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Abstract

Unmanned Aerial Vehicles (UAV) bene ted from a tremendous increase in popularity in the past decade,
which generated a lot of novel and unique use cases. One of them being the use of UAVs in meteorological
research, in particular for wind measurements. Research in this eld using quadcopters showed promising
results. However most of the published results rely on the assumption the drone is stationary and do not
attempt to estimate vertical wind. This severely limits the use potential of quadcopters in meteorology.
Hence this work will address both shortcomings by proposing a new dynamic model based approach, relying
on the assumption the thrust force can be measured or estimated and the drag force can be related to air
speed. This new method will be tested on empirical data gathered on a Phantom 4 RTK.

Keywords: UAV, Atmospheric Boundary Layer (ABL) Meteorology, Wind Estimation, Shear Wind Pro le,
UAV Motion Model, Drag Model, Blade Element Momentum (BEM) Theory
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1 Introduction

1.1 Motivation

Boundary-layer meteorology In [1], boundary-layer meteorologyis de ned as "a subdiscipline of mete-
orology [which] is concerned with the state of and processes in the air layer in immediate contact with the
Earth's surface". On essential parameter of the physical state of the Atmospheric Boundary Layer (ABL) is
wind, i.e. air ow with respect to the ground. Thus, being able to measure wind in the ABL is important

to understand its physics, but also for a wide variety of applications ranging from weather forecasting and
climate modeling, to pollutant tracking [2] and understanding glacier ice melting [3]. Another proof of the
importance of wind measurements is the wide number of available sensors and methods. Most of the ABL
sensors are ground based, ranging from a simple cup-anemometer to more complex Light Detection And
Ranging (LIDAR) or Sonic Detection And Ranging (SODAR) technologies. A comprehensive list of ground
based ABL measurement methods can be found in [4]. To this, satellite based observations can be added
as well as in-situ measurements using air-borne platforms such as weather balloons, tethered balloons, and
UAV.

(@) DJI Phantom RTK quadcopter (b) Sensy eBee X xed-wing.

Figure 2: Example of a commercial quadcopter and xed-wing drone. Images are reproduced from their
respective website.

UAV based wind measurements UAV is generic acronym which describes unmanned air-crafts ranging
in weight from a couple grams to several thousand kilograms [5] and come in various shapes and architectures.
Two of the most popular small UAVs (less than 25 [kg]) are quadcopters and delta xed-wings. A commercial
example of each group can be seen in Figure 2 (the Phantom 4 RTK will be used in this work). In this work
"UAV", "drone" and "air-craft" will be used interchangeably. Using UAVs for wind measurements, allows
making measurements in situation where "traditional” sensor cannot be used or are dicult or costly to
deploy. For example, probing wind speeds at 100 meters above ground involves the installation of a tall mast
which is costly and complex to deploy and maintain. Probing wind speeds in remote or dangerous areas, like
above crevassed glaciers [6], is another example where traditional sensor fail. Indeed, this requires human
probing on the glacier and involves high risks. Hence, wind measurements using UAVs have the following
bene ts:

" low cost of acquisition, deployment and maintenance
" easy access to various heights in the ABL

" easy access to remote and dangerous areas

1The thickness of the ABL is typically around 1 [km] [1], quad-rotor drones are usually not able to reach this altitude and
would thus be limited to the lower part of the ABL but xed-wing drone may climb to higher altitudes.
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rapid deployment
" high spacial resolution along the ight path (continuous pro ling)

However, these bene ts come at a cost. Indeed, UAVs su er from limitations which thus also limit their
capability of measuring wind. Taking the Phantom 4 RTK as an example (all data is found in the drone's
user manual [7]), UAVs tend to:

have low endurance: at most 30 minutes for the phantorf
only be able to y in low wind conditions: less than 10 [m/s] for the Phantom

be susceptible to other environmental conditions, such as snow, rain and fog or temperature: the drone
should not be own during snow, rain or fog conditions and operating temperature is between 0°C]
and 40 PC] for the Phantom

be impacted by their ight environment : magnetic elds produced by power lines or conducted by
large metallic objects may interfere with the drone's magnetic compass for example

rely on external infrastructure: for example Global Navigation Satellite System (GNSS) is required for
autonomous navigation

Most of these disadvantages do not apply to other wind measuring methods. Nonetheless, for all aforemen-
tioned reasons, enabling UAVs to measure wind, is an important tool for better understand ABL physics.
This is the general objective of this work.

