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Preface

This project is a 10. Semester Master thesis written by MCE-1028 at the Department of Energy
Technology with specialization in Mechatronic and Control Engineering at Aalborg University
in 2021. This project was not a predefined project proposal supplied by the department at
the University, but was proposed by the authors. Furthermore, the project was conducted in
collaboration with our supervisor Petar Durdevic Løhndorf ph.d., which is based at the Esbjerg
branch of Aalborg University. The authors wish to thank Morten Veng, a 10. semester student
at Aalborg University, for his inputs and sparring throughout this project.

Reading Guide

In this report the IEEE citation standard is utilized. In the PDF version each citation is a
clickable hyperlink which directs to the bibliography which is provide in the report. Furthermore,
internal references are clickable which redirect to the related section, equation, etc. A list of
abbreviations is given at the beginning of each chapter. A table of of content is provided in the
beginning of the report which has clickable hyperlinks which direct to the appropriate chapter
or section. All modeling and all simulations were conducted in MATLAB and Simulink, and
all figures were created with Inkscape. The project was written in LATEX at Overleaf.com.
Matrices and vectors are denoted in bold in equations and inline text. Within Appendix A a list
of the assumptions is stated, which are referred to throughout the project. Due to the pandemic
"corona virus" this project is purely a simulation based project.
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Abstract

Indvendig inspektion af vindmøllevinger kan være en tidskrævende process med nedetid op til
8 timer, og der kan forekomme ulykker og personskader under manuel inspektion. En metode,
der bliver forsket i, er brugen af droner til at fortage inspektionen, hvilket er inspirationen til
dette projekt. For flyvining med en drone indeni en vindmøllevinge, er der blevet udarbejdet
et nyt dronedesign baseret på 8 rotorer, der tillader individuel aktuering for alle frihedsgrader.
Orienteringen af rotorerne er udvalgt igennem en optimeringsprocess, der involvere kobling,
inputbegrænsninger og effektivitet. Projektet er udført på simuleringsbasis, og derfor er der
opsat en detaljeret simuleringsmodel af dronens og rotorernes dynamikker, målestøj samt
rotationelle og translatoriske forstyrrelser. Det har været et mål med projektet, at dronen skulle
kunne følge et traktorie inde i en vindmøllevinge, mens den modstår forstyrrelser og samtidig
følger vindmøllevingens svingninger. Først er der designet et "unscented Kalman filter" for
at reducere målestøj, hvor filteret er tunet med en designed "grid search" algoritme. For at
modstå translatorisk forstyrrelse i form af jord- og lofteffekt er den globale z position benyttet i
et augmenteret Kalman filter for at estimere forstyrrelserne. For at afværge den translatoriske
forstyrrelse er estimatet heraf benyttet i positionsregulatoren. For reguleringsstrukturen er
der benyttet 2 "model predictive controllers", hvor den ene er tilknyttet regulering af dronens
rotationelle position, mens den anden er relateret til regulering af dronens translatoriske position.
Begge regulatorer indeholder en række tunings parametre, som skal bestemmes og til denne
process, er simuleringsmodellen approksimeret som en Gaussisk process regression, der bliver
optimeret ved hjælp af Baysisk optimering. Det præsenterede design var observeret til stadig
at have indflydelse på translatoriske bevægelser, når den blev udsat for rotation. Til gengæld
var den i stand til at styre alle translatoriske frihedgrader individuelt uden brug af rotationer.
Med den rotationelle regulator var dronen i stand til at opretholde den samme orientation.
Der forekommer stadig rotationelle afvigelser på maksimalt 0:3 [�] enheder i quaternioner
tilsvarende udsving på 22° for rul, tilt og drej udsat for den værste omstændigheder og 0:12 [�]

tilsvarende 8:8° for normale omstændigheder. Den translatoriske regulator udviste fluktureringer
på �4 � 6 [cm], men har vist sig at kunne følge frekvensen for vindmøllevingens svingninger.
Dronen opnåede en længde på 24 [m] udsat for de værste omstændigheder og 45 [m] under
normale omstændigheder.
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1 Introduction

