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Summary

Due to a rise in popularity of Unmanned Aircraft System (UAS), of which quadrotors are part of, the need
for robust UAS also increased. To achieve this robustness, researchers defined a general control systems for
quadrotors known in literature as a Fault Tolerant Control System (FTCS) of which the flexible configuration
is called the Active Fault Tolerant Control System (AFTCS). Research into the AFTCS led to the realization that
current research focusses on singular challenges, as these usually contain complex dynamics, which do not
apply to multiple challenges. Though recent research has shown some progression towards more general so-
lutions, a larger effort needs to be made if the expected growth of the UAS market wants to be sustained.

In contrast to the unmanned aviation, Loss-Of-Control (LOC) in manned aviation has been extensively stud-
ied, since it was designated as one of the three major areas of concern in commercial aviation, in 1997. A
research group consistent of various experts was set-up to do qualitative research into a set of suspected LOC
cases, to find the primary causes and possible interventions. This research led to the invention of five en-
velopes related to aircraft flight dynamics, structural integrity, flight control and aerodynamics. To date these
envelopes are are still used as the basis for research into LOC prevention for commercial aircraft.

Like the Commercial Air Transport (CAT), helicopters have seen extensive research into emergencies and
hazards. As the quadrotor is similar to the helicopter in dynamics it is not surprising that the emergency
cases and hazards have been applied to the quadrotor. Examples of those cases are Vortex Ring State (VRS)
and blade flapping. As research into those cases for quadrotors has seen a significant effect on the flight ca-
pabilities, and thus on LOC cases, it is surprising to see that in literature these effect are often not taken into
account or even neglected.

To show the importance of modelling hazards such as the VRS and blade flapping and to broaden the ap-
proach on finding solutions to challenges regarding quadrotors, a quantitative description for LOC of quadro-
tors has been developed. Thus making it possible to indicate whether a quadrotor is in, or showing indication
of entering, a LOC state.

Through the adaptation of LOC characteristics of CAT to quadrotors, characteristics of LOC of quadrotors
were created. These characteristics were then used in a comparative data analysis of flight tests, flown up to
16 m/s in the Open Jet Facility (OJF) (wind tunnel) of the TU Delft, where abnormal dynamics and vehicle
upsets were observed, categorized and related to LOC. The categories were then delimited and combined
with observations, into a theory on the primary causes and precursors of dynamic LOC events of quadrotors.
To validate this theory, an experiment on the thrust output of a single actuator and rotor in various flight
conditions was performed. The output of this experiment was then fit with multivariate simplex splines,
where the dynamics of the thrust model were validated with flight data. The model was then used to validate
the theory on primary causes and precursors of dynamic LOC events of quadrotors.

A Quantitative Loss-Of-Control Definition (QLD) was then created for the identification of quadrotor LOC
events through complementation of the characteristics of LOC of quadrotors, with the validated theory on
primary causes and precursors of dynamic LOC events of quadrotors.
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1
Introduction

Loss-Of-Control (LOC) in aviation has received considerable attention in recent years [1], especially in manned
aviation. This is not unexpected as a recent study from Boeing [2] shows that LOC has been and still is the
main cause of fatalities in commercial jet airplane accidents world wide. 25.8 % (16) of all accidents that oc-
curred between 2007 and 2016 were caused by in flight LOC incidents. These incidents caused 45.8 % of all
the fatalities. For small Unmanned Aircraft System (UAS) (under 55 lbs, approx. 25 kg), 35 % of the (reported)
UAS crashes were due to LOC [3]. Note though that the total study group was only a 100 UAS cases, due to
voluntary, inconsistent and non-standard mishap reporting.

The unmanned aviation market is an industry, which has prospects of significant growth in the coming
years. The Federal Aviation Administration (FAA) estimates that by 2021 1.6 million small UAS will be in
commercial use [4]. With a significant amount of UAS expected to be flying around urban areas. Thus, like
currently is the case in manned aviation, LOC is expected to become an issue. Recently the National Aero-
nautics and Space Administration (NASA) has announced a proposal for a Unmanned aircraft system Traffic
Management (UTM) [5], which borrows fundamental ideas from the manned air traffic system. This proposal
acknowledges the expected growth in UAS, therefore prioritisation of their safety , and with that the individ-
ual, is a must. A well known UAS is the quadrotor. It is part of the class of multicopters and obtains flight
through lift generation of four rotors. With its small size and mechanically simple design, making it easy to
maintain, it is a cheap tool to evaluate for example flight control theory.

Most research regarding the safety of multicopters or quadrotors has been geared towards specific challenges
e.g. loss of rotors or sensor failure, but what is not seen is a more general solution. As in manned aviation it
is expected that when a definition can be given to LOC in quadrotors, research can be aimed more towards
a holistic solution. A definition for LOC of quadrotors however, has not been actively pursued in research,
until recently [3]. It is mentioned however that finding significant statistical data to back ideas for indicators
of LOC is near impossible, as databases are currently not standardized and entries are voluntary.

Through the adaptation of LOC characteristics of Commercial Air Transport (CAT) to quadrotors, char-
acteristics of LOC of quadrotors were created. These characteristics were then used in combination with a
comparative data analysis of flight tests, flown up to 16 m/s in the Open Jet Facility (OJF) (wind tunnel), to
create a theory on the primary causes and precursors of dynamic LOC events of quadrotors. This theory was
then validated through the analysis of the thrust performance of an actuator and its rotor. With a Quantita-
tive Loss-Of-Control Definition (QLD) for quadrotors, a more holistic approach to finding interventions for
LOC should be possible. Furthermore the importance of modelling individual events will also become more
apparent.

The report of this research is split into five parts and is introduced in Chapter 2. In part I, the draft paper of this
thesis is shown. Then, in part II, the quadrotor is presented in Chapter 3, followed by background information
on LOC in Chapter 4. In part III, the data analysis and theory generation are discussed in Chapters 5 and 6.
Part IV, contains the experiment performed to validate the generated theory in Chapter 7, followed by the
validation of the generated theory, in Chapter 8. Finally in part V, the quantitative description of LOC of
quadrotors is presented in Chapter 9 , which is then followed by the conclusions and recommendations of
this report in Chapter 10.

1





2
Thesis Project

This thesis project works towards the development of a Quantitative Loss-Of-Control Definition (QLD) of
quadrotor Loss-Of-Control (LOC) events. By being able to define what LOC is, it should be possible to antic-
ipate and design systems to improve the safety of quadrotors. This research lays its focus on defining LOC
through the analysis of data sets flown, in nominal and Single-Rotor Failure (SRF) configurations under vary-
ing flight conditions. The motivation for this research is presented in Section 2.1 followed by the research
questions in Section 2.2.

2.1. Research Motivation
With most of the current research in quadrotor LOC being focussed on specific failure cases e.g. actuator
faults,SRF, etc. the growth that is expected in the drone industry will not be able to be sustained, in regards
to the safety of individuals in urban areas. Without an assurance of reliability regarding the safety of drones
it is just not feasible. With the National Aeronautics and Space Administration (NASA) outlining flight traffic
rules for drones it seems to be just a matter of time until it will be normal to see such vehicles flying around.
Therefore it is of the utmost importance to improve the overall resilience of quadrotors.

In manned aviation this scenario has also been seen. Due to a considerable amount of accidents regard-
ing LOC cases, a research group was formed to research the phenomenon. Through that research various
methods have been developed to deal with such cases. As little is known about LOC cases of quadrotors it
is very important that this phenomenon is studied and quantified, such that a more holistic approach to the
development of interventions can be taken.

2.2. Research Questions
From literature it was found that current research into challenging situations for quadrotors, such as loss
of rotor(s), mostly focusses on singular cases. Furthermore research on LOC of quadrotors was sparse. In
contrast the LOC research for manned aviation has been actively pursued in the past decades. Therefore
to improve the overall resilience of quadrotors and to work towards a more holistic solution for quadrotor
failure, the same strategy, that was used to define LOC in manned aviation, will be used for this research. To
find a quantitative description for LOC of quadrotors, the following research objective has been defined as
the main focus of this research:

"The research objective is to develop a quantitative loss-of-control definition for quadrotors by analysing
suspected loss-of-control data sets and testing the boundaries of the flight envelopes of nominal and off-nominal
quadrotors through flight tests."

To find a complete answer to the problem at hand the following research questions and sub-questions have
been set-up:

3



4 2. Thesis Project

1. "How should loss-of-control be characterized to facilitate the quantification of loss-of-control of quadrotors
in nominal configuration?"

1.1. "What are the primary causes of loss-of-control of quadrotors in nominal configuration?"

1.2. "What states are involved in loss-of-control of quadrotors in nominal configuration?"

1.3. "What is the relationship between these states, with regard to loss-of-control of quadrotors in nominal
configuration?"

2. "How should loss-of-control be characterized to facilitate the quantification of loss-of-control of quadrotors
in single rotor failure configuration?"

2.1. "What are the primary causes of loss-of-control of quadrotors in single rotor failure configuration?"

2.2. "What states are involved in loss-of-control of quadrotors in single rotor failure configuration?"

2.3. "What is the relationship between these states, in regard to loss-of-control of quadrotors in single rotor
failure configuration?"

3. "What is the relationship between loss-of-control of quadrotors in nominal and single rotor failure configu-
ration?"
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QUANTIFYING LOSS-OF-CONTROL OF QUADROTORS
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ABSTRACT

With most of the current research in quadrotor Loss-Of-Control (LOC) being focussed on specific
failure cases e.g. sensor faults and Single-Rotor Failure (SRF), the growth that is expected in the
drone industry will not be able to be sustained, in regards to the safety of individuals in urban areas.
Without an assurance of reliability regarding the safety of drones this is just not feasible. With the
National Aeronautics and Space Administration (NASA) outlining flight traffic rules for drones it
seems to be just a matter of time until it will be normal to see such vehicles flying around. Therefore
it is of the utmost importance to improve the overall resilience of quadrotors. This work seeks to
show the importance of modelling hazards such as the Vortex Ring State (VRS) and blade flapping to
broaden the approach on solving LOC of quadrotors. Through the adaptation of the definition of LOC
of aircraft to quadrotors and a comparative analysis of quadrotor flights, of both the nominal and
SRF configuration, a Quantitative LOC Definition (QLD) for quadrotors is created. This definition
is then validated through the analysis of thrust stand measurements and quadrotor flights. Resulting
in a measure for the identification of LOC events.

Keywords: Loss-Of-Control, Quadrotor, Thrust, Modelling, QLD

NOMENCLATURE

α Angle of Attack [deg]

αfl Flapping Angle [deg]

γ Non-Dimensional Lock Number [-]

µlon Longitudinal Velocity to Tip Speed Ratio [-]

ω Rotation Speed [rpm]
−→
Ω Rotation Velocity Vector (p,q,r) [rad/s]
−→ri Location of Rotor i w.r.t. c.g. [m]
−→
Vi Local Velocity Vector of Rotor i [m/s]
−−→
Vtot Total Velocity Vector of Quadrotor [m/s]

ρ Air Density [kg/m3]

σ Solidity Ratio [-]

A Area of the Rotor Disk [m2]

a0 Lift Curve per Radian [-]

Ab Area Covered by Rotor Blades [m2]

c Chord Length [m]

Ct Thrust Coefficient [-]

D,R Diameter and Radius [m]

IB MOI of the Blade about the Hinge [kg/m2]

J Advance Ratio [-]

m Mass [kg]

n Rotation Rate [rps]

T Thrust [N]
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I. INTRODUCTION

Loss-Of-Control (LOC) in aviation has received consid-
erable attention in recent years [1], especially in manned
aviation. This is not unexpected as a recent study from
Boeing [2] shows that LOC has been and still is the main
cause of fatalities in Commercial Air Transport (CAT)
accidents world wide. 25.8 % (16) of all accidents that
occurred between 2007 and 2016 are caused by in flight
LOC incidents. These incidents caused 45.8 % of all the
fatalities. For small Unmanned Aircraft System (UAS)
(under 55 lbs, approx. 25 kg), 35 % of the (reported)
UAS crashes are due to LOC [3]. Note though that the
total study group consisted of a 100 cases, due to volun-
tary, inconsistent and non-standard mishap reporting.

The unmanned aviation market is an industry, which
has prospects of significant growth in the coming years.
With a significant amount of UAS expected to be flying
around urban areas, like currently is the case in manned
aviation, LOC is expected to become an issue. Recently
NASA has announced a proposal for an Unmanned air-
craft system Traffic Management (UTM) [4], which bor-
rows fundamental ideas from the manned air traffic sys-
tem. This proposal acknowledges the expected growth
in UAS, therefore prioritisation of their safety , and with
that the individual, is a must. A well known UAS is the
quadrotor. It is part of the class of multicopters and ob-
tains flight through lift generation of four rotors. With
its small size and mechanically simple design, making it
easy to maintain, it is a cheap tool to evaluate for exam-
ple flight control theory.

Most research regarding the safety of multicopters or
quadrotors has been geared towards specific challenges
e.g. loss of rotors or sensor failure, but what is not seen
is a more general solution. As in manned aviation, it is
expected that when a definition can be given to LOC in
quadrotors, research can be aimed more towards a holis-
tic solution. A definition for LOC of quadrotors however,
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has not been actively pursued in research, until recently
[3]. It is mentioned however that finding significant sta-
tistical data to back ideas for indicators of LOC is near
impossible, as databases are currently not standardized
and entries are voluntary.

Through the adaptation of the LOC definition of CAT
to quadrotors and a comparative analysis of quadro-
tor flights, of both the nominal and Single-Rotor Fail-
ure (SRF) configuration, a Quantitative LOC Definition
(QLD) for quadrotors is created. This definition is then
validated through the analysis of thrust stand measure-
ments and quadrotor test flights.

With a Quantitative LOC Definition (QLD) for
quadrotors, a more holistic approach to finding preven-
tion methods for LOC should be possible. Furthermore
the importance of modelling individual events will also
become more apparent.

The paper is arranged into sections as follows: Sec-
tion II provides the current state of the art of LOC of
quadrotors. Section III then introduces the performed
data analysis. The rotor experiment is then discussed in
Section IV, followed by the validation of the model and
the generated theory in Section V. Finally the Quanti-
tative Loss-Of-Control Definition (QLD) for quadrotors
is introduced in Section VI.

II. BACKGROUND

Currently most of the research regarding quadrotor
failure is geared towards the various parts of Active Fault
Tolerant Control Systems (AFTCS) [5], which has as a
main objective to keep normal steady-state performance
under nominal and off-nominal conditions. A general
structure of an AFTCS can be seen in Fig. 1.

er

Figure 1. General AFTCS [5]

An AFTCS system has four different sub-systems: a
reconfigurable controller or Fault Tolerant Controller
(FTC), a mechanism that reconfigures the controller, a
Fault Detection and Diagnosis (FDD) system and a com-
mand/reference governor. The difficulties in designing a
good AFTCS system are the design of: a flexible FTC,
a fast and accurate FDD system and a reconfigurable
mechanism. Where the first two are discussed most,
in literature. Faults considered in most FTC and FDD
research are sensor, actuator and structural/component
failure damage [6]. However the effects of structural dam-
age e.g. a broken arm, have not been researched yet.

There are various solutions in research for FTC sys-
tems that deal with tracking and attitude stabilization
of quadrotors under off-nominal conditions e.g. adaptive
INDI [7]. Furthermore in literature solutions for chal-
lenging tasks such as single, double and triple-rotor fail-

ure [8] can also be found. Though for rotor failure cases,
the control systems are usually tested in a simulation en-
vironment or under low speed flight conditions. Except
for a recently published multi-loop hybrid nonlinear con-
troller that is able to control a SRF configuration under
high speed flight conditions (up to 9 m/s) [9]. With some
exceptions, these control strategies are usually very spe-
cific due to the dynamics involved and authors generally
assume that faults have already been detected and leave
the FDD system to the recommendations.

What is essential in FDD is the speed at which faults
are detected and second, the accuracy the detection. If a
FTC system needs to react and reconfigure, it is crucial
that it has enough time. In literature the observer-based
FDD are most common e.g. Tau’s observer [10]. With
the exception of a few systems, the majority of FDD
systems are however evaluated through simulations [6].
Though recently two researches presented a FDD with
experimental results [11] [12], where sensor bias faults
and actuator faults are detected through a bank of non-
linear adaptive estimators. The output is then used for
the adjustment of the controller output for fault accom-
modation. Unification of the two is recommended as fu-
ture work.

What can be concluded from the current research into
AFTCS is that there are various solutions to individual
challenging control tasks and fault detection problems.
In both FTC and FDD most solutions are designed for
singular problems. Furthermore, these sub-systems are
supposed to work together to form the basis of an AFTCS
system, but they are often researched separately, leaving
other sub-systems as recommendation. Though recent
research has been moving towards a more unified systems
there is still considerably more research and experimen-
tation needed for a fully functioning AFTCS.

In contrast to the specific solutions in quadrotors,
manned aerospace has seen a major effort into finding
a holistic solution for LOC [1]. This effort was a result
of the Commercial Aviation Safety Team (CAST) desig-
nating LOC as one of the three major areas of concern in
CAT, in 1997. A Joint Safety Analysis Team (JSAT) was
created, which did research into 24 cases that were classi-
fied as LOC cases, by CAST [14]. Though LOC still did
not have a definition, therefore a call for development of
a quantitative definition for LOC was made. NASA and
Boeing jointly developed a set of five envelopes related to
aircraft flight dynamics, structural integrity, flight con-
trol and aerodynamics. Using the generally accepted
characteristics of LOC, see Fig. 2, they found the pri-
mary causes for LOC, from the research of the JSAT
[14], and derived the most important variables related
to these causes. These variables were then used to de-
rived the five envelopes giving a quantitative description
to LOC, which addressed 95% of the CAST LOC cases.
With this tool investigators are able to consistently de-
fine LOC cases and find viable solutions to reduce them.
From this research, methods for the prevention of LOC
of CAT have been designed. These methods have been
consistently reviewed and summarized by NASA [1] [13].

In quadrotor research this kind of effort has not been
seen. Recently however, a preliminary risk assessment
and hazard identification analysis for UAS has been con-
ducted by the same group that publishes reviews on LOC
of CAT [3] [15]. A key finding in their research is that a
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Figure 2. CAT LOC Characteristics, Primary Causes and Causal and Contributing Factors [13]

lack of standardized reporting of incidents leads to situa-
tions in which meaningful analyses of data is challenging.
Furthermore an increase in amateur induced incidents is
noticed, LOC is found to be a key hazard in UAS as
well and research into the modelling of off-nominal flight
dynamics for multicopters is sparse. Also hazards iden-
tified for aircraft are found to not necessarily be trans-
latable to UAS. The general consensus is that there is
just not enough qualitative data for hazard identification,
this is backed by the lack of literature about statistics on
quadrotor failure, like [16].

