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The paper explores improving the ride quality of urban
air mobility (UAM) aircraft by using a nonlinear model
predictive controller (NMPC) for trajectory tracking in
the presence of gusts. A hybrid UAM aircraft with tra-
ditional control surfaces and multiple rotors is studied.
The aircraft’s free-flight behavior is governed by a set of
nonlinear rigid-body dynamic equations that consider the
gyroscopic and inertial effects of the tiltrotors. The con-
trol inputs for the aircraft include the spin rate and ac-
celeration of the rotors, their tilt angle and rate, and the
deflections of traditional control surfaces, such as the el-
evator, aileron, and rudder. This research numerically
studies the effects of NMPC in actively suppressing air-
craft’s dynamic responses to continuous stochastic gusts
or discrete “I-cosine” gusts, which are applied symmet-
rically and asymmetrically on the lifting surfaces. The
findings indicate that NMPC can effectively maintain the
aircraft on its desired flight path, closely resembling the
undisturbed level flight when it experiences moderate-
intensity gusts. However, the controller’s effectiveness de-
creases as the intensity of the gusts increases. The NMUPC
can no longer constrain the flight path deviation within
a bounded range due to an increased pitch rate when
the gust intensity surpasses a certain threshold. In ad-
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dition, the discrete ”1-cosine” gusts present more signif-
icant challenges, resulting in pitch angle deviations from
the desired value, even at low gust magnitudes.

NOMENCLATURE

G Global coordinate frame

B Body coordinate frame

Pg/p  Aircraft mass center in Op, m
vp Translational velocity vector, ms™
wp  Angular velocity vector, rads~!
05 Rigid-body rotation angles, rad
Mpp Inertia matrix

Cpp Damping matrix

Rp Aircraft load vector

Re&™  Gravity load

R™"  Inertial loads

R™¢  Induced moment due to tiltrotors
R#&™  Gyroscopic loads

Rt External loads

Q¢ Rigid-body angular velocities function
CG&B  Rotational matrix - body to global
System states

System control inputs

System outputs

Euler angle vector
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¢ Roll angle, deg

6 Pitch angle, deg

1 Yaw angle, deg

mp Body mass, kg

Iz Body moment of inertia, kg m?

m, Rotor mass, kg

I¢  Rotor moment of inertia, kg m?

B Rigid-body velocity vector

¢ Quaternions vector

p% Inertial position vector of O, m

d¢, 04,0, Elevator, aileron and rudder angles, deg
Rotor tilt angle, deg

Rotor spin angle, deg

Cost function

Prediction horizon

Control horizon

U, Quadratic problem decision vector

r Output reference vector

w®  Variable i NMPC weight

s*  Variable i NMPC scale factor

Ujrargee  Target of the 5 input

Umin/max  Input limits vector

AUpiymax  Input rate limits vector

V. Vi Gust vertical velocity at the wing and tail
Dy (w) Gust with velocity spectra

ow Vertical turbulence intensity

Ly Turbulence scale length

V' Aircraft flight speed through a frozen turbulence field
w Turbulent gust frequency

Aw Turbulent gust frequency step

¥ Random gust phase shift in rad

Ay Northwise distance between tail and wing nodes
p%wo y-coord. at which aircraft enters discrete gust
H Discrete gust gradient

Viax  Discrete gust velocity

S| G

1 INTRODUCTION

The Urban Air Mobility (UAM) market is projected
to experience significant growth, expanding from $ 7.1
billion in 2021 to $ 90 billion by 2050. This growth is
driven by UAM’s potential to revolutionize transportation
[1]. UAM applications are expected to be diverse, encom-
passing personal commuting, on-demand air taxis with
passenger-defined routes, air metro systems with fixed
public transport routes, airport and company shuttles, re-
gional public transport, air ambulances, package delivery,
law enforcement, and military operations [2, 3]. These
applications will have a considerable impact on services
provided by both public and private institutions across

various sectors. As the development progresses, enhanc-
ing flight safety, automation, and ride quality is more cru-
cial than ever to integrate these new aircraft safely into
urban airspace [4, 5, 6].

A key segment of UAM is the distributed elec-
tric propulsion (DEP) enabled vertical takeoff and land-
ing (VTOL) vehicles, commonly known as eVTOLSs [7].
These vehicles employ a fixed-wing design with multi-
ple tiltrotors to enable vertical takeoff and landing. The
tilt and spin of the rotors also function as actuators, en-
hancing safety through redundancy, i.e., with multiple ro-
tors, these vehicles can continue operating even in case
of motor or rotor failure, thereby reducing the risk of se-
rious incidents. eVTOLs also hold significant potential
for autonomous and semi-autonomous flight, which could
reduce accidents caused by human error, which is a sig-
nificant factor in aviation incidents, and improve naviga-
tion in complex urban environments by enabling aircraft
to avoid obstacles and adapt to dynamic conditions [8, 9].

Ride quality is essential for urban passenger trans-
portation, one of the significant functions of UAM air-
craft. Improving ride quality involves tackling several
challenges, such as noise reduction, which remains diffi-
cult to achieve at levels suitable for cities. Several studies
have focused on quieter rotor designs and optimized flight
paths to lessen noise pollution [10, 11].

Aircraft response to external air disturbances, e.g.,
gust, and the control of vibration and trajectory of such
aircraft is also critical for passenger comfort and aircraft
performance and safety [12]. The development of au-
tonomous flight systems adds to the complexity of ride
quality, demanding robust algorithms to manage turbu-
lence efficiently. In their comprehensive review, Kim et
al. [13] noted that early quadrotor control developments
relied on linear controllers like Linear Quadratic Regu-
lator (LQR) and Proportional-Integral-Derivative (PID)
controllers. These controllers were effective for main-
taining stability during level flight and hovering. How-
ever, they exhibited limitations in more challenging con-
ditions, such as high-speed flights and environments with
wind disturbances, as observed by Hoffmann et al. [14] in
flight tests using a PID controller. Zhang et al. [15] inves-
tigated the flight stabilization and gust control of the XV-
15 tiltrotor aircraft using an optimal control method based
on quadratic programming. Their approach employed a
Linear Time-Varying (LTV) model to accurately capture
the aircraft’s dynamic characteristics through online lin-
earization of the nonlinear model to update the model pa-
rameters at each sampling constant. The controller is de-
signed based on the LTV model and incorporated with
the input constraints. The results indicated that the con-
troller successfully achieved the desired tracking perfor-
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mance throughout the operational envelope, including the
transition flights, and the ability to attenuate gust distur-
bance.

