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I would like to thank my friends who I’'ve met during my student time. Your friendship has
been incredible and | appreciate this deeply. A special thank you to the friends with whom
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for providing me with a diverse music playlist that | could use throughout my entire thesis.
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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, | would like to reflect on where my student journey started. In my
motivation letter to apply for the Control and Simulation master track, | wrote that | wanted
to contribute towards a safer aviation industry. That is also what motivated me to start this
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accuracy that can be required to ensure that simulator-based stall training is truly e [edtive.
With the final words now being written in my thesis, I can proudly look back on my work
with a firm belief that | did, indeed, contribute towards a safer aviation industry.
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Delft, March 27, 2024
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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 conditioh$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 (ICAQO) 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-o0, 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 I, 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 ¢ paper are given in Part Il and IV, respectively.

S. Bootsma Master of Science Thesis
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