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Summary

This project attempts to prove the viability of using an unmanned 4-motors
rotorcraft, commonly known as quadrotor, as a measurement instrument of wind
profiles within large offshore wind farms. The novelty lies in the fact that the vehicle
does not include any dedicated sensors for wind characterization, but acts itself as a
sensor. This is done by applying an algorithm that relates tilt angle of the vehicle to the
local wind speed and direction, sparing the use of external measurement devices such as
anemometers, multi-hole probes or any other conventional measurement instrument.
Unitary costs and complexity can be consequently significantly reduced. An algorithm
for computing wind speed and direction is derived from the dynamic pressure equation,
while wind direction is derived from simple trigonometry. As a first approach, wind
speed is estimated by solely using the angles computed by the flight controller,
dismissing dynamic effects. As a second approach, dynamic linear equations describing
the behavior of the quadrotor are used to estimate wind speed, dynamic effects included.
In the third approach, wind speed estimation is addressed by using a Lineal Kalman
Filter (LKF), where dynamic effects are also taken into account. Results coming from
each approach are compared to measurement data obtained from an anemometer
mounted on a met mast.






Chapter 1

Introduction and objectives

1.1. Introduction

Earth's land has warmed by 1.5 °C over the past 250 years, with humans being
almost entirely responsible [1]. Also, new researches demonstrate that recent extreme
weather events are a direct consequence of climate change [2]. However, emissions of
greenhouse gas keep rising together with the world energy demand, growing
exponentially in developing countries. Efficient energy use, together with the
exploitation of renewable energy sources are seen as opportunities to fight climate
change back and cut dependency on fossil fuel. Among all the renewable resources,
wind power positions itself as a leading technology and as a mainstream electricity
generation source. Many wind energy projects have been deployed during the last
decade, and ambitious designs have been developed by wind power leading companies.
In order for the wind energy industry to keep growing, research is being conducted and
new wind turbine generation designs have been tested [3]. This new generation
maximizes the amount of energy captured by increasing the rotor diameter, which
enable the investors to run fewer wind turbines and thus, to reduce the initial investment
and the operation and maintenance costs. Upscaling the rotor turbine leads to the
following challenges:

- The potential power scales with the square of the rotor diameter, but the blade mass
scales to the third power of the rotor diameter. This leads to an increase on the fatigue
load of the entire structure, requiring costly structure reinforcements. Alleviation of
unwanted loads like this can be achieved by implementing an effective aerodynamic
blade load control if a precise description of the incoming wind profile is available.

- Large wind turbines are typically installed forming "clusters"”, groups containing
numerous wind turbines. Wake effects generated by this turbine configuration,
combination of at least two wind turbine wakes within the cluster, affect directly the
power output and the turbulence intensity, which determines the turbine lifetime.
Furthermore, power losses due to wakes can represent between 5 and 20 % of total
power output [4]. A better understanding of wake interactions may lead into better
predictions of energy production and lower safety factors.
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- Commercially available wind turbines installed offshore already reach heights above
200 m, bringing into question the validity of the logarithmic wind profile assumption,
valid until a maximum height of 100 m above ground [5]. A better knowledge of the
wind shear at these heights would lead into a better use of wind resources for these wind
turbines.

In response to the challenges mention above, a deeper knowledge of the wind
profile at high altitude and within wind farms is needed. More detailed fatigue life
modeling would then be possible, making larger wind turbines feasible, increasing
turbine lifetime and at the same time reducing costs. Wind profiles and turbulence
intensities have generally been estimated by running very time-consuming simulations.
However, further validations are necessary since some of the assumptions applicable for
onshore sites are not valid for offshore locations [6]. Furthermore, wind farms with a
high number of wind turbines are particularly difficult to model due to wakes
interactions. Measurement campaigns have to be conducted in order to improve the
understanding of these effects, providing a basis for detailed offshore wind farm wake
studies. These measurements can be undertaken either from expensive met masts (a
fully equipped offshore meteorology mast could cost many hundred thousand euro) or
from portable measurement devices such as sonar or lidar. In any case, the solutions
offered by these land-based systems are either expensive or demand certain
infrastructure, not necessarily available for offshore measurements [7]. On the other
hand, airborne platforms show themselves as a good alternative to land-based systems,
being able to take local measurements with high spatial and time resolution. Typical
airborne platforms such as tethered balloons and kites have been used for more than a
century in atmospheric boundary layer (ABL) research, and manned aerial vehicles
(MAV) have carried out multitude of offshore wind measurement campaigns with
excellent results. However, these systems are either too big or their movement too
unpredictable to use them as measurement platforms within wind farms. Since they are
smaller than MAV and more controllable than tethered balloons and kites, unmanned
aerial vehicles (UAV) have been recently used for this purpose. Nevertheless, further
research must be done in order to clarify their limitations. For this reason, a new
measurement approach using a quadrotor as a measurement device is introduced.
Quadrotors, a type of UAV, combine several features that give them advantage over
conventional measurement devices. In this approach, the UAV acts like a measurement
instrument itself, as opposed to conventional UAVs (which carry a dedicated sensor as a
payload). The development of UAVs as measurement instruments could make possible
to improve the actual knowledge of turbulent wind behavior within a large wind farm,
leading into an improvement of the theories that model the wakes interaction and
ultimately, extending the turbines lifetime and making the most of the energy provided
by the wind.
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Figure 1: Platforms for wind measurement characterization. a) Meteorological mast, b) Weather station, c)
MAV, d) Tethered balloon, e) Kite, f) UAVs, g) Radiosonde, h) Sodar / lidar / radar

1.2. Objectives

The fundamental objective of this project is to prove the feasibility of using an
unmanned aerial vehicle with 4 rotors (quadrotor) as a wind measurement
instrument itself, without the need of any dedicated sensor for wind profile
characterization such as pitot tubes, multi-hole probes or ultrasonic
anemometers. Once seen that the system is feasible, minimum spatial and time
resolution are derived. In order to do so, a state-of-the-art study must be carried
out, considering previous projects using UAVs for meteorological research
purposes. It is necessary to select the proper UAV platform, fulfilling the given
requirements and to develop algorithms able to compute wind speed and wind
direction using the data provided by the selected platform. It is planned to
estimate wind speed following three different approaches and to compare their
results, to which end subsequent mathematical elaboration and models are
needed. First, a system model comprising the dynamic behavior of the quadrotor
and its control system must be modeled and second, the three different methods
for the wind speed estimation must be developed and implemented in an
environment such as MatLab/Simulink®. Connecting the first and the second
systems, the validity of the wind speed and direction algorithms can be checked
and used for real measurement campaigns.
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Chapter 2

Background

Several studies have been carried out, investigating new ways of measuring
wind profiles up-, down-stream and within large-scale turbine wind farms. The use of
small UAVs has been already considered as an alternative to manned aerial vehicles
(MAV) or other conventional platforms for atmospheric wind profiling, such as
meteorological masts and active remote sensing systems, mainly based on Lidar and
Sodar technologies. New organizations have been created, such as the International
Society for Atmospheric Research using Remotely piloted Aircraft (ISARRA),
containing data bases with information of atmospheric research airborne platforms,
sensors and campaigns conducted during the last years involving UAVSs. Furthermore,
extensive reports have analyzed the use of different types of UAVs for measurement
purposes, comparing accuracy, measurement procedures and data acquisition [4].

2.1. Previous projects

The existing UAV platforms can measure the wind vector either while flying in
patterns (fixed wing UAV) or by hovering (rotorcraft UAV). As far as small fixed-wing
UAVs are concerned, the question of which flight patterns are best for which
investigations has not been answered yet, and it is still uncertain how to effectively
compare measurements along a flight path with measurements from a fixed mast. On
the other hand, rotorcraft UAVS' strong point is their ability to measure wind speed and
direction at a fixed position in space, making it easier to compare results. Until now,
small UAVs were equipped with meteorological sensors, which increases the minimum
payload capacity required by the vehicle and shorten their flight time. Concerning small
rotorcrafts, it is known that the downwash reaches its maximum velocity at a distance of
2-3 times the rotor diameter while hovering, interfering with the incoming wind vector
and affecting the measure. The following are recent studies using UAVs as wind
measurement devices:

- SUMO: The Small Unmanned Meteorological Observer is a platform based on a
light-weighted Styrofoam model airplane, partially developed by the University of
Bergen, Norway. It is equipped with temperature, humidity and pressure sensors and the
attitude is controlled by the Paparazzi autopilot system. It measures wind speed and
direction by following a helical flight pattern, typically used for boundary layer
profiling. The on-board GPS measures the instant ground speed for the descending part
of the spiral. The ground speed is decelerated when flying headwind, and accelerated
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when flying tailwind, making possible to calculate the horizontal wind speed and

direction by using these ground speed differences [8].

- M?AV: The M?AV (Meteorological Mini Unmanned Vehicle) is based on the
unmanned 'Carolo T200' aircraft, developed by Mavionics GmbH in collaboration with
the University of Braunschweig, Germany. It measures the wind vector with a five-hole
probe mounted on the fuselage nose together with an extra IMU and GPS system,
getting a spatial resolution of turbulence measurements in the sub-meter range. The
attitude is controlled by using a GPS and an IMU shield. '"MINC' is the autopilot system,
also developed by the University of Braunschweig. It took part on several scientific
missions, among them the LAUNCH campaign and a mission in Antarctica at the
British Antarctic Survey station Halley [9].

- MASC: The Multi-purpose Automatic Sensor Carrier is a platform based on a small
UAV airplane (5 kg) able to operate automatically. It took part on the BLLAST project,
which attempts to get a better understanding of the atmospheric boundary layer (ABL)
structure and how it changes between daytime convective ABL and nighttime stable
ABL [10]. It measures flux momentum, heat and humidity along straight flight paths at
constant speed and several altitudes. The meteorological sensor equipment is very
similar to the M?AV.

- Vario XLC: Vario XLC platform is based on a small-sized helicopter from the
company Vario. Its high payload capacity makes possible to install a rather heavy and
more accurate sensor, in this case a 3D sonic anemometer, attached to the helicopter by
means of a 4-5 meters wire as a slung load. The anemometer swings and rotates during
the flight, so an inertial navigation system (INS) was attached to the load in order to
estimate its attitude and thus, the true wind speed and direction.

Table 1: UAV platform comparison

Platform
SUMO MASC M°AV VarioXLC
Developer Bergen University Tubingen University Braunschweig University | Aalborg University
Vehicle Fixed wing UAV Fixed wing UAV Fixed wing UAV Helicopter UAV
Max. take-off
weight 580 g 4000 g 6000 g 40000 g
Payload 140 g 1000 g 1500 g 4000 g
Sensirion SHT 75 Vaisala HMP 50 Vaisala HMP 50 3-D ultrasonic wind
(temperature and (temperature and (temperature and sensor
humidity) humidity) humidity) (3-D flow vector)
VTI SCP1000 Termocouple type-k Termocouple type-k
(Pressure) (temperature) (temperature)
Ser(lsgrrsé&r;tlztsird MLX90247 5 hole probe 5 hole probe
P (Surface temperature) (3-D flow vector) (3-D flow vector)
Eagle Tree Pitot tube
(1-D flow vector)
5 hole probe, Aeroprobe
(3-D flow vector)
Max. flight time < 30 min 15h > 45 min 30 min
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2.2. Sensors for atmospheric wind speed
measurement

This section gives a short overview of the most common sensors and systems
used to characterize boundary layer winds and turbulent flows, emphasizing its
applicability on board small UAVs.

Cup anemometers: These instruments, able to measure wind speed, consist of a number
of cups mounted with vertical arms on a rotating shaft. They are the standard sensors
used for wind assessment and thus, all other wind speed measurement methods are
compared to its accuracy. Cup anemometers' accuracy is sensitive to vertical velocity
components. However, in theory it would be feasible to mount them on board a small
rotorcraft UAV. Its verticality could be controlled, for instance, by attaching it to a 3-
axis gimbal system.

Propeller anemometer: This instrument uses a propeller mounted on a horizontal axis
to measure wind speed. It is often combined with a wind vane so the propeller always
keeps facing the wind, making possible to measure both wind speed and direction.
Miniaturization of these sensors could be mounted on top of a small UAV.

Sonic anemometer: Sonic anemometers measures wind speed and direction based on
the time of flight of sonic pulses between pairs of transducers, being able to measure a
3-dimensional flow. It is one of the most accurate sensors for wind profile
characterization together with the hot-wire anemometer. However, the presence of dust
or sea spray worsens its performance. They have already been tested attached to small
UAVs [11].

Hot-wire anemometer: These sensors use an electrically heated fine wire to measure
wind speed. The air flowing past the wire has a cooling effect on the wire. By relating
the electrical resistance of the wire to its temperature, the wind speed can be obtained.
They have a very high frequency response, making them especially suitable for the
study of turbulent flows. They fit on small UAVs but unfortunately they are too fragile
to resist a collision with the ground.

Sphere anemometer: This sensor relates the drag force acting on a sphere mounted on
the tip of a rod to the rod's bending moment, getting this way wind speed and direction.
Its temporal resolution is limited by the resonance frequency of the rod. The use of
these type of anemometers on board small UAVs seems feasible.

