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ARTICLE INFO ABSTRACT

Communicated by Hever Moncayo This paper demonstrates the effectiveness of a Nonlinear Model Predictive Controller (NMPC) for a tiltrotor
urban air mobility aircraft experiencing failures of control effectors, specifically the elevator and tiltrotor,
during its level flight. The vehicle’s free-flight dynamic behavior is governed by a set of nonlinear rigid-body
Tiltrotor aircraft dynamic equations that account for multiple tiltrotors and their gyroscopic and inertial effects. The control
Urban air mobility variables include tiltrotors’ spin and tilt kinematics and the traditional control surface deflections. Stability and
Fault-tolerant control performance of the NMPC are evaluated using the Monte Carlo approach, followed by a parametric study on rotor
Flight safety spin acceleration and tilt rate. From these studies, suitable rotor spin acceleration and tilt rate are determined
for further control development with the elevator and asymmetric tiltrotor failure. The open-loop response is
compared to NMPC and linear MPC for rudder failure, and NMPC for elevator failure. The results indicate that
the NMPC can effectively attenuate the perturbation caused by an asymmetric tiltrotor failure by utilizing the
back rotors as push thrusters. In contrast, linear MPC demonstrates limited performance with a narrow feasible
region, making it less suitable for high-disturbance scenarios. When employing the back rotors for pitch control,
the NMPC significantly reduces the phugoid mode vibrations caused by the elevator failure. Additionally, the
findings suggest that when tilting the back rotors is necessary for pitch control, completing the tilting before
spinning the rotors leads to improved path-tracking performance.

Keywords:
Nonlinear model predictive control

1. Introduction the rotors also function as actuators, enhancing safety through redun-
dancy, i.e., with multiple rotors, these vehicles can continue operating
even in case of motor or rotor failure, thereby reducing the risk of seri-

The Urban Air Mobility (UAM) market is projected to experience sig-
ous incidents.

nificant growth driven by UAM’s potential to revolutionize transporta-

tion of passengers, air ambulances, package delivery, law enforcement, Realizing these capabilities, however, depends on developing so-
and military operations [1]. These applications will have a consider- phisticated control systems that can manage the unique complexities of
able impact on services provided by both public and private institutions eVTOL operations. For conventional aircraft, control in cases of surface
across various sectors. As the development progresses, enhancing flight failure often relies on pilot skill. While this is true, studies have been con-
safety, automation, and ride quality is more crucial than ever to inte- ducted on robust fault-tolerant control (FTC) systems capable of dealing
grate these new aircraft safely into urban airspace [2,3]. with possible control surface failure [4,5]. Mabboux et al. [6] considered

A key segment within UAM is the distributed electric propulsion the motor failure of a UAV in a co-design process synthesizing the ro-
(DEP) enabled vertical takeoff and landing (VTOL) vehicles, commonly bust control law. However, such controls depend on rapidly identifying
known as eVTOLs. These vehicles employ a fixed-wing design with mul- the nature of the failure, which is often difficult to do accurately during

tiple tiltrotors to enable vertical takeoff and landing. The tilt and spin of a flight. To address this, Wang et al. [7] proposed an adaptive fault-
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Nomenclature

G Global coordinate frame

B Body coordinate frame

PG/ Aircraft masscenterin Opg ........coovviviiiiinniinn. m
\ Translational velocity vector........................ m/s
@p Angular velocity vector..............coiiiiiin, rad/s
(7 Rigid-body rotation angles........................... rad
Mpp Inertia matrix

Cgp Damping matrix

Rp Aircraft load vector

R&rav Gravity load

Riner Inertial loads

Rrate Induced moment due to tiltrotors

Ré&yro Gyroscopic loads

Rext External loads

Q. Rigid-body angular velocities function

CcoB Rotational matrix - body to global

X System states

u System control inputs

y System outputs

0] Euler angle vector

¢ Rollangle........oooiiiiiiiiiiiiiiiiii it deg
0 Pitch angle .. deg
v Yaw angle.......ooouiiiiiiiiii i deg
mpg BOdY Mass. . c.veeneeeeee et kg

Ig Body moment of inertia..................coienial kg-m?
m, ROtOrmass.........oviiiiiiiiiiiiinii i kg
I7 Rotor moment of inertia....................o..... kg-m?
p Rigid-body velocity vector

¢ Quaternions vector

pg Inertial position vector of Op ........c.ooovviiiinn.... m
6,,6,,6, Elevator, aileron and rudder angles.................. deg
) Rotor tiltangle...........cooiiiiiiiiiiiiiiiiian. deg
r Rotor spinangle...........covuiiniiiiniininennnn... deg
A,B,C Continuous-time state space matrices

Ay, B;,C,; Discrete-time state space matrices

dt Discretization time step

J Cost function

p Prediction horizon

n Control horizon

U, Quadratic problem decision vector

r Output reference vector

w' Variable i NMPC weight

st Variable i NMPC scale factor

Ujarger  Target of the j/ input

Upnin/max  INPUt limits vector

AU /max  IDput rate limits vector

Qm Linear MPC state weight matrix

Ry Linear MPC input weight matrix

tolerant control scheme with adaptive sliding-mode control to maintain
tracking performance in both faulty and fault-free conditions. The adap-
tive scheme can automatically allocate control signals among abundant
actuators. Another approach considered rotor failures as external dis-
turbances, and a disturbance observer was designed to estimate rotor
degradation. The estimated disturbance was then used in FTC to com-
pensate for rotor degradation with guaranteed stability [8,9]. A more
thorough review of the FTC of UAVs can be found in Ref. [10]. While
several FTC techniques have been proposed for UAV applications, these
methods often lack the ability to explicitly enforce state and actuator
constraints, which is a critical requirement for eVTOL aircraft operating
in complex urban environments.

Model Predictive Control (MPC) has the potential for eVTOL control,
as it utilizes a model to predict future responses and determines optimal
inputs for optimizing control objectives [11-13]. In the event of failure,
MPC can successfully control aircraft or multi-rotor UAVs by explic-
itly incorporating constraints of states and actuators into the predictive
models. Due to the nature of the nonlinear dynamics, Nonlinear Model
Predictive Control (NMPC) has gained considerable attention. A fault-
tolerant NMPC was designed in [14] to stabilize and control a quadrotor
with a complete failure of a single rotor. The results demonstrated that
NMPC could recover the damaged quadrotor even in the course of ag-
gressive maneuvers. Similar fault-tolerant NMPCs were adopted in the
works [15,16] for fixed-wing UAVs. To connect with estimation algo-
rithms in practical implementations, nonlinear moving-horizon estima-
tion or extended Kalman filter can be used to provide estimation of states
and actuator faults [17,18]. These works study the rigid-body motions
with a relatively simple dynamic model, focusing on amplifying the con-
troller’s robustness against actuator failures. More recently, the authors
investigated NMPC'’s effectiveness for vibration suppression and lateral
path tracking in a tiltrotor eVTOL [19]. In this study, NMPC performance
was compared to open-loop (no controller), LQR, and linear MPC. Re-
sults showed that both NMPC and LQR effectively suppressed vibrations,
whereas the linear MPC was ineffective in mitigating rigid-body oscil-
lations. For path tracking, NMPC outperformed LQR, which relied on a
linearized model of the tiltrotor dynamics, a limitation that contributed
to its lower performance. In contrast, NMPC’s capacity to predict future

aircraft states and account for system nonlinearity enabled superior path
tracking. However, the heavy computational burden associated with
NMPC is worth mentioning, which usually limits its practical applica-
tion.