Abbreviation Meaning

DOF Degrees Of Freedom
ESC Electrical Speed Controller
FAUAV Fully Actuated Unmanned Aerial Vehicle
LQR Linear Quadratic Regulator
MPC Model Predictive Control
OC OmniCopter
PID Proportional Integral Derivative
RL Reinforcement Learning
SLAM Simultaneous Localization And Mapping
SMC Sliding Mode Control
UAV Unmanned Aerial Vehicle
UV Unmanned Vehicle
WT Wind Turbine
WTB Wind Turbine Blade

Table 1.1: Abbreviations used in the following chapter.

The global wind turbine (WT) industry is expected to have an annual growth rate of around
5:3 % between 2019 and 2025 [1]. As the market is growing so is the need for optimization of
certain issues regarding the WT industry, such as fault detection, inspection, maintenance etc.

The main issue addressed in this report is internal wind turbine blade (WTB) inspection using
unmanned aerial vehicles (UAV).

The WTBs make up for 15� 20 % of the total cost of WTs and further have one of the highest
failure rates. Failures a�ect the e�ciency of the WT as well as the electricity production
and due to the failure rate and the component cost, failure is one of the reasons for the high
maintenance cost of the WT [2�4]. Multiple factors cause the WTB to fail such as cycling loads,
weather conditions as strong winds, rain/hail and lightning strikes or from bird collision [5]. The
typical failures of the WTB is surface damages as leading edge erosion or cracks and internal
damages as delamination of plies, debonding of parts or cracks [3]. Minor failures could lead
to secondary failures that could damage the WT and evidently the WT could fail completely
making inspection necessary for optimal operation [6].
Typically three methods are used for inspection: Rope inspection, ground based inspection
using high resolution cameras and UAV inspections [7]. Exterior and interior WTB inspection
is usually carried out manually [8], but these are comprehensive, requires safety equipment
and well coordinated execution. To accommodate for the comprehensive work and safety risks,
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companies are emerging bringing new UV technologies designed for WTB inspection [9, 10].
The focus in this work is based on interior WTB inspection. Interior inspection implies that
the inspection is conducted in one or more coherent constrained environments, such as blade,
nacelle and hub. A constrained environment is throughout this report de�ned as a con�ned space
with �nite boundaries for all directions. The inside of a WTB is considered as a constrained
environment.
Manual inspection of the interior of a WTB is a time consuming and a costly process. According
to [11] it can take between 1-2 hours to inspect each blade plus the downtime for shutting down
and starting up the WT. Furthermore, the maintenance crew are facing risk of injury while
conducting the inspection. Those include e.g. �res, falling down, lightning strike or static
electricity build-up, and due to the con�ned space, lack of oxygen can occur [11, 12]. To reduce
the expenses consisting with downtime and the risk of injuries, the usage of UVs for inspection
purposes (i.e wheeled vehicles) have been researched and tested [13�15], where [13, 14] focuses
on interior blade inspection. In [16] a comparison is conducted on the e�ciency between UV and
manned inspection, in which it was concluded equal e�ciency regarding identi�cation of errors.
However expenses and time consumption were found to be reduced with UVs. A research topic
of interest is the usage of UAV for the inspection as a UAV is more �exible regarding the inner
structure and the position of the WTB.
Utilizing UAVs, the design becomes a trade-o� between �ight time, equipment, size and weight.
Small sized UAVs are capable of inspecting smaller con�ned spaces but the smaller size results in
lesser lift force to carry sensors, cameras and batteries. By increasing the size of the UAV enable
more room to attach batteries extending the �ight time but limit accessibility of the WTBs
narrow points e.g. the tip of the blade. Di�erent complications are present for manual �ight
with a UAV within a con�ned space. First of is the extensive camera solution and illumination of
the surroundings needed for the operator to navigate the UAV and avoid obstacles. Additionally
is the constant radio communication between the operator and the UAV required for the steering