Laser-cantilever anemometer: This new instrument uses a laser and a position sensitive
detector to determine the deflection of the tip of a micro cantilever. The deflection is
caused by the drag force of the wind acting on the cantilever. Its high frequency
response makes it suitable for turbulent flows [12]. Due to its weight the use of these
sensors together with small UAVs is still not possible.

Pitot tube: This instrument uses Bernoulli's equation to relate wind speed to static and
total pressure of the incoming air flow. It consists of a tube pointing into the fluid flow.
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The moving flow stagnates, giving a value of the total pressure. The static pressure is
measured using an additional hole located at the side of the tube. The dynamic pressure
can then be calculated and thus, the wind speed. Its limitation is the necessity of being
pointed directly into the fluid flow. However, they can be used mounted on the fuselage
nose of a small aircraft UAV.

Multi-hole probe: These sensors extend the operating principle of Pitot tubes to 3
dimensional flow measurements by using several holes at the tip of the probe. Recent
projects have developed a miniaturization of a 7-hole probe [13]. making possible to
mount them on board a small UAV.

Sodar, Lidar and Radar: These active remote systems uses the Doppler shift of emitted
sound waves (Sodar) or electromagnetic waves (Lidar and Radar) reflected by density
inhomogeneities (Sodar and Radar) or aerosol particles (Lidar) suspended in the air to
characterize the wind profile. All existing systems are too heavy to be used on board a
small UAV.

Figure 2: Common sensors for atmospheric wind speed measurement. From left to right and from top to bottom:
Cup anemometer, propeller anemometer, sonic anemometer, hot-wire anemometer, sphere anemometer, laser-
cantilever anemometer, pitot tube, multi-hole probe, sodar, lidar and radar

2.3. Quadrotor attitude estimation as a
measurement system

This project attempts to prove the feasibility of using a small quadrotor UAV to
measure wind speed and direction without the use of any atmospheric wind
measurement sensor. When the quadrotor hovers at a certain position in space, the drag
force of the wind acting on it tends to push it. If the autopilot system forces the
quadrotor to keep the position the quadrotor will tilt, compensating the drag force with a
horizontal component of the thrust force generated by the rotors. The stronger the wind,
the more tilted the quadrotor. Under steady state conditions, it is straight forward to
estimate the wind vector by knowing the drag coefficient of the vehicle and the area
exposed. These values can be found out by doing a wind tunnel test. The following
equation, which can be derived from the conservation of energy for a fluid in motion,
shows how to estimate wind speed [14]
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2D
PA(Y)Cp(Y)

where 1+ is the wind speed in [m/s], D denotes the Drag force acting on the quadrotor in
[N], p is the air density at the measurement point in [kg/m®], A(y) denotes the area
exposed to the incoming wind in [m?] as a function of the quadrotor angle (y) and
Cp(y) is the drag coefficient, also function of the quadrotor angle. It is worth
mentioning that y is a combination of two of the Euler angles roll (¢) and pitch (8).
Using the attitude estimation of the vehicle, these two angles (together with the third
Euler angle yaw (y)) are known, making possible to also estimate the wind direction.
The following figure shows how roll and pitch Euler angles are related to the tilt angle.

X

Figure 3: Quadrotor scheme. Quadrotor tilts when wind generate a drag force. Tilt angle is
combination of roll and pitch Euler angles in the inertial frame of references (x,y,z)

The following equation relates tilt angle (y) to roll (¢) and pitch (8) angles:

L 0 cosg
° X - - -
Yy = cos‘l(w) with ey = | €0S¢ and €p = 0
Inxyl-|€pxe€gl . o
sing Sing
0
where 7iyy is the unit vector | 0 | normal to the XY-plane.
1
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Wind direction can be calculated following the next steps:

- First, calculate the angle A between the direction of the quadrotor and the projection
of the vector (€, X eg)on the XY-plane

(€p X €9y

A= 1 —atan ((é’¢ X 2a)x

where 1 denotes the yaw angle in [rad] and (€, X ég)x and (€4 X €g)y are the
projection of the cross product on the X- and Y-axis, respectively.

- Second, determine whether the projection of the cross product €, x €, on the XY-
plane is on the left or on the right side of the quadrotor

<0, if éy X égisleft
Tixz  (Ep X €g)xy =X >0, if €4 X &g isright
= 0, otherwise

- Lastly, the wind direction can be calculated as follows

(360° — A+ ), if fixz-(€p X €g)xy > 0

Wind direction = o
A+ ), ifng;> 0

However, the measurement of wind profiles in turbulent environments (for
instance behind and between large wind turbines) is more interesting. Under this
condition the steady state assumption is no longer valid and dynamic effects should be
considered. The inertia of the vehicle, together with its linear and rotational acceleration
and velocity has to play an important role in the new wind vector estimation. Three
different approaches have been followed

- First approach: In the first approach dynamic effects have been disregarded. Drag
force acting on the quadrotor has been calculated only using the Euler angles provided
by the attitude estimation algorithm implemented in the quadrotor.

- Second approach: The second approach is to directly calculate the drag force by
using the linear dynamic equations that characterize the behavior of an ideal quadrotor.
The inputs for the equation come also from the quadrotor attitude estimation algorithm
and from the sensors on board.

- Third approach: Finally, the drag force is estimated taking into account linear
velocities of the quadrotor by using a Linear Kalman Filter (LKF). The inputs of the
filter come from the quadrotor attitude estimation algorithm and from the sensors on
board.

Sensors do not have infinite accuracy and there are always errors present in the
measurements output data. While the second approach estimates the wind without
taking into account these errors, the third approach is able to take them into account by
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using the LKF. After estimating the drag force, the wind vector is calculated following
the equation above. The area exposed is calculated through the Euler angles, provided
by the attitude estimation algorithm and the drag coefficient Cp(y) is assumed to be
constant with a value of 0.9 (same as an angled cube).

2.4. Spatial and temporal scales s

Each measurement instrument has different spatial and temporal resolutions,
making them especially suitable for certain wind conditions. The table below resumes
the characteristics of the measurement instrument analyzed in Section 2.2., showing
minimum values for time and spatial resolution.

Table 2: Spatial and time resolution for wind measurement instruments

Time resolution

1000 Hz 100 Hz 10 Hz 1Hz 0.1Hz | 0.01 Hz | 0.001 Hz | 0.0001 Hz
0.001s 0.01s 0.1s 1s 10s 100 s 1000 s 10000 s
Pitot tube
Hot-wire
0.01 m anemometer Multi-hole
probe
Cup
Laser- . anemometer
= : Sonic Sphere
E Sell i el e anemometer | anemometer
g anemometer Propeller
38 anemometer
= 1m Quadrotor® Lidar
:,5;- 10 m
Wind
0 i turbine
1000 m ‘]f\;'r'r‘:
10000 m

% Spatial and time resolution estimation.
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Chapter 3

Feasibility study

The following sections introduce the concept of Unmanned Aerial Vehicle, its
classification and a description of the sensors mounted on board. Different attitude
estimation methods are explained, putting emphasis on the methods based on data
fusion algorithms. Next, available platforms are compared, selecting the most
convenient for the purposes of the project. Maximum flight time is also estimated.

3.1. Unmanned Aerial VVehicles

An Unmanned Aerial Vehicle, better known as UAV, is an aircraft able to fly
without a human pilot, controlled either autonomously or under remote control. They
perform a wide variety of functions, most of them related to remote sensing. In the past
decade unmanned aerial vehicles have become a topic in many research organizations,
finding application in many areas such as search and rescue services, traffic
surveillance, preventive maintenance, meteorological services, agriculture and military
espionage, among others. Furthermore, during the last years micro UAVs have become
very popular among radio control hobbyist, and the number of open source projects
have been increased on the internet, making it easier for researchers to use them and to
modify hardware and software at will, fitting their necessary requirements.

Figure 4: Examples of Unmanned Aerial Vehicles. From left to right: Hexacopter, MALE RQ-1 Predator and NAV "Nano
Hummingbird" (flapping-wing UAV configuration)
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3.1.1. UAV classification

The literature is mainly oriented towards military applications and classifies the
UAVs by the capability or size of the air vehicle that is required to carry out a particular
mission [16]. They can also be categorized in terms of functionality, range/altitude
limits and airframe type. The next table categorizes the unmanned vehicles relating
weight, range and altitude:

Table 3: Unmanned Aerial Vehicle classification [17]

Class

Category

Normal operating
altitude

Normal mission
radius

Class I (less than 150 kg)

Small UAV
> 20 Kg

Up to 1500 m AGL?

50 km (LOS)"

MUAV
(Mini UAV)
2-20 Kg

Up to 1000 m AGL

25 km (LOS)

MAV
(Micro UAV)
0.1-20Kg

Up to 60 m AGL

5 km (LOS)

NAV
(Nano UAV)
<100g

Up to 10 m AGL

500 m (LOS)

Class 11

TUAV
(Tactical UAV)

Up to 3000 m AGL

200 km (BLOS)®

(150 Kg to 600 Kg)

STRIKE/COMBAT

Up to 20000 m AGL Unlimited (BLOS)

HALE
(High altitude long

endurance) Up to 20000 m AGL

Class 111 Unlimited (BLOS)

(more than 600 Kg)

MALE
(Medium altitude long

Up to 14000 m AGL
endurance)

Unlimited (BLOS)

& - Above-Ground-Level
b Line-of-Sight
¢ - Beyond-Line-of-Sight

Regarding airframe types, there are 4 basic configurations, i.e. fixed-wing,
rotary-wing (known as rotorcraft), flapping-wing (Figure 4) and lighter-than-air
configuration. Among these, rotorcrafts with 4 rotors, commonly known as quadrotors,
are growing in popularity, becoming a standard platform for robotics researchers
worldwide. The main reasons for this are:

- They have already proven to be highly maneuverable [18], making them useful in all
kind of situations and environments [19].

- They are economic and available in a high variety of sizes.
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- Its mechanical design is relatively simple.

- They are inherently unstable, representing a challenging example of a safety critical
embedded real time system.

- Recent improvements of battery and other technology like MEMs is rapidly increasing
the scope for commercial opportunities [20].

3.1.2. Common sensors on board a rotorcraft

A rotorcraft typically consists of four, six or eight individual rotors attached to a
rigid cross airframe. Control of a rotorcraft is achieved by differential control of the
thrust generated by each rotor. In order to do so it is necessary to estimate the vehicle
state, i.e. its height, attitude, angular velocity and linear velocity, being attitude and
angular velocity the most important as they are the primary variables used in attitude
control of the UAV. The most basic instrumentation needed is an Inertial Measurement
Unit (IMU). The IMU typically includes a 3-axis rate gyroscope, 3-axis accelerometer
and 3-axis magnetometer, whose outputs are usually converted from analog to digital
information through an analog-to-digital converter (ADC), whose resolution will
determine the accuracy of the instrument (the higher, the more accurate the
measurement). In addition, most rotorcrafts include a barometric sensor for determining
relative height, a GPS as an extra sensor to measure absolute position and a sonar.
Laser-ranging or infrared sensors can also be implemented. The basic sensors are
described below.

- Gyroscope: These sensors are one of the most
relevant for air vehicle navigation and control,
along with accelerometers. Traditional units have
been usually expensive and bulky, but with the
maturation of semi-conductor manufacturing
technology, = microelectro-mechanical  sensors
(MEMS) applications have shifted to non-military
purposes, making MEMS gyroscopes cheaper and
smaller and thus, more suitable for flight attitude [ s : =
calculations on board UAVs [21]. Neither their Frigure 5: Detailed view of MEMS gyroscope
classification nor their physics are here discussed; a

good source can be found in [22], [23] and [24] . Basically, a rate gyro measures the
angular velocity of {B} relative to {A} expressed in the body frame of reference {B}

where Q ;yy denotes the true angular velocity of the IMU in [%s], Q is the angular
velocity measured by the gyroscope in [%/s], g denotes the additive measurement noise

and bg denotes a slowly time-varying gyro bias (usually considered as a constant)
caused by manufacturing limitations, both in [°/s] units. The calculation of attitude
angles requires angular velocity measurements for integral calculation. The gyro bias
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shows itself after integration as an angular drift, leading to decrease accuracy, causing
basic limitations to solely using gyroscopes for attitude estimation [21].

In practice a gyroscope will rarely output values expressed in °/s. Digital
gyroscopes will output the information using a serial protocol like 12C, SP1 or USART,
while analog gyroscopes will output a voltage level within a range, which will have to
be converted to a digital value through an ADC. In order to turn this raw data into °/s
units the following equation can be used

ﬁx 1/ng 0 0 Rrx - Rxo
R,|= 0 1/S5 0 || Rry—Ry
ﬁz 0 0 1/ng Ry, — RzO

where R,, ﬁy and R, are the estimated angular rates for each axis in [%/s], S,, Sy and S,
the sensitivity scale factors for each axis in [LSB/(%s)], Ry, Ry, and R,, the MEMS
gyroscope raw measurements for each axis in [LSB] and Ry, Ry, and R,, the zero-

rate-levels for each axis in [LSB]. All these parameters can be found generally in the
datasheet, provided by the sensor manufacturer.