The helicopter, has also not seen a quantification for
LOC. Though emergencies and hazards have been de-
fined [17], which could be compared to LOC. Examples of
such cases are: (1) autorotation, (2) the height/velocity
diagram, (3) dynamic roll over, (4) settling with power,
also known as the Vortex Ring State (VRS), and (5)
retreating blade stall. As the quadrotor is a simplified
helicopter with four rotors, the failures and the dynam-
ics that govern the helicopter state can also be partly
applied to quadrotors. The simple design of the quadro-
tor gives it some advantages and disadvantages over the
helicopter with respect to rotorcraft LOC, but autorota-
tion is in theory not applicable for quadrotors as rotors
are usually fixed pitch. The height/velocity diagram or
flight envelope is definitely applicable to quadrotors. Fur-
thermore the dynamic roll over is directly countered by
having multiple rotors. The last two examples are also
applicable to quadrotors and have also been thoroughly
discussed in literature [18].

The flight envelope is a term used loosely in literature
as a means to indicate limitations of aircraft. In manned
aviation it commonly refers to a region of velocity and
load factor or altitude in which an aircraft can be flown
safely. When an aircraft leaves this region, it reaches a
state from which returning to a stable state is difficult.
As these flight envelopes only take into account quasi-
stationary states, e.g. symmetrical manoeuvres and level
flight, they do not assure safety for dynamic manoeuvers.
Therefore in the search for a safety assurance region, re-
search into flight envelopes has transitioned towards Safe
Flight Envelopes (SFE). The SFE defines a region where
safety is guaranteed and in which externally posed con-
straints will not be violated [19], it is however computa-
tionally expensive, especially for nonlinear systems such
as aircraft and quadrotors.

The envelope estimation problem can also be seen as a
reachability problem [20]. Starting from a initial target
set, the forward reachable and backwards reachable sets
are computed for a given time horizon. Where, the for-

ward reachable set contains all states that can be reached
from the initial conditions, within the given time horizon,
and the backwards reachable set contains all states that
can be steered towards from the initial target set, for the
given time horizon. The intersection of these sets gives
the SFE. An example of which can be seen in Fig. 3.

Figure 3. Safe Flight Envelope [21]

The SFE sounds applicable to finding a quantitative
definition for quadrotor LOC. Though enough challenges
still exist for the application of online SFE estimation for
quadrotors, as they only have the essentials on board
for high performance flight. A method to lower the
computational complexity of the SFE is the database-
driven safe flight envelope prediction system, suggested
in [22]. Where the local aircraft model is updated
through a system identification model, supported by an
offline database which contains SFE for various damage
cases.

The reachability analysis has also recently been ap-
plied to the UTM concept, where an efficient and flexi-
ble method for UAS highway placement is designed for
UTM [23]. Thus one can safely assume that reachabil-
ity analysis will be part of the future of quadrotors. For
now it seems that reachability analysis is too computa-
tionally expensive for online application. Offline it could
be applied as a verification/validation method for theo-
ries/algorithms against Loss-Of-Control.

III. DATA ANALYSIS

To find a QLD for quadrotors, characteristics of LOC of
quadrotors were defined. As the description of the char-
acteristics of LOC of CAT is widely applicable to other
vehicles, with minor changes, the following description of
LOC characteristics of quadrotors was created through
its adaptation to quadrotors:
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Figure 4. LOC Characteristics of Quadrotors, Adapted from [24]

A. Categories & Properties

The characteristics were used in the comparative data
analysis performed on test flights flown with a Parrot
Bebop 2 in the Open Jet Facility (OJF) (wind tunnel),
where preliminary categories and groups were created
through grouping of similar flights. From the 110 flights
that were flown up to wind speeds of 16 m/s, 62 flights
crashed, three of which did however not have sufficient
data for analysis. The two main groups, that were cre-
ated from the 59 left over datasets, were the nominal
(32) and SRF (27) groups, these groups were then split
into translational and vertical flights and finally the SRF
groups were further divided based on the rotor state e.g.
Left-Back (LB) removed, Right-Back (RB) removed or
Idle Rotor (IR).

The preliminary categories provided a good basis for
incident comparison. Each preliminary category was sep-
arately analysed, where time histories of all on-board
variables and wind speeds were explored per incident,
compared to other incidents in the same category and
grouped if similarities occurred. After all the preliminary
categories were analysed, cross-category similarities were
sought for and grouped when found.Through the analysis
of the preliminary categories and the grouping of simi-
lar incidents the most frequent events became evident.
These are discussed and listed below:

− Failure/Malfunction During Descent (DD)
This category was seen the most in SRF configu-
ration flights and never during the flights in nomi-
nal configuration. This category is suspected to be
caused by the VRS, as that state occurs in descent.

Properties: Negative vertical speed, forward
speed, angle of attack

− F/M During Ascent (DA)
The opposite of the previous category. This cate-
gory was seen sparsely, though mostly during the
flights in SRF configuration, it is also suspected to
be caused by the VRS, but after recovery.

Properties: Positive vertical speed, forward
speed, angle of attack

− Phi Spike (PS)
A spike in the roll angle was seen at the end of
a few flights. This is probably caused by the con-
trol system trying to recover from an unrecoverable
situation and spiking the roll angle.

Properties: Near crash, high roll rate reference

− Theta Spike (TS)
A spike in the pitch angle was seen close to the end
of a few flights. Like the phi spike it was probably
caused by the control system trying to recover from
an unrecoverable situation. In some cases this spike
seemed to be what caused the quadrotor to crash,
increasing the angle of attack and thus exposing a
greater surface area to the wind.

Properties: Near crash, high pitch rate reference

− Increasing Oscillation of Acceleration (IO)
The increased oscillation of translational, vertical
and angular accelerations was seen in translational
flight of SRF configuration flights. As the angle of
attack in forward flight is effected by the forward
velocity, an increasing wind speed is seen as the
main reason for the increase in oscillations.

Properties: Increasing velocity, increasing wobble
angle, increasing angle of attack

− Actuator Saturation (AS)
As derived from the reduced model, actuator sat-
uration seems to be one of the major reasons for
failures. Furthermore as expected it is positively
correlated to the velocity and thus to the angle at-
tack.

Properties: Increasing velocity, angle of attack,
rotation speeds

− High Velocity (HV)
High velocity, or high wind speeds caused an in-
crease in rotor speeds. This usually led to actuator
saturation and thus ultimately to failure.

Properties: Increased angle of attack, actuator
saturation, slow descent

− Slow Descent (SD)
Seen at high velocities, probably caused by the fact
that the velocity is too much for the quadrotor to
handle. Thus the thrust vector is angled more into
the wind and height is lost in the process.

Properties: High velocity, angle of attack, close
to crash

− Equipment Failure (EF)
Failures due to equipment e.g. actuator failure,
battery voltage low, bad tracking and screws loose.

Properties: Equipment not optimal

Note that the VRS was not added to the categories
as it was not apparent that the state was active or
not. Its indicators were however added to the categories
i.e. F/M During Descent, F/M During Ascent and the
Phi/Theta Spikes. The distribution of the categories
over the flights can be seen in Fig. 5.

As the categories had overlapping features, they were
integrated and delimited, to create a more concise the-
ory.Through experimentation and data analysis, the cat-
egories which were most important, which were not
needed anymore and which could be combined were iden-
tified.
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Figure 5. Distribution of Categories over the Flights

The first four categories, DD, DA, PS and TS are the
indicators of the VRS. They were exclusively seen in the
SRF configuration flights, see Fig. 5. The expectation
was that these categories would also be seen in verti-
cal nominal configuration flights, but none of the flights
crashed during descent or ascent, though one flight with-
out wind showed some instabilities during descent. Fur-
thermore the DD category happened more often then the
DA category, which was expected as VRS happens due
to descent into ones own turbulence, note that the DA
category usually occurred right after descent. As these
categories are connected through theory and were mostly
seen in combination with each other they were combined
into the ”Vortex Ring State” category.

The IO category was also only seen in the SRF con-
figurations, where an increase in wind speed caused an
increase in oscillations of the accelerations. As this was
not seen in the nominal configuration this oscillation is
expected to be caused by the control strategy for quadro-
tors in SRF configuration [9]. This strategy led to a
new aerodynamic phenomenon: Double Blade Flapping
(DBF), that was observed during test flights (see Sub-
Section B.i.). The phenomenon causes the control sys-
tem to command different rotor speeds for each rotor
based on their location w.r.t. the centre of gravity and
is seen as the cause of the oscillations. Thus the IO cat-
egory is combined with the HV category into the ”Blade
Flapping” category.

AS and HV are the categories that were seen the most,
thus they are seen as the main causes for quadrotor fail-
ures in both the nominal and SRF configuration. Fur-
thermore, the SD category was seen frequently in combi-
nation with the two. What was observed is that due to
the high wind speeds the quadrotor needed more thrust,
in both the nominal and SRF configurations, to hold po-
sition. Thus with higher speeds, higher rotor speeds and
more actuator saturation cases are observed. Also slow
descents were observed due to the quadrotor needing to
tilt its thrust vector into the wind to keep its position.
As the HV category can be seen as a cause of other cate-
gories it is combined with the AS and SD categories into
the ”Actuator Saturation” category.

The final category EF, although not seen that fre-
quently, always causes dangerous situations. From
empty/broken batteries causing random landing se-
quences or thrust spikes to actuators breaking causing
uncontrolled crashes. Thus the ”Equipment Failure” cat-
egory remains unchanged.

B. Discussion

The discussion contains phenomena seen and compar-
isons made in the analysis.

B.i. (Double) Blade Flapping

Blade flapping is a phenomena which is seen in heli-
copter operations during translational flight, where the
advancing side of the rotor disk sees a higher effective ve-
locity with respect to the air, whereas the retreating side
of the rotor disk sees a lower effective velocity. This dif-
ference creates a change in the lift distribution between
the two halves and thus effectively flaps the blades up
and down once per revolution [25]. Helicopters counter
this effect by changing the angle of attack of their blades
with the position in the rotor cycle, though this eventu-
ally leads to retreating blade stall [17]. Quadrotors do
not have variable pitch propellers.

As the quadrotor uses more than one rotor it has ad-
vantages over helicopters with respect to blade flapping.
Due to the symmetry of the quadrotor, the lateral effects
of blade flapping are cancelled, but in longitudinal direc-
tion the plane of the rotor disk is tilted away from the
direction of motion, see Fig. 6, where the movement is
into the wind. Due to the tilt of the rotor disk the trans-
lational movement is damped and the effective upwards
thrust is lowered. In [18] a decrease in hover thrust of
a few percent and a decrease in attitude tracking of a
few degrees due to torque is observed as a direct cause
of blade flapping.

Figure 6. Blade Flapping: Hinged Blade Model

As the flapping angle was not measured during flight,
the influence on the thrust remains unknown. However in
the SRF configuration flights an interesting phenomenon
was seen. The commanded and observed rotor speeds of
the quadrotor were oscillating with the location of the
rotor in the yaw plane. It was observed that a second
flapping plane was created due to the quadrotor spinning
around its own axis, see Fig. 7, where the plots show
the rotor speeds of each respective rotor over a single
flight. Note that the rotors are numbered as in Fig. 8.
The red and blue half circles indicate the phase of the
yaw of the quadrotor in which the respective rotor is
in the advancing side (red) and retreating side (blue)
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respectfully. Finally the black lines show the direction of
the incoming wind.

A rotor in the right half of the rotation plane expe-
riences a higher effective velocity due to the quadrotor
spinning about the primary-axis. Consequently, a rotor
in the left half plane experiences a less effective veloc-
ity, thus causing a rolling moment due to the offset in
thrust produced. This rolling tendency was not observed
in the experiments, this lack of observation is theorized
to be caused by the control system changing the rota-
tion speeds of each individual rotor based on their loca-
tion within the rotation plane, which can be seen in the
Fig. 7. The figure shows that the rotor opposite to the
removed rotor, where the minimum rotation speed was
hardcoded to be 3000 rpm, is commanded to counter the
rolling moment through increasing the rotation speed of
the rotor in the retreating side and decreasing the rota-
tion speed of the rotor in the advancing side. This phe-
nomenon, named Double Blade Flapping, was observed
in multiple flights where it was always the rotor oppo-
site to the removed rotor that showed the behaviour de-
scribed above.

The behaviour seen in the two (working) rotors oppo-
site of each other also showed similar behaviours in mul-
tiple flights, where the rotor speeds would be observed
to be identical. This difference in expected behaviour
could have multiple sources e.g. wobbling angle, symme-
try, translational velocity and the aerodynamic moments
due to the different planes of the rotors and the centre
of gravity. Thus this phenomenon should be further in-
vestigated by for example examining the rotor speeds of
the rotors in a double-rotor failure case.

[rp
m
]

[rp
m
]

[rp
m
]

[rp
m
]

Figure 7. Double Blade Flapping (3rd rotor Removed)

B.ii. Aerodynamic Interaction of the Rotors

What was observed from the nominal configuration
flights flown in the OJF is that the back rotors on aver-
age had higher rotation rates than the front two rotors.
This observation was confirmed by a recent study regard-
ing the aerodynamics of quadrotors [26]. The two pos-
sible configurations, with respect to rotor turning direc-
tion, were compared using a higher-order potential flow
method. The two configurations can be seen in Fig. 8,
where the ’bear hug’ (a) has front rotors which envelope
the wind in a ’hug’ and the ’breast stroke’ (b) has front

rotors which rotate in a motion such as a swimmer doing
breaststroke. Furthermore a diamond flying configura-
tion was also tested, where instead of flying with two
rotors in front the quadrotor would fly with one rotor in
front. Thus creating a different downstream turbulence
pattern.

Figure 8. Possible Rotation Configurations for Quadrotors

Results show that the front rotors in both configura-
tions provided equal thrust and that the back rotors pro-
duced less thrust than the front. There was however a
difference in thrust produced by the back rotors due to
the configuration. The ’bear hug’ had a higher induced
velocity on the advancing side of the rear rotors due to
cross-rotor interactions, where the ’breaststroke’ config-
uration had a higher induced velocity on the retreating
side of the rear rotors. Therefore the ’breaststroke’ con-
figuration had less of a tendency to pitch up, thus less
need for trim. With less trim, less power is needed for
stability, thus the conclusion was made that the ’breast-
stroke’ configuration was preferable. A quadrotor could
also be flown with a different side forward to preserve
energy, though this could have mixed effects due to drag
effects of the main body.

Flying in diamond configuration showed similar but
mirrored results for clockwise and counter-clockwise ro-
tating rotors in front. The clockwise rotor had an in-
creased vorticity density in the wake of the second rotor,
assuming the configuration in Fig. 8 (a) with rotor one in
front. Consequently the second rotor produced a higher
thrust thus a tendency to roll in the positive direction.
With the counter-clockwise rotating rotor in front the
exact opposite happened. Thus flying in an asymmet-
rical rotating rotor configuration causes a tendency for
instability, though this could also have been caused by
blade flapping. Furthermore the effect on the rear rotor
was not discussed, as it is directly in the wakes of all the
other rotors it would be expected that it would perform
badly.

This interaction between rotors was more apparent
in the flights with reduced rotors. In all flights with
(front/back) reduced rotors the first rotors to saturate
were the reduced ones. Where the average rotor speeds
of the other rotors, just before crashing, were higher in
the case where the front rotors were reduced. As such
the conclusion is made that damaged rotors are less effi-
cient than nominal rotors and thus need a higher rotation
speed to produce the same amount of thrust. Further-
more the rotors in the front perform better, as they are
in laminar flow. Thus, in case rotors are damaged dur-
ing flight, it is best to place those in the laminar flow by
rotating the quadrotor.
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B.iii. Removed/Idle Rotors

Different configurations of the SRF quadrotor were
tested e.g. right-back rotor removed, left-back rotor re-
moved and idle rotors. The difference observed between
these configurations was that the idle rotors were forced
to rotate at 3000 rpm due to a hardcoded minimum limit.
Thus creating thrust in idle mode, where the removed
rotors did not produce any thrust. This thrust, though
minimal, caused different thrust patterns in the rotors
adjacent to the ’failed’ rotor, in comparison to the thrust
patterns of the removed rotors. The difference between
removing the right back and left back rotor is that the
rotor thrust patterns of the two front rotors flipped. The
rotor opposite to the removed rotor showed the exact
DBF pattern, where the rotor speed of that rotor was
sped up in the retreating side of the rotation and vice
versa.

IV. THRUST EXPERIMENT

To validate the primary causes and precursors to
quadrotor LOC a thrust experiment was designed to
measure the thrust produced by the Parrot Bebop 2 ac-
tuator and accompanying rotor under all possible flight
circumstances.

A. Measurement Variables

− The Angle of Attack (AoA), α:
Defined as seen in Fig. 9, where the angle of at-
tack is always defined positive for both positive
(upwards) and negative (downwards) velocities.

− The Advance Ratio, J :
A ratio used for propellers in aeronautics and hy-
drodynamics to show the ratio between the free
stream fluid speed and the propeller. Where the
velocity is defined positive in upwards motion and
negative in downwards motion.

J =
V

n ·D (1)

Where V is the total velocity vector, n is defined
as the rotation rate of the rotors in rotations per
second and D is the rotor diameter in meters.

− The Thrust Coefficient, Ct:
The dimensionless coefficient of the thrust pro-
duced by the rotor.

Ct =
T

ρn2D4
(2)

Where T is defined as the thrust, ρ is defined as
the density of air, assumed to be 1.225 kg/m3, and
n and D are defined as in Eq. 1.

For the acquisition of the data, the dynamometer se-
ries 1580 of RcBenchmark was used. Using the accom-
panying software the thrust and the rotation speed were
measured with a frequency of 10 Hz. Finally the wind
was extracted from the computer system of the OJF.

Figure 9. Angle of Attack Definition

For each test run, the angle of attack and the velocity
were kept constant, while the rotor was varied over ro-
tational values of 3,000 to 12,000 rpm in increments of
1000 rpm. For each rotational value 50 data points were
acquired, leading to 500 data points per run. The angle
of attack was then varied from 0 to 90 degrees in incre-
ments of 10 degrees and the velocity was varied from 0 to
14 m/s in increments of 2 m/s. To do measurements on
descending flight without influence of the dynamometer,
the rotation direction and the rotor were both flipped to
measure the thrust produced in descending flight.

B. Rotor Thrust Model

The actuator and rotor were tested for 1600 points,
where each point had 50 thrust measurements. The
thrust at that data point was then taken to be the aver-
age of the 50 measurements. By taking 50 measurements
per point the expected thrust fluctuations could be iden-
tified per point [27], thus indicating certain areas of the
flight regime to be less stable than others.

