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Kurzfassung
Im wachsenden Anwendungsfeld für kleine unbemannte Luftfahrzeuge (UAVs) finden sich
immer mehr Aufgaben, bei denen Vereisung im Flug zu einer ernstzunehmenden opera-
tionellen Einschränkung führt, da UAVs aus verschiedenen Gründen (Kosten, Struktur,
Gewicht, Verfügbarkeit) meist nicht mit Enteisungsvorrichtungen ausgerüstet sind. Es
ist daher wünschenswert, Vereisung elektronisch in ihren Auswirkungen zu begrenzen.

Im Gegensatz zur manntragenden Luftfahrt, gibt es wenige Untersuchungen zu Ver-
eisung an kleinen UAVs. Basierend auf existierender Forschung über die Eisformen, die
beim UAV-typischen langsamen und niedrigen Flug erwartet werden, wird in dieser Ar-
beit untersucht, wie sich die Eisansätze auf das Flugverhalten auswirken. Dazu werden
die stationären wie instationären Derivativa eines kleinen Nurflüglers mithilfe von insta-
tionärer numerischer Strömungssimulation (CFD) bestimmt. Wiederum darauf basierend
wird untersucht, welche Änderungen am Autopiloten erforderlich sind, um einen sicheren
Flug zu ermöglichen. Der Autopilot sowie eine zugehörige Physiksimulation laufen in
einer Softwareumgebung, sodass kostengünstige und risikolose Versuche möglich sind.

Es war möglich, Parameter für die ArduPlane-Autopilotensoftware zu finden, mit denen
ein Flug in den untersuchten Vereisungsbedingungen möglich ist. Dazu sind allerdings
Einschränkungen, wie zum Beispiel einem reduzierten maximalen Querneigungswinkel,
hinzunehmen. Sollten sich diese Ergebnisse im Flugversuch bestätigen, würde das hier
vorgestellte Vorgehen einen sicheren Flug ohne Enteisungsvorrichtungen ermöglichen.

Abstract
In the growing field of applications for small unmanned aerial vehicles (UAVs), there is
an ever-increasing list of tasks where in-flight icing is a serious concern. Contributing
to this issue is that for several reasons (cost, structural changes, weight, availability of
products) UAVs are not typically equipped with classical ice protection systems. For this
reason, an electronic icing mitigation is desirable.

There is only very little knowledge about icing for small UAVs. Based on existing
research on the expected ice shapes in UAV-typcial low and slow flight, this work in-
vestigates how the ice accretion changes the UAVs behaviour. To that end, the static
and instationary derivatives of a small flying wing are determined using Computational
Fluid Dynamics (CFD) tools. With these derivatives, it is possible to investigate how
the autopilot system has to be adapted to allow safe flight in these conditions. Both the
autopilot and the physics engine run in a software, enabling cheap and risk-free experi-
ments.

It was possible to find parameters for the ArduPilot autopilot that allows flight in the
investigated severe icing conditions at the cost of operational limitations such as a reduced
allowable bank angle. Should these results be validated in flight tests, the methodology of
this work would allow a safe flight without classical ice protection systems. Additionally,
the methodology yields data required for electronic icing detection.
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C(·) [−] Dimensionless force or moment coefficient
CAB

[−] Stability or control derivative. CAB
= ∂CA/∂B

e0 [−] Oswald efficiency factor
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Ix, Iy, IZ [kgm2] Moments of Inertia S
Ixz [kgm2] Product of Inertia S
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1 Introduction
Atmospheric icing is a dangerous condition, where supercooled but liquid water droplets
freeze on impact with the airborne aircraft, mostly on the leading edges such as the
nose, propeller, turbine intake, and of course wing and empennage. There are other icing
mechanisms, such as snow and ice accretion while the aircraft is on ground, or if an aircraft
that was flying in very cold air for a long time descends through rain. Carburetor icing
can occur in temperatures up to 20 ◦C. Within this work, however, only the atmospheric
icing phenomenon is investigated and “icing” only refers to atmospheric icing hereafter.

Icing has caused several crashes, even in aircraft equipped with appropriate ice pro-
tection systems. An investigation of all worldwide fatal aircraft accidents between 2002
and 2011 for larger aircraft over 5700 kg maximum takeoff weight (MTOW) [9] by the
United Kingdom’s Civil Aviation Authority (CAA) shows that out of 250 accidents, 5
(2%) were directly caused by icing and three more were indirectly caused by in-flight icing
– so within this class of aircraft and this specific time frame 3.2% of all fatal crashes were
attributed to icing to some extent. From this report it is not clear which aircraft types
were involved in the type of accident, but it is reasonable to assume that most aircraft
with an MTOW of 5.7 t or more are equipped with ice protection systems. Combining
this with a previous investigation of Cole and Sand [12], that analyzes 803 accidents of
iced aircraft in the United States between 1975 and 1988, which shows that most aircraft
involved in icing-related accidents are small General Aviation aircraft often not equipped
with appropriate ice protection systems, it can be assumed that for small aircraft the
issue is even more severe than the CAA report indicates. Cole and Sand show that ap-
proximately 18% of all icing accidents were caused by in-flight airframe (i. e. atmospheric)
icing, 27% were caused by attempted takeoffs with iced aircraft and 55% were caused by
carburetor ice.

Today, there are four major classes of ice protection systems that are typically used [56].
De-icing refers to technologies that remove existing ice accretions and anti-icing to tech-
nologies that are additionally capable of preventing ice accretion:

1. De-icing before takeoff with a thickened fluid that sticks to the wings for the first
couple of minutes of flight. This technique is required if the aircraft is contaminated
with ice before takeoff, such as when it snows at the airport.

2. De-icing with a de-icing fluid in flight (“Weeping Wing”). From a relatively small
tank, a de-icing fluid is pumped through small holes in the leading edges. This
technique is usually used in small General Aviation aircraft that only need limited

1



1 Introduction

capabilities of flight in icing conditions, as the small tank limits the time that de-
icing is possible. For reference, the system used in the Cirrus SR22 aircraft allows for
flight times between 37.5 and 150 minutes in icing conditions [10]. This technique
is also often used to protect small areas such as the windscreen or propeller blades
by spraying these surfaces with the freezing point depressant.

3. De-icing with pneumatic boots. This type of de-icing is usually used on small to
medium sized, propeller driven aircraft such as the ATR-72 or Beechcraft King Air.
The endangered wing sections are covered with rubber mats that can be rapidly
inflated with pressurized air. The boots mechanically remove the ice.

4. Anti-icing with heaters. This type is in limited use on almost any aircraft that is
able to fly in icing conditions for small areas such as the pitot tubes, windscreen,
propellers, or turbine inlet. In many large turbine driven aircraft with the ability
to use hot bleed air, it is also used for the large wing sections. This is for example
used on all civilian Airbus airliners.

All of these techniques are possible for all sizes of aircraft, at least theoretically. How-
ever, for small UAVs the various disadvantages usually mean that the aircraft is not
equipped with any ice protection. Disadvantages may include high energy requirements
(heaters) and mechanical problems such as required structural changes or weight penal-
ties (Weeping Wings, boots). At the same time, icing is a non-issue for almost all model
airplane enthusiasts, since flying in icing conditions usually means flying in clouds and
cold weather, something an amateur typically has no interest in. For these reasons, ice
protection systems are so far not readily available for small UAVs. However, in profes-
sional usage, such as scientific or military applications, icing is a major limiting factor in
the operation readiness, since the operator either has to accept potential loss of the UAV,
or cease operation in expected icing conditions altogether. Icing is an actual concern even
for medium-sized military aircraft such as the MQ-1 Predator, which has had losses in
combat situations [16]. At least in the past, the US Army generally did not fly in known
severe icing conditions [44].

Ice protection systems for UAVs are in development, such as the product D•ICE by
UBIQ aerospace [29, 58], a company closely related to NTNU, but even if classical ice
protection systems are available, it may still be advantageous to mitigate the icing risks
with an electronic system: If icing is only expected occasionally, the penalties of always
carrying the systems (additional weight, therefore lower payload and lower range) may
outweigh the penalties by the disturbed airflow should icing occur – but only if safe flight
can be guaranteed without these systems.

For effective ice tolerance, a reliable ice detection is also required. Turning on the ice
protection systems all the time is ineffective, due to the disadvantages of these systems
(disturbed airflow for boots, higher energy consumption for heating systems, use of fluid
for Weeping Wing systems). In manned flight, ice detection is usually done visually,
by inspecting windscreen, wing leading edges and the current meteorological conditions.
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This visual inspection is not possible for UAVs for obvious reasons, so either the detection
has to be done electronically, or there have to be special, expensive sensors. Alternatively,
a robust controller can be used that is able to deal with the flight characteristics caused
by the ice. But, as with classical ice protection systems, just always assuming worst case
icing is unfavorable, as it will lead to an unnecessary loss of performance and operation
capabilities (such as maximum commanded bank angle) in non-icing conditions.

An experienced human pilot can at least partially adjust to the conditions and may
be able to land a plane safely even with iced wings – albeit with greater hazard than
acceptable. This gives a piloted vehicle some level of ice tolerance. However, UAVs are
usually flown by a fly-by-wire-system or an autopilot, and only high level commands such
as course and altitude are available. Even if they are flown with direct pilot control, no
haptic feedback for the pilot is available. This means, that careful adjustment for the flight
characteristics based on experience is much more difficult or impossible. It is therefore
necessary that the autopilot is able to deal with the degraded flight characteristics.

To allow electronic ice detection and tolerance, a multi step workflow has to be followed.
This workflow is illustrated in fig. 1.1. It is important to note that every subsequent step
depends on the previous one. For example the ice shapes are dependent on the mission
due to key icing parameters including outside air temperature, Reynolds number or time
in icing. It is therefore not advisable to skip one step and extrapolate from previous
results.

The expected ice shapes for UAV operations have already been investigated by Hann et
al. [27, 30] as well as by several others [53, 55] for different ice conditions. Consequently,
this is not part of this thesis and will only be reproduced as required in chapter 2. The
overview over important topics will also include a summary of flight mechanics for flying
wings in chapter 3. Being a rigid fixed wing aircraft, the flight mechanics for flying
wings do not fundamentally differ from conventional tailed aircraft, but some effects have
different key contributing factors.

Based on these previous works, an existing method is used to determine the static and
dynamic behaviour, i. e. the stability derivatives of the UAV, in clean and iced conditions
(chapter 4). These results are then used to predict changes to the flight performance (such
as maximum climb rate or power requirements) and stability. They are also incorporated
into an existing flight simulator, based on MATLAB/Simulink, which is then used to
develop and validate a parameter set that allows flight in icing conditions using the
established ArduPilot autopilot suite (chapter 5).

3
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Meteorological Conditions
Mission Invariable Frame

Ice shapes
Icing severity Physical Effects

Stability and Control
Flight Performance Aerodynamic Effects

Ice Detection
Autopilot Parameters

Flight Envelope Restriction
Tolerance/Mitigation

Operational Capabilities

Chapter 2

Chapter 4

Chapter 5

Figure 1.1: Workflow required for operation with electronic icing mitigation
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2 Atmospheric Icing: Causes and
Effects

Icing has been identified as a serious threat to flight operations decades ago. Conse-
quently, there has been extensive research in this topic, mostly focused on large, fast,
manned aircraft operating at much higher Reynolds numbers than the small UAVs in-
vestigated in this work. In this section, an overview about icing mechanisms, ice shapes,
and their effects is given.

As already mentioned in the introduction, it is generally not possible to extrapolate
results acquired in other conditions to the conditions of interest. The work on manned
aircraft yields valuable insights nonetheless, but one should be very wary of applying
quantitative results to UAVs. The applicability is mainly limited to general tendencies.

Icing is a function of meteorological conditions, aircraft parameters and mission param-
eters. Meteorological conditions are mostly characterized by the outside air temperature,
liquid water content of the cloud (LWC) and the median volume diameter of the wa-
ter droplets (MVD). Aircraft parameters include speed, operation altitudes, climb rate,
Reynolds number and airfoil shapes. The mission defines the meteorological conditions
the flight has to take place in, and the duration for which these conditions are encoun-
tered.

2.1 Reference Icing Conditions and Certification
Requirements

To develop and certify an aircraft, the worst meteorological conditions that are realis-
tically encountered have to be defined. Ice accretion is not bounded, so it is easy to
construct an even worse icing case just by increasing the time spent in icing conditions.

For large aircraft subjected to 14 CFR Part 25 (usually and hereafter referred to as
“FAR 25”) regulations, the experience gathered in the last decades has lead to a set of
reference icing conditions. The FAR §25.1419 states that if certification for flight in icing
conditions is requested, large airplanes have to demonstrate safe flight in the conditions
put forth in FAR 25 Appendix C for maximum continuous and intermittent icing con-
ditions. FAR §25.1420 and Appendix O specify supercooled large droplet (SLD) icing
conditions as encountered in freezing rain. SLD conditions are outside of the investigated
flight envelope due to the extreme icing conditions they generate, that would most likely
lead to an unavoidable loss of aircraft.
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2 Atmospheric Icing: Causes and Effects
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Figure 2.1: FAR 25 icing envelope for continuous icing conditions [21, app. C]

The FAR 25 is not binding for UAVs and compliance does not have to be shown.
Analogous to the FAR §23.2165 (icing certification requirements for small aircraft), the
SLD conditions of app. O are deemed to be out of the flight envelope and not investigated.
From app. C, the maximum continuous icing conditions were used as guide to finding
the worst-case situation for this work. Continuous in this case means stratiform clouds
with a large horizontal extent. The intermittent icing conditions for cumulus clouds
were not investigated, because the relatively high altitudes at which cumulus clouds are
encountered made them a lower priority so far. Both SLDs and intermittent icing in
cumulus clouds should be investigated in future.

The regulations from app. C define a field of expected MVD, LWC, and tempera-
tures, as well as a nominal cloud size and maximum expected temperatures depending
on the pressure altitude. Since the simulations were all done at sea level, the altitude-
temperature relationship is not relevant, and the nominal cloud size was used – so the
additional severity factor for smaller or larger clouds is not used, either. This leaves the
parameter field reproduced in fig. 2.1, that should be covered from the icing conditions.

At 20 m/s, the horizontal cloud extent of 17.4 nm or 32.2 km corresponds to a time
spent in icing conditions until the aircraft leaves the cloud again of 1610 s or almost
27 min. It is also worth noting that a decreased temperature significantly decreases the
liquid water content of the cloud, as does a high MVD.

2.2 Factors that Affect Icing
The ice accretion process is a complex process dominated by fluid dynamics and thermo-
dynamics. There has been significant research in the past on influencing factors on icing.
Lynch and Khodadoust [38] have published an extensive overview about ice accretion
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2.2 Factors that Affect Icing

processes. Bragg et al. [8] have also published an extensive literature review, focusing on
research between 1995 and 2005. Several teams [26, 28, 62] have validated the CFD tools,
NASA LEWICE and FENSAP-ICE, typically used for generating ice shapes. Szidler and
McIlwain [54] have investigated the influence of low Reynolds numbers on ice shapes,
similar work has been done by Williams et al. [61]. Hann et al. [30] have used 2D airfoil
data to extrapolate changes in flight performance for UAVs. NASA, especially at their
Glenn Research Center, have investigated icing since the 1940s. They had a large test
programme based on a DHC-6 Twin Otter that included several flights with simulated
or natural ice. They have investigated the influences of ice on stability and control [45]
– unfortunately only for the specific “iced tailplane” configuration, where ice was only
simulated on the empennage.

In parallel to this work, Fajt performed a parameter study in a cooperation between
NTNU and the Institute of Aerodynamics and Gas Dynamics (IAG) at the University
of Stuttgart [19]. Goal of that work was to find influences of MVD and LWC on the
ice shapes and key aerodynamic parameters such as maximum lift, drag, stall angle and
others for a UAV airfoil at low Reynolds numbers.

These previous works allow some qualitative predictions about worst case conditions
and approximate changes when parameters are modified. However, the purpose of this
listing is not to extrapolate information within the work, it is rather to show that the
ice shapes are a complex function on all these parameters and have to be specifically
generated for the flight conditions. The key parameters are described here:

Outside Air Temperature (T∞)
The outside air temperature has two main influences: first, a lower temperature means
less liquid water in the cloud (see fig. 2.1) because most water will be frozen at very
low temperatures. Second, the temperature of the impinging droplets affects the freezing
process: freezing can only occur if all latent energy released in the crystallization process
is somehow dissipated. The supercooled water droplets can collect some of this energy
by being heated to 0 ◦C, but if this is not enough, the water will not freeze entirely and
flow downstream until it is cooled enough by the airstream. When flowing back, it can
accumulate at certain positions, giving a self-amplifying irregular structure of ice “noses”
that in turn trap even more water.

