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Symbols
Symbol Definition Unit
c Reference chord length m
Chb Drag coefficient -
Cr Lift coefficient -
Cwm Pitching moment coefficient -
Cr Thrust coefficient -
D Drag force N
F Force N
g Gravitational acceleration m/s?
h Altitude m
I Moment of inertia kg m?
J Advance ratio -
K Controller gain -
L Lift force N
M Moment Nm
m Mass kg
n Propeller rotational speed 1/s
P Rotational velocity in the x-axis rad/s
q Rotational velocity in the y-axis rad/s
Q Dynamic pressure Pa
r Rotational velocity in the z-axis rad/s
Re Reynolds number -
S Reference area m?
T Thrust force N
t Time s
U Translational velocity in the x-axis m/s
1% Airspeed m/s
v Translational velocity in the y-axis m/s
W Weight N
w Translational velocity in the z-axis m/s
x Position in the x-axis m
y Position in the y-axis m
z Position in the z-axis m
@ Angle of attack rad
1) Control deflection rad
~ Flight path angle rad
10) Roll angle rad
P Yaw angle rad
p Density kg/m3
0 Pitch angle rad
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Introduction

Background and Motivation

A trajectory optimization problem is an optimal control problem that aims to find the best trajectory for
a dynamic system based on a certain measure of performance while subject to a set of constraints
[1]. Practical applications of trajectory optimization have been developed for a variety of fields, such
as robotics [2], spacecraft [3], aircraft [4], and marine navigation [5]. In aviation, trajectory optimization
has been widely utilized in the effort to minimize the negative environmental impacts associated with
aircraft operations [6]. Prime examples include studies on the minimization of fuel consumption, green-
house gas emissions, and noise impact throughout all flight phases. As the aviation industry continues
to innovate towards the future of green aviation [7], trajectory optimization remains an indispensable
tool to meet ambitious climate goals.

Despite its proven utility, one constraining aspect of trajectory optimization is the difficulty in per-
forming such an analysis with a high-fidelity model, such as a 6-DoF flight dynamics model [4, 8]. This
issue is exacerbated when more degrees of freedom are introduced in addition to their aircraft-level
dynamic states, such is the case when subsystems such as control surface actuators are also modeled
with their own degrees of freedom. In these cases, transcribing the equations of motion to solve the
trajectory optimization problem becomes intractable. As a result, many studies have been conducted
with lower order models such as point mass models [9, 10]. This compromise comes at the expense
of physical accuracy, as lower-order models may not account for complex aerodynamic phenomena.
This research project addresses this limitation by proposing a methodology incorporating reduced-order
modeling that retains the most critical aerodynamic characteristics from a full-order model while allow-
ing the resulting simplification to be manageable for a trajectory optimization solver.

The UNIFIER19 C7A aircraft model, which was previously developed as part of the UNIFIER19
project, will be the main subject of this study. The UNIFIER19 project was a joint research project
commissioned by the European Union, with work being done collaboratively by Pipistrel Vertical Solu-
tions, Politecnico di Milano, and TU Delft. The project aimed to develop an environmentally friendly
19-passenger hybrid electric aircraft with a novel propulsion system design. As such, itis envisioned to
provide “an innovative near-zero emission (NZE) air mobility solution for our communities” [11]. Specif-
ically, this study will investigate the optimal trajectories for the UNIFIER C7A aircraft during landing.

Research Objective and Questions

This study aims to investigate optimal landing trajectories for the UNIFIER19 C7A aircraft. As the high-
fidelity model cannot directly be used to calculate optimal trajectories, a reduced-order model of the
same aircraft will be derived. The reduced-order flight mechanics model, which comprises a simplified
aerodynamics and a 3-DoF flight dynamics model, will then be used to represent the system dynamics
in the trajectory optimization process. To confirm that the reduced-order model maintains a sufficient de-
gree of physical accuracy with respect to the high-fidelity model, the resulting trajectory will be tracked
by the high-fidelity model. The trackability of the optimal trajectory will then serve as a representation
of the reconstruction error of the reduced-order modeling process.

In the process of constructing the reduced-order model, a choice can be made as to the number
of aerodynamic dependencies to be accounted for. For instance, in reality, the overall lift coefficient
of the aircraft may be a function of a number of parameters such as its angle of attack, flap deflec-
tion, DEP advance ratio, Reynolds number, and elevator deflection. However, one or more of these
dependencies may be left out to simplify the aerodynamic model and reduce computational costs. The

vi
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effect that these omissions have on the reconstruction accuracy of the reduced order model will also
be investigated.

With these objectives in mind, the research question has been formulated as the following:

What is the optimal terminal approach trajectory for a hybrid-electric aircraft with a novel
propulsion system such as the UNIFIER19 C7A?

To further refine this question, the following sub-questions have also been chosen:

» How can reduced-order flight mechanics models be utilized to calculate trackable optimal trajec-
tories?

* How sensitive are the results with respect to the number of aerodynamic dependencies included
in the reduced-order model?

Report Outline

This report is organized into three main parts. The first part contains the academic paper, which covers
all parts of the study including results and conclusions in a journal article format. The literature review
report, which was previously graded, is included in Part Il. Lastly, the appendix is included to provide
further practical details on the models and methods used in this study.
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Abstract

Trajectory optimization has proven to be a pow-
erful tool in solving a wide variety of optimal control
problems in the aerospace field. However, in many
cases, numerical complexities prevent the analysis of
optimal trajectories for high-fidelity models, partic-
ularly due to the inherent difficulty of transcribing
high-order dynamic systems. This research project
proposes a methodology incorporating reduced-order
modeling that retains the most critical dynamic char-
acteristics from a full-order model while allowing the
resulting simplification to be manageable for a tra-
jectory optimization solver. The study applies this
methodology to evaluate optimal landing trajectories
for the UNIFIER19 C7A, a hybrid-electric aircraft
equipped with a distributed electric propulsion system
that was previously developed under the UNIFIER19
project. Results show that the reduced-order mod-
els generated for the aircraft can be used to generate
flyable trajectories, verified by tracking the resulting
landing approach paths using the base high-fidelity
model. It is envisioned that this methodology will
also be applicable to other aircraft models and mis-
sion phases.

Keywords

Trajectory optimization, reduced-order modeling, dis-
tributed electric propulsion

Symbols and Abbreviations

Pitch angle
Horizontal velocity, body axis

«  Angle of attack
Cr,  Total lift coefficient
Cp Total drag coefficient
Cyr  Pitching moment coefficient
D Drag force
6  Control surface deflection
g  Gravitational acceleration
L Lift force
m  mass
M  Pitching moment
q  Pitch rate
t Time
0
U

Vertical velocity, body axis
Horizontal pos., NED ref. frame
Vertical pos., NED ref. frame
Altitude, positive up

Va True airspeed

w8 8

CFD Computational Fluid Dynamics

DEP Distributed Electric Propulsion

DoF Degree of Freedom

HFM High-Fidelity Model

HTU Horizontal Thrust Unit
ICLOCS 1ICL Optimal Control Software
IPOPT Interior Point Optimizer

LSED  Lock-Step Euclidean Distance

NLP Nonlinear Programming

ROC Rate of Climb

ROM Reduced-Order Model

1. Introduction

A trajectory optimization problem is an optimal
control problem that aims to find the best tra-
jectory for a dynamic system based on a certain
measure of performance while subject to a set of
constraints [1]. Practical applications of trajec-
tory optimization have been developed for a va-
riety of fields, such as robotics [2], spacecraft [3],
aircraft [4], and marine navigation [5]. In avia-
tion, trajectory optimization has been widely uti-
lized in the effort to minimize the negative envi-
ronmental impacts associated with aircraft oper-
ations [6]. Prime examples include studies on the
minimization of fuel consumption, greenhouse
gas emissions, and noise impact throughout all
flight phases. As the aviation industry continues
to innovate towards the future of green aviation
[7], trajectory optimization remains an indispens-
able tool to meet ambitious climate goals.
Despite its proven utility, one constraining as-
pect of trajectory optimization is the difficulty in
performing such an analysis with a high-fidelity
model, such as a 6-DoF flight dynamics model [4,
8]. This issue is exacerbated when more degrees
of freedom are introduced in addition to aircraft-



level dynamic states, such is the case when sub-
systems such as control surface actuators are also
modeled with their own degrees of freedom. In
these cases, transcribing the equations of motion
to solve the trajectory optimization problem be-
comes intractable. As a result, many studies have
been conducted with lower order models such
as point mass models [9, 10]. This compromise
comes at the expense of physical accuracy, as
lower-order models may not account for complex
aerodynamic phenomena. This research project
addresses this limitation by proposing a method-
ology incorporating reduced-order modeling that
retains the most critical aerodynamic character-
istics from a full-order model while allowing the
resulting simplification to be manageable for a
trajectory optimization solver.

The objective of this study is to investigate
the optimal terminal approach trajectory for a
hybrid-electric aircraft, in this case, the UNI-
FIER C7A. The reference high-fidelity model
(HFM) for the UNIFIER19 C7A was previously
developed as part of the UNIFIER19 project,
which was a joint research project commis-
sioned by the European Union [11]. The project
aimed to develop an environmentally friendly 19-
passenger hybrid electric aircraft with a novel
propulsion system design, utilizing a Distributed
Electric Propulsion (DEP) system.

As the high-fidelity model cannot directly be
used to calculate optimal trajectories, a reduced-
order model of the same aircraft will be derived.
The reduced-order flight mechanics model will
then be used to represent the system in the tra-
jectory optimization process.

Multiple methods have been developed and
implemented to construct these reduced-order
models [12, 13, 14, 15]. A popular example
among many is the use of neural networks to
represent complex nonlinear systems. In the con-
text of flight dynamics modeling, neural networks
can be used to approximate aerodynamic coeffi-
cients, effectively replacing cumbersome lookup
tables that contain data obtained from compu-
tational fluid dynamics (CFD) analysis or wind
tunnel testing. By doing so, memory require-
ments are reduced while allowing differentiable
approximations to be used and nonlinearities to
be modeled. For this study, however, a simpler
concept of reduced-order modeling is employed
to allow the methodology to be easily applied to
any existing high-fidelity model.

In this study, the base model is reduced in two
ways. First, the aerodynamic model of the air-
craft is significantly simplified. While the use of
lookup tables is not eliminated, the model is re-

duced from a segment-based model to a singular
representation of the aircraft as a whole. Second,
the six-degree-of-freedom flight dynamics model
is replaced with a three-degree-of-freedom repre-
sentation of the system.

In the process of constructing the reduced-
order model, a choice can be made as to the
number of aerodynamic dependencies to be ac-
counted for. For instance, in reality, the overall
lift coefficient of the aircraft may be a function of
a number of parameters such as its angle of at-
tack, flap deflection, DEP advance ratio, and el-
evator deflection. However, one or more of these
dependencies may be left out to simplify the aero-
dynamic model and reduce computational costs.
The effect that these omissions have on the ac-
curacy of the reduced order model will also be
investigated.

To confirm that the reduced-order model
maintains a sufficient degree of physical accu-
racy with respect to the high-fidelity model, the
resulting trajectory will be tracked by the high-
fidelity model. The trackability of the optimal
trajectory will then serve as a representation of
the so-called reconstruction error of the reduced-
order modeling process.

2. Models

2.1. Reference Aircraft

DaileL

Figure 1: UNIFIER19 C7A effectors. [16].

The subject of this study is the UNIFIER19
CTA aircraft, a hybrid electric fixed-wing air-
craft designed to carry nineteen passengers for
commuter operations [11]. Its propulsion system
comprises twelve distributed electric propulsors
and one Horizontal Thrust Unit (HTU) propul-
sor mounted on the aft of the fuselage. It has a
high-mounted, unswept main wing and a v-tail
empennage configuration that houses its six con-
trol surfaces. These control surfaces are the right
and left ailerons and flaps on the main wing, as



well as the pair of ruddervators for pitch and yaw
control on the empennage. Figure 1 illustrates
the layout of all effectors on the UNIFIER19 C7TA
and its top-level specifications are presented in
Table 1.

| Metric | Value | Unit |
MTOW 7,954 | kg
Passenger Capacity || 19 -
Wingspan 20.11 | m
Cruise Range 350 km
Cruise Altitude 1,219 | m
Cruise Speed 72.74 | m/s

Table 1: UNIFIER19 top-level aircraft specifi-
cations [11]

The highlight of this design is its use of the
DEP. By positioning the twelve propulsors along
the entire span of the main wing, the blown-
wing effect is utilized to increase the aircraft’s
lift coefficient. Combined with the use of trail-
ing edge flaps, this allows the aircraft to produce
an increased amount of lift at relatively low air-
speeds. This enhances the aircraft’s short-field
performance, which is especially important as the
aircraft is designed as a commuter aircraft that
may have to operate from smaller airfields with
short runways. Additionally, the tail-mounted
horizontal thrust unit (HTU) can also act as a
drag generator by producing negative thrust at
certain conditions. This allows the aircraft to
maintain flight at even lower airspeeds, as the
DEP is activated to increase lift (by increasing
the dynamic pressure over the wing, i.e. produc-
ing the blown-wing effect) while the HTU pro-
duces additional drag to offset the horizontal ac-
celeration produced by the high DEP setting. At
cruise, the use of the DEP is inefficient. There-
fore the DEP propellers are designed to be folded
when not in takeoff/landing conditions while the
HTU alone provides the necessary thrust.

The design of the UNIFIER19 CT7A aircraft,
including the methods used in the design pro-
cess, is thoroughly documented in the project’s
design report [11]. As part of the project, a
Simulink-based flight dynamics simulator was
also constructed. The simulator is complemented
with detailed aerodynamic and propulsive mod-
els, which are described in detail in the simulator
documentation [17].

2.1.1. Aero-Propulsive Model
The core of the UNIFIER19 C7A flight dynam-

ics simulator is its aerodynamics and propulsive

models. Aerodynamic data was collected compu-
tationally using FlightStream, a panel method-
based program. As opposed to analyzing the air-
craft geometry as a whole, aerodynamic analysis
was conducted on the empennage, fuselage, and
main wing separately. Each component was then
further broken down into segments that were ana-
lyzed individually. As a result, multi-dimensional
lookup tables collected from the analysis can be
used to evaluate the forces generated by each seg-
ment. The total forces and moments acting on
the aircraft’s center of gravity are then derived
as a summation of the forces and moments gen-
erated by all individual segments. A primary ad-
vantage of this method is that it allows the forces
for each segment to be evaluated during simula-
tion based on the specific local flow conditions at
that segment. By doing so, intra-component in-
teractions, such as the effect of having the main
wing blown by the DEP, can be more accurately
accounted for. This capability is especially im-
portant for the UNIFIER19 C7A aircraft, as
its unconventional configuration means that its
aerodynamic characteristics are highly coupled.
If these dependencies were to be captured by a
full-model analysis without component splitting,
vastly more computational resources would be
needed. Therefore, this method was also done
as an effort to reduce computational time.

The propulsive model comprises the DEP and
HTU systems. For the DEP system, an electric
motor model and propeller model are used to rep-
resent each propulsor. A unitless value termed
the activity factor is used as the input to the
model. The value of the activity factor ranges
from 0 to 1, corresponding to a thrust request
of zero and maximum thrust, respectively. A
lookup table is then used to evaluate the proper
RPM needed to achieve the desired thrust level.
As the propeller operates at a fixed pitch, only
one RPM will generate a specific thrust for a
given airspeed. The RPM command is then fed
to the electric motor model, which produces the
actual RPM. Subsequently, the propeller model
calculates the torque and thrust based on the mo-
tor’s RPM. The advance ratio is also calculated
as an input to the aerodynamic model. This al-
lows for the aero-propulsive interactions over the
main wing to be accounted for.

