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ABSTRACT:

Helicopter Aided Mapping Of Crops (HAMOC)
is a project, which aims at making a small scale
electric helicopter able to obtain imagery of a crop
field. This report considers the first steps towards
this, by the use a Corona 120 electric helicopter.
The project goal is to make the helicopter hover
autonomously in the laboratory.

The project has been divided into four main parts;
hardware implementation, modelling, state es-
timation, and control development. Regarding
hardware, it has been chosen to control the heli-
copter by an external computer, and use an ex-
ternal power supply. The computer is interfaced
to a servoboard on the helicopter by a serial con-
nection. An existing helicopter model has been
described, adapted to the Corona 120 helicopter,
and the parameters have been determined. The
12 rigid body states of the helicopter have been
estimated using image processing of camera data
and an inertial measurement unit (IMU), which
as fused in an extended Kalman filter. Four de-
coupled PID controllers have been developed to
control the helicopter (for the z, y and x axes, and
for the yaw angle, respectively). Hereafter, more
advanced controllers have been researched.

The hardware works as expected, and it is pos-
sible to control the helicopter from the external
computer. The developed controllers are able
to control the nonlinear model in a simulation.
At the end of the project period, autonomous
control of the altitude of the real helicopter has
been reached, and preliminary tests of a lateral
controller have also been done. A helicopter
crash has damaged some of the hardware, and
has thus prevented further tests of the horizontal
controllers, but it is expected that autonomous
hover is close to be obtained. It is believed that
the developed subsystems form a solid basis for
further work on the project.
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For references, the Harvard method is used. Figures, tables and equations are num-
bered consecutively inside each chapter.

Below each equation, most of the symbols included in the equation are explained, each
explanation starting with a ». Exceptions occur if a symbol has been explained within the
same section. This notation is not only for the convenience of the reader, it also makes it
possible to read and hopefully understand the equations, if read out of context.

The report can be found as a PDF-file at the enclosed CD:

[CD-ROM, 2007, autonomous_helicopter.pdf].

A start up guide to the system in lab is found in Appendix|G|on page A description
of the contents of the CD-rom can be found in Appendix|A|on page
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Many different symbols and acronyms are used in this report. Some are
general with well-known meaning, and others are specific for this project. For
convenience, these are listed in this section. They are divided in four categories:
First, the frame names are defined. Then all the variables and constants used
throughout the report are explained. Last, the acronyms are listed.
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Frames

Variables

Frame | Frame Name

{E) Earth Frame

{B} Body Frame

{H} Hub Frame

{T} Tail Rotor Frame

Table 1: Table of frames.

Table [2 lists all the variables used in this report. The first column is the symbol for the
variable. They are placed in alphabetical order with the greek letters first. The second
column is the physical meaning of the variable. The third column is the unit of the
variable. All variables are given in SI-units.

‘ Variable ‘ Interpretation Unit ‘
’ Greek capital letters ‘
X
Ez = y Position vector of {B} in {E} [m]
z
Xcam
Eg .= Yeam The position output from the IPC [m]
Zeam
Xtr
Bg,, = Yir Position vector of {T} in {B} [m]
Ztr
Xmu
Eimu = { Jivmu The acceleration output from the IMU [ m/s2]
Zivu
¢
Eo=| 0 Attitude vector of {B} in {E} [rad]
4
[ (PCIJWZ
Oum =1 Beam The attitude output from the IPC [rad]
wcam
. (]._51Mu
Omnu =1 Omu The angular velocity output from the IMU [ rad/s]
Yimu
Y Blade revolution angle [rad]
Qi Rotation velocity of the main rotor [ rad/s]
Qy Rotation velocity of the tail rotor [ rad/s]
Continued on next page
Table 2: Table of variables.
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‘ Variable ‘ Interpretation ‘ Unit ‘
] Greek lower case letters \ \ ‘
o Blade angle of attack relative to air inflow angle [rad]
B Flapping angle [rad]
Oy Blade pitch [rad]
Oumrk, feam The angle between the initial position and the [rad]