B.i. Measurement Influences

As the thrust stand was close to the rotor itself, and
would also be effected by the incoming wind, a slight
influence was to be expected. Therefore all the mea-
surements were taken after setting all values to zero on
the device (tare), this however would also remove the in-
fluence of the rotor itself, therefore extra measurements
were made without setting the values to zero on the de-
vice. Furthermore the thrust stand was tested separately
to test its influence. Following those measurements, the
following assumptions were made:

Fnotare = Ftare + Fstatic (3)

Freal = −Fnotare + Ftestbench (4)

Where Fnotare in Eq. 4 has flipped signs for the de-
scending tests and Fstatic equals all the static forces:

Fstatic = Ftestbench + Frotor (5)

For zero degrees, perpendicular to the wind tunnel,
there was hardly any difference between the non-tared
approximate (Eq. 3) or the actual non-tared measure-
ment, but the higher the angle of attack the bigger the
difference became, where the non-calibrated measure-
ment showed higher values of thrust. As preliminary
results showed lower thrust values than the flight data,
the decision was made to use the non-tared measurement.

B.ii. Data Fitting

To fit the obtained data multivariate splines were
used. As the density of data points along the angles
of attack was lower than the density of the data points
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along the advance ratio, the data along constant advance
ratio values were fitted with 1st order polynomials to
counter the behaviour of multivariate splines along
low data density points. As the centre of the dataset
had more dynamics, different triangulation densities
were tested. The final triangulation was made with
1-simplices on a constant field of 10 points along the
angle of attack, each corresponding to 10 degrees. Along
J a different triangulation was used where the advance
ratio was split into three sections, with two, eight and
two simplices each. Thus in total creating 216 simplices.
In Fig. 10 the triangulation can be seen, with the final
thrust model, which used 5th order polynomials over
each simplice with 0th order continuity (S5

0).

Figure 10. Triangulation and Thrust Model

To validate the fit of the thrust model the variance of
the B-coefficients was examined, furthermore a residual
quality analysis was performed. Firstly the dataset was
split in two separate data sets: the identification dataset
and the validation dataset. The identification dataset
was then used to identify the model and the validation
dataset was then used to validate it.

The final model had an average B-coefficient variance
of 0.0011, a Root Mean Square (RMS) error of 0.0004
and a relative RMS error of 0.19%, where the relative
RMS error is defined as the RMS of the error over the
RMS of the validation model.

B.iii. Model Validation

To validate the model, it was compared to flight data.
An external motion capture system (Optitrack), was
used to obtain the velocity of the quadrotor. The ve-

locity per rotor was determined through Eq. 6, where
−→
Ω

is the rotation velocity vector consistent of p, q and r, −→ri
indicates the location of the ith rotor w.r.t. the centre of
gravity and

−−→
Vtot is the total velocity of the quadrotor.

−→
Vi =

−→
Ω ×−→ri +

−−→
Vtot (6)

The thrust coefficient, advance ratio and angle of at-
tack were determined through their definitions given in
Sub-Section A (Eqs. 1 and 2). Where the thrust was
determined through Newton’s first law and the local ve-
locity and rotor speeds were used to determine the Ct
values per rotor.

In Fig. 11 the comparison between the flight data
and the model data can be seen, where the dataset is
split up in four manoeuvers : (1) vertical manoeuver, (2)
transverse manoeuver, (3) longitudinal manoeuver and

(4) yaw changes while holding position. Where manoeu-
vers (1) & (2) were performed at yaw angles of 0 to 90
degrees. To compare the Ct value of the whole quadrotor
to the data obtained from the model both sets were z-
normalised, thus the datasets indicate the standard devi-
ations with respect to the mean of the respective set.Note
that the model data was multiplied by 1.3.

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

Figure 11. Z-Normalised Nominal Configuration Flight Data &
Model Data, V = 8 m/s

B.iv. Discussion

From the model quality results the S5
0 model was cho-

sen because of its lowest average B-coefficient variance.
From the comparison, Fig. 11, it can be seen that the
dynamics of the model are similar to those of the flight
data, except for dynamics in the longitudinal manoeuver.
This difference is theorized to be caused by rotor speed
and velocity inaccuracies during forward flight. Further-
more the thrust magnitude is not similar as the model
data was multiplied by 1.3. This thrust difference is the-
orized to come from several factors:

− The lift produced from the body of the quadrotor,
which was not taken into account in the model.

− The actuator being directly attached to the thrust
stand and consequently the small rotor being in
close proximity to the thrust stand.

− The quality of the rotor. New rotors from the same
batch, produced different thrust values for the same
commands and flight conditions.

− A possible bias in the accelerometer data of the
quadrotor.

As the thrust model was meant to be used as an indi-
cation for LOC areas in the flight regime of a quadrotor,
validation of the dynamics of the model is considered to
be sufficient. The validation results indicated that the
dynamics of the model showed similarities to those of
the quadrotor, therefore the model is considered to be
validated. With the dynamics validated the model can
be used to find and validate the (un)stable areas in the
flight regime of the quadrotor.
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To be able to use the thrust model in for example SFEs
or simulations, the thrust difference should be identified.
Thus more experiments should be performed to quantify
this difference. One could for example design an exper-
iment to measure the forces and moments of a rotor in
the same flight regime as the experiments that were per-
formed. This data could also be used to quantify the
effect of blade flapping and the aerodynamics caused by
the offset of the rotor plane and the centre of gravity
plane.

V. VALIDATION

The validated thrust model was used to validate the
categories and observations that were found through the
data analysis, Section III. Where actuator saturation is
seen as the primary cause to LOC events of quadrotors
and the other categories and observations are seen as
precursors. As the model was created for a single rotor,
the aerodynamic influences of rotors on each other will
not be discussed.

A. Vortex Ring State

From multiple sources the VRS is seen as a regime
where the momentum theory fails, as it is essentially the
state in the flight regime where the wind flow is reversed
in direction. In this unstable flight regime, the thrust
produced is expected to be fluctuating [27].

A.i. Thrust Variation

To find the thrust variation over the flight regime of
the actuator the 50 measurements per data point were
used. The minimum and maximum values per data point
were obtained and their difference was taken as variation.
The variation was obtained for all the data points of the
thrust model and can be seen in Fig. 10.

AoA

Figure 12. Thrust Model Ct Fluctuation

One can see that the thrust only fluctuates in a single
area in the flight regime. The thrust fluctuations ex-
perienced in that area are in the range of ±20% of the
average thrust experienced in the model. Furthermore
it can be seen that for higher angles of attack the fluc-
tuation is highest. When the area is plotted over the
thrust model, see Fig. 13, one can see that this area ac-
tually corresponds to the dip in thrust coefficient that is
observed around an advance ratio of −0.3, see Fig. 10.
Note that the indicated area shows thrust fluctuations of
more than 3%.

Figure 13. Thrust Fluctuation and VRS Flight on Thrust Model

As the location of the dip in thrust, with respect to the
thrust model, and the observed fluctuation of thrust val-
ues were what was expected from literature, this area is
seen as the area of the flight regime where one encounters
the VRS. Thus one can conclude from the Fig. 13, that
when descending it is best to have some translational ve-
locity, to minimize thrust fluctuation. In amateur flight,
translational movement is also known as a way to counter
the ”Wobble of Death”.

A.ii. A Flight in the Vortex Ring State

One flight, in nominal configuration, was flown with
the intention to maximize descent velocity with mini-
mum forward speed. The only indication of the expected
instability that was seen, was a slight wobble when sta-
bilizing after dropping from maximum height. Therefore
the assumption was made that the descent velocity was
not high enough to reach the VRS.

The flight is projected over the thrust model in Fig. 13.
One can see that according to the model the VRS was
reached. Contrary to the assumption made, the descent
velocity was high enough. The area with the highest
thrust fluctuation was even reached, which corresponds
to ±20%. However, the time history of the manoeuver
only showed a thrust reference error of 1.5 %, where over-
all in the flight the reference error fluctuated between
±0.25%. This could be caused by various factors such
as time in descent, influence of the control system and
sudden side winds, which are frequently discussed in the
amateur scene. For further validation, more experiments
should be performed in the heart of the VRS area, pos-
sibly from higher heights.

B. Blade Flapping

As the experiment only produced vertical thrust, it
was not possible to directly extract the flapping angles.
In order to investigate the effect of blade flapping on
the quadrotor performance, the hinged blade model sug-
gested in [28] was used to estimate the blade flapping
angle:

αfl =
1

1 +
µ2
lon

2

4

3
(
Ct
σ

2

3

µlonγ

a0
+ µlon) (7)

Where a0 is the lift curve per radian, which is approxi-
mately 6.0 for conventional airfoils at low Mach numbers
[25]. µlon is defined as the longitudinal velocity to tip
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speed ratio, see Eq. 8, σ is defined as the solidity ratio,
which is the area of the rotor surface covered by rotor
blades, see Eq. 9 and γ is the non-dimensional Lock
number, which gives the ratio between aerodynamic and
centrifugal forces, see Eq. 10, where Ib is the moment of
inertia of the blade about the hinge and c is the chord of
a blade.

µlon =
vlon
vt

(8)

σ =
Ab
A

(9)

γ =
ρa0cR

4

Ib
(10)

The flapping angle is then used to determine the per-
centage of lost thrust due to flapping, see Eq. 11 and Fig.
6, where Fmeas is the force perpendicular to the original
blade:

Tloss = (1− Tmeas
T

) · 100 = (1− cosαfl) · 100 (11)

The results of the hinged blade model can be seen in
Fig. 14, where one can see the flapping angle with re-
spect to the angle of attack and the advance ratio and
the percentage of thrust lost due to blade flapping. The
flapping angle goes up to a max/min of ±40 degrees and
the percentage of thrust loss reaches a maximum of 25
%. Though the maximum values only occur for the high
values of J, which only occur at high velocities with low
rotor rotation rates. Normal flights occur between ±0.8J
(App. B), in which more plausible values are seen. To
make up for such a big loss of thrust, the rotor speeds
need to be increased, thus causing a higher probability
of rotor saturation. As the results are from a model and
very sensitive to the estimation of the moment of inertia
of the blade about the hinge, it is recommended that an
experiment be performed to validate the results of the
model.

Figure 14. Flapping Angle [deg] and Thrust Loss [%]

C. Rotor Saturation

The limitations of the actuators of the Bebop 2 are
3000 and ±11000 rpm. Where the minimum limit is
caused by the inbuilt hardware, and the maximum limit
was found through experiments. Through analysis of the
advance ratio it was found that rotor saturation is not

immediately visible, like the VRS, or expected to be om-
nipresent, like the loss in thrust due to blade flapping.
In Fig. 15 one can see the distribution of the advance
ratio with the minimum and maximum limits saturation
limits and the advance ratio indicated in steps of 0.1J ,
where the red lines indicate steps of 0.5J .

Figure 15. Advance Ratio Distribution

One can see what advance ratios can be expected at
which velocities and vice versa. Take for example a flight
at 14 m/s, through the maximum actuator saturation
one can see that the advance ratio range is from 0.5J till
1.8J . However the advance ratio was determined through
an equation, thus trying to reach a theoretical advance
ratio of 1.8J at 14 m/s would be implausible as the rotors
would not produce enough thrust to remain stable.

To show the the limiting factor of the quadrotor that
is rotor saturation, flights in both the nominal and SRF
configuration are projected over the flight regime that
was tested in the thrust experiment. They will be dis-
cussed in respective order in the following sub-sections.

C.i. Nominal Quadrotor Rotor Saturation

In App. B data of the flights that were flown in both
the nominal and SRF configuration are projected on the
flight regime, that was used for the thrust model, to give
an indication of the range the quadrotor can reach in
different configurations and under various circumstances.
Note that these projections are the data sets of the first
rotor, where in the nominal case the other rotors show
similar behaviour. Also note that the advance ratio per
rotor was determined through the same method as in the
Model Validation (Sub-Section B.iii.).

From the nominal configuration flights it can be seen
that the advance ratio varied between ±0.8J , where, in
combination with Fig. 15, it can be seen that the limit
of 0.8J at 14 m/s is a lower limit of 7000 rpm. From the
advance ratio ranges observed for the other velocities in
Fig. 18, it can be seen that the maximum advance ratio
flown in each flight speed is limited by the minimum rpm
and thus consequently the minimum advance ratio is lim-
ited by the maximum rpm. Thus the maximum attain-
able advance ratio for nominal quadrotors is dependent
on the minimum rpm that can stabilize the quadrotor
at a given velocity. This minimum value increases with
the velocity, which in turn also increases the angle of at-
tack and the flapping angle. This eventually leads to the
minimum rpm exceeding the maximum rpm, thus one
can conclude that the nominal configuration is indeed
limited by rotor saturation.
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C.ii. Single-Rotor Failure Quadrotor Rotor Saturation

The quadrotor flights in SRF configuration can be
found in App. B.2. As with the nominal configura-
tion flights only the first rotor datasets were projected
on the flight regime used for the thrust model. How-
ever, contrary to the rotors of the nominal configuration,
the rotors of the SRF configuration did not show similar
behaviour, see Fig. 16. As the SRF configuration uses
high-speed spinning relaxed hovering solutions [29], this
was to be expected. Note that the flights in the SRF
configuration do not include a legend, as the pattern of
the SRF configuration flights is more dependent on the
wobbling angle than the wind speed.

Figure 16. Vertical Flights of Quadrotors in SRF Configuration
(3rd Rotor Removed)

In comparison to the nominal configuration the SRF
configuration reaches higher angles of attack and higher
advance ratio values in the rotor opposite to the failed
rotor. This increase is caused by the wobbling angle that
increases with the tilt of the primary-axis. Increasing the
tilt of the primary-axis in the direction of the rotor op-
posite to the failed rotor also lowers the energy needed
to keep wobbling and thus the rpm of the remaining ro-
tors (two and four) are lowered. Note that there is an
optimum in trading rpm speeds between the rotors.

It can be observed that the higher advance ratio val-
ues seen in the SRF configuration all occur in the rotor
opposite to the failed rotor. Furthermore the remaining
rotors have similar, but mirrored patterns. This pattern
is also seen in the discussion on the DBF phenomenon.
Due to the increased effective velocity on the advancing
side and the lowered effective velocity on the retreating
side the rotor opposite to the failed rotor sees a greater
fluctuation in rotor rpm, where the minimum rpm is the
cause of the increased advance ratio. Thus as with the
nominal configuration, the maximum advance ratio of
the SRF configuration is determined by the minimum
rpm needed to stabilize at a given velocity and therefore
it is also limited by rotor saturation.

Finally the vertical flights in the SRF configuration
also touched upon the VRS domain. As 80% of the SRF
configuration test flights showed crashes during descend-
ing vertical flight, this could likely be due to the thrust
variation in the VRS. Where the prime suspects for ro-
tor saturation is the first rotor as it sees higher rotation
speeds than the other rotors (second & fourth). Note
that this assumption changes when the quadrotor rotates
in the opposite direction and/or a different rotor fails.

VI. A QUANTITATIVE DESCRIPTION FOR
LOSS-OFF-CONTROL

The Quantitative Loss-Of-Control Definition (QLD)
for quadrotors is similar to the definition given to LOC
of CAT, but where the CAT have multiple upset con-
ditions, the quadrotor only has one: actuator satura-
tion. Furthermore a difference is seen in the dynamic
and equipment failure precursors. The definition of the
QLD can be found in Fig. 17, where the precursors are
further specified in App. A. Hazards, which are cur-
rently unlikely to occur, such as the hazards under the
”Atmospheric Disturbances”, were also added as they are
likely to occur when quadrotors will eventually be used
for longer flights over greater distances.

As the two major sub-systems of the AFTCS, the FTC
and FDD, are often researched separately in literature
and have not been successfully unified, actuator fail-
ure has not been added to the primary causes. Once
the AFTCS has been completed and actuator failures
have become survivable, it should be added. In case the
QLD is adapted to multicopters it could be immediately
added, as multicopters, that have more rotors than the
quadrotor, have inbuilt redundancy and are therefore re-
sistant to actuator failure.

With the QLD for quadrotors defined, investigators of
LOC events of quadrotors have a valuable tool to be able
to label and group events and thus are able to systemat-
ically seek viable safety intervention strategies to reduce
the occurrence of LOC.
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Figure 17. Quantitative LOC Definition (QLD) for quadrotors, Primary Causes and Precursors, Adapted from CAT LOC [24]

VII. CONCLUSIONS

To push for a holistic view on preventing LOC of
quadrotors and to give insight on such situations, the
QLD for quadrotors has been defined through a compar-
ative data analysis. Quadrotor LOC characteristics were
defined through the application of CAT LOC character-
istics to quadrotors. These characteristics were used in
the comparative data analysis of test flights, flown under
real life conditions, which resulted in categories of fail-
ures, which were related to LOC. Through delimitation
and in combination with observations a theory on the
primary causes and precursors of LOC was created.

The theory was then validated through comparison to a
rotor thrust experiment, where a single actuator and ro-
tor were tested over the expected flight range. Where, for
both the nominal and SRF configuration, actuator satu-
ration was seen as the only primary cause of the quadro-
tor LOC events and the VRS, blade flapping, aerody-
namic interaction of the rotors and equipment failure
were seen as the precursors to LOC events, where in the
SRF case the DBF phenomenon, observed in flight tests,
was also added as a precursor. With the QLD for quadro-
tors defined, investigators of LOC events of quadrotors
have a valuable tool to be able to label and group events
and thus are able to systematically seek viable safety in-
tervention strategies to reduce the occurrence of LOC.

The authors are grateful to the Open Jet Facility,
MAVlab and the TU Delft for their support.
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APPENDIX

MULTICOPTER LOC

In this appendix the precursors of the Quantitative Loss-Of-Control Description (QLD) are further defined in sub-
categories and hazards. These can be found in Tab. 1.