- Accelerometer: This inertial sensors are
electromechanical devices that measure the
instantaneous linear acceleration of {B} due to

| mes
I | I ||I
external forces, either static (like the constant ._——_—_'""""'5:

force of gravity) or dynamic (caused by i = = _[ =
moving the accelerometer), being a very | | -‘-—‘""""“._—— ! I -
common way to do so by sensing changes in =

capacitance [25]. They are described by the |

following equation: E poam Spot. Magn BN b um

5.00kV 30 500x

Figure 6: Detailed view of 3-axis MEMS
. —>
amy = RT(V — g2) + by + n, € {B} accelerometer

where a;;,y is the true acceleration of the IMU in [m/s?], v is the external acceleration
in the inertial frame in [m/s?], RT is the rotation matrix transpose, gZ represents the
magnitude and direction of the gravitational acceleration in [m/s?], b, denotes a bias
term and n , is the additive measurement noise, both in [m/s?].

A 3-axis accelerometer will give an accurate orientation of a stationary platform
relative to the Earth's surface; however, when the platform starts moving (or vibrating)
it will be subjected to a new acceleration, which will be added to the acceleration vector
provided by gravity, making hard to distinguish between gravity force and other
exogenous forces. Typically, the acceleration components caused by the dynamic
movements of the robot only happen in a short period of time, while gravity
acceleration is acting on the UAV permanently. By low-pass filtering the data from the
accelerometer, unwanted high frequency acceleration components can be filtered out;
however, the low-pass filter will slow-down the response time of the measurement
[26].Furthermore, ordinary accelerometer configurations are not able to measure
movements orthogonal to gravity (i.e. yaw angles), even though there are ways to
achieve this by combining two 1-axis accelerometers [27]. Just like gyroscopes,
accelerometers can be categorized as analog or digital devices, depending on the output
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units, and an ADC is also used to produce the final raw data. A similar equation is used
to turn raw data coming from the ADC into acceleration units

Ay 1/Sax 0 0 Arx — Qxo
dy = O 1/Say 0 ary - ayO
a, 0 0 1/S,,/) \@rz—az

where d,, d, and a, are the estimated accelerations for each axis in [M/s?], Sy, Say and
S,, the sensitivity scale factors for each axis in [LSB/(M/s?)], ;. ary and a,, the
MEMS accelerometer raw measurements for each axis in [LSB] and ayy, a,o and a,
the zero-rate-levels for each axis in [LSB].

- Magnetometer: These sensors are able to measure the

Earth's magnetic field vector. The following equation is 4 oy

used to estimate the true magnetic field: \
My = RTAm + Bm + T]m € {B}

where myyp is the estimation of the magnetic field in
[gauss], RT is the rotation matrix transpose, “m is the

Earth's magnetic field vector in [gauss] (expressed in the Figure 7: 3-axis magnetometer
inertial frame), B, is a body-fixed frame expression for HMC5843

the local magnetic disturbance and n_ denotes the measurement noise, both in [gauss].
As the expression shows, magnetometers are also subjected to interferences, such as
magnetic fields resulting from motor windings.

- Barometer: Barometer sensors are devices able to
measure atmospheric pressure. The equation relating
altitude with pressure and temperature for dry air is known
as the hypsometric equation. Assuming zero lapse rate
(constant temperature with elevation) the equation that
estimates the altitude takes the following form:

Figure 8: Barometer BMP085

where h; is the estimated absolute height in [m], R is the air specific gas constant in
[J/(KgK)], T denotes the average temperature in the layer p; - p, in [K], g is the gravity
acceleration in [m/s], p1 Is the measured pressure in [Pa], p, is the pressure at zero
altitude in [Pa] and n, denotes the measurement noise in [m]. Current commercial
barometers like those used in small UAVs have an altitude resolution down to several

centimeters.
reflected wave

- Sonar: A sonar sensor is a device that uses sound N
propagation to detect objects in the surroundings. When :@ ‘
the device comes with a transmitter and a receiver it is i«
called "active™ sonar, which are generally the ones used
on board small UAVs. They create a pulse of sound and

Object

original wave|

distance r

Figure 9: Sonar operating principle
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then they listen for reflections of the pulse. To measure the distance from the transmitter
to an object, the time transmission of a pulse to reception is measured and converted
into a range by knowing the speed of sound, as shown in equation:

t
r= Y55+

where r denotes the distance in [m] from the transmitter to the object, 9 is the speed of
sound in air in [m/s], t is the time transmission in [s] and n_ denotes the measurement
noise in [m]. Sonar sensors operating during flight onboard quadrotors have to deal with
several sources of noise, among them air turbulence, acoustic noise caused by the
propellers and electrical noise caused by the driven motors. These issues can be solved
by mounting the sensor as far from the propellers as possible and filtering the output
signal through a low-pass filter [28]. Commonly commercial sensors for civilian uses
detects objects from 0.02 to 8 meters with 0.01 m resolution [29].

- GPS receiver: This type of sensors uses the Global Positioning System, a satellite-
based navigation system that sends and

receives radio signals. It provides GPS Accuracy BB WAAS Accuracy
HERE

information about current location in all Shon  SAoff
weather conditions in an unobstructed line
of sight to four or more GPS satellites. GPS
accuracy varies from a few meters to a
hundred meters, depending on its
configuration. Figure 10 shows typical
accuracies for SA mode on and off, and by

. ) 3 Meters \ )
using WAAS accuracy (EGNOS satellite- 15 Meters | )
. . . 100 Meters \_ J
based augmentation system is used in
Europe instead of WAAS). Figure 10: Typical GPS accuracy using WAAS and with

selective availability (SA) -on and -off

3.2. Attitude estimation

Within the algorithm introduced in Section 2.3., two terms are dependent on the
attitude, i.e. drag coefficient Cp(y) and area exposed A(y). As a result, a good
estimation of the attitude is needed. There are a few ways to achieve this, namely:

- “Stand-alone” sensors: Sensors such as gyroscopes, accelerometers or magnetometers
in "stand-alone™ configuration could be used. However, they lack accuracy either in the
long term or in the short term. Furthermore, the reliability improves when the system
depends not only on one type of sensor but on a combination of them. If at any given
time a particular sensor fails, the rest can manage to keep the system stable.

- Data fusion: Fusing the information coming from different sensors to get a better
estimation of the attitude. There are several algorithms that perform data fusion, among
them the Kalman filter (KF) in its different versions (linear KF, extended KF and
unscented KF) and the complementary filter (CF) also in its linear (LCF) and non-linear
(NCF) version. The difference between KF and CF is briefly shown in Section 3.2.2.
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- Alternative methods: Making use of devices which are not meant to be used as attitude
sensors. For instance, relating motors power consumption to Euler angles. Micro
voltmeters and ammeters can provide a direct and accurate observation of the required
parameters.

The following will give a brief introduction and examples to the attitude
estimation methods mentioned above.

3.2.1. ""'Stand-alone"" sensors:

Gyroscopes: Since these sensors detect the rotation rate of a body, a simple
integration in time gives the angle the body has assumed. Consequently, the use of three
gyroscopes, each of them aligned with the body frame axis, would provide the final
attitude of the body. In practice, the time is discretized into time steps during which
rotation speed is assumed to be constant. The angle at time ¢, is

o = Q(t; — to)

where Q denotes the gyroscope measurement in [°/s] and (t; — ty) IS the timestep
length in [s]. As mentioned before, gyroscopes have a noise term and a bias term that
when integrated over long time end up on attitude errors in the order of several degrees
[30]. Furthermore, the bias term is not constant but rather it varies over time. Even
though there are ways to get over major error sources in MEMS gyroscopes [31], a
minimal-drift term remains. As a result, estimating the attitude using a 3-axis gyroscope
alone will give good results just in the short term.

Accelerometers: Assuming that the gravitational acceleration is the only given
acceleration, it is possible to partially estimate the attitude by computing the Euler
angles from the accelerometer output. The use of 2 accelerometers with their axis
aligned with the roll and pitch axis of rotation will give the pitch and roll angles,
respectively. Accelerometers cannot measure the third Euler angle, yaw, since they are
insensitive to rotations around the earth's gravitational field vector. Nevertheless, an
extra sensor with its axis pointing along the gravitational vector can be used, after two
integrations, to estimate the vertical position. Assuming no acrobatic flights, calculation
of roll and pitch angles is straightforward by using simple trigonometry

0 = sin"(ay)

= in~1 —y
¢ st (0059)

where a, and a, are the accelerometer output, normalized with the gravitational
acceleration constant g. In practice, the accelerometer is subjected to additional
accelerations caused by vibrations or other external forces. The accelerometer cannot
distinguish between gravitational acceleration and the rest, losing its reference and
giving wrong attitude estimation. However, accelerations other than gravitational
acceleration occur only during short periods of time, making 3-axis accelerometers a
good attitude estimator in the long term.
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Magnetometers: These sensors detect the Earth’s magnetic field and define a 3-
dimenssional magnetic vector. This vector can be used as a reference to determine the
heading (yaw) of the vehicle. Any rotation around this vector will be unknown, making
the solely use of 3-axis magnetometer not suitable for a complete attitude estimation.

GPS: This system alone cannot be used to determine the attitude of a UAV,
since they do not detect rotations around the body frame of reference. However, the
relevance of the GPS lies in its use to determine the absolute position of the UAV
(translational velocity could also be obtained by deriving position over time). However,
they cannot be used solely due to its slow update rate (1 - 10 Hz). Furthermore, vertical
accuracy is typically 5 times worse than horizontal accuracy, making them not so
reliable for altitude estimation. Barometers can be used for this purposed instead.

The next table gives a schematic overview of the advantages and disadvantages
of solely using the sensors described above, while at the same time gives an idea of how
to combine them.

Table 4: Comparison of sensors in “stand-alone” configuration for position and attitude estimation

Translational | Horizontal | Vertical
velocity position position | Advantages | Disadvantages
estimation estimation | estimation

Attitude

Sensor Measurement . .
estimation

Accelerometer | Accelerations

Gyroscope Angular rates

Magnetic
Magnetometer el
Absolute
Clgs positions
Barometer Absolute
height
Sonar Relative
height

3.2.2. Data fusion

The ideal way of estimating the attitude of a vehicle goes through combining the
information provided by its sensors in a way that the advantages of some make up for
the lacks of the others. Three methods are described here, corresponding to the attitude
estimation algorithms used by the UAV platforms considered in Section 3.3.2.

3.2.2.1. Linear Kalman Filter [32]

This algorithm is used to estimate the system state of a linear dynamic system
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(perturbed by Gaussian white noise) using measurements that are linear functions of the
system state (also corrupted by additive Gaussian noise). Applying this definition to a
quadrotor, the system state defines the system’s varying quantities (for example the
linear and angular position and velocity of the vehicle), the linear dynamic system is a
representation of the physical laws that describe the system (the linear and angular
equations describing the dynamic behavior of the vehicle) and the measurements are the
available information observed over time (the output data coming from the multiple
sensors on board the UAV).

In discrete-time a linear dynamic system and the observations can be described
as follows

Xk = Frxp—q1 + Brug + wy : wi ~ N (0, Qx)
Zy = Hkxk + 1% ; UV ~ N(O, Rk)

where x;, and z, are the state estimate and the observation vector respectively, Fj
denotes the so called state transition model, H, is the observation model, x,_, the
previous state estimate, B;, the control-input model, u, the control vector and w,, and
vy, denote the process noise and the observation noise, respectively (here assumed to be
zero mean Gaussian noise with covariance matrices Q, and R;). Dynamic equations
describe the dynamic behavior of the quadrotor in continuous-time, making easier to
write the system as

x(t) = Ax(t) + Bu(t) + w(t) ; w(t) ~N(0,Q.)
z(t) = Cx(t) + v(t) X v(t) ~N(0,R,)

where A and B are matrices that relate both state vector (x(t)) and control vector (u(t))
to the way the state vector varies over time (x(t)). Solving the differential equation
above and expressing them in discrete-time leads to

A
xp = ey + et [ Ye AT dtBu_ + wi  ; wi ~N(0,Q.AL

Zx = ka+ Vi ; Uk""N(O,%

where At is the discretization step size, t is the variable of integration from time 0 to
time At, e42t is the state transition model F,, e44¢ fOAte‘AT dtB the control input model
By, and C is equal to the observation model H,.

Conceptually, the algorithm works in a two-step process, i.e. a prediction and an
update step. The prediction step uses the state estimate from the previous time step
(Xk-1)k—-1) to produce an estimate of the state at the current time step (X x—1). Since
this predicted step does not include observation information from the current time step it
is also called the “a priori state estimate”. In the update step, the Kalman filter averages
the ““a priori prediction” with current observation information in order to refine the state
estimate and generate an “a posteriori state estimate” (X ). This is done by using a
weighted average, represented by the Kalman filter gain (K;). The weights are
calculated from the measurement noise covariance matrix R; and the process noise
covariance matrix Q, in such a way that the values with smaller uncertainty have a
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Roll angle [rad]

bigger weight within the estimation algorithm. The equations for the prediction and the
update steps in discrete-time are the following

Prediction:
Rkik-1 = FiXg—qji-1 + Br—1Ug—1 (Predicted a priori state estimate)
Prjk-1 = FkPk_1|k_1F,f + Qp (Predicted a priori estimate covariance)
Update:

Pk|k—1HI’€
HyPrk—1HE + Ry
Rk = Ripp—1 + Ki(zx — HeRir—1)  (Updated a posteriori state estimate)

Pyjk = Prjr-1(I — Ky Hy) (Updated a posteriori estimate covariance)

K, = (Optimal Kalman filter gain)

where, for instance, Xy, is read as the estimation of the state vector for instant k,
done after receiving the measurement at the previous instant k — 1.