Alternatively, Model Predictive Control (MPC) is a
robust approach for controlling dynamic systems [16, 17].
It has the potential for aircraft control, especially when
the aircraft is subject to external disturbance. It utilizes a
dynamic model to predict future responses and determine
optimal inputs for achieving target trajectories [18, 19].
Qin and Badgwell [20] conducted a comprehensive exam-
ination of the history and industrial applications of MPC
algorithms. Notable reviews of MPC theory can also be
found in several publications [21, 22, 23] as well as books
[24, 25, 26]. He and Su [27] explored the use of MPC
based on linear parameter-varying (LPV) models to sup-
press vibrations and alleviate gust loads for highly flexi-
ble aircraft. The dynamic equation was firstly linearized
around a series of equilibria and model reduction was per-
formed for each linearized model. A scheduling param-
eter was then chosen to parameterize and interpolate the
linearized models to render a reduced-order LPV model.
This work’s main innovation was using the magnitude of
the first symmetric bending mode as the LPV schedul-
ing parameter, compared to using the gust-induced an-
gle of attack at the wing root. Both parameter selections
were evaluated for gust alleviation when the flexible air-
craft faced a uniformly applied gust perturbation across
the entire wing. The control input was the conventional
trailing-edge flaps on the main wings and tails. The sim-
ulation results demonstrated that the controller designed
using the modal magnitude as LPV parameter performed
better in suppressing gusts when compared to using the
gust-induced angle of attack.

Moreover, Nonlinear Model Predictive Control
(NMPC) has gained considerable attention in the
aerospace research community, while the computational
burden associated with this method usually limits its ap-
plication. The work by Meradi et al. [28] investigated the
stochastic gust control of a quadrotor VTOL with NMPC,
sliding mode control (SMC), and integral backstepping
control (IBC). While the NMPC was shown to have a
higher computational cost than SMC and IBC, it showed
minimum control effort. They proposed a new controller,
predictive sliding mode control (PSMC), combining SMC
and NMPC. A recent study investigated NMPC’s effec-
tiveness for vibration suppression and lateral path track-
ing in a fixed-wing six-tiltrotor eVTOL [29]. In this study,
the NMPC performance was compared to open-loop,
LQR, and linear MPC. Results showed that both NMPC
and LQR effectively suppressed vibrations, whereas the
linear MPC was ineffective in mitigating rigid-body os-
cillations. For path tracking, NMPC outperformed LQR

because the LQR control performance was limited by the
linearized model of the tiltrotor dynamics. In contrast,
NMPC'’s capacity to predict future aircraft states and ac-
count for system nonlinearity led to better path tracking.
The authors expanded the study on UAM aircraft flight
safety by evaluating the NMPC for flight control under
control effectors failure [30]. 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. Moreover, when employing the
back rotors for pitch control, the NMPC significantly re-
duces the phugoid mode vibrations caused by the elevator
failure.

The dynamic behavior of tiltrotor aircraft is inher-
ently highly nonlinear, where NMPC is a promising tech-
nique for analyzing the control of such aircraft, espe-
cially when subjected to gust excitation. Thanks to the
Lidar/radar sensors, the gust ahead of the aircraft can be
measured. Therefore, NMPC can incorporate the gust
measurements into predicting the nonlinear system re-
sponses, and find finite-horizon optimal control inputs to
attenuate the gust. The NMPC accounts for the full non-
linear dynamic model, which is more accurate than lin-
earized or LPV models in capturing transient dynamics
between equilibrium conditions. Therefore, this paper in-
vestigates the effects of NMPC for active gust attenua-
tion of continuous stochastic and discrete gusts, which are
applied symmetrically and asymmetrically on lifting sur-
faces of a tiltrotor aircraft. This paper is organized as fol-
lows. Section 2 introduces the nonlinear flight dynamic
formulation for tiltrotor aircraft, followed by the control
systems description in Section 3. Section 4 shows the nu-
merical results. Finally, conclusions are summarized in
Section 5.

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). This section presents a condensed
summary of these equations. One can refer to [31] for
more details on the formulation.

A body-fixed frame B is defined with respect to the
inertial frame G, 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 ve-
hicle’s symmetric plane. The inertial position of Op is
represented by pp, 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
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Fig. 1: Global and body reference frames of a rigid-body
tiltrotor aircraft (connections between rotors and aircraft
are not shown)

rigid-body velocity is given by

_ [ve|l _[pPB+tws XxXDPB
s={p=1"Ta o

By following the Hamilton’s principle, the governing
equation of motion is obtained, given by

Mgp(E)B+Cpp(B,E)B =Rp (2)

where the inertia matrix M g 5 is dependent on the tilt an-
gles = of the rotors, while the damping matrix Cpp is
dependent on both 3 and =E. The load vector Rp is the
summation of the loads about the B frame origin, includ-
ing the contributions of gravity load R, inertial load
R™" induced moment due to tiltrotors R™, gyroscopic
load R&™, and external load R®, i.e.,

RB — Re + Riner < Rrate + R&vo 4 Rexl (3)

The external load includes propulsive and aerody-
namic loads, i.e.,

Rext — Rprop + Raero ( 4)

The aerodynamic load is calculated for each airfoil sec-
tion along the span of the lifting surfaces (see Fig. 2). The
2-D quasi-steady aerodynamic loads l,., m. and d,. on
each thin airfoil are determined as functions of trailing-
edge flap deflection angle, lifting surface geometry, and

Fig. 2: Aerodynamic frame and load components

acceleration components of Fig. 2 [31]. When gust distur-
bance is introduced, it is incorporated into the airfoil’s lo-
cal velocity V., thereby modifying the aerodynamic load
vector R**™ to account for the gust effects.

The B frame’s orientation is described by the quater-
nions ¢, governed by

é= 1 wp)C ®

where 2 is a function of the rigid-body angular veloci-
ties wp. Lastly, the inertial position of the B frame can
be calculated by

pG = CPvp = [CYP 03] B (©6)

where C%P is the rotational transformation matrix from
the body to the global frame. The combination of Eq. 2,
5 and 6 completes the nonlinear flight dynamic model of
the tiltrotor UAM aircraft. Those equations can be trans-
formed to

B =Mz} (~Cpg(8,2)8) +
ML (Rs(8.8.¢.0.,60,0,, 5.5 &, T, 1))

¢ = - S(B)C

pf = [CYP 03] B
(7N
where 6., 0, and 9§, are the elevator, aileron, and rudder
deflections, = is the vector containing the rotor’s tilt an-
gles, and I is the vector of spin kinematics of the rotors.
Therefore, the nonlinear system state and control input
vectors are defined as follows,

o= T e ¢ o) (o))

u” = {6, 4, 6, BT ET =T IT I'T}

®)
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As a post-processing, the Euler angles can be calcu-
lated 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 v is defined as
rotation about negative B, -axis, the pitch angle 6 is de-
fined as rotation about B,-axis, and the roll angle ¢ is
defined as rotation about B,-axis. Therefore, the Euler
angles are given by

1 2(G162 — Co¢3)

PTET @+
0 =sin™! [=2 (C1¢s + CoC2)] ®
= et 20006~ 60

2(¢t+¢63)

which can be simply noted as

d={poy} =o(). (10)

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

T {pr a7 (p§)"} (1)

3 NONLINEAR MODEL PREDICTIVE CON-

TROLLER

The nonlinear model predictive controller (NMPC)
looks ahead by p steps to predict the system responses
in the future (predicted output in Fig. 3). It calculates
the best sequence of control inputs u from the present to
t, = t + n x dt to achieve the closest match between the
system output and the desired output reference (predicted
control input in Fig. 3) [32]. Here, p is the prediction hori-
zon, and n is the control horizon illustrated in Fig. 3. At
each time step, the controller predicts the future system
output and solves an optimization problem to determine
the control input, using only the initial input vector (or-
ange line). This procedure is repeated in the next time
step. This approach significantly enhances controller per-
formance with the trade-off of increased computational
cost.