The HTU is modeled similarly to the DEP
with two key differences. First, the activity fac-
tor for the HTU may have a negative value to
represent the use of the propeller as a drag gener-
ator. Second, the HTU employs a variable pitch
propeller. Consequently, calculating the optimal
RPM from the activity factor is more complex



than the DEP model. To solve this, XROTOR
was used to generate a 4D lookup table for the
high-fidelity model. The lookup table contains
HTU torque as a function of RPM, airspeed, and
thrust. The torque lookup table is subsequently
used to construct the power lookup table, with
which the optimum RPM can be evaluated at a
given airspeed and desired thrust.

As the aerodynamic and propulsive models are
constructed on a component level, a complex in-
terpolation procedure is needed to compose the
total forces and moments acting on the aircraft
as a whole. In summary, this procedure involves
calculating local angles of attack, sideslip, and
flow velocities at numerous stations on the main
wing and empennage before utilizing the col-
lected lookup tables to produce the forces and
moments at each segment. Lastly, interactions
between the main wing and tail as well as the
aerodynamic contributions from non-lifting com-
ponents are also accounted for when summing the
forces and moments.

2.1.2. Control Ganging

In total, the UNIFIER19 is equipped with nine-
teen independently controllable effectors. This
introduces a high degree of control redundancy
that creates additional complexity in designing
control laws and control optimization problems
such as trimming and trajectory optimization.
To reduce the number of effective control vari-
ables, a ganging scheme is adopted based on that

used during the control law design studies con-
ducted by Soikkeli et al. [16].

Firstly, the two ruddervators are mixed using
standard control allocation schemes for v-tails to
obtain explicit yaw and pitch control. Next, the
flaps are assumed to be deployed symmetrically
while the ailerons are deployed in opposite di-
rections with equal deflection angles. Hence, the
main wing control surfaces are reduced to two
variables d,i; and d;,, which are defined as:

Oaile,left = Oaile (1)
Jaile,right = —Oaile (2)
Oflap,left = Oflap (3)
Oflap,right = Oflap (4)

As for the propulsion systems, the HT'U thrust
level, also known as the activity factor is kept
as a separate control variable, while the controls
for the DEP propulsors are ganged. Instead of
twelve independent activity factors, the controls
are ganged to two variables, namely DEP., and

DEPgope. DEP describes the collective activ-
ity factor of the DEP system as a whole, while
DEPope describes the distribution of thrust dif-
ferential throughout the twelve propulsors. The
activity factor for each individual propulsor, de-
noted by DEP; is then described by:

DEP; = tan(DEPgjope Ksiope )¢ (i) + DEP

i=1[1,2,3...,12]
DEP; € [0, 1]
DEPgope € [0,1] (5)
DEP,,; € [0,1]
Kiiope = 0.785
¢=[-1,-08,-0.4,-0.2,—0.1,0,
0,0.1,0.2,0.4,0.8, 1]

By implementing this scheme, the number of con-
trol variables is vastly reduced while maintaining
the functions of the DEP system for thrust, lift
augmentation, and directional control.

2.2. Flight Dynamics Model
2.2.1. Assumptions

The following assumptions apply:

= The aircraft is assumed to be a rigid body.
= A flat, non-rotating Earth is assumed.

= Gravity is constant.

= Undisturbed still air is assumed.

= Weight and inertia are constant.

= The aircraft’s geometry and mass distributions
are assumed to be symmetric with respect to
the XZ plane.

Additionally, the International Standard At-
mosphere model (ISA) is utilized to model atmo-
spheric conditions.

2.2.2. 3-DoF Flight Dynamics Model

While the reference model allows for a full 6-DoF
simulation, this study is limited to longitudinal
flight only. Therefore, a 3-DoF flight dynamics
model is used which will simulate translational
motion in the x and z axes and, naturally, rota-
tion in the longitudinal plane.

The following variables represent the aircraft’s
states for this model:



= x,z: The aircraft’s position in the x and z axes
of the flat Earth reference frame.

= u,w: Velocities in the x and z axes of the body
reference frame.

= @: Pitch angle

= ¢: Angular velocity in the longitudinal plane
(pitch rate)

While the following control variables have been
chosen as the inputs for the model:

= Jolev: Elevator deflection.

= Ofap: Flap deflection.

= DEP: DEP (collective) activity factor.
= HTU: HTU activity factor.

When simulating the reference model, all
other control variables as described in section
2.1.2, including DEPg|ope, are set to 0.

Implementation of the equations of motion for
this model utilizes MATLAB Simulink’s “3DOF
(Body Axes)” block from the Aerospace Blockset
[18]. The classic equations of motion for a 3-
DoF flight mechanics model are derived from the
force balance equations and moment equation.
This results in the following expressions for the
force and moment equations, written in the body
reference frame:

du F, .

E—E—g&nG—qw (6)

dw F,

%—E—Fgcosﬁ—%qu (7)
dg _ My

=T (8)
where F, and F, are components of the resultant
external force in the x and z axes, and M,
represents the pitching moment. The resultant
external force § includes the lift and drag forces,
as well as the thrust and weight. The kinematics
are then expressed by the following relations:

d

%:ucos@—{—wsin@ (9)

% = —usinf + wcosf (10)
do
= 11
= (11)

3. Methodology

High-Fidelity
(6 DoF) Model
Reduced-Order
Modelling . .
Trajectory Optimization

Low-Fidelity
(3 DoF) Model

=
.

Constraints

Objective Function

i
|
\—

Optimal Trajectory

Tracking _______.......E
Control
Tracking
Error

Figure 2: Research methodology

As shown in Figure 2, the research activities car-
ried out within this thesis project are broadly
grouped into three major parts: Modelling, opti-
mization, and verification. The first part focuses
on deriving the reduced-order aircraft model
from the high-fidelity UNIFIER C7A model.
This includes simulating the base high-fidelity
model and utilizing the extracted data to con-
struct lookup tables for the reduced-order mod-
els. The resulting reduced-order models will then
serve as the dynamics constraints in the trajec-
tory optimization problem. The optimization
problem is formulated in the second part, and
global trajectory optimization is performed with
the ROM. The resulting trajectory is then ver-
ified in the last part, where it is tracked by
the high-fidelity model using feedback control.
Several versions of the reduced-order model will
be constructed with varying degrees of fidelity.
Hence, the entire process will be repeated for
each variation.

3.1. Reduced-Order Modeling

The base High-Fidelity Model described in sec-
tion 2.1.1 (henceforth referred to as the HFM)
is simplified by reducing the aerodynamic model,
while the propulsive model is used as is. This ap-
proach was chosen based on the relative complex-
ity of the aerodynamic model, which is structured



as a summation of significantly more components
compared to the propulsive model, which only
requires calculations for twelve (identical) DEP
propulsors and one HTU. Additionally, to ac-
count for the blown-wing effect the advance ratios
of the DEP propulsors need to be calculated. As
the HFM already directly converts the advance
ratio to the thrust coefficient using a lookup ta-
ble, it is not possible to further simplify the DEP
model without losing the ability to account for
aero-propulsive interactions.

To build the reduced aerodynamic model,
three lookup tables are used to evaluate the lift,
drag, and pitching moment coefficients. These
lookup tables are constructed by simulating the
HFM at varying conditions and recording the in-
stantaneous total aerodynamic forces and pitch-
ing moment at each condition. The coefficients
themselves are then obtained by simply non-
dimensionalizing the total lift, drag, and pitching
moment by the dynamic pressure at the condi-
tion at which the HFM is simulated, as well as
the chord length in the case of the pitching mo-
ment. The execution of this procedure can be
intuitively understood as conducting a ”virtual
wind tunnel” experiment, where the aircraft is
placed at varying angles of attack and configured
to a range of control surface and thrust config-
urations while the resulting forces are recorded.
Algorithm 1 shows a simplified representation of
the procedure. The conditions and inputs that
are varied for this evaluation, along with their
ranges and increments are shown in Table 2.

Algorithm 1 ROM Generation

1: Define V,
2: Define h
3: for each 04, (index %)
4: for each a (index j)
5: for each DEP (index k)
6: for each d¢e, (index 1)
7 Crli,j. k1] « HFM
8 Cpli,j, k1] « HFM
9: CM[i,j,k,l]%HFM
10: J[k] < HFM
| Variable | Unit | Min | Max | Increment |
@ Angle of attack deg -40 40 1
Octev  Elevator deflection | deg -30 30 5
Oflap Flap deflection deg 0 25 5
DEP DEP activity factor | - 0 1 0.1

Table 2: ROM evaluation input variables

While the DEP activity factor is used as an
input to the ROM evaluation procedure, the ad-
vance ratio J will be used in its place as an input

to the resulting lookup tables. The advance ratio
produced at each DEP setting is therefore calcu-
lated and stored to be used as breakpoints in the
resulting lookup tables, along with the original
ranges of a, deley, and dgap. This is done to bet-
ter represent the aero-propulsive interactions as
they are physically linked to the advance ratio
as opposed to simply the DEP setting. A lim-
itation of this method is that the range of ad-
vance ratios produced, and therefore the range
of advance ratios at which the ROM is able to
evaluate the aerodynamic coefficients, is deter-
mined by the (fixed) airspeed at which the ROM
is evaluated. Varying airspeed was also consid-
ered in order to obtain a more exhaustive range
of advance ratios, however, this was observed to
increase the computational cost of evaluating the
ROM significantly. Therefore, a compromise was
chosen by evaluating the ROM at an airspeed of
50m/s, roughly halfway between the cruise speed
of 72.74m/s and the stall speed of 35.85m/s, re-
sulting in a range of advance ratios sufficient
to cover the landing scenario simulated in this
study.

Accounting for as many dependencies that are
modeled in the high-fidelity model as possible
is expected to reduce the reconstruction error
of the reduced-order model. However, including
more dependencies will have an effect on compu-
tational efficiency as it retains more complex be-
haviors of the HFM. To further investigate this
trade-off, multiple versions of the ROM will be
constructed with varying numbers of dependen-
cies accounted for. The resulting reconstruction
error obtained with these models will then be
compared in order to gain insights into the opti-
mal level of fidelity needed to achieve satisfactory
accuracy while minimizing computational costs
and allowing convergence during trajectory opti-
mization.

The variations in dependencies will be pro-
duced by fixing the value of one or more of the
independent parameters, effectively using only a
subset from the complete collected dataset for a
particular coefficient. Three ROM versions are
generated with version 1 being the base dataset
with all dependencies, while version 3 is the sim-
plest. A summary of the different ROM versions
produced and the dependencies included for each
coefficient is shown in Table 3. The values at
which some of the parameters are fixed for the
simplified models are also shown. For both ver-
sions 2 and 3, the advance ratio is fixed to a value
that would correspond to a 0.5 DEP activity fac-
tor setting.



ROM Dependencies Included
version | “**" 5 ESESE
C.
vl Co
Cm
CL
V2 Co
Cf."l
CL
v3 Co
Cm

Table 3: Dependencies for each ROM version

3.2. Trimming

The initial conditions for both the trajectory op-
timization procedure and simulation require the
aircraft to be trimmed at steady, straight, and
level flight. Therefore the trim states and con-
trols need to be calculated for the HFM as well
as all ROM versions. In order to do this, the trim
problem can be formulated as an unconstrained
optimization problem [19]. The elements of the
decision vector z are defined as the state variables
Xz, and control variables u,, which are subsets of
the full state and ganged control variables out-
lined in section 2.1.2:

z = [X] (12)

u,
where

U

Xz = |w (13)
0
5elev

u, = |DEP.y (14)

OHTU

From the full state vector, x is removed as the
horizontal position of the aircraft has no bear-
ing on its dynamics with the model being used.
By definition, the aircraft should have zero pitch
rate in trimmed conditions, therefore ¢ is also
removed. z and dg,p are then removed from the
state and control vectors respectively as their val-
ues are imposed based on the desired condition
at which the aircraft is to be trimmed.

The conditions for equilibrium flight can then
be expressed as:

Xa=1[2 4 @ 6 ¢"=f(z)=0 (15

X4, a subset of the full state variable vector x,
represents the states which should be constant
under steady-level flight conditions. X4 are then
the accelerations of those variables. f describes
the dynamics of the system, which are a function
of the decision variables z. With this in mind,
the cost function can then be formulated using
the so-called penalty method:

min f, = Q'HQ (16)

where

Xd
Q-] a7)

Q comprises the state accelerations xgq as
well as additional relationships ¢ which are im-
posed to achieve a specific flight condition. For
steady-level longitudinal flight at a target air-
speed V*, the following flight-condition-specific
relationship is applied:

c=[V -V (18)

This addition to the objective function is neces-
sary as it is not possible to fix the airspeed at a
certain value without also bounding the angle of
attack due to the choice of state variables.

The cost function is also complemented by the
penalty matrix H. The penalty matrix is a di-
agonal matrix containing scalar values, which are
multiplied with each element of Q to indicate the
importance of each element towards the final ob-
jective value f,.

hi 0 0 0
0 he O 0

H=10 0 h3 0 (19)
0 0 0 ... hy

Therefore, equation 16 can be rewritten as:

fo = th% + hQQS 4+ hn%zz (20)

Where each penalty matrix element h; corre-
sponds to element g; of the Q vector. The nu-
merical values of h; are initially set equal to one.
They are then adjusted manually based on the
specific flight conditions to drive the optimizer
to improve convergence behavior.

3.2.1. Solver

This optimization problem is solved using MAT-
LAB’s FMINCON, a nonlinear programming



solver [20]. The bounds for the decision variables
are determined based on physical constraints (for
example, the altitude must be a positive value)
and control surface saturation limits. The follow-
ing solver settings are used

= Algorithm
= FinDiffType

: interior-point

: forward

while the tolerances and the DiffMinChange set-
ting are adjusted on a case-by-case basis depend-
ing on the target trim conditions and model used
in order to improve convergence results.

3.3. Stall Speed Approximation

In order to set constraints for trajectory opti-
mization, the stall speed of the aircraft must be
determined. While the design document for the
reference aircraft [11] specified the stall speed at
35.85m/s, it must be verified that the ROMs also
share this limit. To achieve this, the trim rou-
tine described in section 3.2 is executed for each
model at a range of airspeeds. The lowest air-
speed at which the aircraft can be trimmed at
steady level flight is then considered to be the
approximate airspeed. The criteria for the con-
dition to be considered as ’trimmable’ is that
the norm of the residual acceleration vector xg
must be smaller than 1le™3. It should be noted
that this calculation, while similar to the objec-
tive function as described by equation 16, differs
in two key ways: First, the objective function
merely squares the accelerations without taking
the square root. Second, the objective function
includes the penalty matrix, while the norm cal-
culation used for the stall speed approximation
does not. This is done to avoid the numerical ef-
fect of the penalty factors affecting the trim cri-
teria as described above, as different ROMs may
be trimmed with different values for the penalty
matrix.

3.4. Trajectory Optimization
3.4.1. Solver

The computing of the optimal trajectories itself
is done using the open-source ICLOCS [21] soft-
ware, which utilizes the Herminte-Simpson collo-
cation method as its transcription method. The
transcribed problem is then solved using IPOPT
[22] as the NLP solver.

8.4.2. Initial and Terminal Conditions

The landing sequence begins at cruise conditions.
Therefore, the initial conditions of the aircraft
are as follows:

= Altitude : 1219 m
— Airspeed 2 72.74 m/s
- 5flap : D deg

while the initial conditions for the rest of the
state variables are determined based on the trim
solution at the above conditions. Simulations
done as part of the design study for the UNIFIER
CT7A [11] utilized discrete jumps in the flap deflec-
tion at different phases of the landing sequence.
As this would require much more complex multi-
phase trajectory optimization to emulate, a com-
promise was chosen to fix the flap deflection at a
constant value throughout the trajectory.

The landing trajectory is considered complete
when the aircraft reaches an altitude of 5bm. Ad-
ditionally, the initial guess for the terminal con-
ditions utilizes the states and controls of the air-
craft trimmed for steady level flight at 5m alti-
tude with an airspeed of 50 m/s, after descending
at an average glide slope of 1 deg.

