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Abstract

Previous years have seen a rise in the use of Unmanned Aerial Vehicles (UAVs). Reaching a large
endurance and range while being able to perform Vertical Take-Off and Landing (VTOL) landings allows
a broad range of applications. For this purpose the DelftaCopter (DC) was developed, a tilt-body tailsitter
UAV. It hovers using a single helicopter rotor for lift and transitions to forward flight by pitching its body
down by 90°. In this forward flight state, wings generate the lift, while the helicopter rotor now provides
thrust. The single rotor is more efficient than using multiple smaller rotors and helicopter swashplate is
used for attitude and speed control.

The heavy single helicopter rotor introduces significant gyroscopic moments, as is the case for all heli-
copters. In contrast with normal helicopters, the DC has a heavy fuselage putting the attitude dynamics
between a helicopter and aircraft. In previous research, a controller based on a model incorporating the
rotor as a rotating cylinder was implemented. This controller was unable to counteract the gyroscopic
pitch-roll coupling, leading to the question of this thesis: how should the DC be modeled to allow control
design.

In this thesis, the previous model is called the Cylinder Dynamics (CD) model, and is compared with
another model from literature. The latter model, in this thesis called the Tip-Path Plane (TPP) model,
includes the flapping dynamics through the tip-path plane dynamics and is also a linear state-space
model. In flight tests, chirps were used to cover a broad frequency range. Fitting both the CD and
TPP models on this flight test data, it is shown that the CD model lacks accuracy in the high-frequency
area, while the TPP is able to accurately model these dynamics. This shows that the flapping dynamics
are important to the attitude dynamics of the DC. An Linear Quadratic Regulator (LQR) controller
was implemented based on the fitted TPP model, and shows adequate tracking performance, further
validating the applicability of the model to the DC.

For forward flight, extensions to the hover models are proposed. The extension including the elevator
and aerodynamic damping is shown to simulate key dynamics of the DC in forward flight with reasonable
accuracy. The parameters and eigenfrequencies of this model are not significantly different from the
hover model. Therefore it can be concluded that the gyroscopic effect plays an important role in forward
flight attitude dynamics. Another extension which estimates of angle of attack and sideslip using high-
pass filtered rotational rates, yields better accuracy, but significantly changes the model parameters also
present in the hover model. More research with angle of attack and sideslip vanes could validate this
modeling approach.

It was also found that for a new version of the DC with a smaller, more quickly rotating rotor, the
modeling done before resulted in much worse fits. It was shown that the CD and TPP model response
is much more comparable for this version. Control performance also suffers due to this lower accuracy
model fit. Further research is required to understand why this is the case.
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“In theory, theory and practice are the same.
 In practice, they are not.
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Chapter 1

Introduction

The DelftaCopter (DC) is an Unmanned Aerial Vehicle (UAV) that is designed for both flexible landing
requirements and efficient forward flight, shown in fig. 1.1a. It achieves this by combining Vertical
Take-Off and Landing (VTOL) capability through a standard helicopter rotor-head, with large wings.
During VTOL state, the UAV hovers using the rotor-head, while the entire UAV pitches down around
90° to a forward flight state, as shown in fig. 1.1b. In this forward flight state the wings generate the
required lift and thrust is efficiently generated by the single helicopter rotor. This translates directly in
an enlarged range of this so-called tilt-body UAV compared to normal VTOL UAVs without horizontal
flight mode. The combination of VTOL and a large range is exactly what was needed for the 2016
Outback Challenge[1]. The new rules of the outback challenge again specify that landing in a cluttered
environment is one of the challenges, as per the rules[2], such that a VTOL UAV seems to be the required
solution.

(a) DC in the cyberzoo, the experiment room
for testing UAVs at the TU Delft

rotor

forwardhover

wing

(b) In the air, the UAV transitions by rotat-
ing 90° downwards and flies using its wings as
main lift source. Image courtesy of de Wagter
et al.[3]

Figure 1.1: DelftaCopter photo and schematic presentation of the transition

The single rotor that generates the required hover thrust is a relatively heavy system that rotates at a
high rate, which means there is a significant amount of gyroscopic effect. This effect leads to a coupling
between the pitch and roll rotations of the vehicle in hover mode and roll and yaw rotations in forward
flight. While this coupling is expected in single-rotor system comparable to a helicopter, the fact that the
fuselage has a high inertia makes the vehicle dynamics different from ordinary helicopters. Multicopters
usually have their rotors counter-rotating to eliminate the gyroscopic effect, which will be further discussed
in section 2.1. This leads the DC to be “in between” a helicopter and a multicopter regarding the amount
of gyroscopic effect, which is an area that is not well studied.

According to earlier research on the DC[3], the effect of the fuselage inertia on the coupling is very
prominent. The controller that was implemented to compensate for this coupling did not function without

1



2 Chapter 1 Introduction

an extra tuning parameter, and it was not completely understood why. This problem is present both in
hover mode and horizontal flight. Finding better models for this UAV will improve the understanding of
its attitude dynamics. This leads to the possibility of improving the control of the platform. This is even
more true in forward flight mode, for which no research has been done before.

On an applied level, many companies are developing UAVs or UAV applications. Some of them, for
example Atmos UAV1 are also developing a UAV that is comparable to the DC: they combine VTOL
and horizontal flight by tilting the entire UAV. The difference is that these systems use multiple rotors
for providing thrust, which in theory is less efficient than using a single rotor. The one comparable UAV
that also has a single rotor is developed by Aerovel2. It is a combustion-engine driven UAV that can
hover and tilt to forward flight, using wings and a V-tail to generate lift and stabilize. But since it is a
commercial product, little is known about the modeling and control of this UAV.

1.1 Research objective

Better attitude control of the DC can lead to a widening of the use-cases of the platform. Before the
controller can be improved, more should be known about the DC’s attitude dynamics. As explained above,
the hover mode dynamics still have questions unanswered. The forward flight attitude dynamics have
not been researched yet. Therefore, the goal of this thesis was formulated at the start as follows:

The research objective is to make the DelftaCopter flyable in hover and horizontal flight mode
by modeling its dynamic behavior and implementing a controller compensating unwanted
motions.

1.2 Research questions

At the start of this thesis project, research questions were formulated to aid choosing areas of research
to focus on. These research questions thus help solve the research objective. The wobble in hover
mode has been solved, but more research is needed to completely understand why the current solution
works[1]. In order to find out about the mechanics behind the solution, a good mathematical model of
the DC dynamics needs to be found, and for this several aspects of the dynamics may or may not be
important.

Forward flight modeling is one of the main goals of the research. Since the gyroscopic effect plays such
a large role in the dynamics of the DC, its effect on forward flight attitude control must be researched.
Is it detrimental to flight performance or can it actually be used? Since cyclic pitch makes the lift
distribution of the blade in rotation more uneven, efficiency is lowered. Flying the aircraft with as least
cyclic pitch as possible may thus be good for performance. In the end, the following research questions
were answered:

1. Which physical phenomena should be modeled to sufficiently model the DC dynamics?

(a) What is the influence of the gyroscopic effect on the dynamics?

(b) Do the rotor blade flapping dynamics have a significant effect on the system dynamics?

(c) Does aerodynamic damping of the rotor have a significant effect on the dynamics?

2. What combination of cyclic pitch and aerodynamic control surface inputs can control the DC in
horizontal flight?

(a) What is the effect of the elevons on the attitude?

(b) Is cyclic pitch control of the rotor required for attitude control in forward flight?

These research questions were answered by combining theory with experimentation. It is clear that the
problems raised by previous research were due to the physical system responding different than expected.
In this research, the focus lied first on a better model for hover. It was suspected that the gyroscopic effect
still has a large influence in forward flight, so the hover model should help understanding the forward
flight.

1http://www.atmos.com/
2http://aerovel.com/
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Structure of this thesis 3

1.3 Structure of this thesis

The rest of this thesis contains the results oft he research performed to answer these research questions.
The structure is as follows.

A literature review of modeling and control of small UAVs comparable to the DC is given in chap-
ter 2.

In the following chapter, chapter 3, a theoretical, simplified model of a helicopter is derived, assuming
a rigid rotor. This model is then used to draw some general conclusions regarding the gyroscopic effect
that plays a large role in helicopter dynamics.

Chapter 4 contains an introduction to the research paper published in the IMAV2018 conference. This
paper contains a concise overview of the bulk of this thesis’ research. It describes the used models,
compares how well they can be fitted on flight data recorded on the DC, shows a working controller and
explains concisely an extension proposed to the hover model to allow forward flight modeling.

In chapter 5, a more elaborate overview of the different extensions developed and tested is given.

Up till this point, all research has been performed on the DelftaCopter 2 (DC2). This UAV was partially
rebuilt to include a different rotor and rotor blades for efficiency reasons. This new setup is called the
DelftaCopter 3 (DC3). Due to timing, some research was still to be completed at this point in time, but
it was found that the new setup proved difficult for the modeling approach used for the DelftaCopter 2
(DC2). Chapters 6 and 7 detail the problems encountered in modeling and control respectively of this
updated version.

Finally, in chapter 8 this thesis is wrapped up and a conclusion is drawn.

J.F. Meulenbeld



4 Chapter 1 Introduction

Attitude modeling of the DelftaCopter



Chapter 2

Literature review

In this chapter, a summary of the literature review is given. First, a comparison of different VTOL UAVs
with forward flight capability is given. Then the modeling is detailed of first the single rotor dynamics
and then the aerodynamics, and finally the control of the tilt-body is elaborated upon.

2.1 Comparison of Vertical Take-Off and Landing concepts

To understand DC’s behavior, research on comparable UAVs is compared for its value to the present
research. To find comparable UAVs, the DC first needs to be characterized.

In the original paper on the DC[1], it is described to have a helicopter rotor-head with both cyclic and
collective pitch control of the blades. The blades are stiff and no real flapping hinge is present, but the
blades are mounted using rubber rings that are modelled as a torsional spring system. Furthermore they
can rotate in the lead-lag direction albeit with quite some friction. To compensate the yawing moment
in hover mode due to the single rotor, two tail-rotors are added at the end of the wings. One other
important characteristic is the fact that the fuselage underneath the rotor has a high inertia compared to
normal (small-scale) helicopters: the wing span is relatively high and antennae are put at the wing tips,
leading to better reception at the cost of a larger rotational inertia. This makes it different from normal
helicopters that usually have a body with low rotational inertia.

With this in mind, research on aerial systems is summarized to help explain the flight behavior of
comparable systems. In fig. 2.1 a broad classification of UAVs is given. This classification is adapted
from [4], keeping in mind the requirement that the UAV shall both allow VTOL and a forward flight
that covers a large distance (around 100 km including wind) and therefore contains a sub-classification for
the most promising classes of UAVs for this purpose. In this classification the Horizontal Take-Off and
Landing (HTOL) class is not sufficient due to the requirements of the outback challenge. In literature, the
class containing VTOL UAVs that use wings for fast forward flight are also called “convertible”.

In [5], a qualitative comparison is made between different concepts for propulsion in VTOL UAVs. This
can be summarized as follows:

• Helicopter: a single rotor provides all required lift and a rotor-head with servos and a swashplate
are required for control, as well as a tail rotor. Since it does not use wings for horizontal flight, its
efficiency at flying large distances or at high speeds is lower than that of a fixed-wing aircraft.

• Multi-rotor: since these UAVs have multiple rotors, they can be controlled by using differential
thrust rather than cyclic and collective pitch control. Having counter-rotating rotors removes the
need for a tail rotor since the moment generated by the multiple rotors is canceled. No servos
or heavy rotor-head are needed in this approach, leading to lower mechanical complexity than a
helicopter, possibly at the expense of more weight due to the fact that multiple rotors (usually more
than four) are required. Also, the range is still lower than of fixed-wing aircraft, and the smaller
radius blades are theoretically less efficient than the single blade of a helicopter.

5



6 Chapter 2 Literature review

Figure 2.1: Classification of UAVs for the Outback Challenge. The DC is part of
the Tilt-Body class. Adapted from [4].

• Tilt-rotor: a normal horizontal flying aircraft is appended with rotors that can be rotated from a
vertical orientation for hover mode, to a horizontal orientation for forward flight. Since the rotor-
rotating servo’s don’t rotate the wing, the servo’s and rotation construction can be lighter than in
the tilt-wing concept. Also, rotors may be switched off during horizontal flight, increasing efficiency
if the horizontal flight rotor is designed for a higher velocity regime[6]. Disadvantages are:

– In vertical climb, there is a high frontal area since the wings are mounted horizontally. This
leads to high drag and as such increases the hover power during ascent.[6]

– For high rotor tilts, the wake of the rotor cannot smoothly follow an airfoil due to high incidence
angle between wake and wing. During transition this leads to a higher flight velocity required
before the airflow attaches to the wing.

– Either 3 or more rotors are required or 2 rotors with cyclic and collective pitch control. For
every rotor a servo which rotates the rotor is required. This increases mass and complexity
of the design compared to tilt-body. All in all this concept has been researched a lot[5].
Examples include one designed by van der Mey[7], while Ducard describes another example
that is implemented in a commercial solution[8].1

• Tilt-wing: in this concept, the rotors are rigidly attached to the wings and the entire wing assemblies
are rotated. Control can be comparable to tilt-rotor aircraft while the tilting assembly is probably
heavier since the wings themselves are also tilted. During hovering ascent, the disadvantage of the
big frontal area is not present since the wing is rotated vertically.[6] As stated above, the weight of
a mechanism that tilts the entire wing may be heavier than the tilt-rotor. Examples include [9, 10].

• Tilt-body: the entire aircraft is tilted and therefore no rotor tilting servos are required, which
saves weight and lowers complexity. However, any used rotor in hover will be perpendicular to
the airflow in horizontal flight as well, so there’s no opportunity to improve efficiency by switching
off 1 or multiple rotors and fly with the propulsion of just one or two rotors designed for efficient
forward flight. Another disadvantage is that while descending quickly, the vertical wind velocity
may lead to a reversed flow over control surfaces, which leads first to a low actuator effectiveness,
and when descending even faster, a switching sign of the control derivative. This disadvantage is
partially solved by having blown actuators in the wake of the propeller.[11] The required actuators
for attitude control can be supplied with the following options:

– Four rotors which then do not require further aerodynamic control surfaces, such as the Atmos
UAV2, Quadshot[12] and VertiKUL [13]. Control and actuator complexity is the lowest for
this concept since it can be controlled like a (heavy) quadcopter, and no significant gyroscopic
effect is present since the rotors are counter-rotating. Since no aerodynamic control surfaces
are used, control reversal during fast descent is not a problem.

1http://www.wingcopter.com/
2http://www.atmosuav.com/

Attitude modeling of the DelftaCopter
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Modeling of single-rotor UAV 7

– Two rotors with aerodynamic control surfaces, such as the MAVIon[14] or Cyclone[11] which
have two separate rotors or the Vertigo[15] which has a two rotors in a coaxial rotation mount-
ing. The aerodynamics control surfaces can also work while in hover mode if they are in the
propeller slipstream, but they may be subject to control reversal when descending: then the
flow over the airfoil is inverted and the effectiveness is reversed[11]. Since only 2 motors and
2 servos are required, this is probably the lightest solution.

– A single rotor with or without aerodynamic control surfaces, of which only two exist at the
present moment: the DC [1] and the Flexrotor by a commercial company3. Using a single rotor
rather than multiple smaller ones is more efficient, and if the rotor is fitted with a collective
pitch control mechanism, the rotor can be set at a high incidence angle during forward flight
for high efficiency. The helicopter rotor-head gives a high control authority during hover mode,
but it is relatively heavy since it uses a heavy wing, the three servos required for cyclic and
collective pitch control and two tail rotors to counteract yaw moments. Another disadvantage
is the gyroscopic effect that is very present and leads to problems in control of the DC[1, 3].

2.2 Modeling of single-rotor UAV

One of the key ingredients to the model will be the gyroscopic effect, which describes the dynamics of a
rotating object. The gyroscopic effect leads to a coupling between roll and pitch, which was found to be
a problem for the DC[1]. In [3] the modeling and control was further developed, yielding further research
questions which are discussed in section 1.1.

