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The backward transition from cruise to hover flight is the crucial flight maneuver for tilt-wing

aircraft, as it allows for a safe vertical landing. At the same time, this flight phase is especially

challenging due to low thrust settings and thereby reduced slipstream effects, which push the

wing states toward or beyond flow separation. This raises the question of how failure conditions

further impact these already severe conditions, and if the remaining flight performance suffices

to perform the backward transition. This study therefore assesses the tilt-wing’s fault tolerance

against single and combined component failures. The reference scenario of a longitudinal level

backward transition is investigated with optimal-control-based trajectory optimization on a

6DoF aircraft model. The results indicate fault tolerance of the tilt-wing aircraft for most failure

cases. The majority of failure cases leading to unfeasible transition trajectories suffer from

unbalanced hover or cruise conditions. Only for the failure case of control surface runaways on

the same side of canard and main wing, the transition maneuver itself is the limiting factor due

to increased thrust settings and thus longer transition times.

Nomenclature

𝐴𝑃 = rotor area, m2

𝐶 𝑓 = turbulent skin friction coefficient

𝑐𝑇 , 𝑐𝑄 = propeller thrust and torque coefficient (rotor convention)

𝑐𝐻 , 𝑐𝑃 , 𝑐𝑅 = propeller coefficients for lateral inflow (rotor convention)
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𝑐𝐷 , 𝑐𝐿 , 𝑐𝑀 = aerodynamic drag, lift, moment coefficient

𝑐𝐷X
, 𝑐𝐿X

, 𝑐𝑀X
= control surface deflection constants for drag, lift, moment

𝑐vit = constant for strip-averaged tangentially induced velocity

𝐷, 𝐿 = aerodynamic drag and lift force, N

𝐷𝑃 = rotor diameter, m

𝑑 𝑓 = fuselage diameter, m

𝐹𝐹 = fuselage form factor

𝐹̃ = rotor axial reference force distribution, N m�1

𝑓 = system dynamics

𝑓𝑥 = rotor axial force distribution, N m�1

𝑓𝑡 = rotor tangential force distribution, N m�1

f 𝐵 = forces in body frame, N

O = inertia matrix, kg m2

𝐼𝑥𝑥,𝑝 = propeller inertia around spinning axis, kg m2

𝐽 = objective function

𝑘𝐹 = parasitic fuselage correction factor

𝑘 𝑝 = slipstream contraction acceleration factor

𝑙 𝑓 = fuselage length, m

𝑀𝑦 = aerodynamic pitching moment, N m

𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 = total roll, yaw, pitching moment, N m

m𝐵 = moments in body frame, N m

𝑚 = aircraft mass, kg

𝑛 = revolutions per second s�1

𝑝, 𝑞, 𝑟 = components of body rotational rates, � s�1

𝑄 = rotor torque, N m

𝑞 = dynamic pressure, N m�2

Xab = rotation matrix, from frame b to a

𝑅 = outer rotor radius, m

𝑅i = inner root cutout, m

𝑅𝑒 = Reynolds number

r = lever arm, m

𝑟𝑚 = viscous core radius, m
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r𝐸 = body position in earth frame, m

𝑟 = radial position in rotor frame, meter

𝑟 = non-dimensional radial position

𝑆wet,𝐹 = wetted fuselage area, m2

𝑇 = rotor thrust, N

t𝑃 = thrust vector for all rotors, N

𝑡 = time, s

𝑢 = problem inputs

v𝐵 = body translational rates, m s�1

𝑣𝑥 = axial rotor inflow velocity, m s�1

𝑣iax = axially induced slipstream velocity (in propeller plane), meter�s

𝑣̂iax = axially induced slipstream velocity (at axial position 𝑥𝑠), meter�s

𝑣it = tangentially induced slipstream velocity, meter�s

𝑥𝐵, 𝑦𝐵, 𝑧𝐵 = position in body frame, m

𝑥 = problem states

𝑥𝑠 = axial position behind the propeller plane, m

𝛽 = side slip angle, �

�𝑣 = rotor vorticity,

�𝑐𝐷X
, �𝑐𝐿X

, �𝑐𝑀X
= delta in drag, lift, moment due to control surface deflection

� 𝑓 𝐵𝑧 = deficit in body lifting force, N

�𝑚𝐵
𝑦 = deficit in body pitch moment, N m

𝛿𝑤𝑐 = commanded tilt angle deflections, �

𝛿𝑤 , 𝛿𝑒 = tilt angle and control surface deflection, �

) = Euler angles, �

𝜃 = pitch angle, �

𝜆 𝑓 = fuselage fineness ratio,

𝜇 = non-dimensional lateral propeller inflow

𝜌 = air density, kg m�3

𝜏𝛿F
= tilt actuator time constant, s

𝜙𝑔, 𝜙𝑏, 𝜙𝑟 = path, boundary and rate constraints


𝐵 = body rotational rates, � s�1

𝜔 = rotor rotational rate, � s�1
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F𝐵 = body frame