A low outside air temperature causes all water to freeze immediately without runback,
leading to a rough shape with air bubbles (rime ice). A high water temperature will cause
delayed freezing without air bubbles (glaze ice).

Liquid Water Content (LWC)
Liquid water content, usually in the range between 0.1 g/m3 (cold stratiform clouds) to
3 g/m3 (warm cumulus clouds) [21, app. C] describes as the name indicates the amount
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2 Atmospheric Icing: Causes and Effects

of liquid water in the cloud. This therefore excludes ice crystals. A higher LWC leads to
faster icing.

Median Volume Diameter (MVD)
Describes the size of the water droplets. Ice shapes and consequently icing severity show
a complex dependency on the MVD, because on the one hand, a high MVD means a high
inertia and therefore a more direct impingement trajectory, but on the other hand the
maximum expected LWC according to FAR 25 app. C is lowered for high MVDs. The
droplet size distribution that leads to a certain MVD also has an influence on ice shapes.

Reynolds Number (Re)
Szilder and McIlwain have shown that the Reynolds number has a significant impact on
the ice accretion process [54]. In particular, the ice type (glaze vs. rime) and shape is
changed when the Reynolds number is modified. At lower Reynolds numbers, rime ice is
predominant, leading to ice shapes that are more concentrated at the leading edge.

Airspeed (V )
The airspeed has indirect effects: the Reynolds number is a function of the airspeed, and
the airspeed determines the time spent in icing conditions, assuming a certain cloud size
that has to be crossed.

Other Factors
The selection given above covers the most important influences on icing, but is far from
being exhaustive. Other factors might include surface quality of the wings, thermal
conductivity, structural composition of the wing (e. g. higher thermal capacity at the
wing spar), airfoil geometry, and so on. Modeling all these factors is not possible, so it is
important to provide some robustness against model uncertainties.

An important note on this section: The descriptions above try to show general ten-
dencies of effects of the respective factors. There are cases where the descriptions are
not precise. For example, a very low LWC associated with a very high MVD allows all
impinging water to freeze immediately at all temperatures, which means that the ice
shapes on a macroscopic level are virtually the same and the descriptions of the outside
air temperature-paragraph are no longer fitting. For a much more detailed work on the
relationship between LWC, MVD, temperature and ice shapes, refer to Fajt [19].
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Figure 2.2: Exemplary ice cross sections for glaze and rime [19]

2.3 Types of Icing
There are three major types of icing, two of which have already been mentioned. These
different types are created in different environmental conditions, mostly governed by the
air temperature.

Glaze Ice is created at relatively high temperatures between 0 ◦C and −4 ◦C. It develops
if not all impinging water is able to freeze immediately, so some water runs back on the
airfoil until it freezes or evaporates. For this reason, it does not contain air bubbles
and is therefore clear and smooth on a microscopic level. On a macroscopic level, it can
be highly irregular, leading to severe aerodynamic penalties. Due to the runback, the
affected airfoil sections are large and in extreme cases, control surface icing can occur,
leading to blocked controls. Due to the high temperatures and consequently high LWC,
the ice can build up very quickly. See fig. 2.2 for an exemplary glaze ice cross section
with clearly visible irregularities on a macroscopic level.

Rime Ice forms when impinging droplets freeze immediately on contact. Is a rough,
white opaque form of ice that occurs at lower temperatures around −10 ◦C to −20 ◦C. It
can also form up to −40 ◦C but is rarely encountered at such temperatures, because the
liquid water content is usually too low to affect flight.

Due to the rough surface on a microscopical level, it disturbs airflow more than glaze,
but builds up slowly, because most water is already frozen in conditions where rime is of
interest. Also, since the water droplets freeze immediately on impact, there is no risk of
liquid water flowing downstream and affecting control surfaces directly. Due to the slow
build up, it is arguably the least dangerous icing condition. See fig. 2.2 for an exemplary
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2 Atmospheric Icing: Causes and Effects

Figure 2.3: Visible “horns” on a leading edge [40]

rime ice cross section with a much more streamlined shape on a macroscopic level. Not
pictured is the higher surface roughness compared to glaze.

Mixed Ice is, as the name indicates, a mixture of the previous two ice forms. It de-
velops at intermediate temperatures around −5 ◦C and is probably the most severe icing
condition, at least from an aerodynamic perspective. The reason is that it is able to
form “horns” that protrude from the leading edge approximately 45° to the airflow (see
fig. 2.3). These “horns” lead to an immediate transition to turbulent airflow and large
separation bubbles.

2.4 Effects of Icing
There is much research to be found on the aerodynamic penalties of ice accretion (see
section 2.2). Most of this research is for two-dimensional static simulations and/or wind
tunnel tests. While the results differ quantitatively, all agree on general tendencies, in
particular that the expected loss of lift is about 50% for severe icing. For this reason, the
work by Hann et al. [30] is used as an example. That work investigates the three icing
types on a 2D airfoil typically found on wind turbines, but at low Reynolds numbers. It
includes a severe mixed icing condition very similar to the shapes used for the simulations
in this work. It must be noted that the conditions used to generate the mixed ice were
specifically tailored to generate the distinct horn structures, mostly by choosing a high
airspeed that the X8 is not capable of flying. This provides a very conservative worst-case.
In addition, it must be noted that the pitching moment coefficient shows that of a simu-
lated aircraft, where the normally unstable airfoil is stabilized by a “virtual empennage”
to derive statements about the aircraft and allow flight simulator investigations.
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Figure 2.4: Comparison of CL, CD, Cm and L/D-ratio for several icing conditions [30]

Figure 2.4 shows the key results on the lift, drag and pitching moment as function of
the AOA. Key findings include:

• At low to medium AOAs, glaze and rime has little impact on aerodynamics

• Drag and static pitch stability are significantly worsened for all AOAs in the mixed
ice case.

• For low AOAs / 5◦, mixed ice has a noticable, but not extreme impact on the
lift coefficient. For higher AOAs, the lift is roughly halved and an atypical stall
behaviour can be observed.

From a flight performance and mission planning perspective, the key findings are that
the energy consumption is significantly increased by up to 30% for the mixed ice case.
This can be partially mitigated by increasing the airspeed for the mixed ice case, which
is similar to a flight envelope restriction, that causes a reduced AOA in cruise flight and

11



2 Atmospheric Icing: Causes and Effects

thus a flight with a lower drag coefficient. But even with the higher airspeed, the energy
consumption is increased by almost 20%. With the mixed ice condition, cruise flight at
20 m/s already requires an AOA of 15◦, which is basically post-stall. Usually in cruise
flight at that speed, the AOA would be around 3◦. This means, that a flight slower than
20 m/s is no longer possible for that configuration.

Other conclusions such as a reduced bank angle will not be drawn here. These conclu-
sions would be very similar to those shown in section 5.1, except that they would build
on extrapolated data – which is a dubious-at-best approach, as was already mentioned in
the introduction. Therefore, the reader is referred to the section where these conclusions
are drawn for the much more realistic 3D data.

2.5 Ice Shapes Used in this Work
The previous work on ice shapes at low Reynolds numbers by Hann et al. [30] allows
selecting a realistic ice shape. This ice condition is assumed to be the worst realistically
encountered icing condition based on the FAR 25 regulations and the aircraft parameters.

A cross section through the wing can be seen in fig. 2.5. This ice shape is ap-
plied to the wing, but not to the winglets, fuselage, or propeller. Affected areas can
be seen in fig. 2.6. The conditions leading to this ice shape are listed in table 2.1.

Property Sym. Value
Icing velocity Vicing 40 m/s
Icing time ticing 40 min
Chord c 0.3 m
Icing AOA αicing 0 ◦

Median volume dia. MV D 20 µm
Liquid water cont. LWC 0.55 g/m3

Outside air temp. T∞ −4 ◦C
Surface roughness ks 1 mm

Table 2.1: Values used for icing simulation

Figure 2.6: Ice accretion on X8 model
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Figure 2.5: Cross section of the ice shape used for this work
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3 Development Platform and Flight
Mechanics

NTNU has used a Skywalker X8 flying wing in their UAVLab, which is also used as
development platform in this work. Flying wings are rigid fixed wing aircraft and do
not generally differ from conventional aircraft in their flight mechanical behaviour, but
having neither empennage nor rudder, the dominant causes of forces and moments are
often different – in particular, if the empennage is usually dominant, for example for the
yaw stability or pitch damping. In this section, the platform that was used for this work
is introduced and a short summary of the relevant flight mechanical aspects, tailored for
flying wings, is given.

3.1 Development Platform: Skywalker X8
Skywalker X8 is a small to medium sized flying wing UAV, made out of polystyrene foam
(“Styrofoam”). The wings are reinforced, giving them a higher mechanical stability for
high speeds and more takeoff weight capacity. Table 3.1 lists properties that are relevant
to this work.

Property Symbol Value
Takeoff mass m 4 kg
Moment of inertia Ix 0.351 kgm2

Moment of inertia Ix 0.125 kgm2

Moment of inertia Ix 0.472 kgm2

Product of inertia Ixz −0.003 kgm2

Wing span b 2.1 m
Mean aerodynamic chord cM 0.35 m
Airfoil unspecified [25]
Cruise speed ≈ 20 m/s
Sweep at leading edge ≈ 30°
Wing area (without body) ≈ 0.4 m2

Wing reference area (defined) S 0.75 m2

Table 3.1: Relevant physical properties of Skywalker X8
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3 Development Platform and Flight Mechanics

A note on the inertia tensor: the product of inertia Ixz serves an important role for
the aircraft’s flight dynamics. If this term is nonzero, there is a coupling between roll and
yaw without any aerodynamic forces. A (body fixed) roll moment l then introduces a yaw
rate r in addition to the expected roll rate p. Since this term is part of the lateral system
matrix (see section 5.1.2) it is also capable of moving the eigenvalues of this matrix and
therefore has an influence on stability.

Unfortunately, determining the moments of inertia is not as trivial as determining
the mass. There are two ways of doing this: either by relatively complex oscillatory
experiments, or from a relatively precise model with a known mass distribution, such as
a CAD model.

To have a decoupled motion model, where a roll moment only causes a roll rate, it is
important that the product of inertia Ixz is much smaller than the moments of inertia
Ix, Iy, Iz.

During his master’s thesis, Gryte performed experiments to determine the inertia tensor
from relatively simple pendulum experiments [24, app. F]. The results from his tests yield
a Ixz that is of the same order of magnitude as Ix and Iz. Similar results were published
in [23], but that work cites Gryte and it seems likely that the results were copied.

Other sources show that for flying wings, the product of inertia Ixz is, similar to
conventional aircraft, close to zero. Beard and McLain list exemplary parameters for a
small flying wing [6, app. E], Farhadi et al. [20] cite Gryte but also have a small product
of inertia. Klein and Morelli describe that the Ixz is mostly caused by the asymmetry
from the tail [36, app. C.3], so again a small value would be expected for a flying wing.

This shows that there is a disagreement, so additional investigations were required. To
that end, a 3D model of X8 was created in CATIA, based on a cleaned STL set that
was found on the internet [48]. In this model, the entire foam structure including the
internal hollow parts are represented, as well as the battery, the motor, and a payload.
The densities were selected such that the resulting weights are as realistic as possible,
leading to a higher wing density due to the reinforcements compared to the body (see
table 3.2). This data also shows a small product of inertia Ixz. While this model is also
based on some assumptions, it is currently the one with the highest trustworthiness, so
within this work these results are used and also listed in table 3.1.

After the simulations were finished using the CATIA data, new preliminary experi-
mental data from Gryte became available, where Ix = 0.340, Iy = 0.165, Iz = 0.40 and
Ixz = −0.031. These values are close to those determined by the numerical estimation.

3.2 Forces and Moments
The usual model for a rigid fixed-wing aircraft with decoupled/independent longitudinal
and lateral motion is thought to be acceptable for this work. Usually, the forces and
moments are represented by a formula that splits the force or moment into a geometric
part (S, cM and b), a flight-state dependent part (ρ and V ) and a dimensionless coefficient.
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Part Density
kg/m3

Weight
kg Note

Battery 2200 0.864 In forward fuselage compartment
Fuselage Top Cover 30 0.036 Foam part
Fuselage Bottom 30 0.147 Foam part
Fuselage Top 30 0.115 Foam part
Winglets 30 0.021 Foam part
Wings 90 0.931 Reinforced foam part
Motor 6500 0.378 At the engine mount (rear fuselage)
Payload 600 1.183 In mid fuselage compartment
Total mass 3.68

Table 3.2: Parts modelled in CATIA for inertia calculations

Using one force and one moment as an example, this leads to:

L = 1
2ρV 2S CL(α, β, u, p, q, r, α̇, β̇, ξ, η, ζ, Ma, Re, . . . )

M = 1
2ρV 2ScCm(α, β, u, p, q, r, α̇, β̇, ξ, η, ζ, Ma, Re, . . . )

Using a first-order Taylor approximation for the dimensionless coefficient, this leads to
the usual notation with derivatives (all forces and moments in stability axes). Note that
all higher order derivatives are not part of this model!

For example:

L = 1
2ρV 2S(CL0 + CLαα + CLq

c

2V
q + CLα̇

c

2V
α̇ + CLηη) (3.1)

For readability, this equation has already been shortened with the simplifications derived
in the following sections.

3.2.1 Stability and Control Derivatives
In eq. (3.1), the concept of derivatives has already been used. The idea behind this
concept is very easy: the influence of a physical property such as the pitch rate on a
system response such as the pitching moment is modeled as a linear function. This way,
each cause and effect can be modeled easily. These derivatives can be further divided
in stability derivatives (influence of the flight state on the flight, see table 3.3) and
control derivatives (influence of control inputs on the aircraft, see table 3.4)

The control derivatives are out of scope of this thesis and the ζ-derivatives do not
exist due to the missing rudder. Also note that the position and attitude of the aircraft
(x0, y0, z0, Φ, Θ, Ψ) has no influence on the derivatives.

Several of these derivatives can be omitted, see table 3.5
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1 u α β p q r α̇ β̇

L CL0 CLu CLα CLβ
CLp CLq CLr CLα̇ CLβ̇

D CD0 CDu CDα CDβ
CDp CDq CDr CDα̇ CDβ̇

m Cm0 Cmu Cmα Cmβ
Cmp Cmq Cmr Cmα̇ Cmβ̇

Y CY0 CYu CYα CYβ
CYp CYq CYr CYα̇ CYβ̇

l Cl0 Clu Clα Clβ Clp Clq Clr Clα̇ Clβ̇

n Cn0 Cnu Cnα Cnβ
Cnp Cnq Cnr Cnα̇ Cnβ̇

Table 3.3: All stability derivatives

ξ η ζ δT

L CLξ
CLη CLζ

CLδT

D CDξ
CDη CDζ

CDδT

m Cmξ
Cmη Cmζ

CmδT

Y CYξ
CYη CYζ

CYδT

l Clξ Clη Clζ ClδT

n Cnξ
Cnη Cnζ

CnδT

Table 3.4: All control derivatives

1. u-derivatives are a function of Mach number, Reynolds number and aeroelasticity.
The Mach effects are neglible for the slow X8 aircraft, Reynolds number effects are
typically neglected [18, sec. 5.3] and aeroelasticity is not taken into account because
X8 is assumed to be rigid within this work.

2. β, p, r, β̇ do not have any influence on L, D, m (longitudinal decoupling)

3. α, q, α̇ do not have any influence on Y , l, n (lateral decoupling)

4. β̇-derivatives are usually neglected: according to Etkin and Reid [18] these deriva-
tives are only important in high subsonic velocity. However, the methods described
later do allow for determining this derivative at no additional effort, so they are
calculated nonetheless.

This can also be done for the control derivatives, but since this is out of scope this is not
done here. This leaves 24 derivatives to be determined, that are written in table 3.6.