When the system model is non-linear, the Extended Kalman Filter (EKF) is used
instead of the LKF. An example of its applicability on quadrotor attitude estimation is
shown in [33]. The following figure shows the performance of a LKF for attitude
estimation. It can be seen how gyroscopes and accelerometers in "stand alone"
configuration are sensitive to drift and vibrations, respectively.
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Figure 11: Roll angle estimation by solely using gyroscopes, accelerometers or LKF data fusion

3.2.2.2. Complementary filter (CF)

A complementary filter for attitude estimation performs low-pass filtering on a
low-frequency attitude estimate, obtained from accelerometer data, and high-pass
filtering on a biased high-frequency attitude estimate, obtained by direct integration of
gyroscope output and fuses these estimates together to obtain an all-pass estimate
attitude. The following diagram shows a simplification of how a linear CF works

l(’f} ﬂ] rm:re'r

g

High-pass filter

(b 0y 16 Oy
., - .
Low-pass filter

Figure 12: Operating principle of a Linear Complementary Filter for attitude estimation
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Similarly, a CF for linear position and velocity estimation can be build using the GPS
signal

o =yl
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High-pass filter
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Low-pass filter [ ¥ 2],
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High-pass filter

g
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Figure 13: Operating principle of a Linear Complementary filter for linear position and velocity estimation

When a low pass estimate of the full attitude can be reconstructed from
accelerometers, gyroscopes and magnetometers a non-linear CF can be used [34]. The
idea behind the non-linear complementary filter for attitude estimation is to
continuously update the rotation matrix R that defines the orientation of the UAV
relative to the inertial frame of reference to keep its orthogonality. The numerical
integration of the gyroscopes output, used as the primary source of attitude information,
introduces numerical errors that slowly make the rotation matrix drift away from
orthogonality, meaning that the length of the vectors represented by the matrix are not
equal in the body frame and the inertial frame of reference. This leads into wrong results
when computing the Euler angles in the inertial frame of reference. The following steps
describe how to renormalize the rotation matrix [35]:

Rxx ny sz
Given the rotation matrix R = | Ryx Ry, Ry,
sz Rzy Rzz

- First, the dot product of the first two rows are computed. Since the result is
supposed to be zero for an orthogonal matrix, this operation will give the error (or
how much are they rotating toward each other).

R
yx
Error = (Rxx Rxy Ryxz)-(Ryx Ryy Ry;) = (Rux Ryxy Rig)| Ryy
R
vz

- Second, half of the error is assigned each to the first and second row of R. The
first two rows are then rotated in the opposite direction and the third row is forced to
be orthogonal to the others by computing their cross product

Error

2
Error

(Rxx ny sz)orthogonal: (Rxx ny sz)_ (Ryx Ryy Ryz)

(Ryx Ryy RyZ)orthogonal: (Ryx Ryy RyZ)— (Rxx ny sz)

(RZX RZy RZZ)orthogonal = (Rxx ny RXZ)orthogonalx(Ryx Ryy RyZ)orthogonal
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- Finally, the new rotation matriX R,,¢nogonai iS NOrmalized by dividing each element of the
matrix by the square root of the sums of the squares of the elements in its row. This normalized
orthogonal rotation matrix is used in the next time step and then the update process is repeated.

3.2.3. Alternative methods

Motor power consumption: It is possible to estimate the Euler angles by relating
voltage and current drawn from the motors to rotor thrust and, subsequently, to attitude.
By applying both Kirchhoff and second Newton's law to a DC motor, its dynamic
behavior can be described, relating both current and voltage consumption to rotational
speed of the rotors. In turns out that rotor torque and thrust can be computed if
rotational speed and two additional coefficients (which depend on the propeller
geometry) are known. Lastly, once that thrust and torque of each rotor is known,
estimation of the Euler angles can be done by applying the linear equations that describe
the dynamic behavior of the vehicle. These equations for both the DC motor and the
vehicle can be found in Section 4.1.1.1. and 4.1.1.3., respectively.

Last, this information could also be combined together with the other
measurements as an additional observation within an attitude estimation algorithm such
as the Kalman Filter.

3.3. Selecting the platform

This project tries to prove the feasibility of the use of a quadrotor as a wind
measurement device itself. The goal is not to develop the platform from the beginning
but to choose an existing platform and modify it if necessary.

3.3.1. Selection criteria

The chosen platform must satisfy the following requirements:

- Open source Hardware: The addition of extra sensors such as Pitot tubes may be
desirable, as well as the fact of being able to modify hardware characteristics like
endurance, maximum power, sensor accuracy, airframe and others. For this reason, the
platform must allow the use of foreign parts.

- Free software license: Source code must be accessible and modifications allowed.
For that, the platform has to have been developed under a free software license such as
GPL.

- Altitude hold: Since it is necessary to keep the position in space while measuring, it is
desirable that the platform is able to perform a flight while keeping a fixed altitude.

- Waypoint navigation: This feature allows the operator to simply set in the GCS the
space coordinates of the desired measurement point. The quadrotor would carry out the
mission automatically.

33



- GCS: A well organized Ground Control Station is desirable. Tuning of the control
parameters can be done. In addition, real-time flight information can be displayed
through a wireless telemetry system.

- Flight time: The platform should be capable of withstanding wind speeds up to 10 m/s
for at least 10 minutes (considered in Section 3.4.3).

- Wide online support: It is convenient that the chosen platform has a wide online
support, considering that some of the technical problems encountered may have been
already solved by the online community.

- Cost: The selected platform should not exceed a maximum of 2000 €, RC transmitter,
batteries and battery charger included.

- Availability: Last but not least, the platform has to be commercially available by the
time this project is written. Shipping time is also considered.

Several Open Source Projects have been found that, to a greater or lesser degree,
satisfy most or all the requirements mentioned above. Among them, the following 4
platforms have been studied: Arducopter, MikroKopter, AeroQuad and OpenPilot.

3.3.2. Platforms comparison [33]

- ArduCopter

Arducopter is a quadrotor autopilot project based on the Arduino framework. It
has been developed by individual engineers worldwide and has one of the widest online
communities associated to small rotorcrafts hobbyists. They offer fully assembled
quadrotors with some customizable options such as GPS, sonar sensor and telemetry Kit,
and it uses an open-source license for both software and hardware designs.

- AeroQuad

AeroQuad is an open-source hardware and software project dedicated to the
construction of quadrotors. As ArduCopter, it is also based on the Arduino platform.
Almost-ready-to-fly quadrotors are available for purchase from the online store,
although it is not as customizable as other quadrotor OSP.

- MikroKopter

Mikrokopter is a small rotorcraft autopilot system developed in 2006 by a
subsidiary of HiSystems GmbH. The platform's online community is well organized and
suppliers can be found within Europe. It has already been used by researches, in most of
the cases as an aerial high definition filming and shooting system, since its relative high
payload capacity allows the user to equip the platform with a HD professional camera
(only for 6- and 8-rotors configurations). Almost-ready-to-fly quadrotors are available
for purchase.

- OpenPilot

OpenPilot is an Open Source UAV autopilot, designed by its online community,
whose goal is making the platform especially suitable for aerial photography and aerial

34



videos applications. The system is still under strong development and no ready-to-fly
quadrotors can be purchased at the moment.

The tables below resume the characteristics of each platform as well as the
technical characteristics of the sensors on board:

Table 5: Platform comparison, according to the selection criteria [33]

PLATFORM
Arducopter Mikrokopter Aeroquad Openpilot®
Processor ATMega2560 ATMega644 Arduino® STM32F103CB
OSP YES YES YES YES
License LGPL Proprietary License GPL GPL
GCS YES YES YES YES
RTF YES ARF® ARF° NO
Price (quadrotor) ~500 € ~1100 € ~400 € -
Availability YES YES YES NO
Attitude estimation NCE LCE NCE EKE
algorithm
Clomirel iy Pl +P PI PID Pl +PI
configuration
GPS-based waypoint YES YES NO NO
navigation
C .
. (Partially
Altitude hold YES YES YES supported)
. Blogs / Forums / - Blogs / Forums / .
Client support Wiki Blogs / Forum / Wiki Wiki Forums / e-mail
3-axis Gyroscope 3x1-axis Gyroscope 3-axis Gyroscope 1-axis Gyroscope
MPUG6000 ADXRS610 ITG3200 1SZ-500
2-axis Gyroscope
IDC-500
3-axis 3x1-axis 3-axis 3-axis
Accelerometer Accelerometers Accelerometer Accelerometer
MPU6000 LIS344ALH ADXL345 ADX330
Default sensors 3-axis 3x1-axis 3-axis 3-axis
Magnetometer Magnetometer Magnetometer Magnetometer
HMC5883L KMZz51 HMC5883L HMC5843
GPS GPS GPS GPS
uBlox-LEA-6H uBlox-LEA-6S uBlox_LEA-5 MT3329
Barometer Barometer Barometer Barometer
MS5611 BMP085 BMP085 BMP085
Sonar
Pitot tube .
Additional sensors Optical Flow P ENES
sensor

 OpenPilot released a navigation system based on the MPUG6000 while this project was being written.

®The actual processor varies.
¢ Board and structure have to be assembled.
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Table 6: Gyroscope technical characteristics [36] [37] [38] [39] [40]

GYROSCOPES
MPU-6000 IDG500/ 1SZ500 | ADXRS610 ITG3200
Technology Digital Analog Analog Digital
N° axis 3 2/1 1 3
ADC 16 a é 16
X-/Y-/Z- Out Pins: | X-/Y-/Z- Out Pins: | Z- Output | X-/Y-/Z- Out Pins:
Pin:
+250 °/s 110 °/s +2000 °/s
Full Scale Range +500 °/s 500 °/s 300 °/s
%1000 °/s
%2000 °/s
X-IY-IZ- Out Pins: | X-/Y-/Z- Out Pins: | Z- Output | X-/Y-/Z- Out Pins:
Pin:
131 LSB/(°/s) 9.1 mV/(°/s) 14.375 LSB/(°/s)
Sensitivity 65.5 LSB/(°/s) 2mV/(°/s) 6 mV/(°/s)
32.8 LSB/(°/s)
16.4 LSB/(°/s)
ZRO 20 °/s 1.35V 25V +40 °/s
ODR 4 - 8000 Hz - - 4 - 8000 Hz
Power Supply Voltage 2.375-3.46V 27-33V 4.75-525V 21-36V

% Requires external multiplexer

Table 7: Magnetometer technical characteristics[41][42][43]

MAGNETOMETERS
HMC5883L HMC5843 KMZ51
Technology Digital Digital Analog
N° axis 3 8 1
ADC 12 12 X
Full Scale Range +8 gauss +4 gauss +2.5 gauss
Sensitivity 230/1370 LSB/gauss | 512 LSB/gauss | 6.4 mV/gauss
ZRO +1.6 gauss +0.55 gauss +1.2 gauss
ODR 160 Hz 116 Hz -
Power Supply Voltage 2.16-3.6V 25-33V 5-8V
Table 8: Barometer technical characteristics [44][45][46]
BAROMETERS
MS5611 MPX4115A0 BMP085
Technology Digital Analog Digital

450 - 1100 hPa | 150 - 1150 hPa | 300 - 1100 hPa
4.85-535V 18-36V

Full Scale Range
Power Supply Voltage 1.8-36V




Table 9: Accelerometer technical characteristics [47][48][49][50]

ACCELEROMETERS
MPU-6000 ADXL330 ADXL345 BMA180 LIS344ALH
Technology Digital Analog Digital Digital Analog
N° axis 3 3 3 3 3
ADC 16 2 10- 13 12/14 a
X-/Y-IZ- Out X-IY-IZ- Out | X-/Y-/Z-Out | X-/Y-/Z- Out X-/Y-IZ- Out
Pins: Pins: Pins: Pins: Pins:
29 +3.60 29 +1g +2g
4 g +4 g +15¢ +2.6 g
Ftqul:iﬁczle 8¢ 8¢ +2g
g +16 g +16 g 30
4 g
89
+16 g
X-IY-IZ- Out X-IY-[Z- Out | X-/Y-/Z- Out Z- Output X-1Y-/Z- Out
Pins: Pin: Pins: Pin: Pin:
16384 LSB/g 300 mV/g 256 LSB/g 8192 LSB/g 660 mV/g
8192 LSB/g 128 LSB/g 5460 LSB/g 220 mV/g
Sensitivity 4096 LSB/g 64 LSB/g 4096 LSB/g
2048 LSB/g 32 LSB/g 2730 LSB/g
2048 LSB/g
1024 LSB/g
512 LSB/g
ZRO +50 mg 1.2-18V +150 mg +15 mg 12-18V
ODR 4 - 1000 Hz : 0.1 - 3200 Hz 1200H'22400 :
Power Supply | 5 575 346y | 1.8-36V 2-36V 2-36V 24-36V
Voltage

# Require external multiplexer.

3.3.3. Selection

The platforms studied are considered open source projects. However, only 3 of
them (Arducopter, OpenPilot and AeroQuad) make use of a general public license
(GPL). MikroKopter was released under a commercial proprietary license and thus, its
software is allowed to be used only with the Licensor's products, preventing the use of
the source code in other systems or with third party hardware [51].

