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Preparation of auto-pilots for simple task execution and flight qualities assessment
A study on the design and use of controllers to substitute human pilots in perform-
ing simple, repetitive tasks to asses aircraft flight qualities in simulation

Andreas Zetterlund
Jordan Harvey

Department of Electrical Engineering
Chalmers University of Technology

Abstract

In this project, an autopilot able to perform a defined set of manoeuvres has been
developed and evaluated. The autopilot was developed to be used as a tool to gain
insight into the flight qualities of an aircraft in simulation without the need for a
test pilot. A baseline version was developed using cascaded PID controllers before a
model-based approach was created using LQI controllers. A method of automatically
testing all the operational conditions of the aircraft was developed together with a
post-processing tool to quickly evaluate and warn the user of a non-satisfactory flight
test. The autopilot proved able to take o[,_land and perform a rolling manoeuvre
with and without one of four motors inoperable as well as in some cases handle wind
disturbance. The model-based approach proved capable of handling changes in the
aircraft model without the need to tune or adjust the controllers. The autopilot
was able to provide repeatable and meaningful results over a large number of cases,
however, did not fully remove the need for a test pilot.

Keywords: aircraft, autopilot, control theory, PID, LQI, linearization, simulation,
trajectory tracking
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

AEO all engines operable

AOA angle of attack

COG centre of gravity

DOF degrees of freedom

EASA European Union Aviation Safety Agency
EOM equations of motion

LQI linear quadratic integrator
OEI one engine inoperable

PID proportional-integral-derivative
TAS  true airspeed

VMO maximum operating speed
VR rotation speed

VSR  stall speed






Nomenclature

Below is the nomenclature of variables that have been used throughout this thesis.

Variables

Angle of attack
Sideslip angle
Flight path angle
Roll angle

Pitch angle

Yaw angle
Vertical acceleration
Altitude

Roll Rate

Pitch Rate

Yaw Rate

>
N

x velocity
y velocity

N < C 0O U I

z velocity
n, Vertical Acceleration
H Altitude

Xi
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1

Introduction

Aircraft have existed since the 1900s and have since undergone continuous improve-
ment with longer ranges, bigger passenger capacity, and more sustainable fuels being
introduced. In 2019 Heart Aerospace announced that they were producing the rst
electric aircraft for the commercial market. Developing a new aircraft requires a
great amount of work to be done in simulation, including certi cation tests and
ight quality assessment. As part of the certi cation process, the aircraft has to
prove it is capable of completing a range of tests and manoeuvres. During the
development phase, these manoeuvres are commonly performed by an experienced
test pilot that will y the aircraft in a controlled and simulated environment us-

ing hardware-in-loop simulators. These manoeuvres are performed continuously
throughout the development phase to ensure that changes made to the aircraft have
not altered its ight qualities in a negative manner. Later in the certi cation phase,

the same manoeuvres will have to be performed in the air with the actual aircraft.

This thesis focuses on automating the process of performing the required manoeu-
vres in simulation. This automated process is developed to speed up the design
phase in the aviation industry and allow for faster iterations to get faster feedback
on the design choices without requiring a test pilot in order to run through all test
cases.

1.1 Background

For many years the aerospace industry has been dominated by a few large compa-
nies such as Airbus and Boeing [1]. These large companies continuously develop
new generations of aircraft with higher e ciency and better capacity however, for
the last 70 years they have all been modi cations to existing aircraft with no large
innovations [2]. This demonstrates how the commercial aerospace industry is cur-
rently moving at a very slow pace as it is no longer cost-e cient to create completely
new models. One of the reasons for the slow development time for an aircraft is the
large amounts of regulations and requirements from governing bodies such as the
European Union Aviation Safety Agency (EASA) [3]. These regulations are in place
to ensure the safety and handling qualities of the aircraft. The CS-25 standard
includes several manoeuvres that have to be carried out by the aircraft in order to
prove that the aircraft meets the requirements. These tests can include manoeuvres
such as stalling, high banking angle turns, and landing with engine failure, all of
which are done by a test pilot.
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Aircraft are highly complex systems with many di erent types of systems being
developed simultaneously making them very susceptible to an iterative design pro-
cess, see e.g., [4] and [5]. Any change to one system is likely to have an e ect on
another. In an e ort to optimise performance and meet regulatory requirements,
these systems are prone to many changes and alterations throughout the design
process. This in turn requires tests and analysis to be performed multiple times as
the aircraft continues to evolve to ensure that all requirements are met and that
improvements in one area have not had signi cant adverse e ects in other areas.