Helicopters are controlled by changing the pitch angle of the blade using a swashplate. This pitch angle
is described by both the collective pitch, which controls the amount of thrust, and the cyclic pitch, which
changes the pitch angle over the rotation of the blade. The cyclic pitch makes the blade have a higher
pitch angle in some places of the rotation than in other, thus generating a non-uniform lift distribution
over the rotation. This allows a moment to be generated. However, the maximum lift is not directly
equal to the place where the pitch angle is maximum, due to the fact that the blade can flap up and
down. This property is affected by the gyroscopic effect. In helicopters the gyroscopic effect is mitigated
by applying the maximum lift 90° out of phase with the direction that the pilot wants to go. It will be
described in chapter 3 that this is logical for normal helicopters, but also not sufficient in the case of the
DC due to the high inertia of its wings.

2.2.1 Flapping dynamics versus rotating disk

In literature, modeling of the gyroscopic effect is done in two ways. The first method is modeling the
flapping dynamics of the rotor, such as done in the standard textbook Bramwell’s helicopter dynamics[16],
which is an approach generally used for human-scale helicopters. The flapping dynamics model describes
how the rotor’s blade flaps up and down, which is mainly caused by the cyclic pitch, which changes the
amount of lift the blade makes over a rotation. Due to difference in lift of the blade, the blade tends
to go up and down over this rotation. Due to the relatively low stiffness of the blades, the flapping
angle follows the cyclic pitch angle[16] and thus the cyclic pitch differential doesn’t directly create a
moment on the fuselage. This flapping moment is transferred to the fuselage due to the alignment of the
rotor blades in flapped state or through a torsional hinge, the latter of which is the approach taken for
the DC model[3]. In [17], a comprehensive model of a small helicopter including flapping dynamics is
given, including validation which showed good correspondence between simulation and flight data. The
helicopter has a horizontal stabilizer bar, so it will have to be adapted for use in the DC, but its equations
are relatively simple, albeit non-linear.

A relatively simple representation of a small-scale helicopter has been derived by Mettler[18]. In this work,
higher-than-first-order vibrations and rotations of the blades are neglected and the flapping dynamics can
then be fully described by the plane in which the tip of the rotor travels, called the Tip-Path Plane (TPP).
The plane that the rotor moves in is represented as a two-state first-order system influenced by the cyclic
pitch commands and rotational rates of the fuselage. The thrust vector is assumed perpendicular to the
rotor TPP, inducing control moments on the fuselage since the plane tilts with respect to the body frame.

3http://aerovel.com/
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In the research, the model was simplified as much as possible, using system identification techniques to
identify which parameters of the model are important and which aren’t. If in this model the Bell-Hiller
stabilizer bar dynamics are removed and the yaw damper is also removed out of the system, a 10-state
linear state-space results, which has been fitted to good accuracy for hover mode. Since it is a linear
model, it is unable to capture both hover and forward flight mode as the linearization applies to a single
equilibrium position of the rotorcraft. System identification and results are well described in the book, so
this will be a valuable asset to the present research. In the present thesis, the flapping dynamics model
as derived by Mettler will be called the TPP model.

Another method is to model the rotor as a rotating disk with representative inertia. According to
Kondak[19], small UAV rotors can be modeled as spinning disks with no flapping dynamics included,
due to the fact that the rotor has high relative inertia, rotational velocity, and stiffness. This may be
logical, since for an infinitely stiff rotor the TPP stays fixed to the fuselage body frame and any control
moments are just created by assuming the cyclic pitch yields more lift on one side of the fuselage than
on the opposite. Note that this approach does include gyroscopic effect since dynamic moments of the
spinning disk are still transferred to the fuselage.

No criterion is given, however, as to when the spinning disk model can be used as opposed to the flapping
rotor model. In an overview paper on modeling of small helicopter UAVs, Sandino[20] uses a disk as
model for the rotor, using Newton-Euler formulation, Lagrange formulation and Kane formulation to
achieve roughly the same result. Some other researchers also model the system with a spinning disk, like
[8, 21], or [22], where the qualitative magnitude of the gyroscopic effect is shown.

In conclusion, there is quite some material available that describes two main ways of modeling a helicopter.
No definitive answer is found as to which way is applicable to which system, which means that the proper
way will have to be figured out for the DC specifically.

2.2.2 Lead-lag dynamics

None of the research found on the modeling of small helicopter UAVs incorporates the lead-lag dynamics
of the rotor. The lead-lag dynamics are in-plane rotations of the rotor blades, caused by both the Coriolis
moments due to flapping, and aerodynamic drag. According to Bramwell[16, Sec. 1.8], the motion due
to aerodynamic drag causes a damped out simple vibration, but the lead-lag motion due to the flapping
dynamics yields a steady undamped vibration which lags the flapping angle by 90°. The lead-lag angle
could be calculated from the flapping dynamics, if the friction of the lead-lag hinge can be estimated. In
Mettler[18, Sec. 2.2], it is stated that for the lead-lag motion of the blades leads to very small forces on
the hub compared to the flapping motion, and can be ignored.

2.2.3 Aerodynamic damping of blade

Aerodynamic damping of the blade is caused by the fact that the blade moves up and down during its
rotation. In the reference frame of the blade, a downward motion leads to an increase in the angle of
attack of that blade, which then leads to an increase in the lift generated by the blade. Moving upwards
has the exact opposite effect, leading to a decrease in the lift generated by the blade. This force opposite
to the movement leads to a damping effect. The implementation of this damping in the model of a
helicopter is different between the flapping dynamics model and rotating disk model, since in the rotating
disk model the blade itself does not flap with respect to the body. It is then just the pitch and roll rates
of the helicopter itself that induce an angle of attack.

In Bramwell’s[16], the aerodynamic forces on the blade are incorporated in the flapping dynamics, as-
suming that the lift of the blade is linearly depending on the angle of attack. Since the blade flaps up
and and with respect to the body, the extent of this flapping is determined partly by the aerodynamic
characteristics[16, Sec. 1.6]. In Mettler’s linear model[18], the aerodynamic damping is explicitly used in
the formulation of the TPP: it changes its orientation of the plane, thereby also changing the orientation
of the lift vector. In this model, the pitch angle leads to an angle of attack, which leads to a aerodynamic
force generating the flapping motion, so in this case aerodynamic damping cannot be seen independent
of the dynamics of the blade.

In a rigid-disk rotor model, aerodynamic damping may still be important, but it was not found to be
used in the research presented using this modeling approach. It may be implemented by assuming linear

Attitude modeling of the DelftaCopter
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aerodynamics (lift coefficient changes linearly with blade angle of attack, an approach taken often in
modeling rotor blade aerodynamics[16, 18]) and letting the angle of attack vary with the body angular
rates of the fuselage.

2.3 Modeling of aerodynamics

Dorobantu et al[23] used an Extended Kalman Filter (EKF) to estimate the aerodynamic parameters of
a small fixed-wing aircraft, the size of which corresponds roughly to the DC. These parameters are part
of a linear representation of the dynamics, using states such as angle of attack and pitch rate as relevant
parts of the dynamics equations, which is a standard approach. The model yields good predictions of
in-flight measurements, and the linear model and estimation technique may be useful for estimating a
model of the DC in forward flight.

After identification of an aerodynamic model of the DC in forward flight, the dynamic model that describes
the response to control inputs will be adapted to incorporate the aerodynamic moments as well as the
rotor moments.

2.4 Control systems of UAVs

Transitioning UAVs have multiple flight states, each with their own characteristics: in hover mode, the
UAV is basically a rotorcraft UAV, for which an informative overview paper on control is available[24].
Linear controllers with gains chosen through Linear Quadratic Regulator (LQR) or pole placement are
described as well as Proportional, Integral and Derivative Controller (PID) controllers that require elab-
orate tuning. All yield a relatively simple means to control a UAV compared to non-linear controllers.
The disadvantage is that a linear controller is only effective around its operating condition, so multiple
controllers need to be tuned for different operating points.

Non-linear controllers such as input-output linearization, also called Non-linear Dynamic Inversion (NDI),
and Model-Predictive Control (MPC) don’t have this disadvantage. NDI uses a model of the system to
invert the system dynamics, and calculate the required actuator deflections to attain a certain (angula)
acceleration using the inverted dynamics. MPC solves an optimization problem in real-time, predicting
for a certain time window into the future the UAV’s state given the control inputs, and then optimizes the
control inputs for the time window with a given cost function. This cost function can include accelerations
and tracking errors, which makes makes it a flexible approach, at a large computational cost. The non-
linear model-based controllers NDI and MPC are better able to deal with the non-linear dynamics of a
helicopter and unmodeled dynamics.[24]

An adaptive approach to these model-based controllers lowers the demands on model quality. In that
case, the system parameters are estimated during flight, which means that any unmodeled dynamics are
compensated for by changing the parameters to best fit the measurements at that state.

Finally, incremental approaches to controllers compensate for unmodeled dynamics by not working on
absolute control signals, but signals relative to the current operating point. This is made use of in Incre-
mental Non-linear Dynamic Inversion (INDI), which only requires actuator effectiveness and dynamics
to be well known, and requires no other system dynamics parameters to be estimated.[11]

2.4.1 Control of hybrid UAVs

The tilting concepts all have to deal with transition: changing from hover mode to horizontal forward
flight mode. During this transition, the wind speed over the wing increases and thus the flight behavior
changes drastically, which makes the transition an active research area, i.e. in [9, 11, 25, 26]. Transition
can be done using discrete flight phases, where the change from hover mode to transition phase to forward
flight mode is a sudden change in controller settings. This is done for example by Kita et al.[25], where
a reference pitch trajectory is computed beforehand to minimize altitude loss during transition, and this
trajectory is sent to a PID pitch angle controller. Another example is the work by Muraoka et al.[9],
where the gains of the helicopter mode controller and fixed-wing controller are changed depending on
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the pitch angle during transition. This makes the transition less of a discrete state, and allows any pitch
angle between 0 and 90°.

In [26], a single control architecture is described to solve this problem instead of interpolating the gains of
hover mode and forward flight mode controllers. The control architecture is based on NDI, which means
a model is needed during flight.

A smooth transition with freely selectable pitch angle allows the UAV to be used in harsher wind con-
ditions: if there is a lot of wind, the UAV can still hover in-place by setting a high pitch angle with
respect to the vertical. The thrust vector is then tilted in the direction of the wind, compensating the
drag caused by the oncoming flow which would blow the UAV away if it was hovering straight up. This
leads to a flight between hover mode and horizontal flight.

2.4.2 Control of the DelftaCopter (DC)

However, since the DC is the only scientific research aircraft with tilt-body and single rotor design,
papers considering control of comparable aircraft are scarce. In [3], the control of the DC in hover mode
is detailed. Compensation for gyroscopic effect is introduced, based on identified system parameters
regarding system derivatives in pitch and roll. The identified system contains two states, namely the pitch
and roll rate in hover mode. A direct coupling between these two states and pitch and roll accelerations
is estimated and this coupling is subtracted from the control signal as a feed-forward correction.

However, the compensation needed tuning through a tuning parameter Kc that determined the amount
of compensation used. A tuning parameter of Kc = 1 would mean full compensation as predicted using
system identification, but finally a value Kc = 0.5 was found to be most effective. It remains unclear
why this was the case.[3] Furthermore, no research has been presented on the horizontal flight mode, and
some challenges are still to be solved. It appears that flying turns in one direction is much more difficult
than in another direction, which is probably due, again, to the gyroscopic effect.

Attitude modeling of the DelftaCopter



Chapter 3

Rigid-rotor model

In this chapter, a simple rigid rotor model is developed. Later in the thesis, the Cylinder Dynamics
(CD) model is used that is based on this model. Section 3.6 explains the connection between the rigid-
rotor model in this chapter and the Cylinder Dynamics (CD). The rigid rotor model is the simplest
representation of the attitude dynamics of the DC incorporating the gyroscopic effect. It ignores any
blade flapping, thus assuming a perfectly rigid rotor, and assumes a moment to be applied directly to
the body instead of via the cyclic pitch setting of the rotor.

3.1 Model and assumptions

To allow powerful conclusions to be drawn from the model, some simplifications and assumptions are
made to lower the complexity. The validity of these assumptions is as of now not known and is the subject
of further research. A schematic image of the model is shown in fig. 3.1. The following assumptions are
made for modeling the system:

1. The system is modelled as two parts: the body (lower part) of the UAV with representative inertia
matrix Ib and a spinning disk above this body with representative inertia matrix Ir. Other than
the disk’s spinning, the body and rotor do not translate or rotate with respect to each other. The
initial orientation is that of vertical hover mode as in fig. 3.1.

2. The DC is hinged in its center of gravity such that translations are not possible. The subject of
this derivation is the attitude dynamics, not the translations dynamics.

3. Any moment that causes the model to yaw (rotate around the body z-axis as in fig. 3.1) is directly
compensated by the tail rotor. Therefore, the yaw angle and yaw rate are set to zero. Resulting
from the derivations, the actual yaw moment required for this to be true can be calculated.

4. The rotational rate of the rotor disk is assumed constant. This is achieved by having an (infinitely
fast) engine governor.

5. The mass of the rotor and body are assumed in center of gravity of the entire UAV. The change
introduced here only slightly changes the moment of inertia but does not qualitatively influence the
dynamics.

6. No lift is generated by the rotor or wing. This means that the only effect on the dynamics is the
internal gyroscopic moments and external moments applied to the UAV.

7. The body is symmetrical around the xz- and yz plane such that its inertia matrix is diagonal. The
rotor has all of its mass in a single plane. allowing the perpendicular axis theorem to be used.

3.2 Reference frames

Six reference frames are defined to describe the motion in:

•
¯
EE : The earth-fixed reference frame. z points downwards.

11



12 Chapter 3 Rigid-rotor model

Figure 3.1: Simplified model of the DelftaCopter, the disk represents the rotating
mass of the rotor, with its inertia taken as the average of the real inertia over 1
rotation.

•
¯
Eb: The body-fixed reference frame, fixed to the wing of the DC with its center in the CoM of the
UAV. z points downwards, y towards the right wing and x forward.

•
¯
EE1 : The frame after rotating

¯
EE with the yaw angle.

•
¯
EE2

: The frame after rotating
¯
EE1

with the pitch angle. Rotating this frame with the roll angle
yields the body frame

¯
Eb.

•
¯
Er: The rotor frame, rotating with the rotor with its center in the rotor (and the CoG of the UAV
as discussed in section 3.1). This frame is reached by rotating the body frame along its z-axis by
angle Ψ in the positive direction.

3.3 Equations of motion

The equations of motion are derived from a first principle’s view of the relevant dynamics. The total
angular momentum of the UAV will be derived, and this will be differentiated to yield the required
moments for a certain rate of change in angular momentum.

3.3.1 Angular velocity

The angular rate of the body
¯
ωb and rotor

¯
ωr are given below. In here use is made of the fact that

the z-axis of the body frame and rotor frame coincide, such that the z-component in the rotor frame is
equivalent in the body frame. p and q are the angular rates of the UAV around the x- and y-axis of the
body frame, respectively. The assumption r = 0 is already implemented.

¯
ωb = (p, q, 0) {

¯
Eb} (3.1)

¯
ωr = (p, q, 0) {

¯
Eb}+ (0, 0,Ω) {

¯
Er} (3.2)

= (p, q,Ω) {
¯
Eb} (3.3)

3.3.2 Moments of inertia

For the angular momentum, the moment of inertia is required of both the rotor and the body. For the
inertia of the body no assumptions are made other the symmetry planes. The rotor is assumed to be flat,
so its moments of inertia around the x- and y- axes are half that of the one around the z-axis (which is
denoted Ir). The moments of inertia are given in the body frame: since the rotor is modelled as a disk
its inertia is the same irrespective of its rotation Ψ.

[Jb] =



Ibx 0 0

0 Iby 0

0 0 Ibz


 (3.4)

[Jr] =




1
2Ir 0 0

0 1
2Ir 0

0 0 Ir


 (3.5)

The value of the moment of inertia of the rotor in the z-axis is the moment of inertia of a slender rod
with its mass m distributed evenly along its length 2R: Ir = 1

3mR
2.
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3.3.3 Angular momentum

The angular momenta of the DC and separate bodies are given below.