Regarding attitude estimation, Openpilot implements the most efficient
algorithm, the extended Kalman filter (EKF). Following in complexity are the
Arducopter and the Aeroquad platform, both implementing the non-linear
complementary filter (NCF), while Mikrokopter uses a linear complementary filter
(LCF). The control structures of each platform are described in [33]. When it comes to
chips characteristics the MPU6000, used by Arducopter, has the best dynamic range
among the accelerometers and gyroscopes described. Furthermore, it comes with a 9-
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axis MotionFusion algorithm, able to access an external 3-axis magnetometer to gather
a full set of sensor data without intervention from the system processor.

As far as waypoint navigation is concerned, only Arducopter and Mikrokopter
support this feature by default. When using the Satellite Based Augmentation System
(SBAS), both uBlox-LEA-6H and uBlox-LEA-6S chips reach an accuracy of 2 m CEP
(circular error probability) and 3 m of vertical accuracy. Nevertheless, the uBlox-LEA-
6H chip on board the Arducopter supports the use of the European Galileo GNSS,
which will offer accuracy an order of magnitude better than the other global navigations
systems, giving it an advantage over the Mikrokopter platform for near future projects
(it is planned that the Galileo GNSS will be available by the year 2014).

Only the OpenPilot project does not support the Altitude hold feature without the
addition of extra navigation electronics.

For the basic configuration, Arducopter and AeroQuad platforms offer the
cheapest quadrotors, as opposed to MikroKopter which doubles the price. Arducopter
RTF quadrotor can be purchased for less than 1100 € including a replacement kit with
spare parts, radio control, sonar sensor and shipping costs from US to Germany, making
it the better option concerning initial investment. Batteries and battery charger represent
an extra cost below 200 €.

For the reasons previously stated, the selected platform is ArduCopter.

3.4. Flight time

As mentioned before, a reasonable flight time of 10 minutes under rough wind
conditions is a requisite. The use of a battery and an electric cable are the options taken
into account in order to power the UAV and to reach the desired flight time. The overall
weight as a factor that limits the flight time is here considered as a topic itself.

3.4.1. Electric cable

The use of an electric cable to power the quadrotor from the ground through a
conventional power source would eliminate the restriction of using batteries of any
kind, saving money and time and, for practical purposes, making the flight time
unlimited (nonetheless, stops every 30 minutes would be necessary to avoid overheating
of the motors and damage). However, the altitude at which the quadrotor is intended to
be flown makes one think that the weight of the cable will exceed the payload capacity
of the vehicle at high altitudes.

According to the Arducopter site, the default motors can drain a current up to 27
A, meaning that, for a quadrotor configuration, the electric cable should be able to
withstand a maximum of 108 A. After a succinct research considering copper and
aluminum cables, it was found that its own weight would burden the quadrotor in
excess, making it impossible to loiter beyond a few meters above ground and dismissing
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this powering system. In case more powerful motors are used, cables could be an
option. Higher altitudes could be reached and aerodynamic effects should be
considered.

3.4.2. Battery

ArduCopter supports being s b !
powered by 3 cells and 4 cells LiPo TR
batteries. When fully charged, a "™ i e
LiPo cell should be able to draw 4.2
V and when discharged it should
never go below 3 V. The nominal
voltage per cell is 3.7 V, meaning
that if the battery rating is 3S (3
cells) it will draw an average of 4
11.1 V. The same way, if it israted w2 /7 b
as 4S (4 cells) it will draw 14.8 V.
A commercial LiPo battery with 4
cells weights ca. 30 % more thana | . . . . . . .
3 Cel IS Li PO batte ry, per u n it “3000 3500 4000 4500 5000 Capai?‘sl[)mAh]GOQD 6500 7000 7500 800
CapaCIty' Flgure 14’ made (_;ompll_lng Figure 14: Weight ratio between 4 cells and 3 cells commercial
more than 50 commercial LiPO |;pg patteries

batteries, shows this fact. For this

reason the battery choice will strongly affect the overall weight of the UAV, and thus,
the flight time.

132

Weight ratio
P

X}
)

124--

3.4.3. Weight factor

Batteries are, by far, one of the components that burden the UAV the most.
Consequently, a battery with a high energy storage/weight ratio is required. Among all
the commercial batteries, the Lithium Polymer (LiPo) battery fulfills this requirement.
A modern LiPo battery uses a gelled polymer electrolyte which decreases its internal
resistance, enable the battery to deliver higher current burst. This feature allows small
UAV such as quadrotors to keep a certain position while dealing with relatively strong
wind gusts. In addition, LiPo batteries have the ability of being charged many times
without losing capacity (generally up to 400 times), making them a better option over
conventional rechargeable batteries such as Nickel-Cadmium (NiCad), Lithium-lon (Li-
lon) or Nickel-Metal Hybrid (NiMH) batteries, and so popular among radio control
hobbyist.

The weight of the UAV itself must also be considered. For long flight times a
light platform is the best solution. The weight of a UAV basically depends on its size.
Having the micro UAV with rotorcraft configuration in mind, it is obvious that a
quadrotor will be lighter than a hexarotor and this at the same time lighter than an
octorotor. The fewer the number of rotors, the lower the power consumption, and vice
versa. On the other hand, the more the number of rotors, the higher the total thrust and
thus, the bigger the battery the UAV is able to carry, increasing the flight time. Motors
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and propellers must also been chosen carefully. The brushless motor can eventually
burn out if the power draw from the battery exceeds the maximum power the motor can
stand. Also, propellers could fall apart if they spin over the security limit suggested by
the manufacturer.

For this project, brushless motors model AC2830-358, 850Kv are used,
recommended for the Arducopter platform by their developers. These motors are able to
withstand a maximum current of 27 A and to draw 200 W. The propeller suggested for
this motor is a "Slow Flyer" APC-10x47, manufactured by Landing Products Inc. The
angular velocity limit for "Slow Flyer" propellers is set by the manufacturer as a
constant divided by the diameter of the propeller, measured in inches [52]. The limit for
the chosen propeller is approximately 6500 rpm.

Finally, it must not be forgotten that, as a general rule, the overall performance
of the UAV during a flight will get worse as its weight raises. The inertial effects will
increase, making it harder for the UAV to face wind gusts with the sufficient celerity,
even making it unstable. Given a particular UAV, the lightest configuration possible is

preferred.

The following graphs ease

the  choice of the final =
configuration  (hexarotors have
been included to illustrate the _™"

dependency between number of
rotors and flight time). Figure 15
shows the relationship between
battery weight (measured as battery
capacity) and propeller angular
velocity, for 4 and 3 cells LiPo
batteries, and for 4- and 6-rotor
configurations. Since the propellers
are limited below 6500 rpm, the
maximum capacity is automatically
restricted. Propellers mounted on
UAVs using 3 cells batteries spin
slower than for those using 4 cells
batteries. As pointed out before, 3
cells batteries are lighter than 4 cells
batteries, making the UAV also
lighter. This directly affects the
required loitering thrust, decreasing
it and the same time decreasing the
propellers angular velocity. Also, it
can be seen that propellers mounted
on a hexarotor do not have to spin as
fast as those mounted on the
quadrotor. Even though a hexarotor
is heavier than a quadrotor, the
burden is shared by 6 rotors instead
of 4, the loitering thrust produced by

Propeller angular velocity [rpm]
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45007 b
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hexarotor 4 cells |:
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9.000 12000 15.000 18.000 21.000 24.000 27.000 30.000

Figure 16: Propeller angular velocity vs. Battery capacity,
comparing quadrotor and hexarotor for 3 and 4 cells LiPo

batteries
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Figure 15: Current per motor vs. Battery capacity comparing
quadrotor and hexarotor for 3 and 4 cells LiPo batteries
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each motor drops and so it does the propeller angular velocity.

Given a minimum thrust and ” A S A S
thus, given power consumption, UAVs A
motors using 3 cells batteries will
drain a higher current than those using
4 cells batteries. However, it was
shown that the propeller angular
velocity increases with the battery
capacity. As a matter of fact, propeller
angular velocity increases at a higher
rate for 4 cells batteries than for 3 cells

Py R SLRELITEPE CITPRIELS

N
S
T

Flight time [min]

quadrotor 4 cells

JRI/<25 W N N U S ]
batteries (Figure 15), clearing up why P e

— — —quadotor 3 cells

at some point the 4 cells battery UAV S e

consume more Current than the 3 Ce||S 0 3.500 6.600 e.éoo 12.‘000(: 15‘0?0%]13.‘000 21.‘000 24.iooo 27.500 30.000
apacity [m

battery UAV. Also, the minimum Figure 17: Flight time vs. Battery capacity, comparing
required thrust for a hexarotor is shared Arducopter quadrotor and hexarotor for 3 and 4 cells LiPo
by 6 rotors instead of 4, consuming a quadrotor more current per motor than a
hexarotor. Obviously, if current per motor is multiplied by number of rotors and
quadrotor and hexarotor are compared, it is clear that hexarotors consume more current
than quadrotors. This would make one think that a quadrotor could loiter for a longer
time than a hexarotor, but this happens when both use the same battery capacity and
below a reasonable battery capacity limit (Figure 17).

Nevertheless, it should be remember that a hexarotor is able to carry a heavier
payload, such as a higher capacity battery, without exceeding neither the maximum
rotational velocity of the propeller or the maximum power drained by the motor.

Figure 17 illustrates how quadrotors powered by 4 cells batteries are able to
loiter for a longer time than those powered by 3 cells batteries. This is true for capacities
below 20000 mAh. On the other hand, quadrotors stay in the air longer than hexarotors.
This is true for low capacities, below 13000 mAh. Since the goal is to reach at least 10
minutes flight reducing weight at its maximum, the platform selected will be powered
by a 6500 mAh LiPo battery, allowing a theoretic flight time of 15 minutes.
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Chapter 4

Model

In this chapter a model of the platform is developed in Simulink®.

4.1. System model

As mentioned in Section 3.1.2., a quadrotor needs a control algorithm in order to
perform correctly. The system model was consequently divided into two major
submodels, i.e. Quadrotor model and Control model (Figure 18). The wind vector as an
input will go first through the Quadrotor model. It computes linear and rotational
positions, velocities and accelerations of the quadrotor at a particular time, feeding some
of these parameters to the Control model. Right after that, the Control model generates
an output equivalent to the thrust that each motor should create in order to satisfy the
conditions defined within the Control model. At the next time step, these thrusts feed
the Quadrotor model, together with the next turbulent wind vector values, repeating the

cycle.

TURBULENT
WIND VECTOR

(V= Vy Vz)

(INPUT)

fi
f2
f3
fa

QUADROTOR MODEL

=

)'C DYNAMIC BEHAVIOUR

|

T+

CONTROL MODEL [)’
Out1 In1

z1] 5

il
o

vV
Lzl 2117
'¢'] o[
ollallg (OUTPUT)
plliil

Figure 18: System model, divided into Turbulent wind vector as input, Quadrotor model, Control model and
Dynamic behavior as output. Inputs and outputs are shown
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At the same time, the Quadrotor model is divided into 3 submodels, i.e.
Aerodynamic model, Mechanical model and Motors model (Figure 19)

QUADROTOR MODEL

r———"—""""-—"-"-"-"-"-"-"-"-="-"-"-"-" - "-— """ " """ ""” ""-""""—”" = —
I I
| |
| AERODYNAMICAL MODEL MECHANICAL MODEL |
| [Dxy Dy Dg) |
( From the TURBULENCE WIND VECTOR } [VX Vy Vz]’ N Drag forces [N] Int S | -
| [x ¥ 2 -
Ly .
: MOTORS MODEL If £ £ fil’ ~ E y ;}’ { Dynamic
n .
I Thrusts [N] J; behaviour )
( From the CONTROL MODEL ) , oute | o
g T, Tp, T3 T u T
I Propeller rotational [ T2 Ts Tl S [¢ 6 ¥I "
| speed [rpm] Torques [Nm] [ 2] 1!,]’
" ks «Jr
| 6 6 ¥
| |
I I
- - - J

( To the CONTROL MODEL )

Figure 19: Quadrotor model, divided into Motors model, Aerodynamical model and Mechanical model

Similarly, the Control model is divided into 3 submodels, i.e. PID Position
control, Pl Control and Thrust conversion (Figure 20)

CONTROL MODEL
-_-— - - — — - D === — - — — - — — I
I | ( From MECHANICAL MODEL )
THRUST CONVERSION PICONTROL
I [Z] |
Thrusts ne:aded [Z] |
B E LA 9 6 yI |

( To MOTORS MODEL )

b 6 yT

[UALTI TUDE ]

PID POSITION CONTROL

I yl'

In1

Desired angles

[yl

[$ 6r Bl V]

| [UALTITUDlE]

S N |

Figure 20: Control model, divided into Thrust conversion, Pl control and PID Position Control
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4.1.1. Quadrotor model

4.1.1.1. Motors model

It is common for small rotorcrafts to use brushless DC motors (BLDC) instead
of brushed DC motors or glow engines. BLDC motors are equivalent to standard DC
motors turned inside out, while the construction is similar to a multi-phase AC motor.
Unlike DC motors, brushless motors' armature conductors rotate, while the magnetic
field comprising the stator remains static. Since they have no brushes to reverse the
polarity of the magnetic field, power transistors switching in synchronization with the
rotor position perform it. This feature increases BLDC motors lifetime, making them
more silent and efficient at converting electricity into mechanical power since there is
no electrical or friction losses due to brushes. The only downside to the BLDC motors is
its cost, slightly higher than DC motors. This difference arises mainly from the fact that
they use a far more complex controller than the standard DC motors. The controller is
commonly known as ESC (Electronic Speed Controller). This controller works in fact
as a pulse-modulation controller (PWM), applying full voltage to the motor, turning it
on and off rapidly. By varying the ratio of on-time to off-time, the speed control varies
the average voltage that the motor sees.