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

J(Uk) = Jy(Uk) + Ju(Uk) + JAu(Uk) (12)

AYu
Past Future

—e— Reference trajectory
—&— Control output

—— Past control input

AN -%- Predicted output
---=Predicted control input

L S e

Fig. 3: NMPC control and prediction horizon

where Uy, is the quadratic problem decision defined by

T {uT(k‘\k;) ul(k+1k) - -uT(k+p— 1\]4;)}
(13)
The U7 vector contains the inputs vectors u” (k + i —
1|k) calculated in the current control interval k for the
th 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

']y (Uk)

)» {wy [ (k + ilk) — y; (k + i|k)]} 2

J

(14)

relates the j output reference 7;(k +i|k) to the j** out-
put y; (k+i|k), both referent to the 7' prediction horizon
calculated at the current control interval k£.The minimiza-
tion of this term can be tuned by adjusting the weight for

h plant output at the i*” prediction horizon step wy
and the scale factor of the j** output sg The cost func-
tion term J,, allows for the input variable tracking and is
given by

n, p—1
=> {u i(k+ilk)

j=14i=0 J (15)
— uj,larget(k + Z|k)]} 2

where ;g 1S the target value for the j 1nput wy' g and

s are the weight and the scale factor of the jt" input. The
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third term of the cost function is

JAu Uk

N, p—1
ZZ{ Zu] [u; (k + i|k)

j=11i=0 J (16)
—uj(k+i— 1|k:)]}2

which allows for the consideration of input move smooth-
ness during the optimization process.

In the function nimpcmove, the measured distur-
bances can be inputted as an array of Ny (number of
measured disturbances) columns and p + 1 rows to vary
the disturbance values over the prediction horizon. When
gust excitation is considered, it can be assumed as mea-
sured disturbance with known 3D wind speeds through-
out the prediction horizon. The measurement of 3D flight
speeds ahead in time, and consequently ahead of the air-
craft in space, is possible with sensors such as LiDAR
[33].

The NMPC is tuned for each case studied by adjust-
ing the output and input weights. Those are considered
constant throughout the prediction and control horizons

and therefore have the new form w;’ and w} for the gth
output and ;" input weights. All the scale factors are
chosen as 1, thus are omitted in Eq. 17. The input move-
ment weights wAj“ are also kept at their default values
of 0.1. While the NMPC formulation allows for output
constraints, only input and input rate hard constraints are

used in this work, i.e.,

U, max ()

uj,min(i) < ’U,](]f + i — 1|]€)
< AU max (2)

17
Auj,min(i) AUJUC + 7 — 1|l€) ( )

<
<

In addition, this work focuses on NMPC attenuating gust
disturbance, thus neglects model uncertainty and other
disturbances. In other words, the sensor data is assumed
to be perfect reading without the noise on sensor readings.

4 NUMERICAL STUDIES

This study focuses on the NMPC control of a UAM
aircraft with six tiltrotors, as shown in Fig. 4. The air-
craft’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 anal-
ysis at multiple flight conditions and the validation of the
rotor tilt transition flight were investigated in a previous
study (Ref. [31]) and will not be discussed here. The re-
sults showed that the aircraft model studied is stable and

11m
53m

045125 m

Fig. 4: Tiltrotor UAM aircraft geometry and rotor posi-
tions

Table 1: Inertial properties of UAM aircraft

Inertial Property Value Unit

Body mass, mp 2,240.73 kg
Body moment of inertia, I ,, 12,000  kgm?
Body moment of inertia, I 4, 9,400 kg m?

Body moment of inertia, Ip .. 20,000 kgm?

Rotor mass, m, 4.55 kg

Rotor moment of inertia, I7 . 3.5 kg m?
Rotor moment of inertia, I Y 7.0 kg m?
Rotor moment of inertia, /¢ ., 35 kg m?

that the formulation can capture the essential characteris-
tics of rotor kinematics, such as tilt angle and spin rate,
regarding the overall vehicle response.

The vehicle is first brought to a trimmed flight con-
dition with a level flight speed of 68 ms~! due North and
an altitude of 304.8 m due north. This corresponds to a tip
Mach number of 0.2 and a wing tip unit Reynolds number
of 3.8 x 10° m~!. The chosen configuration has a lower
flight speed and altitude than other similar aircraft in the
literature [34, 35]. In [34], a tiltrotor UAM aircraft oper-
ated at flight speeds of 168 ms~! and a cruise altitude of
3000 m above sea level, resulting in a tip Mach of 0.48
and a tip unit Reynolds number of 8.99 x 10 m~!. The
lower speed and altitude is selected in this work to con-
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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, deg -2.306 0
Dihedral angle, deg 0 0
Chord (root/tip), m 2.075/0.970  1.080/1.080
Incidence angle, deg ** 3.1598 1.0626

* From leading-edge

** Incident angle with no twist

sider the critical case of flying in a city setting closer to
buildings and other obstacles.

For all cases, the NMPC input is the increment along
a time step (Au), as shown in

Au(k) =u(k) —u(k - 1) (18)
Autarget(k + 1) = U—target(k) - ll(k)
The input target for Au is the difference between the de-
sired input at the current time step and the current input
vector (Autarget). When the input is equal to the target,
AUyree; €quals zero. Minimizing the difference between
Au and Auge in the NMPC cost function consists of
making the input equal to the target while leading to a
constant condition (u(k) = u(k — 1)). This approach
eliminates the impact of input scale on the cost function
minimization. For instance, when using Au, the differ-
ence in scale between elevator (0.01) and rotor spin rate
inputs (3000) does not significantly affect the cost func-
tion minimization.
The states x and output y are given by

=147 ¢7 (p9)"}
y' ={00¢ G, 05, 05.}

19)

where ¢, 0, and 1 are the roll, pitch, and yaw angles in
degrees. pf .. p, and p§ _ are the B’s frame inertial
position measured in meters.

The following gust excitation cases are investigated:

e Continuous stochastic gust (Sect. 4.1)

==== End of gust
-=== Start of gust
= Prediction horizon

West

e . ./
Flight path (North)

I\H_l'

Fig. 5: Discrete gust excitation diagram

—— Past gust
—==Gust observed by NMPC
r Gust not observed by NMPC 1

/J\ -------- Prediction horizon limits
[
9 .
5 a ’
= \
> ‘vb;\
() 1
b~ \ s N ]
2 [ /' \\ l/ ‘\
3 \'\,\/.\ '/‘ v -,
T ' 77
L ‘\\ 7/~ ]
~ !
A
0 17 34 51 68
North, m

Fig. 6: Diagram of gust excitation observed by NMPC.
Airplane representation approximated eVTOL aircraft
length of 5.9 meters

e Discrete gust (Sect. 4.2)

Fig. 5 illustrates the gust excitation for the discrete
gust case. This diagram also applies to the continuous
gust but with a different gust profile. The gust magni-
tude varies in the level flight path direction (North). Both
continuous and discrete gusts are assessed with gust ex-
citation applied symmetrically and asymmetrically to the
lifting surfaces of the aircraft. In the symmetric case, the
gust magnitude remains constant along the wing span. In
the asymmetric case, the right wing and tail are subject
to the gust with a 80 % magnitude of the nominal one, as
shown in Fig. 5.