8.4.8. Bounds

The bounds for the controls are simply the sys-
tem saturation and rate limits as described by
the HFM simulator documentation [17]. For the
state variables, the bounds are as follows:

Variable Bounds Unit
Lower Upper

b 0 inf m
zZ -inf 0 m
u 35c0s(20) 75 m/s
W 75sin(20)  75sin(20) | m/s
0 -5 5 deg
q -2 2 deg/s

Table 4: Trajectory optimization bounds

The bounds for u and w were chosen such
that any combination of the two variables could
not result in airspeeds lower than the stall speed
and/or angles of attack beyond the range of the
ROM breakpoints.

8.4.4. Cost Function

For this study, two boundary cost functions will
be used. First, a minimum time objective is used.



Second, a minimum distance objective will also
be evaluated.

In addition to the boundary cost functions,
a stage cost function is also used. The aim of
the stage cost function is to promote lower air-
speeds at low altitudes. This is done by taking
the sum of the instantaneous airspeeds multiplied
by penalty factors which increase exponentially
as the aircraft descends. The stage cost function
is formulated as follows:

v
min stageCost = kp—— (21)
X,u ao
where
zZ—Zz 2
p= e( ZOO> (22)
k=0.1 (23)

Fig 3 shows the change in the stage cost weight
variable p as the aircraft approaches the terminal
altitude.

2.8

26|

Cruise altitude |

24

Terminal altitude |

22T

p (Stage cost weight factor)
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Figure 3: Stage cost weight as a function of
altitude

3.4.5. Constraints

Multiple path and boundary constraints are also
imposed on the problem in order to ensure a real-
istic solution. These constraints are summarised
by Table 5.

Constraint . . Range
‘ Type ‘ Variable Unit ‘ Min  Max
Rate of climb  ft/min | -350 0
Path Angle of attack deg -15 10
True airspeed  m/s 39.44 80
| Boundary | True airspeed — m/s | 39.44 46.61 |

Table 5: Trajectory optimization bounds

10

The rate of climb is limited to a minimum of
-350 m/s to promote ride quality by preventing
excessively quick descents. It is also limited to a
maximum of 0 m/s to prevent the aircraft from
climbing at any point in the trajectory. Addi-
tionally, the angle of attack range was chosen in
order to stay within the linear part of the lift
curve slope. The airspeed is limited by two con-
straints. First, an inequality constraint is im-
posed to limit the aircraft to fly between 1.1x
the stall speed to 80 m/s. This is done to pre-
vent the aircraft from flying too close to the stall
speed and to prevent excessive increases in air-
speed beyond the initial cruise speed. Lastly, a
narrower airspeed range is applied on the final
instant, where a maximum of 1.3x of the stall
speed is imposed in order to obtain realistically
slow approach speeds. The boundary constraint,
combined with the stage cost function described
above was implemented to promote the usage of
the DEP, which is a key feature of the aircraft
allowing for enhanced low-speed performance.

3.5. Tracking

The final part of the study involves tracking the
resulting optimal trajectory using the HFM. The
trackability of the trajectory, or in other words,
how closely the high-fidelity model can follow the
trajectory, will then be used as a measure of the
reduced-order model’s reconstruction error. To
achieve this, feedback control will be used to con-
struct a tracking control system.

For the purposes of trajectory verification and
assessment within the scope of this study, a rela-
tively simple linear PID-controller-based control
system will be employed.

In order to track the two-dimensional ref-
erence trajectory, the main components of the
tracking system will be the longitudinal con-
trollers, namely the airspeed and altitude track-
ing systems. As with the aircraft model, the
flight control system will be implemented in the
MATLAB Simulink environment.

3.5.1. Altitude Tracking

The altitude tracking system consists of multi-
ple parallel control loops, which ultimately ma-
nipulate the aircraft’s altitude by controlling its
elevator. Figure 4 shows a block diagram for a
typical altitude control system. The outermost
loop receives the current altitude as feedback and
compares it to the reference altitude. The alti-
tude controller, a proportional-integral (PI) con-
troller, then receives the altitude discrepancy, or



error and produces a target pitch angle for the
inner loops. The two inner loops constitute the
pitch attitude control system. Pitch angle feed-
back also provides an effective method to stabi-
lize the phugoid mode of the aircraft. Therefore,
the pitch attitude control system also acts as a
phugoid damper.

r Be K Ir
]

Figure 4: Overview of the altitude control sys-
tem

The two inner loops were tuned using
Simulink’s PID Tuner App, while the outermost
loop was tuned manually by trial and error, as
the step response from the PID Tuner App for
the outer loop produced an excessively slow set-
tling time.

3.5.2. Airspeed Tracking

The airspeed controller is much simpler com-
pared to the other two loops, as shown by Fig-
ure 5. Here, only a single loop is used as the
airspeed typically has slow variations. A single
PI controller is used to eliminate steady-state er-
ror [23]. The controller receives the airspeed er-
ror and computes the appropriate throttle input,
which is then fed to the aircraft model. A limita-
tion of this control system is that the same com-
mands are given to both the DEP and HTU. This
means that it is not possible for the controller to
fully utilize the UNIFIER C7A’s unique propul-
sion configuration, as it would require different
controllers for the two independent systems to
allow for better utilization during landing (e.g.
by increasing the DEP activity factor while us-
ing the HTU in regenerative mode).

HTU |

R 5 L v
Airspeed T N
Controller Aircraft

DEP >

Figure 5: General structure for an airspeed con-
trol system

The airspeed controller was also tuned manu-
ally for similar reasons as the altitude controller
above.

3.5.8. Tracking Error Calculation

To quantify how closely the trajectory is tracked
by the HFM, a variant of the Lock-Step Eu-
clidean Distance (LSED) similarity measurement
is used. This calculation measures the average of
the Euclidean distance between the reference tra-
jectory and tracking result at the same points in
time throughout the entire trajectory [24]. The
main consideration for choosing LSED over other
similarity measures is the fact that both the refer-
ence and tracking trajectories are aligned in time.
As there are no temporal dissimilarities, there is
no need for more advanced similarity measures
that compensate for it. Additionally, LSED also
comes with the advantage of a relatively straight-
forward physical interpretation.

1 n
LSED,ys = - g dist (ref;, res;) (24)
i=1

dist (ref;, res;) = \/(x’/‘efi - xresi)z + (Zref; — Zres;)
(25)
Where ref and res refer to the reference tra-
jectory and tracking result respectively. While
both the altitude and airspeed are used as top-
level controller references, only the error in the
geometric position of the aircraft is considered.

4. Results & Discussion

4.1. Reduced-Order Modeling

Figures 6 - 8 show a sample of the resulting lift,
drag, and pitching moment coefficient curves ob-
tained from the ROM procedure outlined in sec-
tion 3.1.

It can be seen that the HFM only produces
accurate aerodynamic data between angles of at-
tack of -15 to 20 degrees, and interpolation is
used beyond those limits. This is consistent with
the range used for aerodynamic data collection
when the HFM was constructed [17]. It is also
observed that the lift coefficient curve is linear
between the angles of attack of -15 to 10 degrees,
which are used as constraints for the trajectory
optimization procedure. An increase in flap de-
flection is seen to simply raise both the lift and
drag coeflicient curves without altering its over-
all profile, although the amount raised is not con-
stant at every angle of attack. On the other hand,
increasing flap deflection results in an increase in
the steepness of the C}y, slopes, meaning longi-
tudinal stability is improved.
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Figure 8 ROM pitching moment coefficient
curve at DEP = 0.5, d¢je = 0 deg

Several comparisons were then conducted to
study the differences between the different ROM
models and also with respect to the baseline
HFM. First, the aerodynamic forces and pitching
moment produced with the same control inputs
were compared. This comparison is done at two
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flight conditions: landing and cruise. The con-
trols used are the trimmed HFM control inputs
at each condition. In the case of the landing con-
dition, the exact values for these inputs can be
seen in the first row of Table 8. Tables 6 and 7
show the results of the comparisons at these two
conditions respectively. In addition to the abso-
lute values of lift, drag, and aerodynamic pitch-
ing moment, the relative error produced by each
ROM is also shown as a heatmap. Cells in green
indicate the smallest error produced between the
three ROMs, while red indicates the largest.

ROM L D My,ae
Version (N) (N) (Nm)
HFM | 69,1471 | 4,572.0 3,269.1
ROM v1| 66,755.7 | 4,494.5 | 44221
ROMv2| 67,000.2 | 4520.6 | 4,310.4
ROMv3| 70,139.6 | 45719 | 43104
Error (%)
ROM v1
ROM v2
ROM v3

Table 6: Comparison of lift, drag, and aerody-
namic pitching moments produced by different
ROM versions at landing conditions (h = 5 m,
Va =50 m/s dfqp = 5 deg, DEP on)

ROM L D My,ae
Version (N) (N) (Nm)
HFM | 69,101.1 | 5,344.6 0.0
ROMv1| 69,231.3 | 5,423.8 -860.6
ROMv2| 73,8491 | 5473.6 | -4,203.5
ROMv3| 91,809.3 | 6,234.8 | -4,549.5
Error (%) Error (Nm)
ROM v1
ROM v2
ROM v3

Table 7: Comparison of lift, drag, and aerody-
namic pitching moments produced by different
ROM versions at cruise conditions (h = 1219 m,
, Va = 7274 m/s 654, = 0 deg, DEP off)

It is observed that while all ROM versions are
able to produce reasonably similar values as the
HFM, at the landing condition version 3 (the sim-
plest) in fact most closely replicates the lift and
drag forces. On the other hand, the pitching mo-
ment shows a larger relative discrepancy between
the HFM and ROMs, where versions 2 and 3 pro-
duce the closest value. It is noted that the pitch-
ing moments produced by versions 2 and 3 are



identical, as the only additional dependency in-
cluded for the pitching moment coefficient lookup
table in version 2 (compared to version 3) is the
flap deflection. While version 3 produces the
most accurate results at landing conditions, the
opposite is true at cruise conditions, where ver-
sion 1 produces significantly more accurate val-
ues. This is most apparent when observing the
values of the aerodynamic pitching moments. At
cruise conditions, the DEP is deactivated. How-
ever, versions 2 and 3 are produced with a fixed
0.5 DEP activity factor setting. This means that
these two versions always assume the presence of
a blown-wing effect, leading to large discrepan-
cies in conditions where the DEP is not used (or
used at a different setting). Additionally, the lack
of flap deflection dependency further reduces the
accuracy of ROM version 3, which is produced
with a fixed 5-degree flap deflection. These re-
sults show that while simplified ROM versions
may indeed represent the aircraft dynamics ac-
curately at some conditions, it comes at the cost
of reduced accuracy at other conditions that are
farther from the ROM’s evaluation point.

A further comparison was made by simulat-
ing the HFM and ROMs with the same constant
control inputs from the same initial condition
(again, trim inputs for the HFM at cruise con-
dition) for 1000 seconds. This open-loop simu-
lation was done without any controllers, there-
fore the response produced is purely due to the
aero-propulsive model. The results of the simula-
tion are shown in figure 9, while figure 10 shows
the same results with ROM version 3 excluded
for better visibility. The first observation to be
made is that the HFM is able to stay at roughly
constant conditions, meaning that the aircraft is
indeed trimmed. Versions 1 and 2, while pro-
ducing similar responses, differ in several ways.
As they produce slightly different aerodynamic
forces and pitching moments under the same con-
ditions, the trim inputs for the ROM versions are
not equal to those of the HFM, nor are they equal
to each other. As a result, with the same inputs
the different ROM versions settle at slightly dif-
ferent conditions. Both versions 1 and 2 settle at
constant angles of attack that are lower than the
HFM. In terms of airspeed, version 1 produces
a response with a constantly decreasing TAS, al-
beit at a very shallow slope, while the opposite
is true for version 2. This results in a constantly
decreasing altitude for version 1 while the simu-
lation for version 2 shows an increase in altitude.
On the other hand, the response produced by ver-
sion 3 shows the loss of dynamic stability alto-
gether, as the aircraft fails to settle at a constant
condition while the amplitude of the oscillations
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in all states (apart from horizontal distance) con-
tinues to grow throughout the simulation.
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Figure 9: Comparison of simulation results pro-
duced by ROM versions 1-3



ROM v1 ROM v2

HFM

12801

1260

12401

- 1220 =—

Altitude, m
N
o
o
T

1180

11601

I I I I I I I ]
300 400 500 600 700 800 900 1000

I
200

I I I I 1 I I ]
300 400 500 600 700 800 900 1000

Angle of Attack, deg
5

I I I I I I I I ]
200 300 400 500 600 700 800 900 1000

Pitch Angle, deg

I I I I ! I I I I |
100 200 300 400 500 600 700 800 900 1000

-0.2f

Pitch Rate, deg/s

-0.4f

-0.61

08 I I I I I |
0 500 600 700 800 900 1000
Time, s

160 260 360 460
Figure 10: Comparison of simulation results
produced by ROM versions 1 and 2

Each ROM version was also trimmed to com-
pare the different inputs required to achieve the
same steady-level flight at terminal landing con-
ditions. The results are shown in Table 8. It
is shown that versions 1 and 2 require a higher
angle of attack compared to the HFM, while the
opposite is true for version 3. This is consistent
with the results shown in Fig. 6 where versions 1
and 2 produce less lift under the same conditions
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while version 3 produces more lift compared to
the HFM. The lack of the elevator deflection de-
pendency on the lift and drag coefficients for ver-
sion 3 also results in the largest discrepancy for
the elevator setting in trimmed conditions, where
versions 1 and 2 are trimmed at much closer ele-
vator deflection values.

Controls
M
Vlzrosion (d(()eég) Oclev DEP  HTU
(deg)  (0-1)  (0-1)
HFM 5.3992 | -8.3459 0.4453 0.0300
ROM v1 | 5.9123 | -8.6563 0.4263 0.0580
ROM v2 | 5.8320 | -8.5535 0.4084 0.0754
ROM v3 | 5.1971 | -7.6390 0.4065 0.0598

Table 8: Comparison of the angle of attack and
control inputs at trimmed conditions for different
ROM versions in landing conditions (h =5 m, Va
= 50 m/s dfiqp = 5 deg, DEP on)

Based on the three comparison exercises dis-
cussed above, a few conclusions can be made.
The fidelity of a reduced order model (in terms of
the number of aerodynamic dependencies taken
into account) determines how closely it can
mimic the magnitudes of the lift, drag, and pitch-
ing moment produced by the high-fidelity model
at the same flight conditions. Discrepancies in
lift, drag, and pitching moment will then mani-
fest in the aircraft’s physical behavior by alter-
ing its control response. This is apparent in two
ways when observing the aircraft’s open-loop re-
sponse. First, the four models exhibit dissimilar
equilibrium points. Naturally, this also implies
that their trim solutions are not interchangeable.
Second, differences in the aircraft’s dynamic sta-
bility are apparent. In the case of ROM v3,
complete loss of dynamic stability is clearly in-
dicated by diverging oscillations on all state vari-
ables. while this is a clear indication of reduced
modeling accuracy, it should be noted that it
would not necessarily create an issue in trajec-
tory optimization. As it is obvious that unsta-
ble flight should not contribute positively toward
minimizing any well-defined cost function, the
solver would naturally be incentivized to find so-
lutions that avoid this behavior, effectively re-
sulting in stability augmentation.

Lastly, an additional comparison was done to
compare the stall speeds of the different ROM
versions, as outlined by the procedure described
in section 3.3. The trim routine was executed for
all models in a range of airspeeds at cruise (h =
1219 m, DEP off) and landing (h = 5 m, DEP
on) conditions. The norms of the residual accel-



erations are then plotted and shown in figures 11

and 12.
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Based on the residual accelerations, the stall
speed is evaluated. For instance, in figure 11
the HFM with a 25-degree flap deflection set-
ting is shown to be able to produce near-zero
residual accelerations down to an airspeed of 41
m/s, therefore this airspeed is determined to be
the stall speed for this model at this flap deflec-
tion setting. The same procedure is repeated
for all models and for all evaluated flap deflec-
tion settings. This results in a summary of the
stall speed as a function of flap setting for each
ROM version under cruise and landing condi-
tions, which are shown by figures 13 and 14 re-
spectively.