¯
Db =

¯
ωb [Jb] {

¯
Eb} (3.6)

¯
Dr =

¯
ωr [Jr] {

¯
Eb} (3.7)

¯
D = [(p, q, 0) [Jb] + (p, q,Ω) [Jr]] {

¯
Eb} (3.8)

=
(
p
[

1
2Ir + Ibx

]
, q
[

1
2Ir + Iby

]
,ΩIr

)
{

¯
Eb} (3.9)

The time derivative of the angular momentum is given next. In here, rotor rotational velocity is assumed
constant. The derivative of the angular momentum is equal to the external moment applied to the
structure in the body frame, Mext.

˙
¯
D =

¯
Mext = [ ˙

¯
ωb [Jb] + ˙

¯
ωr [Jr] +

¯
ωb ×

¯
D] {

¯
Eb} (3.10)

= [(ṗ, q̇, 0) ([Jb] + [Jr]) +
¯
D [ωX ]] {

¯
Eb} (3.11)

Where the rotational operator [ωX ] is given below (for r = 0).

[ωX ] =




0 0 −q
0 0 p

q −p 0


 (3.12)

Performing all the matrix multiplications yields the following final expression of the angular momentum
derivative.

¯
Mext =





ṗ
[
Ibx + 1

2Ir
]

+ qΩIr
q̇
[
Iby + 1

2Ir
]
− pΩIr

−qp
[

1
2Ir + Ibx

]
+ pq

[
1
2Ir + Iby

]





T

{
¯
Eb} (3.13)

=





ṗ
[
Ibx + 1

2Ir
]

+ qΩIr
q̇
[
Iby + 1

2Ir
]
− pΩIr

pq
[
−Ibx + Iby

]





T

{
¯
Eb} (3.14)

If the applied external moment about the z-axis is equal to the third component in this vector, the yaw
rate r and angle ψ will be equal to zero and the original assumption is satisfied.

3.3.4 State-space system

Equation (3.14) can be written in state-space form to facilitate easy simulation, where the output equa-
tions consists of an identity C-matrix and zero D-matrix:

˙{
p

q

}
=




0 − ΩIr

Ibx+
1
2 Ir

ΩIr

Iby+
1
2 Ir

0



{
p

q

}
+




1

Ibx+
1
2 Ir

0

0 1

Iby+
1
2 Ir



{
Mx

My

}
(3.15)

The diagonal of the A-matrix currently only has zeros on it, but this would be the place to implement
(aerodynamic) damping as described in section 3.4.
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Figure 3.2: Movements of the rotor blade in the incoming flow. Vres is the resulting
incoming flow, including induced rotor flow and pitch and roll movements of the
fuselage. rr is the radial position of this portion of the blade from the center of the
rotor.

3.4 Aerodynamic Damping

As described in section 2.2.3, aerodynamic damping is usually not derived analytically when a rigid rotor
is assumed. Aerodynamic damping of roll and pitch motions due to the rotor can be implemented by
deriving the extra angle of attack on the blade due to the rolling and pitching motion. To this end, the
lift coefficient of the blade will be linearized: Cl = Clαα. Since this relation is linear, the extra moment
around x and y axes of the fuselage can be calculated simply using the extra angle of attack added by
the effect of the angular motions of th UAV. The physical situation is given in fig. 3.2

From this image, the angle of attack as a function of roll and pitch angles can be derived. Take note
that, seen from the top, the DC blade rotates in the clockwise direction. Ψ is then the angle of the rotor
as measured from the positive x-axis as shown in fig. 3.1.

V res = Vi − prr cos Ψ− qrr sin Ψ (3.16)

α = θ − arctan
Vres
Ωrr

(3.17)

When disregarding the blade pitch angle θ and assuming small angles, eq. (3.17) shows a simple relation
for the extra angle of attack due to pitching and rolling. This angle is denoted αpq:

αpq =
1

Ω
(p cos Ψ + q sin Ψ) (3.18)

Now integrating the lift generated by this extra angle of attack over the length of the blade yields the
moment of the blade as a function of the angle over its rotation Ψ. Chord length c is assumed constant
over the blade radius. Use is also made of lift formula L = 1

2ρV
2CLS and the air velocity of a piece of

blade is approximately Vblade ≈ Ωrr.

dL = 1
2ρ(Ωrr)

2αpqClαcdrr (3.19)

= 1
2ρΩr2

rClαc (p cos Ψ + q sin Ψ) drr (3.20)

M =

∫ R

0

rrdL (3.21)

= 1
8ρΩR4Clαc (p cos Ψ + q sin Ψ) (3.22)

The moments in x and y direction can be calculated by multiplying the moment by cos Ψ and sin Ψ
respectively and averaging over a single rotation (2π). Making use of trigonometric integration rules, this
reduces to the following equation. In this equation, the number of blades on the rotor n is incorporated. A
minus is now introduced since the previous moment was calculated blade-up, but it should be blade-down
for these two moments.

Mx = −p 1
16ρΩR4Clαcn (3.23)

My = −q 1
16ρΩR4Clαcn (3.24)

These moments will not be used further in this chapter. They do, however, provide a source of aerody-
namic damping that is included in the CD model used later in the thesis.
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3.5 Conclusions from Equations of Motion

From the first two components in the vector of eq. (3.14), the pitch and roll dynamics can be simulated
when given moments as control input. The system behavior can then be studied to better understand the
differences in output response for different parameters. Firstly, the response to a constant moment will
be shown. Afterwards, the required moment to get a pure roll or pitch rotation will be calculated.

3.5.1 Constant moment along single axis

In order to see the effect the gyroscopic effect has on the attitude dynamics, a constant moment is applied
to the fuselage in simulation, as given in eq. (3.15). The parameters used for this model are comparable
to the DC in the first case, but later a comparison will be made with a human-scale helicopter. Both
sets of parameters are given in table 3.1. Since this simulation is used to get a qualitative understanding
of the involved dynamics, the exact figures are not important, but relative time-scales between different
parameter sets may be interesting.

Table 3.1: Simulation model parameters for the rigid rotor model. The rotor inertia
Ir = 1

12mD
2 is that of a thin rod with its mass and diameter as given in the table.

The fuselage is modeled as a box with dimensions as given in the table. The data
from the DC are measured, while for the human scale equivalent parameters the
data on the Sikorsky S-61 is estimated using parameters found on a website1.

DC equivalent Human scale equivalent

Rotations Per Minute (RPM) 1650 203

Rotor diameter 1 m 18.9 m

Rotor mass 0.11 kg 474.5 kg

Body mass 3.9 kg 6886 kg

Body length x 0.2 m 7 m

Body length y 2 m 3 m

Body length z 0.3 m 3 m

The response is shown in fig. 3.3. From the plots the cross-coupling between pitch and roll is very clearly
visible. A pure roll moment (left column in the figure) generates some roll motion but actually has a
bigger effect on the pitch rate. Furthermore, looking at the actual angles, it is seen that a roll moment
induces an increase in the pitch angle over time, while the roll moment stays relatively constant. The
opposite direction shows similar behavior: a pitch moment generates a roll rate, but even then the pitch
rate oscillations are more intense. This is due to the fact that the pitch inertia of the body is much lower
than the roll inertia, since the wings are aligned along the y-direction. Furthermore, a pure pitch moment
over time yields an oscillating pitch angle, but a roll angle that is increasing over time.

It can thus be concluded that the cross-coupling is very severe, not symmetric (pitch-to-roll coupling
is less than vice versa), and control of the helicopter has to be done 90° off the direction that the
drone is intended to go. While an applied roll moment generates a pretty clean pitch angle increase, an
applied pitch moment yields a steadily increasing roll angle while showing pitch oscillations that are quite
severe.

3.5.2 Moments required for pure roll dynamics

To better understand what is required to control this helicopter, an idealized feedback system is created:
instead of applying a moment purely in one axis, the moment to be applied to calculated every time-step
to exactly counter the cross-coupling between the axis. An extra constraint is applied to the maximum
amount of moment that can be applied (i.e. maximum control deflection of the cyclic pitch), such that
the total moment applied is equal to the amount of moment applied in the previous simulation. The
remaining moment is calculated using Pythagorean’s theorem: M2

x + M2
y = 0.12, corresponding to a

change of point of maximum lift over the rotation of the rotor. This shows what is required to perform
i.e. a pure roll angle change.
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Figure 3.3: A constant moment is applied to the DC, modelled as a box as fuselage
and rotating cylinder as rotor. In the left column, a moment is applied to the
roll-axis, in the right column, a moment is applied to the pitch-axis. The motion
cross-coupling is clearly visible in this system, as well as the fact that the cross-
coupling is very non-symmetric: a roll motion generates a sharp pitch moment but
a pitch moment has less influence on the roll dynamics. Also, it is clear that to
achieve a roll rate, a pitch moment has to be produced and vice versa.

Attitude modeling of the DelftaCopter
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Figure 3.4: The rigid rotor model of the DC is used to find what control moments
are needed to get a pure roll and pitch movement. The left column has pure roll
movement and the right column has pure pitch movement. The input angle shows
the angle of the moment applied (arctan 2(My,Mx)).
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The simulation results are presented in fig. 3.4. From the graphs there are clearly two time-scales. During
roll rotation, the inertia is very high, which leads to a slow increase in roll rate. Therefore, the moment to
counteract the gyroscopic effect on the pitch-axes increases very gradually during the first second. Thus,
the input angle changes linearly from 0 to 90° offset: after 1.2 s, all the available control moment is applied
in the pitch direction to counteract the gyroscopic effect. In the right column, the same simulation is
performed but for a pitch rotation. In this case, the maximum pitch rate is quickly reached, and at that
point all control moment is used on the roll direction to counteract the gyroscopic effect. This behavior
is probably so fast that it can be ignored, i.e. simply applying a constant moment in the roll direction
will yield a pitch movement and very little cross-coupling will be observed.

Comparing this response to the constant moment response presented in fig. 3.3, shows that a pure
pitch response is quite easy to achieve by simply applying a roll moment. There will still be some roll
oscillations but they are negligible. Obtaining a roll rate is more difficult and requires good coordination
of the moments applied to the input axes.

When a human-scale helicopter is simulated in the same way, it is clear that the cross-coupling between
pitch and roll requires the control angle to switch much quicker to 90°. This is due to the fact that the
gyroscopic effect is faster in this case, and the fuselage is less elongated.

3.6 Cylinder Dynamics as Rigid-rotor model

In the rest of the thesis, a model similar to the rigid rotor model is used. This model is called the Cylinder
Dynamics (CD) model. When using the CD model for system identification, the A and B matrices will
both be simply full 2x2 matrices, yielding eight parameters to be identified. The parameters in the A
matrix can be thought of as the aerodynamic damping on the diagonal and gyroscopic effect on the
cross-diagonal. The two zeros in the B matrix as given in eq. (3.15) will also be set to an identifiable
constant, since the control signal will pass through a mixer which distributes the pitch and roll moment
over the swashplate servos. This way, the distribution itself including any phase lag in the control moment
application due to blade flapping will be incorporated in the B matrix.

3.7 Conclusion

A simplified rigid-rotor model was developed from first principles. It was shown that a human-scale
helicopter’s dynamics are close to that of a pure gyroscope such that a pitch rate can be achieved by
applying a roll moment and vice versa. The DC, however, has a much heavier fuselage. Therefore, the
transient response is much slower and simply applying a pitch moment will lead to a lot of wobble on
both the axes.

Attitude modeling of the DelftaCopter
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Figure 3.5: The rigid rotor model of a Sikorsky S-61 (parameters in table 3.1) is used
to find what control moments are needed to get a pure roll and pitch movement. The
left column has pure roll movement and the right column has pure pitch movement.
The input angle shows the angle of the moment applied (arctan 2(My,Mx)). It is
clear that the angle switches much faster to 90° than in the DC parameter set in the
pure roll case.
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Chapter 4

Research paper

The following paper was published in the IMAV2018 conference[27]. It concisely shows most of the
results gotten during this research project: it starts with model selection, then compares two models, the
Cylinder Dynamics (CD) and Tip-Path Plane (TPP) models, for how well they can replicate in-flight
data recorded on the DelftaCopter (DC). Afterwards, a controller based on the best model is implemented
and its performance is shown. Finally, a short overview of the proposed extension to the hover model for
forward flight is given and its fit on test flight data is shown.

All flight tests, model fitting and control tests described in this paper and chapter 5 were performed
using the DelftaCopter 2 (DC2). The research paper shown here functions as a summary of the work
performed on this version of the DC. Chapter 5 provides more detail on the forward flight modeling,
which is described only concisely in the paper.

Due to external circumstances the DC2 was changed by using a different motor and rotor blades. This
new version is called the DelftaCopter 3 (DC3). This version has a smaller rotor rotating at a higher
speed. Chapters 6 and 7 details the problems experienced while attempting the same modeling and
control techniques to this new setup of the DC.
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Modeling DelftaCopter from Flight Test Data
J.F. Meulenbeld∗, C. De Wagter†, B.D.W. Remes
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ABSTRACT

The DelftaCopter, a tilt-body tailsitter UAV, en-
dures large gyroscopic moments due to the sin-
gle helicopter rotor providing its thrust. In pre-
vious research by de Wagter et al.[1] the Delf-
taCopter’s attitude dynamics were modeled us-
ing a rigid rotor, as is customary for small he-
licopter modeling. A controller based on this
model was unable to compensate coupling be-
tween pitch and roll rate caused by gyroscopic
moments.

In this paper, two models are compared for re-
producing the attitude dynamics of the Delfta-
Copter in hover. The Cylinder Dynamics (CD)
model, used in the previous research, assumes
a rigid rotor. The Tip-Path Plane (TPP) model
incorporates flapping motion of the blades and
was developed by Mettler[2]. The two models
are compared by fitting each model’s parameters
on flight data using chirps, sine waves with in-
creasing frequency, as system identification ma-
neuvers. The TPP model is shown to be much
more accurate in reproducing the high-frequency
attitude dynamics. An LQR controller directly
based on the TPP model is shown to yield ade-
quate tracking performance. This validates the
applicability of this model to the DelftaCopter.

For forward flight, an extension to the TPP hover
model is proposed incorporating the aerodynam-
ics of the wings and elevons. It is shown that
with the extension, chirps in forward flight can
be simulated with reasonable accuracy. This
paves the way for a model-based controller in
this flight state.

1 INTRODUCTION

While Unmanned Aerial Vehicles (UAVs) have been
around for many years, reaching a large endurance and range
on small platforms remains a challenge. The Outback Medi-
cal Challenge encourages research on UAVs with the capabil-
ity of long-distance flights and landing in rough terrain. This
requires vertical take-off and landing (VTOL). There are mul-
tiple concepts for combining long range and VTOL, of which
a qualitative comparison is given by Herbst et al.[3] One of
∗joost.meulenbeld@gmail.com
†C.deWagter@tudelft.nl

the concepts is the tail-sitter or tilt-body hybrid UAV. This
concept has its rotors pointed upwards in hover mode, but
can tilt downward by 90◦ to transition to forward flight. In
forward flight the wings of the UAV provide the required lift
for level flight, which is more efficient than using rotors for
lift. The transition is shown in Figure 1.

Rotor

ForwardHover

Wing

Figure 1: Transition of the DelftaCopter.

Within the class of tilt-body UAVs, the amount of rotors
varies. Using four rotors allows to use standard quadcopter
control methods in hover, while taking into account aerody-
namic forces in forward flight. Examples of this class are
the VertiKUL[4] and Quadshot[5]. Two rotor systems have
either counter-rotating in-line rotors like the Vertigo[6] or a
combination of two rotors that rotate in the same plane, like
the MAVIon[7] or Cyclone[8]. Both options use aerodynamic
surfaces for control. The single-rotor tilt-body UAV concept
is implemented by the DelftaCopter[9] and the Flexrotor, de-
veloped by a commercial company1. This makes the Delf-
taCopter a unique platform for researching single-rotor tilt-
body UAVs.

The DelftaCopter has been designed and built for the Out-
back Medical Challenge in 2016 by the DelftaCopter team at
TU Delft[9]. In 2018, the new competition again requires
a flight of ≈ 60 km in one hour, landing in rough terrain
halfway[10]. This demands a UAV that has a long range and
speed, and can do VTOL. The efficiency advantage of a sin-
gle rotor over four rotors is why this concept was chosen. The
DelftaCopter is shown in Figure 2.