1.2 State-of-the-art

UAV based wind estimation can be classi ed in two categories:on-board ow sensor basedand inertial and
power based[5].

On-board ow sensor based A ow sensor is mounted on the UAV directly measures the quantity of
interest®. This allows the usage of proven ow sensors and thus may lead to better accuracy and precision.
But it comes at the cost of having to integrate an additional sensor on the UAV. This approach is commonly
taken by xed-wing drone due to the availability of pitot tubes for ight control. However, on rotor-crafts,
integrating an air ow sensor is very challenging since the propellers heavily in uence the air ow around the
drone as can be see in Figure 3.

Figure 3: Air ow around a quadrotor. From [5].

2Fixed wing drone usually have larger endurance.
3The air ow with respect to the UAV is measured and the quantity of interest is the air speed with respect to the ground
(aka wind).
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Inertial and power based

Only navigation data is used to infer wind speeds. In this approach, the UAV

is considered as a dynamic system with an input: the autopilot commands; an output: the drone's position
and attitude; and an external perturbation: the wind. Hence, provided the system's model in addition to the
autopilot commands, the drone's position and attitude, the wind can be estimated. This approach has the
downside that it highly depends on the quality of the acquired input/output data and the knowledge of the
system. But on the other hand it does not rely on any additional hardware, thus greatly reducing hardware

complexity.

This work will describe an inertial based approach and will use a quadrotor, hence the Sate-of-the-art de-
scription will also focus on this combination. The main publications on this topic from 2018 onward are

listed in Table 1. The table classi es them regarding the used method, type of data the method was tested
on, needed ight type and whether vertical wind speed is estimated (or only wind in the azimuthal plane).

| Paper | Year | Method | Data Type | Flight type | Vertical Wind |
[8] 2015 | Tilt Wind tunnel & Field | Hover & Moving No
[9] 2017 | Tilt No wind & Field Hover No
[10] 2018 | Tilt Wind tunnel Hover No
[11] 2019 | Kalman Filtering Simulation Hover No
[12] 2019 | Machine Learning Wind tunnel Hover No
[13] 2019 | System Identi cation | Simulation Moving Yes
[14] 2019 | Kalman Filtering Simulation Moving No
[15] 2020 | Tilt Simulation Hover No
[16] 2020 | System ldenti cation | Field Hover & Vertical Pro ling No
[17] 2020 | Machine Learning Simulation Hover No
[18] 2020 | System Identi cation | Simulation Hover No
Table 1: Main papers published from 2018 until 2021 using multirotor UAVs to estimate wind. This list is

not exhaustive, plus wind estimation for navigation are not included. [8] and [9] are also included since their
contribution is often cited.

The tilt method correlates the drone attitude to wind speed during hovering. All other methods are model-
based and thus de ne a more or less generic [16] or complex [13] system and estimate the model parameters
using various methods such as machine learning, system identi cation or ltering. Data used for parameter
tuning may result from simulations, wind tunnel tests or eld tests. Most of the listed methods assume a
hovering drone. Finally, almost all listed papers do not estimate vertical wind or may even assume it to
be zero. This can be understood since, usually, vertical wind has a small e ect on the drone compared to
horizontal wind, plus it removes an unknown in model-based approaches.

1.3 Problem statement and approach

This work follows up on the work of Arthur Garreau [19]. Using the same classi cation as in Table 1, [19]
classi es as shown in Table 2. The used tilt approach is described in Section 3.2 and will serve as a baseline to
this work. It is worth mentioning that the dataset used by Arthur Garreau comes from eld ights performed

in Svalbard (Norway). This is a valuable dataset since ights in high latitudes come with their own challenges:
such as low temperatures or reduced GNSS coverage [20]. It is also worth mentioning that [19] attempted to
apply this wind measuring technique to perform vertical wind pro ling in order to calculate the aerodynamic
roughness lengtht of the over own terrain. The tilt estimation showed promising results with a Root Mean
Square (RMS) error below 0.8 [m/s] for wind speed and thus it was decided to continue and improve on this

work.