All models under both conditions show an
overall trend of decreasing stall speed with in-
creased flap deflection, which should come as no
surprise. At landing conditions with the DEP on,
the overall stall speed is also lowered.
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While not exactly equal, it is shown that the
lower stall speed achievable by the HFM is 35 m/s
(that is with maximum flaps and with the DEP
on), similar to the stall speed indicated by the
UNIFIER design report [11] of 35.85 m/s. An-
other observation to note is that the stall speed
for ROM version 3 is not affected by the flap de-
flection setting, as this ROM version omits the
flap deflection dependency for all aerodynamic
coefficients altogether.

It should be noted that while this compari-
son provides a useful indication for the purposes
of verifying appropriate airspeed constraints for
the trajectory optimization procedure, it is by no
means an exact calculation of the stall speeds.
First, the precision of this method is determined
by the granularity at which the airspeeds are
evaluated. In this case, the trim routine is ex-
ecuted at increments of 1 m/s. Second, as the
trim routine is done using numerical optimiza-
tion methods, its results are also dependent on
the robustness of the solver setup. For instance,
it is possible that different numerical settings are
needed for each airspeed condition in order to ob-



tain the minimum value of acceleration residuals.
However, for this study, a constant numerical set-
ting was used for all evaluations for practicality.

4.2. Trajectory Optimization

Optimal trajectories were then evaluated using
the three ROM versions with the same objec-
tive functions, bounds, and constraints as out-
lined in section 3.4. Throughout the trajectory
optimization exercise, it was observed that the
convergence of the ICLOCS solver was highly
sensitive to the numerical settings, bounds, and
constraints that were imposed. A key numerical
setting that influenced the convergence the most
was the IPOPT convergence tolerance. The de-
fault value for this setting of 1e~® was found to
be too low, preventing the solver from terminat-
ing its iterations at a feasible solution. Adjust-
ments for this setting were needed on a case-by-
case basis for each optimization run, aiming to
find the best trade-off between optimality and
convergence by incrementally lowering the toler-
ance throughout multiple runs. Unfortunately,
despite increasing the tolerance setting to val-
ues as high as 1e", no converged results could be
produced with the minimum distance objective
function while imposing the constraints specified
above. This was the case for all ROM versions.
An additional measure was attempted by remov-
ing the stage cost function, however this still did
not result in a converged solution. Therefore,
only results produced with the minimum time
cost function are shown. Additionally, multiple
warnings indicating insufficient available compu-
tation memory were received, prompting a limit
to 250 mesh points in order to maintain reliable
convergence with acceptable solution granularity.
The resulting state and control trajectories are
shown in figures 15 and 16 respectively. Table 9
shows a summary of all three trajectories.

| Metric | ROM vl | ROM v2 | ROM v3 |
Final time, s 1,745.4 1064.2 684.2
Final distance, km 103.3 65.4 47.0
Avg. glide slope, deg -0.67 -1.06 -1.48
Computation time, s 83 21 54
Table 9: Summary of trajectory optimization
Results

It is observed that using ROM version 3 to
represent the aircraft aerodynamics model re-
sulted in the best trajectory, terminating the
landing approach at t; = 684.2s, while versions
2 and 3 resulted in considerably longer landing
times. This is also reflected by the differences
in the horizontal distance at which the aircraft

reaches the prescribed terminal altitude as well
as the average glide slopes achieved between the
three ROM versions.
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DEP and HTU usage for all three solutions
present similar overall trends, where the DEP is
set much higher than the HTU, which is used
to produce negative thrust at the early and late
stages of the trajectory. For all solutions, it
is seen that the solver struggles to produce a
smooth transition between the approach and ter-
minal condition, as can be seen by the sharp drop
in airspeed in the final parts of the trajectory
in order to satisfy the boundary condition. The
pitch angle bounds were also observed to be a
limiting value. As the aircraft approaches the
terminal altitude, a sharp flare maneuver is seen
by deflecting the elevator which causes the air-
craft to pitch up to the maximum allowable pitch
angle. This maximum pitch angle was chosen
to limit the aircraft to a reasonable attitude and
improve passenger comfort, preventing the solver
from using excessively high pitch angles.

4.3. Tracking

Finally, the three optimal trajectories presented
above were tracked using the HFM equipped with
the altitude and airspeed control systems as out-
lined in section 3.5. Figures 18 - 23 show the full
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tracking results for all three trajectories.

The tracking error, represented by the Eu-
clidean distance defined by equation 25, is plot-
ted for all three trajectories as a function of time
and shown in figure 17. It is shown that while
the HFM manages to track the references closely
throughout a majority of the approach, sharp
changes towards the start and end of the tra-
jectories result in steep jumps in tracking error.
This is an indication that the optimal trajecto-
ries resort to unrealistic maneuvers, particularly
at the end of the approach as the solver tries to
satisfy the imposed terminal conditions.
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Figure 17: Tracking error comparison for all
three ROM verions

ROM v1
0.4653

ROM v2
0.5218

Mean Tracking Error

(Euclidean Distance, m) 0.5688

ROM v3 ‘

Table 10: Summary of mean tracking error for
all three ROM versions versions

Lastly, the average LSED as defined by equa-
tion 24 for each of the three trajectories is shown
in Table 10. As expected, there is an increase in
tracking error as the number of aerodynamic de-
pendencies is reduced in the ROM used when pro-
ducing the optimal trajectories. With that being
said, all trajectories are still successfully tracked
relatively closely, as indicated by the < 1m aver-
age tracking error values. This shows that while
it is indeed true that including more aerody-
namic dependencies allows for the calculation of
more flyable optimal trajectories, the differences
in terms of tracking error are marginal, and even
the simplest ROM version was still able to pro-
duce a reasonably realistic result.
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5. Conclusions & Recommendations

The optimal terminal approach trajectory for
the UNIFIER C7A was evaluated with a mini-
mum time objective. Three different ROM ver-
sions with varying levels of accuracy with respect
to the number of aerodynamic dependencies ac-
counted for were used, resulting in significantly
different results in terms of the time needed for
the aircraft to reach the terminal landing con-
ditions from cruise conditions. The simplest
ROM version with the fewest aerodynamic de-
pendencies resulted in the shortest approach tra-
jectory while increasing aerodynamic dependen-
cies (and therefore increasing model accuracy)
also increased the time needed for the aircraft
to complete the landing approach. While there
are variations in computation time, all three so-
lutions were generally produced quickly, with the
longest calculation only taking 83 seconds.
When the resulting optimal trajectories were
tracked using the HFM equipped with a PID-
control-based tracking control system, it was ob-
served that the trajectories produced with more



accurate ROMs (i.e. with more dependencies)
were able to be tracked more closely. With that
being said, all three resulting trajectories were
still successfully tracked closely, with a mean
tracking error (represented by the average LSED)
of around 0.5 m for all ROM versions. The dif-
ferences in trackability of the three solutions can
therefore be considered marginal. Additionally,
it should be noted that only a relatively simple
tracking control system is used for this study. In
reality, a more advanced automatic flight control
system may be implemented with better tracking
performance. This means that the trackability of
the trajectories measured can be considered con-
servative.

In conclusion, it is shown that in this case,
the simplest ROM version with the fewest aero-
dynamic dependencies is the best option as it pro-
duces the best results (in terms of landing time
minimization) by a considerable margin while
still maintaining a reasonably realistic trajectory.

Further research is recommended in compar-
ing the results with different objective functions.
Additionally, as the tracking results are strongly
dependent on the quality of the tracking control
system, more advanced flight control system de-
signs should also be explored. In particular, for
the UNIFIER CT7A, it would be beneficial to uti-
lize a more advanced throttle control system that
can independently control the DEP and HTU, al-
lowing for better utilization of the unique propul-
sion configuration. Applying this methodology to
other aircraft models and flight scenarios is also
recommended in order to verify its practicality
for a wider range of applications.
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Introduction

1.1. Background and Motivation

As with any iterative design process, the ability to assess the performance of each design is crucial
when designing an aircraft. A good understanding of key performance parameters allows engineers
to direct their efforts more effectively to achieve design requirements. On the other hand, inaccurate
assessments may lead to significant technical and commercial issues. As such, aerospace engineers
are continuously working to develop tools and methodologies that can more accurately and efficiently
predict aircraft dynamics. Prototyping and flight testing provide the most accurate information regard-
ing the dynamics of a system. However, flight testing is expensive, potentially dangerous, and often
not practically feasible in the early design phases. Consequently, aircraft models are constructed to
predict their dynamic characteristics computationally. A key component of any aircraft model is its aero-
dynamics model, which cannot be constructed without aerodynamic data that may be obtained either
experimentally or numerically. Additionally, Subsystem models, which represent various mechanisms
of the aircraft itself, as well as environmental models also play an essential role in creating an accurate
flight dynamics model. Combined, a full aircraft dynamics model can be used to simulate an aircraft
in any operational situation, providing an invaluable tool for engineers to investigate its mission perfor-
mance.

One implementation of aircraft dynamics models is for the analysis of optimal trajectories. Trajec-
tory optimization is a type of optimal control problem that aims to calculate the control law needed as
a function of time to obtain the best trajectory with respect to a specific objective function. Some ex-
amples of real-world aerospace applications for this type of analysis include finding the fastest climb
trajectory for an interceptor aircraft to reach a certain altitude and determining a fuel-optimal ascent
trajectory for a space plane. Flight trajectories obtained as a result of this type of analysis reflect the
best performance an aircraft could theoretically achieve given a specific mission and are, therefore, a
good indication of its performance.

A challenging aspect of trajectory optimization is the computational resources required to perform
such an analysis with a high-fidelity model, such as a 6-DoF flight dynamics model [8]. This issue is
exacerbated when more degrees of freedom are introduced in addition to aircraft-level dynamic states,
such is the case when subsystems such as control surface actuators are also modeled with their own
degrees of freedom. In these cases, transcribing the equations of motion to solve the trajectory op-
timization problem becomes intractable. As a result, many studies have been conducted with lower
order models such as point mass models [9, 10]. This compromise comes at the expense of physical
accuracy, as lower-order models may not account for more complex aerodynamic phenomena. This
research project addresses this limitation by proposing a methodology incorporating reduced-order
modeling that retains the most critical dynamic characteristics from a full-order model while allowing
the resulting simplification to be manageable for a trajectory optimization solver.

The UNIFIER19 C7A aircraft model, which was previously developed as part of the UNIFIER19
project, will be the main subject of this study. The UNIFIER19 project was a joint research project
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commissioned by the European Union, with work being done collaboratively by Pipistrel Vertical Solu-
tions, Politecnico di Milano, and TU Delft. The project aimed to develop an environmentally friendly
19-passenger hybrid electric aircraft with a novel propulsion system design. As such, it is envisioned to
provide “an innovative near-zero emission (NZE) air mobility solution for our communities” [11]. Specif-
ically, this study will investigate the optimal trajectories for the UNIFIER C7A aircraft during landing.

1.2. Research Objective and Questions

This study aims to investigate optimal landing trajectories for the UNIFIER19 C7A aircraft. As the high-
fidelity model cannot directly be used to calculate optimal trajectories, a reduced-order model of the
same aircraft will be derived. The reduced-order flight mechanics model, which comprises simplified
aerodynamics and a 3-DoF flight dynamics model, will then be used to represent the system dynamics
in the trajectory optimization process. To confirm that the reduced-order model maintains a sufficient de-
gree of physical accuracy with respect to the high-fidelity model, the resulting trajectory will be tracked
by the high-fidelity model. The trackability of the optimal trajectory will then serve as a representation
of the so-called reconstruction error of the reduced-order modeling process.

In the process of constructing the reduced-order model, a choice can be made as to the number
of aerodynamic dependencies to be accounted for. For instance, in reality, the overall lift coefficient
of the aircraft may be a function of a number of parameters such as its angle of attack, flap deflec-
tion, DEP advance ratio, Reynolds number, and elevator deflection. However, one or more of these
dependencies may be left out to simplify the aerodynamic model and reduce computational costs. The
effect that these omissions have on the reconstruction accuracy of the reduced order model will also
be investigated.

With these objectives in mind, the research question has been formulated as the following:

What is the optimal terminal approach trajectory for a hybrid-electric aircraft with a novel
propulsion system such as the UNIFIER19 C7A?

To further refine this question, the following sub-questions have also been chosen:

» How can reduced-order flight mechanics models be utilized to calculate trackable optimal trajec-
tories?

* How sensitive are the results with respect to the number of aerodynamic dependencies included
in the reduced-order model?

In conclusion, a methodology is proposed to couple reduced-order modeling and trajectory optimiza-
tion. A reduced-order model with simplified aerodynamics will be derived from the base high-fidelity
model, retaining only essential aerodynamic characteristics. Doing so significantly simplifies the tra-
jectory optimization problem, enabling an off-the-shelf solver to produce a converged result. While
the subject of this study is the UNIFIER19 C7A aircraft specifically, it is envisioned that this methodol-
ogy should be applicable to other aircraft and in investigating other performance parameters or during
different mission phases.

1.3. Document Outline

The reference aircraft is described in further detail in the following chapter. Chapters 3 - 5 will then
cover the disciplines relevant to the methodology employed for this study. Subsequently, the research
activities are synthesized into a structured research plan in Chapter 6, where a timeline containing
project and content milestones are provided. Lastly, Chapter 7 provides a conclusion on the research
plan.



Reference Aircraft

The subject of this study is the UNIFIER19 C7A aircraft, which was designed as part of the UNIFIER19
project. It is a hybrid electric fixed-wing aircraft designed to carry nineteen passengers for commuter
operations. Its propulsion system comprises a distributed electric propulsion (DEP) system with twelve
propulsors and one Horizontal Thrust Unit (HTU) propulsor mounted on the aft of the fuselage. It has
a high-mounted, unswept main wing and a v-tail empennage configuration that houses its six control
surfaces. These control surfaces are the right and left ailerons and flaps on the main wing, as well as
the pair of ruddervators for pitch and yaw control on the empennage. The figure below illustrates the
layout of all effectors on the UNIFIER19 C7A.

Figure 2.1: UNIFIER19 C7A effectors [12].

The design of the UNIFIER19 C7A aircraft, including the methods used in the design process, is
documented in the project’s design report [11]. As part of the project, a Simulink-based flight dynamics
simulator was also constructed. The simulator is complemented with detailed aerodynamic and propul-
sive models, which are described in detail in the simulator documentation [13]. This chapter will provide
an overview of the aero-propulsive model of the aircraft to establish the basis for the reduced-order mod-
eling methodology utilized in this study. Additionally, the control ganging will also be described as it
pertains to the formulation of the optimization problem.

2.1. Aero-Propulsive Model
The core of the UNIFIER19 C7A flight dynamics simulator is its aerodynamics and propulsive models.

Aerodynamic data was collected computationally using FlightStream, a panel method-based program.
As opposed to analyzing the aircraft geometry as a whole, aerodynamic analysis was conducted on
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2.1. Aero-Propulsive Model 27

the empennage, fuselage, and main wing separately. Each component was then further broken down
into segments that were analyzed individually. As a result, multi-dimensional lookup tables collected
from the analysis can be used to evaluate the forces generated by each segment. The total forces
and moments acting on the aircraft’s center of gravity are then derived by combining the forces and
moments generated by all individual segments. A primary advantage of this method is that it allows the
forces for each segment to be evaluated during simulation based on the specific local flow conditions
at that segment. By doing so, intra-component interactions, such as the effect of having the main wing
blown by the DEP, can be more accurately accounted for. This capability is especially important for
the UNIFIER19 C7A aircraft, as its unconventional configuration means that its aerodynamic character-
istics are highly coupled. If these dependencies were to be captured by a full-model analysis without
component splitting, vastly more computational resources would be needed. Therefore, this method
was also done as an effort to reduce computational time.