Though the single rotor providing thrust and lift is more
efficient than a design with multiple rotors, it yields certain
control challenges. As for most helicopters, the gyroscopic
effect plays an important role in the dynamics of the Delfta-
Copter. Contrary to most helicopters, the inertia of the fuse-

1http://aerovel.com/
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Figure 2: DelftaCopter in hover. In forward flight, the entire
fuselage pitches down 90◦ and the rotor provides the thrust as
shown in Figure 1.

lage underneath the rotor is quite large compared to the ro-
tor inertia. Often helicopters are controlled with the assump-
tion that an applied roll moment yields a pitch rate and vice
versa. This is the case when no bulky fuselage is present un-
der the rotor[11] and the response resembles that of a pure
gyroscope. The DelftaCopter has a heavy fuselage due to the
long wings and electronics placed at the wing tips for better
radio reception. This also makes the inertia much larger in
the roll direction than in the pitch direction.

The currently used attitude rate controller was described
by De Wagter and Smeur[1]. It uses proportional feedback on
the rotational rate error. Additionally, it tries to compensate
pitch and roll gyroscopic coupling using identified coupling
magnitude Cqṗ and Cpq̇ and another gain Kc. The formu-
lation is given in Equation (1). δx is the roll command, δy
pitch. G is the actuator effectiveness matrix, Kp and Kq are
feedback gains, p is roll rate and q is pitch rate, and Kc is a
tuning factor.

[
δx
δy

]
= G−1

[
Kpperr + qCqṗKc

Kqqerr + pCpq̇Kc

]
(1)

This controller relies on the model identified using flight
data. The model is based on the assumption of a rigid ro-
tor applying gyroscopic moments. The factor Kc = 0.5 in
Equation (1) yielded the best results with little coupling be-
tween pitch and roll, while a value of 1 would be expected to
work best if the underlying model is valid.[1] This indicates
that the assumed model is incapable of producing all relevant
attitude dynamics of the DelftaCopter. This leads to this pa-
per’s research question: What is the best model to replicate
the attitude dynamics of the DelftaCopter for the purpose of
control?

The research question was answered by comparing multi-
ple models for their accuracy. The results are described in this
paper as follows. Section 2 describes the models that are com-
pared. To do this comparison, flight tests were performed and
the models’ parameter identified, as described in Section 4.
With the fitted models, a controller was designed and imple-

mented for hover mode, the design and performance of which
is shown in Section 5. In Section 6 an extension to the model
is proposed to incorporate the effect of the wing aerodynam-
ics during forward flight. Finally, in Section 7 the results are
discussed and a conclusion is drawn with respect to the used
models for the DelftaCopter.

2 IDENTIFICATION MODELING

For the purpose of modeling the DelftaCopter for control
applications, a system identification model is to be chosen.
Not all parameters in this model can be found from direct
physical measurement, so a grey-box parameter estimation
procedure was used that estimates the unknown parameters
from flight data. The models used for this are described in
this section.

3 DESCRIPTION OF MODEL TYPES

One of the important differences between the assump-
tions of different models is how they incorporate the flap-
ping dynamics of the helicopter. The flapping dynamics
of a helicopter are well covered in Bramwell’s helicopter
dynamics[12] as follows. The helicopter pitch and roll atti-
tude are controlled by using the swashplate of the rotor. This
device allows to set the variation of the blade pitch angle over
the rotation of the rotor using collective (for thrust) and cyclic
pitch (for attitude control). The blade pitch angle follows the
relation below.

θ = θ0 − δx cos Ψ− δy sin Ψ (2)

In this equation taken from Bramwell’s book[12, sec. 1.6.2],
θ is the blade pitch angle, Ψ is the in-plane rotation of the
blade from the back of the helicopter and θ0 is the collective
pitch angle determining the lift generated by the rotor. δx and
δy are determined by the cyclic pitch setting of the (auto)pilot.
This variation of pitch angle over the rotation will generate
differences in aerodynamic forces which in turn makes the
blade flap up and down. The following categories of mod-
els can be distinguished based on how they incorporate the
flapping dynamics.

• The first and most elaborate approach is to deal with the
flapping blade explicitly, including the flapping angle
of every individual blade as a state of the model. This
allows theoretical analysis into the response but also re-
quires many physical parameters to be accurately mea-
sured. It leads to a model that is very hard to use for
control design due to its time-dependence.

• An often applied simplification is to relate attitude dy-
namics to the Tip-Path Plane (TPP), i.e. the plane in
which the tips of the rotor travel. It can be derived
directly using the flapping angle equation shown in
Equation (2). A mathematical description is derived by
Mettler by neglecting high-frequency dynamics of the
rotor.[2] The TPP is represented by two angles, a and b,
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which indicate the angle between the TPP and the hor-
izontal, in the longitudinal and lateral direction respec-
tively, as shown in Figure 3. The TPP angles change
under influence of control inputs, rotations of the fuse-
lage and gyroscopic precession of the rotor. A moment
is applied on the fuselage if the a and b angles are not
zero, due to the effective spring between the rotor blade
and axis and the offset of thrust application point on the
rotor and the center of mass of the fuselage.[2, 13] This
way, the rotor is a separate body from the fuselage with
its own dynamics. This simplification is valid if the
rotor rotational frequency (≈ 1650RPM = 27.5 Hz
for the DelftaCopter) is much higher than the high-
est eigenfrequency of the body-TPP coupling dynam-
ics (≈ 5 Hz for the DelftaCopter, as shown later). Then
the oscillations of the rotor are damped out by the body
dynamics and the forces can be expressed as an average
over a rotation of the rotor. Mettler applies this type of
model to a small unmanned helicopter, resulting in an
accurate model that matches with flight data[2].

• The last simplification is to ignore the flapping dynam-
ics and treat the rotor as a rigid object, with no flap-
ping angle possible. This way, the gyroscopic effect
that the rotor produces still affects the fuselage, but the
time-dependent coupling between fuselage and rotor
are eliminated. This method is used widely for small
helicopters[14, 15, 16]. A TPP model can be trans-
formed into a model without flapping dynamics by set-
ting the derivatives of the a and b angles to zero, which
is a valid simplification if the flapping dynamics are
much faster than the fuselage dynamics[13]. The type
of model without flapping dynamics will be called a
cylinder dynamics (CD) model, since the gyroscopic
effect of the rotor can be included by modeling it as a
rigid rotating cylinder.

In this paper, the TPP and CD models are compared for
their accuracy to replicate in-flight test data. The formula-
tion for the TPP and CD model will be given below. Both
are linear time-invariant models in state-space form, using the
equations below.

˙̄x = Ax̄+Bū (3)

ȳ = Cx̄+Dū (4)

3.1 TPP model description
The Tip-Path plane (TPP) model has been adapted from

Mettler’s helicopter model, of which only the p, q, a and b
states are used[2]. For the TPP model, the state vector is
x̄ = (p, q, a, b)T and the input vector is ū = (δx, δy)T . The
state-space A, B and C matrices for the TPP model are given
in Equations (5) to (7). The D-matrix consists of only ze-
ros. The model has nine parameters that need to be found
from flight testing: Lb and Ma represent the spring constants

of the Tip-Path Plane, consisting of both the stiffness of the
blade and blade hinge, and the offset between rotor and cen-
ter of mass of the fuselage. τfn is the time constant of the
TPP dynamics. Abn and Ban are cross-coupling terms that
describe how the TPP interchanges the a and b angles over
time. The four parameters in the B-matrix give the actuator
effectiveness. Since the DelftaCopter may fly with different
RPMs, the theoretical dependence of the parameters is made
explicit: τf = τfn/Ω, Ab = Abn/Ω

2 and Ba = Ban/Ω
2[2,

sec. 2.3]. Section 4.3 comments on the validity of this depen-
dence.

a, b δx

X

Z

Tip-Path Plane

Swashplate

Figure 3: Helicopter Tip-Path plane (TPP) model. The axes
shown in this image are as used in the DelftaCopter while it
is in hover. The y-axis is chosen using the right-hand rule.

ATPP =




0 0 0 Lb

0 0 Ma 0

0 −1 − Ω
τfn

Abn

Ω τfn

−1 0
Ban

Ω τfn
− Ω
τfn


 (5)

BTPP =




0 0
0 0

Alat Ω
τfn

Alon Ω
τfn

Blat Ω
τfn

Blon Ω
τfn


 (6)

CTPP =

[
1 0 0 0
0 1 0 0

]
(7)

3.2 CD model description
The state used in the Cylinder Dynamics (CD) model is

x̄ = (p, q)T , and the input is the same as for the TPP model.
Both the A- and B-matrices consist of four identifiable pa-
rameters, as shown in Equations (8) and (9) below. All iden-
tifiable variables could be ascribed physical meaning as a
steady-state solution of the a and b states in the TPP model, or
through gyroscopic moments and aerodynamic damping. The
latter option would entail measuring many different parame-
ters including aerodynamic forces, and does not improve use-
fulness for control design since the final model has the same
structure as it has now.
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Acyl =

[
Lp Lq
Mp Mq

]
(8)

Bcyl =

[
Llat Llon
Mlat Mlon

]
(9)

3.3 TPP and CD model equivalency
The a and b states of the TPP model can be regarded as the

angular accelerations in q and p states respectively, i.e. the a
state is directly related to the derivative of q. This means that
instead of determining the angular acceleration directly using
the control input as in the CD model, the angular acceleration
has its own dynamics and is influenced by the control input.

The steady-state solution resulting from ȧ = ḃ = 0 in the
TPP models allows substitution of steady-state a and b values
in the ṗ and q̇ equations, which then yields a comparable sys-
tem to the CD model, with every CD model parameter linked
directly to a combination of parameters in the TPP model.[13]

3.4 Conclusion
The CD and TPP models will be fitted purely based on

the input-output response. For the TPP model the a and b
states are not measured, but result from the measurements of
their interactions with the pitch and roll rates and actuators.
This means that these states cannot directly be validated from
measurements. The TPP model has but one parameter more
than the CD model, but more importantly it has two more
eigenfrequencies that should allow capturing a broader range
of response frequencies.

4 FLIGHT TESTING AND SYSTEM IDENTIFICATION

For fitting the model parameters, flight tests were per-
formed in an indoor environment. To make sure that the range
of interesting dynamics is covered in every flight test, an au-
tomated flight testing procedure was developed. According
to Tischler et al., the “chirp” maneuver is able to generate
the required frequency content.[17] A chirp is a sine wave
with a frequency increasing continuously over time. When
a chirp is inserted in a single actuator, the system response
shows the coupling between all axes and how this changes
with frequency. Tischler also states that to get the best re-
sults, the system should be flown open-loop. However, this is
not possible with the DelftaCopter due to the dynamics, so the
attitude controller is still active during flight tests. To lower
the coherence between different axes introduced by the con-
troller, noise is added to every axis independently, as per Tis-
chler’s suggestion[17]. The noise is filtered with a first-order
low-pass filter with the cut-off at the highest frequency of the
chirp. An exponential-time chirp is used to have enough con-
tent at the lower frequencies.

The chirp signal is generated and added to the controller
signal and the resulting actuator signal is stored with the gyro-
scope measurements on an SD-card at a frequency of 500 Hz.
The chirp settings are given in Table 1. The frequency range
starts and ends higher than suggested by Mettler[2]. The

lower frequency is limited by the size of the indoor facil-
ity in which the tests were performed, while the higher fre-
quency now includes more of the high-frequency dynamics.
The eigenfrequencies of the identified model are well within
the range of the chirp.

Variable Value
Start frequency 0.5 Hz
End frequency 10 Hz
Noise fraction 0.2
C1 4
C2

1
exp (C1)−1

Table 1: Settings used for the exponential-time chirp. The
noise fraction is the ratio between the amplitude of the chirp
and the standard deviation of the white noise that is filtered
and added to the chirp signal. C1 and C2 are the values
used in the exponential-time chirp formulation in the book
by Tischler[17].

After flight testing, the data was filtered digitally by
an ideal low-pass filter with a cut-off frequency of 15 Hz.
This removes vibrations caused by the rotor which rotates at
around 27.5 Hz. The input channels were centered around 0
to remove input bias. The resulting data streams were used
to fit the parameters in the time domain using the MATLAB
system identification toolbox.

4.1 Chirp results

The results for a roll chirp are shown in Figure 6. In this
figure, the measured roll and pitch rates are shown for the on-
line measurement, the simulated TPP model and simulated
CD model. The pitch rate q is a result of the pitch-roll cou-
pling introduced by the rotor. It is clear that the CD model
is able to accurately simulate the response up to a certain
frequency, but does not include the eigenfrequency which is
excited at around 28.5 s. The TPP model does include this
eigenfrequency and is much better at reconstructing the sys-
tem response. This is due to the fact that the TPP dynamics
model has four states, and therefore four eigenfrequencies.
The two eigenfrequencies the TPP model has extra compared
to the CD model lead to higher frequencies being accurately
modeled as well. A pitch chirp is shown in Figure 7. In
this chirp, the mismatch between the CD model and measure-
ments is even worse.

4.2 Model fit validation

Figure 4 shows pitch and roll doublets, as flown by a pilot
while the attitude controller was active. This flight data was
not used for fitting the models and can thus be used as valida-
tion for model accuracy. Table 2 shows the eigenfrequencies
of both the identified TPP and CD systems. The slower eigen-
frequency corresponds to a pitch-roll coupled motion and is
present in both models. The faster eigenfrequency is almost
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purely pitch and is not present in the CD model. This explains
why the pitch response of the CD model is so far off.

0 2 4 6 8 10

-1

0

1

0 2 4 6 8 10

-1

0

1

Figure 4: First some roll, then some pitch doublets, flown
manually with the attitude controller active. While the roll re-
sponse is quite accurately modeled by both models, the pitch
response is much better in the TPP model. Since the CD
model misses the higher eigenfrequency, the fast movements
of the pitch are not accurately modeled. This difference is
due to the low pitch inertia compared to the roll inertia.

The numerical difference between the measurements and
the model output is given in Table 3. The Normalized Root
Mean Squared Error (NRMSE) percentage is used as a mea-
sure of the goodness of fit, where 100% constitutes a perfect
match. The NRMSE percentage is given in Equation (10),
where y is the measured signal, ŷ is the model output and ȳ
is the average of the measured signal. The fraction in Equa-
tion (10) is thus also equal to the root mean squared error
divided by the standard deviation of the measurement.

NRMSE = 100%

(
1− ||y − ŷ||||y − ȳ||

)
(10)

The fitted parameters are shown in Table 4. The differ-
ence in roll and pitch inertia is apparent from the Lb and Ma

values, which differ by a factor of 4.8. To validate that the
parameters were not overfitted to a particular chirp, the TPP
model was fitted to two different sets of chirp data and their
fitted parameters were compared. The highest single change

Pole Frequency [Hz] Damping [−]
CD model 1-2 1.54 0.35

TPP model 1-2 1.64 0.39
3-4 5.04 0.22

Table 2: Comparison of eigenfrequencies of the CD model
and flapping dynamics fitted models. The first pole-pair has
almost the same eigenfrequency between the two models,
which means that in the lower frequencies both models re-
spond comparable. However, the higher eigenfrequency of
the flapping dynamics model is not present in the CD model,
which explains why high-frequency dynamics are completely
damped out in these simulations, as shown in Figure 7.

Axis TPP model CD model

Chirp p 77.8 77.2
q 77.3 25.9

Doublets p 77.6 76.7
q 64.7 20.0

Table 3: Comparison of NRMSE percentage as given in
Equation (10). For both the chirp and doublet value the roll
response of both models is similar, but the pitch response
matches measurements much better with the TPP model.
Still, the pitch response is not perfect, as can also be seen in
the doublet time response in Figure 4. The chirp rows show
the NRMSE percentage for two pitch and two roll chirps com-
bined while the doublets rows for two pitch and two roll dou-
blets.

in model parameter between the two sets of chirps was 7.7%,
but the eigenfrequencies and damping ratios of the systems
differ at most 0.9% and 1.8% respectively.