The stability derivatives can be further grouped:
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1 u α β p q r α̇ β̇

L CL0 (1) CLα (2) (2) CLq (2) CLα̇ (2)
D CD0 (1) CDα (2) (2) CDq (2) CDα̇ (2)
m Cm0 (1) Cmα (2) (2) Cmq (2) Cmα̇ (2)
Y CY0 (1) (3) CYβ

CYp (3) CYr (3) (4)
l Cl0 (1) (3) Clβ Clp (3) Clr (3) (4)
n Cn0 (1) (3) Cnβ

Cnp (3) Cnr (3) (4)

Table 3.5: Stability derivatives with simplifications. Numbers indicate the reason why a derivative can be
omitted and correspond to the enumeration in section 3.2.1

1 α q α̇

L CL0 CLα CLq CLα̇

D CD0 CDα CDq CDα̇

m Cm0 Cmα Cmq Cmα̇

1 β p r

Y CY0 CYβ
CYp CYr

l Cl0 Clβ Clp Clr

n Cn0 Cnβ
Cnp Cnr

Table 3.6: Stability derivatives of the decoupled model

Static derivatives

are those derivatives that are dependent on α and β, and can easily be determined by
a so-called sweep as described in detail in section 4.1.1. These derivatives describe the
static stability of the flight, for example that after an AOA-perturbation the AOA returns
to the steady state within some time.

However, since the model as described above is not sufficient for α & 8◦, the typical
non-linear approach is used for the static derivatives:

CL = CL(α) (3.2)
CD = CD(α) (3.3)
Cm = Cm(α) (3.4)
CY = CY (β) (3.5)
Cl = Cl(β) (3.6)
Cn = Cn(β) (3.7)

Quasi-static derivatives

are those derivatives that depend on the roll, pitch and yaw rates p, q, r. These derivatives
are important because they describe the damping of oscillations. They are called quasi-
static because with reasonable precision at lower oscillation frequencies, the causes and
effects of these derivatives can be assumed to be instantaneous (e. g. the vortex field
perturbation from the main wing has instantaneous effects on the horizontal tail). These
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derivatives also have a large impact on steady state flight, in particular a steady horizontal
circle: Since the flight path azimuth rate (turn rate) χ̇ is a vector addition of pitch rate
and yaw rate ((0, 0, χ̇)T

g = (0, q, 0)T
a + (0, 0, r)T

a ) and because za is not parallel to zg if
Φ 6= 0, the pitch rate is constant but not zero in coordinated (β = 0) horizontal stationary
flight. Most literature provides simplified analytical methods to determine the quasi static
derivatives.

The effect of a positive pitch rate (nose goes up) is a locally reduced AOA in the
forward facing part of the airfoil and a locally increased AOA in the rear part. This can
also be seen as a “virtual camber” that is imposed on the existing airfoil. This camber
increases lift for positive pitch rates (⇒ CLq > 0). A cambered airfoil also has a negative
pitching moment [49, ch. 2], which explains the very important pitch damping Cmq < 0:
a positive pitch rate causes a negative pitching moment. This moment counteracts the
pitching motion.

The literature usually neglects the influence of the pitch rate on drag (CDq) [18, 46].
For this reason, there is no typical way to model drag with a nonzero pitch rate. Such a
model requires a model for the AOA-dependent drag CD(α). Unlike the lift, a linear drag
model CD(α) ≈ CD0 + CDαα is not sufficient, because drag is highly nonlinear. A model
using induced and parasitic drag can be constructed and requires a realistic assumption
about lift, e. g. the one used in eq. (3.18).

CD = CD0︸︷︷︸
parasitic drag

+ CDi︸︷︷︸
induced drag

+ c

2V
CDqq (3.8)

CDi
= C2

L(α)
πe0Λ

= (CLαα + CL0)2

πe0Λ
(3.9)

=
(CLαα)2 + 2CLαCL0α + C2

L0

πe0Λ
(3.10)

with α = αA sin(ωt) and q = αAω cos(ωt) it is now possible to assemble the model:

CD = CD0 +
(CLααA sin(ωt))2 + 2CLαCL0αA sin(ωt) + C2

L0

πe0Λ
+ c

2V
CDqαAω cos(ωt)

(3.11)
Unfortunately, neither this nor similar models did result in a realistic curve fit for the

system identification. However, since the pitch rate dependent drag is usually assumed to
be insignificant and not important from a flight mechanics perspective (as long as enough
thrust is available), it was decided to not investigate this matter further.

Dynamic derivatives

depending on the AOA and AOS rates(α̇, β̇) are caused due to instationary perturbations
of the airflow. They cannot be modeled by any static approximations and can never be
seen as instantaneous. These derivatives are only important for fully dynamic flight and
never in any stationary flight condition.
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3.2.2 Final Model
The fully linearized model inherently does not allow for non-linearities, important for
drag as well as near stall. For this reason, the first-order linearization in α and β is not
done:

L = 1
2ρV 2S(CL(α) + CLq

c

2V
q + CLα̇

c

2V
α̇) (3.12)

D = 1
2ρV 2S(CD(α) + CDq

c

2V
q + CDα̇

c

2V
α̇) (3.13)

m = 1
2ρV 2Sc(Cm(α) + Cmq

c

2V
q + Cmα̇

c

2V
α̇) (3.14)

Y = 1
2ρV 2S(CY (β) + CYp

b

2V
p + CYr

b

2V
r + CYβ̇

b

2V
β̇) (3.15)

l = 1
2ρV 2Sb(Cl(β) + Clp

b

2V
p + Clr

b

2V
r + Clβ̇

b

2V
β̇) (3.16)

n = 1
2ρV 2Sb(Cn(β) + Cnp

b

2V
p + Cnr

b

2V
r + Cnβ̇

b

2V
β̇) (3.17)

From a simulation point of view, this does not complicate the model much, because
the functions in α can easily be acquired with an α-sweep and interpolation. If required,
the nonlinear term can easily be linearized at a trim point later.

By dividing the function by the constant factor before the parentheses, the equivalent
coefficient notation can be found, here done exemplarily with lift:

CL = CL(α) + CLq

c

2V
q + CLα̇

c

2V
α̇ (3.18)

3.3 Stability and Control of a Flying Wing
Flying wings are rigid fixed-wing aircraft and as such subject to the same flight principles
as conventional aircraft with an empennage. However, while the stability and control
generally follows the same principles, the causes for the effects often differ significantly.
At this point, a short summary of the flight mechanics of flying wings is given.

Obviously, the tailplane assembly with horizontal and vertical stabilizer is missing.
This has a major impact on pitch and yaw stability, but only minor impact on roll.

3.3.1 Longitudinal Stability
Static Pitch Stability

Static pitch stability means that after a perturbation of the AOA, for example a nose-
up movement, the pitching moment counteracts this deviation from the trim point. For
this reason, a necessary condition for static pitch stability is Cmα < 0. For cambered
airfoils, e. g. NACA 2412, this condition is usually not met. This requires stabilizing
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3 Development Platform and Flight Mechanics

measures, such as the horizontal tail assembly. This tail normally generates a down-force
in static trimmed flight. If the AOA is increased because of a perturbation, then the wing
generates more positive lift and the tail generates less negative lift. Because of the long
lever arm of the horizontal stabilizer, this means a net pitch down moment, so that the
plane returns to its trim point.

A backward sweep has a similar stabilizing effect. A backward sweep can be interpreted
as a very far-forward horizontal stabilizer that is blended into the wing[42, fig. 1.2.2]. A
similar theory can be applied to canard aircraft and forward sweep, but is not of much
practical use. With a backward sweep, it is also possible to emulate the high lift “wing”
and low/negative lift “tail”, by using an airfoil that generates high lift in the forward/inner
part of the wing, and a airfoil with low lift at the outer parts. This can either be done
by geometric means (varying angle of incidence, also called twist or washout), and/or by
aerodynamic means, i. e. different airfoils at the root and tips. Washout also is used in
many conventional aircraft to shape the flight behaviour, e. g. to achieve a docile stall
behaviour.

A common misconception is that flying wings require a reflex-cambered profile, but
this is actually not necessary. A reflex-cambered airfoil is inherently stable and therefore
indeed of interest, but as described above, it is possible to stabilize a flying wing with
traditional airfoils as well.

Dynamic Pitch Behaviour

The dynamic behaviour in pitch is dominated by Cmq and Cmα̇ . An explanation that
describes why Cmq is nonzero for a flying wing was already provided in section 3.2.1.
Compared to a conventional aircraft, the absolute value of Cmq is lower, which leads to
the rather unique problem that the short period oscillations are of actual concern [42,
sec. 3.5]. This is particularly prominent in model aircraft, but also caused the early
retirement of Akaflieg Braunschweig’s SB 13 flying wing glider [1], which was difficult to
handle in gusty weather. The phugoid oscillation frequency is approximately independent
of any aerodynamic factors [22, sec. 5.2.2], and the phugoid damping a function of the
L/D ratio, which in return is not significantly changed for flying wing. Additionally,
the phugoid is very slow and can easily be compensated for by the pilot, making it a
secondary issue in both conventional and flying wing aircraft.

3.3.2 Lateral Stability
Yaw Stability (Weathercock Stability)

The weathercock stability describes the aircraft’s tendency to reduce the AOS β by
turning the nose into the wind, so that the whole aircraft behaves similar to a wind vane
or weathercock. In a pure flying wing, especially without sweep, this stability is difficult
to achieve. This problem is intensified if the aircraft lacks effective yaw control (see also
section 3.3.4).
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Figure 3.1: Positive skid-yaw moment with
sweep and winglets

The easiest way to achieve yaw stabil-
ity is by the use of a vertical stabilizer
aft of the center of mass. If the aircraft
uses swept wings, this vertical stabilizer
can also be built as a winglet. X8 has two
large winglets.

However, due to the short lever arm lT
compared with a conventional aircraft, the
effectivity of the winglets is relatively lim-
ited.

Backward sweep also has a stabilizing ef-
fect: The forward-facing wing has a larger
lever arm on which the drag acts, so the
sideslip is reduced.

Both effects can be seen in the illustra-
tion (fig. 3.1), where lL > lR and lT 6= 0

Dihedral Effect

The dihedral effect is similar to the weath-
ercock stability insofar, as it also describes
the aircraft’s tendency to reduce the AOS
– but instead of yawing into the airflow, a plane with a significantly dihedral effect will
roll away from the slipstream. Assuming a positive AOS (wind from the right), the plane
will then roll to the left, effectively converting the AOS into an AOA. The dihedral effect
is mostly governed by the wing’s dihedral angle as well as the sweep angle. It is therefore
not significantly different for conventional and tailless aircraft. A tail only has a signifi-
cant influence on the dihedral effect if its center of pressure is far away from the aircraft’s
x-axis [18, sec. 3.12].

Dynamic Lateral Stability

There are no significant differences between flying wings and conventional aircraft for the
p and r-derivatives. Refer to any flight mechanics textbook [18, 22] for details. Some
values may be slightly lower or higher than usual, but the general tendencies and orders
of magnitudes should be the same, giving an relatively minor impact on flight dynamics.

3.3.3 Longitudinal Control
Flying wings are usually controlled with elevons, i. e. combined elevators and ailerons.
For longitudinal control, this has a few additional challenges compared to conventional
elevators. Most notably, the control lever arm is short, especially if the aircraft has little to
no sweep, resulting in relatively low control moments – a factor that is partially mitigated
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by the similarly reduced moment of of inertia around the pitch axis and relatively low
pitch stability. A second important effect is that a nose-up elevator input results in a “de-
cambering” of the airfoil and thus a reduced CL at a given AOA. This is most noticeable
in high lift situations, for example during landing.

This effect is amplified by the fact that flaps, which induce a down-pitching moment,
often can not be used: the required negative elevator input would compensate for the
gained lift by reducing the lift in the outer parts of the wing. It is possible to use flaps
together with high sweep angles by utilizing the different lever arms of the inward flaps
and outward elevons, but the general problem still persists: flying wings have unfavorable
characteristics in high-lift situations by “de-cambering” the wing.

3.3.4 Lateral Control
Much more challenging and unique compared to the longitudinal control is the lateral
control. There are several problems encountered here:

Yaw Control in true flying wings without vertical surfaces, such as all of Horten’s air-
craft or the Northrop B-2 Spirit can only use passive means (relying on the yaw stability)
or drag rudders. Relying on passive stability is only possible with relatively high yaw
stiffness. X8 uses its large winglets for flight without direct yaw control.

Roll Control in itself is not different than in conventional aircraft. However, the ad-
verse yaw, mostly a nuisance in conventional aircraft, can be a real problem with flying
wings [42, sec. 4.4]. Adverse yaw is the effect that after an aileron deflection the air-
craft’s nose travels in the opposite direction. The reason is that the downward facing
(outer) aileron has a higher induced drag than the upward facing (inner) aileron, pulling
the nose outward. This in return causes a sideslip angle, that – if the plane has a high
skid-roll-moment Clβ – can render the ailerons all but useless.

Typical measures to reduce adverse yaw used in conventional aircraft are not possible
in flying wings: Differential aileron deflection (the up-going aileron is deflected more than
the down-going) in any aircraft creates a pitching moment. Normally, this can easily be
compensated for by a elevator deflection, but elevon aircraft this elevator deflection would
negate any differential aileron deflection. Other measures such as the Frise-nose aileron or
far-forward CG may help, but implicate other disadvantages. For example, the Frise-nose
aileron, which is basically a aileron with a built-in spoiler that is only effective during
upward aileron deflections, would produce yaw in the wrong direction during inverted
flight and is therefore unsuitable for aerobatics [42, sec. 4.4].
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4 System Identification: Determining
the Stability Derivatives
Placeholders are used within this section for formulae to increase readabil-
ity. Unless otherwise noted, these formulae are written for one force as a
placeholder for all other applicable forces. For example,

CL(t) ≈ CL0 + CLαα(t) + CLq

c

2V
q(t) + CLα̇

c

2V
α̇(t)

is a placeholder for the equivalent formulae for CD, Cm, CY , Cl and Cn as
well. If this notation is not reasonable such as in tables, then C(·) is used
instead.

In section 3.2 the linearized 6-DOF model and the concept and notation of stability and
control derivatives was already introduced. In this chapter, the results of the previous
work on ice shapes (chapter 2) are combined with established numerical methods to
determine the stability derivatives for the clean and iced case.

There are four basic approaches to determine the derivatives of an airplane:

1. Flight tests

2. Wind tunnel tests

3. Simplified analytical methods

4. Numerical methods

Flight tests are probably the most realistic way to find the aircraft’s behaviour. How-
ever, they have several major drawbacks:

• They require a physical aircraft (mostly a problem during the development phase
of a new aircraft and if flights are very expensive)

• Especially in challenging flight conditions, such as with iced aircraft, the cost and
risks associated may be too high. Flying outside the established flight envelope
risks losing the aircraft
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• The full aircraft state is usually not measurable. It may be difficult to distinguish
between a commanded reaction and a reaction from a wind gust, for example.
Measurement noise and uncertainties such as wind may require substantial post-
processing work and may make data analysis difficult

For these reasons, flight tests are invaluable at the end of the development process during
verification and certification, but of limited use during early development stages.

Wind tunnel tests are well-established and relatively simple, especially considering that
the small scale and low speeds of UAVs make scaled experiments unnecessary. They are
easily repeatable and allow experiments in actual icing conditions [28], but require con-
siderable effort for test setup and calibration, as well as experienced personnel, especially
with more uncommon test setups such as the icing wind tunnel. Their main drawback is
that almost always only static data, i. e. forces and moments as functions of α, β, ζ, η, ξ,
but not p, q, r, α̇, β̇, . . . , is generated. It is possible to generate dynamic data with wind
tunnel experiments [41], but this is not typically done and the required equipment and
knowledge is not always available.

Simplified analytical methods such as the methods introduced by Etkin and Reid [18]
or Roskam [47] have the major advantage that they require little knowledge about the
platform (which is useful for preliminary sizing of aircraft), almost no computational
power and no special equipment. Etkin and Reid list methods to determine all static,
quasi-static and dynamic derivatives apart from the β̇-derivatives with varying degrees
of simplifications and assumptions. Their main disadvantage is that they all have severe
limitations or model assumptions that need to hold true. Such assumptions may include:

• Tailed aircraft

• Zero AOA

• Attached airflow

• Thin airfoils

• Infinite wingspan

Many of these models assume that the aircraft consists of only the wing and the tail
(if applicable) and ignore the fuselage. Some of these methods are applicable to flying
wings [17].