F𝐸 = earth frame (ENU)

F𝑊 = wing frame

Indices

𝑖 = wing index

𝑘 = control surface index

𝑝 = propeller index

𝑠 = wing strip index

𝑡 = wing tip strip index

Subscripts

𝐴 = wing strip aerodynamics

𝑐 = commanded input

𝐹 = fuselage aerodynamics

𝑓 = terminal time state

𝐺 = gyroscopic

𝑃 = propulsive

𝑆 = wing tip strip aerodynamics

𝑆𝑅𝐹 = swirl reduction factor

𝑉 = inverted V aerodynamics

0 = initial time state

Superscripts

A = aerodynamic frame

B = body frame

E = ENU frame

W = wing frame

+ = control surface upper deflection limit

- = control surface lower deflection limit

I. Introduction

Tilt-wing aircraft promise to combine the advantages of efficient lift-borne cruise flight and vertical take-off and

landing (VTOL) capability. These characteristics allow to establish efficient, flexible, and time-saving transport

options without high demands on ground infrastructure. The key flight phase for tilt-wing aircraft is the backward
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transition maneuver, as it is mandatory to allow for a safe vertical landing and thus to complete the flight mission at the

intended destination. At the same time, this maneuver is highlighted in [1, 2] as the most challenging and complex

one. The difficult conditions arise chiefly from high angles of attack (AoA) with flight close to or even beyond flow

separation, and low thrust settings which lead to diminished positive slipstream effects. The backward transition gets

even more challenging when considering failure scenarios and raises the question of how the vehicle can still land safely

under these conditions. However, today’s tilt-wing concepts are designed as eVTOLs that are based on distributed

electric propulsion and digital flight controls, and are therefore usually equipped with a large number of actuators and

engines. While this should provide high levels of redundancy, certain failure combinations might still significantly

impact the remaining flight performance. With that in mind, this paper analyses the impact of failure conditions on

the backward transition maneuver in order to identify and analyze failure combinations that impede the conventional

backward transition and, consequently, also the vertical landing.

A. State of the Art

Preparing the analysis of transition flight under failure conditions, the literature research first shows the approaches

for nominal dynamic transition trajectory optimization before giving an overview of eVTOL safety aspects.

Transition Analysis Optimal control (OC) is a common approach to find state trajectories of nonlinear and even

unstable dynamic systems without having to design a stabilizing feedback controller. The resulting trajectories exploit

(almost) full plant capabilities, as the method provides optimal control policies depending on the formulation of objective

and constraint. It thus allows to either dynamically analyze unfamiliar systems, or to improve the performance of

feedback controllers by providing feedforward terms. In [3–6], the OC approach is applied for the investigation of

tilt-wing transition flight. Panish and Bacic [6] investigate the remaining transition performance for various weight and

balance settings, which is similar to investigating abnormal or failure conditions. However, [6] only considers purely

longitudinal motion in flight path coordinates with 3 degrees of freedom (DoF), similar to our former work on different

transition strategies [2]. In contrast, Lu et al. [7] deploy our linear tilt-wing model from [8] to find 6DoF multi-phase

trajectories.

The transition maneuver has also been studied for other, similar eVTOL configurations. From a flight mechanic

perspective, especially tailsitter transition flight results in comparable behavior. Instead of tilting the wing relative

to the fuselage, the tailsitter changes its pitch attitude during the transition maneuver. That way, rotors and wings

likewise stay aligned, which results in similar effective angles of attack and aero-propulsive interactions as encountered

during tilt-wing transition. While [9] uses a general formulation for the transition, Oosedo et al. [10] optimize for

different transition strategies and verify them experimentally. Introducing a constraint to avoid flow separation, [11]

exploits vertical motion to maintain low effective AoA. The same strategy can be applied for tilt-wing aircraft [2, 12].
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Engine failures are considered for eVTOLs in [13, 14], where the remaining maneuverability (in form of the attainable

maneuverability zone) is estimated with OC.

Safety Aspects Safety is a crucial factor for the success of a technology. This especially counts for aviation, where

accidents often have catastrophic extent, obviously for directly involved people like passengers and crew, but also for

third parties. History shows that reputation in aviation is quickly lost if safety is not guaranteed. This was experienced in

the helicopter era in the 60s and 70s, where VTOL operations in several American cities ceased - next to other reasons -

after fatal accidents [15]. Today, safety is highlighted as the most important factor for the adoption of Air Mobility

(AM) by a majority of people [16, 17]. At the same time, new, complex, and unfamiliar systems like eVTOLs increase

the likelihood of failure events [18]. Thus, it seems reasonable to consider the impact of failures on the remaining flight

performance to allow for establishing countermeasures in vehicle design, vehicle operation, and air traffic management.