Precursors Sub-Categories Hazards

Adverse Onboard Vehicle Impairment Improper Maintenance

Conditions Improper Loading: Weight/Balance CG

Airframe, Actuator and/or Rotor Damage

System & Components Control Component Failure/Inadequacy

Failure/Malfunction (F/M) System Software Failure/Inadequacy 1

Off-Nominal Vehicle Off-Nominal Vehicle Aerodynamic Interaction of Rotors

Dynamics & State(s) Dynamics and/or Vortex Ring State (VRS)

Control Responses (Double) Blade Flapping (DBF) 2

Oscillatory Response

Asymmetric Vehicle

Off-Nominal State(s) Off-Nominal Attitude, Angular Rates and/or Wind Speed

Abrupt Disproportionate Response

Flight Trajectory Not Within Tolerances

Atmospheric Disturbances Atmospheric Disturbances Wake Vortex

Wind/Turbulence

Thunderstorms/Rain 1

1 To be investigated, but is expected to be a precursor
2 DBF will only occur in rotor failure flights that use the primary axis control scheme

Table 1
Quadrotor LOC Precursors and Accompanying Hazards, Adapted From Aircraft LOC Precursors [24]
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QUADROTOR FLIGHTS

In this appendix datasets of flown flights are projected over the thrust model to give an indication of the flight
regime that the quadrotor operates in, note that the data of the first rotor is used in all cases. The flights have been
split in two main sections: the flights in nominal configuration, which can be found in Section B.1 and the flights in
SRF configuration, which can be found in Section B.2.

Nominal Quadrotor Flights

The flights in nominal configuration are split into two different sets: the flights which covered the movements in
vertical and longitudinal directions under all wind conditions, which can be seen in Fig. 18 and flights in which only
longitudinal movements were flown, in Fig. 19.

Figure 18. Vertical/Longitudinal Flights, Nominal Configu-
ration

Figure 19. Longitudinal Flights, Nominal Configuration

Single Rotor Failure Quadrotor Flights

The flights in SRF configuration were flown in two different sets: the longitudinal flights, seen in Fig. 20 and the
vertical flights, which can be seen in Fig. 21.

Figure 20. Longitudinal Movement, SRF Configuration Figure 21. Vertical Movement, SRF Configuration
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3
The Quadrotor

The quadrotor is one of the smaller family members of the multicopters, which, unlike helicopters, use mul-
tiple rotors with fixed pitch blades to generate lift. This gives them Vertical Take-Off and Landing (VTOL) and
hovering capabilities. By using their rotors as main lifting devices the need for larger area lifting devices, such
as wings, is removed. This ability also gives them substantially more agility and freedom than classic aircraft.
A quadrotor is equipped with four brushless motors with fixed pitch blades, in most newer quadrotors a cam-
era is also included. Furthermore the sensors on board usually include a 3-axis magnetometer, gyroscope and
accelerometer.

In Figure 3.1 one can see the Parrot Bebop 2, which was the quadrotor that was used in all the experiments
that were performed for this research. Degradation of the hardware is seen as the main reason for quadrotor
failure, as failure in sensors or rotors will lead to bad tracking and stability of the system. Also unlike bigger
multicopters the quadrotor does not have redundancy in rotors and will therefore likely crash in the case that
a rotor fails, assuming the control system has not been designed for such a case.

The rest of this chapter is structured as follows: Firstly the reduced model of a quadrotor and its defini-
tions will be shown in Section 3.1, then the general limitations of the quadrotor are explored through analysis
of the model in Section 3.2 and finally the control limitations are discussed with regards to Loss-Of-Control
(LOC) of quadrotors in Section 3.3.

Figure 3.1: Parrot Bebop 2: Body Axis Definition
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3.1. The Reduced Model
To analyse the quadrotor for possible failures, the reduced model, which is widely used in controllers for
hovering flight, was analysed. The assumption is made that the quadrotor is a rigid body. Therefore the
Newton-Euler equations can be used to define the translational and rotational dynamics of the quadrotor.
Starting from the body axis definition in Figure 3.1, where the x-axis is defined positive in forward direction
and the z-axis is defined as positive in the downwards direction, the translational and rotational dynamics
are defined as in [6]:
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Where u, v, w are defined as the velocities in their respective axes and p, q,r are defined as the rotational
velocities around the three axes. The mass and inertia matrices of the quadrotor are defined as m and Iv , and

finally
−→
G ,

−→
F and

−→
M are defined as: the gravity vector, the resultant force vector (excluding gravity) and the

resultant moment on the quadrotor respectively.
As these equations do not hold well for any other flight states than hovering, Sun et. al suggest aero-

dynamic terms in the resultant force and moment vectors [6] for translational motion. Thus defining them
as:
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Where
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F r is defined as the reduced model of forces, which only holds in the hover condition and
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defined as the reduced model moment, which does not include aerodynamic effects:
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In Equation 3.5, Th is defined as the rotor thrust in hovering flight,ωi indicates the rotor speed of the i th rotor
and κ0 is a coefficient that relates rotor properties and air density and is seen as a constant for each actuator.
In Equation 3.6, b and l are defined as the distances between the centre of gravity and the rotors in x and y
direction, see Figure 3.1, τ0 is defined as a coefficient for drag moment which is considered to be constant
and finally Ir,z is the z-direction moment of inertia of a single actuator.

The rotor speed combinations in the left term of
−→
Mr are the combinations needed for roll, pitch and yaw

respectively. Furthermore the total left term represents the rotor thrust and drag, and the total right term
represents the rotor inertia effects, the gyroscopic affect and inertia torque.

Finally
−→
F a and

−→
M a are defined, as the aerodynamic forces and the moments related to translational mo-

tion, which are unique to each quadrotor and were identified for the Bebop 1 through high speed flight data
in [6].
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3.2. Model Limitations
Quadrotor movement in space is defined by the reduced model in Equations 3.1 and 3.2. Both equations are
fully dependent on rotor speeds ω1,ω2,ω3 and ω4. Therefore the expectation is that the health and capa-
bilities of a quadrotor are fully dependent on the health and limitations of its rotors. With actuators having
saturation limits and therefore rotor speed limits the capabilities of the quadrotor are limited to the satura-
tion limit of the actuator. Note however that the body of the quadrotor itself is able to produce lift in certain
conditions, though not enough to hover or slow down descent.

In rotorcraft the state known as autorotation is used in case the engine of the rotorcraft fails, the engine
is disengaged from the rotor and the upward flow from descending is used to, in most cases, land safely, see
Appendix A.2 for further details on autorotation. As most quadrotors work with fixed pitch rotors, which are
used for their simplicity, it is not possible for them to achieve control in the state of autorotation. One should
note though that currently research is being done on a prototype variable pitch quadrotor [7], thus in the
future it might be possible to use autorotation in case of actuator failure.

3.3. Control Limitations
As the thesis project is limited in time, the decision was made to use the control system that was readily
available on the quadrotor. This holds for both the nominal configuration and the Single-Rotor Failure (SRF)
case. For the nominal case an Incremental Nonlinear Dynamics Inversion (INDI) control scheme was used.
For the SRF configuration an INDI control scheme applied to a primary-axis based attitude loop controller
[8] was used.

One could argue that the performance of quadrotors with regards to LOC is affected by the controller and
therefore multiple control systems should be tested against each other to see if there is a difference. One
could also argue that, the control system does indeed have an effect on how the quadrotor is ’controlled’, but
that does not affect the stable or unstable states. A quadrotor, in nominal configuration, flying in constant
wind of 14 m/s has an optimal angle of attack combined with an optimal thrust to stabilize around a certain
trim point. How the quadrotor reaches this state is indeed effected by the controller, but the stable state is not
affected by the controller. Thus the controller limits the ability to fly safely to stable states, but not the range
in which the quadrotor should theoretically be safe.





4
Background

Loss-Of-Control (LOC) is the biggest contributor to manned aviation fatalities over all classes of aircraft. Es-
pecially in Commercial Air Transport (CAT) operations, where, between 2007 and 2016, LOC was the main
cause for 16 accidents, which attributed to 45.8 % of all the casualties [2]. This is also the reason why LOC is
one of the most researched topics within the aerospace community. With LOC being a prominent culprit of
accidents within aerospace it is surprising that little research has been done into LOC of quadrotors. In this
chapter background information is given on current research into LOC for quadrotors and research that is
applicable to the topic at hand.

This chapter is structured as follows: Firstly the current solutions to challenging situations of quadrotors
will be shown in Section 4.1. Then LOC for other manned aviation classes are discussed in Section 4.2. Finally
envelope protection is explained in Section 4.3.

4.1. Active Fault Tolerant Control
Currently most of the research regarding quadrotor failure is geared towards the various parts of Active Fault
Tolerant Control System (AFTCS) [9], which has as a main objective to keep normal steady-state performance
under nominal and off-nominal conditions. Where under nominal condition the emphasis of the perfor-
mance should be on the quality of the systems performance and in off-nominal conditions the emphasis
should be on the survival of the system. A general structure of an AFTCS can be seen in Figure 4.1. The other
configuration of Fault Tolerant Control System (FTCS) is the Passive Fault Tolerant Control System (PFTCS),
which is designed to be robust against a set of presumed faults [9]. As this research is looking into possibly
actively quantifying LOC, PFTCS was not further researched.

Figure 4.1: General AFTCS [9]
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In general an AFTCS system has four different sub-systems: a reconfigurable controller, a mechanism
that reconfigures the controller, a Fault Detection and Diagnosis (FDD) system and a command/reference
governor. The FDD system and the reconfigurable controller are the features that set a AFTCS apart from a
PFTCS [9]. The major difficulties in designing a good AFTCS system are therefore: the design of a control
system that can be reconfigured for the problem at hand, the design of a fast and accurate FDD system and
the design of the reconfigurable mechanism. What is seen in literature is that the first two are discussed the
most and that the latter is seen as part of the control system. Though the reconfigurable controller is often
referred to as a Fault Tolerant Control (FTC) and the FDD system is often also referred to as Fault Detection
and Isolation (FDI) system. Faults considered in most FTC and FDD research are sensor, actuator and struc-
tural/component failure damage [10]. However the effects of major structural damage e.g. a broken arm,
have not been researched yet.

4.1.1. Fault Tolerant Control
There are various solutions in research for FTC systems that deal with tracking and attitude stabilization of
quadrotors under off-nominal conditions. Take for example the adaptive Incremental Nonlinear Dynamics
Inversion (INDI) [11], which is a control strategy that uses sensors for high performance nonlinear control, it
uses a control effectiveness model, which is part of the vehicle model [12] and essentially replaces the model
with angular accelerations. Or a FTC system based on sliding mode theory [13], which essentially constrains
a systems motion such that the dynamics have a lower order than the original system and makes the sys-
tem more robust against disturbances. Another example is a FTC system based on Model Predictive Control
(MPC) [14], which uses the dynamic model of the quadrotor to predict where the state of the model is going
in the future and in doing so compares that future state to the desired state to find an appropriate control
command. There are many other control systems in literature [10]. There are also various systems that are a
combination of FTC techniques e.g. a combination of MPC and H∞ [15], where the MPC is used to track the
reference trajectory and the H∞ is used to stabilize the rotational movements.

Furthermore in literature solutions for challenging tasks have been shown, though usually these control
strategies were specific due to the dynamics involved [16]. Take for example the case of rotor failure, in [17],
control strategies are discussed for quadrotors with single, double and triple rotor failures, which revolves
around relinquishing yaw control and spinning around a primary axis that is fixed with respect to the quadro-
tor. Translational control is then achieved through tilting this primary axis. In [18] a separate complementary
FDD system is also suggested for the detection of rotor failure, though not validated through experiment.For
the specific case of rotor failure, the developed control systems are usually tested in a simulation environment
or under low speed flight conditions. Except for a recently published multi-loop hybrid nonlinear controller
that was able to control a SRF configuration under high speed flight conditions (up to 9 m/s) [19]. Other
examples of solutions for challenging tasks are [20], where feasible aggressive maneuvers are designed for
driving a quadrotor to a desired state in state space, and [21], where thrown poles are caught and balanced
on quadrotors and also transferred to other quadrotors. In both the last examples experiments were used for
validation. In [16], a control system is presented that was able to handle two different tasks. Unified motion
control, uses a more generalized approach with an iterative optimal control algorithm. It was used to tackle
both a slung load problem and a rotor failure problem, though this was not validated through experiments.

4.1.2. Fault Detection and Diagnosis
What is most important in FDD systems is the speed at which faults are detected and second, the accuracy
of those detected faults. If a FTC system needs to react and reconfigure based on a fault, it needs to have
enough time to do that. Regarding FDD systems in literature, the observer-based are the most common [10].
Take for example Tau’s observer, in [22], it is used for the generation of residuals that are then used for FDD
of accelerometer and inclinometer faults. In [23] it is used for the detection and diagnosis of actuator faults,
[24] does the same but using a Linear Parameter Varying (LPV) sliding mode observer. Other techniques used
for FDD include: a differential flatness technique [25] which capitalizes on nonlinear systems, which have
difference flat discrete dynamics, to diagnose sensor faults, and a two stage Kalman Filter [26] that models
faults in rotors as losses of control effectiveness and estimates and isolates possible faults at the same time.
With the exception of a few systems, such as the last mentioned, the majority of FDD systems are evaluated
through simulations [10].



4.2. Loss-Of-Control for Manned Aviation 29

Recently however two researches were published regarding FDD with experimental results. The first, was
the fault detection and diagnosis of sensor bias faults in gyro and accelerometer measurements [27]. Where
a sliding mode observer was used for the estimation of accelerometer measurements in roll and pitch, using
the inherent robustness of the sliding mode observer against gyro bias faults. The sensors were modeled as
virtual actuator faults in the quadrotor state equation, such that multiple simultaneous sensor faults could
be detected. Furthermore adaptive thresholds were designed for the enhancement of the FDD algorithms.
The second was one of the first researches with an AFTCS, or Fault Detection and Accomodation (FDA) as the
authors called it, with experimental results [28]. Actuator faults were detected with a bank of nonlinear adap-
tive estimators. As with their research in FDD in sensor bias faults in gyro and accelerometer measurements,
nonlinear adaptive thresholds were designed for the enhancement of their FDD algorithms. The FDD out-
put is then used for adjusting the controller output for fault accommodation. Recommendations for further
research was a unification of both researches, for the detection of both sensor and actuator faults.

4.1.3. Conclusions
What can be concluded from the current research into AFTCS for quadrotors, or FTC and FDD as the sub-
systems of the AFTCS are usually called in literature, is that there are various solutions to individual challeng-
ing control tasks and fault detection problems. In both FTC and FDD most solutions are designed for singular
problems. Furthermore, these sub-systems are supposed to work together to form the basis of an AFTCS sys-
tem, but they are often researched separately in literature, leaving the other sub-system as recommendation.
Though recent research has been moving towards a more unified system, such as the control system that is
able to deal with two challenging tasks [16], and the FDA system with experimental research [28], there is still
considerably more research and experimentation needed for a fully functioning AFTCS.

4.2. Loss-Of-Control for Manned Aviation
Within manned aviation there are three major types of aircraft, (1) the aeroplane, (2) the helicopters and (3)
the lighter than air vehicles. Other vehicles include hybrids of the main types such as Vertical Take-Off and
Landing (VTOL) airplanes. As the first two are more comparable to quadrotors they will be discussed below.

4.2.1. Aeroplanes
In contrast to the solutions for specific challenges in quadrotors, manned aerospace has seen a major effort
into finding a holistic solution for LOC [1]. This effort was a result of the Commercial Aviation Safety Team
(CAST) designating LOC as one of the three major areas of concern in the safety of commercial aviation, in
1997. A Joint Safety Analysis Team (JSAT) was created, which did research into 24 cases that were classified
as LOC cases by CAST [29]. Though the problem still existed that LOC was not defined, therefore a call for
development of a quantitative way to define LOC was made. National Aeronautics and Space Administration
(NASA) Langley Research Center and Boeing jointly developed a set of five envelopes related to aircraft flight
dynamics, structural integrity, flight control and aerodynamics. Using the generally accepted description
of LOC [30], LOC is a motion that is: (1) outside the normal operating flight envelopes, (2) not predictably
altered by pilot control inputs, (3) characterized by nonlinear effect, such as kinematic/inertial coupling,
disproportionately large responses to small state variable changes, or oscillatory/divergent behaviour, (4)
likely to result in high angular rates and displacements and (5) characterized by the inability to maintain
heading, altitude, and wings-level flight. They found the primary causes for LOC, from the research of the
JSAT [29], and derived the most important variables related to these causes. These variables were then used
to derived the five envelopes giving a quantitative description to LOC, which addressed 95% of the CAST LOC
cases. It was found that when an aircraft passed the boundaries of three or more envelopes one could speak of
a LOC situation [30]. In Figure 4.2 flight test data that was flown for the validation of crew training simulators
is shown in the envelopes quantifying LOC. The data from the given LOC cases were also evaluated with the
envelopes, with most showing three or more envelope excursions, thus indicating LOC. Note however that a
LOC situation does not always lead to an accident, it is meant as an indicator of a dangerous situation.
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Figure 4.2: Loss-Of-Control Envelopes with Simulator Validation Flight Data [30]

With this tool investigators were able to consistently define LOC cases and find viable solutions to re-
duce them. From this research various methods for the mitigation of LOC in commercial aircraft have been
designed. These methods have consistently been reviewed and summarized by NASA [31] [1] [32] [33] [34],
where a more complete description of LOC of aeroplanes was created, see Figure 4.3. Recent interesting
publications amongst those, which could possibly be related to LOC of quadrotor are: a command-limiting
architecture for commercial aircraft [35], which is based on the quantitative definition of LOC [30], a new
quantitative permissible flight envelope proposal based on closed loop tracking performance [36], a real-
time rapid trim envelope estimation and system identification method for LOC prevention [37] and an au-
tonomous flight envelope estimation system for LOC protection [37], which uses nonlinear dynamics and
system identification for the determination of the safe flight envelope.

Figure 4.3: The LOC Characteristics of Aeroplanes, the Primary Causes and the Causal and Contributing Factors [31]

In quadrotor research this kind of effort has not been seen, except for possibly more recent publications,
which explore systems for multiple separate challenges [16] [28]. Recently however, a preliminary risk assess-
ment and hazard identification analysis for Unmanned Aircraft System (UAS) was done by the same group
that had been publishing reviews on LOC of aircraft [3] [38]. A key finding in their research was that a lack of
standardized reporting of incidents led to situations in which meaningful analyses of data was hard, which
might be the reason for the lack of a search for a general solution. Furthermore an increase in hobbyist and
amateur induced incidents was noticed, LOC was found to be a key hazard in UAS as well and it was ob-
served that research into the modelling of off-nominal flight dynamics for multicopters had been sparsely
conducted, therefore simulation models are being developed [39]. It was also noted that hazards identified
for aircraft were not necessarily translatable to UAS. The general consensus seems to be that there is just not
enough qualitative data that can be used to identify hazards, this was backed by the lack of literature about
statistics on the failures of quadrotors, such as [40].