Table 10 resumes the advantages of using a BLDC motor over DC motors or
glow engines:

Table 10: Comparison between BLDC motors over Glow engines and standard DC motors

Advantages over ...

Disadvantages

Standard DC motors Glow engines

BLDC motors

Since the performance of BLDC motors and standard DC motors are similar, a
DC motor was modeled for the sake of simplicity [53]. After applying both Newton's
and Kirchhoff law to the motor system, the following equations are obtained

a0 de
]ﬁ: ktl_ Tload_BE
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where J denotes the rotor inertia in [Kgm?], 6 the angular position of the rotor in [rad],
ks the motor constant in [Nm/A], i the current in [A], T;0qq the resistive torque in
[Nm], B the friction torque constant in [Nms], V the voltage in [V], R the terminal
resistance in [Q2], L the terminal inductance in [H] and k., the back-emf constant in
[Vs/rad]. The DC motor model results as follows:

DC MOTOR MQODEL
F - - - - — - === —
/R14 |
I =]

- - - - - "

Terminal I
| resistance
Ri |
di

( From the MOTOR CONTROLLER) v dt 7 i |
' da 7| » 5 ‘
ke — Terminal
| _b>_.b dat - inductance |

Back-emf I
| constant

| Motor I
| constant ki
Kt e 5

| | Ratar ase ﬁ I
| Tioad N | “-/---..'"Ema dt? | 1T I dt N
F the AERODYNAMICAL MODEL s 1 Ll
(Fromihe ! B ﬁ (To the AERODYNAMICAL MODEL)

| ar | |

| Friction torque |

/I constant

- - - - —_ —_ = _  —_ —_ —_ — 4

Fig.lre?lz DC motor model

Technical data for the BLDC motor "AC2830-358, 850Kv" was not available.
The following parameters have been either estimated or taken from a BLDC motor of
similar performance (the Friction torque constant was assumed to be zero)

Table 11: Technical data for BLDC motor AC2830-358, 850 Kv

*AC2830-358, 850K V"
Resistance [Q] 0.2491
Inductance [H] 0.005
Motor constant [Nm/A] 1123.45 - 10®
Friction torque constant [Nms] 0
Back-emf constant [Vs/rad] 1123.45 - 10®
Inertia [Kgm?] 2.0834 - 10®

Since this model represents a standard DC motor and not a BLDC motor, the
motor controller in the model can directly feed a voltage signal instead of pulses. To do
so, the controller relates the input signal "thrust needed” coming from the Control model
to the output signal "Voltage level" needed by the particular combination motor-
propeller in order to generate such thrust. Once motor and propeller have been chosen,
generated thrust can be related to voltage and to wind speed orthogonal to the propeller
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plane Vg, by means of a look-up table. The
maximum voltage has been restricted to 14.8 V,
which is the maximum voltage a 4 cells LiPo
battery offers.

Voltage increases not only with thrust but
also with Vg,. If it is also taken into account that
aerodynamic resistance increases with wind
speed (and so does the power consumed), there

Voltage [V]

are two reasons why power consumption of a ol

rotor increases under windy conditions. It is
worth mentioning that the increment of power
consumption due to aerodynamic resistance is

much higher than that caused by Vg,.

Thrust [N]

Va2 [mis)

Figure 22: Relation between Thrust, wind speed

orthogonal to the propeller plane and voltage

4.1.1.2. Aerodynamic model

The goal of this block is to provide values of thrusts, torques and drag forces to
the Mechanical model, needed to apply the dynamic equations and thus, to find out the

dynamic behavior of the quadrotor.
The model is divided into 3 small submodels:

AERODYNAMICAL MODEL
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Figure 23: Aerodynamic model, divided into Inertial-to-Body frame turbulence Wind Vector model, Drag Calculator model and

Propeller Performance model

The first submodel (Inertial-to-Body frame turbulence wind vector) transforms
the turbulent wind vector from the inertial frame to the body frame. This is achieved by
multiplying the turbulent wind vector by the rotation matrix transpose R” . This has to
be done because the Propeller performance model not only needs the value of the
rotational velocity of the rotor in order to find the appropriate torques and thrusts, but

also the value of Vg, at each time step.
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The second submodel (Drag Calculator) computes the drag forced associated
with the turbulent wind components using the dynamic pressure equation

ARSI

Del 4 AW 0 0][¢C
Dyl'= 2 parl [4y[| O N | [
D, Az[lo o V2AIC:

where D is the drag force in the inertial frame in [N], pa; is the air density in [kg/m?], A
is the area of the quadrotor exposed to the wind in [m?], V is the wind speed in [m/s]
and C is the drag coefficient associated with the quadrotor profile. The main problem in
this equation is to find the area exposed and the drag coefficient. As far as aerodynamic
is concern, it is assumed that the quadrotor behaves as an angled cube. The drag
coefficient is selected as 0.9, constant and equal for the three axis. The use of CAD
software allows modeling the quadrotor and gives an idea about the order of magnitude
of the minimum and maximum areas in [mm?]. Additionally, it is considered that the
areas swept by the propellers have a big effect on the drag forces, behaving as semi-
permeable disks that put up resistance against the turbulent wind. Figure 24 shows the
approximate area for tilt angles 0°, 30° and 45°.

hvainy

Areage ~ 270000 mm® | Areasge ~ 298000 mm’ Areasco ~ 308000 mm?

Figure 24: Quadrotor area estimation

The equation that describes the relation between tilt angle and area exposed is:
A = (4P,R*msin(y) + 4,)

where A denotes the area exposed in [m?], P, is the coefficient that expresses the semi-
permeable nature of the rotating propeller, R is the radius of the propeller in [m], y is
the tilt angle in [°] (combination of pitch and roll angles) and A, is the minimum area
exposed in [m?], corresponding to zero pitch and zero roll angles.

The third submodel (Propeller performance) uses a look-up table to calculate the
values of thrust and torque generated by each rotor. Thrust force and torque can be
calculated by multiplying rotor rotational velocity squared w3; by a lift coefficient k
and by a drag coefficient b, respectively. Although these coefficients vary, they can be
calculated from the performance table provided by the propeller manufacturer. Figure
25, generated by the model, shows how the coefficient varies for a given rotor rotational
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velocity (with the scale graduated as a thrust and as a torque scale, respectively) at
different wind speed components orthogonal to the propeller plane Vg,. Nevertheless,
for low values of thrust and torque and maximum values of Vg, around 1 m/s, k and b
can be assumed to be constant, with values of 1.4 - 10®° [Ns?] and 3 - 107 [Nms?]
respectively (the model does not make this assumption).

_ 2 _ 2
fui = kwy; Tyi = bwpy

Vz' [m/s] Vz' [m/s]
Thrust [N] Torque [Nm]

Figure 25: Coefficients k and b for the selected propeller, related to thrust, torque and wind speed components orthogonal to the
propeller plane

4.1.1.3. Mechanical model [54]

The Mechanical model comprises the linear and rotational equations that
describe the dynamic behavior of the quadrotor. These equations are derived from the
Euler-Lagrange formalism assuming a symmetric, rigid body structure. It is divided into
two submodels, i.e. Linear Equations Model and Rotational Equations Model.
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Figure 26: Mechanical model, divided into Linear Equations Model and Rotational Equations Model 48



Since the quadrotor is expected to fly within the range of a few hundred meters,
only an inertial frame of reference and a body frame of reference are needed. The
inertial frame of reference (x,y, z) is fixed to an arbitrary point on the Earth's surface,
following the ENU coordinates convention (x - geodetic East, y - geodetic North, z -
Up). The body frame of reference (xg, yg, zg) is rigidly fixed to the center of gravity of
the vehicle. Both reference systems are shown in Figure 27:

fa

Figure 27: Inertial and Body frames of the quadrotor, Euler angles, thrusts and torques convention

Absolute position of the center of gravity is defined in the inertial frame with the
vector ¢ and attitude is defined in the inertial frame with three Euler angles 7.
Following the right-hand rule, roll, pitch and yaw angles are considered positive as
rotations around the x-axis, y-axis and z-axis respectively.

Bl

In the body frame the linear velocity vector &g and the angular velocity vector
np are defined as follows

T ¢
$p = [y ; ng = |6
: i

To transform angles from the body frame to the inertial frame the rotation matrix
R is used. This matrix follows the right-hand rule and the rotation order convention
ZyYoXg

CoCo  CpS9Sp—SoCs  CpSaCa + SySo
R = (5,Co S$,50Ss+CyCs SpSeCp— CyS
—Sg CoSo CoCo

where C denotes cos and S denotes sin.
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Additionally, the rotation matrix 14, is defined, performing the transformation of
angular velocities from the inertial frame to the body frame:

1 0 =S,
VV77 = 0 C@ CQS@
0 =S5 CoCp

Similarly, the inverse of W}, will perform the opposite transformation, i.e. from
(2k-1)

the body frame to the inertial frame. It is assumed that 6 # — . (k€L)
1 SgTy  CyTp
[/V,’_l = 0 C@ —SQ)
0 Sp/Co Cop/Co

where T denotes tan.
As a consequence of the symmetric structure assumption, the inertia matrix I is

diagonal. Additionally, the arms of the quadrotor are aligned with the x and y-axis on
the body frame, making I, and I,,,, equal.

L, 0 0
I = < 0 I ())
0 0 I,

As mentioned in Section 4.1.1.3., dedicated to the Mechanical model, thrust fy,;
can be ideally expressed as the product of a coefficient k and the rotor rotational
velocity squared w?,;

_ 2
fui = ko

and torque t,,; as the product of a coefficient b and the rotor rotational velocity squared
wi;. An additional term involving rotor inertia moment I, and its angular acceleration
wyy; should be added to the equation (this term was already considered in the motor
model). The complete equations is

TMi = ba)lz + IMa)Ml

Total thrust T is aligned with the z- axis on the body frame, and it is simply the
sum of the 4 thrusts generated by the rotors

4
T = ZfMi
i=1
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Torques around z-, y- and x- axis are respectively defined as 7, , 74 and 7

[l(_sz + fua )]
e L(—=fu1+ fus)
[ E
Ty

| 2 |
i=1
where [ denotes the distance in [m] between the origin of the body frame and the rotor.

The Lagrangian L is the difference between kinetic energy and potential energy

1 . 1 .
L = Eyin — Epot = (Etrans + Erot) — Epot = Em’fz + Eln}% - mgz

The jacobian matrix ] is now defined
] = WyIw,

Studying the lineal and rotational components of £ separately yields to the final
equations that described the dynamic behavior of the quadrotor

¥ 0 0 D,
=(j]=-g — ——| Dy
5 1/ ™ \r/ ™\p,

o) g 1)
n=\6]=J" <T9>—C 0
& T ¢

where & denotes the linear accelerations in the inertial frame in [m/s?], 7 the rotational

accelerations in the inertial frame in [rad/s?] and C = f(I,n,1) is the Coriolis term,
containing the gyroscopic and centripetal terms.

After representing these equations in Matlab/Simulink® it is possible to get the

linear § and rotational i) accelerations of the quadrotor. By integrating these values,
linear and rotational velocities &, 7 and positions &, are also obtained.
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4.1.2. Control model [15

The control model is divided into 3 submodels, i.e. a PID position control
model, a Pl control model and a Thrust conversion model.

The goal of the first model (PID Position Control) is to compute the desired roll
and pitch angles, which will be the future set-points for the PI control model. Since the
goal of this project is to measure the wind speed at a certain position in space, it is
necessary to control the quadrotor attitude to keep this position. In order to do so,
horizontal displacement is fixed as a set-point. By comparing the set-points with the
actual horizontal position and using a PID controller, it is possible to compute the
attitude the quadrotor should adopt in order to maintain the desired position. The
following equations are implemented in this block

R P
041 U,L Cy —Sy Va

The goal of the second model (PI control) is to find the 4 control signals U,.,;;,
Upitchy Uyaw and Ug;, Which will be used to compute the needed thrust that each motor
should generate in order to reach and keep the desired position. Strictly speaking the
model represents a Pl controller; however, the rate at which the attitude varies has been

included in order to introduce a derivative dependence. The following equations are
included within this model

Uron = Ko(Kreha = )= 9)+ K | (ba - B)lz
Upiten = Kp(Kpe(84— 6) — ) + K; fo t(ed — )dr
Uren = KoK pa = ) = ) + K | e - Wy
Uae = Kra(Kreoza = 2= )+ Kig | (a2

where Kp , Kp, K; and Kp, , Kp,. , K;, are the proportional, stabilize and integral gains
for the attitude and the altitude, respectively; t is the instantaneous time and t denotes
the variable of integration from time O to time ¢.