of the UAV. To overcome some of the complications from manual �ight, a solution is for the
UAV to �y autonomously. It requires additional hardware for the UAV to �y autonomously as
sensor or camera units must be utilized for localization and obstacle avoidance [11, 17, 18].
As the UAV is �ying within a constrained environment it is a�ected by disturbances in form
of ground, ceiling and Wall e�ect, which need to be accounted for [19]. Di�erent methods
of control have been researched and utilized to accommodate for these disturbances. Simple
linear PID controller designs are commonly used for the altitude and attitude control of a
quadcopter but due to non-linearities and external disturbances a more robust control methods
have been investigated. To improve the robustness of the controller design, fuzzy-logic and self-
tuning algorithms have been utilized to correct the controller gains during �ight while others
have researched multivariable control methods as the linear quadratic regulator (LQR) [20�23].
Another approach for robust control is to utilize non-linear control methods as sliding mode
controllers (SMC) as seen in [24�26]. Aside the disturbances, a UAV �ying within a WTB has
to accommodate for the infrastructure of the WTB and the constant changing boundaries as
the WTB oscillates when exposed to wind. Di�erent methods for path planning and obstacle
avoidance have been researched for indoor �ight of quadcopters. In [27], di�erent bug algorithms
are investigated for �ying a quadcopter in an indoor environment with di�erent obstacles where
the quadcopter follows a general direction until it encounters an object. Hereafter, it follows the
edge of the object to avoid collision. [28, 29] are utilizing image processing or point clouds for
simultaneous localization and mapping (SLAM) algorithms to determine and navigate around
obstacles. Di�erent variations of model prediction control (MPC) such as simple linear MPC
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or robust nonlinear MPC have been investigated to follow predicted trajectories for object
avoidance as seen in [30]. Another researched approach is reinforcement learning (RL) to
determine the �ight direction for the shortest distance around obstacles using Q-learning [31, 32].
A common problem for the controller designs and object avoidance algorithms for UAVs utilized
for indoor �ight is to get reliable measurements from sensor units and estimation of the UAVs
position. The accuracy of the sensor units is not investigated further as it is out of the scope of
this project.
Research has been made regarding UAV inspection in constrained spaces such as pipes [33, 34].
Companies as [35, 36] even specializes in UAV tasks performed in con�ned areas, however most
of these are underactuated which impacts the agility of the vehicle. An open issue that remains
in this context is the use of fully actuated UAVs for con�ned space inspection. In this work
a UAV with higher degrees of freedom actuation than a traditional quadcopter is investigated.
The fully or overactuated UAV is referred to as a FAUAV within this work.
In [37�39] a �ve blade FAUAV is designed. It consists of two counter-rotating propellers in
the middle to generate thrust and control the yaw orientation whereas three ducted fans with
variable angles enable lateral �ight and the control of roll and pitch. In [40] an overactuated
quadcopter is presented. Each propeller can tilt around its own arm due to a mounted servo
motors. In [41] a classic hexrotor is designed, but with all the propellers tilted at a �xed angle.
In [42] six propellers are each mounted on tetrahedrons which are joined together at a single
point in the middle. Lastly, in [43, 44] examples of an eight rotor FAUAV is presented. Each
rotor is oriented in a �xed position, which gives the design 6 DOF. Those designs are examples
of existing FAUAV designs. In the survey [45], existing designs of FAUAVs are analysed in
terms of the respective design optimization method used. In section 1.3 some of these designs
are further discussed.

1.1 Objectives

In the introduction the advantages of more e�cient WTB inspection solutions are described as
well as an analysis of the most recent research within the �eld of UAV design, robust control
and trajectory tracking. The main objectives of this work are stated below.