4.2. Loss-Of-Control for Manned Aviation 31

In [41] a statistical approach was taken to compare CAT incidents to Remotely Piloted Aircraft System
(RPAS). Again it was seen that LOC was the biggest contributor to incidents with RPAS. Furthermore RPAS
operations were concluded to have more LOC cases in flight, incidents during the take-off and cruise phase
and equipment problems. Finally robustness of systems were concluded to be the key contributor to RPAS
incidents, not human factors which seemed the most logical reason for failure following the CAT LOC cases.
This is however opposed by Tvarynas et al. [42] who attribute the low human factor involvement in RPAS
to the relatively low involvement needed in the operation of RPAS. Furthermore they argue that RPAS are in
their infancy and thus have yet to be perfected and therefore have more technical failures, in contrast to for
example the triple redundant systems in current CAT systems. G. Wild et al. [41] conclude that in trying to
reduce RPAS incidents one should definitely look at the human factors involved, though one should not for-
get that these incidents could also be reduced through improved airworthiness requirements and improved
robustness of RPAS.

4.2.2. Helicopters
Like the quadrotor, the helicopter, has also not seen a quantification for LOC. Though a significant effort has
been put into understanding helicopter emergencies and hazards [43], which is similar to LOC, though differ-
ently phrased. Examples of such cases which are interesting with respect to quadrotors are: (1) autorotation,
where the engine is essentially disengaged from the main rotor and the blades are driven by the upward flow,
(2) the height/velocity diagram, which indicates the (un)safe sections of the flight regime for specific heli-
copters, see Figure 4.4, comparable to the flight envelopes for CAT, (3) dynamic roll over, which is caused by a
lateral rolling tendency due to contact with the ground during take-off, (4) settling with power, also known as
the Vortex Ring State (VRS), which is experienced while descending into the downwash of the rotor, enlarg-
ing tip vortices and causing loss of thrust and random thrust vectors, and (5) retreating blade stall, which is
caused by blade flapping counter measures, by twisting the blade against blade flapping the retreating blade
reaches certain angles of attack where there the blade starts to stall at the tips.

In essence the quadrotor is a simplified helicopter with four rotors, therefore the failures and the dynam-
ics that govern the helicopter state can also be partly applied to quadrotors. Though the simple design of
the quadrotor gives it some advantages and disadvantages over the helicopter with respect to rotorcraft LOC.
Autorotation is in theory not applicable for quadrotors as rotors are fixed pitch and control is dependent on
rotor speeds, with some changes to the standard design this might be possible. The height/velocity diagram
or flight envelope is definitely applicable to quadrotors. Furthermore the dynamic roll over is directly coun-
tered by having multiple rotors. The last two examples mentioned above are also applicable to quadrotors and
have also been thoroughly discussed in literature. More in-depth explanations on LOC cases of helicopters
and airplanes can be found in Appendix A

Figure 4.4: Height Velocity Diagram: Bell 204B [44]
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4.3. Envelope Protection
Following the quantification of LOC in aircraft [30], research was done into the determination of flight en-
velopes. Where one can make a distinction between basic flight envelopes for static states and safe flight
envelopes for dynamic states.

4.3.1. The Flight Envelope
The term flight envelope is used loosely in literature as a means to indicate limitations of aircraft. In manned
aviation it commonly refers to a region of velocity and load factor or altitude in which an aircraft can be
flown safely, see Figure 4.5. When an aircraft leaves this region, one speaks of an excursion. The aircraft then
reaches a state from which returning to a stable state from such a state is difficult. The envelopes which are
defined in this region are the manoeuvre and gust envelope, which define the load factors for symmetrical
manoeuvres and for symmetrical vertical gusts during level flight respectively [45]. Note the similarities with
the quantitative LOC envelopes defined for aircraft [30].

Figure 4.5: CS 23.333 Flight Envelope [45]

4.3.2. Safe Flight Envelope
As general flight envelopes only take into account quasi-stationary states, such as symmetrical manoeuvres
and level flight, they do not provide a safe area for dynamic manoeuvers. Therefore in the search for a bigger
safety assurance region, research into flight envelopes has transitioned towards Safe Flight Envelope (SFE).
The difference between the standard flight envelope and the SFE is that the SFE defines a region in which
safety can be guaranteed and in which externally posed constraints will not be violated [46]. Thus it can be
used as an indication of health and as LOC prevention system [37]. This envelope does have a major down-
side: it is computationally expensive, especially for dynamics of nonlinear systems, which tend to have higher
dimension systems e.g. aircraft, quadrotors.

The envelope estimation problem can also be seen as a reachability problem [47]. Starting from a initial
target set the forward reachable and backwards reachable sets are computed for a given time horizon. Where,
the forward reachable set contains all states that can be reached from the initial conditions within the given
time horizon and the backwards reachable set contains all states that can be steered towards from the initial
target set for the given time horizon [48]. The intersection of these sets gives the SFE. An example of which
can be seen in Figure 4.6. Take for example an aircraft that enters a deep stall from an initial target set, this
deep stall is then part of the forward reachable set. If it is possible to return from this state to the original
target set it is also part of the backwards reachable set. So theoretically the total SFE is computable, though
one should understand that the scale of possible scenarios for higher dimension systems is very big, which
therefore causes the theory to be computationally expensive.
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Figure 4.6: Safe Flight Envelope [49]

In [37], the SFE was used as well. It was proven that a low resolution version of the SFE for pilot displays
was available within a few seconds, furthermore a fast trim state algorithm was shown to be capable of com-
puting a part of the SFE and used for the assessment of the reliability of the envelope estimation based on
the system identification system. In [50], a framework for constrained flight control is presented that uses
fast computable recoverable sets to link together trim states for safe recovery trajectories from LOC cases.
Recoverable sets are defined as sets that contain all states for which a control sequence exists, that have a
response that is guaranteed to adhere to imposed constraints and are therefore only subsets of the complete
safe envelope. Though if one can safely recover with a partial safe envelope, why would one need to compute
the full envelope?

The SFE sounds applicable to the problem at hand: finding a quantitative definition for quadrotor fail-
ure. Though enough challenges still exist for the application of online SFE estimation for quadrotors. Firstly
aircraft have access to more computational power onboard than quadrotors, which usually have the bare
bones on board that is needed for high performance flight. Furthermore, quadrotors fly at relatively low
altitudes, thus not giving much time for recovering, this also emphasizes the importance of speed in FDD. Fi-
nally quadrotors are relatively fast and nimble, leading again to a need for a fast solution. Despite the possible
incompatibility of this method, it was applied to quadrotors recently [51], a capture basin was computed of-
fline, through level set methods, for a linear model and an input from a pilot was then tested against it online.
Where necessary the control signals were modified for safety. The model was however only able to handle a
bit of nonlinearity through a worst-case analysis [51].

A way to work around the computational complexity of the SFE is the database-driven safe flight enve-
lope prediction system, which is suggested in [52]. The onboard system is supported by an offline database
which contains SFE for various damage cases. In case an off-nominal event happens the local aircraft model
is updated through a system identification model. The FDD system evaluates the actuator/engine failure and
gives the position of the error, type of damage and assess the damage severity. In case the error is more severe
e.g. structural damage, the updated local model of the aircraft is used to obtain the global damaged model
offline instead of having to perform a global model identification. This model is then used as retrieval index
for the offline database. In case of multiple failures it is difficult to correctly isolate the problems by using only
the local model, therefore immediate comparison to the offline database is applied. This database contains
60 LOC cases developed by NASA through past accident analysis. By looking up the most similar case a SFE
can be found relatively fast. As sifting through the whole database might take up too much time, the compar-
ison to the global nominal model can be used to get a general idea of what might be wrong with the aircraft,
thus cutting down on the search in the offline database. Recent updates to this system include: research
into an improved damage assessment method by comparing two nonlinear classification methods: neural
networks and support vector machines, where the support vector machines outperform the neural networks
[53] and a method to mitigate the limitations of a database: an online interpolation of envelopes taken from
the database to improve accuracy and safety [49]. Finally proof of feasibility is given through three damage
case simulations in [54]. Once the limitations of quadrotors become more apparent through LOC research,
this database-drive SFE prediction system could also be applied.
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Recently new methods for solving Hamilton Jacobi problems have been presented in [55]. An interesting
publication is [56] where the computational load of computing a SFE is significantly alleviated, through time-
scale separation. A backwards reachable set that used to be impossible to compute or very expensive, was
proven to be quickly and exactly computable by using lower-dimensional subspaces. This technique was
applied to a 6D quadrotor model, though in practice the computed SFE may not be feasible. In [57] it was
shown that exploiting the time-scale separation method as a way to alleviate the curse of dimensionality does
work, but in practice the faster dynamics showed a theoretically reachable SFE which was impossible to reach
due to limitations on rate and pilot bandwidth. As the dynamics of quadrotors are very fast, the suggested
method to alleviate the curse of dimensionality may be limited in its applicability.

The reachability analysis was also recently applied to the Unmanned aircraft system Traffic Management
(UTM) concept. An efficient and flexible method for UAS highway placement was designed for the use in
UTM [58]. Thus one can safely assume that reachability analysis will be part of the future of quadrotors,
though not just yet. For now it seems that reachability analysis is still too computationally expensive for on-
line application. However the potential exists for it to be used offline, for example as verification/validation
method for theories/algorithms against loss-of-control.
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5
Data Analysis

To find a Quantitative Loss-Of-Control Definition (QLD) for quadrotors, a definition for Loss-Of-Control
(LOC) characteristics of quadrotors was realised by adapting the LOC characteristics of Commercial Air Trans-
port (CAT) to quadrotors. These characteristics were then used in the comparative data analysis that was
performed on the datasets of test flights that were obtained from the Open Jet Facility (OJF) (wind tunnel).
The results of the comparative data anlaysis, that was based on the grounded theory approach see Appendix
B, were then used to create a theory on what the primary causes and precursors of LOC of quadrotors are, see
Chapter 6.

In this chapter firstly the LOC characteristics of quadrotors are presented in Section 5.1. Followed by the
data analysis which is split into two parts: The quantitative and qualitative part of the data analysis, which
are discussed in Section 5.2 and 5.3 respectfully. Finally, in Section 5.4, a discussion on comparisons and
phenomena seen in the analysis is presented.

5.1. Loss-Of-Control Characteristics of Quadrotors
As the description of the characteristics of LOC of aeroplanes is widely applicable to other vehicles with minor
changes, the following description of LOC characteristics of quadrotors was created through its adaptation to
quadrotors:

Figure 5.1: Loss-Of-Control Characteristics of Quadrotors, Adapted from [31]
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5.2. Quantitative Analysis
The characteristics were used in the comparative data analysis performed on test flights flown with in the
Open Jet Facility (OJF), where preliminary categories and groups were created through grouping of similar
flights. From the 110 flights that were flown up to wind speeds of 16 m/s, 62 flights crashed, three of which
did however not have sufficient data for analysis. The two main groups, that were created from the 59 left
over datasets, were the nominal (32) and SRF (27) groups, these groups were then split into translational and
vertical flights and finally the SRF groups were further divided based on the rotor state e.g. Left-Back (LB)
removed, Right-Back (RB) removed or Idle Rotor (IR).

5.3. Qualitative Analysis
Through exploration of the data categories of primary causes and precursors of LOC of quadrotors and their
accompanying properties became apparent. Then through comparison of similar incidents, literature and
experience categories were integrated and delimited into definite versions. To give an overview of the process
of the qualitative data analysis this section was split into three sub-sections, starting out with the exploration
of data in Sub-Section 5.3.1, followed by the categories and properties that were found in Sub-Section 5.3.2
and finally the category integration and delimitation in Sub-Section 5.3.3.

5.3.1. Exploration of Data
Various preliminary categories were created through exploration, see Sub-Section 5.3.2, these categories pro-
vided a good basis for incident comparison. Each preliminary category was taken separately and analysed.
Time histories of all on-board variables and wind speeds were explored per incident, compared to other inci-
dents in the same category and grouped if similarities occurred. After all the preliminary categories were anal-
ysed, cross-category similarities were sought for and grouped when found. Throughout this process, videos
of the incidents and visualisations, such as Figure 5.2, helped in getting a general feel for sub-categories.

Figure 5.2: Visualisation of a Nominal Quadrotor Actuator Saturation Incident

5.3.2. Categories & Properties
The categories and properties were formed through the process of the exploration of the data. Through the
analysis of the preliminary categories and the grouping of similar incidents the most frequent events became
evident. These are discussed and listed below:

− Failure / Malfunction (F/M) During Descent (DD)
This category was seen most during flights in the Single-Rotor Failure (SRF) configuration and never during
the flights in nominal configuration. This category is suspected to be caused by the Vortex Ring State (VRS),
as that state occurs in descent.

Properties: Negative vertical speed, forward speed, angle of attack
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− F/M During Ascent (DA)
The opposite of the previous category. This category was sparsely seen, though mostly during the flights in
SRF configuration. This category is also suspected to be caused by the VRS, but after recovery.

Properties: Positive vertical speed, forward speed, angle of attack

− Phi Spike (PS)
A spike in the roll angle was seen at the end of a few flights. This was probably caused by the control system
trying to recover from an unrecoverable situation and spiking the roll angle.

Properties: Near crash, high p reference

− Theta Spike (TS)
A spike in the pitch angle was seen close to the end of a few flights. Like the phi spike it was probably caused
by the control system trying to recover from an unrecoverable situation. In some cases this spike seemed to
be what caused the quadrotor to crash, increasing the angle of attack and thus exposing a greater surface
area to the wind.

Properties: Near crash, high q reference

− Increasing Oscillation of Acceleration (IO)
The increased oscillation of translational, vertical and angular accelerations was seen in translational flight
of SRF configuration flights. As the angle of attack of the quadrotor in forward flight is effected by the
forward velocity, an increasing wind speed is seen as the main reason for the increase in oscillations.

Properties: Increasing velocity, increasing wobble angle, increasing angle of attack

− Actuator Saturation (AS)
As derived from the reduced model, actuator saturation seems to be one of the major reasons for failures.
Furthermore as expected it is positively correlated to the velocity and thus to the angle attack.

Properties: Increasing velocity, angle of attack, rotation speeds

− High Velocity (HV)
High forward velocity, or in the experiments case, high wind speed causes an increase in rotor speeds. This
usually leads to actuator saturation and thus ultimately to failure.

Properties: Increased angle of attack, actuator saturation, slow descent

− Slow Descent (SD)
Seen at high velocities, probably caused by the fact that the velocity is too much for the quadrotor to handle.
Thus the thrust vector is angled more into the wind and losing height in the process.

Properties: High velocity, angle of attack, close to crash

− Equipment Failure (EF)
Failures due to equipment e.g. battery low and screws loose.

Properties: Equipment not optimal

Note that the VRS was not added to the categories as it was not apparent that the state was active or not.
Its indicators were however added to the categories i.e. F/M During Descent, F/M During Ascent and the
Phi/Theta Spikes.

5.3.3. Category Integration and Delimitation
The integration and delimitation of the categories and their properties started as soon as there were no more
categories to be thought of. Furthermore doing experiments and looking at data gave a general feel for which
categories were the most important, which were not needed anymore and which could be combined. The
distribution of the categories over the flights can be seen in Figure 5.3, where in total 32 nominal configuration
flights and 27 SRF configuration flights were examined for LOC events. The acronyms indicate the categories
of Sub-Section 5.3.2
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Figure 5.3: Distribution of Categories over flights (32 in Nominal Configuration & 27 in SRF Configuration)

The first four categories, F/M During Descent, F/M During Ascent, Phi Spike and Theta Spike are the indi-
cators of the VRS. They were exclusively seen in the flights in SRF configuration. The expectation was that
these categories would also be seen in vertical nominal configuration flights, but none of the flights actually
crashed during descent or ascent, though one flight without wind showed some instabilities during descent.

Furthermore the DD category happened more often than the DA category, which should happen as VRS
happens due to descent into ones own turbulence, note that the DA category usually occurred right after de-
scent. As these categories are connected through theory and were mostly seen as in combination with each
other they were combined into the ”Vortex Ring State” category.

The Increasing Oscillation of Accelerations category was also only seen in the SRF configurations, where an
increase in wind speed caused an increase in oscillations of the accelerations. As this was not seen in the
nominal configuration this oscillation is expected to be caused by the control strategy for quadrotors in SRF
configuration [19]. One should note that an increase in wind speed causes an increase in the angle of attack,
which was seen in both main groups, however in the SRF configurations it was also seen that due to this
increase in angle of attack the oscillation of accelerations increased.

Furthermore blade flapping is directly involved with the oscillations seen in the rotor speeds, this is fur-
ther explained in Section 5.4. It was observed that due to the control strategy the quadrotor created a Double
Blade Flapping (DBF) situation, which could be seen as the cause of the oscillation. Thus the IO category was
combined with the HV category into the "Blade Flapping" category.

Actuator Saturation and High Velocity are the categories that were seen the most, thus they are seen as the
main causes for quadrotor failures in both the nominal and SRF configurations. Furthermore, the Slow De-
scent category was seen frequently in combination with the two. What was observed is that due to the high
wind speeds the quadrotor needed more thrust, in both the nominal and SRF configurations, to keep hover-
ing in the same position. Thus with higher speeds, higher rotor speeds and more actuator saturation cases
were observed. Also slow descents were observed due to the quadrotor needing to tilt its thrust vector into
the wind to keep its position. As the HV category can be seen as a cause of other categories it was decided to
combine it with the AS and SD categories into the "Actuator Saturation" category.

The final category, Equipment Failure, although not seen that frequently always causes dangerous situa-
tions. From empty/broken batteries causing random landing sequences or thrust spikes to actuators break-
ing causing uncontrolled crashes. Thus it was decided that the "Equipment Failure" category would remain
unchanged.
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5.4. Discussion
It became apparent that, as with the LOC characteristics of CAT, the primary causes and causal contributing
factors of LOC of CAT, see Figure 4.3, were also partly applicable to the quadrotor. Except for the abnormal
dynamics and vehicle upsets category of the causal and contributing factors, as these are vehicle depen-
dent. Therefore all the comparisons made and phenomena seen, discussed in this section, are expected to
be within the "abnormal dynamics and vehicle upsets" category. The section is structured as follows: Firstly
the phenomenon of DBF is discussed in Sub-Section 5.4.1. Then the discussion on aerodynamic interaction
of the rotors of the quadrotor is shown in Sub-Section 5.4.2. Finally the comparison between removed rotors
and idle rotors is presented in Sub-Section 5.4.3.

5.4.1. (Double) Blade Flapping
Blade flapping is a phenomenon which is seen in helicopter operations during translational flight, where the
advancing side of the rotor disk sees a higher effective velocity with respect to the air, whereas the retreating
side of the rotor disk sees a lower effective velocity. This difference creates an offset in lift between the two
halves and thus effectively flaps the blades up and down once per revolution [59]. Helicopters counter this
effect by changing the angle of attack of their blades with the position in the rotor cycle, though this eventually
leads to retreating blade stall [43]. Quadrotors in general do not have variable pitch propellers, though a
prototype with such propellers is currently being studied [7].