In addition, the gust velocity profile along the predic-
tion horizon can be fed to the NMPC, allowing it to pre-
dict a more accurate dynamic response and find a more
robust control for the aircraft. In order to simplify the
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study, the gust magnitude at the wing root V;, (middle of
the aircraft) is provided to the NMPC as the measured dis-
turbance. This setup is feasible in practice as one can use
a LiDAR sensor to measure the gust component down the
path. In this study, the gust profile in the range of 68 m
ahead of the aircraft is used in the NMPC, as shown in
Fig. 6. This is equivalent to a prediction horizon of 1 s, as
the nominal flight speed of the aircraft is 68 ms~!.
The control input vector consists of

u” = {As. AS, A5, ATy ATy} (20)

where fg and f4 are the spin rates of rotors 3 and 4, re-
spectively. Note that rotors 3 and 4 are used as thrusters
with no tilt commanded. The goal of the NMPC is to
minimize the path deviation caused by gust excitation
and regulate the aircraft to its trimmed flight condition.
For this purpose, the input target Uprge in Eq. 18 is the
trimmed flight input condition. Additionally, the refer-
ence output yr is the initial output vector.

The case ID convention used here follows the format
“1-23-4”. “1” describes whether the simulation is open-
loop (O) or NMPC (N). “2” indicates the type of gust ex-
citation, with S for continuous stochastic gust and D for
discrete gust. “3” provides information on whether the
gust was applied symmetrically (S) or asymmetrically (A)
to the aircraft lifting surfaces. Lastly, “4” gives additional
details such as gust turbulence intensity for continuous
gust case and gust maximum vertical speed for discrete
gust case. Table 3 shows the case IDs and descriptions for
all simulations presented in this section. Detailed infor-
mation on open loop and controller settings can be found
in Appendix A. For all cases, the NMPC is simulated us-
ing a time step of 0.1s, and finincon as the optimization
problem solver from MATLAB’s Optimization Toolbox.

4.1 Continuous Stochastic Gust

The gust model Dryden wind Turbulence Model of
the Military Specification MIL-F-8785C is used, where
the turbulence is formulated as a stochastic process de-
fined by velocity spectra [36]. This study assumes a
purely vertical gust with velocity spectra given by

oLy 143(Lug)”
TV |:1+(Lw%)2}2

Dy (w) 2D

where oy, is the vertical turbulence intensity, Ly is the tur-
bulence scale length, V' is the aircraft flight speed through
a frozen turbulence field, and w is the frequency, with

Table 3: Case ID and descriptions

Case ID  Description

0-SS-41  OPEN - sym. turbulence oy, of 4.1ms™!
N-SS-41  NMPC - sym. turbulence o, of 4.1ms~!
N-SS-46  NMPC - sym. turbulence o, of 4.6ms~!
N-SS-51  NMPC - sym. turbulence o, of 5.1 ms—!
N-SS-56  NMPC - sym. turbulence o, of 5.6 ms™!
O-SA-41  OPEN - asym. turbulence o, of 4.1 ms™!
N-SA-41  NMPC - asym. turbulence o, of 4.1 ms™!
N-SA-46 NMPC - asym. turbulence o, of 4.6ms~!
N-SA-51 ~ NMPC - asym. turbulence o of 5.1 ms™!
O-DS-17  OPEN - sym. discrete, V,ax of 16.8 m g1
N-DS-02 = NMPC - sym. discrete, Viay of 1.52ms™?
N-DS-07 NMPC - sym. discrete, Viax of 6.62ms™?
N-DS-12  NMPC - sym. discrete, Vi, of 11.73 ms~!
N-DS-17 NMPC - sym. discrete, Vo of 16.8 ms™!
0-DA-07 OPEN - asym. discrete, Vyax of 6.62ms !
N-DA-02 NMPC - asym. discrete, Viax of 1.52 ms!
N-DA-07 NMPC - asym. discrete, Vi, of 6.62m g1
N-DA-12 NMPC - asym. discrete, Vi, of 11.73 ms™!
N-DA-17 NMPC - asym. discrete, Viax of 16.8ms™?

OPEN: Open loop response, i. e. no controller
ow: Vertical turbulence gust intensity

Vinax: Maximum discrete gust velocity

value inside a user-determined range. The gust veloc-
ity spectra with turbulence intensity of 4.1ms~" is pre-
sented in Fig. 7. For altitudes below or equal to 304.8 m,
which is the case assumed in this work, the turbulence
scale length Ly, is equal to the altitude and the vertical
turbulence intensity o, is equal to 10 % of the wind speed
at 6m altitude (oy ). The settings used for the Dryden
gusts are presented in Table 4. The four different intensity
values oy, presented are used, creating stochastic gusts of
different intensities to evaluate the limits of the NMPC
capabilities.

The gust time history is calculated using the inverse
Fourier theory. The gust vertical component for each time
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Fig. 7: Stochastic gust velocity spectra with turbulence
intensity of 4.1 m/s

Table 4: Dryden Turbulent gust setting.

Parameter Value Unit

Vertical turbulence 4.1,4.6,51,56 ms!

intensity oy

Turbulence scale 304.8 m
length Ly,
Flight speed V' 68 ms !

Frequency range {0,10} Hz

{Oa Wmax}

Frequency step Aw 0.06 rads—!

step is given by

Wmax

> (\/m cos (w;t + \If)> (22)

=0

Vae(t) =

where Aw is the frequency step and W is a random phase
shift in rad. The frequencies evaluated are defined by the
desired frequency range going from 0 to wpax (see Table
4).

During the simulation, the system is subjected to con-
tinuous gust excitation from 2 to 30 s. The gust signals of
the four vertical turbulence intensities mentioned in Ta-
ble 4 are shown in Fig. 8. These gust profiles, given as
vertical velocity in the global coordinate system G, are
converted to the body-fixed frame B and added to lo-

——-G-S-41
——G-S-46

G-8-51
- (G-S-56

Gust excitation, m/s

40

Time, s

Fig. 8: Stochastic gust excitation for different turbulence
intensities

cal velocity calculated for the airfoil sections along the
wing/tail span py, as follows

Voo = Pw — CP¢ (23)

0
0
Vi
where CB¢ is the rotational transformation matrix from
the global to body frame and V, is the air speed in the
airfoil section of Fig. 2.

As seen in Fig. 5, the tail is expected to encounter the
gust after the wing. Therefore, the distance from the wing
and tail is taken into consideration when determining the
gust excitation on the tail nodes. First, the distance be-
tween tail and wing nodes in the North direction Ay, is
determined to be 5.16 m in the wing root. This distance
is then converted to time by the following operation

Aylail
-G

bt =t — (24)

DBy

where t is the current simulation time used to determine
the wing’s gust excitation and pg’y is the north-wise air-
craft velocity. A linear interpolation is used to find the
tail gust excitation corresponding to #; for the simula-
tion time step ¢y,

(tk—1)
Valte) ~Valtis) |y 0 C9)

‘/tail (tk) = VW
+

tp —tp—1
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Fig. 9: Elevator input during flight under symmetric
stochastic gust excitation with turbulence intensity of 4.1
m/s

whose value is subtracted from p,, of the airfoil sections
along the tail span according to Eq. 23.