ˆ 1. Reference tracking

ˆ 2. Disturbance rejection

ˆ 3. Application dependent design

Reference tracking is one of the primary issues since the whole WT structure is a�ected by
external forces such as wind. The oscillations could cause a UAV inside the wing to crash into
the walls of the WTB. Therefore the control solution must be able to track or react to a fast
changing reference. In Section 1.2 further analysis is made on the WTB including determination
of the nature of the oscillations, that is expected to occur.

Another aspect of importance is the aerodynamic e�ects that are caused by the rotors air
streams. Such disturbance could cause system instability. Therefore robust control are necessary
for UAV inspection in a con�ned space to reject the aerodynamic disturbances. For this to
be investigated a disturbance model is presented in Section 3.5 based on ceiling, ground and
interfering air�ow e�ects.

3



1.2. Description of Environment Aalborg University

In order to ease the control criteria, which are described in detail in Section 4.1, a relevant design
is desired. A relevant design in this context is a design which allows to decouple translational
motion from rotational motion. This is desired to independently control all 6DOF and as
discussed earlier such designs falls into the category of FAUAVs. In Section 1.3 a set of candidate
designs are investigated and discussed in order to a suitable design for WTB inspection. In order
to evaluate a suitable solution of the UAV design for performing internal WTB inspection, the
complications regarding the environment must be clari�ed to establish desired design criteria
and requirements. The inspection environment is analyzed in Section 1.2.

1.2 Description of Environment

The UAV is desired to �y within a WTB from a 5MW o�shore WT with blade type LMH64-5
[46]. The WTB is consisting of spar caps, shear webs and the outer shell. The spar caps and
shear webs are extending from the root and close to the tip of the WTB as illustrated in Figure
1.1. [47]

Figure 1.1: Sketch of the internal structure of a WTB. A) The WTB divided in sections. B)
Closed shell. C) Box spar. D) Load carrying shell. [11, 48]

where O is considered the zero length andL the total length of the blade. Three di�erent
caps-webs con�gurations are shown in Figure 1.1; the closed shell utilizing 1 web, the box spar
with the web in the shape of a box and the load carrying shell utilizing 2 webs. The caps-webs
are used to increase the blades strength, relieve the outer shell of shear stresses and keep the
aerodynamic shape. The outer shell is consisting of a downwind suction side and an upwind
pressure side both mounted to the caps-webs con�guration by adhesive layers as illustrated in
Figure 1.2.
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Figure 1.2: Cross section of WTB with box spar. [47]

Figure 1.2 show the cross section of a WTB with box spar. HereWcs is the inner length and Hcs

is the inner height of the box spar. By this con�guration and the load carrying shell 3 con�ned
spaces occur, one at the leading edge, one at the trailing edge and the inner of the caps-webs
con�guration.

For the scope of this project the constrained environment to be inspected is the construction of
a box spar approximated as a tube with width Wcs and height Hcs (Assumption 1 ). The tube
is chosen as a quadratic cross section thusWcs = Hcs. Within the quadratic tube the UAV has
to compensate for aerodynamic disturbances caused by the propellers and the oscillating motion
of the WTB as it is a�ected by wind. The cross sectional area of the tube is largest at the root
and narrows as the UAV moves along the length of the blade as illustrated in Figure 1.3. The
calculations of the outer constraints of the quadratic tube is described in Section 2.2.

(a) Con�ned space in the x/ z plane. (b) Con�ned space in the y/ z plane.

Figure 1.3: Quadratic tube within the WTB.

In the following three subsections further considerations of the WTB are described. Firstly,
the frequency and amplitude of the oscillations which the WTB can experience are discussed.
Secondly, the aerodynamic disturbances which the UAV can experience inside the WTB are
listed. Lastly, size considerations of the UAV are discussed and which limitations there are.

WTB Natural Frequency and Amplitude of De�ection

Due to wind conditions the WTB is oscillating thus bending the con�ned space, the UAV is
�ying within as illustrated in Figure 1.4.
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Figure 1.4: Illustration of the UAV within a WTB.