Recently, Qu et al. [20] applied an adaptive MPC with Linear
Parameter-Varying (LPV) models for the hovering control of a six-rotor
eVTOL in scenarios involving motor failure. The nonlinear dynamic
model of the VTOL aircraft was derived in [21], which will be used in
this paper. The LPV models were developed by linearizing the nonlinear
rigid-body model under varying failed rotor speeds. The LPV schedul-
ing parameter was chosen as the failed rotor speed, considering the
available motor peak power after failure to accurately represent the sys-
tem’s state as it transitioned from a healthy to a failed condition. Results
demonstrated that the adaptive MPC controller could recover and sta-
bilize the aircraft after motor failure across all single-failure scenarios,
outperforming linear MPC and highlighting the benefits of incorporat-
ing LPV into the controller design.

The dynamic behavior of aircraft is highly nonlinear when there is a
failure in the control effector. Consequently, NMPC is a promising tech-
nique for analyzing failure and implementing fault-tolerant control in
UAM aircraft. NMPC accounts for the fully nonlinear system, thereby
eliminating the need for the linearization process required in MPC ap-
proaches that use linear or LPV models, which is often challenging to ob-
tain linearized models about the transient nonlinear equilibrium states.
Therefore, this paper seeks to expand this topic by studying the NMPC
application for eVTOL aircraft control when the aircraft presents failure
during flight. First, an analysis of the stability and performance of the
NMPC is conducted using the Monte Carlo method, in which variations
are applied to each system output to evaluate the controller’s ability
to return the aircraft to its original trimmed flight condition. Next, the
effects of rotor spin acceleration and tilt rate on flight control are exam-
ined, followed by the investigation of two failure scenarios: asymmetric
tiltrotor failure and elevator failure during level flight.

This paper is organized as follows. Section 2 introduces the nonlinear
flight dynamic formulation for tiltrotor aircraft, followed by the NMPC
and linear MPC control systems description in Section 3. Section 4 shows
the numerical results. Finally, conclusions are summarized in Section 5.
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Fig. 1. Global and body reference frames of a rigid-body tiltrotor aircraft (con-
nections between rotors and aircraft are not shown).

2. Flight dynamic formulations

This study investigates a hybrid urban air mobility (UAM) aircraft
that consists of a fixed-wing airplane with tiltrotors (see Fig. 1). The
study presents a condensed summary of these equations. One can refer
to [21] for more details on the formulation.

A body-fixed frame B is defined with respect to the inertial frame G
to describe the vehicle’s position and orientation, with B, pointing to
the right wing, B, pointing forward, and B, completing the right-hand
rule. While the B frame can be arbitrarily placed, it is convenient to set
the frame’s origin Op within the vehicle’s symmetric plane. The inertial
position of Oy is represented by pg, while pg,/p describes the position
of the mass center of the fixed-wing aircraft (excluding the tiltrotors)
with respect to the B frame. The aircraft’s rigid-body velocity is given
by

_Jve | _JpptegXpp
ﬁ_{“’B}_{ 0p } M

By following the Hamilton’s principle, the governing equation of mo-
tion is obtained, given by

M;pE)B + Cpp(B.E)B=Ry 2

where the inertia matrix Mpp is dependent on the tilt angles E of the
rotors, while the damping matrix Cpp is dependent on both f and E.
The load vector Ry is the summation of the loads about the B frame
origin, including the contributions of gravity load R8&", inertial load
R’ induced moment due to tiltrotors R, gyroscopic load R&™,
and external load R®, such as propulsive and aerodynamic loads, i.e.,

RB - Rgrav + Riner + Rrate + ngro + Rext (3)
where details of the loads can be found in [21]. In addition, the B
frame’s orientation is described by the quaternions ¢, governed by

E=-30,)% @

where Q. is a function of the rigid-body angular velocities @ . Lastly,
the inertial position of the B frame can be calculated by

PG =Cyy =[COB 05]p )
where CY2 is the rotational transformation matrix from the body to
the global frame. The combination of Egs. (2), (4), and (5) completes
the nonlinear flight dynamic model of the tiltrotor UAM aircraft. Those
equations can be transformed to

B =My (—Cpp(B.2)B+Ry(B.£.5,.8,,6,.8.1)
¢=-30:p% ©
=107 0,ls
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where 6,, 6, and §, are the elevator, aileron, and rudder deflections,
Z is the vector containing the rotor’s tilt angles, and I' is the vector of
spin kinematics of the rotors. Therefore, the nonlinear system state and
control input vectors are defined as follows,

={E g
u'={s, 5, 5,

o mr @
ET ET ET FT FT}

As a post-processing, the Euler angles can be calculated from the
quaternions. By keeping the convention of the Euler angles defined in
the north-east-down (NED) frame for flight dynamics, the yaw angle y is
defined as rotation about negative B,-axis, the pitch angle 6 is defined
as rotation about B, -axis, and the roll angle ¢ is defined as rotation
about B -axis. Therefore, the Euler angles are given by

L 266 = &¢8s)

12 +})
6 =sin"! [—2 (¢4 +C0§2)] ®
_1 Z(Cogl _§2§3)

1-2(+8)

which can be simply noted as

@ =tan
W =tan

o={¢ 0 v} =0Q). ©)

Additionally, the system output y can be selected as a combination
of system states and Euler angles, with the full form given by

yT={/3T @7 (pg)r} 10

The trim solutions, either for level flight or vertical takeoff, were in-
troduced in Ref. [21], which provide the steady-state solutions of the
nonlinear equation set presented. In general, one can take the Taylor’s
expansion on the nonlinear governing equations with respect to a non-
linear equilibrium e, with control input u,. The linearized equation, as
well as the procedure to discretize the state-space system, are presented
in [19]. Therefore, this will be omitted here. The result is the discrete
system below with the A omitted

X1 = AgXg + Byuy an
Yir1 = Cx;

3. Control development
3.1. Nonlinear model predictive controller

The nonlinear model predictive controller (NMPC) looks ahead by
p steps to predict the system responses in the future (predicted output
in Fig. 2). It calculates the best sequence of control inputs u from the
present to 7, =t + n X df to achieve the closest match between the sys-
tem output and the desired output reference (predicted control input
in Fig. 2) [22]. Here, p is the prediction horizon, and » is the control
horizon illustrated in Fig. 2. At each time step, the controller predicts
the future system output and solves an optimization problem to deter-
mine the control input, using only the initial input vector (orange line).
This procedure is repeated in the next time step. This approach signifi-
cantly enhances controller performance with the trade-off of increased
computational cost.

In this study, the NMPC is designed using the MATLAB® function
nlmpc, where the function nlmpcmove solves the quadratic problem and
find the optimal control input in each time step. The cost function of the
quadratic problem is

J(UR) = J,(U) + J,(Up) + I, (Up) 12)

where U, is the quadratic problem decision defined by
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AY,U
Past Future
,’X —e— Reference trajectory
/s —&— Control output
K —— Past control input
N -3 - Predicted output
Yi ---- Predicted control input
- s
..... . e
- ] Lo
dt
jf——— t
S s R

Fig. 2. Simplified NMPC block diagram and example of controller with control and prediction horizons. (For interpretation of the colors in the figure(s), the reader

is referred to the web version of this article.)

T'={u"(klk) uT(k+1]k) ul(k+p—1]k)} (13)

The Ulf vector contains the inputs vectors u’ (k + i — 1|k) calculated in
the current control interval k for the i"" prediction horizon step, where
i ranges from 1 to the prediction horizon p defined during the controller
design. The output reference tracking term J, given by

2
(k+tlk)]} (14)

seo-35{ %0

Jj=1i=1

relates the j'* output reference r;(k +i]k) to the Jj™" output y;(k+ilk),
both referent to the i prediction horizon calculated at the current con-
trol interval k. The minimization of this term can be tuned by adjusting
the weight for j# plant output at the i prediction horizon step wy and
the scale factor of the j** output s} The cost function term J, allows
for the input variable tracking and is given by

n, p—1 2
J(Uk)—ZZ{ Sy (k + i) - jtarget(k+i|k)]} (15)
Jj=11i=0
where u; o is the target value for the j*™ input. wy; and s7 are the

weight and the scale factor of the j*
function is

n, p—1 whu 2
JAM(Uk)—ZZ{ il u(k+t|k)—u(k+t—1|k)]} 16)

j=1i=0

input. The third term of the cost

which allows for the consideration of input move smoothness during the
optimization process.