Due to the required model simplifications, these methods were deemed as not applicable
to iced aircraft, as the airflow situation in icing conditions differs significantly from the
ideal attached airflow that these methods require.
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4.1 Determining the Stability Derivatives using Numerical Tools

Numerical tools can be subdivided into relatively simple tools such as XFOIL and
XFLR5 and complex CFD tools such as ANSYS.

XFOIL is a 2D analysis tool, XFLR5 is based on XFOIL, but among other improve-
ments can also solve 3D-problems. XFLR5 is deemed to be rather precise for simple
problems [25, 14] but has severe limitations [15] that make it unsuitable for the complex
iced airfoil shapes. According to the XFLR5 manual, the user should “limit the analysis
to conditions of limited flow separation” and the user should “use XFLR5 to get orders of
magnitude, trends, and to understand sensitivity to design parameters”, not for precise
predictions. Particularly the first limitation makes XFLR5 unsuitable for the desired ap-
plication. The main advantages of XFLR5 are the relative ease of application that makes
it useful for amateurs, and that it does not require significant computational resources
and can be run on consumer hardware.

ANSYS is a professional software suite capable of complex CFD calculations. The
module used here, FENSAP-ICE, contains the solver FENSAP. To obtain the airflow
solution, FENSAP solves the unsteady compressible Reynolds-averaged Navier-Stokes
equations [57], which require an additional turbulence model. For this, either the Spalart-
Allmaras or the k-ω-SST turbulence model can be selected. The disadvantage of FEN-
SAP is that it requires significant preparation and experience to obtain realistic results,
and very powerful computers. Static two-dimensional calculations can realistically be
done on desktop hardware, but the time-dependent and three dimensional simulations
should be solved on a high-performance cluster to achieve reasonable computation times.
Compared to the simplified analytical and numerical tools, CFD requires diligent and
extensive preparation and validation to ensure correct results.

4.1 Determining the Stability Derivatives using
Numerical Tools

With a powerful computer available and trained personnel for numerical simulations, the
risk-free CFD-methods are the most appropriate way to determine the system’s behaviour
in icing conditions and is therefore used here.

4.1.1 Determining the Static Behaviour using CFD
By running static CFD simulations, where the AOA and AOS are varied in steps of one to
two degrees from low to high values and the resulting forces and moments are calculated,
the static behaviour can be determined. This is often called a “AOA sweep” and “AOS
sweep”, respectively. In case of the AOA this is done until stall, while for the AOS, 10°
is seen as the maximum realistic value. The forces and moments determined at these
static, discrete points, can then be used for the simulator using a simple interpolation.
Additionally, the linearized model (e. g. CL(α) ≈ CLαα + CL0) can be determined by a
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linear regression after the values that are clearly beyond the linear range (onset of stall)
are removed.

4.1.2 Determining the Derivatives using CFD-ALE
Computational Fluid Dynamics with Arbitrary Lagrangian-Eulerian (CFD-ALE) meth-
ods allow instationary calculations of forces and moments on three-dimensional aircraft,
i. e. are not limited to two dimensional and stationary effects. They also allow viscid,
turbulent flow with arbitrary detachment and are therefore much more precise – espe-
cially for higher AOAs – than XLFR5. CFD-ALE also allows arbitrary airfoil shapes,
a necessary precondition to model icing conditions. For stationary CFD calculations,
normally a fixed mesh consisting of discrete control volumes, is created (Eulerian simu-
lulation). Within these control volumes, the flow is solved in a iterative process, where
the boundary conditions (mass and energy conservation, no flow through solid surfaces,
. . . ) are approximated. ALE methods expand this model by moving the mesh relative to
the airflow [31]. Previous work by Murman [39] has shown that determining the system
response to a single reduced frequency is often precise enough and much less computa-
tionally expensive than a full time-dependent simulation which attempts to resolve all
frequency modes. that was simplified for the special case of longitudinal pitching oscil-
lations by Schmidt and Newman [50]. Reduced frequency refers to a nondimensionalized
frequency

k = ωc

2V
(4.1)

with the oscillation frequency ω, the chord length c (in two-dimensional cases c, in three-
dimensional cases the mean aerodynamic chord (MAC) cM is used instead) and the free
stream velocity V . This number serves as a measurement of the “unsteadiness” of the
problem. The model from eqs. (3.12) to (3.17) is only valid if the derivatives are constant.
With reasonable precision, this is true for all stationary and quasi-stationary derivatives,
but not for the α̇-derivatives, which are inherently dependent on k [18, sec. 5.5].

With the instationary CFD-ALE simulations, the aircraft’s flight on the desired trajec-
tory is simulated, and the aircraft’s response is calculated. This is similar to wind tunnel
tests, where the aircraft is fixed “on rails” and the outside forces and moments that are
applied to the structure are measured. Note that the control surfaces are in neutral po-
sition all the time and not used to generate the necessary flight paths and therefore the
control derivatives are not determined.

The linearized flight model from chapter 3 has three (α, α̇, q-derivatives) or four (β, β̇,
p, r-derivatives) degrees of freedom, respectively, but the forced oscillation only two (the
motion itself and its derivative). For this reason, there is a linear dependency between
the parameters determined by the curve fitting. By choosing the flight path as described
in section 4.1.2, this linear dependency can be resolved and all 15 instationary derivatives
can be determined. The curve fitting also determines the linearized static behaviour (e. g.
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Figure 4.1: Exemplary illustration of the forced oscillation approach

CL(α) ≈ CL0 + CLαα), but this can be more easily and more precisely determined by the
α and β sweep as described in section 4.1.1.

When forced into an oscillation, the system will respond with the corresponding forces
and moments. Using a curve fitting process and an appropriate model function, the
influences of the oscillation and its derivative can be determined. In this work, a linear
model function is used, which also means that the resulting force or moment must be
a linear combination of the oscillation and its derivative, i. e. a relatively undistorted
sinusoid function. See fig. 4.1 for an illustration of this process. If the resulting function
is distorted, the curve fitting process will have a bad curve fit and the values determined
in the curve fitting are not reliable (see section 4.3.5).

In the following descriptions a pure sine exciting function is assumed. All oscillations
have a mean value (e. g. α0), an amplitude (e. g. αA), and a frequency ω, so for the AOA
the exciting function would be α(t) = α0 + αA sin(ωt).

Test Cases – Longitudinal

The three parameters in the longitudinal motion are α, α̇, q, which can be changed by
either a pitching motion (i. e. changing the pitch angle Θ), or a translational plunging
motion around the aircraft’s body-fixed z-axis.

These three cases are illustrated in fig. 4.2. Note that in the first and third case, a
mean AOA of zero degrees is illustrated – this is a special case: both cases can have a
nonzero mean AOA. The blue arrows indicate the air stream velocity, the red arrows the
body-fixed x-axis and the grey dotted line the flight path. The angle between the red
and blue arrows is the AOA.
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(a) Pure pitching with q = α̇ 6= 0

(b) Pure plunging with q = 0, α̇ 6= 0

(c) Pitch-plunging with q 6= 0, α̇ = 0, α = 0

Figure 4.2: Illustration of the three longitudinal flight paths

Case a: Pure pitching motion In this case, the aircraft pitches on a horizontal flight
path without changes in flight altitude/vertical velocity.

Θ(t) = α(t) = α0 + αA · sin(ωt) (4.2)
⇒ q = Θ̇ = αA · ω · cos(ωt) (4.3)
⇒ α̇ = αA · ω · cos(ωt) (4.4)

From comparing eq. (4.3) and eq. (4.4), it is obvious that α̇ = q. Therefore only a
combined damping derivative CLdamp can be determined:

CL(t) ≈ CL0 + CLαα(t) + CLq

c

2V
q(t) + CLα̇

c

2V
α̇(t) (4.5)

CL(t) ≈ CL0 + CLα · α(t) + (CLq + CLα̇)︸ ︷︷ ︸
CLdamp

c

2V
α̇(t) (4.6)

CL(t) ≈ CL0 + CLα · (α0 + αA sin(ωt)) + CLdamp

c

2V
ω︸ ︷︷ ︸

k

αA cos(ωt) (4.7)

Since CLdamp is assumed to be constant, the phase difference between the exiting func-
tion and the system response is directly dependent on k. Choosing a too low value of k
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for the simulations therefore results in a very small phase lag that is difficult to resolve in
the fitting process. Choosing a too high value of k violates the assumption of the model
(k � 1) and leads to wrong results.

Case b: Pure plunging motion In this case, the pitch angle Θ is kept constant and
the AOA α = arcsin(w/V ) ≈ w/V is varied by changing the vertical velocity.

Θ(t) = Θ0 (4.8)

α(t) = wA

V
· sin(ωt) = αA,equiv. · sin(ωt) (4.9)

⇒ q = 0 (4.10)
⇒ α̇ = αA,equiv. · ω · cos(ωt) (4.11)

Therefore, the q-derivative is undefined and only the α̇-derivative is determined:

CL(t) ≈ CL0 + CLα · α(t) + CLα̇

c

2V
α̇(t) (4.12)

Case c: Combined pitching and plunging motion In this case, the AOA is kept
constant by plunging down when the UAV is pitched down. The plunging velocity is
chosen so that the increase in AOA from the down-motion is equal to the decrease of
AOA from the pitch down-motion – and vice versa.

Θ(t) = Θ0 + ΘA sin(ωt) (4.13)
w(t) = wA sin(ωt) ⇒ αequiv(t) = αA,equiv. · sin(ωt) (4.14)

⇒ α(t) = α0 + (ΘA + αA,equiv.)︸ ︷︷ ︸
=0

sin(ωt) (4.15)

⇒ q = ΘAω cos(ωt) (4.16)

In this case, the AOA is kept constant, which means that the terms CL0 and CLαα
are linearly dependent and cannot be determined by the curve fitting process. Only the
q-derivative can be determined.

CL(t) = CL0 + CLαα︸ ︷︷ ︸
const.

+CLq

c

2V
q(t) (4.17)

Test Cases – Lateral

The lateral test cases are very similar to the longitudinal cases, except in all cases the
mean AOS is zero (β = 0), and that there are four properties/derivatives for each of the
three forces and moments. Only the exciting functions are given here. The side force Y
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is used as place holder for the roll moment l and yaw moment n. A sidewards motion
(equivalent to the plunging described above) is called “traversal” here. For symmetry
reasons, the constant factors CY0 , Cl0 , Cn0 should all be zero. To improve the curve fitting
process, these factors are included in the model, but the numerical values determined by
the fit are always very small.

Case d: Pure Yawing In this case, the AOS is time-dependent and the yaw rate is equal
to the change in AOS β̇. Similar to case a, only a combined derivative CYdamp = CYr +CYβ̇

can be determined.

β(t) = βA sin(ωt) (4.18)
β̇(t) = βAω cos(ωt) (4.19)

r = β̇(t) (4.20)

CY (t) = CY0 + CYβ
β(t) + CYdamp

b

2V
β̇(t) (4.21)

Case e: Pure Traversal In this case, the AOS is time dependent and the yaw rate is
zero. With the side-velocity amplitude vA, the equivalent AOS is βA,equiv. ≈ vA/V

β(t) = βA,equiv. sin(ωt) (4.22)
β̇(t) = βA,equiv.ω cos(ωt) (4.23)

r = 0 (4.24)

CY (t) = CY0 + CYβ
β(t) + CYβ̇

b

2V
β̇(t) (4.25)

Case f: Yawing and traversal In this case, the AOS is zero and the yaw rate is nonzero

β(t) = β̇ = 0 (4.26)
r(t) = βAω cos(ωt) (4.27)

CY (t) = CY0 + CYr

b

2V
r (4.28)

Case g: Pure rolling In this case, the AOS is zero and the roll-rate is time-dependent.

β(t) = β̇ = 0 (4.29)
p(t) = pAω cos(ωt) (4.30)

CY (t) = CY0 + CYp

b

2V
p (4.31)
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4.2 Results

Function C(·)α/β

clean
C(·)0

clean
C(·)α/β

iced
C(·)0

iced

CL(α) 4.06 0.03 3.26 0.01
Cm(α) −0.61 0.00 −0.32 0.00
CY (β) −0.27 0.00 −0.23 0.00
Cl(β) −1.01 × 10−1 0.00 −8.61 × 10−2 0.00
Cn(β) 2.97 × 10−2 0.00 3.48 × 10−2 0.00

Table 4.1: Parameters for linearizations of AOA and AOS dependencies

4.2 Results

4.2.1 Static Derivatives
Using AOA and AOS sweeps, the static aircraft behaviour was determined as described
above. To test the assumption of decoupled longitudinal and lateral motion, the AOS
sweeps also include the longitudinal forces and moments L, D and m, which are not used
for the flight simulations.

The results of the static sweeps are shown in fig. 4.3 and table 4.1. As expected from
the previous work on severe icing [30], the lift coefficient is severely reduced by approx.
50%, drag is roughly tripled. Of high concern for the flight quality is the marginal static
stability in the iced case for medium AOAs, where an increase in AOA virtually has no
additional down-pitching moment (Cmα ≈ 0 for 3° . α . 8°).

The lateral behaviour is relatively unaffected. Static roll stability (Clβ ) is slightly
reduced, as is the side force coefficient. The static yaw stability (weathercock stability,
Cnβ

) is increased in the iced case. The reason for this could be that due to the wing’s
sweep, the forward facing wing has a larger drag than the rearward wing – and with iced
wings, this difference between the leading and trailing wing is amplified, leading to a
higher yaw stiffness. X8 has no rudder, so a high yaw stiffness is very positive, because
the inevitable side slip after an aileron input is then reduced sooner.

The cross-coupling sweeps CL(β), CD(β), Cm(β) as shown in fig. 4.4 mostly support
the assumption of independent longitudinal and lateral coefficients. Even the changes
to the most affected coefficient Cm are negligible when being compared to an equivalent
change in AOA: the change in pitching moment in the iced case at 10° AOS is less than
the change of 1° AOA.

4.2.2 Quasi-Static and Dynamic Derivatives
All simulations have been conducted with an amplitude of 2° and a frequency of 2 Hz,
which is equivalent to k = 0.13 at a free stream velocity of 17 m/s for the given geometry
with cM = 0.35 m. All simulations have been performed at a low AOA of 2° and at a
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Figure 4.3: Static longitudinal and lateral behaviour, clean and iced. Parameters of fitted
curves in table 4.1
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Figure 4.4: Lateral-longitudinal couplings
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Derivative Clean
Low AOA

Iced
Low AOA

Clean
High AOA

Iced
High AOA XFLR5

CLq 4.64 -3.31 (4.60) -3.51 3.87
CLα̇ -1.89 3.27 (-0.25) 5.43
CLdamp 2.65 0.20 2.89 2.24
Cmq -2.00 -2.00 (-0.29) -2.12 -1.3
Cmα̇ 0.63 -0.63 (-1.35) 1.13
Cmdamp -1.32 -2.65 -1.50 -0.99

Table 4.2: Comparison of the longitudinal derivatives at all four points

Derivative Clean Iced XFLR5
CYβ̇

-0.023 -0.034
CYp -0.185 -0.133 -0.137
CYr 0.005 0.002 0.084
CYdamp -0.042 -0.038
Clβ̇

0.028 0.123
Clp -0.409 -0.407 -0.404
Clr 0.039 0.158 0.056
Cldamp -0.010 -0.026
Cnβ̇

-0.011 -0.029
Cnp 0.027 0.017 0.004
Cnr -0.022 -0.049 -0.012
Cndamp 0.011 0.018

Table 4.3: Comparison of all instationary lateral derivatives

high AOA of 8°, which is close to the stall angle for the iced case. The curve fitting
also determines static derivatives, but these are not listed because the sweeps from the
previous section are more precise. The XFLR5 data is, where available, listed and taken
from Gryte et al. [25].

8° AOA was chosen because it is slightly below the stall AOA in the iced condition.
Going closer to stall means higher non-linearities, and thus potentially a worse curve
fitting, which inherently requires a linear model.