1.1.1 Autopilot

The rst autopilot was developed in 1912 by the Sperry Corporation and enabled
an aircraft to y on a xed compass bearing and xed altitude with no pilot inputs
[6]. In 1931 a commercial plane had an autopilot installed for the rst time in his-
tory and over the past century, autopilots have become more and more standard,
with international aviation regulations making them mandatory in some categories
of aircraft. The earlier Sperry-based autopilots were used as pilot relief modes and
could hold a desired attitude and speed. Typically these autopilots would hold the
aircraft within certain bounds with limited control authority and notify the pilot

if the bounds or control limits were reached [7]. Over the course of the last nine
decades, autopilots have advanced greatly with current technology o ering many
features including automated takeo , go-around, and trimming as well as nav-to-
nav captures, vertical intercepts, and many procedure manoeuvres [8].

In recent years, research has been focusing on increased handling of adverse ight
conditions or increased auto-landing capabilities [9][10][11]. Generally, the autopilots
designed in literature are designed for a speci ¢ purpose, commonly either heading
and altitude tracking while in the air or the performance of a speci c manoeuvre
such as takeo or landing. Although able to better handle complex situations or
tricky ight conditions these controllers are more challenging to design and imple-
ment and require a more accurate model. Another research direction that is gaining
momentum is in the design of autopilots for UAVs and autonomous aircraft, see [12]
and [13]. Recent technological advancements have allowed UAVs to rapidly grow
in popularity, motivating research in the eld. Taking inspiration from research on
conventional aircraft autopilots the eld has advanced rapidly however many com-
mercial autopilot systems still depend on PID controllers [14].

The eld of research investigating pilot models is a complex and multidisciplinary
area including both mathematical representations and human factors [15]. Moti-
vated by increased challenges stemming from aerospace advances such as exible
airframes and y-by-wire control, research in this eld has been largely in uential

in the de nition of handling qualities for aircraft. There is however a lack of exam-
ples where a pilot model is used to hasten the development process of new aircraft.
The multiple iterations and ever-evolving design typical in the aerospace industry
could bene t from having an autopilot able to perform a set of standard manoeuvres

2
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and feedback in a way not dissimilar to test-driven development commonly used in
software development [16].

Going forward it is important to note what is meant by the use of the term au-
topilot in the context of this project. Although modern autopilots are extremely
advanced, with some able to perform or assist in takeo s and landings, it is com-
mon for discussions about autopilots to centre around functions such as altitude
hold, envelope protection, or other similar pilot relief functions [17]. In the context
of this project the term autopilot is used to refer to a controller that is able to act
independently of human input and perform manoeuvres automatically. Where au-
topilots in aircraft are used to help pilots, the one developed here is used to replace
the pilot in simulation.

1.1.2 The aircraft

The aircraft used as a reference for this thesis is a reserve hybrid aircraft being
run on 4 electric motors with one propeller per motor, the aircraft is also known
as Heart Aerospace ES-30. It uses a battery as its primary energy source, with a
turbo-generator to extend its range from 200km using only battery power, to 400km
using the turbo generator. The aircraft carries up to 30 passengers based on the
con guration. With electric propulsion, the aircraft is designed to be able to run on
zero emissions when using only the battery on ights under 200km.

1.1.3 Flight qualities

An aircraft's ying quality can be determined in many possible ways and using

di erent scales. A common way to look at the ight qualities of an aircraft from a
pilot's perspective is to use the Cooper-Harper scale commonly used in the aerospace
industry, [18]. This is a scale based on a point system from 1-10 where 1 indicates
the best and 10 the worst. The test pilots perform a certain manoeuvre and rank the
aircraft's handling qualities using a set of criteria. In this thesis, the ight qualities

are based on the stability of the aircraft, disturbance handling, and its capability of
performing the required manoeuvres rather than from a pilot's perspective.