The NMPC is tuned for each case studied by adjusting the output and
input weights. Those are considered constant throughout the prediction
and control horizons and therefore have the new form wjy. and w’jf for
the j* output and ;" input weights. All the scale factors mentioned
are kept at their default value of 1. The input movement weights w
are also kept at their default values of 0.1. While the NMPC formulatlon
allows for output constraints, only input and input rate hard constraints
are used in this work, i.e.,

U min(D) < (k41 = 1K) <t (D)
17)
At in (1) < Atk + i = 1K) < Al gy (§)

The scale factors were omitted from Eq. (17) since they were kept as
units. In addition, uncertainties, and measured and unmeasured distur-
bances are neglected in the current work. In other words, the sensor
data is assumed to be perfect reading without the noise on sensor read-

ings. The effectiveness of the NMPC controller with uncertainties will
be studied in future work.

3.1.1. NMPC tunning

The NMPC is tuned by adjusting the output and input weights wjy.
and w. Increasing the output weights for a specific output enhances
reference tracking for that output. In contrast, higher input weights im-
pose a greater penalty on input variations, keeping them closer to the
input target values. Although this stabilizes the system and keeps in-
puts within desirable ranges, it may also limit adaptability to unforeseen
disturbances. Achieving a balance between precise output tracking and
input flexibility is essential for enhancing overall system performance.
Weights were tuned on a trial-and-error basis and experience from pre-
vious studies.

Additionally, the definition of input constraints is essential for the
proper behavior of the NMPC. Implementing these constraints can sig-
nificantly reduce computational costs and enhance control accuracy.
Without input constraints, system inputs tend to exceed the satura-
tion threshold of actuators, which can pose risks during operation.
Conversely, over-constrained systems can lead to an unsolvable opti-
mization problem without a feasible control solution. When it becomes
impossible to satisfy all constraints simultaneously, the NMPC priori-
tizes one constraint over others. However, this prioritization can change
abruptly, resulting in a potential loss of control. Therefore, carefully
considering input constraints is crucial for ensuring stable and reliable
system performance. Section 4.2 and Section 4.3 present a study of the
constraint boundaries for rotor spin acceleration and tilt velocity, re-
spectively. For each case examined, the NMPC input limits are adjusted
accordingly. The configuration that demonstrates the best performance
while preserving realistic constraint boundaries is adopted in the subse-
quent sections.

The prediction and control horizons play a crucial role in the ef-
fectiveness of NMPC. A larger prediction horizon allows the controller
to anticipate future system behavior more accurately, improving over-
all performance. Although a control horizon of one is typically selected
for most applications without significantly affecting results, increasing
the prediction horizon can enhance long-term responses. However, this
comes at the cost of a substantial increase in computational demand.

Alternatively, increasing the simulation time step can extend the
prediction range into the future, but at the risk of reduced numerical
accuracy. This can lead to the loss of critical dynamic behavior and po-
tentially result in instability or divergence in the simulation.

In this work, a prediction horizon of 10, a control horizon of 1, and
a time step of 0.1 s are used. While this configuration yields good per-
formance (Sec. 4), the high computational cost remains a significant
challenge (see Sec. 4.6). Therefore, a comprehensive study on controller
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computation optimization, including a parametric analysis of the time
step, control horizon, and prediction horizon, is necessary.

3.2. Linear model predictive controller

The linear Model Predictive Controller (MPC) operates in a similar
way to the NMPC. It predicts future system responses over a predic-
tion horizon p and computes an optimal sequence of control inputs over
a control horizon n to closely track the desired output reference (see
Fig. 2). However, unlike NMPC, linear MPC uses the linear system in its
discrete-time form presented in Eq. (11). Therefore, the cost function to
be minimized for the linear MPC is given by

n—1
J(U) = YnTQfYn + z (yzQMyk + quMuk) 1s)
k=0
where Qy is the terminal weighting matrix assumed to be an identity
matrix, and Qg and Ry, are the states and control input weight matri-
ces for the MPC [23]. The weight matrices are assumed to be diagonal
matrices. U, represents the control input sequence up to the control
horizon, which is to be obtained from the problem minimization (see
Eq. (13)).
In addition, the inputs are also subject to the hard constraints

Win < u(tk) < W

19
Al'lmin < u(tk+1) - u(lk) < Aumax
where u(k) is the control input vector at time 7. An infeasible problem
can occur when the controller cannot satisfy the optimization problem
constraints. This means that it is mathematically impossible to meet
the hard constraints while following the steady-state system equation
(Eq. (11)). Infeasibility may be due to an over-constrained system or
a significant system disturbance, which can render the MPC unable to
effectively control the dynamic system.

3.2.1. Linear MPC tunning

The linear MPC prediction horizon and time step are chosen to match
those of the NMPC, 10 and 0.1 s respectively, to enable a fair, apples-
to-apples comparison between the two controllers. Similarly, the input
limits are kept consistent with those used in the NMPC formulation.

The Qy; and Ry; matrices are tuned similarly to the tuning process of
the input and output weights of the NMPC. The Qy; matrix is a diagonal
matrix with the state weights, where larger values in Q,,; indicate a
higher penalty for deviations of that state from the desired trajectory.
Ry is also assumed to be a diagonal matrix, with each diagonal element
representing the weight assigned to a particular control input. Larger
values in R, ; indicate a higher penalty for control effort.

4. Numerical studies

This study focuses on the control of a fixed-wing UAM aircraft with
six tiltrotors, as shown in Fig. 3. The aircraft’s inertial and aerodynamic
properties are listed in Tables 1 and 2, respectively. The rigid propeller
pylon length is assumed to be 1 m. A comprehensive trim analysis at
multiple flight conditions and the validation of the rotor tilt transition
flight were investigated in a previous study (Ref. [21]) and will not be
discussed here. The results showed that the aircraft model studied is
stable and that the formulation can capture the essential characteristics
of rotor kinematics, such as tilt angle and spin rate, regarding the overall
vehicle response.

Moreover, previous research [19] investigated the comparison of
NMPC with both LQR and linear MPC. That study analyzed the perfor-
mance of all three controllers in mitigating rigid-body phugoid mode
oscillations following elevator input excitation. While all three con-
trollers reduced oscillations compared to the open-loop response, MPC
was ineffective in fully attenuating the rigid-body oscillation, failing
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to eliminate it over an 80 s simulation. Even when excitation magni-
tudes were reduced by 30%, MPC remained unsuccessful in completely
suppressing the oscillations, demonstrating its unsuitability for eVTOL
applications exhibiting highly nonlinear dynamics. Subsequently, LQR
and NMPC were compared in lateral and longitudinal path-tracking sce-
narios. Unlike the previous case, LQR could no longer maintain the
desired trajectory. In contrast, NMPC, leveraging its predictive capabil-
ities and ability to account for system nonlinearities, achieved superior
path-tracking performance. Based on these findings, this study further
assesses the viability of NMPC for eVTOL applications by investigating
its effectiveness in maintaining level flight when subjected to effector
failure.

The study includes an analysis of the NMPC stability and perfor-
mance through the Monte Carlo method in Sec. 4.1. This study aims
to assess the NMPC stability and performance when subjected to state
disturbances. The impact of tiltrotor spin acceleration on NMPC flight
control in Sec. 4.2, and an evaluation of NMPC for different rotor tilt
rates in Sec. 4.3 is also conducted. Based on the findings from these
studies, the effectiveness of NMPC is examined in two failure cases, each
considering rotor tilt and no tilt needed:

+ Asymmetric tiltrotor failure during level flight (Sec. 4.4)
« Elevator failure during level flight (Sec. 4.5)

The NMPC is compared to the MPC for the case of asymmetric tiltrotor
failure without rotor tilting in Sec. 4.4.1.