As the quadrotor uses more than one rotor it has advantages over helicopters with respect to blade flap-
ping. Due to the symmetry of the quadrotor, the lateral effects of blade flapping are cancelled, but in longi-
tudinal direction the plane of the rotor disk is tilted away from the direction of motion, see Figure 5.4, where
the movement is into the wind. Due to the tilt of the rotor disk the translational movement is damped and
the effective upwards thrust is lowered. In [60] various models for blade flapping are suggested, with various
outcomes. In Figure 5.4 a stiff blade modeled as hinged blade can be seen, this model [61] over predicted the
experimental results shown, but does give a good visual representation of the phenomenon. Overall, the au-
thors saw a decrease in hover thrust of a few percent and a decrease in attitude tracking of a few degrees due
to torque resulting from blade flapping, which were seen as significant effects on the control of quadrotors.

Figure 5.4: Blade Flapping in the Nominal Case

As the flapping angle was not measured during flight, the influence on the thrust remains unknown for the
nominal configuration. However the flights in SRF configuration showed an interesting phenomenon. The
commanded and observed rotor speeds of the quadrotor were oscillating with the location of the rotor in the
yaw plane. It was observed that a second rotation plane was created due to the quadrotor spinning around
its own axis, see Figure 5.5, where the plots show the rotor speeds of each respective rotor over a single flight.
The red and blue half circles indicate the phase of the yaw of the quadrotor in which the respective rotor is in
the advancing side (red) and retreating side (blue) respectfully. Finally the black lines show the direction of
the incoming wind.

A rotor in the right half of the rotation plane would have more effective velocity than in the nominal con-
figuration due to the quadrotor spinning about the primary axis. Consequently, a rotor in the left half plane
would have less effective velocity, thus causing a rolling moment due to the offset in thrust produced. This
rolling tendency was not observed in the experiments, this lack of observation was theorized to be caused by
the control system changing the rotation speeds of each individual rotor based on their location within the
rotation plane, which can be seen in the figures.
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The figure shows that the rotor opposite to the removed rotor, where the minimum rotation speed was hard-
coded to be 3000 Rotations Per Minute (rpm), is commanded to counter the rolling moment through increas-
ing the rotation speed of the rotor in the retreating side and decreasing the rotation speed of the rotor in the
advancing side. This phenomenon, named Double Blade Flapping, was observed in multiple flights where it
was always the rotor opposite to the removed rotor that showed the behaviour described above.

The behaviour seen in the two (working) rotors opposite of each other also showed similar behaviours
in multiple flights, where the rotor speeds would be observed to be identical. This difference in expected
behaviour could have multiple sources e.g. wobbling angle, symmetry, translational velocity and the aero-
dynamic moments due to the different planes of the rotors and the centre of gravity. Thus this phenomenon
should be further investigated by for example examining the rotor speeds of the rotors in a double rotor failure
case.

Figure 5.5: Double Blade Flapping

5.4.2. Aerodynamic Interaction of the Rotors
What was observed from the flights in nominal configuration, flown in the OJF, is that the back rotors on
average had higher rotation rates than the front two rotors. This observation was confirmed by a recent
study regarding the aerodynamics of quadrotors [62]. The two possible configurations, with respect to rotor
turning direction, were compared using a higher-order potential flow method. The two configurations can
be seen in Figure 5.6, where the ’bear hug’ (a) configuration has front rotors which envelope the wind in a
’hug’ and the ’breast stroke’ (b) configuration has front rotors which rotate in a motion such as a swimmer
doing breaststroke. Furthermore a diamond flying configuration was also tested, where instead of flying with
two rotors in front the quadrotor would fly with one rotor in front. Thus creating a different downstream
turbulence pattern.
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Figure 5.6: Possible Rotation Configurations for Quadrotors

Results show that the front rotors in both configurations provided equal thrust and that the back rotors pro-
duced less thrust than the front. There was however a difference in thrust produced by the back rotors due to
the configuration. The ’breaststroke’ rear rotors experienced higher upwash than the ’bear hug’ rear rotors,
though this seemed to not have a significant contribution to overall thrust. Due to the distribution of the
induced velocity the ’bear hug’ configuration actually had more effective thrust than the ’breaststroke’. The
’bear hug’ had a higher induced velocity on the advancing side of the rear rotors due to cross-rotor interac-
tions, where the ’breaststroke’ configuration had a higher induced velocity on the retreating side of the rear
rotors. Therefore the ’breaststroke’ configuration had less of a tendency to pitch up, thus less need for trim.
With less trim, less power in is needed for stability, thus the conclusion was made that the ’breaststroke’ con-
figuration was preferable. A quadrotor also be flown with a different side forward to preserve energy, though
this could have mixed effects due to drag effects of the main body.

Flying in diamond configuration showed similar but mirrored results for clockwise and counter-clockwise
rotating rotors in front. The clockwise rotor had an increased vorticity density in the wake of the second rotor,
assuming the configuration in Figure 5.6 (a) with rotor one in front. Consequently the second rotor produced
a higher thrust thus a tendency to roll in the positive direction. With the counter-clockwise rotating rotor
in front the exact opposite happened. Thus flying in an asymmetrical rotating rotor configuration causes a
tendency for instability, though this could also have been caused by blade flapping. Furthermore the effect
on the rear rotor was not discussed, as it is directly in the wakes of all the other rotors it would be expected
that it would perform badly.

This interaction between rotors was more apparent in the flights with reduced rotors. In all flights with
(front/back) reduced rotors the first rotors to saturate were the reduced ones. Where the average rotor speeds
of the other rotors, just before crashing, were higher in the case where the front rotors were reduced. As such
the conclusion was made that damaged rotors are less efficient than nominal rotors and thus need a higher
rotation speed to produce the same amount of thrust. Furthermore the rotors in the front are more efficient
than the ones in the back, as they are in laminar flow. Thus, in case the rotors of a quadrotor are damaged
during flight, it is best to make it fly with those rotors in front.

5.4.3. Removed/Idle Rotors
During the experiments different configurations of the quadrotor in SRF configuration were tested e.g. right
back rotor removed, left back rotor removed and idle rotors. The difference observed between these config-
urations was that the idle rotors were forced to rotate at 3000 rpm due to a hardcoded minimum limit. Thus
creating thrust in idle mode, where the removed rotors did not produce any thrust. This thrust, though min-
imal, caused different thrust patterns in the rotors adjacent to the ’failed’ rotor, in comparison to the thrust
patterns of the removed rotors. The difference between removing the right back and left back rotor was that
the rotor thrust patterns of the two front rotors flipped. The rotor opposite to the removed rotor would show
the exact DBF pattern, where the rotor speed of that rotor would be sped up in the retreating side of the
rotation and vice versa.
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Theory Generation

This chapter contains the theory generated through the dynamic model limit analysis, qualitative analysis
and the discussion of the analysis. With regards to the constant comparative method of qualitative analysis
it can be compared to the final step [63]. The chapter is structured as follows: firstly the primary causes of
Loss-Of-Control (LOC) events are discussed in Section 6.1, then events that are considered to be precursors
to the primary causes are presented in Section 6.2.

6.1. Primary Causes of Loss-Of-Control
Through the adaptation of the LOC characteristics of Commercial Air Transport (CAT) [31] to the quadrotor,
LOC characteristics for quadrotors were created, see Section 5.1. As the LOC characteristics of CAT were easily
applicable to quadrotors, the primary causes and the causal and contributing factors to LOC of CAT were also
adapted to the quadrotor. In this adaptation the difference between the two vehicles turned out to be the
dynamics and the vehicle specific problems e.g. actuator failure. Through the dynamic model limit analysis,
in Section 3.2, the qualitative data analysis in Section 5.2 and the phenomena seen and comparisons made
in the discussion, Section 5.4, it became quite clear that the factor that had the most influence on quadrotor
LOC events was the rotation speed limitations of the actuator. Thus in comparison with the multiple vehicle
upset conditions of aircraft, the quadrotor only had one. The following theory was defined:

The primary causes to quadrotor LOC events are:

1. Entry into the vehicle upset condition: actuator saturation

2. Reduction or loss of control effectiveness

3. Changes to vehicle dynamic response and handling / flying qualities

4. A combination of the above

Loss-Of-Control Variables
Traditionally the time history analysis has been used for the investigation of accidents and incidents, but
more recent studies [30] [64] have shown that the parametric approach, where variables are mapped against
each other can show interesting insights. Thus, the following parameters have been defined to be the most
influential with regards to LOC of quadrotors:

V , airspeed
α, angle of attack
ωi , rotation rate of rotor i

D , diameter of rotor
p, roll rate
q , pitch rate
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6.2. Precursor Events
Precursor events are seen as the events that lead to the primary causes of LOC events. All the precursors that
will be discussed in this section were the cause for an increase in rotor Rotations Per Minute (rpm) and thus
a direct cause to actuator saturation. Firstly the Vortex Ring State (VRS) is examined in Sub-Section 6.2.1,
then blade flapping is discussed in Sub-Section 6.2.2, the aerodynamic interaction of the rotors with each
other is then discussed in Sub-section 6.2.3 and finally the various cases of equipment failure are discussed
in Sub-Section 6.2.4.

6.2.1. Vortex Ring State
The VRS causes not only a loss of thrust, but also a higher fluctuation in produced thrust [64]. From the
flights performed in the Open Jet Facility (OJF) there were several suspected cases for the Single-Rotor Failure
(SRF) configuration flights and a singular case for the nominal configuration flights. In both the SRF and the
nominal configuration, the fluctuation in thrust and loss in thrust cause the control system to increase the
commanded rotor speeds thus in some cases causing rotor saturations. Note that the speed of the controller
in this case is important as different thrust fluctuations on the rotors might cause instabilities.

6.2.2. Blade Flapping
As blade flapping is different for nominal and SRF configurations, as seen in Sub-Section 5.4.1, they are seen
as two different types of precursor events.

Nominal Case:
Blade flapping tilts the rotor plane, and thus the thrust vector, backwards in the opposite direction of the
wind or flight direction. This makes flying in any translational direction less efficient than hovering. If a cer-
tain speed in a translational direction is commanded there are two options: (1) the thrust vector is tilted even
more into the desired direction and (2) the thrust vector is increased to increase the horizontal vector. In both
cases the thrust vector needs to be increased to prevent height loss, thus a higher rotation speed is needed,
which finally results in actuator saturation.

Single-Rotor Failure:
As with the nominal configuration the rotor plane is tilted backwards, but as the control strategy is to spin
around a primary axis [17] the induced velocity is different for each rotor based on the orientation of the
quadrotor with respect to the wind.

Looking from behind the quadrotor, the right half plane of the rotation plane has an increased induced
velocity and thus will have higher thrust for the same rotation rates. Therefore the rotation rates on that side
of the quadrotor need to be decreased, or the rotation rates of the other side need to be increased to offset
the roll angle that is otherwise created. Results (Sub-Section 5.4.1) show that this expected counter measure
indeed happens for the rotor opposite to the failed rotor.

However the average rotor speeds of the remaining rotors are generally higher than that rotor, thus those
rotors are expected to saturate first. Note that the primary-axis can be pointed in the direction of the single
rotor, this increases the wobbling angle of the quadrotor and lowers the thrust needed from the pair of rotors
thus lowering their rotor speeds. This does also influence the size of the surface of the quadrotor that is
subjected to the incoming wind. Furthermore one should note that there is a limit to how much thrust can
be ’offset’ to the single rotor.

6.2.3. Aerodynamic Interaction of the Rotors
From experiment results and literature [62] it was observed that the back rotors of a quadrotor are effected by
the turbulence of the front rotors, thus making them less efficient. This effect was even more pronounced in
the flights where reduced rotors were used. In both cases the effectiveness of the rotors was lowered and thus
a higher rotation velocity was observed for stable flight. These higher rotation velocities eventually, like the
other precursor events, lead to actuator saturation and thus LOC events.
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6.2.4. Equipment Failure
Unlike with CAT, an equipment failure during quadrotor flight results in a near immediate crash. As the
dynamics of a quadrotor are much faster than traditional aircraft, low batteries, loose screws, failed actuators,
etc, drastically change the control effectiveness and the dynamic responses of a quadrotor. Take for example a
rotor failure experiment performed in the OJF, in which the goal was to see how fast a quadrotor would need
to detect a fault and configure the system to accommodate for it, the delay between the switch of control
systems was determined to be between 0.1 and 0.15 seconds for a recovery. Note however that this time
could be increased by flying at a higher altitude. Thus equipment failure has, for now, not been classified as
a primary cause to LOC events. Furthermore, it should be split up in different sub-categories as the range of
equipment failures observed, was found to be diverse.

The special case of equipment failure: rotor failure, could potentially be added to the upset conditions
of quadrotors, as research is headed towards the recovery of rotor failures during flight. As it has already
been proven that it is perfectly possible to fly with one or two missing/broken rotors in [17], the rotor failure
case should be added to the upset conditions as soon as the speed for the detection and configuration of the
control system for actuator/rotor faults has been solved.





Validation Through
Experimentation





7
Rotor Thrust Experiment

From the data analysis, Chapter 5, and literature it has become clear that actuators in combination with their
rotors are the limiting factor on capabilities of quadrotors. Therefore an experiment was performed in the
Open Jet Facility (OJF) to create a model for a single Bebop 2 actuator with a rotor. This chapter describes the
experiment and the obtained model, structured as follows: Firstly the experiment is discussed in Section 7.1,
then the thrust model is presented in Section 7.2 and finally a discussion regarding the validation results is
provided in Section 7.3.

7.1. The Experiment
The experiment was designed to measure the thrust produced by the actuator and accompanying rotor under
all possible flight circumstances. The variables that were measured are discussed in Sub-Section 7.1.1 and the
data acquisition systems are shown in Sub-Section 7.1.2.

7.1.1. Measured Variables
The measured variables, in the experiment were the following:

− The Angle of Attack,α:
Defined as seen in Fig. 7.1. To measure all flight circumstances the thrust was measured over a range of 0
to 90 degrees for both positive (upwards) and negative (downwards) velocities.

− The Advance Ratio, J :
A ratio used for propellers in aeronautics and hydrodynamics to show the ratio between the free stream
fluid speed and the propeller. Where the velocity is defined positive in upwards motion and negative in
downwards motion.

J =
−→
V

n ·D
(7.1)

Where
−→
V is the total velocity vector, n is defined as the rotation rate of the rotors in rotations per second

and D is defined as the rotor diameter in meters.

− The Thrust Coefficient, Ct :
The dimensionless coefficient of the thrust produced by the rotor.

Ct = T

ρn2D4 (7.2)

Where T is defined as the thrust, ρ is defined as the density of air, assumed to be 1.225 kg /m3 for this
experiment, and n and D are defined as in Equation 7.1.
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Figure 7.1: The Angle of Attack

7.1.2. Data Acquisition Systems
For the acquisition of the data, the dynamometer series 1580 of RcBenchmark was used, see Figure 7.2. Using
the software of RcBenchmark.com the thrust and the rotation speeds were measured with a frequency of 10
Hz. Finally the wind was extracted from the computer system of the OJF.

For each test run the angle of attack and the velocity were kept constant, while the rotor was varied over
rotational values of 3,000 to 12,000 Rotations Per Minute (rpm) in increments of 1000. For each rotational
value 50 data points were acquired, leading to 500 data points per run. The angle of attack was then varied
from 0 to 90 degrees in increments of 10 degrees and the velocity was varied from 0 to 14 m/s in increments of
2 m/s. Note that to achieve descending flight without influence of dynamometer, the rotation direction and
the rotor were both flipped to measure the thrust produced in descending flight.

Figure 7.2: Dynamometer Series 1580 [65]

7.2. Rotor Thrust Model
The actuator and rotor were tested for 1600 points, where each point had 50 thrust measurements. For each
point the thrust was then taken to be the average of the 50 points. By taking 50 measurements per point
the expected thrust fluctuations could be identified per point [64], thus indicating certain areas of the flight
regime to be less stable then others. This section will be structured as follows: firstly a discussion on in-
fluences on the measurements in Sub-section 7.2.1. Then an explanation of how the data points were fit is
given in Sub-section 7.2.2, the multivariate spline fit is validated in Sub-Section 7.2.3 and finally the model is
validated in Sub-Section 7.2.4.

7.2.1. Measurement Influences
As the thrust stand was close to the rotor itself, and would also be effected by the incoming wind, a slight
influence was to be expected. Therefore all the measurements were taken after setting all values to zero on
the device (tare), this however would also remove the influence of the rotor itself, therefore extra measure-
ments were made without setting the values to zero on the device. Furthermore the thrust stand was tested
separately to test its influence. Following those measurements, the following assumptions were made:

Fnot ar e = Ft ar e +Fst ati c (7.3)

Fr eal =−Fnot ar e +Ftestbench (7.4)

Where Fst ati c equals all the static forces:

Fst ati c = Ftestbench +Fr otor (7.5)
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Furthermore, note that Fnot ar e in Equation 7.4 has flipped signs for the descending tests. The comparison
of the data with the above assumptions can be seen in Figure 7.3. Where the ’approx’ indicates that the
assumptions (equations) were used, and the ’Real notare’ and ’Real tare’ indicate the measured non-tared and
tared data respectively. For zero degrees, perpendicular to the wind tunnel, there was hardly any difference
between the non-tared approximate (Equation 7.3) or the actual non-tared measurement, but the higher the
angle of attack the bigger the difference became, where the non-tared measurement showed higher values of
thrust. From the figure one can see that ’Freal approx’ and the ’Real nocali’ were similar for higher angle of
attack values. As preliminary results showed lower thrust values than the flight data, the decision was made
to use the non-tared measurement.

Figure 7.3: Assumptions for the Influence of the Thrust Stand at 90 Degrees

7.2.2. Fitting Data
To fit the obtained data multivariate splines were used. As the density of data points along the angles of attack
were lower than the density of the data points along the advance ratio the data along constant advance ratio
values were fitted with 1st order polynomials to counter the behaviour of multivariate splines along low data
density points.

As the centre of the dataset had more dynamics, different triangulation densities were tested. The final
triangulation was made with 1-simplices on a constant field of 10 points along the angle of attack, each cor-
responding to 10 degrees. Along J a different triangulation was used where the advance ratio was split into
three sections, with two, eight and two simplices each. Thus in total creating 216 simplices. In Figure 7.4 the
triangulation can be seen, with the final thrust model, which used 5th order polynomials over each simplice
with 0th order continuity (S5

0).