The propulsive model comprises the DEP and HTU systems. For the DEP system, an electric motor
model and propeller model are used to represent each propulsor. A unitless value termed the activity
factor is used as the input to the model. The value of the activity factor ranges from 0 to 1, corre-
sponding to a thrust request of zero and maximum thrust, respectively. A lookup table is then used
to evaluate the proper RPM needed to achieve the desired thrust level. As the propeller operates at
a fixed pitch, only one RPM will generate a specific thrust for a given airspeed. The RPM command
is then fed to the electric motor model, which produces the actual RPM. Subsequently, the propeller
model calculates the torque and thrust based on the motor’s RPM. The advance ratio is also calculated
as an input to the aerodynamic model. This allows for the aero-propulsive interactions over the main
wing to be accounted for.

The HTU is modeled similarly to the DEP with two key differences. First, the activity factor for the
HTU may have a negative value to represent the use of the propeller as a drag generator. Second, the
HTU employs a variable pitch propeller. Consequently, calculating the optimal RPM from the activity
factor is more complex compared to the DEP model. To solve this, XROTOR was used to generate
a 4D lookup table which contains HTU torque as a function of RPM, airspeed, and thrust. The torque
lookup table is subsequently used to construct the power lookup table, with which the optimum RPM
can be evaluated at a given airspeed and desired thrust. A simplified representation of both the DEP
and HTU models is shown in figure 2.2
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Figure 2.2: Simplified Simulink diagram of DEP and HTU models
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As the aerodynamic and propulsive models are constructed on a component level, a complex in-
terpolation procedure is needed to compose the total forces and moments acting on the aircraft as a
whole. An overview of this process is shown in Figure 2.3. In summary, this procedure involves cal-
culating local angles of attack, sideslip, and flow velocities at numerous stations on the main wing and
empennage before utilizing the collected lookup tables to produce the forces and moments at each
segment. Lastly, interactions between the main wing and tail as well as the aerodynamic contributions
from non-lifting components are also accounted for when summing the forces and moments.
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Figure 2.3: Overview of the aerodynamic data interpolation process [13]

2.2. Control Ganging

In total, the UNIFIER19 is equipped with nineteen independently controllable effectors. This introduces
a high degree of control redundancy that creates additional complexity in designing control laws and
control optimization problems such as trimming and trajectory optimization. To reduce the number of
effective control variables, a ganging scheme is adopted based on that used during the control law
design studies conducted by Soikkeli et al. [12].

Firstly, the two ruddervators are mixed using standard control allocation schemes for v-tails to obtain
explicit yaw and pitch control. Next, the flaps are assumed to be deployed symmetrically while the
ailerons are deployed in opposite directions with equal deflection angles. Hence, the main wing control
surfaces are reduced to two variables ¢, and d4, Which are defined as:

Jaileleft = aile (2.1)
6ai|e,right = —daile (22)
5f|ap,|eft = 5ﬂap (2.3)

5flap,right = 5ﬂap (2-4)
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As for the propulsion systems, the HTU throttle level is kept as a separate control variable, while the
DEP is ganged. Instead of twelve independent throttle levels, the controls are ganged to two variables,
namely DEP¢, and DEPgope. DEP( describes the collective thrust level of the DEP system as a
whole, while DEPgqpe describes the distribution of thrust differential throughout the twelve propulsors.
The thrust level for each individual propulsor, denoted by DEP; is then described by:

DEP; = tan(DEPsjope Ksiope )¢ (¢) + DEPcq

i=11,2,3...,12]
DEP; € [0, 1]
DEPgiope € [0, 1]
DEP, € [0, 1]
Ksjope = 0.785
¢ =[-1,-0.8,-0.4,-0.2,-0.1,0,0,0.1,0.2,0.4, 0.8, 1]

(2.5)

By implementing this scheme, the number of control variables is vastly reduced while maintaining the
functions of the DEP system for thrust, lift augmentation, and directional control.



Flight Dynamics

3.1. Assumptions

For all flight dynamics models utilized in this study, the following assumptions apply:

» The aircraft is assumed to be a rigid body.
+ A flat, non-rotating Earth is assumed.

» Gravity is constant.

» Undisturbed still air is assumed.

» Weight and inertia are constant.

» The aircraft's geometry and mass distributions are assumed to be symmetric with respect to the
XZ plane.

Additionally, the International Standard Atmosphere model (ISA) is utilized to model atmospheric
conditions.

3.2. 6-DoF Flight Dynamics Model

The high-fidelity model for the UNIFIER19 C7A aircraft utilizes a nonlinear six-degrees-of-freedom
(DoF) dynamic model to represent the aircraft's three-dimensional free motion. The following state
variables represent the aircraft’s states:

* u,v,w: Transnational velocities in the X, y, and z axes of the body reference frame.

* p,q,r: Rotational velocities in the X, y, and z axes of the body reference frame.

* 0,1, ¢: The aircraft’s pitch, yaw, and roll angles. Also known as Euler angles.

* x,y, 2. The aircraft’s position in the x, y, and z axes of the flat Earth reference frame.

As a result of the control ganging scheme described in the previous subchapter, the control variables
are represented as the seven following expressions:

* daile. Aileron deflection

* Jniap: Flap deflection

* Jdgq: Effective rudder deflection

* delev. Effective elevator deflection

* dnytu: HTU thrust level

* DEP.,: DEP collective thrust level

* DEPgope: DEP thrust differential distribution
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3.2.1. Equations of Motion

As previously mentioned, the high-fidelity model allows free movement in three-dimensional space
with six degrees of freedom. The equations of motion for a typical aircraft are well established and are
provided by Ruijgrok in his textbook [14]. They are comprised of the force equations:

—Wsinﬁ—l—FI:m(il;—i—wq—vr) (3.1)
. dv
WCOSQSIn¢+Fy:m(dt+ur—wp> (3.2)
dw
Wcosecosqb—kFZ:m(dtJrvp—uq) (3.3)

where F;, F,, and F, are components of the resultant external force ? which includes the aerodynamic
forces ﬁ and thrust 7

F=F+T (3.4)

followed by the moment equations,

dp dr
M,=—1I,+ (I, —I I. | — )
- (ﬁw+(z yMr+szﬁ+pQ (3.5)
M= I. (p? —r? 3.6
y-%y“‘(a:_ z)pT+ xz(p _T) ()
dr dp
M, = L+ (Iy = I.)pq + L. (dt + q7“> (3.7)

where M, M,, and M, represent the rolling, pitching, and yawing moments respectively. It should be
noted that these moment equations are the result of simplification based on the assumption of symmet-
ric mass distribution about the XZ plane.

Finally, the kinematic relations are expressed by:

Ly, 0

= sinf + o (3.8)
_dy . de
¢= 2 cosfsing + 7 COS ¢ (3.9)
_dy do .
r—ﬁcosecow)—%smqﬁ (3.10)

The computational implementation of these equations for this study utilizes MATLAB Simulink’s
"6DoF (Euler Angles)” block from the Aerospace blockset. The block requires the total forces and
moments acting on the aircraft in the body axis as inputs, along with information regarding the aircraft’s
mass, inertia, and initial conditions. The states and accelerations are then given as outputs.
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3.2.2. Trimming

An essential step in flight dynamics modeling and simulation is the calculation of trim conditions. Trim
points are calculated by determining the appropriate state and controls of the aircraft that are required
to achieve a desired instantaneous flight condition. A commonly calculated operating condition is equi-
librium flight, where the aircraft is flying at constant conditions, or in other words, with no accelerations.
It is necessary to calculate this condition for many applications. For instance, flight simulations are
typically started in equilibrium conditions. Therefore, the trim point needs to be known before the rest
of the simulation can be executed.

For simple flight dynamics models, the states and controls required for these trim points may be cal-
culated analytically. However, for a six-DoF nonlinear model as used for the high-fidelity UNIFIER19
C7A model, the complex system of equations makes it untractable to solve for these trim points with
analytical methods. Additionally, the presence of redundant controls, as is the case for the UNIFIER19
C7A aircraft, creates an under-determined trim problem, adding a layer of complexity. To overcome
this, the trim problem can be solved numerically.

The trim problem can be formulated as an unconstrained optimization problem. The elements of
the decision vector z are defined as the state variables x, and control variables u, which are the result
of the control ganging scheme outlined in section 2.2:

X
z= [u} (3.11)
where
]
v
1; [ 5ai|e 1
q 5ﬂap
- Orudd
X = é (3.12) u= Oelev (3.13)
0 OHTU
" DEP,
T _DEPsIope_
Y
_Z_
The conditions for equilibrium flight can then be expressed as:
Xa=[0 v w p ¢ 7' =f(2)=0 (3.14)

X4, a subset of the full state variable vector x, represents the states which should be constant under
steady-level flight conditions. x,; are then the accelerations of those variables. f describes the dynam-
ics of the system, which are a function of the decision variables z. With this in mind, the cost function
can then be formulated using the so-called penalty method:

mzin fo= Q"HQ (3.15)
where

Q= {x"} (3.16)
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Q comprises the state accelerations x4 as well as additional relationships ¢ which are imposed to
achieve a specific flight condition. For instance, for steady-level longitudinal flight at a target airspeed
V*, the following flight-condition-specific relationship vector may be applied:

(3.17)

(]
Il
<
o ve e oo

V*

The relationship vector above is formulated such that each value will be equal to zero when the
desired conditions are reached. Therefore, each element represents the following flight conditions:

« Euler angle accelerations ¢, 6, and ¢) = 0
* Lateral velocity y = 0

* Climbrate 2 =0

» Bank angle ¢ =0

* Heading ¢y =0

* Airspeed V =V*

As the above conditions are embedded in the cost function, a drawback of this formulation is that
the resulting solution may not exactly satisfy the desired conditions due to residual errors. A further re-
finement of this general formulation is presented in the following section which addresses this limitation
while also simplifying the optimization problem.

Lastly, the cost function is also complemented by the penalty matrix H. The penalty matrix is a
diagonal matrix containing scalar values, which are multiplied with each element of Q to indicate the
importance of each element towards the final objective value f,.

hy 0 O 0
0 hey 0 ... O

H=10 0 h3 ... O (3.18)
0 0 0 hnp,

Therefore, equation 3.15 can be rewritten as:

fo=hig} +hags + -+ hnd? (3.19)
Where each penalty matrix element h; corresponds to element ¢; of the Q vector. The numerical values
of h; are initially set equal to one. They are then adjusted manually based on the specific flight conditions
to drive the optimizer to improve convergence behavior.
Decision Vector Reduction
For some flight conditions, the desired values of several decision variables are known and, therefore,

do not need to be calculated as part of the trim problem. For instance, by definition, the following must
apply for straight, level, longitudinal flight:

v p g 1 ¢ Y[=0 (3.20)
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The values of = and y will not affect the results of the trim problem as no geo-referenced model
is used. Therefore, they may also be set equal to zero to indicate a starting position in the inertial
reference frame. Additionally, if coordinated flight with symmetric thrust is assumed, 6,44, dajle, and
DEP,,y. can also be removed from the optimization problem. Lastly, z and ds4p can be removed from
the decision vector as their values are imposed based on the desired condition at which the aircraft is
to be trimmed. This results in the following reduced decision vector z’:

u

w

0
Z—| o (3.21)
dHTU

DEP¢o

It can be seen that for this particular case, the number of decision variables can be vastly reduced.
Doing so simplifies the optimization problem and substantially minimizes the computational effort re-
quired.

Solver

This optimization problem is solved using MATLAB’s FMINCON, a nonlinear programming solver [15].
The bounds for the decision variables are determined on the basis of physical constraints (for exam-
ple, the altitude must be a positive value) and control surface saturation limits. The following solver
settings will initially be used. However, it should be noted that adjustments may be required to improve
convergence behavior during execution.

 Algorithm . Interior Point » FinDiffType : forward
* TolFun : 1e-6 + DiffMinChange i 1e-5
» TolX : 1e-6 + DiffMaxChange s inf

3.3. 3-DoF Flight Dynamics Model

A longitudinal flight dynamics model will be used for the reduced-order aircraft model. This model uti-
lizes a classical derivation that will allow free two-dimensional movement with three degrees of freedom.
As opposed to 6-DoF dynamics models, which account for forces and moments in all three axes and
planes, this model will only account for translational motion in the x and z axes and, naturally, moments
in the longitudinal plane.

The following variables represent the aircraft’s states for this model:

» u,w: Velocities in the x and z axes of the body reference frame.

* ¢: Angular acceleration in the longitudinal plane

* x,z: The aircraft’s position in the x and z axes of the flat Earth reference frame.
+ 0: Pitch angle

While the following control variables have been chosen as the inputs for the model:

* 67: Thrust level.
* delev. Elevator deflection.
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3.3.1. Equations of Motion

Implementation of the equations of motion for this model utilizes MATLAB Simulink’s “3DOF (Body
Axes)” block from the Aerospace Blockset [16]. The classic equations of motion for a 3-DoF flight
mechanics model are derived from the force balance equations and moment equation. This results in
the following expressions for the force and moment equations, written in the body reference frame:

W _ B ing— qw (3.22)
dt m
W _F | cost+ qu (3.23)
dt m
dg M,
dg _ M, 3.24
it~ I, (3.24)

where F,, and F, are components of the resultant external force ? in the x and z axes, and M, repre-
sents the pitching moment. The resultant external force ? includes the lift and drag forces, as well as

the thrust ? which is assumed to act in the x-axis of the body reference frame. The kinematics are
then expressed by the following relations:

z—f = ucosfd +wsind (3.25)

dz .

== —using + wcos (3.26)
do
> 3.27
= (3.27)



Control Theory

4.1. Trajectory Optimization

Trajectory optimization allows us to obtain the optimal flight path for a particular criterion (or multiple
criteria). If it can be confidently established that the resulting trajectory is indeed the best possible
flight path for the given aircraft, conditions, and objective, then the results will also serve as a measure
of the aircraft’s performance limits. Therefore, in this context trajectory optimization also serves as a
performance assessment tool.

To obtain an optimal trajectory, the optimal state and control trajectories are determined to minimize
the value of a specific objective function. For continuous-time problems, the optimal state and control
trajectories x*(¢) and u*(¢) may be continuously varying functions of time. The cost function J(x(t), u(t))
is then referred to as a functional, or in other words, a function of functions, as it calculates the objective
value with the state and control functions as inputs. In its general form shown in equation 4.1, the cost
function comprises two terms: the boundary objective E and the integral objective L, also known as
the Mayer and Lagrange terms respectively [17].

min J(to,t.x(0),6(t)) = E(X(t0) x(t) u(to). u(ty) tost) + [ L ude (81)

x(t),u(t) to

The optimization problem is subject to several constraints, shown in equations 4.2 - 4.4. First, the
system dynamics are imposed to dictate how the system changes in time:

x(t) = f(x(t),u(t)) (4.2)

Path constraints may also be enforced along the trajectory. A common example would be limiting the
horizontal position of the aircraft above the ground.

h(x(t),u(t)) <0 (4.3)

Additionally, the initial and final states of the system may also be restricted by imposing nonlinear
boundary constraints:

g(to, t5,X(to), X(t5)) <0 (4.4)

In addition to the constraints, constant limits may be applied to the states or controls, as shown
by equations 4.5 and 4.6 respectively. For example, this may represent the maximum control surface
deflections that the aircraft is capable of providing.
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Xjow < X(t) < Xupp (45)
Uiow < U(t) < Uypp (4.6)

Lastly, exact limits may be imposed on the initial and final time and states. This is desirable when
it is required that the trajectory starts and finishes at specific points in space, or that a specific time
window is adhered to.

tlow S tO S tf S tupp (4-7)
X0, low < X(to) < Xo,upp (4.8)
xf,low < x(tf) < Xf,upp (49)

A fundamental step in solving any trajectory optimization problem is transcription. Transcription
refers to the process of transforming the trajectory optimization problem into a constrained parameter
optimization problem. When the resulting optimization problem has nonlinear terms within its objective
or constraint functions, the trajectory optimization problem is said to have been transcribed into a non-
linear program. Nonlinear programs are formulated to minimize an objective function with real numbers
as its decision variables, as opposed to continuous functions as in the original trajectory optimization
problem:

min J (2) (4.10)

Where it is subject to equality constraints, inequality constraints, and bounds:

f(z)=0 (4.11)
g(2) <0 (4.12)
Ziow < 2 < Zupp (4.13)

A variety of transcription methods have been developed, each with its strengths and limitations. A
summary of the different types of available methods is shown in figure 4.1. Transcription methods can
be broadly grouped into two categories: Direct and indirect methods. Direct methods work by discretiz-
ing the state, control, and objective functions, thereby discretizing the optimization problem itself. To
achieve this, polynomial splines are used to approximate all continuous functions that define the prob-
lem statement [18]. In essence, direct methods discretize the optimization problem before optimizing.
Direct collocation is distinct from indirect methods, where the optimization problem is solved by com-
puting the necessary and sufficient conditions for optimality before discretizing [17].

