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Preface

Dear reader,

Before you lies my masterpiece, or as most will call it, my master thesis. It is the crown jewel
of my journey as a student at Delft University of Technology that will now be concluded after
7.5 years. My time as a student in Delft has been nothing short of a rollercoaster, a thrilling
ride through time without knowing when the next looping will come, with the thesis being
the final corkscrew before the brakes are applied to get back to reality. It is a journey that I
will forever cherish, as it has allowed me to build and rebuild myself, my perseverance, and
my resilience.

I could not have completed the journey without the help of numerous people along the way.
I would like to start by expressing my gratitude to my thesis supervisors Daan and Coen.
Especially Daan has been keeping a close eye on my research, helping me forward when
needed, or simply asking the right question back when I arrived as his doorstep. Daan’s care
for his students is extraordinary, so I am grateful to have chosen him as a thesis supervisor.
Furthermore, Coen’s insight has proven to be extremely valuable, as he was able to see directly
through the data what an underlying issue was. Working together with Daan and Coen in
the stall task force has been a tremendous learning experience which was also very enjoyable.
I would like to extend this gratitude to the other members of the stall task force as well, and
wish the remaining members much wisdom in bringing this important subject further.

Furthermore, I would like to thank my parents and brother and sister for their support, not
only during my thesis, but throughout my studies as a whole. You provided me with a place
to escape my responsibilities for a weekend, such that I could reset and rest. Next to them,
I would like to thank my friends who I’ve met during my student time. Your friendship has
been incredible and I appreciate this deeply. A special thank you to the friends with whom
I have studied and struggled together in room NB2.56. Thank you for the coffee breaks,
discussions on our respective theses, Friday afternoon drinks, and unplanned other moments
which might not have been the brightest ideas come the next morning. Sharing the thesis
journey with you has been truly enjoyable.

Moreover, I would like to thank René and Olaf, as well as all the technicians who built and
maintain the SIMONA Research Simulator for their help in setting up my experiment. Next
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to them, I would like to thank the film score composers that wrote their amazing music,
for providing me with a diverse music playlist that I could use throughout my entire thesis.
Finally, I want to express my sincere gratitude to all participants who voluntarily signed up
for my experiment. Their interest and great enthusiasm for my research has been a source
of inspiration. It was a reminder of the importance of the work, making the upset recovery
training even more safe than it already is.

To conclude this preface, I would like to reflect on where my student journey started. In my
motivation letter to apply for the Control and Simulation master track, I wrote that I wanted
to contribute towards a safer aviation industry. That is also what motivated me to start this
thesis. The research that is presented in the following pages, for the first time, quantifies an
accuracy that can be required to ensure that simulator-based stall training is truly effective.
With the final words now being written in my thesis, I can proudly look back on my work
with a firm belief that I did, indeed, contribute towards a safer aviation industry.

Sybren Bootsma
Delft, March 27, 2024
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Nomenclature

Roman symbols
a1 A Kirchho� stall parameter related to the abruptness of the �ow separation
b Aircraft spanwidth
C Coe�cient
c Constant
h Height
I Stimulus level
j

p
� 1

N Number of measurements
P Gain
Q Covariance matrix
q Pitch rate
r Yaw rate
T Correct/Positive response
t Time
V Velocity
X Position of �ow separation point along chord (X 2 [0; 1])
x Aircraft position along FE x-axis
y Aircraft position along FE y-axis
y Signal
z Aircraft position along FE z-axis

Greek symbols
� Angle of attack
� � A Kirchho� stall parameter representing the angle of attack for which X 0 = 0 :5
� Angle of sideslip
� Control de�ection
� Pitch angle
� 1 A Kirchho� stall parameter capturing the transient e�ects (time constant)

Master of Science Thesis S. Bootsma



xiv Nomenclature

� 2 A Kirchho� stall parameter capturing the stall hysteresis (time constant)
� Roll angle
 Correctness level
 Yaw angle
! Angular frequency

Subscripts
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a Aileron
D Drag coe�cient
e Elevator
e Earth
f Fuel
L Lift coe�cient
` Roll moment coe�cient
m Pitch moment coe�cient
n Yaw moment coe�cient
r Rudder
ref Reference
s Stall
T Thrust coe�cient
t Trim
tas True airspeed
y In YFb direction

Superscripts
_ Derivative
^ Estimate/mean
+ Upper Threshold

Abbreviations
1D/1U 1 Down/1 Up Staircase procedure
2AFC 2-alternative forced choice
2D/1U 2 Down/1 Up Staircase procedure
DASMAT Delft University Aircraft Simulation Model and Analysis Tool
EASA European Union Aviation Safety Agency
FAA Federal Aviation Administration
FSTD Flight Simulation Training Device
ICAO International Civil Aviation Organisation
JND Just Noticeable Di�erences
LOC-I Loss of Control In-Flight
ODE Ordinary Di�erential Equation
PEST Parameter Estimation by Sequential Testing
PFD Primary Flight Display
SOC Statement of Compliance
VAF Variance Accounted For
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Chapter 1