4.3 Parameter RPM dependence

As stated in Section 2, the dependence of the parame-
ters on RPM has been made explicit in the system identifica-
tion model. Therefore the remaining identifiable parameters
should remain constant for different RPMs. A range of RPMs
between 1500 and 1650 was tested, and the parameters, which
should stay constant, change up to 185% with many parame-
ters changing tens of percentage points. To analyse how the
actual model characteristics have changed, the RPM param-
eter Ω is changed to 1650 RPM in the A- and B-matrices of
the model fitted on the 1500 RPM data. If the theoretical re-
lations are correct, the resulting eigenfrequencies and damp-
ing should be equal to the model fitted directly on the 1650
RPM chirp data. In reality, the largest eigenfrequency change
was 4%, while the largest damping ratio change is 28%, mak-
ing the model response substantially different from expected.
The model fitted on 1500 RPM yielded NRMSE percentages
of 72.4% and 67.1% for roll and pitch axes respectively, when
tested on the same chirp signal as used in Table 3. Multiple
controllers based on models at different RPMs would proba-
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Param Value CD Value
Ab −1.338 Lp −2.056
Ba 1.448 Mp 10.536
Lb 147.548 Lq −7.900
Ma 713.378 Mq −4.777
τf 0.091 Llat −5.361
Alat −0.282 Mlat −67.573
Alon 0.296 Llon 9.917
Blat 0.524 Mlon 11.136
Blon −0.050

Table 4: The fitted values for the TPP and CD models. The
variables are those given in Equations (5), (6), (8) and (9),
while for the TPP model the variables have been made de-
pendent on the RPM again by using the substitutions τf =
τfn/Ω, Ab = Abn/Ω

2 and Ba = Ban/Ω
2.

bly be needed to accurately control the DelftaCopter. Further
research is thus needed to obtain models that generalize well
with different rotor RPMs.

4.4 Conclusion
It is clear that the TPP model is much more accurate than

the CD model for the DelftaCopter. The extra complex eigen-
frequency pair allows better dynamics resolution at higher
frequency. Validation doublets confirm this result.

5 RATE CONTROL IN HOVER

In order to further test the validity of the model, a rate
controller was designed using standard control techniques
and tested. Since the a and b angles are not measured, a linear
observer was used to estimate these states in real time, of the
form as given in Equation (11). x̂ is the current state estimate
and L is the correction matrix. The A, B and C matrices are
as given in Equations (5) to (7).

˙̂x = Ax̂+Bū+ L(ȳmeasured − ŷ) (11)

ŷ = Cx̂+Dū (12)

The L matrix is chosen using pole placement, setting the
poles of the observer at (−50,−50,−51, 51). This is small
enough to add some damping to the vibrations caused by the
rotor on the gyroscope readings.

The controller is designed using the feedback law given
in Equation (13), adding the reference attitude rate ȳref mul-
tiplied by the steady-state gain of the controlled system g,
which is given in Equation (14).

ū = −Kx̂+ gȳref (13)

g = (C(−A+BK)−1)−1 (14)

The gain matrix K is chosen using LQR. This technique
finds the optimal gain matrix K for the system minimizing
a cost function of state and inputs. The cost matrices of the

LQR design were chosen such that the a and b state cost is
very low at 0.001, since these states are not important to the
end goal of stabilizing and controlling the attitude rate. The
p and q states were given equal cost, fixed at 1. Controllers
were then designed for different costs of the system inputs,
yielding controllers that are more or less aggressive depend-
ing on the input cost. The lower the cost on the input, the
faster the controller steers the system, up to the point where
input lag and delay makes the response oscillatory and un-
stable. The input cost of 5 made the system the fastest with-
out introducing these oscillations. The controlled system re-
sponse is shown in Figure 5. It can be seen that the roll re-
sponse is delayed, but the measurement follows the command
quite well. The pitch response shows a coupling when larger
roll rates are present. The pitch response signal is also larger
in magnitude than the commanded rates.

96 97 98 99 100 101

-1

0

1

96 97 98 99 100 101

-1

0

1

Figure 5: Controller performance during a piloted flight. The
pilot directly commands the attitude rate. The roll response
is delayed with respect to the command but otherwise has ad-
equate tracking performance. The pitch rate shows coupling
with the roll and the response shows larger values than the
commands.

The fact that standard control techniques can be used to
design a controller for the DelftaCopter, confirms that the
TPP model is applicable. While the response is not perfect,
the controller is able to stabilize the DelftaCopter without
other tuning parameters.

6 FORWARD FLIGHT MODELING

In forward flight, the DelftaCopter pitches down 90◦ such
that the wings are level with the ground. The airspeed in-
creases and the wings generate the required lift to maintain
altitude, while the main rotor head is now providing thrust for
the aircraft. This means that the aerodynamic surfaces play a
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significant role in the balance of forces and moments of the
DelftaCopter. To be able to design a controller for this flight
mode, the TPP and CD hover models were extended. During
the forward flight mode, the roll angle of the DelftaCopter in
hover mode constitutes a yaw angle in the traditional aircraft
sense, but is still referred to as roll. Roll rate (yaw rate in
standard aircraft reference frames) is still denoted p. In or-
der to come to a linear model, linear aerodynamic moments
are assumed. The model is fitted on forward flight data and a
conclusion is drawn on how significant the parameters are.

First of all, the DelftaCopter has four movable surfaces
that together supply the role of aileron and elevator where ev-
ery surface deflection is a linear combination of the aileron
and elevator commands. The aileron applies moments to the
fuselage along the axis of rotation of the rotor, and as such
does not induce coupling on the pitch and roll axes. The el-
evator does induce a moment on the pitch rate and is thus
included in the model with parameter Melev. The short-
period longitudinal damping due to a pitch rate Mq and lat-
eral side-slip damping due to a roll rate Lp are included. In
the CD model, they are lumped into the parameters already
present, while in the TPP model these damping parameters
are not yet present and are added. The resulting ATPP,FW
and BTPP,FW matrices for forward flight are given in Equa-
tions (15) and (16). The state vector is the same as for the
hover vector while the input vector now is ū = (δx, δy, δe)

T .

ATPP,FW =




Lp 0 0 Lb

0 Mq Ma 0

0 −1 − Ω
τfn

Abn

Ω τfn

−1 0
Ban

Ω τfn
− Ω
τfn


 (15)

BTPP,FW =




0 0 0
0 0 Melev

Alat Ω
τfn

Alon Ω
τfn

0
Blat Ω
τfn

Blon Ω
τfn

0


 (16)

Lp and Mq represent aerodynamic damping on the roll
and pitch rate. As before, the parameters Lb and Ma of the
TPP model are the representative spring constants, and their
physical meaning is given by Mettler[2, sec. 3.1], with Ma

for example given in Equation (17). This relates the TPP
angle to the angular acceleration of the fuselage, and con-
tains a rotor stiffness term and a thrust term. The rotor blade
spring stiffness kβ is equal to 88 N m rad−1[1], which is
much higher than the thrust contribution at maximum weight
hT ≈ hmg ≈ 0.15 · 4.5 · 9.81 = 6.6 N m rad−1. There-
fore, while the thrust may become smaller in forward flight,
the parameters Lb and Ma are assumed constant in fitting the
forward flight models.

Ma =
kβ + hT

Iyy
(17)

The flight test used to fit the parameters is a forward flight
test in level flight. The airspeed fluctuates between 17 m s−1

and 19.5 m s−1, while the RPM fluctuates between 1550 and
1720. This RPM range is quite broad compared to the hover
experiments, especially considering the observed sensitivity
of parameters to the RPM.

The parameters of the TPP and CD models are given in
Table 5. Comparing these to the hover parameters as given
in Table 4 shows that the hover and forward flight models
have comparable parameters for the rotor dynamics in the
TPP model case. It seems that the roll rate damping is very
small, which is logical since the vertical stabilizer has a small
moment arm to the center of mass.

TPP Value CD Value
Abn −0.908 Lp −10.690
Ban

0.999 Mp 14.899
Lb 147.550 Lq −9.251
Ma 713.380 Mq 1.050
τfn 0.075 Llat 6.605
Alat −0.196 Mlat −70.459
Alon 0.214 Llon −2.903
Blat 0.440 Mlon 11.532
Blon −0.026 Melev 10.263
Lp −0.930
Mq 4.691

Melev 37.752

Table 5: The fitted values for the TPP and CD models in for-
ward flight. The variables for the TPP model have been made
dependent on the RPM again by using the substitutions τf =
τfn/Ω, Ab = Abn/Ω

2 and Ba = Ban/Ω
2. The ATPP,FW

and BTPP,FW matrices of the forward TPP model are given
in Equations (15) and (16). The CD model Acyl,FW -matrix
is the same as Equation (8), while the Bcyl,FW matrix is as
given in Equation (8), with the addition of a third input, el-
evator δelev linearly related to pitch acceleration q̇ through
parameter Melev.

In Figures 8 to 10 the models are simulated on measure-
ments of forward flight data, on roll, pitch and elevator chirps
respectively. This chirp data was not used for fitting the pa-
rameters and can be used for validation. It is clear that the
TPP model is better at predicting the high-frequency response
than the CD model, but the fit is not as good as on the hover
mode. This can be due to the RPM fluctuations or the TPP
model not being applicable to the high rotor inflow experi-
enced in forward flight. Another cause of model inaccuracy
could be aerodynamic effects missing in the model. The an-
gle of attack is not part of the model and was not measured,
but could have an important influence. Surprisingly, the Mq

parameter is positive, implying a positive feedback loop on
the pitch rate. This could be due to the missing other influ-
ences in the model. The accuracies of the models can be seen
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in Table 6.

Axis TPP model CD model

Fitting p 66.0 70.8
q 54.7 21.7

Validation p 49.7 53.1
q 47.1 17.0

Table 6: Comparison of NRMSE percentage as given in
Equation (10) for forward flight. Both fitting and validation
percentages concern three chirps, one roll, one pitch and one
elevator. Simulation of the models on the validation chirps
can be found in Figures 8 to 10.

7 CONCLUSION

In order to design a new controller for the DelftaCopter,
a new modeling approach was required that better captures
the attitude dynamics. A system identification modeling ap-
proach was chosen and two models were compared: the pre-
viously used Cylinder Dynamics (CD) model which assumes
a rigid rotor[1], and a Tip-Path Plane (TPP) model which was
derived by Mettler[2]. Chirps were used as system identifi-
cation maneuver and the models were compared. It is clear
from Section 4 that the TPP model is much better at generat-
ing the high-frequency response than the CD model. This is
validated using manually flown doublets, for which the TPP
response also shows better accuracy. To show that this model
is usable for control design, an attitude rate controller is de-
signed using the standard LQR technique, with reasonable
control response as shown. It can thus be concluded that the
flapping dynamics have a significant influence on the attitude
dynamics of the DelftaCopter.

The relationship between the identified parameters and
rotor RPM was found to be different than predicted from the-
ory. This may be due to the lumping together of unmodeled
effects into the present parameters. Probably models at differ-
ent RPMs are required for accurate control at these different
RPMs.

For forward flight, the TPP model was extended to in-
clude roll rate and pitch rate damping, while both the TPP
model and CD model include a constant for the elevator effec-
tiveness. It is shown that the hover model with this extension
is applicable to forward to some extent.

8 RECOMMENDATIONS

The following recommendations are made on what re-
search could be conducted next:

• Measure the a and b states in flight to give more accu-
rate models and validate the current model’s prediction.

• Investigate the TPP model’s parameters’ dependence
on RPM to broaden the accurate flight envelope of the
model.

• Measure more aircraft states in forward flight, to allow
the attitude dynamics model to depend on, in particular,
angle of attack. Generalize the forward flight model for
different airspeeds and RPMs.

• Use the forward flight model for attitude control.
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Figure 6: Chirp on the roll axis in hover. The pitch motions are mainly due to pitch-roll coupling. The TPP model is much
better at producing the measured pitch signals in the higher frequency range.
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Figure 7: Chirp on the pitch axis in hover. The roll motion due to pitching is much less severe due to the high roll inertia
compared to the pitch inertia. Now the CD model’s accuracy at low frequencies is also worse than the TPP model.
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Figure 8: Validation chirp on the roll axis in forward flight. The pitch motions are probably mainly due to pitch-roll coupling.
The TPP and CD model have a similar response. The high-frequency fluctuations in the pitch response are due to the attitude
controller which is active during the chirp.
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Figure 9: Validation chirp on the pitch axis in forward flight. The CD model’s accuracy is much worse than the TPP model,
while the latter is also unable to follow the measurement signal at higher frequencies. At around 15 s, the logging system shows
some delays, leading to dropped measurements.
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Figure 10: Validation chirp on the elevator axis in forward flight. The roll response q (yaw in standard aircraft reference
frame) is fitted accurately by both TPP and CD models, while from around 15 s the CD model is unable to replicate the higher
frequencies that the TPP model can still generate. The TPP model is still unable to replicate the highest frequencies of the
chirp.
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Chapter 5

Forward flight modeling

In forward flight, the rotorhead provides the propulsive force, and the wings provide the lift required to
maintain altitude. Due to the airspeed (on the order of 20 m s−1), the attitude dynamics are altered by
aerodynamic forces. This means that the hover model may not be applicable to the forward flight state
and an extension is required. In literature, the combination of a helicopter rotorhead with cyclic pitch
control tilted forward into the airflow with wings was not found. Therefore, an extension is proposed to
the models already researched for the hover mode.

The research paper shown in the previous chapter gave some short results considering a forward flight
model of the DC. The model displayed there only contains aerodynamic damping on the rotational rates,
but more models were developed and tested against measurement data. In this chapter, these models
are detailed and compared. Sections 5.1 to 5.4 discuss the development of the extensions to the hover
models. These only use the pitch and roll directions, not the yaw. In section 5.5 it shown that the aileron
effect on pitch and roll can be compensated fully by the elevator. This is why the yaw can be separated
from the pitch and roll. Section 5.6 discusses the necessity of swashplate in forward flight and section 5.7
wraps up the chapter with a conclusion.

5.1 Differences with hover

In order to extend the hover model for forward flight, first the physical differences between the two flight
states are summarized. These differences are specific to the attitude dynamics. Note that in the rest of
the chapter, the same body-fixed reference frame is chosen as in the hover state. The reference frame
remains attached to the DC during transition. This means that the z-axis points to the rear of the vehicle
in forward flight while the x-axis points downwards. p and q are still the attitude rates around x and
y axes respectively, with their direction defined using the right-hand rule. Angle of attack α and angle
of sideslip β are the vertical and horizontal angles between aircraft body frame and the vector of the
oncoming wind. Their directions and the other axes are shown in fig. 5.1.

The differences between forward flight and hover mode are given below.

1. Aerodynamic forces and moments: the wing and vertical stabilizer have a stabilizing effect[1]. This
means that with non-trim attitude angles and non-zero attitude rates, an extra moment is applied
to the fuselage, restoring the Unmanned Aerial Vehicle (UAV) to the trim position. These moments
may be part of a new attitude dynamics model.

2. Four aerodynamic control surfaces are present in the wings that together supply the function of
aileron and elevator. Each of the four surfaces’ command signal is a linear combination of the
elevator and aileron signal, depending on the location of the surface. The elevator and aileron
signals themselves are an output of the attitude controller. The rotor gyroscopic effect does not
influence the fuselage in the direction of rotation of the rotor. The aileron is therefore not included
in the model. This assumption is elaborated on in section 5.5.

3. Increased axial flow to the rotor: due to the fact that the rotor axis is approximately aligned with
the flow, the rotor axial air inflow is much larger than that in the hover state. This requires the
blade collective pitch angle to be larger so as to maintain positive blade angle of attack.

4. Lower thrust from the rotor: the rotor does not have to carry the full weight (≈ 44 N) but has to
balance the amount of drag (≈ 5 N[1]).
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Z

X

Y

q

p
V∞

α

-β

Figure 5.1: Forward flight reference frame and angle definitions. The angles α and β
are defined such that their derivatives are related to the positive body angular rates
q and p respectively, i.e. a positive p leads to an increasing α.

5.2 Model extensions

Multiple model extensions are implemented and tested against forward flight data to test for predictive
quality. Below, they are ranked in terms of complexity. Every subsequent model includes the effects
included in previous models. In later sections, the models will be referred to with the number that it has
in this enumeration. Note that in the models, a constant airspeed is assumed.

1. Include the elevator. The elevator command is translated into servo signals which leads to an
angular displacement of the surface. It is assumed that the aerodynamic moment induced by the
elevator is linear with respect to the angular displacement, M = Melevδelev.