This thesis aims at addressing shortcomings of [19]. There are two major aspect that were identi ed as
needing to be improved. First, the need to hover The need to "stay still" to take measurements severely
limits the potential use of a drone as a wind sensor. On one hand it considerably slows down the process of
probing several points of interests and it prevents the possibility to do continuous pro ling. On the other hand

it makes the estimation depend on the autopilot and its ability to maintain position during hover. Second,

4For more information about aerodynamic roughness length see [1] or [3].
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| Paper | Year | Method | Data Type | Flight type | Vertical Wind |
[19] 2020 | Tilt Field Hover No
This work | 2021 | Dynamic Model | Field (& Wind tunnel) | Moving Yes

Table 2: Classi cation of Arthur Garreau's and this work using Table 1.

the assumption that there is no wind in the vertical direction. Even if this assumption may be acceptable
in some situations, it is not true in general and several ABL e ects involve vertical wind motions such as
shear wind generated eddies or convective e ects generated by surface heating [1]. Additionally, this thesis
shall use empirical data collected during real condition ights. This avoids oversimpli cations resulting from
imperfect aerodynamic simulations or idealized conditions present in wind tunnels. Summing up, the new
wind estimation proposed by this work shall:

1. be able to perform during dynamic drone maneuvers
2. be able to estimate vertical wind speed
3. use real eld data

To answer the rst and second objectives, a dynamic model based approach will be used. The forces acting on
the air-craft are gravitational attraction, thrust (generated by the propeller) and drag (generated by the air
ow around the drone). Thus, provided acceleration and all other forces are known, using Newton' second
law of motion, drag can be estimated. Then drag can be related to air speed and wind speed using an
appropriate drag model. To answer the third objective, a eld campaign will be planned to acquire data in
various wind conditions and during various ight trajectories. Thus this work can be classi ed as shown in
Table 2.

There are two main challenges in this approach. First, thrust estimation, since most platform do not measure
the thrust generated by their propellers. However in this work the rotor speeds are available and will be
used to estimate thrust. Second, thrust and drag models feature several parameters that need to be tuned,
computed or measured. In this work this will be achieved by relying on wind tunnel data provided by [21].

1.4 Thesis outline

The outline of this thesis is the following: Section 2 will de ne the notation used throughout this work, it will
also de ne the used reference frames and derive important relations between them and it will describe the
motion and sensor model used to describe the air-craft. Section 3 will present the baseline and new estimation
method as well as how they were implemented in software. Section 4 will present the results and Section 5
will discuss them. Finally, Section 6 will conclude this work and discuss its possible future evolution.

Master Thesis RO 2021 11
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2 Preliminaries

The correct use of data generated by mobile platform heavily relies on proper de nition of attitude represen-
tations and reference frames and be supported by a clear and consistent notation scheme. This section aims
at providing all of the above. Most of the wording and equations presented here are borrowed from [22] and
[23].

2.1 Notations

The section will detail the notation conventions used throughout this work.

2.1.1 Scalars

Scalars are denoted using a single letter which may feature a subscript representing the axis along which the
guantity is expressed. For example the following quantities are scalars:

g;Px;

2.1.2 \ectors

Vectors are noted using a single lowercase letter written in bold font. The letter may feature a superscript
indicating the frame the vector is expressed in. For example a vector quantityr expressed in the framei
featuring axesix;iy;iz (see Section 2.3) can be written as:
2 3
. lix
r' = 4riy5

liz

2.1.3 Quaternion

Quaternion are noted using a lowercase 'g' character written in bold font. It should feature a superscript and
subscript as de ned for rotation matrices, see Section 2.2. A quaterniorg= ¢ + i + gzj + uk describing
a rotation from frame i to j is written as: 3

2
o]
i - g%k
(o]
Note that here i and j designates the basic quaternions, whereasand j stand for two generic frames.