These cases were selected to reflect distinct but critical failures that
can significantly impact eVTOL flight stability and control performance.
The asymmetric tiltrotor failure simulates a loss of thrust or effectiveness
in one of the rotors, leading to asymmetric aerodynamic forces and con-
trol challenges, particularly in yaw and roll. This scenario is especially
relevant for distributed electric propulsion systems, where the failure
of a single rotor can cause considerable disturbances despite system re-
dundancy.

The elevator failure represents a typical control surface fault that can
significantly compromise pitch stability and longitudinal trim, particu-
larly during cruise flight. Although eVTOLSs primarily rely on rotor-based
control in hover, aerodynamic control surfaces such as the elevator play
a critical role during forward flight phases. While not all potential fail-
ure modes are explored in this study, the selected cases, which cover
both rotor-based (propulsion) and aerodynamic control failures, cap-
ture key challenges relevant to eVTOL operations. These representative
scenarios provide a strong foundation to demonstrate the NMPC’s effec-
tiveness and its potential for fault-tolerant control across a broad range
of practical conditions.

It is important to note that the current framework assumes prior
fault knowledge. Faults are not detected in real time, and the controller
is updated based on this assumption. Specifically, output weights re-
main constant after a fault, while input weights are adjusted to reflect
the presence of failed actuators and to improve control performance
(see Appendix). This allows the controller to reallocate effort among
the remaining actuators and maintain acceptable trajectory tracking.
Although this method clearly demonstrates the NMPC’s capabilities, it
does not yet reflect a fully autonomous system. A real-time fault de-
tection algorithm should be integrated into the control loop for future
implementations to enable adaptive responses to unforeseen failures.

To address differences in input scaling and improve convergence
behavior, the NMPC formulation uses the input increment Au(k) as con-
troller input, defined as

Au(k) =u(k) —u(k — 1)

Autarget(k +)= utarget(k) —u(k)

Here, u(k) is the current input vector, and U, (k) is the desired
steady-state input. This desired input is computed through solving the
differential equation of Eq. (6), assuming a given flight speed and alti-

(20)
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Table 1

Inertial properties of UAM aircraft.
Inertial Property Value Unit
Body mass, mpy 2,240.73 kg
Body moment of inertia, I 12,000 kgm?
Body moment of inertia, I, 9,400 kgm?
Body moment of inertia, I 20,000 kgm?
Rotor mass, m, 4.55 kg
Rotor moment of inertia, I:XX 3.5 kg m?
Rotor moment of inertia, ’,‘:yy 7.0 kgm?
Rotor moment of inertia, I 3.5 kgm?

Table 2

Aerodynamic properties of UAM aircraft.
Aerodynamic Property Wing Tail
Airfoil NACA 0012 NACA 0012
Ref. axis location 25% 25%
Span [m] 13.72 6.90
Sweep angle [°] -2.306 0
Dihedral angle [°] 0 0
Chord (root/tip) [m] 2.075/0.970 1.080/1.080
Incidence angle [°]" 3.1598 1.0626

* From leading-edge
* Incident angle with no twist

11 m

53m

0.45125'm

53m

|

I

|

|

|
S IR

|

|

|
4.71'm

—— SEESsEss =

Fig. 3. Tiltrotor UAM aircraft geometry and rotor positions.

tude (68 m/s and 304.8 m). Rotors on/off as well as tilt position are also
predefined. Additionally, to assure steady-state flight, aileron and rud-
der inputs, as well as all inputs 1* and 2"¢ order derivatives, are equal
to zero. With those constraints, solving the equation becomes trivial,
solving for spin rates and elevator input only, which then become the
Ugarget (K)-

By minimizing the cost function term based on the difference Au —
AUy, g, the controller not only moves the input toward its target but
also encourages convergence to a steady-state condition (i.e., u(k) =
u(k — 1)). When the input reaches its target, Auy, .. becomes zero, and
the control action naturally stabilizes.

Since Au represents relative changes rather than absolute magni-
tudes, inputs with vastly different numerical scales (e.g., elevator deflec-
tions vs. rotor speeds) do not disproportionately affect the cost function.
Moreover, penalizing input increments helps reduce unnecessary oscil-
lations and promotes convergence to the desired input state. This design
facilitates smoother and more balanced control actions across different

actuators, especially in systems with heterogeneous inputs, such as eV-
TOL aircraft.

The NMPC states x and output y are kept at full parameter values.
For all the cases, they are given by

XTz{ﬁT e’ (pg)T}

@n
yT={¢ 0 v 0, pg,z}

where ¢, 0, and y are the roll, pitch, and yaw angles in degrees. pgvx is
the B’s frame inertial position in the lateral (East) direction measured
in meters, while pg’z is the altitude.

The controllers’ inputs and configuration settings for each case are
summarized in the Appendix. The control input vector u may include
elevator, aileron, rudder, the spin rates of rotors 3 through 6, and the tilt
angles of rotors 5 and 6, as illustrated in Fig. 3. Rotors 3 and 6 rotate in
the counterclockwise direction (negative spin rates), while rotors 4 and
5 rotate clockwise (positive spin rates). A tilt angle E; of 0° corresponds
to a forward-facing rotor, while 90° indicates an upward-facing rotor,
consistent across all rotors.

The NMPC is simulated using a time step of 0.1 s, and fmincon as the
optimization problem solver from MATLAB’s Optimization Toolbox. A
case ID will be used for simulation identification. It follows the naming
convention 1-2-3-3-4 where 1 means open-loop (O), MPC (M), or NMPC
(N) simulations. The information on failure type is given on 2, with FE
for elevator failure and FR for rotor. 2 can also be used to specify Monte
Carlo study results (MC). 3 provides additional information on the case,
such as the spin acceleration or others. Lastly, 4 informs on the initial
position of the back rotors when applicable (rotors 5 and 6 in Fig. 3),
with F meaning forward and U upward.

For all cases, the aircraft is initially brought to a trimmed level flight
with the speed of 68 m/s at the altitude of 304.8 m. Rotors 3 and 4 op-
erate as the push rotors to provide the thrust. Rotors 1 and 2 are never
used, while rotors 5 and 6 can be engaged if a push rotor malfunction
occurs. The NMPC input target after failure is determined by solving the
differential equation of Eq. (6) with said failure, resulting in the input
vector needed for a trimmed flight in this configuration. This informa-
tion is provided to the NMPC, which is tasked with stabilizing the flight
in the event of a failure with a minimum deviation from the initial flight
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Table 3
Monte Carlo data summary.
Property Variation Unit teon (8) Input Note
Eastward velocity, v +5 m/second 5.2 8, 6, Converged
Northward velocity, vp,  +5% Xvp,, m/s 5.8 b, Converged to diff. value
Vertical velocity, vy , +5 m/s 5.7 6, Converged
X angular velocity, wp +5 °/s 5.4 8, Converged
Y angular velocity, wp , +5 °/s 3.3 [ Converged
Z angular velocity, wp . +2 °/s 6.9 é,, 6,, 6,  Converged, solution not found for var. > 2°
Roll angle, ¢ +5 ° 4.3 8,y 8,5 6, Converged
Pitch angle, 6 +5 ° 5.2 8, Converged
Yaw angle, y +5 ° 6.5 6, Converged
Eastward position, p‘;x +5 m 6, Not fully converged
Northward position, p§ =~ 5 m 2.3 s, Converged
Vertical position, Pi,z +5 m 5.2 8, Converged

“ Time taken to converge

path. That desired path is a straight and level flight in the y (North) di-
rection.

When tiltrotors are used to stabilize the aircraft flight, their transient
kinematics, including the rotor spin acceleration and tilt rate, may im-
pact the behavior of the controlled flight. In Sec. 4.2 and 4.3, parametric
studies are carried out to determine feasible transient rotor kinematics.