While for a complex system like an eVTOL, there is a long list of potential hazards for aircaft safety, most work in

literature is focused on propulsion failure [13, 14, 18–20]. The research is often aligned with the single failure criteria of

the SC-VTOL [21]. On the actuation side, there are also control surfaces and the wing tilt actuation that can fail. Other

causes for a reduced flight performance could be external disturbances like (extreme) winds [19], structural damage (e.g.

due to bird strike or mid-air collision) [18], or a change in weight and balance (WaB) [6].

B. Scope of this Paper

This paper investigates the impact of single and combined failures on the remaining tilt-wing flight performance

during the backward transition. While there are numerous potential causes for diminished flight performance, this work

is limited to rotor and control surface failures. To obtain the largest impact on flight performance, rotor failures are

modeled as full losses and control surface failures as runaways to the deflection limits. These failures will introduce

asymmetry to the aircraft behavior, wherefore a 6DoF model is required, although the aircraft motion during transition

is limited to be purely longitudinal. To properly capture the aircraft aerodynamic characteristics, a compromise of the

full strip theory model [22] and its 2D-representation [2] is achieved in form of a minimum strip model. For the analysis,

the optimal control framework from [2] and conventional trim investigations are deployed. First, the nominal transition

trajectory is analyzed to give a reference, before all failure combinations are tested. While a successful trajectory

optimization suggests that the aircraft is still capable of flying the backward transition, an unsuccessful optimization

does not necessarily imply that the transition is no longer possible. Therefore, a detailed assessment of those failure

cases has to follow.
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II. 6DoF Trajectory Optimization

The failure analysis is conducted on the tandem tilt-wing con�guration shown in Fig. 1(a). Relevant aircraft data is

provided in Appendix A.A, and Table 1 gives on overview on the respective components. Both wings can be de�ected

by tilt angle in the rangeXF 2 »0� –90� ¼, where zero de�ection corresponds to cruise �ight with an alignment of wing

chord and the body x-axisG� , andXF = 90� corresponds to hovering �ight with the propellers facing upward. Each

wing is equipped with four propellers and two control surfaces respectively. The direction of rotation for the eight

propellers is given in Fig. 1(a), whereas the control surface de�ectionsX4 2 »� 30� –30� ¼are de�ned to be positive for a

local increase of airfoil lift (mathematically positive direction of rotation aroundH� ).

(a) (b)

Fig. 1 3D view of the tandem tilt-wing con�guration (a), and illustration of the minimum strip aerodynamic
model (b).

Table 1 Component indices of Fig. 1, actuation limits, and time constants.

Component Index Range Variable Limits First-Order Time Constant

Wing i 1••2 XF–8 »0–90¼in � gF = 2 s
Propeller p 1••8 ) ? »0–1125¼in N g? = 0•2 s

Control Surface k 1••4 X4–: »� 30–30¼in � -
Wing Strip s 1••12 - - -

Wing Tip Strip t 1••4 - - -

For the failure analysis, the optimal control framework presented in [2] has to be extended. However, the convergence

and computation time of the optimal control approach highly depends on the model complexity. Consequently, a

compromise with regard to �delity is required. Our former transition analysis was limited to longitudinal aircraft

motion, thereby signi�cantly reducing the problem size. This was justi�ed by the aircraft symmetry with respect to the

G-I -plane under nominal conditions. However, introducing failure conditions, the symmetry assumption no longer holds,
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and a full 6DoF model has to be applied. To cover slipstream e�ects for asymmetric propeller settings and surface

de�ections along a wing, the 2D aerodynamic model is no longer su�cient and likewise needs to be extended. As a

compromise between the former modeling approaches of 2D [2] and full strip theory [22] aerodynamic models, we

develop a strip-based model using the minimum number of strips to capture the averaged upwash and downwash of each

propeller half-plane. This results in a number of12strips for the wings - because the outer propeller half-plane protrudes

beyond the wing span - and4 strips for the wing tips. In the following, the model will be calledminimum strip(or in

short "3D") model. All model components are illustrated in Fig. 1, and the indices are assigned according to Table 1.

A. 6 DoF Tilt-Wing Model

The equations of motion (EoM) for 6DoF �ight relative to a non-rotating �at earth inertial frameF� are:

¤v� =
Í

f �

<
� 
 � � v� (1)

¤

�

= O� 1
�Õ

m� � 
 � � O
 �
�

(2)

with force vectorf � , moment vectorm� , and translationalv� and rotational
 � velocities, all de�ned in the body

frameF� . Oand< represent inertia and mass. The resulting force and moment vectors are obtained by summation

over the individual contribution of the8 propellers (subscript%), 12 wing strips (subscript� ) and4 wing tip strips

(subscript( ). In addition, the e�ect of airfoils mounted to the landing skids (calledinverted V, subscript+ ) is included.