2. Include aerodynamic damping. The pitch and roll rate of the DC create a counter-acting moment:
L = Lpp and M = Mqq.

3. Include stability derivatives. The angle of attack α and angle of sideslip β naturally induce a
restoring moment, which results in the aforementioned stability of the system. However, the DC is
not fitted with angle of attack or angle of sideslip sensors. An estimate is required to include this
state in the model. Euston et al. use a linearized equation for the angle of attack dynamics[28],
which effectively constitutes a high-pass filter on the pitch angle, as shown in eqs. (5.1) and (5.2).
The parameter τα is the time constant and will be fitted as a model parameter as well. For the
angle of sideslip β a similar approach is taken, but using the roll rate in the dynamics, as shown in
eq. (5.2). Finally the angle of attack and angle of sideslip are included in the dynamics by L = Lββ
and M = Mαα.

α̇ = − 1

τα
α+ q (5.1)

β̇ = − 1

τβ
β + p (5.2)

Note that for a high-pass filter like this, the cut-off frequency in hertz is as given below.

fcutoffHz =
1

2πτ
(5.3)
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5.2.1 Implementation in Cylinder Dynamics model

The Cylinder Dynamics (CD) model in state-space form for hover is shown below:

¯
xcyl =

{
p

q

}
,
¯
ucyl =

{
δx
δy

}
(5.4)

Acyl =

[
Lp Lq
Mp Mq

]
(5.5)

Bcyl =

[
Lx Ly
Mx My

]
(5.6)

Ccyl =

[
1 0

0 1

]
(5.7)

Dcyl = [
¯
0] (5.8)

For forward flight extension 1, the elevator is added to the input vector and B-matrix, as shown below.
The rest of the matrices are the same as in hover.

¯
ucyl,FW1 =





δx
δy
δelev



 , Bcyl,FW1 =

[
Lx Ly 0

Mx My Melev

]
(5.9)

For forward flight extension 2, no change is made to the model compared to extension 1. This is due to
the fact that the extra parameters that should be included, Lp and Mq, are already part of the hover
model. This means that the parameters already present in the model will increase or decrease based on
the aerodynamic effects.

Forward flight extension 3 is included in the model, using the eqs. (5.1) and (5.2). This is then imple-
mented in the state-space system as shown below.

¯
xcyl,FW3 =





p

q

α

β




,
¯
ucyl,FW3 =





δx
δy
δelev



 (5.10)

Acyl,FW3 =




Lp Lq 0 Lβ
Mp Mq Mα 0

0 1 − 1
τα

0

1 0 0 − 1
τβ


 (5.11)

Bcyl,FW3 =




Lx Ly 0

Mx My Melev

0 0 0

0 0 0


 (5.12)

Ccyl,FW3 =

[
1 0 0 0

0 1 0 0

]
(5.13)

Dcyl,FW3 = [
¯
0] (5.14)

5.2.2 Implementation in Tip-Path Plane model

The Tip-Path Plane (TPP) model is as shown in sec. 3.1 of the research paper, chapter 4. Again, only
the changes of the matrices compared to the hover model are shown, the matrices that don’t change
are omitted. The first extension is the elevator, as shown below, where the other matrices remain the
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same.

¯
uTPP,FW1 =





δx
δy
δelev



 (5.15)

BTPP,FW1 =




0 0 0

0 0 Melev
Alat Ω
τfn

Alon Ω
τfn

0
Blat Ω
τfn

Blon Ω
τfn

0


 (5.16)

The second extension is the pitch and roll damping. Other than in the CD model, this does add new
parameters to the model.

ATPP,FW2 =




Lp 0 0 Lb

0 Mq Ma 0

0 −1 − Ω
τfn

Abn

Ω τfn

−1 0
Ban

Ω τfn
− Ω
τfn


 (5.17)

(5.18)

Finally, the angle of attack and angle of sideslip are added to the model. The implementation of these
angles is not very different from the a and b angles: their derivative is equal to (minus) the pitch or roll
rate and the derivative and the pitch and roll acceleration is a constant times the state’s value. The
difference is the cross-coupling between a and b which is not present between α and β and they are not
directly influenced by the inputs.

¯
x =





p

q

a

b

α

β





,
¯
u =





δx
δy
δelev



 (5.19)

ATPP,FW3 =




Lp 0 0 Lb 0 Lβ
0 Mq Ma 0 Mα 0

0 −1 − Ω
τfn

Abn

Ω τfn
0 0

−1 0
Ban

Ω τfn
− Ω
τfn

0 0

0 1 0 0 − 1
τα

0

1 0 0 0 0 − 1
τβ




(5.20)

BTPP,FW3 =




0 0 0

0 0 Melev
Alat Ω
τfn

Alon Ω
τfn

0
Blat Ω
τfn

Blon Ω
τfn

0

0 0 0

0 0 0




(5.21)

CTPP,FW3 =

[
1 0 0 0 0 0

0 1 0 0 0 0

]
(5.22)

5.3 Fitting

For fitting these models in forward flight, the same chirp identification maneuvers were executed as in
hover. Since the elevator is part of the model, chirps are also performed on the elevator axis. All flight
tests were performed with an Rotations Per Minute (RPM) and airspeed V∞ as constant as possible.
This is done to allow the parameters in the model to remain constant during the flight and maintain a
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Figure 5.2: During forward, RPM and airspeed V∞ and fluctuate more than in hover.
The spread of 26 individual chirps is shown in this figure. The second plot shows the
input of a single chirp for comparison: every chirp has the same length. The chirps
are done at the straight sections of a figure 8. During the first seconds, the airspeed
and RPM are dropping slightly. It could be that the steady-state after a turn is still
te be reached. Both wind direction and the roll angle change from turning to flying
straight.

linear system model. However, there still remains quite some spread, as shown in fig. 5.2. This is due to
wind and altitude variations caused by a not so aggressively set controller.

The measured outputs of all the models are still just the pitch and roll rates of the DC (which would be
pitch and yaw rates in a standard aircraft reference frame).

5.3.1 Tip-Path Plane fitting

It was found that fitting directly the models described before to the forward flight data did not yield
consistent estimates of the parameters. The optimization was therefore run with multiple starting points,
taking model with the lowest cost function of all the runs as best model fit. However, the spread within
parameters was still quite large, and therefore the assumption described in the research paper was used:
the Lb and Ma parameters are set equal to those and remain unchanged during the optimization. The
physical meaning of these parameters is the apparent stiffness of the TPP deflection, i.e. the angular
acceleration generated per unit TPP deflection. The equation, as derived in Mettler’s book[18], is shown
below.

Lb =
kβ + hT

Ixx
(5.23)

Ma =
kβ + hT

Iyy
(5.24)

As explained in the paper, these parameters do not change much from hover to forward flight. The thrust,
approximately equal to the weight component, is much lower than the stiffness as reported by de Wagter
et al.[3] Setting these parameters to a fixed value “ties down” the meaning of the a and b values. Without
this setting of the parameters, the input-output dynamics can be quite similar for different values of a and
b, if the A and B matrices are chosen appropriately. The setting also makes the rest of the parameters
more comparable due to this tieing down of the a and b parameters.

Chirps that were not used for fitting are now used for validation. This is especially important since the
fitting results are different between the multiple start-points of the fitting optimization. This could be a
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result of overfitting, which can be detected if the validation accuracy is much worse than the accuracy
on the dataset used for fitting.

5.4 Modeling results

The validation chirps are shown in fig. 5.4. During the flight, the attitude controller was active to maintain
stability. The flight data shows high-frequency oscillations on the pitch rate, which may be caused by
the attitude controller, possibly in conjunction with aerodynamic forces.

5.4.1 Cylinder Dynamics FW1,FW2

In table 5.2, the fit values of the hover and forward CD models. Between the F1,F2 and hover model,
some parameters change much more than others. The Lp becomes five times as large, while Mq even
changes sign. This is probably due to aerodynamic effects. It was not expected, however, that these
changes would decrease the stabilizing effect of the the pitch rate damping. Furthermore, the inputs
effectiveness on the pitch axis remains almost equal, while the input effectiveness on the roll channel
changes drastically. In table 5.1, the fit Normalized Root Mean Squared Error (NRMSE) percentages are
given for all models. From this table, it is clear that the pitch channel is, again, much less accurate for
the CD models than the roll channel, which may explain the higher variability in the pitch parameters
than the roll parameters. Another aspect is the fact that in forward flight, the pitch moment is highly
influenced by the angle of attack, while the roll moment is less influenced by the angle of sideslip. This
is due to a high roll inertia and less aerodynamic surface in the roll direction.

5.4.2 Cylinder Dynamics FW3

Incorporating the filtered values for angle of attack and angle of sideslip as in FW3 increases the NRMSE
percentage for the pitch channel significantly, while slightly losing some accuracy on the roll. The angle
of attack filter constant τα is, however, quite small, and the cutoff frequency of the high-pass filter as
given in eq. (5.3) is then 15.9 Hz. This is quite high compared to the rotor-body coupled eigenfrequencies.
From the NRMSE figures in table 5.1, it appears that the accuracy of the FW3 model is much higher
than that of the the other forward models.

In figs. 5.3 and 5.4, the model simulations are shown for the fit and validation chirps respectively. In
both plots, high-frequency oscillations are visible in the pitch channel. It is possible that they originate
from aerodynamic effects. Due to the fact that no tail is present the airframe is marginally stable. This
may lead to significant deviations from the trim position due to turbulence or possibly interactions with
rotor vibrations or dynamics.

It is visible in the chirp simulations in figs. 5.3 and 5.4 that the CD FW3 model is much more accurate than
the FW,FW2 models, where even in the validation chirps the FW3 model is much better at predicting
the behavior of the DC. The identified model values are much different from both the FW1,FW2 models
and the hover model. This may be evidence that aerodynamic moments play an important role in
the dynamics of the DC in forward flight. It is interesting to note that the included parameters for
aerodynamic damping add two states directly linked to the derivative of p and q. In this sense they may
be compared to the a and b states of the TPP model, even though they are not influenced directly by the
model inputs. This new model having a significantly higher accuracy than the model with two states,
makes clear that the derivatives of the p and q states are important to include in the model.

5.4.3 Tip-Path Plane FW1 and FW2

The FW1 TPP model includes the elevator while the FW2 model also includes the aerodynamic damping.
In table 5.3, the parameters for all TPP models (including the hover model) are shown. While for the
CD models all forward model parameters are very different from the hover model, in the TPP case they
remain more alike. The aerodynamic damping introduced in TPP FW2 increases the pitch accuracy of
the model slightly, but as a whole the response of the models is very much alike as can be seen in figs. 5.5
and 5.5. The parameters Ab and Ba do seem to decrease quite a bit, leading to a lower cross-coupling
between a and b states.
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Figure 5.3: From top to bottom: roll and pitch rate during roll chirp, pitch chirp
and δelev chirp. The forward flight CD models are simulated on the data that was
used for fitting.
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Figure 5.4: From top to bottom: roll and pitch rate during roll chirp, pitch chirp and
δelev chirp. The forward flight data presented here was not used during fitting the
models so it can be used as validation data. In the data high-frequency oscillations
are visible in the pitch response during the chirp.
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Table 5.1: Comparison of fitting and validation accuracy in forward flight

CD TPP

FW1,FW2 FW3 FW1 FW2 FW3

Fitting
p 70.7238 65.7507 67.8948 65.9181 68.6126

q 21.7784 52.4019 51.3216 54.7566 71.4165

Validation
p 60.0718 55.2323 57.0935 55.4881 57.3338

q 17.2319 48.5846 50.3391 51.6522 69.5777

Table 5.2: Comparison of parameters of fitted CD models in hover and forward flight.
The hover column repeats the values for the model fitted on hover data. They are
slightly different from the values mentioned in the paper due to reoptimization. The
forward flight parameters are shown in the next two columns.

CD hover CD FW1,FW2 CD FW3

Lp −2.083 −10.864 25.430

Lq −7.926 −9.334 −1.240

Mp 10.498 14.987 2.252

Mq −4.753 1.132 73.455

Lx −5.330 6.592 6.473

Ly 9.857 −3.123 2.586

Mx −67.356 −70.433 −50.844

My 11.053 11.683 24.979

Melev − 10.254 12.599

Mα − − −7851.788

Lβ − − −922.136

τα − − 0.010

τβ − − 0.030

5.4.4 Tip-Path Plane FW3

As opposed to the TPP FW1 and FW2 models, the FW3 model does change its parameters quite a lot
compared to the hover models. The input matrix values considering a and b angles are much smaller,
while the rotor time constant is also smaller. The graphs in figs. 5.3 and 5.4 show that the TPP FW3
model is the only model that is able to reproduce some of the higher-frequency motions. This may be
due to aerodynamic motions, specifically the short-period.

5.4.5 Comparison of eigenfrequencies

Another way of viewing the differences between models, aside from the differences in parameters and
model structure, is examining the eigenfrequencies and damping ratios. Table 5.4 shows these for all
forward models of the DC2. Comparing the TPP FW1, TPP FW2 and CD FW1,FW2 models, the first
pole is very similar in both frequency and damping ratio. This pole in the TPP model is related more
to roll motion than pitch motion, and is clear from the discussions before that the roll response of both
CD and TPP models are adequate. The faster pole related more to pitch motion is absent in the CD
model, and this shows in the response. Looking at for example the elevator chirp in fig. 5.4, the model
without α and β estimates is not able to reproduce the pitch behavior. This shows that the low-frequency
behavior of the models is quite similar but at higher frequencies, also more related to pitch motion, the
CD FW1,FW2 models are unable to generate the dynamic behavior.

It is also interesting to note that the TPP FW1 and FW2 frequencies are not very different from the
frequencies of the model in hover. This suggests that the low-amplitude angular rate motions in forward
flight are not all too different from those in hover. Of course, this may change when larger attitude
angles are commanded, since aerodynamic moments then play an increasingly large role. Depending on
the aerodynamic configuration, this will create a restoring moment to the trim state.
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Figure 5.5: From top to bottom: roll and pitch rate during roll chirp, pitch chirp
and δelev chirp. The forward flight TPP models are simulated on the data that was
used for fitting.
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Figure 5.6: From top to bottom: roll and pitch rate during roll chirp, pitch chirp and
δelev chirp. The forward flight data presented here was not used during fitting the
models so it can be used as validation data. In the data high-frequency oscillations
are visible in the pitch response during the chirp.
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Table 5.3: Comparison of parameters of fitted TPP models in hover and forward
flight. The hover column repeats the values for the model fitted on hover data. They
are slightly different from the values mentioned in the paper due to reoptimization.

TPP hover TPP FW1 TPP FW2 TPP FW3

Ab −1.358 −0.908 −0.924 −0.305

Ba 1.472 1.014 1.020 1.280

Lb 147.533 147.533 147.533 147.533

Ma 713.444 713.444 713.444 713.444

τf 0.092 0.087 0.076 0.018

Alat −0.282 −0.299 −0.195 −0.019

Alon 0.296 0.266 0.214 0.038

Blat 0.524 0.486 0.440 0.152

Blon −0.050 −0.052 −0.026 0.015

Melev − 42.441 37.725 7.908

Lp − − −0.946 6.299

Mq − − 4.716 178.131

Mα − − − −36053.562

Lβ − − − −104.670

τα − − − 0.005

τβ − − − 0.092

Also note that the frequency added by the FW3 extension on the CD model is much more comparable
to the second pole of the TPP FW1 and FW2 model than the third pole. As stated before, the α and β
both affect the derivatives of the p and q states and as such are comparable to the a and b states from
a mathematical point of view. It seems that more accuracy can be gained from including the higher
eigenvalues tied to the a and b states than those of the α and β states in the TPP FW3 model.

In the TPP FW3 model, the added pole is of a higher frequency, which is then able to account for
the high-frequency oscillations seen in fig. 5.6. It is difficult to judge whether this behavior is due to
aerodynamic effects or some other coupling. Measuring the flight behavior with angle of attack and angle
of sideslip sensors installed may allow more detailed analysis of these vibrations.

Finally, comparing the eigenfrequencies of the forward models, they seem quite comparable to them in
hover. This indicates that the attitude rate dynamics do not change significantly. Of course, these results
are applicable when the maneuvers are chirps around a certain trim point. It may well be the case that
angle of attack and sideslip become more prominent when further away from this trim point.

Table 5.4: Comparison of the eigenfrequencies ωn and damping ratios ζ of the for-
ward flight models, sorted in ascending order of frequency. The hover eigenfre-
quencies were repeated from the hover modeling as shown in the research paper,
chapter 4.