The third model (Thrust conversion) transforms the signals generated by the
second model into thrusts in [N]. These are the thrusts that the rotors must generate in
order to reach and keep the desired position. The following equations are implemented
in this block

1 1 1
fi= Zlualt - %Upitch - 1ZUyaw
f2= 11 alt — 1EUroll + ZlUyaw
f3= ZUalt + EUpitch - Zuyaw
1 1

1
fa = ZUalt + EUroll + ZUyaw
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Chapter 5

Wind speed calculation

5.1. Drag force calculation methods

As mentioned in Section 2.3., three approaches have been followed in order to
estimate the wind profile. This section attempts to give a deeper understanding
concerning these approaches. In all cases, once the drag force has been calculated,
equations derived in Section 2.3. are used to calculate wind speed and wind direction.
As a result, this chapter attempts to explain the three methods considered to figure out
the drag force acting against the quadrotor. Once the drag force is estimated, wind speed
calculation is straightforward.

5.1.1. Simple method

This method does not take into account dynamic effects. It assumes the quadrotor to
hover in a steady position, without changes in accelerations or velocities.

The drag force acting on the quadrotor can be calculated from the tilt angle (y) as
follows

Dsimple = mgtan(y)

where (y) is computed with equation from Section 2.3. Wind can now be calculated.

5.1.2. Linear equation method

This method makes use of the dynamic linear equations derived in Section 4.1.1.3. to
clear up the drag forces. The linear equation for each axis results in

1
— [(C»SeCp + SpSg)T — Dyl
1

m [(SgoSGC(Z) - C(pS(Z))T - Dy]
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L 1
z = m[(CQCQ))T - DZ] )
Clearing up the drag forces gives
Dy = (CpSpCp + SpSg)T — &m
D, = (S,S6Cs — CpSp)T — ym

D, = (CyCy)T — gm — Zm

Total thrust T could be calculated either through the rotational equations and the
equation relating thrust and rotational wind speed of the rotor or estimated by using the
third linear equation and disregarding the drag force D,. The equations needed in the
first case are

T =k(win + Wiz + 0z + Wiga)
Ty = lk(wIZVM- - w12v12)
19 = lk(wiz + wip)
Ty = b(why + Wiy + Wiz + Wi)
First and forth equations are linearly dependent. With 4 unknown quantities
(w31, W, wés and wé,) and only three equations at least one w is needed. This
variable could be either be measured directly with a dedicated sensor or calculated from
the equations that describe the dynamic behavior of the motor. In order to do this, at
least current and voltage have no be known, which is not the case (the Arducopter

version used does not feature ammeter or voltmeter sensors). For this reason, T is
calculated here disregarding D,. The equation results in

_(Z4+ gm
T CeCy

Accelerations in the inertial frame of reference are obtained from the accelerometers. To
convert raw data in the body frame into acceleration units in the inertial frame it is

proceeded as follows
X jéRAWacc g 0
y =R y RAWacc m + {0
A ZRAWacc g

55



Substituting the last two expressions above in the drag force equations for the X- and Y-
axis results in

. . .. g
[R31Xrawacc + R32Vrawace + RazZrawacel Toza T g} + g) m

{
Dy = (C,SeCp + SypSp) Colo

. . . g
— {[R11¥rawacc + R12Vrawace + R13Zrawacc) m}m

. . . g
( {[R31%rawacc + R32Vrawace + R3zZrawacc] Toza T g} + 9) m

Dy = (S,S9Cs — CpSp) Colo

" . . g
— {[R21XRrawacc + R22Vrawace + R23Zrawacc] ﬁ}m

where R;; denotes the component in the i row and in the j** column of R.
The drag force used as input in the wind speed calculation algorithm is the resultant

from D, and D,,
Dieq = /D,% + DJE

Wind vector can now be calculated.

5.1.3. Kalman filter method

The third method for drag force estimation makes use of a Kalman filter. The model
assumes the form in continuous time form

X x
D, D,
R
Y |=Al Y |+ Blg
D, D, 0
VA A
D, D,

%C_J H_J
y y
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< {Nb N N.%@g '~<.RU R R

H_J
n
where y denotes the state vector, y represents how the state vector varies over time, A
T
is the state transition model, B(g)is the control input, n denotes the available
0
measurements and H is the observation model. Matrices 4, B and H are
0 0 -1/m 0 O 0 0 0 0
1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 -1/m 0 O 0
A=10 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 —-1/m
0 O 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0
CpSeCyp+ 54,5 0 0
0 0 O
0 0 O
SpSeCyp —CpSp 0 0
B = 0 0 0
0 0 O
CoCy -1 0
0 0 O
0 0 O
1 0 0 00O 0 O0 O0 O
/0 1 0 0 00O O O 0\
H= 0 0 01 0 0 0 0 O
0O 0001 0 0 0O
0O 000 00O 1 0O
0O 000 OO O 1 O0

where m denotes total mass of the quadrotor.
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The schematic of the Kalman filter used here is

. . .
G x ¥y 2 2 Gpg data
}4 H
Cc
) . T
Attitude estimation | Blg
algorithm (NCF) 0 + 1
& v, > S
thrust approximation Integrator H
}< "N DY
A ( x Dy D ) Wind estimation

algorithm

Figure 29: Kalman filter schematic for drag force estimation

where the blocks “Attitude estimation algorithm & thrust approximation” and “Wind
estimation algorithm” make reference to the non-linear complementary filter
implemented in the quadrotor (providing the Euler angles adopted by the quadrotor) and
the thrust approximation explained in Section 5.1.2., and to the algorithm showed in
Section 2.3., respectively. Additionally, matrix C represents the gain of the filter. The
MatLab® function “kalman” has been used to compute this gain. Finally, the drag force
used within the wind speed calculation algorithm is

=~ =~

— 2
Dkalman - x +

<N

It is expected to get a delay in the drag force estimation.
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Chapter 6

Simulations, tests & measurements

6.1. Simulations

This section shows the validation of the methods used to estimate wind speed and
direction. Table 12 shows the settings of the System model and Table 13 compares
algorithms accuracy. Figure 30 represents the scheme followed to validate the three
methods and the wind speed estimation algorithm (same for the wind direction

algorithm). Notice that the input “Turbulent wind vector” is known.

D..
TURBULENT [ SIMPLE METHOD | simple WIND SPEED CALCULATION
WIND VECTOR JQUADROTOR MODE|
De
wx vy va) L »[INEAR EQUATIONS METHOD |——————| v = S —
PA(Y)Cp (V)
(KNOWN INPUT) Diaiman
CONTROLMODELIL pf KALMAN FILTER METHOD
Figure 30: Scheme: methods and algorithms validation
Table 12: System model settings
Parameter Value Parameter Value
Cx 0.9 g 9.81 m/s*
Ay 0.27354 m* m 1.15 kg
Lo 0.02 kgm* [ 0.27 m
lyy 0.02 kgm* r 0.125m
I, 0.04 kgm* P, 1
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Table 13: Relative error in % comparing methods

Wind speed 7
estimation [m/s] Erroi [%]
wWindiSpeed . o Simple, Linear
[m/s] Simple, Linear .
. equations & Kalman
equations & Kalman
method
method
1 1.0012 0.12
2 2.0943 0.47
3 3.0324 1.08
4 4.0754 1.89
5 5.1443 2.89
6 6.2383 3.97
7 7.3509 5.01
6 T T
I Error [%6]

Error [%]

Wind speed [m/s]
Figure 31: Relative error in % comparing methods

Under constant winds all three methods are valid, performing equally fine. Real
wind profiles are not constant, even less turbulent winds. The methods are checked now
for a turbulent wind profile along the X-axis generated with the software Bladed®
(Figure 31)
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Figure 32: Turbulent wind profile generated using Bladed®

Drag force is estimated and wind vector is afterwards calculated using the algorithm
derived in Section 2.3. Results are shown in Figure 33

Drag force estimation — Simple algorith
Drag force estimation — Linear equation:

Wind speed [m/s]

2 L TP e Turbulent Wind H
: Turbulent Wind estimation — Simple algorithny
Turbulent Wind — Linear equations

. . . : : Turbulent Wind — Kalman filter
I 1 I 1 1 I I I I

0 100 200 300 400 500 600 o] 100 200 300 400 500 600

Time [s] Time [s]

Figure 33: Drag force and wind speed comparison for turbulent simulated wind conditions along the X-axis

At first glance all 3 methods match the original turbulent. To determine the real
performance of each method a detailed view of Figure 33 is shown in Figure 34
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Figure 34: Detailed drag and wind speed comparison for turbulent simulated wind conditions along the X-axis

The estimation based on the simple method and the linear equations tend to
overestimate and underestimate the wind speed during transients, when dynamic effects
gain strength. On the contrary, the method based on the Kalman filter is not affected,
giving a good respond during the transients. This feature is especially interesting when
using real data, considering that noise is always present in the measurements, especially
in the data coming from the accelerometers. The Kalman filter is able to take into
account noise coming from measurements to a certain extent, giving an even better
response that the other two methods. This is shown in Section 6.2.

6.2. Tests

To validate the wind characterization algorithms with real data, several flight
missions have been carried out. The chosen location for all outdoor and field missions is
the SysTec facility in Fuldatal-Rothwesten, at the outskirts of Kassel, Germany. The
facility provides enough free space to fly safely, power connection and a meteorological
mast to compare results. The fact that the owner of the land is the Fraunhofer Institute
IWES makes possible to save much time in bureaucracy (flight permissions, insurance,
etc). All indoor tests were carried out in the Fraunhofer Institute IWES office in Kassel.

250
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Figure 35: Satellite view of the field where measurement missions are carried out

6.2.1. Indoor tests

Before flying the quadrotor outdoors, indoor tests are necessary. The goal is to
make sure that the whole system works properly, detecting any potential problems and
solving them beforehand, avoiding setbacks during the field missions. The tasks are,
namely

- Make sure that all parts are attached correctly, specially the propellers.

- Make sure that rotors spin in the right direction (two clockwise and two counter-
clockwise). If at least one of the motors spins in the wrong direction the quadrotor will
not takeoff.

- Calibrate IMU and RC channels.

- Make sure that the quadrotor reacts appropriately to the radio signals coming from the
RC controller.

- Check the proper operation of the telemetry system and the data storage system. The
telemetry system allows to visualize most of the relevant data on real-time. On the other
hand, the data storage system creates log files, where all the flight data is stored for later
analysis.

- Becoming familiar with the GCS.

6.2.2. Outdoor tests

After checking the basic operation of the quadrotor indoors, outdoors tests allow
the controller to feel comfortable with the quadrotor dynamics during flight as well as
with the RC controller. Besides, the autopilot control gains can be adjusted to get a
better performance during flight (for instance, a more stable loitering mode) and
additional issues that cannot be detected during the indoor test can subsequently be

64



solved. Before carrying out outdoor missions, batteries and RC controller must be fully
charged. Furthermore, the team should have enough spare parts and the appropriate
tools to replace or repair the most common breakdowns (for instance, broken propeller
and broken landing part). Also, extra batteries and a LiPo battery charger are needed.

=
(%]

APM Planner 1.1.21 By Michael Oborne = | =B R
h
) N 1 -\ el ) oo
AVAZ — | \ & [ - ArduCopter2 - | coms - - C‘Sj
Y J —— - ﬁ rduCopter.
Flight Data |Flight Planner Simulafion Firmware Terminal Help Disconnect

» M ArduPlane | ArduCopter | Planner | Setup
Stabilize Roll
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h and Roll Values

T S
e o |
T TR —

Load Save \nirite Params

Compare Params Refresh Params

Stabilize Yaw
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[=R0
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Figure 36: Screenshot of the PID setting configuration from the APM Planner 1.1.23 (Ground Control Station)

One of the problems encountered was the malfunction of the barometer. The reason was
found to be the high humidity present in the air. Under humid conditions, the barometer
chip cannot measure the absolute altitude properly. This issue is solved by covering the

chip with a tissue or a soft sponge.

6.3. Field measurements

Two different measurement missions have been planned.

- In the first mission the quadrotor is flown under wind conditions and the results are
compared to an external measurement device mounted on a meteorological mast at the
same height than the loitering quadrotor. The expectation is to get a wind speed and
direction in fairly good agreement with the data reported by the anemometer. Euler
angles estimated by the flight controller algorithm (NCF) are assumed to have very little
errors [33] and thus, they are considered error-free. On the other hand, accelerations
signals are known to be very noisy. Due to this fact, it is expected that the linear
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equations method for drag force calculation will give wrong results, so it may be
necessary to low-pass filter the accelerometer signals to improve its performance.
Additionally, the anemometer is considered to be an ideal measurement instrument
giving the true speed and direction of the wind with 1 Hz time resolution.