4.1.1 Symmetric Stochastic Gust

The symmetric stochastic gust involves aircraft ex-
periencing the gust excitations of Fig. 8 equally affect-
ing both the right and left-hand sides of the aircraft lift-
ing surfaces. This symmetric gust results in longitudi-
nal aircraft motion, causing changes in altitude and pitch
angle. Figs. 11 and 9 display the results for aircraft
flight with and without the designed NMPC controller
for path correction when subjected to a gust intensity of
ow = 4.1ms~ 1. The NMPC’s objective is to maintain
the trimmed flight condition by keeping the system out-
puts constant at their initial values. The NMPC output
weight for pgyy is set to zero (refer to Appendix A) to
exclude its values from the NMPC optimization process.
The NMPC primarily controls the longitudinal flight us-
ing elevator deflection as input. The elevator input rate al-
lowed is 50 deg/s, which is conservative when compared
to the literature that reports deflection speeds of 70 deg/s
or higher [37].

Fig. 11 illustrates the pitch angle and flight path of
the aircraft. The open loop results show a significant
deviation from the intended path. However, with the
assistance of the controller, the aircraft can maintain a
near-constant altitude while deviating from the desired
pitch angle only during gust excitation. While the NMPC
achieves good path tracking, the results indicate that the
optimal solution found by the NMPC differs from the ini-
tial condition. Before the gust encounter, the aircraft is

10 :
——-N-SS-41
I ——N-55-46 |
5 - - N-SS-51
~-—-N-SS-56

-5

-10

Elevator def., deg

-15

S

Time, s

Fig. 10: Elevator input during flight under symmetric
stochastic gust excitation with different turbulence inten-
sities

trimmed with a zero pitch angle at the altitude of 304.8 m,
achieved with an elevator deflection of -0.013 deg. After
the aircraft hits the gust, the NMPC identifies a new opti-
mal condition consisting of a near-constant pitch angle of
0.5 deg, resulting from an elevator deflection of -0.8 deg.
This response highlights that the gust perturbation caused
a shift in the trim condition, forcing the controller to pri-
oritize either orientation or position tracking but not both
simultaneously.

The NMPC'’s limitations are explored by analyzing
the effects of increasingly intense gusts, with perfor-
mance results shown in Figs. 10 and 12. These results
demonstrate that the NMPC can maintain control of the
flight path for gust intensities up to 5.1ms~'. In these
cases, the NMPC handles the disturbances with only mi-
nor deviations in pitch angle and elevator input, which
stabilize soon after the gust has passed. However, when
gust intensity is raised to 5.6 ms~!, the NMPC reaches
the ceiling of its control capabilities. This loss of control
is evidenced by an increase in pitching oscillation mag-
nitude while the gust is active, along with a substantial
decrease in altitude immediately following the gust dis-
turbance. The elevator deflection angle also exhibits a
progressive oscillation with growing amplitude, suggest-
ing that while the NMPC attempts to control the flight
path, it requires increasingly high control inputs to coun-
teract the instability introduced by the gust. When the
gust excitation is abruptly removed, the NMPC can no
longer effectively correct the flight path.

The challenge of controlling an aircraft during in-
tense turbulence is better illustrated by Fig. 13, which

G202 Iudy | U0 NS BNy “es00[eosn | eweqely JO Asioaun Aq Jpd g€ L-vZ-puo/ge8y9ay.L/9zy890Y L/S | | L 0L/10pApd-ajiue/eauluouleuonenduwios 1o awse uonos|j0o|eybipaLuse;/:diy WwoJy papeojumod



—--=-0-SS-41
—N-SS-41
-------- Reference -

Pitch angle, deg

0 10 20 30 40
Time, s

310

,',o \‘b
805 b ]
"N !
. 7
300 Y / ]
Y 1
IS \ /
. 295 | \ / 1
5 \ /
2 \ i/
£290 \ ; :
< \ ;
\‘ I’
285 \\ /. |
\ J
/
280 - 5\ 7 —-—-0-85-41
Sl ——N-S8-41
275 Il I I I Il 1
0 500 1000 1500 2000 2500 3000

North, m

Fig. 11: Pitch angle and aircraft trajectory response during flight under symmetric stochastic gust excitation with
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Fig. 12: Pitch angle and aircraft trajectory response during flight under symmetric stochastic gust excitation with

different turbulence intensities

shows the pitch angle rate and vertical body velocity for
different turbulence intensities. The results indicate that
the vertical velocity reaches higher magnitudes after the
gust excitation, as a result of the loss of control by the
NMPC at that moment. The main cause of this loss of
control is the pitch angle rate, which shows an increase
in magnitude prior to that instant, reaching its maximum
at 25s. Although the NMPC indirectly addresses these
issues by maintaining the pitch angle and vertical posi-
tion, it does not directly track the pitch angle rate or the
vertical velocity as they are not part of the output vector.
Adding the pitch angle rate as a system output could po-
tentially help improve the control of the aircraft in chal-
lenging gust conditions. However, this addition would

also increase the complexity of control, introducing an-
other variable into the optimization problem and conse-
quently increasing the computational cost.

4.1.2  Asymmetric Stochastic Gust

For the asymmetric gust study, a gust with the nom-
inal magnitude is applied to the left wing and tail, while
the right lifting surfaces are subjected to a gust with 80%
of the nominal magnitude (see Fig. 5). As a result, the
flight path is expected to deviate from the desired trimmed
flight path in both the longitudinal and lateral directions.
Therefore, the NMPC needs to utilize all available control
inputs to control both motions and maintain the aircraft
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Fig. 14: Control surfaces inputs during flight under asym-
metric stochastic gust excitation with turbulence intensity
of 4.1 m/s

on its intended path. The control surface inputs, Euler
angle system response and the flight path for both open
loop and NMPC with turbulence intensity of 4.1 ms~*
are presented in Figs. 14-16.

The open-loop response shows that the asymmetric

stochastic gust excitation causes the aircraft to lose al-
titude while turning due east, caused by the higher gust
excitation happening on the left side of the aircraft. Such
a response is not observed in the case with a flight con-
troller, where level flight is maintained, showing only
small oscillations of pitch angle during gust excitation.
These oscillations are completely suppressed after the
gust ends. Since there is now a lateral motion compo-
nent, both aileron and rudder inputs are used in addition to
the elevator, all with reasonable input magnitudes. More
specifically, the elevator is used by the NMPC for altitude
and pitch control, and the aileron and rudder for roll an-
gle, yaw angle, and lateral path control. Again, different
trim conditions are observed before and after the gust dis-
turbance, with the main deviation occurring in the pitch
angle. When flying with calm air, the aircraft’s Euler an-
gle components are all zeros at the altitude of 304.8 m,
achieved with an elevator deflection of -0.013 deg and no
input from the aileron or rudder. After the gust distur-
bance, the roll and yaw angles remain near zero, but the
pitch angle shifts to 0.42 deg at the same altitude, result-
ing from approximately zero aileron and rudder deflec-
tions and an elevator deflection of -0.67 deg.