The simulations have been conducted at an estimated CG of 425 mm behind the UAV’s
nose. On the other hand, XFLR5 and wind tunnel tests have assumed 440 mm CG
position. The reason for this is that Gryte et al. have estimated 440 mm in preparation
for their tests, but then realized that this leaves very little stability margin and also does
not really agree with the flight test results. For this reason, the simulations have now
been done with an apparently more realistic CG, but for comparison the pitching moment
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4.3 Verification

has to be recalculated to the same reference point.
The longitudinal results as presented in table 4.2 are inconclusive. They show no clear

correlation between clean and iced, nor between low and high AOAs. For the important
pitch damping derivative Cmq , we see that the iced cases and the low AOA clean case are
very similar. The high AOA case shows nonlinear behaviour and thus a poor curve fit, so
this data is unreliable. The values determined by a poor fit are written in parentheses.

The large changes in the quasi-static lift derivative CLq from the clean to the iced case
may be explained by the fact that the additional lift that would ordinarily be generated
by the warped airflow with a pitch rate can not be delivered anymore. A partial stall
with the corresponding decrease in lift could be a consequence and would explain the
negative lift derivative.

The lateral results, all determined at a low AOA, partially can be well explained, while
others are more surprising. For example, the increase in Cnr can probably be easily
explained: During a yawing motion, the slower, inner wing has less drag due to the
lower dynamic pressure. Since the difference in drag is higher for the iced aircraft, this
results in a yawing moment that reduces the yaw rate and tries to return the two wings
to equilibrium. In contrast, the increase in yaw-rate induced roll Clr is more surprising.
The slower, inner wing produces less lift due to the lower dynamic pressure and a roll
moment is the result. According to Etkin and Reid [18], this roll moment is proportional
to CL in undisturbed flight, a factor that is slightly decreased for the wing at α = 2°.

A higher (absolute) value of the derivatives is not necessarily better, for example an
excessive damping could also lead to sluggish flight behaviour. For this reason, no attempt
of a qualitative assessment of the instationary derivatives is made here. Rather, the
consequences of changes to the instationary derivatives are be investigated using flight
simulations with and without changes to the controllers in the following chapter. The
importance of these derivatives also depends on the flight platform. For example, a high
yaw rate induced roll moment (Clr) may be desired in a plane without ailerons where the
bank angle only is a result of rudder input – whereas in typical tailed aircraft with ailerons
and rudder such behaviour might be not desired because compensation with ailerons is
required in stationary curved flight.

4.3 Verification
Since flight data verification was not possible due to time constraints, other possibilities
have to be found. Apart from comparing the data with the numerical results from XFLR5,
there is also the possibility to simulate additional test cases for which experimental data
can be found in the literature.

A selection of possible verification methods has been identified and will be performed
here. In no particular order:

• Comparison of dynamic CFD-ALE simulations with XFLR results
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4 System Identification: Determining the Stability Derivatives

• Comparison of dynamic CFD-ALE simulations with wind tunnel results

• Check of internal consistency: pitch-plunge/plunge derivative sum consistent with
result from pure pitch?

• Comparison with dynamic wind tunnel results from the literature

• Simulations to find dependencies (parameter study, done for the sample rate influ-
ence)

A comparison to the derivatives calculated with the simplified analytical tools such as
the ones provided by Etkin and Reid [18] is not attempted, because these methods would
either require significant modeling (q-derivatives) or are not applicable to the full X8
model (α̇-derivatives). The results would not allow any additional statement about the
X8 model.

4.3.1 Internal Consistency
Each of the test cases (pitch, pitch-plunge and plunge) determine different values by
eliminating one degree of freedom. Since the focus of this section is on the quasi-static
and dynamic derivatives CLα̇ and CLq and there are three simulations, this means that
there is redundancy.

From the pitch-plunge case, the q-derivatives are extracted, from the plunge-case the
α̇-derivatives, and the sum of these two derivatives is compared to the damping derivative
from the pitch case. Tables 4.4 and 4.5 list the values. The agreement between the
different simulations is relatively good, except in the clean high AOA case. This particular
case is discussed in detail in section 4.3.5.

4.3.2 Influence of the Sample Rate
As in every time discrete application, the sample rate is very important. According to
the Nyquist-Shannon sampling theorem, the sampling rate has to be at least twice the
maximum signal frequency. For a signal frequency of 2 Hz, this means sampling at at
least 4 Hz, or two samples per period. However, sampling at such low frequencies is not
feasible and the result of the curve fitting process would most likely be very poor.

On the other hand, sampling at high rates theoretically should not improve the results
but increases calculation cost substantially. Thus, a compromise with high result quality
but acceptable computational effort has to be found. During the development process, a
series of simulations both with the two-dimensional test case from AGARD-R-702 (NACA
64A010) and the full 3D-model of X8 have been created. Even at a very low sample rate
of 20 samples/period, the results are satisfactory. However, comparing the results from
the lowest sample rates (20 per period for the 2D case, 50 per period for the 3D case) to
the higher rates, shows that the results from the 100 samples per period case are closer
to that of even higher rates.
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4.3 Verification

Case CLq CLα̇ CLdamp CLsum ∆CL

X8 Clean Low AOA 4.64 -1.89 2.63 2.75 -0.12
X8 Clean High AOA 4.60 -0.25 2.89 4.35 -1.46
X8 Iced Low AOA -3.31 3.27 0.21 -0.04 0.25
X8 Iced High AOA -3.51 5.43 2.24 1.92 0.32

Table 4.4: Comparison of directly determined (“damp”) and summed (“sum”) lift deriva-
tives

Case Cmq Cmα̇ Cmdamp Cmsum ∆Cm

X8 Clean Low AOA -1.99 0.63 -1.31 -1.36 0.06
X8 Clean High AOA -0.28 -1.35 -1.50 -1.63 0.13
X8 Iced Low AOA -2.00 -0.64 -2.65 -2.64 -0.01
X8 Iced High AOA -2.12 1.13 -0.99 -0.98 0.01

Table 4.5: Comparison of directly determined (“damp”) and summed (“sum”) pitching
moment derivatives

Case Samples CLdamp ∆ Cmdamp ∆
X8 pitching clean low AOA SR 1 50 2.52 -5.62% -1.38 -3.50%
X8 pitching clean low AOA SR 2 100 2.63 -1.50% -1.42 -0.70%
X8 pitching clean low AOA SR 3 200 2.66 -0.37% -1.43 0.00%
X8 pitching clean low AOA SR 4 500 2.67 – -1.43 –
NACA 64A010 pitching DI7 SR 1 20 -9.94 5.19% -1.24 -3.88%
NACA 64A010 pitching DI7 SR 2 97 -9.46 0.11% -1.29 0.00%
NACA 64A010 pitching DI7 SR 3 481 -9.48 0.32% -1.31 1.55%
NACA 64A010 pitching DI7 SR 4 962 -9.45 – -1.29 –

Table 4.6: Comparison between the dynamic derivatives for different sample rates
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4 System Identification: Determining the Stability Derivatives

This can be seen in table 4.6. Since the static derivatives virtually don’t differ, only the
damping derivative CLq + CLα̇ is shown. The ∆ given is the deviation from the highest
available sample rate, respectively:

∆ = C(SRX) − C(SRmax)
C(SRmax) · 100%

where C(SRX) is the value that is compared and C(SRmax) is the value of the highest
available sampling rate.

The X8 test cases are a pure pitching motion at α = 2◦ ± 2◦. The three higher sample
rates are calculated in one set with identical conditions otherwise, the first calculation
was performed earlier and may contain slightly different parameters. The NACA airfoil
testcases were performed together and are identical apart from the sample rate. These
test cases correspond to the AGARD-R-702 test case DI 7 [41], which is a pure pitch
oscillation of α = 0◦ ± 0.96◦ at Ma = 0.5.

This means that the sample rate of 100 samples per period is identified as a good
compromise between highest quality results at relatively low computational cost. Since
all simulations were done at 100 samples/period, no sampling issues are expected.

4.3.3 Verification with Dynamic Wind Tunnel Results
(AGARD-R-702)

This has been done with the 2D-datasets found in the AGARD-R-702 report [41]. This
report is an aggregate report that defines ten test cases that are interesting to the authors
and summarizes other data sets at these test cases. This means that not all the data sets
that are mentioned in the tables are actually available within this report. The source
data is not available with ease and was not available for this work.

The report focuses on helicopter blades, which means that the lowest available Mach
number in the reference test cases (CT Case 1 and 2) is at Ma = 0.5. However, since this
is still well in the subsonic region, comparing results from these cases with CFD-ALE
simulations should be valid nonetheless.

This report utilizes a complex number notation for the derivatives, as is described in
the introductory section, using the pressure coefficient as example. This notation is given
by a function and derivative part:

Cm(t) = Cm + C ′
m sin(ωt) + C ′′

m cos(ωt) (4.32)

Within the document, only values that are normalized with the oscillation amplitude Φ0
are given. The two coefficients are then grouped as a complex number:

CM,α = C̄m

Φ0
= C ′

m

Φ0
+ i

C ′′
m

Φ0
(4.33)
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4.3 Verification

Please note that in this notation, the prime does not denote a derivative. Φ0 is the
oscillation amplitude, not a roll angle.

Comparing (4.32) to (4.7), using the symbols defined in this work, and grouping the
stationary parts Cm,stat = Cm0 + Cmαα0 and (Cmq + Cmα̇) = Cmdyn we get:

(4.32) : Cm(t) = Cm + C ′
m sin(ωt) + C ′′

m cos(ωt) (4.34)

(4.7) : Cm(t) = Cm,stat + Cmα · αA sin(ωt) + Cmdyn

c

2V
αAω cos(ωt) (4.35)

⇒ C ′
m = CmααA ⇔ C ′

m

αA

= C ′
m

Φ0
= Cmα (4.36)

⇒ C ′′
m = Cmdyn

c

2V
αAω ⇔ C ′′

m

αA

· 2V

cω
= C ′′

m

Φ0
· 2V

cω︸︷︷︸
k−1

= Cmdyn (4.37)

With the two eqs. (4.36) and (4.37) the data from the report and simulations can be
compared.

AGARD-R-702 test case From this report, the two test cases that are closest to the
UAV application are chosen and calculated with 2D CFD simulations. The test cases
come from Data Set 2 of this report and are assigned the Dynamic Indices DI 7 and
DI 29, respectively. These experiments are pure pitching simulations (case a) and were
calculated with the unsteady ALE approach in FENSAP. The parameters of the two test
cases can be found in table 4.7. The profile NACA 64A010 is a symmetric laminar flow
airfoil.

Property CT 1 (DI 7) CT2 (DI 29)
Profile NACA 64A010 NACA 64A010
Chord 0.5 m 0.5 m
Frequency 10.4 Hz 10.8 Hz
Mach-number 0.490 0.502
α0 -0.01◦ -0.22◦

αA 0.96◦ 1.02◦

Rotation axis 0.233 x/c 0.269 x/c
Moment ref. axis 0.25 x/c 0.25 x/c
Reynolds-number 2.52 · 106 9.98 · 106

Transition Free Free

Table 4.7: Properties used in verification simulations

These two datasets were replicated using the same CFD-ALE method and toolchain.
From these runs, the one with the highest sample rate has been chosen, but as can be
seen in section 4.3.2, this has very little impact on the calculations.
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4 System Identification: Determining the Stability Derivatives

The results of the verification simulations and literature are compared in table 4.8.
The results show good agreement for the dynamic derivatives (CLdyn,AGD ≈ CLdyn,CFD
and Cmdyn,AGD ≈ Cmdyn,CFD), but poor agreement for the static pitch derivative Cmα .
This value should theoretically be close to zero in both cases: In subsonic flow the neu-
tral point is approximately at 25% c and characterized by a pitching moment that is
almost independent of the AOA. The reason for the differences could not be determined.
Possible explanations include simulation errors, for example caused by transition issues
and measurement errors in the report. During the AGARD experiments, the forces and
moments were derived from the pressure distribution instead of being measured directly.

Test Case k C
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CT 1 (DI7) 0.1 6.139 5.75 -11.49 -9.45 0.165 -0.10 -1.36 -1.45
CT 2 (DI29) 0.1 6.163 5.68 -10.36 -9.42 0.167 -0.10 -2.01 -1.17

Table 4.8: Comparison between AGARD results and CFD-ALE simulations

4.3.4 Comparison with XFLR5
XFLR5 only gives the q-derivatives for the low AOA clean case. According to Gryte
et al. [25], CLq = 3.87 and Cmq = −1.3. Compared to the values determined by CFD-
ALE (CLq = 4.64 and Cmq = −1.99), this is not a particularly good fit but still in the
same order of magnitude. The quality of XFLR5 results however is generally challenged,
particularly for complex geometries such as the full X8 model, so these difference are not
seen as a failed validation. See also the introduction to this chapter on a more detailed
discussion of XFLR5 in the context of stability derivative calculation.

4.3.5 Discussion of the Clean High AOA Case
The results for 8° AOA in the clean case are out of line. The reason is that the UAV’s
reaction is heavily distorted in this case, so the curve fitting process cannot determine
reasonable values. The model assumption of a linear combination of the AOA oscillation
and its derivative is violated in this case. This is probably because at around 8° AOA, the
system behaviour begins to change from a linear model to a nonlinear one (onset of flow
separations), so the system’s reaction could be distorted due to regular flow detachment
and reattachment.

This can best be seen with the plot of the pitching moment in the pitch-plunge case,
where the distortion is highest and the fit is very poor when compared to the CFD results,
see fig. 4.5. The pure pitching case has almost no visible distortion, the plunge case has
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Figure 4.5: Distortion in pitching moment for high AOAs

some. It is obvious that the curve fit with the model function must fail in this case,
leading to inconsistent values. This does not disprove the applicability of the method for
the problem, however, because the basic model assumptions are violated.

4.3.6 Verification of the Lateral Cases

For the verification tests, a simple geometry is required to keep the time required for
preparations and calculations relatively low. For longitudinal cases, this test case is
typically a 2D airfoil, but lateral cases are inherently three dimensional. Additionally, low
Mach number with negligible compressibility effects are relatively uncommon. Searches
for investigations in the literature for dynamic experiments with simple geometries were
unsuccessful, so no comparison with experimental or simulation data can be performed.
Only a check for internal consistency of the lateral data was successfully done: Using
the relation CYβ̇

− CYr = CYsum ≈ CYdamp , the internal consistency can be checked, see
table 4.9. The roll and yaw derivatives have an excellent consistency, the side force
derivative differs more but both values are again in the same order of magnitude.

There is no reason to assume that the lateral case should not be valid if the verification
for the longitudinal case is successful.
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4 System Identification: Determining the Stability Derivatives

Coefficient C(·)β̇
C(·)r C(·)sum C(·)damp

CY -0.023 0.005 -0.028 -0.042
Cl 0.027 0.039 -0.012 -0.010
Cn -0.011 (-0.022) 0.011 0.011

Table 4.9: Comparison of summed and directly calculated lateral stability derivatives

4.3.7 Conclusion of the Verification
Several different comparisons have been done in the attempt to verify the CFD-ALE
method for the problem at hand.None of the methods here yield absolutely trustworthy
values, so differences in the results do not mean that either value is wrong. Since no
high-precision case is available for comparison, no final conclusion can be drawn.

However, all indications that are available show that there is high internal consistency
as well as consistency with the available separate test cases such as the 2D case and the
XFLR5-results. The only exception is the 8° clean case, which was discussed above.

For this reason we have high confidence that the proposed method with single-frequency
CFD-ALE simulations is appropriate to determine the system response for quasi-static
and dynamic behaviour.

Known limitations, which are not covered by this model, are:

1. At high frequencies (10, 50 Hz ↔ k > 0.7) the model breaks down and the calculated
values are way out of line. This is not surprising as the basic assumption for the
model is that k � 1, which is no longer the case for f = 10 Hz

2. At high AOA oscillation amplitudes (αA & 2°), the model also yields values dissimi-
lar to the ones calculated with smaller amplitudes. This is not surprising, either, as
in this case the assumed linear dependency between exciting function and system
response is no longer the case – especially for lift.

3. This is also the case if the oscillation enters and leaves the AOA range with flow
separation onset, as seen in the 8° clean case above.
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5 Flight Performance, Control and Ice
Mitigation

The results from the previous sections can be used to improve the existing simulator
written in MATLAB/Simulink, to see if a controlled flight using the state-of-the-art
Ardupilot UAV autopilot is possible and if so, which changes are required. Before, the
results are used to derive theoretical statements about changes to flight performance
(e. g. minimum speed, energy consumption at cruise, . . . ) as well as stability and control
(primary oscillation modes such as phugoid or dutch roll).