The fuselage drag (subscript� ) and gravity are assumed to act directly at the center of gravity (CG) and thus have no

moment contribution.

f � =
8Õ

?=1

f �
%– ?¸

12Õ

B=1

f �
�–B ¸

4Õ

C=1

f �
(–C¸ f �

+ ¸ f �
� ¸ Rbe

�
< g�

�
(3)

m� =
8Õ

?=1

m�
%– ?¸

12Õ

B=1

m�
�–B ¸

4Õ

C=1

m�
(–C¸ m�

+ (4)

The gravity vector is transformed to the earth frame with the rotationRbe de�ned by the Euler angles) . For the

computation of the resulting moment due to applied forces, the lever armr from each component's reference point to
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the CG has to be considered:

m�
%– ?= r ? � f �

%– ?¸ Xwb–i

�

& ? " ?–H " ?–I

� )

¸ m�
�– ? (5)

m�
�–B = r B � f �

�–B ¸
�

0 " H–B 0

� )

(6)

m�
(–C= rC� f �

(–C (7)

m�
+ = r+ � f �

+ (8)

(9)

The rotation matrices from wing to body frameXwb–i is a function of the local wing tilt angleXF–8and used to rotate the

propeller torque& ? , pitching moment" ?–H, and rolling moment" ?–I into the body frame. For a wing tilting purely

around theH-axis, the airfoil pitching moment" H–Bis equal in body and wing frame, and consequently does not need to

be transformed. The propeller gyroscopic moment (subscript� ) for purely longitudinal aircraft motion (? = 0, A= 0),

and assuming that tilt angle accelerations are small (¥XF–8 � 0), is found as:

m�
�– ? = � GG– ?¤l ?

©
­
­
­
­
­
­
­
«

cosXF–8

0

� sinXF–8

ª
®
®
®
®
®
®
®
¬

¸ � GG– ?l ?
�
@̧ ¤XF–8

�

©
­
­
­
­
­
­
­
«

sinXF–8

0

cosXF–8

ª
®
®
®
®
®
®
®
¬

(10)

where� GG– ?is the propeller inertia about its spinning axis. Note that the sign ofl ? and ¤l ? considers the direction of

rotation according to Fig. 1(a). For axial in�ow, the propeller generates thrust) ? and torque& ? (in rotor convention):

) ? =
d
2

2) � ?
�
l ? '

� 2 & ? = � sgn
�
l ?

� d
2

2& � ?
�
l ? '

� 2 ' (11)

with densityd, propeller radius' and propeller area� ? = c' 2. For the computation of propeller in�owv,
? , the e�ect

of body rotation is neglected:

v,
? = Xwb–i � v� (12)

The propeller (collective) blade pitch adapts to the axial in�ow velocityE,
?–Gand justi�es the assumption of constant

thrust and torque coe�cients2) and2& . Under lateral in�owE,
?–I, there occur additional o�-axis propeller responses:

� ? =
d
2

2� � ?
�
l ? '

� 2 " ?–H=
d
2

2%� ?
�
l ? '

� 2 ' " ?–I = � sgn
�
l ?

� d
2

2' � ?
�
l ? '

� 2 ' (13)

where� ? is the H-force (also called propeller drag). The lateral coe�cients are approximated as linear functions of the
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non-dimensional lateral in�oẁ = E,
?–I•

�
l ? '

�
:

2� = 2� ` ` 2 % = 2%` ` 2 ' = 2' ` ` (14)

with coe�cients derived from blade-element-momentum theory (BEMT) analysis (according to [23]) and given

in Appendix A.A. Note that both torque& ? and rolling moment" ?–I depend on the direction of propeller rotation [24].

This means that for symmetrical propeller speeds, they cancel each other for the left and right corresponding rotor pairs.

Instead, the H-force and pitching moment add up and have to be balanced also for non-di�erential speed settings of left

and right propellers. The rotor forces in the body frame are

f �
%– ?= Xwb–i

�

) ? 0 � ?

� )

(15)

To capture the e�ect of blade upwash and downwash due to the tangentially induced velocity, one strip per propeller

half-plane is required, as illustrated in Fig. 1(b). The induced slipstream velocities are found as

Eiax– ? = �
E,

G– ?

2
¸

vut  
E,

G– ?

2

! 2

¸
) ?

2d� %
(16)

Eit– ? = 2vit
p

) ? (17)

The constant2vit in Eq. (17) averages the spanwise tangential velocity distribution over the width of a strip, and

its derivation is given in the Appendix A.B. Note that Eq. (16) is the formulation for the axially induced speed in

the propeller plane. Due to slipstream contraction, this velocity would accelerate up to2 � Eiax for a fully contracted

slipstream (according to momentum theory). As proposed in [25], the velocity due to slipstream contraction at a

downstream positionGB is found as

Êiax– ?¹GBº = Eiax– ?