1.2 Objective

The objective of this thesis is to investigate the possibility of evaluating ight quali-
ties of an aircraft using an autopilot instead of a test pilot. These handling qualities
that are tested are determined by the CS-25 standards. These standards are set
as a minimum requirement as they form a part of the certi cation process. The
autopilot should be able to perform the manoeuvre within the aircraft's centre of
gravity (COG) envelope and provide an indication of whether or not the aircraft has
passed the test.

The autopilot should be able to handle a changing model such that the need to

3



1. Introduction

adjust or change the controller when the model changes is kept to an absolute min-
imum. The autopilot should additionally be able to handle the failure cases or
disturbances described in the CS-25 standards.

1.3 Limitations

Due to the complexity of modelling, an in-house aircraft model is used as a basis for
this project. The model is nonlinear with 6 degrees of freedom (DOF) and is used
for controller design and testing. It assumes that all the states of the aircraft can be
measured and that all sensors are perfect in the sense of no noise or latency in the
measurements. Any disturbances experienced will be through wind as these cases
are speci cally requested in the CS-25 test cases. It is also assumed that there is a
single command controlling all motors, meaning that thrust vectoring is not possible.

The CS-25 includes over 50 di erent test cases which test several types of scenarios
including takeo, landing, lateral and longitudinal manoeuvres. The scope of the
project did not include every single test case but a minimum of one test case from
each category was selected to validate the use of the autopilot. By using test cases
from all categories it could be ensured that the autopilot was able to handle all types
of manoeuvres and failures.

1.4 Ethics

Heart Aerospace aims to develop the ES-30, a reserve hybrid electric regional air-
craft, which is able to transport people across impossible terrain quickly and in an
environmentally friendly manner. This mode of transportation reduces the travel
time, cost and also makes it more accessible compared to current solutions. One
example of this is the Norwegian fjords where the only way to get between villages
is either by slow ferries or by driving a car up and down mountain passes. This
distance can more easily be covered by an electric aircraft in a short amount of
time for a low cost. By switching the propulsion from a conventional turboprop
engine to an electric motor there could be an estimated cost reduction of 50% in
the long term [19]. The noise pollution around airports would be reduced drasti-
cally, increasing the possibility of building houses and living spaces closer to airports.

Electrifying the aerospace industry does have some negative consequences, how-
ever. The mining and production of the materials needed to produce batteries for
electric vehicles is in itself harmful to the environment and often has negative im-
pacts on the local communities [20]. Disposing of electronic waste is additionally
quite challenging and as the electric aviation industry grows measures will need to
be put in place to ensure the electronic waste is dealt with in an environmentally
friendly manner [21]. The move to electric aircraft could also result in the loss of
work as the skills required to produce electric aircraft are di erent from those re-
quired for traditional aircraft. While the transition to an electric aerospace industry

has the potential to bring about many positive changes it does have the potential
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to bring about harm as well.

In addition to the environmental aspects, there are also ethical challenges with
the creation of an autopilot. The autopilot is attempting to simulate a human,
however, every person is di erent and approaches things in di erent ways, therefore
modelling a pilot is, in a sense, impossible. In aerospace, tests, and manoeuvres are
performed with a real pilot in a simulation environment to gather data and gain an
understanding of how the aircraft will perform. Making an autopilot that acts as
the pilot could increase the amount of testing that can be performed and increase
e ciency however, it could also remove the need for a real test pilot and potentially
indicate a level of controllability impossible to achieve by a human. This could in
turn cause the changes to the aircraft to go through design and production with
potential problems unnoticed, and the consequences could be that the real aircraft
iIs not safe to y. There is additionally no way to guarantee that the autopilot,
intended for simulation, is not used in the actual aircraft. Since it would not be
designed for this there is a chance that it performs unexpectedly which could re-
sult in signi cant harm and damage. Finally, there is the question of whether this
method of testing the aircraft's performance should be regarded as realistic enough
considering these are the manoeuvres required to be able to certify the aircraft.