Due to the moving environment the expected de�ection and frequency of the dominating WTB
oscillations are analyzed for the blade. The oscillations are utilized as a reference for the UAV
to track to avoid colliding with the inner wall of the WTB. Figure 1.5 illustrates a WT where
2 di�erent de�ections are de�ned, �rstly the out of plane de�ection and secondly the de�ection
in the rotor plane direction, these are commonly referred to as �apwise and edgewise de�ection,
respectively.

Figure 1.5: Illustration of de�ection directions of a WTB.

To establish the amplitude of the WTBs oscillations for both �apwise and edgewise de�ection a
study of the NREL 5 [MW ] [49] WT is utilized. The data for the WTB de�ections are seen in
Figure 1.6.
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(a) Out of plane displacement for NREL
5 [MW ]. [49]

(b) In rotor plane displacement for NREL
5 [MW ]. [49]

Figure 1.6: Displacement of WTB caused by wind disturbances.

From another study on the NREL 5 [MW ], a calculation of WTB eigenfrequency (! W T B ) is
performed. The collective �apwise eigenfrequency is determined to be0:699Hz [50]. From
Figure 1.6a it is shown that at a wind speed of12 [m =s] the displacement in the out of plane
direction is 6 [m] and for the rotor plane direction the displacement is � 0:8 [m] at 12 [m =s]
wind speed which is illustrated on Figure 1.6b. The usage of the de�ections and the natural
frequency for trajectory design is further described in Section 2.2.

Aerodynamic Disturbances

Within a con�ned space the UAV will encounter aerodynamic disturbances. Among those are
air resistance which causes drag and air�ow interference which can be a result of the UAV being
in close vicinity of walls or if the rotors are tilted and the air streams crosses. As for the drag
the design of the UAV can be minimized by streamlining the design, thus reducing the �ow
separation caused by the frontal area of the UAV. For the air�ow disturbance the diameter of
the propellers is the dominating factor where the size determines the distance from e.g. wall
where the disturbances a�ect the UAV. Furthermore, by tilting the rotors the wake of two rotors
might collide which disrupts the air�ow. This can be reduced by considering the angle of the
tilting and the distance between the rotors. The disturbances presented above will be explained
further in Section 3.5.

Size

The size of the UAV is limited as it do not only need to �t inside the WTB but further needs
space to maneuver to follow a trajectory and compensate for the disturbances. Contrary the
UAV has to carry sensor equipment such as camera solutions for trajectory control and the
inspection process increasing the weight and the required size of the UAV. The number of rotors
and the length of the propellers is a trade o� between size and generated thrust whereas a
quadcopter can be made compact compared to a hexacopter but cant carry the same load.
Another aspect is the UAVs capability for full actuation. For a UAV utilizing tilting rotors the
maneuverability is enhanced but these UAVs require additional actuators for the tilting motion
of the rotors thus increasing the size and weight.
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Optics and Positioning

The closed space within the WTB is dark and thereby a light source is required to illuminate for
the cameras. Additionally if the cameras for either trajectory tracking or inspection are �xed
at the UAVs body the UAV has to adjust the line of sight to the WTB. As the WTB can attain
di�erent positions at downtime the UAV has to �y horizontally, vertically or at an angle. For
con�gurations such as the quadcopter, multiple �xed cameras or cameras with the capability of
rotating independently are required for inspection at all blade positions. Another solution for
the camera heading is to utilize an omnicopter (OC). By this the heading of the UAV can be
chosen for all orientation thus aligning the camera with the WTB. The OCs are larger than the
quadcopter con�guration due to the amount of rotors needed and the complexity is increased
with the di�erent structure but it allows the omnidirectional �ight.

1.3 Relevant Designs

The UAV is desired to control all 6DOF independently to avoid roll or pitch for moving in the
x or y directions. Further, it is desired to align the UAVs heading with the line of �ight. For
this purpose it is of interest to investigate design possibilities for an OC. In this section a list of
existing designs is brie�y described from which inspiration for a new design is found.