2
6
6
6
6
6
4

1 ¸
GB• '

q
1 ¸ ¹GB• ' º2

3
7
7
7
7
7
5

|                     {z                     }
: ?

(18)

To account for unwetted parts of the strip due to the contracted slipstream tube, the constant acceleration factor: ? (1•57

for the main wing,1•466for the canard wing) is reduced by 10% in Eq. (19).

In the following, only the computation of wing strip aerodynamics (f �
�–B,m�

�–B) is presented, as the computation is

the same for the wing tip stabilizers and theinverted V. However, the latter is only approximated by a single vertical
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airfoil. The resulting total velocity at the aerodynamic center of each strip, located in the2•4-line, is:

v,
B = Xwb–i �

�
v� ¸ 
 � � r B

�
¸ Eiax– ? � 0•9: ?

�

1 0 0

� T

¸ Eit– ?

�

0 0 � 1

� T

(19)

The sign of the tangential velocity is chosen according to whether the propeller blade induces an up- or downwash at the

strip. In contrast to Eq. (12), the e�ect of rotational rates
 � is included in Eq. (19) to consider aerodynamic damping

of rotational motion. Based on the resulting velocity, the e�ective angle of attackUe� –B, and the aerodynamic drag, lift,

and moment coe�cients2�–B , 2!–B, and2"–B , can be computed for each strip. The wings both have a GA(W)-2 airfoil,

whereas all lateral stabilizers (wing tips and inverted V) have a symmetric NACA-0009 pro�le, and coe�cients are

computed the same way as in [22] Based on [26, 27], the e�ect of control surface de�ection on the respective strip

aerodynamics is modeled as an increment in the aforementioned coe�cients by:

�
� � � X

�
: = � � X � X4–: sinX4–: (20)

�
� � ! X

�
: = � ! X � X4–: (21)

�
� � " X

�
: = � " X � X4–: (22)

where the computation of� � X, � ! X, and� " X is likewise adopted from [26, 27]. In addition, to capture the e�ect of

�ow separation on �ap e�ectiveness, the increment in lift in Eq. (21) is blended in and out with anarctan-function. The

resulting lift and drag coe�cients are corrected for the �nite wing with strip-averaged lift distribution and induced drag.

The drag, lift and pitch moment are de�ned as

� B = @B2�–B ( B– !B = @B2!–B( B– " H–B= @B2"–B ( B2B (23)

with strip area( B, chord2B, and dynamic pressure at the strip@B = jjvBj j2d•2.

The resulting strip force vector is found as:

f �
�–B = Xbw–i Xwa–s

�

� � 0 � !

� )

B
(24)

with rotation matrixXwa–s from aerodynamic to wing frame, which represents a rotation around theH-axis with angle

Ue� –B.

The fuselage drag force vector is found as:

f �
� = �

�
v�

� )
v� d•2 ( wet–� � 5: � � � (25)
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The element-wise product
�
v� � ) v� in Eq. (25) contains the directional information, such that the fuselage drag always

acts in the direction of the free�ow. The equations for form factor� � , wetted fuselage area( wet–� and turbulent skin

friction coe�cient � 5 are given in the Appendix A.C. To account for additional parasitic e�ects and wing/fuselage

interference, a correction factor of: � = 1•5 is applied in Eq. (25).

The di�erent aerodynamic model �delities - 2D from [2], 3D minimum stripfrom this work, and full strip from [22] -

are compared in Fig. 2 for constant axial �ight velocity of\ = 25 m s� 1 and sideslip# = 3� at constant thrust settings of

Zp = 375 Nfor all rotors. The plots show the aerodynamic aircraft response as the sum of all aerodynamic components

f �
0 andm�

0 over the tilt angleXF which are set equal for both wings.

Fig. 2 Aerodynamic response of 2D ( ), 3D ( ), and full strip theory ( ) models.

Obviously, the 2D model gives no lateral response. Other than that, all models show good conformance and predict

the same general behavior. However, there is a large deviation in pitch moment for the 2D model between14� and

45� , which can be traced back to the missing e�ect of swirl. Thus, the 3D model gives a more accurate result in this

region. In contrast, the 3D model shows underpredicted yaw moments< �
0–I throughout the tilt angle range, which

results primarily from the simpli�ed model of theinverted V.

Note that in optimal control, the system dynamics have to be computed for each point of the time grid, wherefore

the model structure is adapted to perform all multiplications element-wise. That way, all time points are computed
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simultaneously without the use of for-loops, which drastically improves the computation time.