2.1.4 Matrices

Matrices are noted using a single uppercase letter written in bold font. The letter may feature a superscript
and a subscript in the case of a rotation matrix (see Section 2.2). For example a rotation matrix describing
a rotation from frame i to j is written as:

2 3
) Ci1 Ci2 Ci3
Cl=4cn cp C3°
C31 C32 Csz3

2.1.5 Functions

Functions returning any of the above quantity can be formed by adding a set of parenthesis containing the
input parameters of the function. For example, a functionf returning a vector in frame i and being dependent
on a constantg and a matrix C will be written as:

f'(g;C)

Master Thesis RO 2021 12
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2.1.6 Time derivatives

Time derivatives are denote by adding a dot above the quantity of interest:
e d;c

2.1.7 Estimated quantities

Estimated quantities, if necessary, will be discerned from true guantities using a circum ex (hat):
o;r'al; €l

2.1.8 Measured quantities

Measured quantities, will be discerned from true quantities using a tilde:
g:t' 6 C]

2.2 Attitude representations

Attitude describes the orientation of an object or a reference frame with respect to another. There are three
common ways to describe this relative orientation, namely rotation matrices, quaternions and Euler angles.
Each description has its bene ts and drawbacks, which will be brie y summarised in this section.

2.2.1 Rotation matrix

A rotation matrix, CJ' (also called Direct Cosine Matrix (DCM)) transforms a given a vector quantity
expressed in the j-framer! to is corresponding quantity in the i-frame r':

i =clyl (1)

The columns ofCJi represent the unit vectors of the j-frame expressed in the i-frame axes. It can be proven

that C| is orthonormal and thus (C})" = (C|) ' = C{, which is useful to perform the inverse conversion:
r=clrl 2)

Rotation matrices do not su er from gimbal lock and are unambiguous, but are somewhat complex to build
and have a lot of redundant parameters. In this work, they will be used to derive the equations of motions
of the air craft.

2.2.2 Quaternion

Quaternions describe a rotation using four parameters and leverages Euler's rotation theorem stating that a
transformation from one frame to another can be expressed as a single rotation of magnitudgujj about a
vector u, wherejj:jj is the euclidean (L2) norm. The relation betweenq and u is the following:

2 .. 3
2 3 cos 1l
iy Us_ sin M
- §QZZ — Qliui 2 3)
& Uy i dui
G fu SN 73
U, gjn iui
fiuji 2

Note only unit quaternions, called versors are used to describe rotations. The equivalence between a quantity

in the i-frame r' and j-frame r! is given by:

2 3 2 3 2
Ch
bl § 9 4
Z rJy & 4)
Qu

r' = rot(q;rl)=qj rl = g

o S
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Whereq J' denotes the conjugate of quaternior‘q} and is the Hamilton product de ned as follows:

2 3
hpPr P2 BP3  uPs
thp2 + Gep1 + BPs  QuPs )
hps+ BP1  GPs+ QP2
hps + GP1 + Pz GP2

q p=

The opposite rotation from the i-frame to the j-frame is given by :
rl = rot(q};r') = rot@ !;r') (6)

Note that Matlab implements a rotation by a quaternion with the rotatepoint(...) function.

Finally, quaternion are no subject to gimbal lock and are unambiguous, they are a more compact represen-
tation of a rotation than the rotation matrix but are less easy to understand on an intuitive level. In this
work quaternion will be used to store and compute relative orientations.