5.1 Theoretical Analysis
Unless otherwise noted and where applicable, a reference cruise flight at sea level with
the parameters as listed in table 5.1 is assumed.

Wind is assumed to be absent in the following sections. It does have an influence on
certain flight performance parameters (e. g. maximum climb angle γ), but taking wind
into account does not yield substantially new information. Gust loads can be seen as
AOA and AOS perturbations, so these loads are indirectly covered by this section as
well.

5.1.1 Flight Performance

The AOA-sweeps from section 4.2.1 can be used to derive some statements how the
plane’s performance is impacted by icing.

Property Symbol Value
Air density ρ 1.225 kg/m2

Cruise Speed V 20 m/s
Gravity g 9.81 m/s2

Mass m 4 kg

Table 5.1: Reference cruise flight conditions for flight performance analysis
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Figure 5.1: Angle of attack, drag and thrust as function of airspeed

Horizontal stationary flight with 1 g is possible only if the airspeed is above stall speed
and if enough thrust is available. Stall speed can be calculated by solving the lift equation
L = 0.5ρSV 2

S CL,max. for VS or by solving the nonlinear equation L = 0.5ρSV 2CL(α) for
α when V is varied. If this equation cannot be solved or α exceeds the stall angle, then
stall speed is reached.

At the maximal velocity, the velocity-dependent thrust T (V ) from an appropriate
thrust model or measurements must be equal to the drag D(V ). This is calculated
in a two-step process:

1. For any given V , solve mg = 0.5ρSV 2CL(α) for α with MATLAB’s fsolve function
or similar

2. Use α(V ) to find D = 0.5ρSV 2CD(α)

The thrust is modelled using the data from Coates et al. [11] and the Fitzpatrick model.
Figure 5.1 shows AOA, drag and maximal thrust as a function of V . From there, it

is clear that the stall speed is significantly increased and the top speed is significantly
reduced.

Power-off performance includes key parameters such as the glide ratio, and possible
sink rates. In unpowered flight, the glide ratio is equal to the inverted lift-to-drag ratio [60,
sec. 3.1.1]: ε = CD/CL, where the coefficients again can be expressed as functions of the
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Figure 5.2: Sink rate without power and power requirements for horizontal flight

airspeed as described in the previous paragraphs. With the equation

tan(γ) = CD

CL

(5.1)

the glide angle can be calculated, and with the glide angle and the airspeed, it is possible
to calculate the sink rate Vh as function of airspeed or ground speed Vg:

Vg = V cos(γ) (5.2)
ḣ = Vh = V sin(γ) (5.3)

The maximum sink speed and angle within the flight envelope (i. e. V < 25 m/s) are the
steepest permissible descents without overloading the aircraft. X8 has no drag increasing
means, so in this case the iced condition is advantageous if a steep descent is desired.
From fig. 5.2 one can see that the minimum sink rate is increased from −0.76 m/s at
11.75 m/s to −3.18 m/s at 13.75 m/s. The best glide ratio is decreased from 1:17 at
13.5 m/s to 1:4.4 at 17.75 m/s. The maximum sink velocity is increased from −2.9 m/s
to −7.8 m/s.

Flight endurance and range is closely related to the gliding performance, because for
propeller aircraft, the highest endurance is achieved at the velocity of the lowest sink rate
and highest range is achieved at the velocity of best glide.

To calculate the actual range and endurance, the engine and propeller efficiency as
well as the battery capacity would be needed. By calculating the mechanical power
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requirements (P = DV ), it is possible to compare the range and endurance for clean and
iced aircraft – assuming a constant propulsion system efficiency. By dividing the energy
required for flight through the distance flown, it is possible to calculate the distance-
specific energy consumption, which is equal to the drag, again neglecting any propeller
or electric losses:

W = Pt = DV t (5.4)
s = V t (5.5)

W

s
= DV t

V t
= D (5.6)

The minimal power requirement increases from 29.2 W to 128.4 W, effectively reducing
the maximum endurance by a factor of more than 4 (see fig. 5.2). The minimal distance-
specific energy consumption increases from 2.32 J/m to 8.9 J/m, reducing the maximal
range by a factor of slightly less than 4 (see fig. 5.1).

Maximum climb rate and angle both depend on the power reserves of the aircraft,
given as excess thrust T − D. The climb rate can be expressed as function of thrust (T ),
drag (D) and aircraft weight (W = mg) [52]:

ḣ = V (T − D)
W

(5.7)

With sin γ = ḣ
V

, this can be then recalculated into the maximum climb angle:

sin γ =
V (T −D)

W

V
= T − D

W
(5.8)

⇒ γ = arcsin(T − D

W
) (5.9)

Thrust and drag have already been calculated for the previous paragraph. The results
of evaluating the two formulae can be seen in fig. 5.3. The maximum achievable climb
angle and rate are both severely reduced. More interesting, however, is that in the iced
case, the velocity of steepest climb (VX) and velocity of best climb (VY ) are very close to
eachother, whereas there is a significant spread between these two velocities in the clean
case.

Maximum load factor and maximum bank angle are closely related to the 1 g stall
speed, except that in this case the velocity is given and the maximum lift is determined.
Here, cruise speed with V = 20 m/s is assumed. The maximum load factor is given by
the ratio of maximum lift to aircraft weight:

nmax. = Lmax.

mg
(5.10)
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Figure 5.3: Climb rate and -angle as function of airspeed

Using 1.07 and 0.48 as maximum lift coefficients in the clean and iced case, respectively,
shows that the maximum load factor is roughly halved from 5 to 2.24. For a coordinated
turn, the load factor and the bank angle are coupled by

ng = 1
cos Φ (5.11)

⇒ Φ = arccos(1/ng) (5.12)

The maximum bank angle is reduced from 78° to 63°. However, if one takes into account
that this is more relevant for approach turns (lower speed) and if one allows for a safety
margin to stall, the influence is more severe. Assume V = 15 m/s and 3◦ margin (i. e.
15° and 8° AOA respectively, giving CL of 1.0 and 0.43), then the maximum load factor
is reduced from 2.63 to 1.13, and the maximum bank angle from 67° to 28°.

This does not take into consideration that the pitch rate can cause an increase in lift
(CLq). This derivative is not taken into account for two reasons: first, the values in
chapter 4 were determined at a point in the flight envelope that’s still relatively far from
the stall AOA, so the applicability of these values to the stall case is dubious, and second,
while the pitch rate and bank angle are coupled in horizontal stationary orbit, this is not
necessarily the case for instationary flight. Assuming no additional lift by the pitch rate
is therefore the conservative assumption.
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5.1.2 Stability within the Flight Envelope in State-Space Linearized
Model

Analyzing the behaviour of a control process is usually done in the state-space. For the
longitudinal motion, the state consists of x = (α, q, V, θ)T , whereas for the lateral motion
the state consists of x = (r, β, p, ϕ)T . Using Newton’s laws

F = m · a

L = Iω̇ + ω × Iω

the eqs. (3.12) to (3.17) can be transformed into the state-space model

ẋ = Ax + Bu (5.13)
y = Cx + Du (5.14)

For the stability, only the matrix A is important, because this matrix describes the
system’s behaviour. The control matrix B is of lesser concern within this work because
the icing’s influence on control is so far not investigated, so this matrix is unaffected by
icing so far.

To linearize the system, a trim condition must be defined, at which the derivatives are
evaluated at. The model is linearized at horizontal stationary flight with θ = α, and α is
determined by evaluating mg = 0.5ρV 2SCL(α).

Longitudinal System Stability

For small disturbances near the trim point, the system matrix A can be written as
follows [35]. In the literature [18, 22, 47], there are slightly different notations stemming
from either different orders of the x-vector or different simplifications and omissions as
well as different conventions, for example scaling factors.

A =


XV

m
Xα

m
0 −g cos(θ0)

ZV

mV0
Zα

mV0
1 + Zq

mV0
− g

V0
sin(θ0)

mV

Iy

mα

Iy

mq

Iy
0

0 0 1 0

 x =


V
α
q
θ

 (5.15)

The entries in the state vector are deviations from the trim point, not absolute values.
The dimensional derivatives describe the changes of the respective force or moment when
with the disturbance. Note that the required dimensional derivatives are in body-fixed
coordinates whereas the results from the previous section are given in stability axis, so
a coordinate transformation has to be performed. This is done here exemplary for three
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dimensional derivatives, the others are similar:

X = 1
2ρSV 2

0 (− cos(α)CD(α, q, α̇) + sin(α)CL(α, q, α̇)) + XF (V0, δT ) (5.16)

XV = ∂X

∂V

∣∣∣∣
α0

= ρSV0︸ ︷︷ ︸
= q∗S

V0

(− cos(α0)CD(α0, q, α̇) + sin(α0)CL(α0, q, α̇))︸ ︷︷ ︸
6=f(V )

+XFV
(5.17)

Xα = ∂X

∂α

∣∣∣∣
α0

= q∗S(sin(α0)CD(α0, q, α̇) − cos(α0)C ′
D(α0)

+ cos(α0)CL(α0, q, α̇) + sin(α0)C ′
L(α0) (5.18)

Xq = ∂X

∂q

∣∣∣∣
α0

= q∗S(− cos(α0)
c

2V
CDq + sin(α0)

c

2V
CLq) (5.19)

with:

CD0 = CD(α, q, α̇) = CD(α) + c

2V0
CDq + c

2V0
CDα̇ (5.20)

CL0 = CL(α, q, α̇) = CL(α) + c

2V0
CLq + c

2V0
CLα̇ (5.21)

C ′
D(α0) = ∂CD

∂α

∣∣∣∣
α0

= CDα(α0) ≈ CD(α0 + δ) − CD(α0 − δ)
2δ

(5.22)

(5.23)

The thrust change with forward speed XFV
is determined in a multi-step process:

1. Use trim AOA to calculate required airspeed for horizontal flight

2. Use airspeed and AOA to calculate drag at trim point

3. Solve D = T (V, δT ) for δT symbolically using MATLAB, the Fitzpatrick thrust
model and the coefficients from Coates et al. [11]

4. With the trim thrust setting, calculate the partial derivative ∂T (V, δT )/∂V , again
using MATLAB’s symbolic math toolbox.

Using

Z = q∗S(− cos(α0)CL(α, q, α̇) − sin(α)CD(α, q, α̇)) (5.24)
and

m = q∗ScCm(α, q, α̇) (5.25)

the other derivatives can be constructed analogously. Table 5.2 lists all dimensional
derivatives required for the longitudinal motion.
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Xα q∗S(sin(α0)CD0 − cos(α0)C ′
D(α0) + cos(α0)CL0 + sin(α0)C ′

L(α0)
XV ρSV0(− cos(α0)CD(α0) + sin(α)CL(α0)) + XFV

Xq 0
Zα q∗S(sin(α0)CL0 − cos(α0)C ′

L(α0) − cos(α0)CD0 − sin(α0)C ′
D(α0)

ZV ρSV0(− sin(α0)CD(α0) − cos(α)CL(α0)
Zq q∗S(− cos(α0) c

2V0
CLq − sin(α0) c

2V0
CDq)

mα q∗SCmα

mV ρSV0cCm(α0, q, α̇)
mq q∗Sc c

2V0
Cmq

Yβ q∗S(− sin(β0)CY (β0) + cos(β0)CYβ
+ cos(β0)CD(α0))

Yp q∗S b
2V

CYp

Yr q∗S b
2V

CYr

lβ q∗SbClβ

lp q∗S b2

2V
Clp

lr q∗S b2

2V
Clr

nβ q∗SbCnβ

np q∗S b2

2V
Cnp

nr q∗S b2

2V
Cnr

Table 5.2: All longitudinal and lateral dimensional derivatives

Lateral System Stability

Lateral system stability is very similar to longitudinal stability. The main difference can
be seen for the side force derivative Yβ, which is also a function of drag:

Y = cos(β)Ya(β, p, r) + sin(β)D(α) (5.26)

Yβ = ∂Y

∂β

∣∣∣∣
β0

= 1
2ρV 2S(− sin(β)CY (β) + cos(β)C ′

Y + cos(β)CD) (5.27)

CD is not a function of sideslip (longitudinal-lateral decoupling, see fig. 4.4). For this
reason, the derivative Yβ is simpler compared to Xα and Zα. Again, table 5.2 lists all
derivatives.

These derivatives are then inserted in the system matrix similar to the longitudinal
case. For this work, the matrix from How et al. [35] was used as in the longitudinal
cases, but the other sources from above have similar results. The moment and product
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of inertia are grouped together:

I ′
xx = IxIz − I2

xz

Iz

(5.28)

I ′
zz = IxIz − I2

xz

Ix

(5.29)

I ′
xz = Ixz

IxIz − I2
xz

(5.30)

These primed factors are almost equal to the respective unprimed factors, if the product
of inertia Ixz is small.

A =


0 0 1 tan(θ0)

g
V

cos(θ0) Yβ

mV
Yp

mV
Y r
mV

− 1
0 lβ

I′
xx

+ I ′
xznβ

lp
I′

xx
+ I ′

xznp
lr

I′
xx

+ I ′
xznr

0 I ′
xzlβ + nβ

I′
zz

I ′
xzlp + np

I′
zz

I ′
xzlr + nr

I′
zz

 x =


ϕ
β
p
r

 (5.31)

5.1.3 Quantification of the System Stability
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Figure 5.4: Limits for stability in
military rotorcraft [59]

By calculating the eigenvalues of the A-matrix, the
behaviour of the uncontrolled UAV can be easily
seen: A positive real value indicates an instability,
an nonzero imaginary part shows that this motion
can oscillate, whereas a motion without an imagi-
nary part is overdamped and not able to oscillate.

In the longitudinal motion, an heavily damped,
quick oscillation (short period mode) and a scarcely
damped, slow oscillation (phugoid) is expected. An
unstable pole is not typical for fixed wing aircraft,
but common for helicopters. Instability can be ac-
cepted if the oscillation frequency is slow so that it
can easily be compensated for by the pilot.

Laterally, fixed-wing aircraft typically have two
damped oscillating poles (“dutch roll”-oscillation),
one very heavily damped pole (roll damping) and
one scarcely damped, often instable pole (spiral
mode). This instability can easily be compensated
for by the pilot due to its slowness.

To quantify the flight behaviour, an index is introduced. This index is loosely based on
the flight handling qualities for helicopters ADS-33E [59, fig. 7]. This standard quantifies
handling behaviours based on three levels: Level 1 representing good handling qualities
with minimal required pilot workload, Level 2 for acceptable handling behaviour with
moderate pilot workload for special operations. Level 3 has marginal flight qualities with
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Figure 5.5: Quality index visualization based on eigenvalue position

very high pilot workload, only acceptable in certain emergency conditions. See fig. 5.4
for details.

The index used in this work maps a number to the eigenvalues (EV ) of the stability
matrix based on three regions: the stable region (<(EV ) < 0), a slightly unstable region
(|EV | < 0.25 ∧ <(EV ) ≥ 0) and a highly unstable region (|EV | ≥ 0.25 ∧ <(EV ) ≥ 0):

Q =
∑
EV

I(EV ) (5.32)

I(EV ) =


arctan( =(EV )

−<(EV ))
2 <(EV ) < 0

1 <(EV ) ≥ 0 ∧ |EV | < 0.25
4 otherwise

(5.33)

A visualization of this index can be found in fig. 5.5. Thanks to the squared arctan
function, an only slightly damped motion is severely penalized compared to a highly
damped motion. Please note, however, that the functions and values used for this index
are arbitrary and only useful for comparing the stability at different trim conditions.

5.2 Description and Adaption of the SITL Environment
NTNU has previously developed an adaptable simulator implemented in MATLAB/Si-
mulink. This simulator calculates the 6 degrees of freedom mechanics based on a mostly
linear model. It also includes a simple autopilot. Both the mechanics model and the
autopilot are based on Beard and McLain’s Small Unmanned Aircraft [7]. The forces and
moments were calculated based on a derivative concept, where the derivatives are constant
in the entire flight envelope. Some derivatives do take square functions into account, such
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as the drag model. This simulator had been partially adapted to allow icing simulations,
but the required data had been extrapolated from 2D static simulations, so the confidence
in the icing simulator was low. The previously used icing data can be found in Hann et
al. [30], the other derivatives in Gryte et al. [25].

