either be commanded directly, i.e., height command height hold
(HCHH), via its rate, i.e., rate command height hold (RCHH), or via a mode holding the current altitude, i.e., no
command height hold (NCHH). The altitude command filter can be described via Figure 3 with  eff,lever = 2.

The enable block 1/0 represents the behavior where the derivative is passed through if the limited integrator is not
saturated. If the limited integrator is saturated, the derivative signal will not be passed through. This construction is
equivalent to a derivative of the limited integrator’s output. The hold block is enabled when activating the NCHH mode.
The block then stores the last height that passed through.

Translational rate command (TRC) The TRC command filter realizes the translational movement in horizontal
directions of the vehicle in hover mode via rotations of the vehicle and thus its thrust vector [17]. The TRC is
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NCHH
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Fig. 3 Block diagram of the altitude command filter.

an inversion-based controller that tracks ground-based velocities in horizontal directions, i.e., N ¤xx and N ¤xy. The
implementation of the TRC is shown in Figure 4. This block diagram consists of a first-order low pass filter acting as a
reference model, a linear controller, and a dynamic inversion block.

The TRC mode comes from rotorcraft operation and may be advantageous for eVTOL vehicles when operating in
hover mode close to the ground. Possible maneuvers are take-off, landing, and taxiing. Especially when landing, precise
maneuvering w.r.t. the ground is required.

1
gTRC

1
B

 P

 I

 FF

1
B

Dynamic
Inversion

Nvxy,c +
Nvxy,ref +

N ¤vxy,ref

++

+ N ¤vxy,c

[
qc

\c

]
−

Nvxy,m

−

Fig. 4 Block diagram of the translational rate command filter.

The TRC filter can be expressed as

N ¤vxy,c =

(
 P +

 I
B

) (
1

gTRCB + 1
Nvxy,d − Nvxy,m

)
+  FF

B

gTRCB + 1
Nvxy,d (11)

The time constant gTRC = 2.5 s is chosen according to ADS-33E-PRF requirements [27]. The dynamic inversion
can be approximated as

qc = arcsin
©«

N ¤vx,c sink + N ¤vy,c cosk√
N ¤v2

x,c + N ¤v2
y,c +

(N ¤vz,c − 6
)2 sin Xtilt

ª®®¬ (12a)

\c = arctan

( (N ¤vx,c cosk − N ¤vy,c sink
)
· cos q tan Xtilt + N ¤vz,c − 6

N ¤vx,c cosk − N ¤vy,c sink +
(N ¤vz,c − 6

)
cosk tan Xtilt

)
(12b)

with the gravitational acceleration constant 6. The linear controller consists of a feed-forward path with the gain  FF = 1.
The PI controller realized by the gains  P = 0.35 and  I = 0.04 stabilizes the error, i.e., Nvxy,ref − Nvxy,m. While the
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inversion does not entirely reflect all occurring dynamics, the integrator handles those. For instance, the aerodynamic
drag effects are not covered in the dynamics. Thus, a particular rotation is required to compensate for the drag in order
to keep a commanded horizontal velocity. By adding another control cascade around the velocity controller, i.e., a
proportional gain  P = 0.23 on the position error, position control capability of the TRC can be achieved.

Roll command filter The roll command filter is similar to the altitude command filter in Figure 3. The roll angle
command qc and the roll angle derivative command ¤qc depend on the selected mode, i.e., attitude command attitide
hold (ACAH) or rate command attitude hold (RCAH). The roll command filter can be expressed as

qc =

{
 eff,qXlat, ACAH
1
B
 eff, ¤qXlat, RCAH

¤qc =

{
0, ACAH
 eff, ¤qXlat, RCAH

(13)

Note that the integrator is realized by a limited integrator, which stops qc when saturates. The minimum and
maximum roll angle is set to ± c

6 . The effectiveness gains are  eff,q =
c
6 and  eff, ¤q = 0.15.

Pitch command filter The pitch command filter is similar to the roll command filter with the effectiveness gains
 eff, \ = 0.3 and  eff, ¤\ = 0.15.

Velocity command filter The velocity command filter has a basic structure similar to the altitude command filter.
Possible modes are velocity command velocity hold (VCVH) and rate command velocity hold (RCVH). The normalized
velocity and acceleration stick command are transformed with a piecewise linear function, i.e., the effectiveness is
represented via a piecewise linear weighting with  eff, ¤+ = 0.1

 eff,V (Xlon) =  eff, ¤+ ·
{

15 Xlon −1 ≤ Xlon < 0
85 Xlon 0 ≤ Xlon ≤ 1

(14)

Heading command filter The heading control filter has a sideslip V control, direction command direction hold
(DCDH), and rate command direction hold (RCDH) mode. The sideslip V control uses the derivative of the heading ¤k
in contrast to the yaw rate in body axes A as in [17]. The sideslip controller is implemented as with the effectiveness
 eff,V =

c
36 ¤kc = −

(
 eff,VXyaw − V

)
(15)

The other modes resemble the attitude command filter with  eff,k = 0.15 and  eff,k = 2c and the input Xyaw.