- The second mission attempts to determine the performance of the algorithms under no
wind conditions. Inaccuracies coming mainly from GPS, gyroscopes and accelerometers
are taken into account by the autopilot system to a certain extent. The PID controller is
in charge of satisfying the restrictions impose by the RC controller (for instance,
loitering or altitude hold) but inaccuracies make the controller to continuously correct
the position, causing changes in attitude, even under no wind conditions. For this reason
it is expected that the algorithm will report a low random wind speed spread over 360°.

Good synchronization with the met mast is necessary to compare results. Both
quadrotor and met mast follow the Coordinated Universal Time (UTC). The quadrotor
stores this time together with the rest of the parameters, making easier to coordinate
both measurement systems and to compare results.

The scheme followed to calculate wind speed (same for wind direction) is shown in
Figure 37. Notice that now the input “Turbulent wind vector” is unknown.

TURBULENT

WIND VECTCR

D_.
—>| SIMPLE METHCD } simple | WIND SPEED CALCULATION
Dl.eq 2D
—p|LINEAR EQUATIONS METHOD |————] o+ =

A 4

(Vx Vy Vz)

ARDUCOPTER
PLATFORM

DATA
PROCESSING

(UNKNOWN INPUT)

PAY)Cp (V)
D alman
L JKALMAN FILTER METHOD M

Figure 37: Scheme: wind speed calculation

6.3.1. Wind conditions

This measurement takes place on November the 9", 2012 at the SysTec facility.
The flight time at which the quadrotor loiters and provides useful data lasts 70 seconds.
Unfortunately, access to the 1 Hz time resolution data from the anemometer was not
possible. Instead, 5 minutes averages for wind speed and direction were provided. This
fact limits the comparison possibilities between the three different drag force calculation
methods, since no dynamic effects can be taken into account with only 5 minutes wind
averages. However, the wind profile at the SysTec location is not turbulent at medium
altitudes, especially with southern winds (from south to north), which is the case.
Considering this, mean values can be compared relatively safely. Euler angles are
computed by the flight controller and the rest of the parameters are estimated following
the equation shown in Section 5.1.

The following table shows the minimum, maximum and mean values of wind
speed and direction at the time the measurement mission took place, as well as the
standard deviation. The wind direction is measured from the magnetic North.
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Table 14: Statistics for wind profile measured by the meteorological mast

Parameter Mean Maximum Minimum Star_ldz_:lrd
deviation
Wind speed 46 6.2 2.6 0.8
[m/s]
s ‘Ej]recnon 187 228 151 1.2

The angles adopted by the quadrotor during the measurement mission are the
following

30 T T
Roll angle
: : : : Pitch angle
20f---- - Fes R P C Yaw angle H
: : : : Tilt angle (RoII&F’itch)
10 ...........................................................

W wamwﬂwﬂ‘mm\mma\fﬂ\w»

Angle [*]

T e

6
290 300 310 320 330 340 350 360
Time [s]

Figure 38: Quadrotor attitude during field measurement, reported by the flight controller

From these angles, the three methods are used to compute drag force acting on
the quadrotor. As previously expected, noise coming from the accelerometers signal has
a large effect on the method that uses the dynamic linear equations. The simple method
and the Kalman filter method are almost unaffected by this phenomena. Figure 39
shows a comparison between methods.
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Figure 39: Drag force estimation. Accelerometer data is not filtered

In order to improve the performance of the second method, the accelerometer
outputs have been low-pass filtered. The type of filter chosen is a 5™ order Butterworth
filter with normalized cutoff frequency 0.01. After filtering out the undesired high

frequency content, the new drag force results as follows

35

Drag force [N]
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Figure 40: Drag force estimation. Accelerometer data is filtered



All three methods report a drag force mean value in the same order of
magnitude. The performance of the method using the dynamic linear equation is still
clearly affected by the accelerometers noise. On the other hand, the simple method
reflects every up and down in the angles, while the Kalman filter method follows a

smoother trajectory.

Now that drag forces are known, the wind equation can be solved and a
comparison with the anemometer wind measurements can be done. The following two
figures show the results obtained for wind speed and wind direction.

Wind speed [m/s]

28k AN .

Wind speed — Simple algorithm
Wind speed - Linear equations
Wind speed — Kalman filter

Mean Wind speed — Anemomete
I I

2
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Time [s]
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350 360

Figure 41: Wind speed estimation. Comparison with mean value of met mast measurement
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Figure 42: Wind rose. From left to right: Simple method, Linear equations method and Kalman filter method
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6.3.2. No wind conditions

The purpose of this mission is to determine the response of the quadrotor under
no wind conditions. The measurement lasts 25 seconds and it took place also at the
SysTec facility. This time, accelerometers signals have been pre-filtered before using
them on the second method. As expected, Figures 36 and 37 show low random values
of wind speed spread in all directions.

35
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Figure 43: Wind speed estimation under no wind conditions
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Figure 44: Wind rose under no wind conditions — Simple method estimation
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Even though the results are the expected, they indicate that the algorithm
generates wrong estimations when no wind or light breeze is present.

6.4. Results

As shown in Figure 41, wind speeds calculated are in fairly good agreement
with the data reported by the anemometer, suggesting that the algorithm derived from
the dynamic pressure equation can be used. As far as wind direction is concerned,
results show that the quadrotor was indeed tilting against the incoming wind and that
the approach followed to compute the wind direction works properly. Statistics for wind
profile estimation are compared to the anemometer data in Table 15

Table 15: Statistics for wind profile estimation

Wind speed Wind direction
Standard o Standard
Mean [m/s] deviation Mean [] deviation
Anemometer 4.6 0.8 187 1.2
Simple 4.287 0.264 195 7.07
algorithm
Linear
equations 471 0.477 195 7.07
Kalman filter 4.41 0.297 195 7.07

Mean values for both wind speed and wind direction are very similar and
standard deviations are small enough (in comparison to their respective mean values) to
think that the mean represents the observed data quite well. However, time intervals for
anemometer and quadrotor are not the same. The first one lasts 5 minutes while the
second one only 1.17 minutes, meaning that comparison conclusions must be taken
cautiously.

Regarding no wind conditions, the quadrotor instability misleads the wind
estimation algorithm, leading into wrong wind profile estimation. As a result, the
current platform should only be used to determine well defined wind profiles.
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Chapter 7

Conclusions, limitations & future
projects

7.1. Conclusions

The project proves the feasibility of a quadrotor as a measurement instrument
itself, with no dedicated wind sensors on board. The suggested platform as well as the
algorithms seems to relate quadrotor attitude to wind profile successfully, obtaining
good wind profile estimations. The current platform performs well under wind
conditions but cannot characterize light random wind, providing the algorithm wrong
wind estimations.

A model of the platform has been developed in Simulink®, divided into a
mechanical submodel, an aerodynamic submodel, a motors submodel and a control
submodel. The whole model has been used to simulate the real system and validate the
applicability of the wind profile estimation algorithms under ideal conditions. Wind
estimations have been carried out following three different approaches, two of them
taking into account dynamic effects and the other without doing it. The performance of
the Simulink® model is satisfactory, being able to handle simulated winds up to 10 m/s.
Faster winds can be handled by adjusting the PID gains of the controller. Finally,
several measurement campaigns have been carried out, getting useful data from the
selected platform. This data is analyzed and processed via MatLab/Simulink®, which
makes possible to use the estimation algorithms and to get a wind speed and wind direction in
fair agreement with the data provided by an anemometer, considering this as an ideal sensor
with no errors.

7.2. Limitations

The small angle assumption used within the control model limits its
performance. Furthermore, noise coming from the sensors is not considered in the
model. Also, physical properties and aerodynamic coefficients such as moments of
inertia and drag coefficient are assumed, limiting the accuracy of the model
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Concerning the wind estimation algorithm, its limitation depends on the drag
force calculation method applied. The simple method does not take into account
dynamic effects. It will give wrong estimation during transients and thus, should only be
used under steady conditions. The second method is strongly affected by accelerometers
noise. It should not be used if the signals are not low-pass filtered. The third method
seems to have fewer weaknesses, but its performance while coping with transients could
not be demonstrated.

Concerning the comparison between met mast data and wind estimation, only 5
minutes averages were available and not 1 Hz time series. This fact has been found to
be a big limitation in order to determine performance of the wind estimation algorithm
during transients and time resolution of the platform.

7.3. Future projects

Further measurement missions should be carried out in order to determine spatial
and time resolution of the system. Tests in wind tunnels are required to get a better
knowledge of the aerodynamic behavior. The installation of ammeters and voltmeters
on each motor would provide extra variables, that fed back via telemetry system to the
GCS could help to improve the average performance of the wind estimation algorithm
as well as supplying an additional method for attitude estimation, as shown in Section
3.2.3.

Concerning applicability of the system, a new research could focus on the use of
several quadrotors that, acting as an organized swarm, would be able to generate a 3D
representation of the wind profile. When located within a wind farm, the swarm could
create a virtual grid between turbines, measuring wake interactions and their progress in
time and space.

Also, further studies could analyze the applicability and performance of the
system on offshore locations. A network of very cost effective “meteorological mast”
could be virtually built. Here especial attention should be paid concerning measurement
procedures and safety rules.
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Appendix

Budget & project schedule

Budget

The budget gives an idea of the project cost estimate. It is divided into two parts. The
first one makes reference to the equipment or materials that had to be purchased for the
correct development of the project. The second part refers to the cost of engineering-
hour and other incomes.

Table 16: Budget spent in platform, materials and other equipment.

Items Number | Unitary cost | Total cost [€]
Platform ArduCopter 3DR Quad - Ready to Fly -w/ APM2.5 1u. 635.9 € 635.10 €
3DR Radio Telemetry Kit 433 Mhz 1u. 91.51€ 91.52 €
MB1200 Sonar 1u. 43.76 € 43.77 €
Radio Control Spektrum DX8 Tx/Rx 1lu. 34221 € 34222 €
Batteries Turnigy 3000mAh 3S 40C Lipo Pack 2 u. 24.15 € 48.30 €
Battery charger Turnigy Accucel-6 50W 6A Balancer/Charger w/ accessories 1u. 30.14 € 30,14 €
Spare parts APC SlowFly Propeller 10x4.7 SF 4u. 42 € 16.8 €
APC SlowFly Propeller 10x4.7 SFP 4 u. 5.1€ 20.40 €
XT60-Deans battery adapter 2 u. 2.99 € 598 €
Motor AC2830-358, 850Kv 2 u. 13.56 € 27.12 €
Total Shipping rate | FedEx International Priority 71.90 €

Table 17: Budget spent in human resources.

Concept Number | Unitary cost | Total cost [€]
Salary Cost of Engineer-hour 240 hours 7.5€ 1.800 €
Extras Scholarship 6 months 400 € 2.400 €




Project schedule

Table 18: Project schedule

Task name Duration Start Finish Predecessors
1 | Setting objectives 3 days 01/08/2012 8:00 03/08/2012 17:00
2 | Defining project requirements 3 days 06/08/2012 8:00 08/08/2012 17:00 1
3 | Studying platforms considered 14 days 09/08/2012 8:00 28/08/2012 17:00 2
4 | Platform selection 8 days 29/08/2012 8:00 07/09/2012 17:00 3
5 | Platform purchase order 0 days 07/09/2012 17:00 07/09/2012 17:00 4;21
6 | Obtaining flight permissions 4 days 10/09/2012 8:00 13/09/2012 17:00 5
7 | Contacting Met-Mast team 2 days 14/09/2012 8:00 17/09/2012 17:00 6
8 | Plannifying outdoor flight missions 2 days 10/09/2012 8:00 11/09/2012 17:00 5
9 | Flight missions GREEN LIGHT 0 days 17/09/2012 17:00 17/09/2012 17:00 7
10 | Platform arrival 0 days 03/10/2012 17:00 03/10/2012 17:00 5FS+18 days
11 [ Checking telemetry system 3 days 04/10/2012 8:00 08/10/2012 17:00 10
12 | Understanding platform data acquisition 4 days 09/10/2012 8:00 12/10/2012 17:00 11
13 | Scripts development for transfering data between GCS & MatLab/Simulink 20 days 15/10/2012 8:00 09/11/2012 17:00 12;18
14 | Flying missions - Obtaining real data 20 days 12/11/2012 8:00 07/12/2012 17:00 13
15 | Data pre-processing 16 days 10/12/2012 8:00 07/01/2013 17:00 14
16 | Analysis & results 12 days 08/01/2013 8:00 23/01/2013 17:00 15
17 | Developing wind profile characterization algorithms 6 days 06/08/2012 8:00 13/08/2012 17:00 1
18 | Implementing algorithms into MatLab/Simulink 8 days 02/10/2012 8:00 11/10/2012 17:00 17;20
19 [ Quadrotor dynamics study 10 days 09/08/2012 8:00 22/08/2012 17:00 2
20 | Modelling platform in MatLab/Simulink 28 days 23/08/2012 8:00 01/10/2012 17:00 19
21 | Power source study (Cable vs. Battery) 8 days 09/08/2012 8:00 20/08/2012 17:00 2
22 | Flight time study 6 days 21/08/2012 8:00 28/08/2012 17:00 21
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Figure 45: Gannt diagram
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