The controller is further examined by simulating the
cases with higher-intensity gusts. The results are com-
pared in Figs. 19 and 18 for the system subjected to the
control surface inputs of Fig. 17. The increase in path de-
viation observed is not linear with the increase in gust
intensity because the turbulent time domain curves are
not the same with only magnitude change. The profile
of the gust velocities, particularly the values close to the
end of gust excitation, directly affects the aircraft’s flight
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Fig. 16: Euler angle response during flight under asym-
metric stochastic gust excitation with turbulence intensity
of 4.1 m/s

path after the gust disappears. The results indicate that
the aircraft’s lateral position is primarily affected by the
different gust intensities. In addition, the aircraft drifts
down after the gust excitation in all cases, with a greater
deviation for the gust with higher intensities. However,
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Fig. 17: Control surfaces inputs during flight under asym-
metric stochastic gust excitation with different turbulence
intensities

even for the high gust intensity considered (5.1 ms™1!),
the flight is still controllable.
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4.2 Discrete “1-cosine” Gust
The discrete gust used has a “1-cosine” shape in ac-
cordance to [36] and is given by

Vw,d(pg,y) -

Vmax 1 — cos ﬂ-(pg;y - pg7y0)
2 H

(26)

where V, 4 is the gust vertical component for a specific
northward position p§ . p§ ¢ is the initial y-coordinate
when the aircraft encounters the gust indicated by the
green dotted line in Fig. 5. The variable H denotes the
gust gradient, which is equal to half the width of the gust
wave (see Fig. 5). The literature recommends the inves-
tigation of gust gradients ranging from 9.14 to 106.7 m
to determine the critical gust width [36]. Upon investi-
gation, the case with the larger open-loop deviations is
found to be the 106.7 m case, which will be used from
now on. Vi« represents the design gust velocity, which
can be calculated based on a reference gust velocity as-
sociated with the flight airspeed, as well as the flight pro-
file alleviation factor derived from flight altitude and air-
craft weight information. However, in this study, Vinax is
used as a parameter to define the discrete gust intensity
curve, as it is equal to the gust magnitude at the peak of
the curve.

The discrete gust settings are detailed in Table 5. The
gust is expected to first interact with the aircraft at 136 m
north, which is anticipated to occur 2s into the simula-
tion, assuming a constant flight speed of 68 ms~!. The
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Table 5: Discrete 1-cos gust setting.

Parameter Value Unit

Maximum gust velocity 1.52, 6.62, ms~!

Vinax 11.73,16.8
Gust gradient H 106.7 m
Location of gust start p% , 136 m

resulting gust curves for the four maximum gust veloc-
ities mentioned in Table 5 are shown in Fig. 20. Table
3 summarizes the case IDs and descriptions discussed in
this section with detailed NMPC settings presented in Ap-
pendix A.

The discrete gust curves shown in Fig. 20 are sub-
tracted from p,, of the airfoil sections along the wing/tail
span according to Eq. 23. Similar to before, the gust ex-
citation at the tail nodes is calculated taking into account
the distance of the tail nodes to the wing root, denoted as
Ayl The discrete gust excitation described in Eq. 26 de-
pends on the north aircraft position pg ,- Therefore, sim-
plifying the determination of the tail gust can be achieved
by substituting pg’y in Eq. 26 with the north position of
the tail, given by

pg,y,tail = pg,y — Ayl 27

where the distance of the tail nodes to the wing root
Ayt = 5.16m and pgy is the northward position of
the aircraft wing root in the global frame.
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Fig. 21: Elevator input during flight with 16.8 m/s maxi-
mum magnitude symmetric discrete gust excitation
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Fig. 22: Elevator input during flight with symmetric dis-
crete gust excitation for different maximum magnitudes

4.2.1 Symmetric Discrete Gust

The gust excites the lifting surfaces of the aircraft
equally on both sides, resulting in a longitudinal aircraft
motion that must be controlled by the NMPC, similar to
the case discussed in Sect. 4.1.1.

The results for the open loop and NMPC simulations
are compared in Figs. 21 and 23 for the case with a maxi-
mum gust velocity of 16.8 m s, The open loop response
shows oscillation of both pitch angle and altitude caused
by the gust excitation, which is not suppressed by the end
of the simulation. On the other hand, the close loop sim-
ulation with NMPC can maintain a nearly constant alti-
tude with a slight oscillation of altitude during gust ex-

G202 Iudy | U0 NS BNy “es00[eosn | eweqely JO Asioaun Aq Jpd g€ L-vZ-puo/ge8y9ay.L/9zy890Y L/S | | L 0L/10pApd-ajiue/eauluouleuonenduwios 1o awse uonos|j0o|eybipaLuse;/:diy WwoJy papeojumod



15 ;
--—-0-DS-17
—N-DS-17
-------- Reference
10r ]
D
(3]
© A
9 h
2 50 | 1
© !
= I
2 i Jp—
a : - ~.
I - <
0 =" L st gy
- ,f/ \‘\,
\~~.--——,¢ S
-5 L L L L
0 10 20 30 40
Time, s

310

R\
1
300 .
i
'
L \, o=~ N
g 290 \ TN
) b /! \
o \ / \
2280 \, / Y A
= \ /
< \‘ ,’
\ /
270 f \ 7 8
N 7
\ /7
N, s ----0-DS-17
= Mem? 4
260 ——N-DS-17

0 500 1000 1500 2000 2500 3000 3500
North, m

Fig. 23: Pitch angle and aircraft trajectory response during flight with 16.8 m/s maximum magnitude symmetric

discrete gust excitation

citation. However, Fig. 21 shows a gradual increase in
the elevator input magnitude after gust excitation, reach-
ing -1.86 deg by the end of the simulation. This results
in a steady increase in the pitch angle, reaching 1.18 deg
at the end of the simulation. Additionally, the pitch angle
deviation during gust excitation is higher than the open-
loop response. The non-constant elevator input and the re-
sulting pitch angle response after excitation indicate that,
while the controller successfully maintains a constant al-
titude, the aircraft does not return to the initial pitch angle
or achieve a stable input/output condition, meaning the
trimmed flight is not re-established.

The gust intensity is reduced to determine if a less
severe gust leads to less deviation in pitch angle and ele-
vator input. That is what is observed in Figs. 22 and 24,
which compares the controller results for the gust inten-
sities mentioned in Table 5. However, even with a small
gust magnitude of 1.52ms™!, some deviation is still ob-
served. The results indicate that gust intensity has a more
significant influence on pitch angle control compared to
altitude. This is because the altitude deviation from the
path shows minimal changes for the different gust inten-
sity cases.