4.1. Study on controller stability

The Monte Carlo method for determining controller stability is a
probabilistic approach used to evaluate how likely it is that a control sys-
tem remains stable under uncertainty. Monte Carlo methods simulate a
large number of system instances with random variations in parameters
within a realistic range, and then check stability for each instance.

The system inputs, outputs, and states used in this study are given
by

= 6g) )

yT={ﬁT @7 (pg)T} @2)
u'=A{s, 5, 5, B5 By T3 T, T5 Ty}

a r

All simulations are initialized using the conditions described in Sec. 4,
corresponding to trimmed level flight at a speed of 68 m/s and an al-
titude of 304.8 m, heading due north. Rotors 3 and 4 serve as the push
rotors, providing the primary thrust. Rotors 1 and 2 are turned off for the
entire simulation duration. Rotors 5 and 6 are initially off and oriented
forward, but their spin velocity and tilt angles are available control in-
puts throughout the simulation.

This study investigates the system’s response to variations in each
output y. Ideally, all 12 outputs would be subjected to random vari-
ations across their feasible ranges. However, to reduce the number of
required simulations, a more constrained yet representative range of
output variations was selected, as detailed in Table 3. The chosen ranges
are designed to be sufficiently large to present a challenge for the eV-
TOL system, while still reflecting variations that are plausible under real
operational conditions.

The simulation are initially in trimmed flight condition, and at 0.5 s,
the output variations are included and the controller is tasked with
returning the aircraft to the trimmed flight condition. The NMPC out-
put weight, which determines the priority given to tracking a specific
output, is selected to be 0.8 for all outputs and 5 for the output with vari-
ation applied. The input weights are uniformly set to 0.2 for all control
inputs. Each output variation is introduced individually, and the results
for the worst cases, typically occurring at the extremes of the variation
range, are presented in Table 3.

The results show that the controller is stable and able to converge to
the desired values for most outputs, with a fast response time of less than

7s. However, a few exceptions are observed. For the northward velocity
vp,y» which corresponds to the flight direction, the NMPC remains stable
and reaches a steady value after approximately 5.8 s. However, in the
worst-case scenario, the final value deviates by 0.95 m/s from the de-
sired velocity of 68 m/s. For the angular velocity wp ,, the NMPC is able
to achieve convergence only for variations within +2°. For variations
beyond this threshold, the system becomes infeasible, and the controller
is unable to maintain stability. Lastly, the eastward position pg’x, which
represents the aircraft position due East, also posed a challenge. Al-
though the controller exhibits a clear trend toward convergence, it is
unable to fully stabilize the output to a constant value by the end of the
30 s simulation. In no case is divergence observed.

To further evaluate the controller’s stability, more demanding sce-
narios are considered, involving simultaneous disturbance of multiple
outputs in both longitudinal and lateral directions. The corresponding
case IDs and descriptions are provided in Table 4. The specific NMPC
settings used for these multi-variable cases are summarized in the Ap-
pendix.

4.1.1. Monte Carlo approach: longitudinal disturbance
The following output variations are applied at 0.5 ms of simulation

« Pitch angle, 6: +5°
* Vertical velocity, vp ,: +5m/s
« Vertical position, pgz: +5m

and the controller is tasked with returning the aircraft to the trimmed
flight condition.

The results shown in Fig. 5 indicate that the NMPC primarily relies
on elevator deflection to correct deviations in altitude, vertical velocity,
and pitch angle. Fig. 4 shows that all variables are successfully driven
back to stable values near the initial conditions within approximately
10s. In contrast, the open-loop results illustrate that, without control
intervention, the system would exhibit sustained oscillations in both al-
titude and pitch angle.

4.1.2. Monte Carlo approach: lateral disturbance
For this case, the outputs related to lateral motion, listed below, are
disturbed at 0.5 s into the simulation.

* Yaw angle, y: +5°

* Roll angle, ¢: +5°

+ Eastward velocity, vg,: +5m/s
+ Eastward position, pgyx: +5m

This scenario presents a significant challenge, as it involves the
simultaneous excitation of multiple variables, including the eastward
position, output with worse results when disturbed individually. Nev-
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Case ID and descriptions for Monte Carlo study.

Case ID

Description

O-MC-LON
O-MC-LAT
N-MC-LON
N-MC-LAT

Open loop results for Monte Carlo analysis under longitudinal disturbances
Open loop results for Monte Carlo analysis under lateral disturbances
NMPC results for Monte Carlo analysis under longitudinal disturbances
NMPC results for Monte Carlo analysis under lateral disturbances
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Fig. 4. Aircraft trajectory and Euler angle response during flight subjected to longitudinal disturbance.
6 : Table 5
N-MC-LON Case ID and descriptions for rotor spin acceleration parametric
54 —=-=-0-MC-LON | stud
y.
Case ID Description
o 4 1
g O-FR-F Open loop
o 31 | N-FR-S300-F NMPC - Rotor spin acceleration of 300 deg/s’
3 N-FR-S500-F NMPC - Rotor spin acceleration of 500 deg/s>
5 N-FR-S1000-F  NMPC - Rotor spin acceleration of 1000 deg/s’
< 2 b N-FR-S2000-F  NMPC - Rotor spin acceleration of 2000 deg/s’
5 N-FR-S3000-F  NMPC - Rotor spin acceleration of 3000 deg/s”
w 1 1
0 — —_ a failure in rotor 3 is detected, rotors 5 and 6 are used to stabilize the
vehicle. Before the failure occurs, push rotors 3 to 6 are facing forward
A } ) ) } (E3.¢ =0°) with only rotors 3 and 4 active. At t =3, rotor 3 fails (i.e.,
0 10 20 30 40 spin rate changes to zero) as shown in Fig. 9, while rotor 4 is still op-

Time, s

Fig. 5. Control surface inputs during flight subjected to longitudinal disturbance.

ertheless, the results shown in Figs. 6 to 8 demonstrate a substantial
improvement over the open-loop response. The Euler angles successfully
converge to their initial conditions, and while the eastward position still
exhibits a maximum deviation of 9.6 m, it represents a marked improve-
ment compared to the uncontrolled case. Notably, the lateral excitation
induces secondary deviations in altitude and pitch angle, as the con-
troller prioritizes correcting higher-weighted variables (v, ¢, vg ,, and
[n}

Overall, the controller exhibits robust performance, with very few
instances of divergence or instability. These results support its reliability
in managing nominal flight conditions, justifying this study’s focus on
assessing this controller’s performance with fault tolerance.

4.2. Tiltrotor spin acceleration study

This study explores how the rotor spin acceleration impacts the sta-
bilization of a vehicle with a push rotor failure. Refer to Fig. 3. After

erating. It causes the aircraft to yaw due East and lose altitude rapidly,
as shown in Fig. 10. The black cross on the curve indicates the moment
when the aircraft crashes.

At the instant of failure (r = 3s), rotors 5 and 6 become the con-
trol input for NMPC to stabilize the vehicle. Five spin accelerations are
compared, including 300, 500, 1000, 2000, and 3000 deg/s>. The case
IDs and descriptions are listed in Table 5 and the corresponding NMPC
settings are presented in the Appendix. Nonetheless, the NMPC input
vector is

w'=A{s, 5, 5 T3 Iy I's I'y} (23)

where I'; are the spin rates of rotors 3 to 6.

Figs. 11 and 12 illustrates the control inputs of each simulated case
listed in Table 5, which includes the spin rate of rotors 4 to 6, eleva-
tor, aileron, and rudder deflection angles. In the open-loop scenario,
the inputs remain constant throughout the simulation. In contrast, in the
controlled cases, rotor 4 is turned off as quickly as possible, subject to
the defined spin acceleration limit. The shutdown of rotor 4 can prevent
the aircraft from yawing eastward, a behavior observed in the open-loop
response. Meanwhile, rotors 5 and 6 spin up to provide the thrust. While
symmetric control forces are achieved eventually, the aircraft still devi-
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Fig. 7. Euler angle and eastward velocity response during flight subjected to lateral disturbance.

ates from the original path due to the transient and asymmetric inputs
(see Figs. 13 and 14). This transition period is longer when the rotor ac-
celeration is smaller; therefore, the conventional control surface inputs,
mainly the rudder, are also used to adjust the flight path.