CD TPP

Hover FW1,FW2 FW3 Hover FW1 FW2 FW3

ωn [Hz]

1.536 1.798 1.579 1.630 1.756 1.760 1.436

- - 3.962 5.041 4.679 4.630 5.180

- - - - - - 9.451

ζ [−]

0.354 0.431 0.391 0.386 0.433 0.447 0.397

- - 0.495 0.220 0.228 0.217 0.340

- - - - - - 0.981
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5.5 Aileron modeling

Up until this point, all of the modeling has been performed using pitch and roll rate in the body frame. In
hover, this is applicable since the tip rotors are capable of maintaining yaw orientation. Also, no coupling
is present between the pitch and roll motion and yaw. Therefore, the yaw dynamics are separated from
the pitch and roll dynamics. For forward flight, the aerodynamic surfaces function as both elevator and
aileron. For the attitude dynamics it is important to verify that the aileron function does not have a
significant effect on the pitch and roll motions.

In order to do this, chirps were also performed on the aileron. The same settings were used as for the
elevator chirps. An additional model was devised, derived from the TPP FW3 model. The B-matrix was
extended to include another input, namely the aileron. Two moment derivatives were added, Lail and
Mail for roll and pitch respectively. The extended model was fitted using the same procedure as the other
models, keeping Lb and Ma constant. It was found that the parameter Lail = 0.08, which is insignificant
compared to the other derivatives of L as can be seen in table 5.3. The parameter for pitch was found to
be quite high, Mail = −1.66, about a fifth of the elevator value Melev shown in table 5.3. This indicates
that the aileron and elevator may have mixed effects. The elevator and aileron functions are performed
by the same aerodynamic surfaces. Therefore, a new mapping between aileron and elevator commands
to actual surface deflections may remove this coupling.

5.6 Necessity of the swashplate in forward flight

One of the research questions is whether cyclic swashplate control is required to allow controlled forward
flight. If the swashplate is not required, the aerodynamic surfaces, together with any inherent stability,
will allow controllability of the DC. This may be more efficient than using the swashplate in forward flight.
Furthermore, since the aerodynamic surfaces are unable to generate a p roll (aircraft yaw) moment, this
would also imply that the aircraft has sideslip stability. The models developed in the preceding sections
are stable, i.e. their poles have a positive damping ratio as shown in table 5.4. This means that the rates
are stable and should converge to 0 without control input and disturbance.

Figure 5.7 shows a part of a flight with the swashplate and tip rotors set to inactive. Firstly, it can be
seen that p, the aircraft yaw state, continuously returns to 0 after every disturbance. This means that
the airframe does provide stability in this axis. Secondly, the flight is not unstable. While the elevator is
clearly counteracting the pitch movements, it is able to maintain stability. The 10 s of flight shown in the
graphs are during stable, steady forward flight. During further tests, it was shown that the DC is able
to make turns by using the aileron and elevator alone. This indicates that the swashplate is not strictly
necessary in the forward flight state.

5.7 Conclusion

In this chapter, the forward flight modeling approach as described in the research paper in chapter 4 was
further detailed. The considered differences between hover and forward flight were given in section 5.1.
The yaw (aircraft roll) motion does not couple with the gyroscopic effect, and the aileron’s effect on pitch
and roll (aircraft yaw) can be removed using the elevator. This is shown in section 5.5. Therefore, the
aileron is not included in the rest of the forward flight models.

Three new extensions to the hover models were developed and fitted on forward flight data. In increasing
order of complexity, they add the effects of the elevator, aerodynamic damping, and angle of attack/-
sideslip to the model. The angle of attack and sideslip were included as states of the model as high-pass
filtered versions of q and p respectively. The filter constant was an identification parameter.

The extended CD models all offer low accuracy in the high-frequency range. The extended TPP models
offer higher accuracy, as evidenced by the graphs and fitting accuracy percentages. Between these exten-
sions, the FW3 model provides the highest accuracy. The extra complex eigenvalue pair allows resolution
of the high-frequency oscillations shown in the chirps. The parameters of the FW3 model change a lot
compared to the FW1 and FW2 models, both for the CD and TPP case. It is unclear why. Testing with
angle of attack and sideslip vanes allows measuring α and β directly. Then this modeling approach could
be validated.
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Figure 5.7: Forward flight measurements with the swashplate and tip rotors inactive.
The inputs in the upper subplot show that only the aerodynamic control surfaces
are active. In the lower subplot, it can be seen that the flight is quite steady. Note
that p is what would normally constitute aircraft yaw rate and r is what would
normally be considered aircraft roll. The steady-state offset visible in the input is
due to imbalances in the airframe and the counter-moment needed due to the rotor.
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Chapter 6

Modeling DelftaCopter 3 in hover

Up to this point, all modeling and system identification was performed for the DelftaCopter 2 (DC2).
This resulted in quite accurate model fits for hover. The DC2 rotor blades and motor were described in
the DelftaCopter (DC) paper[1]. After more research on the propulsion system by de Wagter et al.[29],
it was found that with a different setup, flight efficiency could increase. Due to project timing, further
hover control investigation after the control described in the research paper was to be performed on the
new version of the system, called the DelftaCopter 3 (DC3).

The main difference between DC2 and DC3 setup is that the latter has rotor blades that rotate at a
higher Rotations Per Minute (RPM). The new rotor is approximately 66 cm instead of the old 100 cm.
To maintain lift with the smaller blades, in hover the rotor rotates at 2800RPM instead of 1650 RPM.
In the theoretical derivation of the rigid rotor model, chapter 3, it is shown that the term describing the
gyroscopic moment is ΩIr. The fuselage itself remains the same, so any differences in system identification
results are only due to the rotor size, higher rotational rate and rotor stiffness. In this chapter, it is shown
that the models used before, offer less fitting accuracy on this new setup than on the DC2.

6.1 Fitting accuracy of DelftaCopter 3

Both the Cylinder Dynamics (CD) and Tip-Path Plane (TPP) models were fitted on pitch and roll chirps
of the DC3. The fitting procedure was exactly the same, but yielded lower fitting percentages: for the
TPP model, the Normalized Root Mean Squared Error (NRMSE) percentages were 50.65% and 63.07%
for roll and pitch motion respectively. This is an obvious step back from 77.8% and 77.3% as shown in
the research paper. Hand-flown validation doublets in fig. 6.1 show that the model response shows quite
some large deviations. The TPP model has NRMSE percentages of 37.2% and 35.3%, significantly lower
than those shown in the paper.

6.2 Advance angle

To try to improve the accuracy of the hover model on the DC3, a different strategy was used for adding
the chirp to the control signal. The difference is whether the chirp is applied to a single actuator, or is
applied to achieve a pure pitch or roll motion. The difference will be explained in this section and it is
shown that while theoretically irrelevant, this has a large impact on fitting performance.

6.2.1 Advance angle in the DelftaCopter controller

The current controller works by independently controlling the pitch and roll axis, and multiplying the
resulting command signal with a constant matrix. This matrix contains the advance angle, which is the
angle between the actuator activation and the actual resulting body rotational rate. Due to linkage setup
between servos and swashplate, there already is a −90° mechanical advance angle, i.e. an actuator pitch
command leads to a cyclic pitch angle when the blade is aligned with the y-axis. This −90° angle is
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Figure 6.1: Simulation of hand-flown flight data on the DC3. The accuracy is
clearly much worse compared to the doublet simulation shown in the research paper,
chapter 4.

what would be required if the Unmanned Aerial Vehicle (UAV) behaves like a gyroscope without a non-
rotating body attached. However, due to the heavy fuselage, the angle is between −90° and 0°. Instead
of a diagonal actuator effectiveness matrix, the off-diagonal elements have a significant value. This effect
is caught in the advance angle, i.e. the angle between actuator direction and rotational acceleration
direction. It is different for the pitch and roll axis. To counteract this advancement, the control signal
is multiplied by a matrix. The matrix used is given below, where ∠p is the roll advance angle and ∠q is
the pitch advance angle.

adv =

[
cos∠p sin∠q
sin∠p cos∠q

]
(6.1)

This matrix is multiplied by the desired rotational accelerations to get the actuator values. The angle can
be found from measurements by taking the inverse of the B matrix of the CD model and taking the ap-
propriate inverse tangents. In practice, these two angles are a tuning parameter for the controller.

The currently used attitude rate controller works by passing the rotational rate error through a Propor-
tional, Integral and Derivative Controller (PID) controller. This results in a desired attitude acceleration.
The attitude acceleration is then multiplied by the advance angle matrix adv in eq. (6.1), which results in
the actuator output of the controller. The adv matrix rotates attitude directions such that the actuator
output will yield this direction of angular acceleration desired.

6.2.2 Chirps without advance angle

In all the preceding chirps, the chirp signal was inserted before the adv matrix. This means that in general,
the chirps are not applied to a single actuator. Rather, the chirp is a linear combination of actuator values
that should result in only a pitch or roll motion. In theory, this does not make a difference since the final
actuator signal is logged. Thus, while fitting it is clear that in the case of the chirp including the adv
matrix, both actuators are used during a single chirp, albeit in different magnitudes for different chirps.
The model should be able to understand the differences in the direction.

In reality, the attitude controller is active during the chirps, which attempts to remove the “disturbance”
created by the chirp.

Figure 6.2 shows the input and rotational rate of both a δx and δy chirp. During the low-frequency part
of the chirp, 5 s to 15 s, the inputs are very alike, which is unexpected since the chirp should be applied
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purely to one actuator. This is caused by the controller trying to counteract the chirp motions. The
result is that the pitch rate is largely damped out in this first phase of the chirp. Interestingly, the roll
rate p of both chirps in the low-frequency part seems very much aligned during both chirps, while the
pitch rate q is almost exactly counterphase. During the high-frequency phase, the controller does not
respond to the chirp disturbance, as is visible in the input plots. In this part, the roll motion is very
small while the pitch motion of both chirps is now in phase instead of counterphase.

Having inputs that are so alike during the low-frequency part of the chirp means a model can not properly
distinguish between the effects of the different actuators at these frequencies. The TPP and CD models
are fitted on these chirps. The simulation performed with these models is compared to some hand-flown
measurements in fig. 6.3. The quality of the fit is clearly much lower than the fits shown in section 6.1
which were simulated with a model obtained with chirps that did have the advance angle applied. Without
applying the advance angle to the chirp, especially in the low frequencies, the pitch motion does not follow
the trend of the measurements. During the roll chirp, the model’s response seems even shifted in phase
with respect to the measurements. This is particularly alarming since a controller based on such a model
could then also steer based on the wrong phase.

In fig. 6.4, the model response of some manual inputs is shown. Comparing this to the doublet response
of the DC2 as shown in fig. 6.1, it is clear that fitting models on chirp data with no advance angle applied
yields significantly worse fits. This is probably due to the attitude controller removing important parts
of the chirp.

6.3 Tip-Path Plane versus Cylinder Dynamics model

Besides the lower fitting accuracy of the models on the DC3, another change is also apparent. It seems
that the TPP model does not outperform the CD model as much as it did for the DC2. The only
difference with the results from the paper is the smaller rotor with higher rotational rate.

Table 6.1 shows a comparison between the eigenfrequencies of models fitted on DC2 and DC3 chirps, in
terms of eigenfrequency. The eigenfrequencies become more spread out and more highly damped. In this
case, the the time constant of the higher eigenfrequency becomes about three times faster after the rotor
change. The lower eigenfrequency’s time constant does not change significantly. With the old rotor the
lower eigenfrequency’s time constant was 1.75 times the time constant of the lower, while for the new
rotor this ratio is 4.72. This lowers the importance of the higher eigenfrequency compared to the old
rotor situation. It is this higher eigenfrequency that constitutes the behavior difference between TPP
and CD model, which explains why with the new rotor the CD model does not seem worse than the TPP
model.

Table 6.1: Comparison of eigenfrequencies and damping ratios of models fitted on
the old (DC2) and new (DC3) rotor. For the TPP model, the lower eigenfrequency
becomes slower while the faster eigenfrequency becomes faster. The spread thus
becomes higher, while all eigenfrequencies become more damped.

DC2 DC3

TPP CD TPP CD

ωn [Hz]
1.630 1.536 0.878 0.800

5.041 - 5.939 -

ζ [−]
0.386 0.354 0.738 0.286

0.220 - 0.515 -

6.4 Conclusion

In the research paper, chapter 4, it was shown that the TPP model is quite accurate at modeling the
DC2 in hover mode. To increase the efficiency of the platform, the rotor was changed to a smaller variant
with higher RPM. This new version of the platform is called the DelftaCopter 3. This chapter shows
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that the new system has a worse fitting accuracy with exactly the same procedures as with the previous
setup.

It was tried to perform the chirps on the actuators directly, instead of the direction that was expected to
yield pure pitch or roll motion as was done on all preceding chirps. With the pure-actuator chirp, the chirp
results in motion that is partially pitch and roll regardless of which axis it is applied on. Theoretically
this should yield the same fitting results. However, the attitude controller is active during the chirps,
and damps pitch motions during the low-frequency part of the chirps. This leads to the inputs to the
system being very comparable for both chirps, and shows significantly worse fitting performance. With
the chirps applied in the direction of pitch and roll moments respectively, the fitting yields better results.
The percentages are still lower than for the DC2 setup.

With the DC3 system, the TPP model’s eigenfrequencies are located further from each other: the lower
eigenfrequency is lower than in the DC2 case while the higher eigenfrequency becomes even higher. This
has the effect that the higher eigenfrequency is less present in the system response. The CD and TPP
models are more comparable now that this is the case.
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Figure 6.2: A chirp on the δx in blue and δy channel in red. The attitude con-
troller makes the input of both chirps almost equal in the lower-frequency range.
These chirps were applied to the actuator without multiplying the adv matrix from
eq. (6.1).
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Figure 6.3: A pitch and roll chirp are both fitted and the resulting model simulation
is shown. Comparing this figure to the figures in the research papers, the quality
of the fit is clearly lower in this instance. At the lower frequencies a phase shift is
visible between measurement and model output.
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Figure 6.4: The model fitted on the chirps with no advance angle applied leads to
this simulation on validation data. It is clear that both TPP and CD models are
unable to follow both low and high frequency motions.
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Chapter 7

Hover control of DelftaCopter 3

In the research paper, chapter 4, the controller design was concisely reported. Section 7.1 goes into more
depth of the control and state estimation design. Afterwards, the model developed for the DC3 as shown
in chapter 6 is used as basis for a controller for that same UAV. Section 7.2 shows systematic tests for
this attempt and compares it to the control performance as shown in the research paper.

7.1 Control framework

From the hover modeling identification results, it is clear that the pitch and roll axes are coupled heavily,
and that the four eigenfrequencies are close enough together to influence eachother. This is also exempli-
fied by the fact that a step response to the hover model leads to an initial acceleration that is in a very
different direction than the final rotational rates. This can be seen in fig. 7.1. While the final rotational
rates of the model converge to certain values, the initial acceleration yields a large peak in roll rate.
These effects are purely due to a coupling between pitch and roll, since the input is constant. In order
to steer the UAV exactly where it needs to go, these coupling should be minimized. Feedback control is
used to try to minimize these couplings.
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Figure 7.1: Simulated step response on the y-input of the TPP model. Over time
the pitch and roll rates converge to a certain value, but the initial acceleration is in
a different direction.

State feedback control was chosen using the identified hover TPP model. An observer was constructed
to estimate the full state of the system since the a and b angles are not measurable. The state estimation
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equations are given below.

˙̂x = Ax̂+Bū+ L(ȳmeasured − ŷ) (7.1)

ŷ = Cx̂ (7.2)

In this equation, A, B and C are the TPP state-space matrices, x̂ is the current estimate of the state
vector, ŷ the expected measurement vector (consisting of roll and pitch rate). This differential equation
is discretized using the rate of the autopilot (512 Hz), and updated on-line at this frequency using the
filtered state estimate and autopilot actuator inputs. The state estimate is then used for state feedback,
using the equations below.