2.2.3 Euler angles

Euler angles describe a sequence of three elementary rotations around their associated axis of the rotated
frame (intrinsic rotations). This process is ambiguous since the chosen axis of rotation need to be speci ed as
well as the order in which the rotation should be performed. In navigation, the most used rotation sequence
is ZYX, which is named yaw-pitch-roll in the case of a rotation from the local-level to the body frame. The
sequence of rotation can be described as follows in a matrix form:

' 21 0 0 32(:03(0) 0 sin(p)32 cosfy) sin(y) 03
Cj = Cx(NCy (NCz(y)= 40 cosf) sin(r)54 0 1 0 54 sinfy) cosy) 05 ()
0 sin(r) cos() sin(p) 0 cosp) 0 0 1

Where r, p and y are the roll, pitch and yaw angles respectively?
Conversion from Euler angles to quaternion can be done as follows:

2cos(y—2) cos(o—2) cos(r 2) cos(r=2) cos(=2) cosfy=2) + sin( r=2) sin(p=2) sin(y=2)3

5 Z g Z gsm(r 2)2 gsm(r:Z) cos(p=2) cosfy=2) cosf=2) sin(p=2) sin(y:Z)é 8
S|n(p—2) cos(=2) sin(p=2) cosy=2) + sin(r=2) cosp=2) sin(y=2) (8)
5|n(y—2) cosf=2) cosp=2) sin(y=2) sin(r=2) sin(p=2) cosfy=2)

Note that Matlab implements this conversion with the quaternion([y,p,r],'euler','’ZYX','frame")
function.
Conversion from quaternion to Euler angles can be done as follows:

23 2 3
r atan2(2(chp + BGu); 1 2(c + &)

4pS =4 asin2(®s  wup)) 5 )
y atan2(2(chts + ); 1 2(c + 43))

Note that Matlab implements this conversion with the euler(q,’ZYX','frame") function.

As already mentioned Euler angles are ambiguous due to the various ways they can be de ned. In addition
to this, they su er from the gimbal lock e ect, which make them hard to handle mathematically. However,
they are a compact and intuitive representation of the relative orientation of two objects, with which most
people are familiar with. Hence, Euler angles will be used when the need for a visual representation of relative
orientation arises.

SProvided versors are used.
6Note that in the literature these angle may also be referred to as bank, pitch and heading and may also be designated by
the Greek letters , and . Moreover, those angles may also go under the name of Tait-Bryan angles.
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2.2.4 Rotating reference frames

Reference frames may rotate arbitrarily with respect to each other. In order to be able to compute motions
in reference frames experiencing such relative change of orientation, it is necessary to be able to calculate the
time derivative of a given relative orientation. Given a vector:
2 3
_ Fix
!gj = 41,5 (20)
iz
Which describes the rotation rate of the j-frame with respect to the i-frame expressed in the j-frame, the
time derivative of a rotation matrix can be written as:
2 3
. . ) 0 iz Ly
ci=cl l=cid1y, 0 lix (11)

ij
2.3 Frames de nition
2.3.1 Inertial frame (i-frame)

An inertial frame is a non-accelerating and non-rotating reference frame, which is at rest or subjected to a
uniform translational motion. In such a frame Newtonian mechanics are valid and thus will be the starting
point of the derivation of the motion equations. There is no perfect inertial frame, but given the current
sensitivity of Inertial Measurement Unit (IMU) a good approximation of an inertial frame is given by a frame
described as follows:

" Center: Earth's center

" x-axis: Pointing toward the vernal equinox

~ y-axis: Completing the orthogonal right-handed frame
" z-axis: Pointing toward the mean celestial north pole

This frame is known as the Earth Centered Inertial (ECI) frame.

2.3.2 Earth frame (e-frame)

The earth frame is xed with respect to earth's rotation and thus represents a convenient way to describe a
position on the globe. Due to earth's rotation this frame is not inertial. This frame is know as the Earth
Centered Earth Fixed (ECEF) frame and is de ned as:

" Center: Earth's center

" x-axis: Pointing toward the Greenwich meridian

~ y-axis: Completing the orthogonal right-handed frame
" z-axis: Pointing towards the mean direction of rotation

One important realization of the earth frame is the WGS-84 being the reference frame used by Global
Positioning System (GPS). Note that, in this frame, it is common to use an ellipsoidal coordinate system

(instead of a Cartesian one). Hence, a position is described with two angles and a scalar: latitude, longitude
and height: 2 3

re=4 5
h
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2.3.3 Local-level frame (I-frame)

The local-level frame is a local geodetic frame with an arbitrary origin. It is useful to describe motion in a
space around a point of interest. It is de ned as follows:

" Center: Arbitrarily chosen
~ x-axis/n-axis:  Pointing toward the geographical north
"~ y-axis/e-axis: Pointing toward the geographical east
"~ z-axis/d-axis: Pointing downwards (along the ellipsoid normal)
A local frame using this de nition is known as a North-East-Down (NED) frame. Thus x-, y- and z-axis may

be call n-, e- and d-axis respectively.