B. Optimal Control Problem Formulation

The aim of optimal control is to �nd the optimal control inputsD¹Cº 2 R=D that bring the system with states

G¹Cº 2 R=G and dynamics5 : R=G � R=D � R ! R=G from its initial stateG0 = G¹C0º to a desired terminal state at

G5 = G
�
C5

�
, with minimized cost� : R=G � R=D � R ! R while complying with path and derivative constraint functions

(q6 andqA). The de�nition of the initial and terminal states is formulated as boundary constraintsq1. Transferred to

the 6DoF tilt-wing model, the state and input vectors are

x =
�

r � v� ) 
 � t% %F

� T

(26)

u =
�

t%2 %F2 %4

� T

(27)

with the position vector in the earth framer � , vector of Euler angles) , thrust vectort% for all rotors, and de�ection

vector%4 for all control surfaces. To obtain the derivatives of propeller speed and tilt de�ection for the computation

of the gyroscopic moment in Eq. (10), both are modeled as �rst-order functions of the command inputs (indicated

by subscript2). This also allows to consider the low bandwidth of the tilt actuation. In addition, rate constraints are

imposed according to Table 2 for all actuators.

Fig. 3 Side view of (upscaled) aircraft in level backward transition maneuver.

The goal of the trajectory optimization is to perform a longitudinal level backward transition from cruise to hover

�ight state (as illustrated in Fig. 3) within a �xed terminal time ofC5 = 21 s. In general, the terminal time can be

part of the optimization problem, but a �xedC5 eases the comparison between di�erent failure cases and the nominal

maneuver. The chosen terminal time is about twice as high as for the time-optimal level backward transition under

nominal conditions. The boundaries for all variables are provided in Table 2 and enforce the desired behavior. Only

upward aircraft motion (0 � ¤I � ) is allowed. Together with the objective to minimize the terminal altitude

� = I �
5– (28)

the aircraft tries to stay as close as possible to the initial reference altitude, which leads to a level transition (� I � � 0).

This combination of constraint and objective also prevents the aircraft from descending in hover mode after the transition,
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which is undesired. The pitch angle\ (as well as the other Euler angles) is constrained to small values to ease the

comparison between nominal and failure case. Nevertheless, for cases where the optimization is not successful, the

constraint can be loosened up to\ 2 »� 15� –15� ¼. As the backward transition is a decelerating maneuver, accelerations

in G� -direction are avoided with¤D� � 0. To avoid chattering in all components of the body moment vectorm� , the

derivatives of rotational rates
 � are constrained to be small. For the thrust command, the lower bound is set to1

instead of0 to avoid division by zero during the computation of the non-dimensional in�ow` , and imaginary results

in Eq. (16), as the deployed IPOPT-solver makes use of boundary expansion. Note that empty cells in Table 2 represent

unboundedness (implemented with a large number).
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Table 2 State, input, and time variables of the optimal control problem with boundaries and rate constraints
(RC).

State Variables

Variable Dimension Unit lower Bound upper Bound lower RC upper RC

G� 1 m 0 0 100

H� 1 m � 1 1

I � 1 m 0 100 0

D� 1 m s� 1 0 100 � 0•56 0

E� 1 m s� 1 � 0•1 0•1

F � 1 m s� 1 � 2 2 � 0•256 0•256

) 3 � -0.5 0.5


 � 3 � s� 1 � 1e� 2 1e� 2 � 1e� 4 1e� 4

t% 8 N 1 1125

%F 2 � 0 90

Input Variables

Variable Dimension Unit lower Bound upper Bound lower RC upper RC

t%2 8 N 1 1125 � 500 500

%wc 2 � 0 90 � 45 45

%4 4 � � 30 30 � 90 90

Time Variable

Variable Dimension Unit lower Bound upper Bound lower RC upper RC

C5 1 s 21 21

In former work [2], we found transition trajectories between trimmed cruise and hover �ight conditions, meaning

that the trim points were found beforehand and introduced as variable bounds ofx andu for the optimization. For an

over-actuated aircraft like the tilt-wing, the inputu is not unique for trimming and leaves freedom to be chosen more or

less freely, i.e., to minimize an objective function. However, the chosen trim states can have a strong impact on the

remaining feasible trajectories. A certain trim point with allocationu� can only be reached by certain state and input
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trajectories. Trajectories that would allow reaching other forms of trim allocationu are excluded from the solution set if

u� is enforced beforehand. Depending on the failure scenario, however, the set of trajectories to reachu� might be

unfeasible because of the limited aircraft performance (and destabilizing rolling and yawing moments introduced by the

failure), and the optimization would not converge. Therefore, to keep the solution space as large as possible, the hover

point is not de�ned in advance but instead found as part of the trajectory optimization by enforcing zero state derivatives

at terminal time:

� 1e� 4 � ¤x 5 � 1e� 4 (29)

As the propellers operate at low thrust in cruise, constraining the initial time point to trimmed cruise �ight conditions is

not as limiting. However, the trim requirement might not be ful�lled for all failure combinations, so unsteady initial

conditions (within the limits of Table 2) are accepted in the solution. Apart from that, the cruise velocity is de�ned to be

D� = 40 m s� 1, and hover has, of course, zero �ight speedv� = 0.