ArduCopter: Fixed bidirectional rotors:
The ArduCopter has an unique form, which consists of 6 tetrahedrons that are joined together
in the center of gravity. It consists of 6 bidirectional rotors with one rotor attached to each
of the tetrahedrons. The UAV utilizes ArduPilot software for control. Otherwise there exists
scarce amount of information about design and control as the UAV was designed by a hobbyist.
The ArduCopter has the advantage of omnidirectionality which in principal could point a single
inspection sensor at any surface inside the WTB. However, the limited description of this system
as well as the use of bidirectional propellers makes the design less desirable. [42]

HexaCopter: Beam �xed bidirectional rotors:
This OC is consisting of 6 opportunistically aligned bidirectional rotors �xed on a beam shaped
body, 3 rotors at each end of the beam. To enable the omnidirectional �ight an optimization
algorithm is designed to determine the orientation and displacement of the rotors from the center
of mass. The optimization algorithms purpose is to maximizes the control wrench. For control,
a simple PID control structure is adopted. An advantage is the high wrench but the beam
structure is designed for carrying tools and induce increased size compared to the traditional
hexacopter structure. [51]

HexaCopter: Tilting unidirectional rotors:
The �rst tilting rotor hexacopter to be experimentally tested is given in [52]. The mechanical
structure is compact and allows to decouple rotational motion from translational. The tilting
property allows the hexacopter to be more e�cient when hovering compared to other �xed tilt
omni-vehicles, as the rotor thrust vectors can be parallel with the gravity vector. The control
structure is employing a position PID control law and a cascaded attitude control law. An
advantage for this design is the high e�ciency while hovering since the plane unidirectional
rotors can be aligned perpendicular to the gravitational vector. However, the tilting property
of the rotors require 6 additional actuators which yields a total of 12 actuators.

HeptaCopter: Fixed unidirectional rotors:
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The heptacopter is an OC consisting of 7 rotors and has an unique asymmetric design. By adding
a 7th rotor, the UAV gets full actuation with unidirectional rotors. Furthermore, the UAV can
handle actuator failure. The unique form which the OC has is a result of an optimization
algorithm to minimize the volume. The attitude loop is cascaded and highly nonlinear where an
adaptive backstepping control strategy is utilized. Lastly the stability of the system is proofed
utilizing Lyapunov theory. An advantage is that the rotors are unidirectional. However, the
performance of the UAV has never been experimentally tested. [53]

OctoCopter: Box �xed bidirectional rotors:
Articles [43, 54] both concerns the same work and OC where [54] contains the most detailed
description. The design is optimized based on wrench, which implies that the OC outputs
concerning translational and rotational movement can be reached equally e�cient with the
actuator inputs. Conclusively thrust and torque generation of the OC in [43, 54] was proven
feasible, however it was not possible to fully decouple translational from rotational motion
with the proposed control structure. Whereas the OC presented in [44] are optimized based
on minimization of power usage. This article also provides a more comprehensive actuator
model taking into account interacting air �ows from other nearby rotors. Article [44] analyzed
the energy consumption of the design at di�erent trajectories. However, it was not concluded
whether the air�ow interaction model was able to decouple translational and rotational motion
through control allocation. An advantage of the structural design of the OCs discussed
here is that their inertia tensor contains equal diagonal elements, and due to the propeller
orientations and the bidirectional property all angle orientations are an operating point. The
bidirectional rotors will have increased response time when a change of direction is required which
approximately doubles the settling time of the actuator (Assumption 2 ). Another disadvantage
is that the propellers are angled in di�erent and opposing directions making hovering ine�cient
and therefore decreases �ight time. [43, 44, 54]