4.2.2  Asymmetric Discrete Gust

In order to study the effects of uneven discrete gusts
on NMPC effectiveness, the left wing and tail sides ex-
perience full gusts, while the right side experiences 80%
of the gust velocity, similar to the asymmetric stochastic
gust discussed in Sect. 4.1.2. This is expected to cause
the aircraft to deviate from its intended flight path in both
longitudinal and lateral planes, which must be controlled

by the NMPC. The NMPC takes advantage of all control
surfaces to do so (Fig. 25). Once again, the elevator in-
put does not return to its initial value. Instead, it exhibits
a gradual increase in magnitude, ultimately reaching -
0.45deg. This behavior is not observed for the aileron
and is only observed to a lesser extent for the rudder,
which reaches -0.03 deg. Although the pitch angle de-
viates from its initial value after gust excitation (initially
zero), reaching 0.28 deg (see Fig. 26), the aircraft main-
tains a nearly constant flight path, as illustrated in Fig. 27,
with a minimal East position deviation of 1.23 m by the
end of the flight.

When comparing the responses for different gust ex-
citation magnitudes (Figs. 28 to 30), the results show that
an increase in gust excitation causes an increase in pitch
and yaw angle deviations after gust excitation. Conse-
quently, a deviation of lateral position and altitude is also
observed, showing that a level flight was not achieved.
Even with such deviation, the NMPC greatly improves
the stability and path tracking for the aircraft compared to
the open loop response.

5 CONCLUSION AND FUTURE WORK

This paper presented the implementation of a Nonlin-
ear Model Predictive Controller (NMPC) for an urban air
mobility aircraft during level flight under gust excitation.
The performance of the NMPC was assessed for contin-
uous stochastic and discrete “1-cosine” gust control. In
both cases, the gust was applied symmetrically to both
sides of the aircraft’s lifting surfaces (symmetric gust)
and with a higher intensity on the left side (asymmetric
gust). The findings showed that the NMPC effectively
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m/s maximum magnitude asymmetric discrete gust exci-
tation

minimized flight path deviation caused by the stochas-
tic gust for turbulence intensity levels up to 4.6ms~!.
However, it was observed that while a trimmed flight was
achieved following the gust excitation, the new trim con-

dition differed from the initial one. After the gust, the
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Fig. 26: Euler angle response during flight with 6.62 m/s
maximum magnitude asymmetric discrete gust excitation

elevator input adjusted to a new value, resulting in a dif-
ferent pitch angle, although the altitude was maintained.
This suggests that the gust disturbance caused a shift in
the trimmed condition. In this new condition, the NMPC
prioritized maintaining the flight path, which could not be
achieved simultaneously with meeting the orientation tar-
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Fig. 28: Control surfaces inputs during flight with asym-
metric discrete gust excitation for different maximum
magnitudes

gets (Euler angles). For higher turbulence intensities of
5.1ms~1, the NMPC failed to maintain the desired fli ght
path, indicating a limit at which it is no longer effective.
The decrease in control effectiveness can be linked to an
increased pitch rate. Including this parameter in the con-
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Fig. 29: Euler angle response during flight with asymmet-
ric discrete gust excitation for different maximum magni-
tudes

troller output vector can expand the range of gust intensi-
ties for which the control is still effective for path track-
ing.

A similar pattern was observed in the case of discrete
gusts, where the NMPC successfully maintained the flight
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path for both symmetric and asymmetric gusts with devi-
ations in elevator input and pitch angle response. In this
scenario, a trimmed flight after the gust disturbance was
not achieved. The elevator input exhibited a gradual in-
crease, leading to a corresponding rise in pitch angle mag-
nitude. Similarly, the NMPC prioritized path tracking,
achieving good performance at the expense of reduced
accuracy in maintaining the desired aircraft orientation.
Additionally, an increase in path deviation was observed
with higher discrete gust intensities, resulting in larger
pitch angles and eastward path deviations. However, in
all gust control cases studied, the NMPC results showed
significant improvement in path tracking compared to the
open-loop response, which exhibited significant altitude
drop and severe aircraft turning due east in the cases of
asymmetric gust.

The high computational cost of NMPC continues to
be a significant challenge for the proposed method. At
present, a 60 s flight simulation requires 8 h of computa-
tion time, which hinders its use for real-time flight con-
trol. One potential solution is using a Neural Network-
based NMPC, which can reduce the time required to ob-
tain the optimal NMPC input by employing a neural net-
work approximation of the aircraft model for future pre-
dictions instead of relying on the full system model. This
approach is currently being explored for future research.
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NONLINEAR MODEL PREDICTIVE CON-
TROLLER SETTINGS
The table below presents the summary of the NMPC

settings for each simulation case presented herein.

Case ID - 1-23-4

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

- 2: type of gust excitation. S for continuous
stochastic gust and D for discrete gust

3: informs of symmetric (S) or asymmetric (A)
gust excitation

- 4: additional information

Description

Tiltrotor initial angle - 90° for upward

t - length of simulation in seconds

dt - simulation time step in seconds

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

p - NMPC prediction horizon

e 1 - NMPC control horizon
e Output weight w¥ - weights for each y variable be-

fore and after control failure
Output weight w* - weights for each u variable be-
fore and after control failure

® =+, - upper and lower limits for NMPC inputs
o +Auy;, - upper and lower limits for NMPC input

rate
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Table 6: Setting for Gust Excitation Analysis