To obtain a nonlinear program (NLP) that can be solved with a gradient-based solver, the system dynamics are

transcribed with trapezoidal collocation on a grid with61nodes. Despite the large number of 22 states and 14 inputs,

and the resulting high-dimensional optimization space, the optimal control framework shows robust convergence without

a requirement for complex initialization.

III. Trajectory Optimization Results

The trajectory optimization from the previous section is now applied for the investigation of the backward transition

maneuver. To give some insights on the general tilt-wing transition characteristics, �rst a nominal transition is considered

before an encompassing investigation of single and combined failure cases is performed.

A. Nominal Backward Transition

For the intended level longitudinal backward transition, the aircraft has to balance all forces and moments, except

the horizontal force (which is equal to5�
G ) used for deceleration. Thus, the results in Fig. 4 do not show states except

the longitudinal velocity in body frameD� (which is redundant to positionG� ), as they are zero anyway, and the focus

instead is on the actuation. In the wing-borne cruise state at40 m s� 1, thrust settings are almost at idle and both wing

de�ections are close to zero. Accordingly, as shown in Fig. 5(a), aerodynamic forces (in grey) are dominant over

propulsive forces (in blue). The resulting total force vectors at both wings are slightly tilted forward causing a positive

force. However, the fuselage dragf � causes decelerating conditions. From cruise until mid transition (C� 12•5 s),

di�erential wing de�ection is applied to balance the pitching moment. The CG is slightly shifted towards the main

wing, wherefore the vertical force at the main wing (subscript< ) has to be slightly larger (� 5•5%) than at the canard

wing (subscript2) to balance the pitching moment. Next to the pitching moments caused by the shown forces, there

16



occur additional moments due to airfoil pitching and lateral propeller in�ow. In cruise, pitch trimming is inherently

obtained, as the surface area of the main wing and thus the aerodynamic lift is larger. Consequently, di�erential tilt

angles with higher de�ections at the canard wing are commanded. The canard thus initiates the backward transition

maneuver, whereas the main wing follows. In early backward transition, we can observe the typical non-linear behavior

(described in [2, 22, 28, 29] when entering into �ow separation. In the second part of the transition maneuver, both tilt

angles assume similar de�ections, and pitch is balanced with di�erential thrust, where the thrust force has to be larger

now at the main wing to compensate for the shorter lever arm to the CG. With increased thrust settings, propeller-wing

interactional e�ects increase, and there is an induced aeodynamic force in negativeG� -direction, see Fig. 5(b). The

propeller-induced lift is larger for the inboard wing section and decreases towards the wing tips, according to the

assumed elliptical lift distribution. As the induced lift serves as a decelerating force, the inner rotors () 2 and) 3 at main

wing as well as) 6 and) 7 at canard) run at higher thrust. This e�ect, in combination with increased control surface

de�ections for de�ected slipstream, would be even more exploited for time-optimal trajectories. In steady hover �ight,

next to all other forces and moments, also the total longitudinal force5�
G has to be zero, which is achieved by a slightly

forward tilted thrust vector to compensate for the induced lift in negative direction (see Fig. 5(b)).

Fig. 4 Result of trajectory optimization for longitudinal level backward transition under nominal conditions.
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(a) Cruise state atC0 (b) Hover state atC5

Fig. 5 Aero-propulsive forces in cruise and hover state under nominal conditions.

B. Failure Cases

There are various forms of potential failure sources for an eVTOL aircraft. For an initial investigation, it makes

sense to investigate the actuation system of the vehicle by considering failures of propulsion and/or control surfaces.

In contrast, failure of the tilt actuation is not considered, as this would impede the transition and therefore require

substantially di�erent landing strategies. Aiming for the strongest impact on �ight performance, complete losses of

rotors or runaways of control surfaces are considered. These can be easily introduced into the problem formulation by

adapting the variable limits. For rotor?, this leads to

1 � ) ? � 1 (30)

where the boundaries of1 are used again to avoid complex results in Eq. (16). For control surface runaways, it is not

clear which direction of runaway has the strongest e�ect on �ight performance, wherefore both negative and positive

de�ection limits, denoted byX�
4–: andX̧4–:, are tested:

X4–min � X�
4–: � X4–min – X4–max � X̧4–: � X4–max (31)

with X4–min = � 30� andX4–max = 30� .