Figure 7.4: Multivariate Splines Triangulation and Thrust Model
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7.2.3. Validation of Data Fit
To validate the fit of the thrust model the variance of the B-coefficients was examined, furthermore a residual
quality analysis was performed. Firstly the dataset was split in two separate data sets: the identification
dataset and the validation dataset. Every other data point was assigned to the other dataset such that both
contained 50 % of the data points, note that every 10 points the order was switched. The identification dataset
was then used to identify the model and this model was then tested with the validation dataset.

In Table 7.1 one can see the effects on model quality based on different amounts and distributions of
simplices, polynomial orders (d) and continuity orders (r). The measures used to indicate the quality of the
model are the Root Mean Square (RMS) error, the relative RMS error, and the B-Coefficient variance, where
the relative RMS error and B-Coefficient variance are defined as:

RMSr el (ε) = RMS(ε)

RMS(Y )
(7.6)

Bvar =Cov(ĉ) (7.7)

Where ε is the error, ĉ is the Ordinary Least Squares (OLS) estimator of the B-coefficients and Y is the valida-
tion model.

Sd
r nsi mp. n Jdi st RMS(ε) RMSr el (ε) Average Bvar

S1
0 108 [1 4 1] 0.0054 2.86 % 0.0034

S3
0 108 [1 4 1] 0.0008 0.42 % 0.0014

S5
0 108 [1 4 1] 0.0004 0.19 % 0.0011

S7
0 108 [1 4 1] 0.0002 0.10 % 0.0020

S2
1 144 [2 4 2] 0.1024 53.70% 0.0097

S3
1 144 [2 4 2] 0.0062 3.24 % 0.0012

S4
1 144 [2 4 2] 0.0033 1.74 % 0.0010

S5
1 144 [2 4 2] 0.0014 0.74 % 0.0010

S6
1 144 [2 4 2] 0.0009 0.46 % 0.0011

S7
1 144 [2 4 2] 0.0005 0.25 % 0.0039

S1
0 216 [2 8 2] 0.0023 1.22 % 0.0010

S3
0 216 [2 8 2] 0.0003 0.16 % 0.0004

S5
0 216 [2 8 2] 0.0001 0.06 % 0.0003

S7
0 216 [2 8 2] 0.0000 0.02 % 0.0138

Table 7.1: Model Quality Results

7.2.4. Validation of the Model
To validate the model, it was compared to flight data. An external motion capture system (Optitrack), was

used to obtain the velocity of the quadrotor. The velocity per rotor was determined through Eq. 7.8, where
−→
Ω

is the rotation velocity vector consistent of p, q and r, −→ri indicates the location of the i th rotor w.r.t. the centre

of gravity and
−−→
Vtot is the total velocity of the quadrotor.

−→
V i =−→

Ω ×−→r i +−→
V (7.8)

The thrust coefficient, advance ratio and angle of attack were determined through their definitions given in
Sub-Section 7.1.1 (Eqs. 7.1 and 7.2). Where the thrust was determined through Newton’s first law and the
local velocity and rotor speeds were used to determine the Ct values per rotor.
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In Figure 7.5 the comparison between the flight data and the model data can be seen, where the dataset is
split up in four manoeuvers : (1) vertical manoeuver, (2) transverse manoeuver, (3) longitudinal manoeuver
and (4) yaw changes while holding position. Where manoeuvers (1) & (2) were performed at yaw angles of
0 to 90 degrees. To compare the Ct value of the whole quadrotor to the data obtained from the model both
sets were z-normalised, thus the datasets indicate the standard deviations with respect to the mean of the
respective set. Note that the model data was multiplied by 1.3 to obtain the result seen in the figure.

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

Figure 7.5: Z-Normalised Nominal Configuration Flight Data & Model Data, V = 8 m/s

7.3. Discussion
From the model quality results, see Table 7.1, the S5

0 model was chosen because of its lowest average B-
coefficient variance. With lower average b-coefficients variance there are less inadequate local data cover-
ages/conditionings and/or incorrect model structures. From the comparison, Figure 7.5, it can be seen that
the dynamics of the model are similar to those of the flight data, except for dynamics in the longitudinal ma-
noeuver. This difference is theorized to be caused by rotor speed and velocity inaccuracies during forward
flight. Furthermore the thrust magnitude was not similar as the model data was multiplied by 1.3. This thrust
difference is theorized to come from several factors:

− The lift produced from the body of the quadrotor
The lift was not taken into account in the model. It was separately tested through strapping the quadrotor
to the thrust stand. As this experiment was not prepared before hand and involved improvisation of tools at
hand, it was not added to the model. What was however seen is that the body of the quadrotor did indeed
produce lift.



56 7. Rotor Thrust Experiment

− The actuator being directly attached to the thrust stand
The small rotor was in close proximity to the thrust stand, thus the output was affected by the thrust stand.
A difference in thrust output was observed for tests in ascending and descending flights in zero wind speed
conditions.

− The quality of the rotor
New rotors from the same batch, which were expected to be the same, produced different thrust values for
the same commands and flight conditions.

− A bias in the accelerometer data
A bias in the accelerometer data could cause a constant offset.

As the thrust model was meant to be used as an indication for Loss-Of-Control (LOC) areas in the flight regime
of a quadrotor, validation of the dynamics of the model were considered to be sufficient. The validation
results showed that the dynamics of the model showed similarities to those of the quadrotor, therefore the
model was considered to be validated. With the dynamics validated the model could be used to find and
validate the (un)stable areas in the flight regime of the quadrotor.

For use of thrust model in for example Safe Flight Envelopes (SFEs) or simulation, the thrust difference
should be identified. Thus more experiments should be performed to quantify this difference. One could for
example design an experiment to measure the forces and moments of a rotor in the same flight regime as the
experiments that were performed. This data could also be used to quantify the effect of blade flapping and
the aerodynamics caused by the offset of the rotor plane and the centre of gravity plane.
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Theory Validation

In this chapter the primary causes for Loss-Of-Control (LOC) events and precursors as seen in Chapter 6 are
validated through confirming their influence over the thrust values on the single rotor thrust model. Firstly
the precursors are discussed, with the Vortex Ring State (VRS) in Section 8.1 and blade flapping in 8.2. Finally
the primary cause for LOC of quadrotors:rotor saturation is discussed in Section 8.3. As the model was created
for a single rotor, the aerodynamic influences of rotors on each other will not be discussed.

8.1. Vortex Ring State
From multiple sources the VRS is seen as one of the regimes where the momentum theory fails, as it is essen-
tially the state in the flight regime where the wind flow is reversed in direction. In this unstable flight regime,
the thrust produced is expected to be fluctuating [64]. For further explanation of the VRS state one is referred
to Appendix A.

8.1.1. Thrust Variation
To find the thrust variation over the flight regime of the actuator the 50 measurements per data point were
used. The minimum and maximum values per data point were obtained and their difference was taken as
variation. The variation was obtained for all the data points of the thrust model and can be seen in Figure 7.4.

AoA

Figure 8.1: Thrust Model, Maximum Ct Fluctuation

Figure 8.2: Thrust Fluctuation on Thrust Model

One can see that the thrust only fluctuates in a single area in the flight regime. The thrust fluctuations expe-
rienced in that area are in the range of ±20% of the average thrust experienced in the model. Furthermore it
can be seen that for higher angles of attack the fluctuation is highest. When the area is plotted over the thrust
model, see Figure 8.2, one can see that this area actually corresponds to the dip in thrust coefficient that is
observed around an advance ratio of −0.3, see Figure 7.4. Note that the indicated area shows the area of the
flight regime that sees fluctuations of more than 3% thrust fluctuation.
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As the location of the dip in thrust, with respect to the thrust model, and the observed fluctuation of
thrust values were what was expected from literature, this area is seen as the area of the flight regime where
one encounters the Vortex Ring State. Thus one can conclude from the Figure 8.2, that when descending it
is best to have some translational velocity, to minimize thrust fluctuation. In amateur flight, translational
movement is also known as a way to counter the "Wobble of Death".

8.1.2. A Flight in the Vortex Ring State
A single flight, in nominal configuration, was flown with the intention to maximize descent velocity with
minimum forward speed. During the experiment the only indication of the expected instability that was
seen, was a slight wobble when stabilizing after dropping from maximum height. Therefore the assumption
was made that the descent velocity was not high enough to reach the VRS.

Figure 8.3: A Flight in the Vortex Ring State

The flight of the quadrotor in VRS was projected over the thrust model, see Figure 8.3. From the figure one
can see that according to the model the VRS was reached. Contrary to the assumption made, the descent
velocity was high enough. The area with the highest thrust fluctuation was even reached, which corresponds
to ±20%. However, when looking at the time history of the manoeuver that reached the highest thrust fluc-
tuation area, Figure 8.4, a thrust reference error of 1.5 % was reached, where overall in the flight the reference
error fluctuated between ±0.25%. The thrust error was observed in the VRS area, though a more significant
thrust fluctuation was expected. This could be caused by various factors such as time in descent, influence of
the control system and sudden side winds, which are frequently discussed in the amateur scene. For further
validation, more experiments should be performed in the heart of the VRS area, possibly from higher heights.

Figure 8.4: Percentage Thrust Reference Error, Rotor One
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8.2. Blade Flapping
As there were no sensors to measure the moment around the actuator hub or the longitudinal thrust, it was
not possible to directly extract the flapping angles through direct measurements. In order to investigate the
effect of blade flapping on the quadrotor performance, a model was used to estimate the blade flapping angle.
The hinged blade model suggested in [61] was used, shown in Equation 8.1:

α f l =
1

1+ µlon
2

2

4

3
(
Ct

σ

2

3

µlonγ

a0
+µl on) (8.1)

Where a0 is the lift curve per radian, which is approximately equal to 6.0 for conventional airfoils at low Mach
numbers [59]. µlon is defined as the longitudinal velocity to tip speed ratio, see Equation 8.2, σ is defined
as the solidity ratio, which is essentially the area of the rotor surface covered by rotor blades, see Equation
8.3 and γ is the non-dimensional Lock number, which gives the ratio between aerodynamic and centrifugal
forces and can be seen in Equation 8.4, where Ib is the moment of inertia of the blade about the hinge and c
is the chord of a blade.

µl on = vlon

vt
(8.2)

σ= Ab

A
(8.3)

γ= ρaocR4

Ib
(8.4)

The flapping angle is then used to determine the percentage of lost thrust due to flapping, see Equation 8.5
and Figure 5.4, where Fmeas is the force perpendicular to the original blade.

Tloss = (1− Tmeas

T
) ·100 = (1−cosα f l ) ·100 (8.5)

The results of the hinged blade model can be seen in Figures 8.5 and 8.6, where one can see the flapping
angle with respect to the angle of attack and the advance ratio and the percentage of thrust lost due to blade
flapping. What can be seen is that the flapping angle goes up to ±40 degrees and the percentage of thrust loss
reaches a maximum of 25 %. Though the maximum values only occur for the maximum values of J, which
only occur at high velocities with low rotor rotation rates. Normal flights occur between ±0.8J (Appendix C),
which show more plausible values, flapping angles between ±20 and thrust losses up to 8%. To make up for
such a significant loss of thrust, the rotor speeds need to be increased significantly, thus causing a higher
probability of rotor saturation. As the results are from a model and very sensitive to the estimation of the
moment of inertia of the blade around the hinge, it is recommended that an experiment be performed to
validate the results of the model.

Figure 8.5: Flapping Angle (in deg) Figure 8.6: Thrust Loss due to Blade Flapping (in percent)
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8.3. Rotor Saturation
The limitations of the actuators of the Bebop 2 are 3000 and ±11000 Rotations Per Minute (rpm). Where the
minimum limit is caused by the inbuilt hardware, and the maximum limit was found through experiments.
Through analysis of the advance ratio it was found that rotor saturation is not immediately visible, like the
VRS, or expected to be omnipresent, like the loss in thrust due to blade flapping. In Figure 8.7 one can see the
distribution of the advance ratio with the minimum and maximum limits saturation limits and the advance
ratio indicated in steps of 0.1J , where the red lines indicate steps of 0.5J .

Figure 8.7: Advance Ratio Distribution

From the figure a general feeling as to what advance ratios can be expected at which velocities and vice versa.
Take for example a flight at 14 m/s, through the maximum actuator saturation one can see that the advance
ratio range is from 0.5J till 1.8J . However the advance ratio was determined through an equation, thus trying
to reach a theoretical advance ratio of 1.8J at 14 m/s would be implausible as the rotors would not produce
enough thrust to prevent a crash.

To show the the limiting factor of the quadrotor that is rotor saturation, flights in both the nominal and
Single-Rotor Failure (SRF) configuration are projected over the flight regime that was tested in the rotor thrust
experiment. They will be discussed in respective order in Sub-sections 8.3.1 and 8.3.2.

8.3.1. Nominal Quadrotor Rotor Saturation
In Appendix C data of the flights that were flown in both the nominal and SRF configuration are projected
on the flight regime, that was used for the thrust model, to give an indication of the range the quadrotor can
reach in different configurations and under various circumstances. Note that these projections are the data
sets of the first rotor, where in the nominal case the other rotors show similar behaviours. Also note that the
advance ratio per rotor was determined through the same method as in the Model Validation (Sub-Section
7.2.4).

From the nominal flights it can be seen that the advance ratio varied between ±0.8J , where, in combi-
nation with Figure 8.7, it can be seen that the limit of 0.8J at 14 m/s is a lower limit of 7000 rpm. From the
advance ratio ranges observed for the other velocities in Figure C.1, it can be seen that the maximum advance
ratio flown in each flight speed is limited by the minimum rpm and that consequently the minimum advance
ratio is limited by the maximum rpm. Thus the maximum attainable advance ratio for nominal quadrotors
is dependent on the minimum rpm that can stabilize the quadrotor at a given velocity. This minimum value
increases with the velocity, which in turn also increases the angle of attack and also the flapping angle. This
eventually leads to the minimum rpm exceeding the maximum rpm, thus one can conclude that the nominal
configuration is indeed limited by rotor saturation.
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8.3.2. SRF Quadrotor Rotor Saturation
The quadrotor flights in SRF configuration can be found in Appendix C.2. As with the nominal configuration
flights only the first rotor datasets were projected on the flight regime used for the thrust model. However,
contrary to the rotors of the nominal configuration, the rotors of the SRF configuration did not show similar
behaviour, see Figure 8.8. As the SRF uses the primary-axis theorem [17] , this was to be expected. Note that
the flights in the SRF configuration do not include a legend, as the pattern of the SRF configuration flights is
more dependent on the wobbling angle than the wind speed.

Figure 8.8: Vertical Flights of Quadrotors in SRF Configuration (All Rotors, Right Back (3) Removed)

In comparison to the nominal configuration the SRF configuration reaches higher angles of attack and higher
advance ratio values in the rotor opposite to the failed rotor. The increased angles of attack are caused by the
wobbling angle that increases with the tilt of the primary-axis. Increasing the tilt of the primary-axis in the
direction of the rotor opposite to the failed rotor also lowers the total energy needed to keep wobbling and
consequently the rpm of the remaining rotors (two and four) are lowered. Note that there is an optimum in
trading rpm speeds between the rotors.

It can be observed that the higher advance ratio values seen in the SRF configuration all occur in the rotor
opposite to the failed rotor. Furthermore the remaining rotors have similar, but mirrored patterns. This pat-
tern was also seen in the discussion on the Double Blade Flapping (DBF) phenomenon (Sub-Section 5.4.1).
Due to the increased effective velocity on the advancing side and the lowered effective velocity on the retreat-
ing side the rotor opposite to the failed rotor sees a greater fluctuation in rotor rpm, where the minimum rpm
is the cause of the increased advance ratio. Thus as with the nominal configuration, the maximum advance
ratio of the SRF configuration is determined by the minimum rpm needed to stabilize at a given velocity and
therefore it is also limited by rotor saturation.

Finally the vertical flights in the SRF configuration also touched upon the VRS domain. As 80% of the
SRF configuration test flights showed crashes during descending vertical flight, this could likely be due to the
thrust variation in the VRS. Where the prime suspect for rotor saturation is the first rotor as it sees higher
rotation speeds then the other rotors (two & four). Note that this assumption changes when the quadrotor
rotates in the opposite direction and/or a different rotor fails.
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9
Defining Loss-Of-Control of Quadrotor

Quantitatively

In the Section 9.1, the generated theory that was validated will be worked into the final quantitative Loss-Of-
Control (LOC) definition, then an augmentation for increased reliability is suggested in Section 9.2.

9.1. The Quantitative Loss-Of-Control Definition for Quadrotors
The Quantitative Loss-Of-Control Definition (QLD) for quadrotors is similar to the definition given to LOC of
Commercial Air Transport (CAT), but where the CAT have multiple upset conditions, the quadrotor only has
one: actuator saturation. Furthermore a difference is seen in the dynamic and equipment failure precursors
to the primary causes. The final definition of the QLD can be found in Figure 9.1, where the precursors are
further specified in Table 9.1. Note that though hazards, which are currently unlikely to occur, such as the
hazards under the "Atmospheric Disturbances", were also added as they are likely to occur when quadrotors
will eventually be used for longer flights over greater distances.

Figure 9.1: Quantitative LOC Definition (QLD) for quadrotors, Primary Causes and Precursors, Adapted from CAT LOC [31]

As the two major sub-systems of the Active Fault Tolerant Control System (AFTCS), the Fault Tolerant Control
(FTC) and Fault Detection and Diagnosis (FDD), are often researched separately in literature and have not
been successfully unified, actuator failure has not been added to the primary causes. Once the AFTCS has
been completed and actuator failures have become survivable, it should be added. In case the QLD is adapted
to multicopters it could be immediately added, as multicopters that have more rotors then the quadrotor have
inbuilt redundancy and are therefore resistant to actuator failure.

With the QLD for quadrotors defined, investigators of LOC events of quadrotors have a valuable tool to be
able to label and group events and thus are able to systematically seek viable safety intervention strategies to
reduce the occurrence of LOC.
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Precursors Sub-Categories Hazards

Adverse Onboard Vehicle Impairment Improper Maintenance

Conditions Improper Loading: Weight/Balance CG

Airframe, Actuator and/or Rotor Damage

System & Components Control Component Failure/Inadequacy

Failure/Malfunction (F/M) System Software Failure/Inadequacy 1

Off-Nominal Vehicle Off-Nominal Vehicle Aerodynamic Interaction of Rotors

Dynamics & State(s) Dynamics and/or Vortex Ring State (VRS)

Control Responses (Double) Blade Flapping (DBF) 2

Oscillatory Response

Asymmetric Vehicle

Off-Nominal State(s) Off-Nominal Attitude and/or Angular Rates

Off-Nominal Wind Speed

Abrupt Disproportionate Response

Flight Trajectory Not Within Tolerances

Atmospheric Atmospheric Disturbances Wake Vortex

Disturbances Wind/Turbulence

Thunderstorms/Rain 1

1 To be investigated, but is expected to be a precursor
2 DBF will only occur in rotor failure flights that use the primary axis control scheme

Table 9.1: Quadrotor LOC Precursors and Accompanying Hazards, Adapted From Aircraft LOC Precursors [31]

9.2. Variable-Pitch Rotors for Increased Reliability
There are not many quadrotors which have variable-pitch rotors [7]. Most quadrotors have fixed pitch blades
for weight considerations and simplicity, as variable-pitch rotors include complex linkages and a swash plate
that are usually used in pod-and-boom style helicopters. This simplicity also increases the robustness against
damage.