2.3.4 Body frame (b-frame)
The body frame is xed to the body of interest (in this work, an air craft) and it is de ned as follows:
" Center; Center of the body
" x-axis: Pointing forward
~ y-axis: Pointing rightward
~ z-axis: Pointing downward (along the height direction of the body)

A body frame using this de nition is known as a Front-Right-Down (FRD) frame. All the above described
frames are illustrated in Figure 4. More speci cally the body frame related to the Phantom 4 RTK drone is
shown on Figure 5.

Figure 4: |Inertial (i), Earth (e), Local-level () and Body (b) frames. O Represents earth's center and the
sphere represents Earth' surface. This illustration was copied from [22].

2.3.5 Tilt frame (t-frame)

The tilt frame is not a frame commonly used in navigation, but it will prove useful in the context of this
work. It is de ned as follows:

" Center: Center of the body
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Figure 5: Phantom 4 RTK body frame and propeller identi cation.

© x-axis/tx-axis:  Pointing toward the tilt direction
© y-axis/tx-axis:  Completing the orthogonal right-handed frame
© z-axis/tz-axis:  Pointing in the same direction as the b-frame z-axis

Where the tilt direction is de ned as the azimuthal direction toward which the minus-z-body-axis is pointing.
In other words, assuming the drone is stationary, if a ball is placed at the origin of the body frame, and if
this ball is capable of rolling on the xy-body-plane, then this ball will roll along the x-tilt-axis. For example,
for an air-craft which is pitching forward (negative pitch angle), the tilt direction is equal to the yaw angle.
Or for an air-craft rolling to its right (positive roll angle), the tilt direction is equal to the yaw angle plus
90 degrees. This de nition means that this frame is not rigidly attached to the body. The x-, y- and z-axis
may also be call tx-, ty- and tz-axis respectively. Figure 6 illustrates the tilt frame graphically. An animated
version of this gure can be found in the software repository (introduced in Section 3.4) in the root folder as
a le name squareFlight_lowTimeRes.gif.

2.3.6 Transformation from Body to Local-level frame

The rotation from the I-frame to the b-frame is given by the quaternion q'b or alternatively by the rotation
matrix R'b or the roll, pitch and yaw Euler angle r p y. The rotation quaternion will be measured by the
drone's attitude sensorgl, (see Equation (21)). The corresponding rotation matrix and Euler angles can be
derived using Equations (7) and (9). Finally, the opposite rotation, i.e. from Local-level to Body frame, is
given by gP =q |, (see Equation (6)).

2.3.7 Transformation from Body to Tilt frame

The rotation from the I-frame to the b-frame is given by the quaternion g} or alternatively by the rotation
matrix R}{. An expression for this quaternion will be given below and the rotation matrix can be computed
from the quaternion using Equations (7) and (9). Based on the de nition in Section 2.3.5, let's compute the
minus-z-body vector in the local frame :
2 3
0
u' = rot(qh;u®) = rot(gy;4 05) (12)
1
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Figure 6: Reference frames during a typical ight. The plot on the right shows the already executed ight
path (red line) and the current position of the drone (green circle). The left plot represents the drone (as a
disk) in the local frame. Three reference frames are shown: I-frame (black) spanned by the,, ue and uy unit
vectors, b-frame (magenta)uy, uy and u, and t-frame (brown) uy, Uy and u, . The heat map coloring the
drone disk represents the proximity to ground: the hotter, the closer to the ground. Using the ball analogy
again, a ball placed a the center of the disk will always roll toward the hottest point. An animated version
is available here.
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