1. Introduction




2

Model

The aircraft model used in this project was created and provided by Heart Aerospace.
The model represented an early version of the ES-30 and, although not a perfect
representation of the real world or nal version of the ES-30, was considered to have
the true dynamics for the purpose of this project. All controllers were designed for

and validated using this model.

The modelling of aircraft have been extensively covered in literature and the deriva-
tion of the equations of motion (EOM) will not be covered here but can instead be
found in [22] and [7]. Rather an overview of the model used in this project and a
summary of any relevant material is provided in the following subsections.

2.1 Non-linear model

The EOM for an aircraft can be obtained from Newton's laws of motion:

m(UL+ QW  RV)= Fg, + Fa, + Fy,
m(M+ RU PW)= Fg, + Fa, + F,
mMW + PV  QU)= Fg, + Fa, + Fy,
Plix + QR(Iz  ly) (R+PQ)lx = Ma, + My,
Qly + PR(lz 1) (P2 RZ)IXZ = Mp, + My,
Rl,, + PQ(lyy ) (QR Py = Ma, + M7,

(2.1)

The rst 3 equations represent the acceleration of the aircraft as a result of applied
forces. The applied forces are grouped into 3 di erent componentSg, Fao and F+
which correspond to gravitational, aerodynamic and thrust forces respectively. The
last 3 equations are the moment equations with the moments coming from the aero-
dynamics M) and thrust (M+1). These equations relate the applied moments to
the resulting angular acceleration. The equations are expressed in the non-inertial,
body frame. It should be noted that to fully solve the aircraft problem additional
equations are required due to the presence of Euler angles in the force equations.
These are not covered here but are discussed in detail in [22].

As previously mentioned, a complete aircraft model was provided as a basis for
the thesis. The aircraft model was split up into 8 di erent Simulink models as seen
in gure 2.1. The aerodynamics, ground and propulsion blocks model the forces
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and moments caused by these e ects. The control surfaces block took input com-
mands from the pilot block and modelled the dynamics of the control surfaces being
commanded. The weather block modelled wind, ice and rain which fed into the
aerodynamics, propulsion and ground blocks as required. Finally, the equations
of motion block took the forces and moments generated by the other blocks and
combined them, modelling the e ect of these forces and moments on a body with
6 degrees of freedom. All work performed in this thesis was done inside the pilot
block. This enables the same model to be used for pilot tests with only the pilot
block requiring alterations.

Figure 2.1: The aircraft model representing the ES-30 in Simulink.

The set of inputs to the model and the corresponding e ect is shown in table 2.1.
All commands are normalised and represent a certain de ection in degrees on the
control surfaces or percentage thrust command.

H Input Range Relevant control surface  Primary e ect H
Roll Command ltol Ailerons Rolling moment
Pitch Command ltol Elevators Pitching moment
Yaw Command lto1l Rudder Yawing moment

Thrust Command Otol Motors Thrust force

Table 2.1: Input control limits, control surface and primary e ect.

The measured outputs from the model are assumed to be ideal with no measure-
ment noise, delay or other disturbance. All variables are expressed in one of two
reference frames, namely the body frame denoted by the subscr@nd the inertial,

or Earth, frame denoted by the subscript. The body axis is de ned in relation to
the aircraft with the origin placed at the COG, the x-axis pointing out the nose,
the y-axis pointing out the right wing and the z-axis pointing down out the bottom

of the aircraft following the right-hand rule convention as shown in gure 2.2. The
earth axis is xed to the Earth with the origin on the surface, z-axis pointing out
the Earth and the x and y-axis lying in the local horizontal plane. The Euler angles
representing roll, pitch and yaw describe the successive angles required to rotate the

8
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body frame into the inertial frame. The yaw angle is de ned as the angle between
a projection of the body x-axis onto the earth xy-plane and the earth x-axis. The
pitch angle is de ned as the angle measured in a vertical plane between the body x-
axis and the earth xy-plane. Finally, the roll angle is de ned as the angle measured
in the body yz-plane between the body y-axis and the Earth xy-plane [22]. A list
of the most relevant outputs is given in table 2.2.