Coordinated turn The law for the coordinated turn is given as

¥kc =  P,q

(
6 tan ¤qc
+

− ¤km

)
(16)

with  P,q = 2, the gravitational acceleration 6, and the total velocity + .

VI. Experiments and Results
Simulation experiments are conducted to evaluate the proposed controller. Those experiments aim to demonstrate

the controller’s ability to perform a generic UAM mission, as shown in Figure 1, its stability and fulfillment of the
requirements, as well as its performance by means of step responses. Selected experiments demonstrating the closed-loop
system’s main dynamics and capabilities are introduced subsequently.

TRC Experiment TRC can be used to precisely control the eVTOL’s position over the ground. The vehicle starts in a
trimmed hover state and gets a step command at 5 s from 0 m to 2 m on the position Nxy via the sidestick input Xlat. The
result in Figure 5 shows the step response of a position step command. The step response has a rise time of 4.243 s, a
settling time of 17.599 s, and an overshoot of 0.177 %. However, an undershoot of 7.88 % is present.
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Fig. 5 Step response of basic position controller around TRC.

Transition Experiment The vehicle starts in a trimmed hover state. A step on the velocity BvG at 10 s from 0 m s−1 to
50 m s−1 is commanded. The feed-forward path is enabled, and the altitude and attitude are held during the experiment.
Figure 6 shows the results of this experiment. Figure 6a exhibits the step response with a settling time of 50.484 s,
nearly no overshoot (2 × 10−5 %), and a rise time of 39.996 s. Figure 6c and Figure 6d show the tilt angle and thrust
trend, respectively. Those trends exhibit a smooth course during the transition and are similar to the trends from the trim
study in [10]. The total thrust has a sharp trend at 60 s, and the tilt angle at about 12 s. Both trends reach a stable final
value. The pitch angle in Figure 6e is essentially maintained and stabilizes after a maximal deviation of 0.0047 rad.
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Fig. 6 Acceleration from trimmed hover state to cruise flight at 50 m s−1.
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Complete Mission A complete mission, as shown in Figure 1, is completed. The vehicle starts in a trimmed hover
state at ℎ = 0 m, and gets height and velocity step commands sequentially. It climbs in hover mode, transits to cruise
flight, climbs again during cruise, and vice versa. However, during the decline, the velocity and height are finally
reduced in combination, offering a more efficient landing by reducing the pure hover time. The results shown in Figure 7
suggest that the controller can handle a generic UAM mission. Only a slight negative velocity (−0.5 m s−1) is reached
during the initial climb maneuver, and the final velocity decline from 10 m s−1 approaches 0 m s−1 asymptotically.
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(b) Tilt angle over time.

Fig. 7 Compete flight profile of a generic UAM mission as defined in Figure 1.

VII. Design Verification
This section verifies the controller design by means of the requirements stated in Section III.B.

Height response characteristics For the validation of the height response characteristics of the closed-loop system
according to Section III.B, the vehicle starts in a trimmed hover state with no velocities and rotations. A step on the
lever Xlever in RCHH mode is commanded, i.e., a command on the height derivative ¤ℎ. The step is executed at 5 s and
has a final value of 1 m s−1.
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1
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¤ ℎ
in
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1

FF off, CD on
FF off, CD off
FF on, CD off
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Command

Fig. 8 Height rate step response with all combinations of enabled and disabled feed-forward paths.

As shown in Sections V.C and V.D, the vertical velocity control loop has two essential structural design freedoms.
Those are the feed-forward path in the linear controller (FF), and the feed-forward path of the commanded height rate
in the command filter (CD). Combinations of both modes are tested to obtain the best setting. Figure 8 shows the
results and characteristics of the different modes. The obtained step response characteristics are fitted into the first-order
response, as described in Section III.B. The step response characteristics and received parameters are stated in Table 4.

Section III.B requires )¤h ≤ 5 s, g¤h ≤ 0.2 s, and a coefficient of determination of 0.97 ≤ A2 ≤ 1.03. Only the
combination of an enabled FF and a disabled CD fulfills the requirements. The corresponding linearized system around
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Table 4 Height rate step response characteristics.