With the ambition to investigate all cases of single failure and combinations of two failing components, the symmetry

of the aircraft is exploited to reduce the number of test cases. Therefore, for failure 1 only components on the right side

of the aircraft are considered, whereas failure 2 can assume all forms of rotor losses or runaways. The resulting test

matrix is shown in Table 3 and indicates for each failure combination if the initial cruisex0 and terminal hoverx 5

conditions can be trimmed, and if the trajectory optimization converged successfully (1 indicating success). Empty cells
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represent obvious symmetric test cases, and the diagonal where the same variables for failure 1 and failure 2 meet (from

) 1) 1 to X̧4–3X̧4–3) represents single failure.

Table 3 Test matrix showing if a solution for (trim of x0 | trim of x 5 | backward transition) can be found for the
failure combinations.

Failure 1
) 1 ) 2 ) 5 ) 6 X�

4–1 X̧4–1 X�
4–3 X̧4–3

Fa
ilu

re
2

) 1 1j1j1 - - - - - - -
) 2 1j0j0 1j1j1 - - - - - -
) 5 1j0j0 1j1j1 1j1j1 - - - - -
) 6 1j1j1 1j1j1 1j0j0 1j1j1 - - - -

X�
4–1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 - - -

X̧4–1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 - -

X�
4–3 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 -

X̧4–3 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 0j1j0 1j1j1 1j1j1

) 3 1j0j0 1j0j0 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1
) 4 1j1j1 1j0j0 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1
) 7 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1
) 8 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1

X�
4–2 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 0j1j0 1j1j1 1j1j1

X̧4–2 1j1j1 1j1j1 1j1j1 1j1j1 0j1j0 1j1j1 1j1j1 1j1j1

X�
4–4 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1

X̧4–4 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1 1j1j1

All failure scenarios with unsuccessful backward transition trajectory optimization are highlighted. While this alone

does not necessarily mean that the transition is impossible under the respective conditions, it gives a �rst indication of

challenging failure combinations. The highlighted test cases can be categorized into either combined rotor failures

or combined control surface runaways. In contrast, for all mixed rotor-runaway failure combinations, a solution is

found. For the highlighted combined control-surface failures, no trim point can be found in cruise conditions atx0. This

does not imply that the transition is infeasible, as trimmed initial conditions are not required. Instead, for unsuccessful

rotor combinations, no hover trim solution atx 5 is found, which suggests that a transition indeed is no longer possible,

as we require the trajectory to terminate in trimmed hover conditions (Eq. (29)). In the following, the critical failure

combinations are investigated in more detail. Note that) 1) 3 and) 2) 4, as well asX�
4–1X̧4–2 andX̧4–1X�

4–2, are equivalent

test cases due to symmetry, and only one case is considered respectively.

19



IV. Detailed Analysis of Critical Cases

This subsection investigates why the trajectory optimization failed for the highlighted test cases in Table 3, and tries

to verify if the backward transition under these conditions is indeed not feasible any longer.

A. Combined Rotor Failures

All unsuccessful combined rotor failures, illustrated in Fig. 6, have in common that no trim point in hover conditions

can be found. This means that the backward transition maneuver as de�ned in Section II.B is indeed impeded, and the

transition analysis can be reduced to the investigation of why there exists no trim point for the hover state. For trimming

(a) ) 1) 2, ) 1) 3, ) 2) 3 (b) ) 1) 5 (c) ) 5) 6

Fig. 6 Overview of critical combinations for two simultaneous rotor failures.

in hover conditions, all state derivatives shall be zero, which is equivalent tof � = 0 andm� = 0. Obviously, not

all constraints can be ful�lled at the same time for the considered cases. If we loosen one constraint - meaning one

component of eitherf � or m� - and instead replace the constraint for this component by a minimization objective for

its absolute value, we obtain the de�cits shown in Table 4 for vertical lifting force5�
I or pitching moment< �

H, if all

other forces and moments remain constrained.

Table 4 De�cits � for vertical force f H
z and pitching moment mH

y when loosening the respective hover trim
constraint.

Failure case ) 1) 2 ) 1) 3 ) 2) 3 ) 1) 5 ) 5) 6

� 5�
I ¹Nº 422•0 126•8 83•1 100 18•3

� < �
H ¹N mº 937•7 228•2 145•8 n.f. � 76•0

Table 4 con�rms that lift and pitch moment constraints can never be ful�lled together - otherwise, there would not

remain a de�cit. For all these cases, the constraints on roll and yaw moment< �
G and< �

I require cutting down the thrust

of corresponding rotor pairs, leaving merely four rotors fully operational - two on the main and two on the canard wing,

respectively. With a thrust-to-weight ratio of close to2 (1•93 in nominal conditions), all four fully available rotors have

to be operated close to the maximum thrust to provide su�cient lift. However, as the CG is shifted slightly towards the

main wing by design, the total vertical force has to be larger at the main wing than at the canard wing to balance pitch.
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