The Euler angles of the vehicle of all the simulated cases are pre-
sented in Fig. 13. The NMPC aims to track the vehicle’s Euler angles,
with the reference being the initial trimmed Euler angles. The case that
performs better is the one with a higher spin acceleration (N-FR-S3000-
F). Fig. 14 illustrates that, as the aircraft takes longer to reach the target
rotor spin rate, it deviates more from the desired path, necessitating ad-
ditional time and larger system inputs to bring the vehicle back to the
reference flight path.

As can be derived, the best-case scenario would be an instantaneous
spin rate change in the rotors with an infinite large spin acceleration.
However, eVTOL rotors can’t have an infinite spin acceleration with cur-
rently available technology. In addition, the range of achievable spin
accelerations for eVTOL rotors is not well documented in the litera-

ture. While the maximum angular acceleration of a propeller can be
determined by dividing the maximum torque by the propeller’s moment
of inertia, that information alone is not enough to determine a rotor’s
angular acceleration limit. Aircraft drag and propeller efficiency also
greatly affect the determination of rotor spin acceleration limits. De-
tailed information on the performance and efficiency of eVTOL rotors
is not publicly available as these aircraft are currently in the develop-
ment phase [24-26]. Therefore, the spin acceleration of 1000 deg/s? is
selected in the following studies as a more conservative choice that still
presents acceptable path-tracking results with the NMPC. However, an
even more conservative selection may be more realistic, which means
degradation of controller success in following the desired flight path.

4.3. Tiltrotor tilt rate study

This study examines the impact of rotor tilt rate on the performance
of the NMPC controller. Four tilt rates are evaluated, including 2, 5, 10,
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and 20 deg/s, with Case IDs listed in Table 6. The same initial flight con-
dition and failure as Sec. 4.2 is used, except that rotors 5 and 6 initially
face upward (Es5.¢ = 90°). This scenario requires rotors 5 and 6 to tilt
forward to provide the trust for the vehicle. The rotor spin accelerations
are set to the high value of 35,000 deg/s> for a nearly instantaneous
spin rate shift. Therefore, the tilt rates of rotors 5 and 6 become the
dominant impact factor on the aircraft’s path-tracking performance. The
input vector is extended to include rotor 5 and 6’s tilt angles (25 and
He), i.e.,
u'=A{s, 5, 5, B5 By T3 T, T5 Ty} (24)

The open-loop response with rotors 5 and 6 initially upward is almost
identical to the Case O-FR-F shown in Fig. 10. This is because the change
in rotor orientation (facing upward instead of forward) only slightly
alters the mass distribution on the aircraft.

Rotors 5 and 6 tilt from 90° (facing upward) to 0° (facing forward).
Figs. 15 and 16 show this transition with different tilt rates, in addition

to the near-instantaneous spin rate change. Elevator, aileron, and rudder
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Table 6
Case ID and descriptions for rotor tilt rate
study.
Case ID Description
O-FR-U Open loop
N-FR-T2-U NMPC - tilt rate of 2 deg/s
N-FR-T5-U NMPC - tilt rate of 5 deg/s
N-FR-T10-U  NMPC - tilt rate of 10 deg/s
N-FR-T20-U  NMPC - tilt rate of 20 deg/s

Table 7

Case ID and descriptions for asymmetric tiltrotor failure.
Case ID Description
O-FR-F Open loop - Rotors 5 and 6 initially angled forward
O-FR-U Open loop - Rotors 5 and 6 initially angled upward
N-FR-F NMPC - Rotors 5 and 6 initially angled forward
N-FR-U NMPC - Rotors 5 and 6 initially angled upward

inputs are shown in Fig. 17. Note that the cases with lower tilt rates (2
and 5 deg/s) correspond to higher control surface input magnitudes.

Figs. 18 and 19 show the orientation and position of the aircraft with
different tilt rates. The case that better tracks the Euler angle is the one
with a larger tilt rate of 20 deg/s (N-FR-T20-U). This phenomenon is also
observed in the aircraft’s position tracking. On the other hand, the case
with a low tilt rate may not be able to follow the desired path even with
higher control surface inputs, as shown by Case N-FR-T2-U. In other
words, even after rotors 5 and 6 have completed the tilt transition to
the forward position, the aircraft is still not able to return to the straight
flight path due North during the simulation time.

The case with a higher rotor input change rate once again yielded
the best control results. However, such a high input rate may not be
practical for real eVTOL aircraft. In literature, there is an eVTOL UAV
platform [27] reported with a tilting rate of 14 deg/s. Nevertheless, a
conservative value of 5 deg/s is selected in the following studies, as it
has resulted in a reasonable trajectory tracking of the aircraft.

4.4. Asymmetric tiltrotor failure

With rotors spin acceleration of 1000 deg/s> and tilt rate of 5 deg/s,
the aircraft is stabilized after a failure of rotor 3 occurs, while two differ-
ent initial orientations of rotors 5 and 6 are considered, namely initially
angled forward (Sec. 4.4.1) and initially upward (Sec. 4.4.2). The input
vector of Eq. (24) is used, and the Case IDs and description are listed in
Table 7.

4.4.1. Tiltrotor 3 failure with back rotors initially forward

Rotors 5 and 6 are activated following the failure of rotor 3. They
operate as push thrusters immediately after the failure, and since they
are initially oriented forward, no tilt adjustment is required.

In this scenario, the performance of the NMPC is compared with that
of the linear MPC. As previously noted, the system states and outputs
used for both controllers are defined in Eq. (21). The NMPC input vector
is given by Eq. (24), while the MPC formulation omits I';, the variable
associated with the failed rotor, from its input set. The diagonal val-
ues of the MPC weight matrices Qy; and Ry, are listed in Table 8. Both
controllers are simulated using a time step of 0.1 s and a prediction hori-
zon of 10. For solving the underlying optimization problem, both NMPC
and linear MPC employ MATLAB’s fmincon solver, which is designed to
minimize constrained nonlinear scalar functions.

The aircraft responses are shown in Figs. 20 and 21, where the cross
symbol indicates the moment the aircraft crashes in the open-loop simu-
lation. Additionally, the plus symbol marks the point at which the linear
MPC solution becomes infeasible.

The results show that the NMPC can track the desired path with a
minimal loss of altitude, in contrast to the open-loop response, where a
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Table 8
Parameter of LQR and MPC for
the vibration suppression simula-

tion case.
Property Value
Q;, O3 to Qg, Oy, Oy 1
0, 100
Q5 to Qg 10
R, 10
Ry, R, 1
Ry, Rs 100
Rg to Ry 0.1

quick loss of altitude until a crash is observed. The NMPC also success-
fully maintains the Euler angles near constant, showing that even with
a realistic rotor tilt rate and spin acceleration, the NMPC can track the
path after a rotor failure. In comparison, while the linear MPC does mit-
igate the rapid altitude loss seen in the open-loop case, it performs less
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Fig. 12. Control surface inputs during flight with asymmetric tiltrotor failure
for different rotor spin accelerations.

effectively than the NMPC. Specifically, the MPC response exhibits an
approximate 150 m altitude drop and initial oscillations in the roll and
pitch angles.