Metric FF off, CD on FF off, CD off FF on, CD off FF on, CD on

Rise time 0.472 s 1.625 s 1.635 s 0.427 s
Settling time 3.019 s 2.789 s 2.825 s 2.794 s
Overshoot 17.428 % 0 % 0 % 16.981 %
Fitted )¤h 0.275 s 0.965 s 0.919 s 0.218 s
Fitted g¤h 0.079 s 0.207 s 0.164 s 0.048 s
Fitting A2 0.845 0.980 0.987 0.834

the hover state yields a phase margin of 13.09 dB and a gain margin of 65°. Those values fulfill the requirements of
≥ 6 dB and ≥ 45° with an additional margin.

Interaxis coupling In the pitch-roll-coupling experiment, shown in Figure 9, the interaxis coupling of q with \ is
investigated. A step is commanded on the pitch axis during trimmed forward flight with Bvx = 40 m s−1 and no other
velocities or rotations. The effect on the roll (and yaw) axis is investigated. The results show that the closed-loop system
fulfills the interaxis coupling requirements:

Δqpk

Δ\4
≈ −1.9446 × 10−4 rad

0.0888 rad
≈ 0.0022

which is in the valid range
[
− 1

4 ; 1
4
]
.
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(a) Pitch angle trend over time.
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Fig. 9 Pitch step response showing the decoupling of the closed-loop system.

A similar experiment setup is applied to the roll and pitch coupling where the effect of a roll angle step of 0.2 rad
during trimmed forward flight with a velocity of 40 m s−1 is investigated. The influence of this step on the pitch angle
specified in the interaxis coupling requirements in Section III.B is fulfilled as well:

Δ\pk

Δq
≈ 0.0114 rad

0.1981 rad
≈ 0.0576

which is in the valid range
[
− 1

4 ; 1
4
]
.

The height response experiment shown in Figure 8 investigates the height derivative step response of the closed-loop
system. Interaxis coupling of the vertical acceleration and the pitch angle can be drawn from this experiment. The
corresponding interaxis coupling requirement is fulfilled by the enabled FF and disabled CD controller:

Δ\pk

Δ=zpk

≈ 2.7061 × 10−5°
−0.7101 m s−2 ≈ −3.8106 × 10−5 ° s2 m−1 < 0.0573 ° s2 m−1
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VIII. Discussion
Sections VI and VII show several experiments that support the hypothesis of a tilt-wing eVTOL controller for a

uniform control system. These results are discussed subsequently.

A. Experiments
TRC Experiment The TRC mode can be used to control the eVTOL’s position over the ground precisely, e.g., during
take-off and landing. The closed-loop system fulfills the handling quality requirements specified in Section III.B. The
undershoot in Figure 5 is caused by the integrator’s slow dynamics in the TRC’s PI controller. An integrator-less
controller may not exhibit any noticeable undershoot but the same overshoot. The integrator integrates the overshoot’s
error and compensates for this error through an undershoot. However, the integrator in the PI controller is crucial in this
situation since it trims the vehicle to its new state. The kinematic inversion in the TRC does not consider aerodynamic
effects, i.e., mainly the drag force due to the sidewards motion. This effect depends on multiple parameters and is
complex to model. Thus, the integrator compensates for this inaccuracy by maintaining a static roll or pitch angle
command counteracting these effects. Possible ways to overcome the issue of the present undershoot are an improvement
of the inversion or an alternative linear controller. Implementing certain additional dynamics may be hard since the
tilt-wing aerodynamics are not fully understood yet [10]. An alternative solution is to use a Total Energy Control
System [32] (TECS)-like linear controller. Thus, the original TRC law stated in (11) may be replaced by the following
law

Nvxy,c = − P
Nvxy,m +

 I
B

(
1

)TRCB + 1
Nvxy,d − Nvxy,m

)
+  FF

B

)TRCB + 1
Nvxy,d (17)

This issue will be focused in future research.

Transition Experiment The experiment is a first step towards the complete mission experiment and shows that
the eVTOL can transit to the final velocity of 50 m s−1 smoothly. Thus, it is capable of transitioning from hover or
thrust-born to forward or wing-borne flight. The altitude is maintained constant during the experiment. Handling the
transition well while holding its altitude is a crucial part of tilt-wing aircraft. Furthermore, the tilt angle and total thrust
trend are similar to the trends in the trim study in [10]. This suggests a smooth transition along a trimmed trajectory.
The edge in the total thrust trend at 60 s and the edge in the tilt angle trend at 12 s are present because at these points,
the acceleration changes sharply. The closed-loop system cannot handle this behavior smoothly. However, the trends
are still in the possible envelope of the actuators. Optimizing and introducing more precise envelope limits on the
acceleration command may solve this issue.