Figure 2.2: Aircraft body axis system [22].
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H Variable Symbol  Units H
Roll degrees
Pitch degrees
Yaw degrees
Roll Rate P degrees=s
Pitch Rate Q degrees=s
Yaw Rate R degrees=s
Velocity in x-direction U m=s
Velocity in y-direction Vv m=s
Velocity in z-direction W m=s
True airspeed TAS m=s
Altitude H m
Acceleration in body z-axis n, g%
angle of attack (AOA) degrees
Side slip angle degrees
Flight path angle degrees

Table 2.2: Table of output variables, symbols and units for aircraft model.

The angle of attack AOA refers to the angle between the chord line and velocity
vector of the air ow approaching the wings, where the cord line is a straight line
from the leading edge to the trailing edge of the wings. This is best illustrated
in gure 2.3 below. The side slip angle is essentially the angle between the body

xz-plane and the velocity vector of the perceived wind.

Figure 2.3: Angle of attack [23]

2.2 Trimming

For an aircraft to be steady in ight it has to be trimmed for the specic state
and environmental conditions it is experiencing. This trimmed condition could be
a steady climb, constant turn, level ight and so on. Pilots do this by adjusting
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the throttle and control surfaces of the aircraft until the aircraft is stable in the
desired state which relieves forces on the controls. For example, by adjusting the
trim position of the horizontal stabiliser and throttle the aircraft can be made to y

at a constant pitch angle and airspeed without any inputs. This trimming needed
to be done before any simulation or linearization of the model could be performed.
The trimming was done on the nonlinear model through the MATLAB command
findop which uses a gradient descent optimiser to nd the local minimum where all
accelerations are zero, or close to zero, ensuring a steady-state ight.

2.2.1 Gradient descent

Gradient descent is a method that uses iterative search to nd a local minimum by
taking small steps in the direction of the negative derivative. The rate deter-
mines how big of a step size the method takes for each iteration. Choosingoo
high, can cause the method to not converge to a solution, due to overshooting the
solution in each iteration, whilst picking a to short step size will make it unneces-
sarily slow to nd the optimal solution [24].

Once this local minimum is found this becomes the initial conditions of the aircraft
and is used as the baseline for all further simulations. If the aircraft is simulated
in another state such as takeo, landing, or at a di erent altitude then the aircraft
needs to be re-trimmed with these conditions. If for example the aircraft is trimmed
for takeo where the aps are in the downward position the aircraft has a completely
di erent lift curve when compared to with aps up which means that the aircraft
trim solution would no longer hold true.

2.3 Linearization

Due to the model being nonlinear and many control and analysis methods requir-
ing a linear plant, the model needed to be linearized. This linearization was done
by choosing an operating point and calculating a linear approximation around that
point. This operating point for the linearization was chosen as the trim point of
the aircraft as this was both a stable point and the point around which the aircraft
would be controlled. Any deviation that takes the aircraft away from the operating
point would result in the linear system becoming less representative of the nonlinear
system and cause the linear plant to be inaccurate. Matlab has a built-in command
to nd the linear model by specifying the nonlinear model and the operating point,
linearize(model,op) . This function has multiple options however the method
used involved a block-by-block linearization where each block in the model was in-
dividually linearized and the results combined [25].

The linearization process resulted in a state space model of the form:

x(t) = Ax(t) + Bu(t)

y(t) = Cx(t) + Du(t) (2.2)
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wherex(t) is the state vector,u(t) is the input vector, andy(t) is the output vector.
A represents the state matrix representing the system dynamicB, represents the
input matrix, C represents the output matrix, andD represents the feedthrough
matrix.