During the optimizing process, collocation methods change the state and control functions during
each iteration simultaneously. As such, they are also referred to as simultaneous methods. In contrast,
non-simultaneous methods only vary the control functions, while the states are derived by simulat-
ing the system dynamics. A common example of a non-simultaneous method is the single-shooting
method. Single-shooting methods are known to work well to solve simple problems but perform poorly
when complexity is increased. [19]

Various programs are readily available to perform transcription, each utilizing a specific transcription
method. Some examples of popular software packages that solve trajectory optimization problems
are shown in Table 4.1. After transcription is performed, the problem is then solved by a nonlinear
programming solver. Table 4.2 provides a few examples of such software packages.
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( Optimal Control Problem )

X N

Indirect methods Direct methods
+ Exact solution + Easy initial guess
+ Indication of optimality +No HBVP derivation
Difficult to derive HBVP + Easy to solve
Difficult to solve HBVP Local solution
Shooting methods Collocation methods
+ Relatively simple More complex
No path constraints Larger problem size
No control bounds + Path constraints
Pseudo-spectral Local collocation
More complex + Relatively simple
+ High accuracy quadrature Larger problem size
+ Smaller problem size Less accurate

Lobatto Radau Gauss
+ Fixed boundaries + One fixed boundary + Open ended
Poor convergence + Good convergence + Good convergence

Figure 4.1: Taxonomy of different transcription methods [20].

| Name | License | Interface | Method
GPOPS-II [21] || commercial | MATLAB | direct orthogonal collocation
PSOPT [22] open source C++ direct collocation
SOS [23] commercial GUI direct collocation
DIRCOL [24] free license C direct collocation
DIDO [25] commercial | MATLAB | indirect orthogonal (pseudospectral) collocation
ICLOCS [26] open source | MATLAB | direct collocation

Table 4.1: Examples of trajectory optimization software [17]

| Name | License | Interface |
FMINCON [15] || commercial (MATLAB) | MATLAB
SNOPT [27] commercial C++
IPOPT [28] open source C++

Table 4.2: Examples of nonlinear programming solvers [17]

For this study, the ICLOCS software will be used to transcribe the trajectory optimization problem.
ICLOCS is a MATLAB-based, open-source optimal control tool developed by Imperial College London.
The transcribed problem will subsequently be solved using IPOPT, an NLP solver. While ICLOCS is
also compatible with other NLP solvers, such as FMINCON, they are known to result in longer runtimes
and higher failure rates [26]. The following section will explore further details on direct collocation, the
transcription method utilized by ICLOCS.
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4.1.1. Direct Collocation

In direct collocation, the approximation of the state, control, and objective functions begins by breaking
up the continuous curves into discrete segments, which are bounded by points known as knot points.
For typical collocation methods, these knot points are also collocation points, which are points at which
the dynamic constraints are applied. These dynamic constraints ensure that the system dynamics are
adhered to. In other words, they ensure that the states and controls at the collocation functions match.
The knot points are then connected by piecewise functions, which can be polynomial functions of dif-
ferent orders [17]. Figure 4.2 illustrates how a continuous function can be approximated by segments
of quadratic splines.
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Figure 4.2: Function approximation using a quadratic spline [17].
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The trajectory optimization solver to be used for this study, ICLOCS, utilizes the Hermite-Simpson
collocation method. Hermite-Simpson collocation is conceptually similar to simpler methods such as
trapezoidal collocation. However, it employs higher-order polynomials to interpolate between knot
points, resulting in a more accurate approximation. The Simpson quadrature rule is used to approxi-
mate the integral form of the dynamics constraint, resulting in a quadratic spline approximation of the
dynamics trajectory. As the states are the result of an integration of the dynamics, this naturally results
in the state function being represented by a cubic spline. These splines are also known as cubic Her-
mite splines [29]. In addition, the control trajectory is also approximated using a quadratic interpolation
formula. Figure 4.3 illustrates the quadratic and cubic spline segments used to represent the controls
and states respectively. Lastly, midpoints are also added as collocation points within each segment,
where the dynamics of the system are enforced as constraints, as shown in Figure 4.2.
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Figure 4.3: lllustration of the quadratic and cubic spline segments that are used to approximate the control and state
trajectories for Hermite—Simpson collocation. [17].
4.1.2. Objective Function Selection
To explore the effects of objective function selection on the shape and trackability of the optimal trajec-

tory, two simple objective functions will be used. These are the minimum time and minimum horizontal
distance objective functions.

Jtime = tf (414) Jdistance = d(tf) (415)
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Another parameter that was considered for minimization was noise emissions. As the UNIFIER
C7A aircraft was designed as a commuter aircraft, it would likely be operated mostly from small airfields.
With these airfields typically positioned near highly populated areas, the aircraft’s noise emissions would
have to be well understood to prevent excessive disturbance to the surrounding communities [30].

Difficulties were encountered when exploring viable noise models. As the model would serve within
the objective function during trajectory optimization, it would be evaluated numerous times throughout
the routine. A computationally efficient model would be needed to keep computation times manage-
able. The challenge arises from the unique configuration of the UNIFIER19 C7A’s propulsion system.
With multiple propellers in proximity to each other, their aerodynamic interactions change their noise
emissions. Additionally, their sound fields also directly interact with each other, resulting in an overall
noise footprint that would not be equal to simply the sum of each propeller’s noise in isolation [31]. One
propeller noise model that takes these interactions into consideration was published by Monteiro et al.
[32]. However, this particular model would require computation times that would not make it suitable
for use in trajectory optimization. Another option is to utilize noise models for isolated propellers [33],
thereby ignoring the interaction effects entirely. This would result in a much simpler and computation-
ally efficient model, albeit at the cost of significant reductions in accuracy.

With these factors in mind, it was concluded that the challenges associated with producing meaning-
ful results in the evaluation of noise-optimal trajectories for the UNIFIER19 C7A would be impractical
to overcome within the scope of this study. Therefore, in keeping with the primary objective of this
project, the relatively simpler objective functions above were chosen to demonstrate the viability of the
proposed methodology.

4.2. Tracking Control

Airsp e.:ed —> Throttle >
Tracking
X(Oref x(t)
Aircraft
A]titu.de > Elevator [—>|
Tracking

Figure 4.4: Flight control system overview

The final part of the study involves tracking the resulting optimal trajectory using the baseline high-
fidelity model. The trackability of the trajectory, or in other words, how closely the high-fidelity model
can follow the trajectory, will then be used as a measure of the reduced-order model’s reconstruction
error.

For trajectory verification and assessment within the scope of this study, a relatively simple linear
PID-controller-based control system will be employed. An overview of the flight control system to be
implemented on the high-fidelity UNIFIER19 C7A model is shown in Figure 4.4. The flight control
system comprises two longitudinal controllers, namely the altitude and airspeed tracking systems. The
two tracking systems are described in further detail in sections 4.2.1 - 4.2.2. As with the aircraft model,
the flight control system will be implemented in the MATLAB Simulink environment.
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4.2.1. Altitude Tracking

The altitude tracking system consists of multiple parallel control loops, which ultimately manipulate the
aircraft’s altitude by controlling its elevator. Figure 4.5 shows a block diagram for a typical altitude
control system. The outermost loop receives the current altitude as feedback and compares it to the
reference altitude. The altitude controller, typically a proportional (P) or proportional-integral (PI) con-
troller, then receives the altitude discrepancy and produces a target pitch angle for the inner loops.
The two inner loops constitute the pitch attitude control system. Pitch angle feedback also provides
an effective method to stabilize the phugoid mode of the aircraft. Therefore, the pitch attitude control
system also acts as a phugoid damper.

Here, the inner and outer loops both use proportional controllers, which receive the error in pitch
angle and pitch rate, respectively. By forming parallel loops, they effectively act as a proportional-
derivative (PD) controller, as the inner loop regulates the rate of change of the pitch angle. This ar-
rangement has the advantage of being simpler to tune compared to a single PD controller.

When tuning each gain sequentially, the inner loop is tuned first. For the inner loop, a faster response
is typically desirable as it controls a so-called fast dynamic variable, namely the pitch rate [34]. Once
the inner loop is tuned, the outer (pitch angle) loop is tuned, followed lastly by the altitude loop.

hr he Altitude Br Be Ar e e
Controller Kq Ky Elevator —> Aireraft

Figure 4.5: General structure for an altitude control system

4.2.2. Airspeed Tracking

The airspeed controller is much simpler compared to the other two loops, as shown by Figure 4.6. Here,
only a single loop is needed as the airspeed typically has slow variations. A single controller, usually
a proportional controller, is used. However, a Pl controller may also be employed to eliminate steady-
state error [35]. The controller receives the airspeed error and computes the appropriate throttle input,
which is then fed to both the HTU and DEP.

HTU >

Airspeed o1 ) v
Controller Aircraft

DEP >

Figure 4.6: General structure for an airspeed control system



Reduced-Order Modeling

A reduced-order model, also often referred to as a surrogate model or metamodel, is a simplified
representation of an existing high-fidelity model that is used to predict the behavior of a system [36].
Reduced-order models have been utilized in a wide variety of engineering applications where the use of
high-fidelity models becomes too complex or results in impractical computation times. In the aerospace
field, this is a particularly powerful tool to have. Many tasks in aerospace engineering require the use
of models to represent the behavior of the aircraft. While detailed classical models (derived from aero-
dynamics, structural dynamics, flight mechanics, etc.) are often available, they may not be suited to
be used as they are due to their high level of complexity. This may stem from nonlinearities, high or-
der, or large memory requirements, such as the case when discrete data tables are used. To address
this, simplified representations are needed to complete tasks such as optimization, embedded model
implementation, and flight control system design (as shown by Figure 5.1).

Operational use

CFD data Wind tunnel testing Flight testing —
On-board modeling for
FDD, FTC... purposes
>

== “y/cﬂ/ g T )
S et Flight control system

Surrogate for Representation of Identification of flight
computation codes look-up »-D tables mechanics models

Analysis and design of
control loops

Figure 5.1: Examples of FCS development stages likely to benefit from the usage of reduced-order models [36]

Multiple methods have been developed and implemented to construct these reduced-order models
[37, 38, 39, 40]. A popular example among many is the use of neural networks to represent complex
nonlinear systems. In the context of flight dynamics modeling, neural networks can be used to ap-
proximate aerodynamic coefficients, effectively replacing cumbersome lookup tables that contain data
obtained from CFD analysis or wind tunnel testing. By doing so, memory requirements are reduced
while allowing differentiable approximations to be used and nonlinearities to be modeled. For this study,
however, a simpler concept of reduced-order modeling is employed to allow the methodology to be eas-
ily applied to any existing model.

In this study, the base model is reduced in two ways. First, the aerodynamic model of the aircraft

is significantly simplified. While the use of lookup tables is not eliminated, the model is reduced from a
segment-based model to a singular representation of the system. Second, the six-degree-of-freedom
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flight dynamics model is replaced with a three-degree-of-freedom representation of the system.

As discussed in Chapter 2, the high-fidelity UNIFIER19 model utilizes a detailed aerodynamic model
based on component-level models, which are further broken down into segments. This allows for
an accurate representation of local flow conditions at each component segment, thus enabling aero-
propulsive interactions to be accounted for. However, a complex interpolation and summing procedure
is subsequently needed to produce the total forces and moments acting on the aircraft. This naturally
means that the model requires significant computational resources for each evaluation. Additionally,
the model also includes various subsystems, mainly actuators, which are modeled with their own de-
grees of freedom. As a result, the model has more than just the six dynamic degrees of freedom,
making transcription of the equations of motion intractable. To address this, the reduced order model
will consider the aircraft as a single body, hence simplifying the aerodynamics from a component level
to an overall aircraft level. By doing so, the optimization problem is substantially simplified.

The base High-Fidelity Model described in Chapter 2 (henceforth referred to as the HFM) is simpli-
fied by reducing the aerodynamic model, while the propulsive model is used as is. This approach was
chosen based on the relative complexity of the aerodynamic model, which is structured as a summation
of significantly more components compared to the propulsive model, which only requires calculations
for twelve (identical) DEP propulsors and one HTU. Additionally, to account for the blown-wing effect
the advance ratios of the DEP propulsors need to be calculated. As the HFM already directly converts
the advance ratio to the thrust coefficient using a lookup table, it is not possible to further simplify the
DEP model without losing the ability to account for aero-propulsive interactions.

To build the reduced aerodynamic model, three lookup tables are used to evaluate the lift, drag,
and pitching moment coefficients. These lookup tables are composed by evaluating the aerodynamic
forces and pitching moment produced by the HFM at varying conditions. The coefficients themselves
are then obtained by simply non-dimensionalizing the lift, drag, and pitching moment by the dynamic
pressure at the condition at which the HFM is simulated, as well as the chord length in the case of
the pitching moment. The execution of this procedure can be intuitively understood as conducting a
“virtual wind tunnel” experiment, where the aircraft is placed at varying angles of attack and configured
to a range of control surface and thrust configurations while the resulting forces are recorded. The
conditions and inputs that are varied for this evaluation, along with their ranges and increments are
shown in Table 5.1.

| Variable | Unit | Min | Max | Increment |

o Angle of attack deg | 40 | 40 1
dclev  Elevator deflection | deg | -30 | 30 5
dr1ap  Flap deflection deg | O 25 5
DEP DEP activity factor | - 0 1 0.1

Table 5.1: ROM evaluation input variables

While the DEP activity factor is used as an input to the ROM evaluation procedure, the advance ratio
will be used in its place as an input to the resulting lookup tables. The advance ratio produced at each
DEP setting is therefore calculated and stored to be used as breakpoints in the resulting lookup tables,
along with the original range of «, delev, and dnap. This is done to better represent the aero-propulsive
interactions as they are physically linked to the advance ratio as opposed to simply the DEP setting. A
limitation of this method is that the range of advance ratios produced, and therefore the range of ad-
vance ratios at which the ROM is able to evaluate the aerodynamic coefficients, is determined by the
(fixed) airspeed at which the ROM is evaluated. Varying airspeed was also considered in order to obtain
a more exhaustive range of advance ratios, however, this was observed to increase the computational
cost of evaluating the ROM significantly. Therefore, a compromise was chosen by evaluating the ROM
at an airspeed of 50m/s, roughly halfway between the cruise speed of 72.74m/s and the stall speed
of 35.85m/s, resulting in a range of advance ratios sufficient to cover the landing scenario simulated in
this study.
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Accounting for as many dependencies that are modeled in the high-fidelity model as possible is
expected to reduce the reconstruction error of the reduced-order model. However, including more de-
pendencies will have an effect on computational efficiency as it retains more complex behaviors of the
HFM. To further investigate this trade-off, multiple versions of the ROM will be constructed with varying
numbers of dependencies accounted for. The resulting reconstruction error obtained with these mod-
els will then be compared in order to gain insights into the optimal level of fidelity needed to achieve
satisfactory accuracy while minimizing computational costs and allowing convergence during trajectory
optimization.