OctoCopter: Beam �xed bidirectional rotors:
An OC designed and optimized with the purpose of mounting tools for physical interaction
while in midair. One example is to utilize the UAV for the steering of a mechanical arm as seen
in [55]. It is consisting of 8 bidirectional rotors each with 4 propeller blades. The OC has a
beam shaped body with 4 rotors �xed at both ends. The orientation and displacement from
the center of mass are determined through an optimization algorithm designed to maximize the
minimum applicable thrust and torque possible. The design ensure an omnidirectional �ight
with the possibility of carrying additional weight but due to the 8 rotors with 4 propeller blades
each the design required a large amount of battery capacity. The authors did not �nd any
commercial rotor-battery combination for the UAV to build and test a functional prototype.
Further they had to design a selective mapping algorithm to partially subdue the destabilizing
e�ects of the ESC-induced singularities caused when the rotors change spin direction and the
thrust is temporarily lost. [56]

For internal inspection of WTBs the following properties are seen as advantages:
Bidirectional rotors introduce singularities due to the rotor switching direction and also have a
slower response than unidirectional rotors. But, bidirectional rotors have increased actuation as
all rotors can contribute to thrust in all DOF which is found more desirable. A possible solution
to overcome the disadvantages of the bidirectional rotors is to incorporate a strategy to reduce
the frequent changing of direction of the rotors.
Compact design are of high importance, since the larger the UAV is the less of the WTB can be
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inspected. For this a more symmetrical design is preferred where the width, length and height
of the UAV is of similar size. This would make rotational motions easier as the cross sectional
area of the tube gets smaller.
The �ight time is important as the UAV do not only have to �y a far distance inside the WTB
but further �y at a speed which allows the inspection sensors to detect damages. The lesser
rotors and a light design increase the �ight time.
A symmetric structure as the construction used in articles [43, 54] are utilized as a starting point
for the design process. Due to the 8 rotors the �ight time is of concern, �rstly because of the
redundancy for utilizing 2 additional inputs than outputs. Secondly because of the increased
energy consumption gained from the relation in Equation 2.25.

With the initial structure of the design the rest of the work presented throughout this project
will revolve around the design and control objectives stated in Section 1.4

1.4 Problem Statement

The main objectives was brie�y discussed in Section 1.1. In this section the objectives is
speci�ed and decomposed into subproblems necessary to be investigated in order to obtain
our main objectives. This work is divided into 2 main parts. The �rst part concerns the design
procedure and modelling of an overactuated UAV for the application of conducting internal
WTB inspection. The second part involves the choice and design of a relevant control structure.
The objectives regarding design is stated separately from the objectives from the objectives
regarding control, as seen below.

Design Objectives:

1. Capability of producing thrust and torque for all DOF.

2. Determine optimal rotor locations and orientations based on the application.

3. Realistic proposal of UAV build.

4. Derive a realistic simulation model capturing dominant dynamics for the purpose of control
design.

Control Objectives:

1. Follow aggressive and smooth trajectory of sinusoidal tendency with a frequency
corresponding to ! W T B .

2. Keep the orientation aligned with the inertial frame.

3. Robustness towards unknown and unmodelled disturbances.

The design and control objectives are further elaborated in Sections 2.1 and 4.1, respectively.
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2 Design

The following chapter elaborates the application and the chosen trajectory for the UAV. Next,
the design is presented where the orientation of the rotors are determined from an application
dependent optimization algorithm. Lastly, the components for the UAV build is described with a
weight and size estimate of the UAV leading to the choice of a motor/propeller combination.

Abbreviation Meaning

BLDC BrushLess Direct Current
CAM Control Allocation Matrix
DOF Degrees Of Freedom
ESC Electrical Speed Controller
LED Light Emitting Diode
NRDM Normalized Rotor Displacement Matrix
RGB Red Green Blue
UAV Unmanned Aerial Vehicle
WTB Wind Turbine Blade

Table 2.1: Abbreviations used in this chapter.

2.1 Design Objectives

In this section the chosen design objectives are elaborated. The design objectives are the
guidelines throughout Chapter 2 and 3 and lay the ground work for the later presented control
structure. The design objectives are stated in the list below.