Figs. 22 and 23 display the tiltrotor inputs for open-loop and con-
trolled cases. The NMPC keeps the tilt angle of rotors 5 and 6 nearly
constant in the forward position while adjusting their spin rate to the de-
sired value as quickly as possible, considering the spin acceleration limit
imposed on the controller. The linear MPC exhibits a similar behavior,
although it shows a larger deviation in tilt angle as the simulation pro-
gresses. The control surface inputs are presented in Fig. 24. Throughout
the simulation, NMPC commands mostly use the rudder for flight con-
trol, whereas linear MPC distributes control effort more evenly between
the rudder and aileron. Notably, the elevator deflection does not reach a
steady-state value in either controller, indicating that trimmed flight is
not fully achieved and that the aircraft continues to adjust its pitch over
time. Overall, the NMPC demonstrated a superior ability to maintain
level flight following rudder failure compared to the MPC.
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More importantly, identifying MPC settings that enabled full simula-
tions without infeasibility proved to be challenging. Even adjusting the
MPC weight matrices Qg and Ry, varying the simulation time step, or
altering the MPC prediction horizon did not lead to feasible solutions
during the full simulation duration. This suggests that while a feasible
operating region for the linear MPC under this level of system distur-
bance may exist, it is very narrow. Similar behavior was observed in
the vibration suppression mission described in [19]. Consequently, the
linear MPC formulation employed here is deemed unsuitable for applica-
tions involving higher excitation levels. Therefore, MPC will be omitted
from the subsequent studies, which involve more challenging scenarios.

4.4.2. Tiltrotor 3 failure with back rotors initially upward

In this study, tiltrotors 5 and 6 start in an upward position right
after the failure of rotor 3. They must tilt from 90° to 0° while spin-
ning up. It makes this simulation more complicated than in Sec. 4.4.1.
The aircraft response is presented in Figs. 25 and 26, with the cross in-
dicating the instant an altitude of zero is obtained for the open-loop
simulation. The aircraft crashes in approximately 30 s without control.
Figs. 27 to 29 show the control input for the open-loop and controlled
cases. The NMPC can effectively adjust the rotor tilt angles and spin
rate to accurately and promptly meet the target values. However, dur-
ing the simulation, the elevator deflection reaches higher magnitudes of
approximately —4.5°, which does not reach a steady value at the end of
the simulation.

The reason for the growing elevator angle can be better understood
by observing the aircraft response (Figs. 25 and 26). Even after meeting
the rotors’ target inputs, the aircraft still tends to lose altitude. To reduce
the altitude loss, the NMPC increases the elevator deflection, causing
a slight increase in the aircraft’s pitch angle. Although a level flight
after the failure of rotor 3 is not fully achieved with the simulation, the
aircraft still follows the intended path and a safe flight is possible with
the assistance of NMPC.

4.5. Elevator failure

Giving continuation to the assessment of the controller’s ability to
stabilize flight, the effect of an elevator defect is investigated. The de-
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fect involves setting the elevator deflection to zero after 3 s of trimmed
level flight, which triggers the excitation of the rigid body phugoid mode
of vibration. Tiltrotors 5 and 6 are then made available to the NMPC to
maintain the level flight condition and suppress the rigid-body vibra-
tion, as the main control surface for pitch angle stabilization (elevator)
is no longer functional. All rotors are subjected to the same rotor spin
acceleration of 1000 deg/s? and tilt rate of 5 deg/s defined in Sec. 4.2
and 4.3.

Two cases are considered: one with the back rotors initially posi-
tioned upward (Sec. 4.5.1) and another with the back rotors initially
positioned forward (Sec. 4.5.2). The Case ID and its descriptions are
presented in Table 9 and the NMPC settings for these cases are outlined
in the Appendix. Since this failure case induces a purely longitudinal
motion, lateral motion, roll, and yaw angles are not presented herein.

4.5.1. Elevator failure with back rotors upward

The initial trimmed flight condition with rotors 5 and 6 in the up-
ward position has a slightly positive elevator deflection, although it is
close to zero. When the elevator fails and the deflection is instantly re-
duced to zero (see Fig. 30), the aircraft enters the phugoid mode of
vibration. This is characterized by a low-frequency longitudinal rigid
body vibration and a gradual loss of altitude. Additionally, the eleva-
tor is no longer available for pitch angle control, a task that must be
taken over by rotors 5 and 6. To do this effectively, rotors 5 and 6 are
maintained facing upward. Therefore, there is no need to tilt the ro-
tors in this case, only requiring reaching the target spin rate. Figs. 31
and 32 show the inputs for the tiltrotors in both the NMPC and open-
loop cases. The NMPC effectively adjusts the tiltrotors’ spin rate to its
target value while maintaining tilt angle in the upward position (90°).
Tiltrotors 5 and 6 also exhibit a minor oscillation of tilt angle to re-
duce the rigid body vibration. This is achieved while adhering to the
tilt rate and spin acceleration limitations mentioned previously. Over-
all, the controller demonstrates its capability to sustain the pitch angle
and altitude at near-constant levels (see Fig. 33), showing minimal os-
cillation throughout the simulation.

In contrast, the response without control aid, in which the inputs
are maintained at their initial values, displays noteworthy oscillations in
pitch angle. These oscillations persist throughout the 180 s of simulation,
with slow damping. Additionally, the open-loop altitude demonstrates
significant oscillations and a continual decline, which is anticipated to
continue beyond the simulation period.

Fig. 33 shows that the NMPC effectively decreases the pith angle
vibration in comparison to the open-loop response (O-FE-U). Although
there is still some oscillation, the pitch angle range is minimal, of 0.007°
compared to 0.18° for the open loop. The altitude is also being success-
fully maintained at a nearly constant level.

4.5.2. Elevator failure with back rotors forward

When the rear rotors are facing forward, the slight change in weight
distribution in the aircraft causes the aircraft’s trimmed flight condition
to result in an initially negative elevator deflection. This deflection is
instantaneously changed to zero when the elevator failure occurs (see
Fig. 34). Although the initial elevator deflection is small, this change
affects the phugoid mode vibration, causing an upward motion rather
than downward (as discussed in Sec. 4.5.1). Since rotors 5 and 6 are
initially oriented forward, they must tilt into the upward orientation to
act effectively for pitch angle correction. Therefore, this case is more
challenging than the one presented in the previous section, as the tilt
transition time can lead to increased flight path deviation.

Two NMPC cases are being investigated. In Case N-FE-1-F, the target
curves provided to the NMPC show changes in rotor spin rate and tilt
angle starting at the instant of failure (f = 3s). In Case N-FE-2-F, the
rotors begin to spin toward their target value after they have achieved
their final tilt angle. In other words, rotors’ tilt transition start at t =3 s
with no spin, while they start to spin at r =22s.
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Table 9
Case ID and descriptions for elevator failure.
Case ID Description
O-FE-U Open loop - Rotors 5 and 6 initially angled upward
O-FE-F Open loop - Rotors 5 and 6 initially angled forward
N-FE-U NMPC - Rotors 5 and 6 initially angled upward
N-FE-1-F NMPC - Rotors 5 and 6 initially upward, spin and tilt simultaneously
N-FE-2-F NMPC - Rotors 5 and 6 initially upward, spin after tilt

14
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Fig. 34 shows that the tilt angle input is the same for both NMPC
cases. In both cases, the target is reached and maintained for the rest
of the simulation. Fig. 35 shows the rotors’ spin rates. In case N-FE-1-F,
rotors 5 and 6 are turned on at 3 s into the simulation, while in case
N-FE-2-F, they are activated at 22 s. Note that both NMPC cases use the
spin rate of rotors 3 and 4 to eliminate rigid body vibration, with the N-
FE-2-F case reaching higher magnitudes after the start of the transition.

Figs. 35 and 36 show the rotor inputs for both controller cases and
the case without controller (constant inputs). In addition to the tilt angle
and spin rate transition into target value, the controller also uses a small
oscillation of rotors 3 and 4 spin rate for vibration suppression.