The linearized model had 12 states, 16 inputs and 49 outputs. Many of the inputs
and outputs could be neglected as they are not relevant to the controller design.
This simpli ed the model to one with 4 inputs, described in table 2.1, and 15 out-
puts, described in table 2.2. The states consisted of those expected from the set of
standard aircraft EOM which indicated a correct linearization with no additional
dynamics, such as ground forces, being captured. Due to a combination of the
non-linear model and the linearization process, many values in the state space were
extremely small, typically of the order10 8 or smaller. These terms were negated
by simply approximating them to be equal to 0. It could then be noted that for this
aircraft when trimmed in wings-level ight, the lateral and longitudinal dynamics
were independent of each other. The lateral and longitudinal dynamics could then
be separated and controllers independently designed for the separated dynamics [22].
The set of lateral and longitudinal states are described in table 2.3 below. This set
of states and the ability to decouple the dynamics was constant for all trim points
with wings level, although the actual values within theA and B state space matrices
changed. Similarly, the structure of theA and B matrices was constant however the

C and D matrices were subject to change depending on which outputs were selected.
A possible example of the decoupled state space dynamics in the longitudinal and
lateral direction is shown in equation 2.3 and 2.4 below.

H Lateral States Longitudinal StatesH

Q
P Uy
R Wy
Vb Ze

Table 2.3: Table of lateral and longitudinal state variables used in decoupled model

2 2 32 2
o 10 0 0
_ 0 0 0o 7" #
Ep E 0:0001 o 01 01 oo%é E 1 0:1 rgcv%”r:]dd
r 00001 o @1 01 001 001 a1 £ Y
5 0 1
{z {z }
AlLat BLat
2
# " # " #" #
g _ 572958 0 0 0 O , 00 rolicmd 2.3)
dog 0 572958 0 0 O 0 0 yawCmd '
| {z } | —{z—}
ClLat Vb D pat
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2 2 32 3 2 3
_ 0 0 0 0 0
q 10 @01 001 O q 10 001%" .

E ub % E 001 Q1 0 EE ub éé ol 10 E thﬁjgg?gdmd
wb 5 0 500 0:1 1.0 0:001 wb 1.0 0
ze 500 0:1 1:0 0 ze 0
= {z } | {z }

A Long Bong

2 2 37 2 3

deg 572958 0 0 0 0 00°.

E E 0 o 0 1:02 uqb +§ 0 OZ pitchCmd
TASmpS 0 Q9951 00986 O wh 0 05 thrustoLCmd
Wemps 5(10 0 01 10 O 00

| & 2 e A

c:Long D Long

(2.4)
Knowing the linearization would need to be repeated each time the aircraft was
trimmed, this entire process was packaged into a single executable MATLAB script.
Doing so made it possible to obtain the decoupled linearised models quickly and
easily at any point and allowed other scripts or processes to get access to a linearised
model of the correct ight con guration without the need to manually setup and
run the linearization commands and decouple the dynamics by hand.

2.4 Linear system analysis

With the model in a linear form, analysis could be performed to gain insight into
the system dynamics. It should be noted that as the obtained linearised model was
dependent on factors such as the location of COG, ap con guration and attitude,
the following analyses are for only one such case. For all analyses, the linear model
refers to the exact output of the linearization process, before any simpli cations, or
decoupling was performed.

2.4.1 System validation

In order to see how well the linearised system captures the dynamics of the non-
linear system around the operating point, the linear and non-linear models were fed
the same input single and the correlating outputs were compared. A 0.5s square
pulse with an amplitude of 0.1 was separately applied to the roll, pitch, yaw and
thrust commands and the respective outputs were plotted. The most relevant for
each are shown below with additional gures shown in appendix A.
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Figure 2.4: Roll response to a 0.5s square pulse with an amplitude of 0.1 applied
to roll command

Figure 2.5: Yaw response to a 0.5s square pulse with an amplitude of 0.1 applied
to roll command
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Figure 2.6: Pitch response to a 0.5s square pulse with an amplitude of 0.1 applied
to pitch command
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Figure 2.7: Altitude response to a 0.5s square pulse with an amplitude of 0.1
applied to pitch command

Figure 2.8: Roll response to a 0.5s square pulse with an amplitude of 0.1 applied
to yaw command
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