Complete Mission The results in Figure 7 suggest that the closed-loop system is able to complete a generic UAM
mission as stated in Figure 1 smoothly. The transition behaves similarly to Figure 6 except for a slight negative velocity
during climb. Furthermore, during the final deceleration phase, the vehicle approaches Bvx = 0 m s−1 asymptotically.
This is caused by the limitation of the tilt angle to at most 90°. Thus, no reverse thrust and acceleration are possible
in the hover mode. Solely the drag force, which depends on the current velocity, is utilized for stopping the vehicle.
Real-world eVTOLs thus may decelerate faster by tilting > 90° or by pitching the body up slightly to achieve the same
effect.

B. Design Verification
During the design verification, the fulfillment of the requirements from Section III.B could be shown. A suitable

control parameter ensuring the height response characteristics is selected. In the case of an enabled feed-forward path in
the linear height controller combined with a disabled feed-forward path in the altitude command filter, the requirements
are fulfilled. Section VII shows this argumentation in more detail.

The interaxis coupling requirements from roll to pitch and pitch to roll are fulfilled. This is shown in Section VII
and exemplified for the pitch-roll-coupling in Figure 9.

C. Overall Outcome
Several experiments and design verifications suggest that the system, and thus the inner-loop controller, exhibits a

stable behavior in all scenarios and fulfills the specified requirements. The vehicle is able to manage every part of a
generic UAM mission. This suggests that the closed-loop system is suitable for UAM scenarios. The vehicle handles
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the complex transition well. However, the aerodynamics in the used model are simplified and may not include possible
little-studied malign effects. The system decouples the axes well in all experiments. Thus, the realization of a unified
control framework around the inner-loop controller is possible.

Possible and precise maneuvering in hover mode can be handled with TRC. The transition experiment shows the
capability to transit smoothly from thrust-borne hover flight to wing-born cruise flight. Subsequently, it is shown that
the controller can control the tilt-wing eVTOL over the complete mission profile, as shown in Figure 1. A height change
during cruise flight is possible in a smooth way, according to the height response design verification experiment.

The controller is designed to fulfill selected handling quality and flight control requirements. Section VII shows the
compliance of the controller with those requirements. The controller can decouple the different axes. In accordance with
the ADS33E-PRF standard, the controller shows appropriate interaxis coupling behavior, i.e., a sufficient decoupling.
Independently controlling each axis is thus possible with the designed controller.

Furthermore, the controller has integrated envelope protection, ensuring the vehicle stays within its comfort
limits. In summary, it is possible to fly a complete mission without the need for complex inceptor coordination. Other
inceptor-command mappings can easily be implemented without changing the inner-loop controller due to the decoupling
capabilities. Thus, other suitable and future command concepts can be established quickly. The implemented inceptor
mapping is one possible construct.

The present work is mainly limited by the dynamic model from [10]. [41] states that neglecting the gyroscopic
effects from tilting rotors, as well as the changing center of gravity, has a notable influence on dynamic behaviors.
However, this work focuses on providing a proof of concept. Future studies will consider the neglected effects.

IX. Conclusion and Outlook
This paper shows the design of an INDI controller for an integrated tilt-wing eVTOL model to provide the basis for a

future unified control system. A proof-of-concept for the unified control scheme is provided. Relevant requirements for
the flight control design are identified and an inner-loop INDI controller according to those is designed. Furthermore,
multiple outer-loop controllers for realizing the requirements are implemented and tuned. The total closed-loop system
is evaluated by means of the requirements as well as a generic UAM mission. The results suggest that the developed
control system fulfills the stated requirements and can control the eVTOL sufficiently. The dynamic model and the
control system can be used as a basis for future research, especially for developing a unified control framework. The
proof of concept for a unified control framework for a tilt-wing eVTOL vehicle is provided. Although the control law is
designed to be generic and robust, only one particular tilt-wing eVTOL configuration is investigated in this work’s scope.
A transfer of the obtained knowledge to other eVTOL or aircraft configurations is desirable and is favored by the nature
of inversion-based control laws. Furthermore, many adverse effects, e.g., wind turbulence and failures, are neglected.

Future research may look into these open points in more detail and investigate, e.g., passenger comfort, robustness,
and disturbance rejection. Further research may also focus on more details of the control system and the dynamic model.
It may include a more detailed model of the electric motor and aerodynamics as suggested by [10]. Furthermore, the
development of a unified control scheme for tilt-wing eVTOLs is another crucial next step. Handling qualities will
also be investigated via human-in-the-loop tests [42, 43]. This future development heavily benefits from the proposed
controller.
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