The variations in dependencies will be produced by fixing the value of one or more of the indepen-
dent parameters, effectively using only a subset from the complete collected dataset for a particular
coefficient. Three ROM versions are generated with version 1 being the base dataset with all depen-
dencies, while version 3 is the simplest. A summary of the different ROM versions produced and the
dependencies included for each coefficient is shown in Table 5.2. The values at which some of the
parameters are fixed for the simplified models are also shown. For both versions 2 and 3, the advance
ratio is fixed to a value that would correspond to a 0.5 DEP activity factor setting.

ROM Dependencies Included
. Coeff.
Version 0 | Boer | Breo |
CL
v Co
Cwm
CL
V2 Co
Cwm
CL
V3 Co
Cwm

Table 5.2: Dependencies for each ROM version



Project Planning

6.1. Research Activities

The research activities carried out within this thesis project are broadly grouped into three major parts:
Modelling, optimization, and verification.

Part 1 - Modelling

Derivation of a reduced-order model from the available
high fidelity model using a standard trim algorithm.

Part 2 - Optimization

Evaluation of performance parameters by performing global
trajectory optimization on the point-mass model.

ajelay

Part 3 - Verification & Assessment

|

Verification of the feasibility of the optimization results by
tracking the optimal trajectory using feedback control on ——
the high fidelity model.

Figure 6.1: Overview of main research parts

The first part focuses on deriving the reduced-order aircraft model from the high-fidelity UNIFIER
C7A model. This includes simulating the base high-fidelity model and utilizing the extracted data to
construct lookup tables for the reduced-order models. The resulting reduced-order models will then
serve as the dynamics constraints in the trajectory optimization problem. The optimization problem is
formulated in the second part, and global trajectory optimization is performed with the ROM using a
readily available solver. The resulting trajectory will then be verified in the last part, where it is tracked
by the high-fidelity model using feedback control. Figure 6.2 illustrates the activities necessary within
each research part. As discussed in Chapter 5, several versions of the reduced-order model will be
constructed with varying degrees of fidelity. Hence, the entire process will be repeated for each varia-

tion.
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6.2. Timeline

High-Fidelity
(6 DoF) Model

Reduced-Order
Modelling

Low-Fidelity
(3 DoF) Model

Trajectory Optimization

Constraints

Objective Function

Y

Optimal Trajectory

Tracking
Control
Tracking
Error

Figure 6.2: Research activity diagram

In accordance with guidelines set by the TU Delft Faculty of Aerospace Engineering, this thesis project
is organized into four stages, spanning a total of eleven months. The literature review stage was started
in early September 2023 and will be followed by the research stages, which are divided into two phases
and concluded by the dissemination stage. The thesis defense is aimed at August 2024. A compre-
hensive overview of the project timeline is included in Figure 6.3. The figure outlines the four research
stages and provides dates for major project milestones as well as research content milestones.

Literature Review

Sep Oct

Kickoff
Meeting

21 Sep 2023

Lit. Review
Presentation
1 Dec 2023

Proposal Review

Research Phase 1 Research Phase 2 Dissemination
Jan Feb Mar Apr May Jun Jul Aug
Midterm First Verification Thesis
Review Results Defence
26 Feb 2024 W1 May 2024 19 Aug 2024
First Trajectory Greenlight  Upload
Optim. Results Review Final Thesis
W1 Mar 2024 27 Jun 2024 5 Aug 2024
First ROM Submit .
. Final Result:
Iteration Draft Thesis M;;aju[ ;;LZJ 4 ¢
W2 Jan 2024 21 Jun 2024

Figure 6.3: Thesis timeline



Conclusion

A brief background on trajectory optimization and its utility in the aircraft design process has been
presented. Subsequently, the challenges faced when evaluating optimal trajectories with high-fidelity
flight mechanics models were identified. These challenges mainly stem from the high order associated
with high-fidelity models, making the transcription of its equations of motion intractable. To address
this, a methodology is proposed that employs reduced-order modeling and tracking control. The base
high-fidelity model will be reduced, resulting in a 3-DoF representation with simplified aerodynamics.
An optimal trajectory can then be calculated with the use of the reduced-order model. Subsequently,
tracking control will be used to track the resulting optimal trajectory using the high-fidelity model. The
tracking error obtained from this exercise then serves as a proxy to represent the reconstruction error.

In addition to proving the feasibility of the methodology outlined above, the sensitivity of the results
will be studied with respect to the fidelity of the reduced-order model being used. Several versions
of the reduced-order model will be constructed with varying numbers of aerodynamic dependencies
included in their aerodynamic models. Doing so allows insights to be gained on the trade-off between
computational cost (during ROM construction as well as trajectory optimization and tracking) and model
reconstruction accuracy.

The subject of this study is the UNIFIER19 C7A aircraft, of which a high-fidelity flight mechanics
model was previously developed as part of the UNIFIER19 project. The aircraft is a 19-passenger
fixed-wing commuter aircraft designed with a novel hybrid propulsion system. It is equipped with a
distributed electric propulsion system comprising twelve propulsors along its main wing and a pusher
propeller on its tail. Its unique configuration introduces interesting challenges to the optimization prob-
lem, mainly due to its redundant controls and the role of the so-called blown wing effect on its flight
characteristics. For this study, the aircraft's performance during the terminal approach phase will be
evaluated.

The project is organized into three main parts. The first part is concerned with the flight modeling
aspects of the study, resulting in the construction of the reduced-order models. In the second part,
global trajectory optimization is performed on the reduced-order models. Tracking control is then used
in the third part in order to quantify the reconstruction error of the reduced-order models. The process is
repeated several times with variations in ROM fidelity level, allowing for comparisons to be made from
the resulting reconstruction errors produced by each variation. The project is carried out throughout
an 11-month period starting in September 2023, culminating in a thesis defense aimed to be held in
August 2024.
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Appendix

A.l. Simulink Models

The following provides an overview of the 3DOF UNIFIER simulator built in Simulink for this study,
including the control system.

3DOF UNIFIER Simulator >

States (X) Fb_M P Fb_M
1. x (m) horizontal position |
2. z (m) vertical position (positive down)
3. u (m/s) horizontal velocity (body axes) >
4. w (m/s) vertical velocity (body axes)
5. theta (rad) pitch angle

6. q (rad/s) pitch rate

Controls (U)
1. elev (rad) elevator deflection UNIFIER ScopedOutput
2. flap (rad) flap deflection

3. DEP (0-1) collective DEP activity factor
4. HTU (-0.5-1) HTU activity factor

FCC

Figure A.1: 3DOF UNIFIER simulator Simulink diagram

Note that the "Fb_M” output from the UNIFIER aircraft model subsystem is only fed to the "Scopes&Output”
subsystem and is used purely for diagnostic purposes.

The same Simulink file can be used to simulate the HFM and all ROM versions. Switching between
models is done by commenting all unused models, as shown in figures A.3 and A.4. In these figures,
ROM v1 is being used while the HFM, ROM v2, and ROM v3 are inactive.

The "Propulsion” subsystem and the HFM model inside the "Aerodynamics” subsystem are exact

reconstructions of the original UNIFIER19 flight dynamics model [13]. The only modifications done to
these two subsystems are that their contributions in the non-longitudinal plane are unused.
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Aerodynamics EOM&Environment
X X » 2 )
X
Fb_M_ae »{Fb M ae
CD »u g poM————»(1 )
u ;u Fb M
o
= i
)
U
Fb_M_prop
> X

Propulsion

Figure A.2: "UNIFIER” subsystem Simulink diagram

Choose Model: ROM/HFM
(Comment out unused model)

(1} P X
X Fb_ae ROM
(2 } » U
U
M_ae_ROM
(3 ) » )
J
ROM
L
>
. | |

Figure A.3: "Aerodynamics” subsystem Simulink diagram
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51

<tho> - b
o M
x calcDynamicPresure
<alpha>
—»
iaha oL LQ LBL—D L Fh ae [ —
| =0 ) o * '—bn D Fboae zf— Foee ROM
’—- I 5
| wind2body
) 4 cM LC\ »
J H X L »(2)
ROMv1 D—D M_ae_ROM
—
elev o
u
flap
L
e —
Choose ROM version
(Comment out unusad versions)
Figure A.4: "/ROM” subsystem Simulink diagram
DEP subsystem reconstructed from UNIFIER OBM
with minor changes for 3DOF calculations
DEP_J > 2 )
> u J
Fb_DEP /‘\ Fb_prop
Fb_DEP »{+, )
2 " rho :
<rho>
M_DEP M_prap
X )
M_DEP > ++J
A
DEP_col
<Va_eas> P_DEP (W) |—»—
DEP_3DOF
Fb_HTU
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M_HTU
G
U AU L P_HTU (W) }—»—]
HTU
. y y A y y y
HTU subsystem copied from UNIFIER OBM

Y
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Figure A.5: "Propulsion” subsystem Simulink diagram
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Figure A.6: "TEOM&Environment” subsystem Simulink diagram
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Figure A.7: "6dof > 3dof” subsystem Simulink diagram

Note that the 6DOF EOM block is used instead of the 3DOF EOM block. During initial tests the
3DOF block was used, however, this caused an algebraic loop error which prevented the simulation
from running, despite all initial conditions being defined. A workaround was devised by building a
wrapper around the 6DOF EOM block to act as a 3DOF EOM block. This is done by setting the non-
longitudinal forces and moments to zero and including a gravity subsystem to account for the weight
acting on the aircraft, as shown by figure A.7
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Figure A.8: "FCC” subsystem Simulink diagram

1-D T(u) elev_sat elev_rate

ze_controller q_controller

xe to ze_ref

q
Aircraft

Figure A.9: Altitude controller Simulink diagram (simplified for clarity)

DEP_sat  DEP_rate

/ _/ DEP xe

1-D T(u)

Va_ref Va_error thr_cmd

\ 4

PI(s)

_/ HTU Va

HTU_rate

Va_controller

xe to Va_ref

Aircraft

Figure A.10: Airspeed controller Simulink diagram (simplified for clarity)
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Figures A.9 and A.10 show simplified versions of the Altitude and Airspeed control subsystems.
These figures do not show the actual layout of the subsystems implemented in the model but are con-
structed to clearly show how the controllers work as standalone figures. Note that the reference values
for the altitude and airspeed are interpolated from the reference trajectory based on the current hor-
izontal distance. Another option was to interpolate the reference values based on the current time,
however, it was found that this approach produced a larger tracking error.

TableA.1 shows the values used for all gains in the tracking control system. The altitude and air-
speed controllers were tuned manually by trial and error, as the step response from the PID Tuner App
for these controllers produced an excessively slow settling time.

Controller Gains Tuning Method
P | D
z -0.0050 -0.0010 - Manual
0 1.8613 - - Simulink PID Tuner
q -8.7344 -54.0980 -0.0408 | Simulink PID Tuner
\ Va | 15 0.5 - \ Manual \

Table A.1: Controller gains

A.2. Trajectory Optimization Log

Inequality Constraints Boundary Constraints
';“‘:“ B“g:::w sc'::"e RoD (ft/min) | AoA (deg) Va (mls) Va(m/s) | RoD (ftmin) V:rc:i':n T;::?::Le Converged? t—(:;" (:J (:} Remarks
min ‘ max min ‘ max min ‘ max min ‘ max min ‘ max
166 0 inf | 15 10 (39435 80 [39.435 46605 0 350 1.00E-03 N
167 0 Inf | 15 10 (30435 80 |39435 46605 0 350 5 00E-03 N
168 0 Inf | 15 10 (30435 80 |30435 46605 0 350 5 00E-03 N
169 0 Inf | 15 10 (30435 80 |39435 46605 0 350 5 00E-03 N
170 0 350 | -15 10 |39435 80 |30435 46605| - - » 1.00E-02 Y 94 1745 103268
171 0 350 | -15 10 [39435 80 |30435 46605| - - 1.00E-03 Y 98 1745 103268
172 0 350 | -15 10 [39435 80 |30435 46605| - - 1.00E-04 Y 99 1745 103268
173 0 350 | -15 10 [39435 80 |30435 46605| - - 1.00E-05 Y 92 1745 103268
174 0 350 | 15 10 [39.435 80 |39.435 46.605| - - 1.00E-05 Y 83 1745 103268 |Final result
175 0 350 | 15 10 |39435 80 |39435 46605| - - 1.00E-06 N
176 tf Y 0 350 | 15 10 [39435 80 [30435 46605 - - 1.00E-01 Y 23 1064 65383
177 0 350 | 15 10 [39435 80 |30435 46605| - - 1.00E-02 Y 21 1064 65383
178 0 350 | 15 10 [30435 80 |30435 46605| - - 1.00E-03 Y 20 1064 65383
179 0 350 | 15 10 [39435 80 |39.435 46605 - 2 v2 1.00E-04 Y 21 1064 65383
180 0 350 | -15 10 |30435 80 |30435 46605 - - 5 00E-05 Y 21 1064 65383
181 0 350 | 15 10 |39.435 80 |30.435 46605 - 2 2 50E-05 Y 21 1064 65383 |Final result
182 0 350 | 15 10 |30435 80 |30435 46605 - - 2 00E-05 N
183 0 350 | 15 10 [39435 80 [30435 46605 - 2 1.00E-01 Y 59 684 47037
184 0 350 | -15 10 [39435 80 |30435 46605| - - 1.00E-02 Y 60 684 47037
185 0 350 | 15 10 [39.435 80 |39.435 46.605| - - | 50003 Y 54 684 47037 |Final result
186 0 350 | -15 10 |39435 80 |30435 46605 - - 1.00E-03 N
187 N 0 350 | -15 10 [39435 80 [39435 46605 - - v 1.00E-02 N
188 0 350 | 15 10 [39435 80 |30435 46605| - - v 1.00E+00 N
189 0 350 | 15 10 [39435 80 |30435 46605| - - v 1.00E+00 N T
0| 0 350 | 15 10 [39435 80 |30435 46605| - - v2 | 1.00E+00 N minimum
191 N 0 350 | 15 10 [30435 80 |30435 46605 - - v3 | 1.00E+00 N distance
192 0 350 | 15 10 (39435 80 | -nf  Inf - - vi | 1.00E+00 N CIRERD
193 0 350 | -15 10 [30435 80 | -Inf Inf 2 2 v2 | 1.00E+00 N
194 0 350 | 15 10 |30435 80 | -Inf  Inf - - v3 | 1.00E+00 N

Table A.2: Trajectory optimization run log

Table A.2 provides a log of notable trajectory optimization runs executed for this study. The log includes
records of the cost function, constraints, ROM version, and IPOPT tolerance setting used for each run.
Runs number 166-175 show several trajectory optimization iterations done with ROM version 1. A
boundary constraint for the rate of descent was initially used, however, as this failed to produce con-
verged results, it was removed starting from run 170 onwards. Once a converged result was obtained,
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the IPOPT tolerance setting was gradually lowered to find the lowest value at which a converged result
could still be produced. This procedure was also repeated for ROM versions 2 and 3, as shown by
runs number 176-182 and 183-186 respectively. On the other hand, runs number 187-194 were done
with the minimum distance boundary cost function. No converged results were obtained with this cost
function, despite measures to promote convergence such as removing the stage function, removing
boundary constraints, and increasing the IPOPT tolerance setting.