1. Capability of producing thrust and torque for all DOF.

2. Determine optimal rotor locations and orientations based on the application.

3. Realistic proposal of the UAV build.

4. Derive a realistic simulation model capturing dominant dynamics for the purpose of control
design.

The �rst design objective revolve the initial UAV design and the consideration for attaining
a fully actuated UAV. This involves number of rotors and general shape of the structure.

The second design objective involves the optimal position of the rotors depending on the
stated application. For this an optimization algorithm must be de�ned which is subject to
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physical concerns to ensure e�cient �ight such as decoupling of outputs, rotor e�ciencies and
input constraints.

The third design objective relates to the realization of the UAV design. Even though this
project is purely simulation based and a prototype of the �nal design is not realized it is still
desired to base the simulations on realistic measures. To obtain the proposal of the UAV build,
components have to be evaluated for both �ying and inspection together with weight and size
estimations.

The fourth design objective concerns the establishment of a realistic simulation model
to design a su�cient control structure for the application. For this, the descriptive
equations of the UAV dynamics are required together with approximations of the rotor model,
disturbances a�ecting the UAV both rotational and translational and measurement frequencies
and uncertainties.

2.2 Trajectory

The trajectory planning of the UAV for the �ight within the WTB is designed to �y at the
center of the quadratic tube along they axis as seen in Figure 1.4. The trajectory is based on
the de�ection of the WTB as described in Section 1.2. The trajectory has to change with the
de�ection for both the x and z direction to prevent the UAV from colliding with the walls of the
WTB. To mimic the wind disturbances the trajectory is consisting of 2 sinusoidal waveforms,
one for the x direction and one for the z direction. Both have a frequency of the WTBs
natural frequency at 0:699 [Hz] with the amplitude as a function of the UAVs y position and the
maximum tip de�ection. The trajectory is expressed as in Equation 2.1 and 2.2 and illustrated
at Figure 2.1. (Assumption 3 )

x(y; t) = xdef

� y
L

� 2
sin (! W T B t) (2.1)

z(y; t) = zdef

� y
L

� 2
sin

�
! W T B t +

�
2

�
(2.2)

where xdef and zdef are the maximum tip de�ections in the x and z directions respectively,
! W T B is the natural frequency in radians, t is time and L is the total length of the WTB. The y
position divided by the total length is representing the change in amplitude as the UAV moves
further into the WTB.

Figure 2.1 is an example of how the trajectory change as the UAV is moving at a constant
velocity through the WTB. Combining the 2 parts it is evident that the x and z reference is
constantly moving with the amplitude as a function of the UAVs y position. To perform the
inspection the y reference is chosen as a ramp input as the UAV is desired to �y slow and
continuously through the WTB. Set points of the y position are stated in Table B.1.

2.3 Orientation and Displacement of the Rotors

2.3.1 Application Dependent Design

As mentioned in Section 1.3 the initial design of the UAV, presented in this project, is based on
the symmetric design seen in [43, 54], where bidirectional electronic speed controllers (ESCs),
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Figure 2.1: Illustration of the trajectory caused by wind for the UAV moving through the
WTB at a constant velocity.

brushless dc motors (BLDCs) and propeller con�guration is used. This con�guration is too
used in this work. For the inspection it is desired to align the body framey axis with either the
positive or negative WTB y axis. The alignment of the y axis is convenient for the orientation of
the camera solutions but requires some extend of omnidirectional �ight for the UAV to inspect
the WTB at any given position. Inspection at all WTB positions is possible if the UAV is fully
actuated at an angular span of90° rotation revolving the x axis. This can be visualized in Figure
2.2. If a rotation around xb occurs in the interval [0°; 90°] all directions contained in the blue
areas can be reached. If rotation revolvingzb has a full span (i.e360°) a rotation of 180° around
zb will render the directions marked by green reachable.

Figure 2.2: Illustration of how the UAV can translate in the yb direction when a 90° rotation
around xb can be applied.

The design presented throughout this project is optimized for the case where the WTB is at a
horizontal position and thereafter analyzed to determine actuation at other angular positions.
The proposed design is illustrated in Figure 2.3.
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