The system responses for N-FE-1-F (Fig. 37) show that when rotors 5
and 6 start to spin and tilt into their respective target values simultane-
ously, the aircraft exhibits a higher magnitude of pitch angle oscillation
compared to the open-loop response. Consequently, a higher altitude os-
cillation is also observed. In addition, the altitude also oscillated around
an altitude of approximately 306 m, which is higher than the desired
304.8 m. This deviation, along with the rigid body oscillation, is not suc-
cessfully suppressed by the NMPC during simulation. In contrast, Case
N-FE-2-F, which involves the rotors’ spinning after tilting into the orien-
tation, exhibits a good path-tracking response. Although this case does
not completely eliminate rigid body vibration during the simulation,
it does demonstrate faster vibration suppression. There is a decrease
in pitch angle magnitude of 1.1 x 1073 deg/s compared to the natural
damping of the pitch angle of 2.2 x 10~* deg/s for the open-loop re-
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sponse and 7.8 X 10™* deg/s for the N-FE-1-F case. This suggests that
isolating the inputs for the NMPC can be beneficial in certain scenarios,
highlighting the importance of an in-the-loop path generator capable of
determining the best combination of inputs for the NMPC to track. The
results also imply that relying solely on four tiltrotors to compensate for
the loss of the elevator may not be adequate in more demanding situa-
tions, such as when the rotors need to tilt to the required angle before
spinning. The inclusion of the front tiltrotors (refer to 1 and 2 of Fig. 3)
may aid in pitch correction, potentially reducing the time required to
eliminate the phugoid mode vibration.

4.6. Computational cost

While the results presented here demonstrate the effectiveness of
NMPC for eVTOL control, the high computational cost remains a sig-
nificant challenge, limiting its real-time applicability during flight. Cur-
rently, simulating a 60 s flight requires approximately 10 h of computa-
tion time. This involves a system with 13 states, nine inputs, and five
outputs, simulated with a 0.1 s time step, a prediction horizon of 10, and
a control horizon of 1, conditions consistent with those in Sec. 4.2 on-
ward. The average computation time per time step is 68.25 s, with 99%
of that dedicated to NMPC calculations (67.6s), and only 1% spent on
plant simulation and data storage for the subsequent step. By contrast,
the MPC averages 1.6 s per time step, with 64.6% of that time (1.07 s)
devoted to controller calculations.
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This stark difference highlights the primary limitation of NMPC and
underscores the need for further research into computational optimiza-
tion. As previously noted, factors such as the prediction horizon, con-
trol horizon, simulation time step, and input constraints significantly
influence NMPC’s computational burden. Therefore, a comprehensive
parametric study examining these elements is essential for controller
optimization.

Although the efficient computation of NMPC is not the focus of this
work, it is worth discussing the recent works that could be used to
further improve this work. One approach is to accelerate the compu-
tations by relaxing inequality constraints [28], deriving shortest predic-
tion horizon with stability guarantee [29,30]. Another approach is to
replace the nonlinear dynamic model with other model representations
that will lead to efficient computations, including LPV model [13], Arti-
ficial neural networks (ANN) [31], and Koopman operator model [32].
Besides, deep learning provides an alternative way to infer an approxi-
mate model and self-tune the controller [33]. These approaches are of
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special interest for eVTOL applications in real-time implementation of
MPC algorithms, but need special attention on stability and robustness
for flight safety.

5. Conclusion
In this paper, the implementation of a Nonlinear Model Predictive

Controller (NMPC) for an urban air mobility aircraft during level flight
with control input failure is presented. The study first focused on the
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Fig. 29. Control surfaces inputs during flight with asymmetric tiltrotor failure, back tiltrotors angled upward.
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study of the NMPC stability and performance through the Monte Carlo
method, where each system output was subjected to variations and the
controller was tasked with returning such outputs to the initial trimmed
flight condition. The results show that the controller is stable and able
to converge to the desired values for most outputs, with a fast response

20

Aerospace Science and Technology 165 (2025) 110517

306 ; ; : ‘
7\ --=-O-FE-U
!\ —N-FE-U
3055+ ! = 1
iy n
I & 4%
< A N A ]
€ ——\ ) —o
) \i [ "\
k v \ /
T 3045 bt A S A 1
E \‘ 'I “\ / “ 74
< 7 (I A
304 | V2R U A 1
LU A
N/ \
303.5 \ . 1
303 1 1 L 1 1 1 1
0 2000 4000 6000 8000 10000 12000 14000

North, m

System response during flight with elevator failure. Back tiltrotors positioned upward.

time of less than 7 ms, only not being able to fully converge for the longi-
tudinal velocity, yaw angular velocity, and lateral aircraft position. The
case for the longitudinal velocity converged to a value slightly different
from the target; the case for yaw angular velocity converged to a solu-
tion but only to variations of +2°; the case for lateral velocity did not
fully converge during 30 s simulation. However, none of the solutions
diverged. Two scenarios involving simultaneous variation of multiple
outputs were presented, one with longitudinal disturbances and another
with lateral disturbances. For both cases, the controller did not diverge
and was able to return the flight to an approximately trimmed condition,
even under such challenging conditions.

The impact of rotor spin acceleration and tilt rate on flight control
was also investigated. It was found that a faster input rate of change
is beneficial for the NMPC. However, both the spin acceleration and
tilt rate are limited by motor capabilities, aircraft, and propeller design.
Therefore, the more conservative settings of 1000 deg/s? spin acceler-
ation and 5 deg/s tilt rate were selected for the following simulations,
which still showed good path-tracking results when analyzed with asym-
metric rotor failure.

Two failure cases were analyzed with the aforementioned rotor set-
tings: asymmetric tiltrotor and elevator failures during level flight. Both
were simulated with the back rotors initially oriented either upward
or forward. In the rotor failure scenario, the back rotors function as
push thrusters, making more challenging for the configuration with back
rotors initially upward-facing due to the additional requirement of tilt-
ing into position while simultaneously reaching the target spin rate.
The NMPC was compared with a linear MPC for the less challenging
configuration, where the rotors were already facing forward. Results
showed that the MPC was less effective than the NMPC in returning the
aircraft to trimmed flight. The feasible operating region for the MPC
under this level of system disturbance proved to be very narrow, mak-
ing it unsuitable for applications involving high levels of excitation. In
contrast, the NMPC successfully tracked the reference trajectories and
maintained level flight in both initial rotor orientations following the
failure, highlighting its robustness and superior performance under fail-
ure conditions.

Next, the elevator failure was analyzed considering the two positions
of the back rotors. In this case, the back rotors act on pitch correction
to remove the phugoid mode vibration excited by the elevator failure.
The most challenging case was when the back rotors were initially for-
ward, requiring tilting into position. The results showed that activating
the back rotor before completing the tilting causes a more significant
deviation from the desired flight path. Conversely, starting rotor spin-
ning after tilting into position showed excellent results, which could be
improved in the future by adding front rotors to assist further with pitch
correction.
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Fig. 37. System response during flight with elevator failure. Back tiltrotors positioned forward.

The high computation cost of NMPC remains a significant challenge
of the proposed method. Currently, a 60 s flight simulation takes 10 h of
computation time, preventing its application for real-time flight control.
The use of Neural Network-based NMPC can reduce the time needed to
achieve the NMPC optimal input solution by using a neural network ap-
proximation of the aircraft model for the NMPC future prediction, rather
than the full system model. This approach is currently under investiga-
tion for future studies.
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Appendix A

The table below presents the summary of the NMPC settings for each

simulation case presented herein.

Case ID - 1-F2-3-3-4

1: open-loop (O) or NMPC (N) simulations

2: failure type. E for elevator and R for tiltrotor failure

3: additional information

4: initial position of the back tiltrotors. F for forward and U for
upward

Description

Tiltrotor initial angle - 90° for upward

14 - length of simulation in seconds

dt - simulation time step in seconds

Input vector - applicable for NMPC. Open-loop uses all system in-
puts

p - NMPC prediction horizon

n - NMPC control horizon

Output weight w” - weights for each y variable before and after
control failure

Output weight w" - weights for each u variable before and after
control failure

* zuy;, - upper and lower limits for NMPC inputs

+Auy;,, - upper and lower limits for NMPC input rate
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Data availability
Data will be made available on request.
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