A.3. Trim Log

Penalty Factors Results Accelerations Airspeed (m/s)

%un DiTHI va zopy dijan DE-‘: L) N . Func. | t_run | zedot udot wdot qdot Remarks
o.| Change | (m/s) | (m) |(deg) |zedot udot wdot qdot Va |on?| ver. |Qptimality|lterations Evals.| 1s) (mis)  (mis) (mls) (degls2) Actual  Error
264 100E-05 7274 1219 ] 1 1 1 100 1 N | HFM | 3.78E-04 18 178 6.40 | 0.0004 -0.0001 (0.0018 -0.0026 |72.7399 -0.0001 [HFM. cruise, 0 deg flap
265 1.00E-06 7274 1219 (] 1 1 1 100 1 N | HFM | 6.45E-03 25 231 450 | 0.0000 -0.0001 0.0001 -0.0004 |72.7399 -0.0001
266 1.00E-08 7274 1219 0 1 1 1 100 1 N | HFM | 3.69E-05 87 625 10.98 | 0.0000 ©0.0000 0.0000 0.0000 |72.7400 0.0000
267 1.00E-09 7274 1219 0 1 1 1 100 1 N | HFM | 3.69E-05 87 625 10.88 | 0.0000 0.0000 0.0000 0.0000 (72.7400 0.0000
268 1.00E-09 7274 1219 0 1 1 1 10 1 N | HFM | 5.34E+01 6 99 225 | 04638 00291 05929 -28851|72.7313 -0.0087
269 1.00E-09 7274 1219 0 1 1 1 1,000 1 N | HFM | 8.68E-04 157 1,161 1754 | 0.0000 0.0000 0.0000 0.0000 |72.7400 0.0000
270 1.00E-08 7274 1219 0 1 1 1 1,000 1 N | HFM | 8.68E-04 157 1,161 17.87 | 0.0000 0.0000 0.0000 0.0000 |72.7400 0.0000
271 1.00E-08 7274 1219 0 1 1 1 1,000 1 N | HFM | 8.68E-04 157 1,161 17.83 | 0.0000 0.0000 0.0000 0.0000 |72.7400 0.0000
272 100E-08 7274 1219 o 1 1 1 1 1 N | HFM | 8.70E-05 141 1054 1582 | 0.0000 00000 00000 -0.0010 |72.7400 0.0000
273 100E-08 7274 1219 (] 1 1 1 10 1 N | HFM | 5.34E+01 6 9% 212 | 04638 00291 05929 -28851|727313 -0.0087
274 1.00E-08 7274 1219 0 1 1 1 100 1 N | HFM | 3.68E-05 87 625 11.18 | 0.0000 0.0000 0.0000 0.0000 (72.7400 0.0000
275 100E-07 7274 1219 0 1 1 1 100 1 N | HFM | 2.84E-04 29 268 544 | 0.0000 0.0000 00000 0.0000 |72.7400 0.0000
276 100E-08 7274 1219 5 1 1 1 100 1 N | HFM | 3.19E-01 141 1204 1765 | 00001 -00085 00014 00066 (727357 -0.0043[HFM, cruise, 5 deg flap
277 100E-07 7274 1219 5 1 1 1 100 1 N | HFM | 6.35E-03 24 205 376 | 0.0000 -00017 -0.0002 00003 (72.7391 -0.0009
278 1.00E-05 7274 1219 5 1 1 1 100 1 N | HFM | 2.94E-02 20 199 3.48 | -0.0005 0.0000 -D.0016 0.0030 |72.7390 -0.0010
279 1.00E-06 7274 1219 5 1 1 1 100 1 N | HFM | 1.25E-03 18 177 3.47 | 0.0000 -0.0001 -0.0002 0.0003 |72.7399 -0.0001
280 1.00E-06 7274 1219 5 1 1 1 10 1 N | HFM | 3.12E-04 25 248 4.09 | 0.0000 0.0000 -0.0002 0.0015 |72.7399 -0.0001
281 1.00E-06 7274 1219 5 1 1 1 1 1 N | HFM | 2.27E-03 23 203 3.98 | 0.0000 -0.0001 -0.0001 0.0108 (72.7399 -0.0001
282 100E-06 7274 1219 5 1 1 1 1,000 1 N | HFM | 3.66E-03 15 137 3.15 | 0.0000 0.0000 -0.0004 0.0001 |72.7398 -0.0002
283 1.00E-06 7274 1219 12 1 1 1 100 1 N | HFM | 1.04E-03 36 286 6.46 | -0.0001 -0.0001 -0.0002 0.0003 |72.7398 -0.0002[HFM, cruise, 12 deg flap
284 1.00E-08 7274 1219 12 1 1 1 100 1 N | HFM | 7.42E-01 269 1,988 3039 | -0.0040 -0.0101 -0.0055 0.0069 |72.7375 -0.0025
285 1.00E-07 7274 1219 12 1 1 1 100 1 N | HFM | 7.77E-02 39 308 549 | -0.0040 -0.0102 -0.0050 0.0087 |72.7341 -0.0059
286 1.00E-056 7274 1219 12 1 1 1 100 1 N | HFM | 1.72E-03 25 222 443 | -0.0004 00000 -0.0017 0.0026 |72.7389 -0.0011
287 100E-06 7274 1219 12 1 1 1 1,000 1 N | HFM | 2.23E-02 22 197 444 | -0.0008 -00020 -0.0012 00004 |727388 -0.0012
288 100E-06 7274 1219 12 1 1 1 10 1 N | HFM | 587E-03 43 353 598 | -0.0001 00000 -00001 00018 |72.7399 -0.0001
289 1.00E07 50.00 5 o 1 1 1 100 1 Y | HFM | 3.95E-03 160 1,372 18.66 | 0.0001 0.0003 0.0002 -0.0002 50.0001 0.0001 |HFM, landing, 0 deg flap
290 1.00E-07 5000 5 o 1 1 1 100 1 Y | HFM | 3.86E-03 158 1343 1920 | 00001 00003 00002 -0.0002 50.0001 0.0001
291 1.00E-08 5000 5 (] 1 1 1 100 1 Y | HFM | 3.78E+00 44 448 629 | 00136 00217 00312 -00452 (50.0203 0.0203
292 100E-06 5000 5 (] 1 1 1 100 1 Y | HFM | 1.18E-03 53 524 709 | 0.0001 00002 00004 -00006 50.0001 0.0001
293 1.00E-06 5000 5 (1] 1 1 1 10 1 Y | HFM | 1.91E-03 36 379 526 | 0.0001 00003 00004 -00049 50.0001 0.0001
294 1.00E-06 50.00 5 0 1 1 1 1,000 1 Y |HFM | 9.77E-03 48 419 6.63 | 0.0001 0.0002 0.0007 -0.0001 |50.0003 0.0003
295 1.00E-07 50.00 5 5 1 1 1 100 1 Y | HFM | 2.10E-03 89 800  10.54 | 0.0000 ©0.0000 0.0000 -0.0002 [50.0000 0.0000 |HFM, landing, 5 deg flap
296 1.00E-06 50.00 5 5 1 1 1 100 1 Y | HFM | 6.55E-03 44 403 590 | 0.0000 0.0001 ©0.0002 -0.0003 |50.0000 0.0000
297 1.00E-08 50.00 5 5 1 1 1 100 1 Y |HFM | 2.31E+00 190 1829 2125 | 0.0008 0.0296 0.0504 -0.0594 (50.0129 0.0129
298 1.00E-07  50.00 5 5 1 1 1 1,000 1 Y | HFM | 1.63E-03 127 1,066 14.66 | 0.0000 0.0000 0.0001 0.0000 (50.0000 0.0000
299 1.00E-07 5000 5 5 1 1 1 10 1 Y | HFM | 1.65E-03 98 866  11.81 | 0.0000 0.0000 0.0000 -0.0015 |50.0000 0.0000
300 1.00E-07 5000 5 5 1 1 1 10,000 1 Y | HFM | 1.49E-02 199 1,606 2197 | 0.0002 00006 00011 00000 |50.0003 0.0003
301 1.00E-07 5000 5 12 1 1 1 10,000 1 Y | HFM | 857E-03 161 1,308 1890 | -00001 00003 00000 00000 (50.0000 0.0000 (HFM, landing, 12 deg flap
302 1.00E-07 50.00 5 12 1 1 1 100 1 Y | HFM | 2.19E-04 35 299 5.37 | 0.0000 0.0000 0.0000 0.0000 |50.0000 0.0000
Table A.3: Trim procedure log, HFM

Penalty Factors Results Accelerations Airspeed (m/s)

l}‘un OiMin va N e DEE ROM L . Func.| t_run | zedot udot  wdot  qdot Remarks
0. | Change | (m/s) | (m) |(deg)|zedot udot wdot qdot Va |On?| ver. |Optimality|lterations Eva\s.| T8 (mis)  (mis) (mis) (degis2) Actual  Error

303 1.00E-08 7274 1219 0 1 1 1 100 1 N v1 4.01E-07 20 157 652 | 0.0000 00000 00000 00000 (727400 0.0000 ROMv1, cruise, 0 deg flap
304 1.00E-08 7274 1219 1 1 1 100 1 N vl 4.01E-07 17 138 380 0.0000 00000 00000 00000 (727400 00000 ROMv1, cruise, 5 deg flap
305 1.00E-08 7274 1219 12 1 1 1 100 1 N vl 8.88E-06 22 178 436 | 0.0000 0.0000 0.0000 0.0000 [72.7400 0.0000 [ROMv1, cruise, 12 deg flap
306 1.00E-08 5000 5 1 1 1 100 1 Y w1 6.17E-05 28 251 541 | 0.0000 00000 0.0000 0.0000 (50.0000 0.0000 |ROMv1, landing, 0 deg flap
307 1.00E-08 5000 5 1 1 1 100 1 Y w1 4.20E-05 30 265 575 | 0.0000 00000 0.0000 0.0000 (50.0000 0.0000 |ROMv1, landing, 5 deg flap
308 1.00E-08 5000 5 12 1 1 1 100 1 Y V1 123E-04 21 198 3989 | 0.0000 00000 0.0000 0.0000 |50.0000 0.0000 |ROMv1, landing, 12 flap
309 1.00E-08 7274 1219 1 1 1 100 1 N v2 | 4.00E-07 18 154 291 | 00000 00000 00000 0.0000 727400 0.0000 ROMv2, cruise, 0 dag flap
310 1.00E-08 7274 1219 1 1 1 100 1 N v2 | 401E-07 17 129 273 | 0.0000 00000 0.0000 00000 |72.7400 0.0000 |ROMv2, cruise, 5 deg flap
311 100E-08 7274 1219 12 1 1 1 100 1 N v2 1.65E-08 20 159 326 | 0.0000 00000 00000 0.0000 [727400 0.0000 ROMv2, cruise, 12 deg flap
312 1.00E-08 5000 5 1 1 1 100 1 Y v2 | 4.80E-05 30 255 435 | 0.0000 00000 0.0000 00000 (50.0000 0.0000 |ROMv2, landing, 0 deg flap
313 1.00E-08 50.00 5 1 1 1 100 1 Y v2 | 9.07E-06 32 294 460 | 0.0000 0.0000 0.0000 0.0000 (50.0000 0.0000 |ROMvZ, landing, 5 deg flap
314 1.00E-08 50.00 5 12 1 1 1 100 1 Y v2 | 5.62E-06 33 304 501 | 0.0000 0.0000 0.0000 0.0000 [50.0000 0.0000 |[ROMvZ, landing, 12 deg flap
315 1.00E-08 7274 1219 1 1 1 100 1 N v3 | 2.05E-04 15 125 239 | 0.0000 -0.0001 0.0000 0.0000 [72.7400 0.0000 [ROMv3, cruise, 0 deg flap
316 1.00E-08 7274 1219 1 1 1 100 1 N v3 | 2.05E-04 15 125 2.43 | 0.0000 -0.0001 0.0000 0.0000 |72.7400 0.0000 |ROMv3, cruise, 5 deg flap
317 1.00E-08 7274 1219 12 1 1 1 100 1 N v3 | 2.05E-04 15 125 377 | 0.0000 -0.0001 0.0000 0.0000 |72.7400 0.0000 |ROMv3, cruise, 12 deg flap
318 1.00E-08 50.00 5 0 1 1 1 100 1 Y ¥3 | 7.96E-05 33 284 482 | 0.0000 0.0000 0.0000 0.0000 (50.0000 0.0000 |[ROMv3, landing, 0 deg flap
319 1.00E-08 5000 5 5 1 1 1 100 1 Y v3 7.96E-05 33 284 452 | 00000 00000 00000 0.0000 (50.0000 0.0000 ROMv3, landing, 5 deg flap
320 1.00E-08 5000 5 12 1 1 1 100 1 Y v3 7.96E-05 33 284 535 | 0.0000 00000 00000 00000 [50.0000 0.0000 |ROMv3, landing, 12 deg flap

Table A.4: Trim procedure log, ROM

Tables A.3 and A.4 show records of trim runs executed for the HFM and ROM respectively. For the
HFM, multiple runs were done for each flight condition and flap deflection combination to find the best
numerical settings in terms of penalty factors and DiffMinChange value. It is shown that the best nu-
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merical settings may vary according to the particular condition. The best results are chosen based on
the smallest acceleration residuals and are indicated by a bold font.

It was observed that ROMs could be trimmed more easily, meaning that the solver was able to
minimize the residual accelerations more quickly and reliably. This meant that fine-tuning the numerical
values was less critical toward the trim results. As a result, similar numerical settings were used for the
final trim runs done on all ROMs.

A.4. Alternative Tracking Control Method

The basic concept for this method is to use numerical optimization to evaluate the control inputs needed
to progress from one point in the reference trajectory to the next. Each point along the trajectory would
be separated by a certain time step. With the states at each point known, the accelerations can be
derived. An optimization problem can then be formulated for each point to obtain the controls in order
to generate the accelerations needed to follow the trajectory. The decision variables are, therefore, the
controls u, with the objective of minimizing the error between the resulting accelerations (calculated
with the high-fidelity dynamics) and the reference accelerations. The optimization problem can then be
solved at each time step similarly to a trim problem using FMINCON.

The main advantage of this method compared to feedback control-based tracking is that the result-
ing tracking error would provide a more accurate proxy to the reduced-order modeling reconstruction
error. For this study, the objective is not necessarily to create an online tracking controller but rather to
assess how feasible it is for the reference trajectory to be tracked by the high-fidelity model. Although
feedback control is relatively simpler and requires substantially less computational resources, the per-
formance of a feedback control-based tracking system is obviously highly dependent on the value of
its gains. This may result in difficulties in quantifying how much of the final tracking error can be at-
tributed to the control error (due to sub-optimal gains) and how much can be attributed to the actual
reconstruction error of the reduced-order model. By formulating the tracking exercise as a type of op-
timal control problem, this issue can potentially be diminished. The tracking error would be affected
to a much lesser extent by sub-optimal controls and, therefore, provide a better representation of the
reduced-order modeling reconstruction error.

Legend | @ Actual @ Reference

state(s) - x state(s) - x state(s) - x Tracking
error

time - t

For each time step: Tracking problem

. . actual . target
() min fy, = X?c uat — X; get - Known
U

e Reference state(s)

Where: // System dynamics o xreference
/ reference actual e Dynamics function
/
@) . actual __ actual ¥ target  AX; i+1 —X; o dx = f(x,u)
X, = f(X 11‘) X = — = (3)
i 7 ) U i
At; At
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Figure A.11: Graphical representation and mathematical definition of the proposed tracking control method
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This tracking method was tested using preliminary trajectory optimization outputs, producing mixed
results. While some states were able to be tracked closely, other states diverged. A potential improve-
ment could be made by only considering some state accelerations as targets (e.g. altitude, airspeed),
instead of forcing all states to match the reference trajectory exactly. Additionally, it is possible that
tracking all states of the preliminary trajectory optimization result was not physically possible, as the
trajectory was not produced from a converged run, and therefore may not completely satisfy system
dynamics constraints.

In conclusion, an alternate method to minimizing the tracking error is presented which formulates
the tracking problem into an optimal control problem. This method is proposed for its potential to reduce
the contribution of control sub-optimality toward the tracking error, thereby providing a better measure of
the reduced-order reconstruction error. However, due to the complexity associated with the formulation
of this particular optimal control problem, combined with uncertainties regarding computational costs,
this method was removed from the scope of this study.

A.5. GitHub Repository

A complete repository containing all code and supporting files used for this research project is available
athttps://github.com/reggiejohanes/UNIFIER_ROM_TrajOpt.


https://github.com/reggiejohanes/UNIFIER_ROM_TrajOpt
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