ū = −Kx̂+ gȳref (7.3)

g = (C(−A+BK)−1B)−1 (7.4)

g is the inverse of the stead-state gain of the controlled system. The steady-state gain of the system
transforms a constant input into the output the system will have when time approaches infinity with
this constant input, and is calculated using the matrix transfer function with s set at 0. The inverse of
this matrix is the input required for a certain steady-state reference output ȳref . This is added to the
state feedback control output. The controller tries to stabilize the state to 0, but since g incorporates
the controller’s effect, the steady-state value of the system will be ȳref , if the model is accurate. The
controller should minimize the coupling between pitch and roll. Figure 7.2 shows a block diagram of
the controller and observer. The DC block in this figure is the actual physical UAV. The vibrations in
the upper block are mainly due to the rotor. On-board, the gyroscope readings are filtered through a
filter. It was found that the filter can be accurately modeled with a first-order lag, with a pole at −25.
The online observer in the block diagram is the discretized version of the observer as given in eqs. (7.1)
and (7.2).

Both L and K have to be chosen for the controller. This can be done in several ways, which are described
in further in the next section.

DelftaC opter

g* u1

P ilot command

K_feedback* u

On-board filter

1

F iltered measurement

Noise + Vibration

u

y
xhat

Online observer

Figure 7.2: Block diagram of the linear controller and observer. g is the matrix
given in eq. (7.4), the observer is ran according to a discretized version of eqs. (7.1)
and (7.2). The vibrations are mainly due to the rotor.

The currently implemented controller design is shown in fig. 7.3. The difference between the filtered
rotational rate and the commanded rate is fed through a proportional gain. The resulting wanted accel-
eration is then multiplied by the adv matrix, as given in eq. (6.1). Tuning the two advance angles in adv
and the two proportional gains for pitch and roll allows easy tuning of coupling between pitch and roll
and how aggressive the controller reacts.

7.1.1 Controller design

For linear systems, pole placement and Linear Quadratic Regulator (LQR) are standard methods of
designing the controller, i.e. choosing the K matrix. With pole placement the exact location of the
controlled system’s poles are chosen, allowing complete freedom in choosing the controlled system’s
response. For a stable controlled system, there are still bounds on the poles that can be chosen due to
instabilities created by input and output lag and delays.
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Figure 7.3: Block diagram of the current rotational rate controller, which is a pro-
portional controller with the adv block for using the correct steering direction. The
adv block contains the matrix given in eq. (6.1).

For pole placement, all poles of the system are set at the same time. This requires a specification of
all the poles of the controlled system, four in the case of the hover TPP model. Since oscillations in
the system, including the wobble described in the literature review, are unwanted, poles are placed on
the negative real axis. This should remove oscillations if the model is completely accurate. With poles
close to the origin, it was expected that the controller output would be small, leading to a slightly stable
system. It was found, however, that this resulted in very unstable behavior of the controlled system.
It is hypothesized that this is due to the controller trying to remove the naturally oscillatory coupling
between the a and b states. It takes a lot of control effort to completely remove these oscillations, even
though the poles are close to the origin and the controlled system’s response should be slow. An example
measurement of the unstable feedback loop is shown in fig. 7.4.
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Figure 7.4: Naive pole placement with poles close to the origin on the real axis
(around −5) based on the model leads to a positive feedback loop. The pilot was
allowed to change the controller using a switch on the remote. At 0.35 sec the
controller is switched from the current attitude controller to the controller using pole
placement based on the model. Already during the first oscillation the maximum
controller output of 1 is reached. Note the high rotational rates until at around
0.65 s the controller is switched back to the current attitude controller.

LQR is a controller design method with which not the exact system response, but the cost of inputs and
output errors are chosen. This is done by choosing the matrices Q and R as shown in the LQR equation
below. J is the cost function which is minimized by solving the Riccati equation, in MATLAB with
function lqr. This yields a feedback gain matrix K since the feedback law ū = −Kx̄ is chosen.

J(u) =

∫ ∞

0

(xTQx+ uTRu)dt (7.5)
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With this specification, the a and b states can be given very low weight such that only the body rates
and inputs are optimized for. Both Q and R cost matrices are chosen as diagonal matrices, with the
structure as given below. Note that the TPP state is xTPP = (p, q, a, b)T , such that the third and fourth
element on the diagonal relate to the a and b states. In the Q and R matrices, there remains only one
parameter, namely c. Using this parameter, the aggressiveness of the controller can be chosen: using a
higher value of c increases the cost of the input and leads to a slower control response. Note that only
the relative values of the cost matrices are relevant, the absolute size does not matter.

Q =




1 0 0 0

0 1 0 0

0 0 0.0001 0

0 0 0 0.0001


 (7.6)

R =

[
c 0

0 c

]
(7.7)

7.1.2 State estimation

For the state estimation, a steady-state Kalman filter is used. A Kalman filter is an observer where the
gain matrix L is the optimal matrix given noise characteristics of the process, measurements and current
state estimate uncertainty. Over time the gain matrix L converges to a constant matrix which can be
found with the Riccati equation, in MATLAB using command kalman. Using this constant gain matrix
reduces the Kalman filter to a normal observer with optimal gains for the specified noise characteristics.
The gyroscope sensor noise characteristics were found by looking at steady flight conditions. The process
noise, however, is much harder to find and in practice was used as a tuning parameter. A higher process
noise parameter means the filter will put more importance on incoming measurements while a lower
parameter makes the internal model more important. Model errors can also be seen as form of process
noise. Using a higher process noise parameter thus allows a lower model accuracy since the measurements
are trusted more. On the other hand, a too high process noise parameter will put too much emphasis on
measurements. This will let more noise, measurement errors and vibrations picked up by the gyroscopes
through the filter. A noisy state estimate is the result, which will lead to the state feedback controller to
output high-frequency noise to the actuators.

An important aspect of state estimation to consider is what input signals the estimator will get to process.
During fitting of the models presented before, the gyroscope signals are filtered using an ideal low-pass
filter. This removes noise such that the signal approximates the true motions as closely as possible.
Onboard, however, an ideal filter is not possible since any low-pass filter implementation will add lag to
the signal. This is also the case for the onboard filter implemented in the autopilot.

The control code uses this onboard filtered gyroscope signal as input to the Kalman filter, at the cost of
some lag. This is done since the amount of noise present in the gyroscope signal is very high. However,
this does mean that the input signal to the Kalman filter is delayed with respect to what it would expect
based on the model fitted on the ideally filtered data. This would reduce the accuracy of the filter.

Two methods were attempted to remedy this problem. The first method was a change in how the model.
Instead of fitting the model on the ideally filtered gyroscope readings, the online filtered version of the
signal was used for fitting. This means the lag introduced by the filter is lumped into the other fitting
parameters of the model. The Kalman filter and controller matrices were then derived using this other
version of the fitted model. The second method was to add two states, representing the filtered version
of the true body rates. As described before, a first-order lag with τ = 25 was found to accurately model
the relationship between ideal filtered and onboard filtered body rates. This relationship can be used
to include the onboard filtered rates as states in the A matrix of the state-space system. The output
matrix C is then chosen such that not the true body rates, but the filtered version is measured. The
Kalman filter is then used to update the states, knowing that what it measures is the onboard filtered
states instead. In this sense, the Kalman filter works as a lead-generating filter for the filtered signal. It
also relies more on the fitted model since the link between measurements and true body rotational rate
states is more indirect.

Between these two approaches, it was found that the first has a more accurate estimate of the body
rotational rates. This is shown in fig. 7.5. In this figure, the ideally filtered (“Truth”) rates are shown
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versus the onboard filtered gyroscopes. The first approach (“Normal observer”) and second approach
(“Lead filter”) are also shown. Large deviations between the ideally filtered gyro and the second approach
are visible. It was found that the second approach also does not yield a better control performance.

Other than the two used approaches, it would probably have been better to use the unfiltered gyroscope
altogether. The measurement noise parameter of the Kalman filter can then be set to an appropriate
level. This removes lag in the measurements used by the Kalman filter.
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Figure 7.5: Comparison of two observers’ output with the true rotational rate (from
ideal filtered gyroscope readings) and the on-board filtered rates. While the lead
filter is sometimes better at following fast motions, the normal observer has a higher
accuracy overall.

7.2 Control tests DelftaCopter 3

The controller and observer tuning parameters are chosen by alternately updating the parameters and
letting the pilot assess how well the system responds to its inputs. For both the controller and observer
certain bounds were found. A higher process noise parameter leads to better performance, until an upper
bound is reached after which it starts to oscillate. The oscillation then happens for all choices of controller
parameter.

The same holds true for the selection of the controller parameter. The more aggressive the parameter,
the better the performance according to the pilot. Past a certain point, instability is introduced in the
system in the form of oscillations increasing in magnitude.

The controller performance shown in the research paper, chapter 4, shows great promise. The measured
signal is lagged with respect to the commanded signal and the pitch rate still shows response coupled to
the roll rate. However, the response was found to be adequate by the pilot. Unfortunately, due to project
timing and the converting of the DC2 to the DC3, no systematic automated doublets were performed to
reliably establish control performance.

The model developed for the DC3 in chapter 6, was used to synthesize a controller in the same was
as had been done for the DC2, detailed in the preceding sections. The controller and state estimation
parameters were tuned based on the human pilot’s feedback. The controller response was tested and
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compared to the old (currently implemented) controller as described above. The comparison is made by
performing automated doublets on the rate command of the controller. Since they are automated, the
response characteristics are comparable between multiple controllers.

Figure 7.6 shows these responses for pitch and roll doublets. Per axis and controller combination, multiple
doublets are performed to show the spread in response. It is clear that the new controller is able to
stabilize the DC. However, its performance is worse than controller as it was implemented on the DC2.
For example, in the case of a pitch doublet, the roll response is considerable while this should be 0. This
is not the case for the controller shown in the research paper.
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(c) q doublet with old controller
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(d) q doublet with new controller

Figure 7.6: Commanded doublets on pitch and roll rates for the new and old con-
trollers. While the doublets themselves are progammatically performed, they are
added to the pilot’s RC signal to maintain controllability. This results in reference
with disturbances, sometimes required to maintain the UAV within the confines of
the testing area. Same line strokes within one subplot correspond to same tests. The
measured rates are the output of the on-board state estimator built in the autopilot.
It has been smoothed to remove vibrations from the rotor.
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7.3 Conclusion

From the simulated model step response, it is clear that the initial direction of rotation of the DC is not
the same as the final rotational rate direction. A high performance controller should therefore include
this transient response.

A controller was implemented on the DC using an LQR controller paired with a Kalman filter. For the
LQR cost matrix, the gains of the a and b states were set very low and the input cost was used as a single
tuning parameter for the controller.

It was shown that using real poles in a pole placement approach for control design yielded a highly
unstable controller. It is hypothesized that this is due to the fact that the controller attempts to remove
oscillations from the naturally fast oscillatory coupling between TPP angles and fuselage. This removal
of oscillations is not in line with the actual steering of the fuselage.

The controller implemented on the DC3 shows much higher coupling between pitch and roll than the one
implemented on the DC2. As described in chapter 6, the model accuracy attained on the DC3 is lower than
the DC2. That may explain why the control performance is also worse on the DC3: there are significant
unmodeled effects, which then cannot be counteracted by a controller based on that model.
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Chapter 8

Conclusion

The DelftaCopter (DC) is a hybrid tailsitter Unmanned Aerial Vehicle (UAV) combining a single-rotor
helicopter system for hover and a fixed wing for forward flight. This combination allows it to fly far and
fast but land without a smooth landing patch, enabling a broad scope of missions. The single rotor makes
hover and forward flight more efficient compared to multiple rotors. The cost of this is added complexity,
from a modeling, control and system’s perspective.

Previous research on the DC has been dedicated to finding the correct modeling approach for hover mode,
as explained in the literature review, chapter 2. It was found that the particular model used was still
unable to explain all dynamics observed: the controller based on the model was unable to remove all pitch
and roll coupling due to the rotor[3] The main goals of this thesis were to explain these shortcomings,
and to extend the modeling effort to the forward flight state for which no model has been developed
before.

The first part of this goal concerns what physical phenomena dictate the attitude behavior of the DC in
hover mode. In the previous DC research and many other papers it is assumed that the rotor is rigid.
In this thesis this kind of model is named the Cylinder Dynamics (CD) model, due to the rotor being
modeled as a rotating cylinder. Since the rotor rotates with respect to the fuselage, gyroscopic moments
are generated. If the rotor is indeed modeled as a rigid body, the theoretical investigation in chapter 3
shows the large effect of the rotor on the attitude dynamics: to achieve a pitch rate, a roll moment should
be applied and vice versa. Chapter 3 also shows that the DC is different from normal helicopters since
the fuselage has high inertia compared to the momentum of the rotor. This makes the behavior less like
an ideal gyroscope.

Most literature on attitude modeling of small helicopter uses the CD model. The rigid rotor assumption
implies the up and down flapping of the blades is not relevant to the dynamics. To test this assumption,
a model by Mettler[18] dubbed the Tip-Path Plane (TPP) model is compared with the CD model. The
TPP model does include the flapping dynamics. By fitting both models on hover flight data, it was shown
that the TPP model is much more accurate in the high frequency range. This can be seen in the research
paper, chapter 4 figures 6 and 7. Both the CD and TPP model have an eigenfrequency at around 1.6 Hz,
while only the TPP model has the higher eigenfrequency around 5.0 Hz. This eigenfrequency is visible in
the later parts of the chirps, for example in the paper figures 6 and 7.

An attitude rate controller for hover was synthesized using Linear Quadratic Regulator (LQR) based
directly on the TPP model. This controller was able to stabilize the UAV, as shown in the paper,
chapter 4 section 4. This validates that the hover model captures key dynamics of the DC.

The second research goal concerns the horizontal, forward flight regime. During the forward flight regime,
the wing and elevator aerodynamics play a role in the attitude dynamics. In this thesis three extensions
to the attitude models are proposed, each adding incrementally another aspect of the aerodynamics: the
elevator generating a pitch moment (FW1), the pitch and roll rate having a damping effect (FW2) and
an estimate of angle of attack and sideslip producing moments on pitch and roll axes (FW3), as detailed
in section 5.2. Fits on flight data show that FW1 and FW2 yield comparable performance, and are
both able to predict some part of the lower-frequency dynamic but are lacking in the higher frequency
range. The FW3 is quite accurate at producing the high-frequency fluctuations seen in the measurement
data, figs. 5.4 and 5.6. Comparing the CD and TPP models, it is clear that again the latter one is
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more accurate. Some new parameters are introduced into both models for the different extensions. The
parameters present in both the hover and forward flight models don’t change significantly between hover,
FW1 and FW2 for the TPP model. For FW3 they do change significantly, as shown in table 5.3. It
is clear that the parameters concerning the angle of attack estimate play a large role in this model. In
future research, measurements in which angle of attack and angle of sideslip are measured instead of
estimated may shed light on this.

It was also found that the DC can be flown without using the swashplate and tip rotors in forward
flight. The aerodynamic stability in combination with aerodynamic control surfaces was sufficient to
allow steady horizontal and turning flight.

The DC was partially rebuilt to have a smaller rotor (61 cm versus 100 cm diameter) rotating at a much
faster rate (2800 RPM versus 1650 RPM). Unfortunately, quite some results described above change
with this setup. Chapter 6 shows that the fitting results are worse for this new setup. An attempt to
improve this was to change the input direction on which the chirp is applied. It is shown that although
theoretically irrelevant, chirps result in better fits when they result in pitch or roll motion. This is in
contrast with chirps performed purely on the actuator axes that lead to combined pitch and roll motion,
as described in section 6.2. These result is significantly worse fits. It appears that for the DelftaCopter
3 (DC3) setup, the TPP and CD model are on the same level op accuracy.

In chapter 7, the same control approach is tried as in the paper, but on the DC3. From the doublets
shown in fig. 7.6, it is clear that the state feedback controller is now worse than the currently implemented
controller. An attempt was made to improve the on-board state estimation by using a model to estimate
true roll and pitch rate from the onboard filtered signals. This proved unsuccessful, as explained in
section 7.1.2 It seems that the rotor in the DC3 yields new modeling challenges that also lead to a worse
performing controller. These unmodeled effects are a starting point for further research.

It can thus be concluded that with the TPP model, the high-frequency attitude dynamics of the DC can
be modeled much more accurately than with the CD model. It is also shown that with the new model
extensions introduced in this thesis, forward flight dynamics can be modeled. Still, the modified DC3
posed new challenges to the models and more research will be required to understand why.
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