The simulator was expanded to incorporate the results from chapter 4. During each
time step, the current coefficients are determined from a look up table as function of
either α or β and an icing severity factor between 0 and 1, where 0 means clean and 1
means worst-case mixed ice. By using MATLAB’s scatteredInterpolant function, it is
possible to add as many supporting values at any point in the flight envelope as desired
later, as long as the look up table only has two independent variables.

There are a few debatable assumptions about this linearly interpolating model, for both
the dependency on AOA/AOS and on the icing severity. For example, the model assumes
that the changes to the derivative Cmq is linearly dependent on the AOA. According to
table 4.2, this derivatives changes from -0.29 to -2.00 when the AOA is increased from 2°
to 8°. From these two points it is impossible to predict if the changes are linear in AOA,
they could also be rather abrupt on onset of stall. This is not seen as major limitation,
because thanks to the non-structured nature of the scatteredInterpolant-function,
intermediate points can be included as soon as they become available. Future work may
show that more simulations with a finer grid are required, these simulations can then be
easily included.

The same is true for the icing severity factor: The two-dimensional simulations de-
scribed in section 2.4 suggest that an linear relation between an icing severity factor, the
icing cases, and the static longitudinal coefficients might be appropriate. This assumption
is the base for the work of Seron et al. [51] on in-flight icing detection based on observers.
In this case, the clean icing severity factor would be 0, the mixed ice case would be 1,
glaze would be about 0.2 and rime 0.3. However, while this model seems to be relatively
fitting for the static longitudinal cases, there is no knowledge about the dynamic and
lateral cases. Should future work show that there is no reasonable factor that can be
used for modeling the different ice types, this interpolation has to be changed.

The simulator is expanded to accept input data from ArduPlane, the fixed-wing part
of the versatile ArduPilot UAV autopilot suite. It has three major operating modes:

1. MANUAL mode passes all commands sent from the RC transmitter through to the
actuators. The only two exceptions are that control mixing (e. g. for elevons) is
performed, and that if the geofence is triggered flight mode is automatically set to
an automatic mode. The aircraft is fully unaffected by any controllers.

2. FBWA mode (Fly by wire A) is a semi-controlled mode that implements some flight
envelope protection (restricted bank and pitch angle). The pilot commands a pitch
and bank angle instead of a rudder deflection.

3. AUTO mode is a full autopilot that is capable of flying an arbitrary mission in-
cluding takeoff and landing. The operator commands certain waypoints or other
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Mode Pilot Input Limiters
MANUAL Control surface deflection, thrust Geofence
ACRO Roll and pitch rates, thrust Roll, Pitch rates
FBWA Roll and pitch angle, thrust Roll, Pitch angles, Thrust
FBWB Roll angle, climb rate, airspeed Roll, Pitch angles, Thrust
GUIDED One waypoint (arbitrary) Fully automatic control
RTL One waypoint (home) Fully automatic control
AUTO List of waypoints Fully automatic control

Table 5.3: Major ArduPilot operating modes

mission events (such as script execution at certain points) and the mission is flown
automatically.

Other modes are mostly special cases or adaptions of these three main modes. For
example, the GUIDED mode is very similar to the AUTO mode except that only one waypoint
is given and the model changes to LOITER, near this waypoint, i. e. circles the waypoint
indefinitely. These modes are not substantially different from a control perspective and
will not be discussed further in this work. The AUTOTUNE mode is closely related to the
FBWA mode, but changes the PID parameters in flight. This mode is intended to let the
autopilot learn the aircraft’s behaviour and can yield a good starting point for manual
tuning. FBWB is similar to FBWA, but instead of commanding thrust and pitch angle, the
total energy of the plane is commanded: the elevator stick now controls climb rate and the
throttle stick controls airspeed. ACRO is a mode similar to the fly-by-wire used in Airbus
aircraft: the pilot demands a roll and pitch rate and if the pilot releases the sticks, the
plane will hold attitude.

ArduPilot implements a cascaded controller scheme, where the outer controller navi-
gates the aircraft and the inner loop controls the flight attitude. The inner controllers use
linear PID controllers, that have known limitations when applied to nonlinear systems.
The roll controller is straightforward insofar, as it only has the roll error and roll rate as
input. The pitch controller also has a roll compensation included, so the elevator demand
depends on pitch angle, pitch rate and bank angle. The yaw controller also implements a
bank angle correction, but since X8 is not equipped with a rudder, the yaw controller is
not used and also not discussed further in this work. These controllers form three major
groups: the low level pitch and roll controllers that control the elevator and ailerons, the
TECS (Total energy control system) that controls throttle and pitch, and the high-level
L1 navigation controller that controls the low level controllers.

5.2.1 Pitch and Roll Controllers
As mentioned, these controllers are basic PID controllers. For the detailed structure
and how the PID parameters are calculated from the ArduPilot settings, please refer
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to the manual [5]. The roll controller calculates the required aileron deflection from
roll angle and rate measurements. The relevant parameters are RLL2SRV_P, RLL2SRV_I,
RLL2SRV_D (PID parameters), RLL2SRV_FF (“feed forward” gain, applied to the output)
and RLL2SRV_RMAX (maximum roll rate).

The pitch controller is slightly more complicated, as it also includes a roll angle com-
pensation. Apart from that, it is also a simple PID controller that controls the demanded
pitch angle and uses pitch angle and rate measurements. The roll compensation is a func-
tion of airspeed and bank angle. Its task is to apply elevator up in banked flight, mostly
to satisfy the increased lift demands caused by the bank angle. If this roll compensation
is not tuned correctly, the plane will lower its nose on entering the curved flight until the
pitch integrator rises it again, and will rise its nose on exiting the flight. The relevant
parameters are PTCH2SRV_P, PTCH2SRV_I, PTCH2SRV_D (PID parameters), PTCH2SRV_FF
(“feed forward” gain, applied to the output) PTCH2SRV_RMAX_UP (maximum pitch up
rate), PTCH2SRV_RMAX_DN (maximum pitch down rate) and PTCH2SRV_RLL, the gain of
the roll compensation.

5.2.2 Navigation Controllers
The task of the high-level navigation controller is to plan a path for the aircraft to follow,
that is as close to the desired waypoint(s) as possible. ArduPilot utilizes a non-linear L1
controller modified from Park et al. [43, 4] to control the low level pitch and roll con-
trollers. This controller is active in all automatic flight modes, including AUTO, GUIDED,
RTL and others. The main parameters for tuning are NAVL1_PERIOD (control aggressive-
ness), NAVL1_DAMPING (reduces overshoot in path planning by allowing to switch to the
next waypoint before the current one is reached) and WP_RADIUS (distance at which this
transition to the next waypoint should be performed at the earliest). Indirectly, the flight
envelope parameters such as maximum allowable bank angle (LIM_ROLL_CD) also change
the controller behaviour.

5.2.3 Total Energy Control System (TECS)
This controller controls airspeed and flight altitude by changing the throttle and de-
manded pitch angle. It is active in all automatic modes (e. g. AUTO, RTL) and Fly-
by-wire-B (FBWB), but not in FBWA, the most commonly used mode for non-automatic
flight [3]. Total energy refers to the aircrafts energy, i. e. the sum of kinetic and potential
energy: Etot = Epot + Ekin = mgh + 1

2mV 2. There are about 20 parameters affecting the
TECS, not all of them are listed here. Some settings such as THR_SLEWRATE (maximum
throttle change rate) represent rather low-level parameters comparable to the PID values
for the roll and pitch controllers. Other parameters such as TECS_CLMB_MAX (maximum
climb rate) or LIM_PITCH_MAX (maximum pitch angle represent the flight performance
capabilities.
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5.3 Simulator-Based Tests
To analyze ArduPlane’s capabilities of flight in icing, first a baseline and a test programme
has to be established in clean conditions. This requires parameter tuning of at least the
most relevant configuration parameters. There are old parameter files available for X8,
but these files are insufficient for two reasons: first, they are created for an older version
of ArduPlane that had different parameters, and second, while the simulator tries to
replicate reality as well as possible, it is not a perfect simulator. For these two reasons,
parameter tuning has to be performed for the software-in-the-loop (SITL) environment.

5.3.1 Software in the Loop Test Environment
The SITL environment consists of three parts:

1. Simulink: Implements a physics engine and allows a full state inspection

2. ArduPilot: A complex toolchain, with a command line frontend: sim_vehicle.py
performs all steps to start the SITL environment and provides an interactive in-
terface to ArduPilot that allows changing of configuration parameters, operation
modes, RC input, and others during runtime. It also displays debug messages and
allows connecting a Joystick for manual control.

3. FlightGear is a open source flight simulator that is used for visualisation only. It is
not required for running the SITL tests, but makes developing much easier because
judging flight qualities from graphs alone is quite difficult and tedious.

sim_vehicle’s main shortcoming is that it has no simple way for performing automated
tests. Automated tests are necessary to fly reproducible test scenarios, especially in open
loop and if short pulses (e. g. 0.25 s elevator pull) or complex patterns are desired.

To that end, the autotest-suite is deployed together with ArduPilot. autotest mainly
consists of several python scripts, that performs all required steps to fly a full test includ-
ing limited pass/fail detection. Being a rather specialized tool that is not intended for
the hobbyist pilot, autotest’s main problem is its lacking adaptability. Changes to test
setups and calling parameters (such as options that should be passed to sim_vehicle)
almost always require changes to the python script itself. autotest allows for synchro-
nized waiting, which is useful if the simulator is not running in real time. Unfortunately,
this wait function has a low resolution, so slight deviations in the actually waited time
of up to half a second must be expected.

For the communication between MATLAB and ArduPilot, Simulink-blocks available
on the internet [37] were used. This bi-directional interface sends the necessary flight
state data (such as accelerations, velocities, . . . ) via UDP to ArduPilot and receives
“RC” input, i. e. a number between 1000 and 2000 that represents a PWM value that
would ordinarily be sent to the Servos. Simulink sends the current simulation time to
ArduPilot, which allows simulations that are not running in real-time, for example if the
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computer is too slow to solve the Simulink model quick enough. The Simulink block
is based on Git commit 58bc198. The Simulink block and the ArduPlane source were
slightly modified by Andreas Wenz to allow simulating an airspeed sensor that is also
available on the UAV and is required for some ArduPlane functions.

5.3.2 ArduPilot Parameter Tuning
As mentioned, individual parameter tuning is required due to the imperfections in the
simulated physics. There are several strategies for PID parameter tuning: Analytically
with open or closed loop analysis, such as the root locus method, semi-automatically
with software tools (“autotune”), or manually based on trial and error as well as tuning
guidelines.

The analytical methods require precise knowledge about the system and often only
work for linear(ized) systems. Due to the complex nonlinear simulator behaviour and
relatively complex couplings in the extended PID controllers used by ArduPilot, applying
these methods is not attempted.

ArduPilot supports autotuning the parameters in the FBWA-derived AUTOTUNE mode.
This is done by selecting conservative parameters and gradually increasing the “aggres-
siveness” of the controllers in flight. The pilot demands sharp controller inputs until s/he
is satisfied with the flight behaviour or oscillations occur, then stops the tuning process.
ArduPilot automatically reverts to slightly less aggressive parameters. According to the
manual [2], this typically yields acceptable, but far-from-optimal results. The manual
recommends using autotune as a starting point for manual tuning.

Manual tuning is a multistep process, where the controllers are optimized “from the
inside”, starting with the self-contained roll controller, then the pitch controller, which
depends on the roll controller, and only then TECS and navigation controllers. To acquire
an adequate parameter set, this manual tuning process based on the autotune results was
performed.

Controller parameter tuning never only has one ideal solution, rather it is always a
trade-off between responsiveness, stability, and residual oscillations. A quick controller
tends to show some overshoot and oscillations, that can be suppressed at the cost of
slow controller response. The goal of the parameter tuning therefore cannot be to have
an optimal system response at all possible situations, as there is always a tradeoff to be
made. In particular, some residual oscillations can be accepted.

Due to the modeling uncertainties, the tuning process has to be repeated for the actual
UAV. Also, some effects may seem to be acceptable in the simulated environment but
proof to be inacceptable in actual flight. For this reason it is not seen as sensible to
spend large amount of times on optimizing the controller parameters for as many flight
maneuvers as possible, rather the goal is to develop a parameter set that is capable of
stably flying in iced conditions as a proof of concept.

The results of the manual tuning process for the parameters that are important for
FBWA and AUTO modes can be seen in table 5.4.
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Parameter FB
WA

AU
TO

Clean Iced Description

LIM_PITCH_MAX X X 4000 2000 Max. commanded pitch angle
LIM_PITCH_MIN X X -2000 -3000 Min. commanded pitch angle
LIM_ROLL_CD X X 6500 3000 Max commanded bank angle
NAVL1_DAMPING X 0.75 0.8 Adjusts how soon switch to next WP occurs
NAVL1_PERIOD X 10 20 Navigation agressiveness
NAVL1_XTRACK_I X 0.02 0.1 Navigation Integrator gain
PTCH2SRV_D X X 0.1 0.05 Pitch D gain
PTCH2SRV_FF X 1 1 Collective controller output gain
PTCH2SRV_I X X 0.1 0.1 Pitch I gain
PTCH2SRV_IMAX X X 2000 2000 Pitch integrator saturation
PTCH2SRV_P X X 1.5 0.5 Pitch P gain
PTCH2SRV_RLL X X 0.65 0.7 Pitch-Roll comp.: elevator per bank angle
PTCH2SRV_RMAX_DN X X 2000 50 Maximal commanded pitch rate (up)
PTCH2SRV_RMAX_UP X X 2000 50 Maximal commanded pitch rate (down)
PTCH2SRV_TCONST X X 0.45 1 Pitch controller aggressiveness
RLL2SRV_D X X 0.35 0.2 Roll D gain
RLL2SRV_FF X X 1 1 Collective controller output gain
RLL2SRV_I X X 0.06 0.05 Roll I gain
RLL2SRV_IMAX X X 2000 2000 Roll integrator saturation
RLL2SRV_P X X 1.2 1.5 Roll P gain
RLL2SRV_RMAX X X 3000 3000 Max. commanded roll rate
RLL2SRV_TCONST X X 0.45 0.45 Roll controller aggressiveness
SERVO2_TRIM 1577 1539 Elevator trim
TECS_CLMB_MAX X 8 5 Max. commanded climb rate
TECS_INTEG_GAIN X 0.1 0.1 Total energy I gain
TECS_PTCH_DAMP X 0.05 0.2 Pitch damping if controlled by TECS
TECS_RLL2THR X 9 25 Additional power in banked flight
TECS_SINK_MAX X 4 9.6 Max. commanded sink rate
TECS_SINK_MIN X 2.7 5.7 Sink rate at trim velocity in unpowered flight
TECS_SPDWEIGHT X 1 0.5 Weight of throttle and pitch for altitude and speed
TECS_THR_DAMP X 0.1 0.5 Throttle damping
TECS_TIME_CONST X 1.75 5 TECS agressiveness
TECS_VERT_ACC X 10 7 Max. commanded vertical accelleration by TECS
THR_MAX X X 100 100 Max. throttle in FBWA and TECS flight
THR_MIN X X 0 0 Min. throttle in FBWA and TECS flight
THR_SLEWRATE X 100 100 Max. throttle change per second (TECS)
TRIM_THROTTLE X 35 70 Throttle required for level flight at trim speed
WP_RADIUS X 50 150 Max. switch distance to next WP

Table 5.4: Important controller parameters for clean and iced flight
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5.3.3 Test Design
The simulator’s main limitation is that simulating flight far out of the linear flight regime,
particularly at very high AOAs, is unrealistic. Because the typical stall issues such as spin
do not occur in this simulated flight, it is even more important to define test scenarios
and fail criteria, as loss of control is not a reliable fail criterion in this flight simulator.

For this reason, fail criteria are defined based on the observable state in Simulink:

• α > 15°

• β > 10°

• V < 12 m/s or V > 25 m/s

• inability to hold commanded values (e. g. altitude)

These criteria are applied to those values that are under control by ArduPilot. For exam-
ple, mode FBWA does not control the throttle, nor does it implement an AOA restriction.
Neither an airspeed violation nor the AOA violation can therefore directly be attributed
to the autopilot. In addition, a short transient that exceeds the AOA could be seen
as acceptable. The reason for this is that currently no actuator dynamics are modeled,
giving an instant elevon deflection and a very agile flight behaviour. Exceeding the AOA
in such a manner would most likely not happen in real flight.