Case ID  Description Rotor initial angle, de; tr,s dt,s Output vector Input vector u p n Output weight 1Y Input weight " +Ujim +Auim
P g g 1f P y p P g p g
0-SS-41  Open loop results for symmetric turbulence intensity oy, of 4.1 ms™! {90,90,0,0,0,0} 45 01 {0.0,9, pgyr,pg_y,pgyz} Eq.8 - - - - - -
O-SA-41  Open loop results for asymmetric turbulence intensity o, of 4.1ms™" {90,90,0,0,0,0} 45 01 {9,0,9,0%,.05,.05..} Eq. 8 - - - - - -
O-DS-17  Open loop results for symmetric discrete gust with max velocity of {90, 90,0,0,0,0} 45 0.1 {0.9.'(5‘7‘11(5‘,1. g_y‘pﬁ_:) Eq. 8 - - - - - -
16.8ms™!
0-DA-07  Open loop results for asymmetric discrete gust with max. velocity of {90,90,0,0,0,0} 45 01 {,0,9,0% .05 ,.05.} Eq. 8 - - - - - -
6.62ms~!
N-SS-41  NMPC results for symmetric turbulence intensity o, of 4.1 ms~* {90,90,0,0,0,0} 4501 {6,0,0.05 .05 ,0%.}  A{0,04,6, 15,4} 10 1 {05,05,0505,0,5 {0.1,0.1,0.1,0.1,0.1}  {5,5,5,100,100} {5,5,5,100,100}
N-SS-46  NMPC results for symmetric turbulence intensity o, of 4.6 ms—? 90,90,0,0,0,0 45 0.1 0.9,'@‘},;)6 ,pG ,pG . A 5,,,50,6“1'“‘;,1;,1 10 1 0.5,0.5,0.5,0.5,0,5 0.1,0.1,0.1,0.1,0.1 5,5,5,100,100 5,5,5,100,100
Y y B« PB,y PB,»
N-SS-51  NMPC results for symmetric turbulence intensity oy, of 5.1 ms~* {90,90,0,0,0,0} 45 01 {p.0.0.0% . p(g“”, P5.} A{de, 04, Iy} 10 1 {05,0.5,0.5,0.5,0,5} {0.1,0.1,0.1,0.1,0.1} {5,5,5,100,100} {5,5,5, 100,100}
N-SS-56  NMPC results for symmetric turbulence intensity o, of 5.6ms~* 90, 90,0,0,0,0 45 0.1 6, 0,0, 0% .05, 0% . A{6.,84,0,,T5,T4 10 1 0.5,0.5,0.5,0.5,0,5 0.1,0.1,0.1,0.1,0.1 5,5,5,100,100 5,5,5,100,100
B> PBy PB,=
N-SA-41  NMPC results for asymmetric turbulence intensity o of 4.1ms~" 90, 90,0,0,0,0 45 01 {600,095 0% S} A{6..64,0,, 15Ty} 10 1 {0.5,0.5,0.5050,5 {0.1,0.1,0.1,0.1,0.1} {5,5,5,100,100} {5,5,5,100,100
Y! Y B.xPB.y PB,=
N-SA-46  NMPC results for asymmetric turbulence intensity o, of 4.6 ms~! {90,90,0,0,0,0} 45 0.1 {0‘9‘7/‘3,[)%1,.172'”,1)1(_'{;} A{be, 00,00, T3, T4} 10 1 {0.5,0.5,0.5,0.5,0,5} {0.1,0.1,0.1,0.1,0.1}  {5,5,5,100,100} {5,5,5, 100,100}
N-SA-51  NMPC results for asymmetric turbulence intensity o, of 5.1ms~! {90,90,0,0,0,0} 4501 {6.0,9.08,.0% .95} A{6e.0a.6,. T3, T4} 10 1 {05,0505,050,5 {0.1,01,0.1,0.1,0.1} {5,5,5,100,100} {5,5,5,100,100}
N-DS-02 NMPC results for symmetric discrete gust with max. velocity of {90,90,0,0,0,0} 45 01 {¢,0,9,0F 05,05} A{6e,04,0,, 13,14} 10 1 {0.5,0.5,0.5,0.5,0,5} {0.1,0.1,0.1,0.1,0.1}  {5,5,5,100,100} {5,5,5,100, 100}
1.52ms™!
N-DS-07 NMPC results for symmetric discrete gust with max. velocity of 90,90,0,0,0,0 45 00 {60,005 .,0% 0% .} A{0e,04,6,,T3, T4} 10 1 {0.5,0.5,0.5,0.5,0,5 0.1,0.1,0.1,0.1,0.1 5,5,5,100,100 5,5,5,100,100
B> PBy PB,=
6.62ms~!
N-DS-12 NMPC results for symmetric discrete gust with max. velocity of  {90,90,0,0,0,0} 4500 {60,908 ,.0% .95} A{6.0..6,. T3, T4} 10 1 {05,0505050,5 {0.1,01,0.1,0.1,0.1} {5,5,5,100,100} {5,5,5,100,100}
11.73ms™! '
N-DS-17 NMPC results for symmetric discrete gust with max. velocity of {90,90,0,0,0,0} 45 0.1 {z/),(-}‘w,pgvx,.pﬁvy,pgvz} A{0e, 84,6, T3, T4} 10 1 {0.5,0.5,0.5,0.5,0,5} {0.1,0.1,0.1,0.1,0.1}  {5,5,5,100,100} ~ {5,5,5,100,100}
16.8ms~t
N-DA-02 NMPC results for asymmetric discrete gust with max. velocity of {90,90,0,0,0,0} 45 0.1 {0.9.'(&‘[)%,1,1)%_5,‘[732} A{0e,64,0,,T5,T4} 10 1 {05,05,0505,0,5} {0.1,0.1,0.1,0.1,0.1} {5,5,5,100,100} {5,5,5,100,100}
1.52ms™!
N-DA-07 NMPC results for asymmetric discrete gust with max. velocity of {90,90.0,0,0,0} 45 0.1 {c‘).g,uv,pg)m,pg‘”,pg)z} A{J,,,J,,,J,.,I"g,l}} 10 1 {0.5,0.5,0.5,0.5,0,5} {0.1,0.1,0.1,0.1,0.1} {5,5,5,100,100}  {5,5,5,100,100}
6.62ms"! '
N-DA-12  NMPC results for asymmetric discrete gust with max. velocity of 90,90,0,0,0,0 45 0.1 L 0,4,0% .05 0% A{6e,84,0,. 15,14 10 1 0.5,0.5,0.5,0.5,0,5 0.1,0.1,0.1,0.1,0.1 5,5,5,100, 100 5,5,5,100,100
B PBy PB,=
11.73ms™!
N-DA-17 NMPC results for asymmetric discrete gust with max. velocity of 90, 90,0,0,0,0 45 0.1 0.9,'@“:,1)6 ,pG ,pG . A JC,JG,JT,f.;,f,1 10 1 0.5,0.5,0.5,0.5,0,5 0.1,0.1,0.1,0.1,0.1 5,5,5,100,100 5,5,5,100,100
! g y B, PB.y PB.2
16.8ms™!
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with different turbulence intensities

Figure 13. Pitch angle rate and vertical body velocity during flight under symmetric stochastic gust excitation
with different turbulence intensities

Figure 14. Control surfaces inputs during flight under asymmetric stochastic gust excitation with turbulence
intensity of 4.1 m/s

Figure 15. Aircraft trajectory response during flight under asymmetric stochastic gust excitation with turbulence
intensity of 4.1 m/s

Figure 16. Euler angle response during flight under asymmetric stochastic gust excitation with turbulence intensity
of 4.1 m/s

Figure 17. Control surfaces inputs during flight under asymmetric stochastic gust excitation with different turbu-
lence intensities

Figure 18. Aircraft trajectory response during flight under asymmetric stochastic gust excitation with different
turbulence intensities

Figure 19. Euler angle response during flight under asymmetric stochastic gust excitation with different turbulence
intensities

Figure 20. Discrete gust excitation for different 1-cos curve intensities

Figure 21. Elevator input during flight with 16.8 m/s maximum magnitude symmetric discrete gust excitation
Figure 22. Elevator input during flight with symmetric discrete gust excitation for different maximum magnitudes
Figure 23. Pitch angle and aircraft trajectory response during flight with 16.8 m/s maximum magnitude symmetric
discrete gust excitation

Figure 24. Pitch angle and aircraft trajectory response during flight with symmetric discrete gust excitation for
different maximum magnitudes

Figure 25. Control surfaces inputs during flight with 6.62 m/s maximum magnitude asymmetric discrete gust
excitation

Figure 26. Euler angle response during flight with 6.62 m/s maximum magnitude asymmetric discrete gust exci-
tation

Figure 27. Aircraft trajectory response during flight with 6.62 m/s maximum magnitude asymmetric discrete gust
excitation

Figure 28. Control surfaces inputs during flight with asymmetric discrete gust excitation for different maximum
magnitudes

Figure 29. Euler angle response during flight with asymmetric discrete gust excitation for different maximum
magnitudes

Figure 30. Aircraft trajectory response during flight with asymmetric discrete gust excitation for different maxi-
mum magnitudes
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