Although fixed pitch rotors have advantages over variable-pitch rotors, they also have disadvantages, such
as the limitation of only being able to produce thrust in one direction and the control bandwidth, which is
limited by the inertia of the motors and the propellers. While the above disadvantages do not have a big
impact on for example delivery drones, the more important feature that fixed pitch rotors miss, does. The
ability that is lost by using fixed pitch blades is the ability to autorotate, see Appendix A.

Currently quadrotors are limited to height limitations due to other air traffic and privacy issues, therefore
having the ability to autorotate is not necessarily needed. However when quadrotors become reliable enough
for autonomous package delivery, they will most definitely fly at higher heights thus having the ability to
autorotate would be advantageous. The reliability of quadrotor would increase with the ability to land with
broken actuators.
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Conclusions & Recommendations

The final chapter of this thesis includes the conclusions and recommendations, which are presented in that
respective order.

10.1. Conclusions
Currently the main method to increase reliability of quadrotors is to complete the Active Fault Tolerant Con-
trol System (AFTCS). Though what is seen in current research is that the sub-systems of the AFTCS, the Fault
Tolerant Control (FTC) and the Fault Detection and Diagnosis (FDD), are mostly designed for singular prob-
lems. As it is very challenging to be able to combine these systems in a real time fashion, it is not strange
that they are often researched separately. Though recent research has been moving towards a more unified
system, such as the control system that is able to deal with two challenging tasks [16], and the Fault Detection
and Accomodation (FDA) system with experimental results [28], there is still considerably more research and
experimentation needed for a fully functioning AFTCS.

To push for a more holistic view on preventing Loss-Of-Control (LOC) of quadrotors and to give more in-
sight on such situations, the Quantitative Loss-Of-Control Definition (QLD) for quadrotors has been defined
through a comparative data analysis, which was based on the grounded theory. Data from test flights under
various conditions were analysed and compared to generate categories of failures, which were thought to
be related to LOC. These were then delimited and combined with observations, from the experiments per-
formed, into a theory on the primary causes and precursors of LOC of quadrotors.

To validate the developed theory an experiment was performed for the analysis of a single rotor of a
quadrotor. The rotor was placed on a test stand and tested for the flight regime covering the expected flight
range. The thrust data over the flight regime was fit with multivariate splines, which was then validated by
examining the variance of the B-coefficients used and through a residual quality analysis. The final thrust
model was then compared to flight data of a nominal quadrotor for validation. The conclusion of the val-
idation was that the dynamics of the model were similar to the real data, but the thrust scale was not the
same. As the thrust model was created to validate the various dynamics in suspected LOC cases, the thrust
model was considered to be validated. The thrust deficiency that was observed was theorized to come from
the influence the body had on the lift of the quadrotor, the influence of the thrust stand on the experiment,
the quality of the rotor and a possible bias in the accelerometer of the quadrotor.

To validate the theory developed through the comparative data analysis, the precursor events and the
primary causes of LOC were tested against the thrust model. The Vortex Ring State (VRS) area in the flight
regime was found through analysis of the thrust variance over the flight regime. The area where thrust loss
was observed in the thrust model matched with the area which showed up to ±20% thrust fluctuation, thus
the VRS area on the thrust model was considered validated. A single nominal configuration flight, which was
designed to enter the VRS, was projected on the thrust model. The data indicated that the quadrotor entered
the highest thrust fluctuation area of the VRS, though only showed a 1.5 % thrust offset. This unexpected
outcome was theorized to be caused by the time spent in the VRS, influence of the control system and the
lack of side winds, which in the amateur scene are most frequently discussed. To investigate these theorized
factors, more experiments, if possible from higher heights, should be performed in the heart of the VRS.
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As there were no sensors to measure the moment around the actuator hub or the longitudinal thrust, it
was not possible to directly validate the influence of blade flapping on the thrust of the actuator. Therefore a
hinged blade model was used to show the theoretical influence of blade flapping on the thrust model. Flap-
ping angles up to ±20 degrees were seen for general flight ranges (±0.8J ), which translated to a maximum
thrust offset of 8 %. The significant values seen were however not validated. The theoretical flapping angle
was, as expected, very dependent on the moment of inertia of the rotor blade about the hinge.

The aerodynamic interactions of the rotors of the quadrotors were also not validateable, as the thrust
model was made without the influence of other rotors. Recently in literature however various researchers
have researched this topic and have come to the conclusion that there is indeed a significant difference in the
rotor speeds between the front and back rotors. This was also seen in longitudinal flights flown in the Open
Jet Facility (OJF).

Rotor saturation was validated through analysis of the advance ratio of the nominal and Single-Rotor Fail-
ure (SRF) configuration flights. The maximum attainable advance ratio, for both configurations, was limited
by the minimum rpm needed to stabilize at a given velocity and vice versa. In the SRF configuration, a higher
advance ratio was observed on the advancing side of the rotation plane, due to the DBF phenomena. Fur-
thermore higher angles of attack were observed, which were caused by the primary axis control scheme. By
tilting the primary axis towards the rotor opposite to the failed rotor, the rotor speeds needed in the remain-
ing rotors could be lowered. Finally the 1st actuator was concluded to be the first to saturate, with the 3r d

rotor failed, as it showed a higher average rotor speed.
Thus through the thrust model the theory on primary causes and precursors of LOC for quadrotors was

partly validated. Through the validation the QLD for quadrotors was defined. Where actuator saturation was
defined as the primary cause for LOC events of quadrotors. Rotor failure was not added to the primary causes
of LOC as it is not possible to recover from such a failure, though this is expected to be possible in the future.
VRS, blade flapping, aerodynamic interactions of rotors and equipment failures are seen as the precursors to
LOC of quadrotors. Under rotor failure conditions Double Blade Flapping (DBF) is added to the precursors.
Furthermore the QLD of quadrotors is theorized to be able to be adapted to bigger multicopters by adding
rotor failure to the primary causes to LOC.

10.2. Recommendations
To give a clear overview of the recommendations that were found through the duration of this thesis a sepa-
rate section was created for the summation of the recommendations. Thus the author recommends:

− that the time needed for a SRF recovery be quantified;

− that the thrust model be improved through quantification/validation of the thrust deficiency, through an
experiment that measures all forces and moments in the same flight regime with minimum influence of the
experimental set-up;

− that the factors of the VRS be investigated through further experimentation;

− that the influence of blade flapping be investigated through an experiment;

− that the lift capabilities of the quadrotor body be investigated;

− that research be done into the influence that the working rotors, of the SRF configuration, have on each
other;

− that research be done into the influence of software errors on LOC events of quadrotors;

− that variable pitch rotors be compared to fixed pitch rotors to find their advantages/disadvantages.
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A
Loss-Of-Control of Aircraft

The comparable Loss-Of-Control (LOC) theories appendix is used for more in-depth explanations about LOC
of aircraft, specifically airplanes and helicopters. This appendix is structured as follows: the LOC events of
airplanes are discussed in Section A.1, followed by the LOC event of helicopters in Section A.2.

A.1. Airplanes
The primary causes of LOC events of airplanes [30] are the following:

− Stall
Stall is the reduction of lift that is generated by an airfoil as the angle of attack increases. Once the critical
angle of attack is reached stall starts to occur. Typically the critical angle of attack is ±15 degrees, though
it is affected by the type of airfoil in question and the Reynolds number. A stall is usually experienced as a
sudden drop in lift as, the pilot tries to increase the angle of attack past the critical point. Stall is recoverable
and therefore a perfect example of LOC of airplanes.

− (Sideslip-Induced) Rolls
Rolls are rotations about the x-axis. Sideslip-induced rolls are rolls caused by sideslip which was induced by
the airplane through yawing with respect to the airflow. As most commercial airplanes have a bit of sweep,
this sideslip with respect to the airflow will cause the wing that moves further into the flow to create more
lift and conversely the wing that moves down the flow will create less lift, thus causing a rolling moment.

− Pilot Induced Oscillation (PIO)
Pilot Induced Oscillation is caused by the attempts of the pilot to control the airplane. When the pilot tries
to commands the aircraft in the opposite direction of movement, the aircraft does not react as expected
and the pilot tries to correct the first mistake. This repeats with increasing overcorrections in the wrong
direction causing oscillations. This is usually caused by the lag of the pilot’s response.

− Yaw
Rotation about the z-axis of an aircraft, which changes the direction the nose of the aircraft is pointing in
(left and right). Increasing the yaw angle with respect to the incoming flow increases the sideslip angle and
thus could cause sideslip-induced rolls.
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A.2. Helicopters
As mentioned in Chapter 4, LOC is not officially quantified for helicopters, though emergencies and hazards
affecting helicopters have been thoroughly researched [43], these emergencies and hazards are similar to the
definition for LOC and can be seen below:

− Autorotation
A power-off manoeuver in which the engine of the helicopter is disengaged from the rotor system. Thus the
rotor system is only driven by the upwards flow that is created by falling. It is possible to land a helicopter
with just autorotation, gliding forwards and using a flare to reduce forward airspeed and a decrease of
descent rate before landing.

− Height/Velocity Diagram
Also known as the dead man’s curve, the H/V curve is a graph that shows the safe/unsafe flight profiles for
a specific helicopter. In the unsafe area of the curve there may not be sufficient time to stabilize from a
failure. Usually used to indicate where it should theoretically be possible to do an autorotation. This curve
is comparable to the flight envelope of an airplane.

− Vortex Ring State (VRS)
The VRS for helicopters has been thoroughly investigated and discussed [66] [59]. It is the part of the flight
regime where air is recirculated randomly, thus causing the induced velocity to vary greatly and making
it such that momentum theory can not be applied. An empirical model for the induced velocity, in VRS,
was given in [66], this model however fails to capture the periodic nature of the vortex entrapment [60]. In
Figure A.1 one can see the different flight states in vertical flight, where the turbulent wake state is seen as
a transition between the VRS and the windmill brake state, which occurs at even higher descent speeds but
is predictable with momentum theory.

VRS for quadrotors has not been investigated as thoroughly as for helicopters, though the trend of the loss of
thrust in VRS experienced in [64] was similar to results obtained in studies for normal rotors. In [67] theory
for the vertical flight states was tested against thrust stand data which also showed a trend of losing thrust
in VRS. These results show that VRS does have a significant effect on the flight capabilities of a quadrotor,
so much so that it has been renamed as the ’wobble of death’ in the hobby scene, therefore it is surprising
that this phenomenon has not been studied and possibly modeled more. In Figure A.1 the flight states of a
rotor in descent can be seen, where the instabilities in the VRS wake can be visually seen. Other than a pro-
totype VRS model that was discussed recently in off-nominal modelling [39], where improvements to the
VRS model were seen as a future plan, the author has not seen any discussion regarding VRS for quadrotors
in literature.

Figure A.1: Rotor Flight States in Vertical Flight [66]
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− Retreating Blade Stall
Relative airspeed through the main rotor plane is different for the advancing side and retreating side of the
disk. The advancing side sees an increased airspeed due to the forward speed of the helicopter, conversely
the other side has a lower airspeed, thus the lift is unequally distributed.

To generate equal lift over the rotor disk, helicopters flap the advancing blades up and the retreating blades
down, these rotor blades are known as variable-pitch rotors. Thus creating less lift on the advancing blades
and increasing lift on the retreating blades. The retreating blade will eventually cause a stall and loss of lift
due to its high angle of attack and low blade speed.

− Ground Resonance
A destructive vibration that occurs when the an out of balance rotor increases the natural frequency and
thus vibrate the entire helicopter as the engine is providing power to the vibrations. The helicopter can then
destroy itself within seconds.

− Dynamic Rollover
A helicopter can do a dynamic rollover due to a lateral rolling tendency if a certain critical rollover angle is
reached. For it to occur the helicopter first needs to pivot around landing gear to a critical rollover angle
then the cyclic cannot eliminate the thrust component, thus the helicopter rolls over.

− Low G Conditions and Mast Bumping
The helicopter reaches a state where the gravity pulling down on the fuselage and the rotor lift keeping it up
do not act in their usual plane. This happens for example when an helicopter prepares for a steep dive, the
fuselage is then not supported by the rotor, in this state the rotor system could hit the mast (mast bumping)
which usually leads to a fatal ending.

− Low Rotor rpm and Blade Stall
Not having enough rotations per minute to keep up with the lift needed for the helicopter. Losing lift would
lead to a descent. The relative wind changes and thus the angle of attack increases, at some point the blades
stall and could break due to the forces present.





B
The Grounded Theory Approach

The grounded theory is described by Glaser and Strauss, in [63], as ’The discovery of theory from data’. Orig-
inally this theory was used in sociology, but the ideas presented are applicable to this research. The name
comes from the fact that this theory is based on ’hard study of much data’ and is therefore well grounded in
contrast to other theories based on logic with ungrounded assumptions (in sociology).

B.1. Comparative Analysis
The grounded theory approach generates theory through the process of comparative analysis. As the name
suggests, it uses the logic of comparison. The purpose of using the comparative analysis in the grounded
theory is due to the following points [63]:

− Accurate Evidence
In comparative analysis evidence which was initially found is compared to evidence found in groups that
are comparable. So the evidence is replicated using comparison. In general if research is replicable it can
be used as a means for validation.

− Empirical Generalizations
Comparative analysis is also used to create generality of a fact or in other words making the fact generally
applicable. Thus a more generalized theory can be used for better predictions. By comparison one can also
find boundaries/limits of a theory.

− Specifying a Concept
Using comparative data to find a specific unit of analysis, this is done by clearly demarcating a specific unit
and comparing it to similar units. These units might be in the same category, but have different natures.
Thus all cases can be found and clearly identified.

− Verifying Theory
Comparative data is the best data for verification of theory. If one formulates a hypothesis on a singular
case and then tries to verify it through comparative data, the hypothesis can then be modified to fit both
sets. Once this cycle is continued a more general theory emerges from the data.

− Generating Theory
The main goal of the grounded theory. It is very much like verification, as modifying theory can be seen as
theory generation. One should however keep an open and inquisitive mind for generation of new theory.

The Elements of Theory
Theory that was generated through comparative analysis has elements. Firstly conceptual categories exist
within the theory, these are then complemented with conceptual properties and finally a hypotheses or gen-
eralized relationship within those categories and properties exist [63].
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B.2. The Constant Comparative Method of Qualitative Analysis
Glaser and Strauss suggest a comparative method for qualitative analysis for the systematic generation of
theory, called the constant comparative method, which is built up out of four stages [63], which are firstly run
in serial and once completed in parallel with the current step:

1. Comparison of Incidents Applicable to Each Category
As many categories of analysis as possible should be derived from each single incident. In such a way one
will see new categories appear and incidents added to already existing categories. Glaser and Strauss set
up the first rule for the constant comparative method: ’while coding an incident for a category, compare it
with the previous incidents in the same and different groups coded in the same category’ [63]. Using this rule
each category will form its own dimensions, conditions, relations to other categories and other properties.
It might also be possible that after adding incidents to a category, conflicts might appear in the theoretical
notion of the researcher about that category. For this situation Glaser and Strauss define the second rule
of the constant comparative method: ’stop coding and record a memo on your own ideas’ [63], this rule was
designed for the initial freshness of the thoughts and to relieve conflict.

2. The Integration of Categories and Accompanying Properties
This stage should emerge by itself. Once one starts to move from comparing incidents to comparing the
incident with the properties of the category that came from the original comparison of incidents. The most
important properties of the categories become apparent and the relations with other properties within the
category become apparent. In doing so the properties become more integrated to form a whole category.

3. Delimitation of the Theory
What is meant by delimitation of the theory is that the theory becomes more streamlined as the researcher
progresses. The delimitation of the theory can be split into two levels: the theory and the categories. Firstly
when the theory becomes more apparent it delimits itself e.g. removal of non-relevant properties and modi-
fications happen less frequently and are mainly used for the clarification of the theory, thus becoming more
streamlined. Secondly once one comes to a saturation point of the theory, one can start to cut down on the
original list of categories. The relations between categories become apparent and a smaller set of categories
is also sufficient to explain the theory.

4. Writing of the Theory
Once the researcher reaches a point where he/she thinks the generated theory is an accurate statement of
what was studied and is useful to the field of study, the theory can be finalized. The categories become
the major themes of the theory and one can point out the weak/strong points of the generated theory.
Furthermore the researcher can continue towards publication of the theory.

Conveying Credibility
In the field of Sociology it is harder to convey credibility of a research than within an exact field, such as engi-
neering. This is due to the fact that the main sources of information are individuals. Although the information
can be found relatively fast and information is in general diverse, it might also be subjective. Therefore Glaser
and Strauss suggest several methods to convey the credibility within Sociology. As this research is within the
field of engineering, Glaser and Strauss’s suggestions are not applicable. Therefore to add credibility experi-
ments can be designed to validate generated theory and thus conveying credibility.



C
Quadrotor Flights

In this appendix datasets of flown flights are projected over the thrust model to give an indication of the flight
regime that the quadrotor operates in, note that the data of the first rotor is used in all cases. The flights have
been split in two main sections: the flights in nominal configuration, which can be found in Section C.1 and
the flights in SRF configuration, which can be found in Section C.2.

C.1. Nominal Quadrotor Flights
The flights in nominal configuration were split into two different sets: the flights which covered the move-
ments in vertical and longitudinal directions under all wind conditions, which can be seen in Fig. C.1 and
flights in which only longitudinal movements were flown, in Fig. C.2.

Figure C.1: Vertical/Longitudinal Flights, Nominal Configu-
ration

Figure C.2: Longitudinal Flights, Nominal Configuration

79



80 C. Quadrotor Flights

C.2. Single Rotor Failure Quadrotor Flights
The flights in SRF configuration were flown in two different sets: the longitudinal flights, seen in Fig. C.3 and
the vertical flights, which can be seen in Fig. C.4.

Figure C.3: Longitudinal Movement, SRF Configuration Figure C.4: Vertical Movement, SRF Configuration
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