Other possible pass/fail criteria could be constructed on subjective flying quality crite-
ria such as the commonly used Cooper-Harper scale [13] or other semi-subjective scales.
These scales map the subjective feelings of one or more pilots on objective criteria to a
numerical index. However, these methods must only be used by very experienced test
personnel that is capable of reproducibly distinguishing between the rather fine steps
of this scale and also should only be used if several pilots can be used for evaluation.
The author of this work is not a model aircraft pilot and therefore incapable of judging
the flight handling qualities based on the Cooper-Harper scale, and using test pilots for
rather imprecise simulator tests does not seem to be warranted. Actual flight tests would
be desirable but were not an option due to time constraints. For these reasons, these
semi-subjective test methods are not used for this work.

Open-Loop Tests

Open loop tests mainly consist of step responses to aileron or elevator input. They can be
used to determine the dynamic response of the plane in uncontrolled flight, for example
of the phugoid mode. The problem with open loop tests, particularly in the longitudinal
direction, is that they should be flown in a semi-automatic mode which is not possible in
the SITL environment: After switching from a controlled mode (e. g. FBWA) to MANUAL,
there is an inevitable change in control surface deflection due to imperfections in the
trim condition. The neutral trim is not exactly equal to the commands by the controller
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in stationary flight, giving a slight change that excites the aircraft. After switching to
MANUAL, a short waiting time should be employed to let the plane level off and find its
new trim condition. Due to the instable spiral mode, however, the plane starts drifting of
to one direction during this time, giving an non-ideal starting point for the experiment.

Ideally, there should be a semi-controlled mode that only controls the roll angle but
allows open loop elevator inputs. ArduPilot does not support such a mode, so significant
development would be required for such an experiment. For this reason, only the elevator
step response is simulated and the open loop tests are shown for reference only. No
further deductions are attempted.

Low-Level Controller Tests

In FBWA-mode, the pilot demands a roll and pitch angle, so only the roll and pitch con-
trollers are active. When rolling, a quick roll to the requested bank angle is desired,
and the pitch angle should be close to constant. A rising or falling nose indicates an
improperly tuned roll compensation. Previous simulator flights have also shown that a
nose-down attitude can lead to roll oscillations, so the roll step responses are tested at
neutral pitch, full pitch up and full pitch down. FBWA does not control throttle, nor does
it limit the pitch angle if the minimum or maximum flight velocity is approached (no stall
protection), so checking for velocity violations is not reasonable here.

Two test runs are performed: one for the longitudinal case, and one for the lateral case.
The longitudinal run consists of the following maneuvers:

• Short (1 s) and long (30 s) pull at trim thrust

• Short (1 s) and long (30 s) pull at full thrust

• Short (1 s) and long (30 s) push at trim thrust

• Short (1 s) and long (30 s) push at no thrust

• 5 push-pull repetitions of 0.5 s each at trim thrust

In between each of these tests, a few seconds at trim thrust and neutral elevator are
awaited, to let the UAV settle down and reach a condition close to equilibrium. The
trim thrust is determined by manual tests before and should lead to an airspeed of
approximately 20 m/s.

The lateral test run consists of the following maneuvers:

• Short (1 s) and long (30 s) right step at trim thrust

• Short right step (1 s) immediately followed by short left step (1 s) at trim thrust

• Short (1 s) and long (10 s) right steps in full climb at full thrust

• Short (1 s) and long (10 s) right steps in full descent at no thrust
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Figure 5.6: Lateral (left) and longitudinal (right) courses used for Autopilot tests

High-level Controller Tests

The high level controllers are tested in mode AUTO. A mission is flown that includes the
following tasks: step changes in commanded altitude, step changes in commanded course
angle, and a combination of both, where a course change is commanded during a climb
and during a decent. The controller should fly quick but controlled maneuvers with little
overshoot and keep all flight parameters including the airspeed within the limits. The
parameters for the maximal allowed climb and decent rate were purposefully selected to
allow climb and descent at the maximal possible rates without consideration of the trim
airspeed. In descent, the airspeed may rise to up to 25 m/s, and in climb may fall below
cruise speed, as long as the maximal permissible AOAs are not exceeded.

To this end, two test loops were constructed: one that does not include altitude changes,
but several course changes with different angles, and one that mostly consists of altitude
changes as well as 90° turns in climb and descent. Both courses can be seen in fig. 5.6.
The waypoints are selected such that a near-equilibrium condition is reached before the
next maneuver is flown and (in all but one case) the maximal performance is required to
reach the next waypoint. This one condition is the iced descent, where due to the high
drag slight power is required to reach the next waypoint.

5.4 Analytical and Simulator Based Stability Results

5.4.1 Analytical Test Results
The main analytical stability analysis is based on the eigenvalues of the system matrix for
the longitudinal and lateral motion. In section 5.1.3, an index was introduced to visualize
the eigenvalue position. Applying this index to all four eigenvalues in the longitudinal
motion yields fig. 5.7. It must be noted that the icing values between 0 and 1 are linearly
interpolated, so these values should be taken with a grain of salt. However, they do serve
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a purpose in visualizing AOAs, and consequently trim airspeeds, where critical flight
behaviour could occur. Areas of particular concern can be found at intermediate AOAs
in the iced condition. The reason is that for these AOAs, the phugoid becomes instable,
and – of lesser concern – that the short period oscillation is slightly less damped:

EV (α = 8◦, clean) =
(

−13.1541 ± 13.4592i
−0.0248 ± 0.2316i

)
(5.34)

EV (α = 8◦, iced) =
(

−9.7803 ± 14.8021i
0.0034 ± 0.6973i

)
(5.35)

At low AOAs (cruise flight), the pronounced phugoid deteriorates to an instable pole
for the iced case:

EV (α = 2◦, clean) =
(

−7.7210 ± 15.6948i
−0.0314 ± 0.2883i

)
(5.36)

EV (α = 2◦, iced) =

−6.6162 ± 8.3869i
−0.6469 + 0.0000i
0.3614 + 0.0000i

 (5.37)

This phugoid motion is easy to see in the open loop simulator tests.
The lateral static analysis at cruise flight (V = 20 m/s) for the clean case is character-

ized by the expected poles: a highly damped roll motion, a stable dutch roll oscillation
and a stable spiral mode. In the iced case, the spiral becomes instable, and the dutch
roll slightly quicker but similarly damped.

EV (β = 0◦, α = 2.45◦, clean) =

−23.6182 + 0.0000i
−0.7286 ± 3.9547i
−0.0690 + 0.0000i

 (5.38)

EV (β = 0◦, α = 3.04◦, iced) =

−23.8569 + 0.0000i
−1.1087 ± 4.7393i
0.0426 + 0.0000i

 (5.39)

5.4.2 Simulator Test Results
Open Loop Tests

The most interesting open loop simulator test is the slight pull phugoid test, where the
elevator is pulled for half a second for a few degrees (5% of the total deflection from the
trim condition). The hard push/pull tests, where the elevator is fully deflected, do not
yield a clean phugoid motion and are therefore not as useful.

The instability expected from the static analysis of the longitudinal system matrix
can easily be seen in the simulations from the open loop system response (fig. 5.8). In
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both the clean and iced case, the airspeed relatively quickly returns to an equilibrium
condition, but in the iced case the flight attitude, and consequently the altitude does not
return to the trim condition. The pitch angle (not plotted) levels off at approx. −15° in
the iced case, leading to an indefinitely long dive at a relatively high airspeed.

Low-Level Controller Tests

The FBWA-steps test the low level controller behaviour of the PID parameter tuning, as
well as the basic flight envelope restriction (bank and pitch angle). A quick motion to
the commanded angle with little overshoot and oscillations is desired. Since FBWA does
not control throttle, the AOA and airspeed is not under autopilot control.
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Figure 5.8: Velocity and altitude after a small elevator impulse (phugoid)
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Elevator Step Response Figure 5.9 shows the attitude and aerodynamic parameters
of a short (≈ 1 s) full climb command with full throttle. The other performed tests
(without throttle, long pulls, pushes) show similar results except for the full climb without
extra throttle, where significant oscillations occur on approach of the minimal airspeed,
together with excessive AOAs in all three parameter/icing combinations. From fig. 5.9 it
becomes clear, that flying with the parameter set for clean UAVs but with an iced aircraft
(clean/iced), the flight behaviour in pitch is unacceptable: Both the initial pitch-up as
well as the pitch down motion result in excessive AOAs and high pitch oscillations (best
seen in the plot for the pitch rate q).

Lateral Step Response Figure 5.10 shows the response of the UAV to an short (1 s) and
abrupt bank angle command while in horizontal flight. From the AOA plots, it becomes
obvious that the commanded bank angle achieved with the parameter set tuned for clean
planes with an iced UAV (clean/iced) leads to excessive AOAs. In fact, if the full roll
command in FBWA-mode is held for 30 seconds (not pictured), the AOA levels off at more
than 60° – clearly, flying with the clean parameter set in iced conditions is not possible.
After tuning the parameter set for the iced condition (iced/iced), mainly by reducing the
maximum allowed bank angle and bank rate, all states stay within the acceptable range.

As mentioned, previous experiments have shown that the flight behaviour can be par-
ticularly critical in full climb or descent. For this reason, the bank tests have also been
performed in full climb (max. throttle and max. pitch angle) as well as full descent (no
throttle, min. pitch angle). Figure 5.11 shows the least desirable results out of these tests,
which was a long curved flight in full climb. Please note that due to a small mistake, the
commanded attitude after the step is full descent instead of horizontal flight or full climb,
which explains the negative pitch angle. Again it is obvious that the parameter set tuned
for clean conditions can not be used for the iced conditions, due to the excessive AOA.
It is also noteworthy that compared to the horizontal flight case, the oscillations in the
clean case, particularly in bank angle, are more pronounced.

High-Level Controller Tests

High-Level controller tests are performed in mode AUTO. A set of waypoints is followed
and the autopilot has full control over the aircraft. ArduPilot does not have a AOA
estimation yet, but it does have a airspeed sensor and underspeed protection. Since there
is no wind in the simulations, the airspeed restriction is almost equivalent to a AOA
restriction, so at no point the acceptable AOA range nor the acceptable speed range may
be violated.

The main difference between the FBWA and AUTO tests is that in the latter case, the
TECS is enabled. Compared to the FBWA tests, this means that not the pitch angle, but
the airspeed and altitude should be held as appropriate for the current flight situation.
The TECS parameters were purposefully tuned to achieve maximal climb and sink rates
without stalling or overspeeding the aircraft, so in full climb and descent it is not expected
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refer to the parameter set and the plane condition, respectively.
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that the airspeed is constant, rather it has to stay within the predetermined limits.

Longitudinal test path: Even with a rather aggressive tuning that leads to some pitch
oscillations, the pitch rate of the TECS is relatively slow. This explains why – unlike
in the FBWA test – the AOA stays relatively low in the (clean/iced) case (see fig. 5.12).
A flight with the wrong parameter set is not advisable nonetheless, as can be seen in
the AOA spikes and oscillations after a commanded change in altitude. It seems likely
that these oscillations may cause serious issues in actual flight. The same is true for the
curve radius: According to the simulations, a 90° curve in full climb may be marginally
possible with the wrong parameter set without violating the flight envelope. However,
the 90° course change immediately after starting the climb is far from an equilibrium
condition. As evidenced by the airspeed still falling, it is most likely that a sharp turn
after a longer climb, similar to the FBWA tests above, would stall the aircraft.

Lateral test path: As in the longitudinal test, the test did technically pass with in
the (clean/iced) test case for all corners. However, as is evident from fig. 5.13, which
shows the position of the aircraft during the entire flight as well as selected plots from
the bottom right, very sharp corner, the flight quality with the incorrect parameter set
is marginally acceptable at best. The AOA during the turn is very close to stall and
the controller is unable to hold altitude and velocity. Additionally, there are severe AOA
oscillations with the incorrect parameter set during horizontal flight.
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Figure 5.12: Longitudinal test flight (AUTO). The descriptions in parentheses refer to the
parameter set and the plane condition, respectively.
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In this work, previously researched concepts, results and developments were expanded
to successfully allow developing an electronic atmospheric icing mitigation system. This
thesis also closes the gap between existing knowledge about the icing process and ice
detection based on flight behaviour.

To that end, the existing autopilot was modified so that it is flying the aircraft carefully
enough with ice accretion on the wings. The entire development chain is realized using
numerical tools and computer based simulators, so that risk free experiments can be per-
formed. The autopilot was tested in a simulator that was expanded to allow simulations
of icing conditions. The flight model is created by static and dynamic CFD simulations
that enable calculating all relevant stability derivatives with arbitrary shapes, i. e. with
the full aircraft model and at any desired ice shape.

The methodology to determine the static and instationary stability derivatives is an
adaption of published methods: In addition to traditional “sweeps”, i. e. static simulations
at several distinct AOA and AOS to determine the static system behaviour, the dynamic
behaviour of the system was determined using CFD-ALE simulations at a single sinusoid
oscillation frequency, similar to virtual wind tunnel tests. This method only requires
local linearity of the system as necessary precondition. This is a slight but not dramatic
limitation in practice. Violations of these limitations are easily detectable and should
be avoidable by selecting appropriate simulation conditions. Therefore, determining the
stability derivatives at many points in the flight envelope for a detailed model utilizing
look-up tables is possible. This is a major advantage over any other method to determine
the stability derivatives apart from dangerous flight tests and complicated dynamic wind
tunnel experiments. A verification with several separate different methods to compare was
attempted. While none of these methods yield definite evidence that the methodology
is appropriate due to their own limitations, none of the verification steps are seen as
failed, either. For this reason, there is currently no reason to believe that the method is
inappropriate for the use case.

These stability derivatives were used for a theoretical analysis of the flight performance
and stability that showed a severe decrease in all key flight performance parameters
except for the maximal possible sink rate in the iced case. The flight stability, based on
the system matrices and their eigenvalues, is severely but not critically affected. Most
notably, the phugoid oscillation deteriorates to a slightly instable motion, that causes the
aircraft to pitch down into a relatively steep dive without returning to level flight.

Based on this theoretical analysis, a parameter set that allows flying in iced conditions
using the established ArduPilot autopilot suite, was developed using manual tuning in
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the flight simulator. Flight simulations have shown that flight in icing conditions with the
“normal” parameter set, optimized for flight in clean conditions, is not possible, due to
excessive commanded AOAs and stable but pronounced oscillations. With the parameter
set tuned for iced conditions, flight in simulated icing conditions seems possible.

The logical next step would be to verify the results of this work with real flight tests.
NTNU has artificial 3D-printed ice shapes for the Skywalker X8 with a similar cross sec-
tion to those investigated in this work. Both the predicted system behaviour (chapter 4)
and the ArduPilot parameter set (chapter 5) can be verified in flight tests. Due to model-
ing inconsistencies, e. g. maximal elevon deflection angle or control derivatives, retuning
the parameters to the actual flight hardware is likely required, but the parameters from
the flight simulator should yield a good starting point.

A second limitation of this work is that it exclusively investigated changes to stability
derivatives. The control derivatives were not investigated at all, even though changes
to the control derivatives are likely. For precise simulations and subsequent controller
parameter tuning, knowledge about the control derivatives is paramount. Calculating
the control derivatives at different AOAs and elevon deflections might also improve the
currently quite unrealistic simulations in stall.

Currently, the longitudinal coefficients are a function of AOA and an icing severity fac-
tor, whereas the lateral coefficients are a function of AOS and the icing factor. Control
derivatives are constant. Using an appropriate n-dimensional interpolation algorithm,
the simulation quality could be further improved by considering more dependencies such
as the mentioned suspected dependency of the control derivatives on icing and AOA. Ad-
ditionally, a finer discretization for the instationary derivatives at more than two distinct
AOAs could be considered but is quite computationally expensive.

Lastly, different icing types and severities should be investigated further. There is some
evidence to suggest that the impact of icing can be modeled by a linear deterioration of
the coefficients, but this is solely based on the static longitudinal behaviour. The ice
shapes investigated in this work are simultaneously a very severe and quite specific due
to the horn structure that only forms in specific icing conditions. Other icing conditions
and severities should be investigated to see if a linear icing severity factor can realistically
be used.
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