Introduction

Loss of Control - In�ight (LOC-I) is currently the primary cause of fatal accidents in commer-
cial aviation [1]. These accidents are often a result of pilots failing to prevent or recover from
an upset. An upset is "an undesired airplane state characterized by unintentional divergences
from parameters normally experienced during operations. An airplane upset may involve pitch
and/or bank angle divergences as well as inappropriate airspeeds for the conditions." [2]

One of the most predominant upsets is a stall. The importance of stall training was high-
lighted in 2009, when Colgan Air �ight 3407, Turkish Airlines Flight 1951, and Air France
�ight 447 crashed. The National Transportation Safety Board wrote in their report the fol-
lowing probable cause of Colgan Air �ight 3407: "The captain's inappropriate response to the
activation of the stick shaker, which led to an aerodynamic stall from which the airplane did
not recover." [3]. A similar cause can be found in the AF447 report: "Despite ... persistent
symptoms, the crew never understood that they were stalling and consequently never applied
a recovery manoeuvre." [4]. Finally, the Dutch Safety Board wrote in their report: "... the
approach to stall recovery procedure was not executed properly, causing the aircraft to stall
and crash." as one of the conclusions of the Turkish Airlines �ight [5].

In response to these crashes, the International Civil Aviation Organization (ICAO) released
a revision of the pilot training regulations which was implemented by the Federal Aviation
Administration (FAA) and the European Aviation Safety Agency (EASA). Since 2019, they
mandated pilots to follow a more extensive training program focusing on recovering from
upsets. From 2019 onward, it is mandatory for commercial pilots to be trained on stall events
di�erent aircraft con�gurations, such as in take-o�, clean, and landing con�gurations, as well
as in di�erent �ight conditions [6]. These changes in training regulations required changes in
the simulator part of the training as well, with increased requirements on the model �delity
beyond the critical angle of attack.

There is one thing that stands out on the updated simulator requirements: there is not a
required accuracy or quantitative tolerance on the stall model �delity given in the regulations.
A �ight simulation training device (FSTD) is certi�ed for stalls by an subject matter expert
who evaluates if the used model matches reality well enough [7], or in EASA's words: "for
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2 Introduction

each upset scenario, the recovery manoeuvre can be performed such that the FSTD does
not exceed the FSTD training envelope, or when the envelope is exceeded, that the FSTD is
within the realms of con�dence in the simulation accuracy" [8]. This means that all around
the world, stall training is done without truly knowing if the model is accurate enough.

One way of assessing how accurate the model needs to be, is to measure how sensitive a
human is to detect di�erences. More speci�cally, how sensitive the human is to changes
in the model. There has been earlier research [9, 10] on this topic, where so-called Just
Noticeable Di�erence (JND) thresholds for variations in certain stall model parameters were
determined. This research determined these thresholds while the participants were passive
observers. The next step in this research is to determine if the thresholds are still applicable
to a situation where the participant is actually �ying themselves.

This master thesis report set up an experiment to determine to what extend JND thresholds
found during a passive experiment are representative for JND thresholds found during an ac-
tive pilot-in-command experiment. This work builds upon years of research on stall modeling
and stall model veri�cation work done by the Citation Stall Modeling Group of TU Delft's
Faculty of Aerospace Engineering. Previous master theses focused on creating a working
longitudinal stall model and thus far, several iterations of this model has been made. More
recent work has focused on optimizing a lateral stall model as well [11]. Finally, the JND
thresholds of several aspects of this model has been determined [9, 10]. This work continues
the investigation.

This report is structured as follows. First, the scienti�c paper is shown in Part I. Then,
the work leading up to the experiment is presented in the Preliminary Thesis Report in
Part II, which was already graded for AE4020. In the Preliminary Thesis Report, background
information on stall will be provided in Chapter 2, together with the introduction of the stall
model used by the Citation Stall Modeling Group. After this, the Just Noticeable Di�erence
threshold will be discussed as well as several measurement strategies to determine these
thresholds. Furthermore, good practices of other stall simulation research will be shared in
Chapter 4, in order to best prepare for this experiment. After this, a preliminary sensitivity
analysis is discussed in order to get a good understanding of varying pilot behavior and
its implications for this research. Finally, the experiment design is presented in Chapter 6.
After the Preliminary Thesis Report, the relevant appendices for both the Preliminary Thesis
Report and the scienti�c paper are given in Part III and IV, respectively.
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Part I

Scienti�c Paper
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