current position of the side marker as seen from
the front camera
O mrk heam The angle between the initial position and the [rad]
current position of the hcam marker as seen
from the helicam
Ok scam The angle between the initial position and the [rad]
current position of the side marker as seen from
the side camera
Ay Inflow main rotor [ m/s]
Air Inflow tail rotor [™/s]
Ux Advance ratio in the x-direction []
Ly Advance ratio in the y-direction []
Uz Advance ratio in the z-direction []
Tw Torque provided by the wires attached to the [Nm]
helicopter
Prnrk, feam The angle between horizontal and the front [rad]
marker center seen in the image plane.
Prrk heam The angle between horizontal and the helicam [rad]
marker center seen in the image plane.
Drmrk scam The angle between horizontal and the side [rad]
marker center seen in the image plane.

o Inflow angle [rad]
’ Roman capital letters ‘ ‘
Ay Longitudinal swash plate angle of main rotor [rad]
Al mr Longitudinal blade pitch angle of main rotor [rad]
Bq Lateral swash plate angle of main rotor [rad]
Bi, Lateral blade pitch angle of main rotor [rad]
B, Expected blue value of a pixel []
B, Blue value of a pixel []
Cr Lift coefficient []
Cr Thrust coefficient [-]
D Drag of a rotor blade [-]
Dyix, feam The distance to the front marker position rela- | [pixels]

tive to when the helicopter is in zero position
Dpixscam The distance to the side marker position relative | [pixels]
to when the helicopter is in zero position

Continued on next page

Table 2: Table of variables.
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Variable Interpretation Unit

D Drag on a rotor blade

Dy, Drag on the front plane

Dys Drag on the tail fin

Dy Drag on the tail plane

D, Drag on the fuselage

D, Drag on the fuselage

D, Drag on the fuselage

For Force provided by the main rotor

F, Force provided by the wires attached to the he- [N]
licopter

Ge Expected green value of a pixel []

Gy Green value of a pixel []

L Lift [N]

R, Expected red value of a pixel []

R, Red value of a pixel

Sat Control input to lateral pitch servo motor [-]

Sion Control input to longitudinal pitch servo motor [-]

Sour Control input to main rotor DC-motor [ rad/s]

S Control input to tail pitch servo motor [ rad/s]

T Thrust of main rotor [ N]

Ty Pixel threshold to determine if the pixel is a
candidate to be on a circle in an image

T Thrust of tail rotor [N]

Vi Air velocity relative to blade [m/s]

u Air velocity relative to {B} [ m/s]

Roman lower case letters \ ‘

ao Coning angle [rad]

a Longitudinal flapping of main rotor blade [rad]

ai b Longitudinal flapping of stabilizer bar [rad]

by Lateral flapping of main rotor blade [rad]

b1 sp Lateral flapping of stabilizer bar [rad]

Ay, feam,scam The (minimum) distance between the lines from [cm]

each of the wallcams towards the CM

Lteam The line, obtained by the front camera, passing
through the CM of the helicopter

Lscam The line, obtained by the side camera, passing
through the CM of the helicopter

P feam Parameter for the line from the frontcam to the []
marker

Pscam Parameter for the line from the sidecam to the [-]
marker

Continued on next page
Table 2: Table of variables.
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Variable Interpretation Unit

Epmrk, Feam Position of the front marker relative to CM, [m]
given in {E} (dependent on the attitude ®)

Pk rcam Position of the floor marker relative to CM, [m]
given in {B} (dependent on the attitude ® and
position E)

Epm,k,hmm Position of the floor marker relative to CM, [m]
given in {E} (dependent on the attitude ® and
position E)

Ep sk scam Position of the side marker relative to CM, given [m]
in {E} (dependent on the attitude ®)

q Weighting factor in the Kalman filter []

T pix,mrk The pixel radius of a marker

u The control input vector

v Normal distributed measurement noise

v; Inflow air velocity of the main rotor [m/s]

Vit Inflow air velocity of the tail rotor [ m/s]

Evmrk, Feam Unit vector pointing from the front camera to- [m]
wards the front marker

B0 sk heam Unit vector pointing from the helicam towards [m]
the floor marker

Evmrklsmm Unit vector pointing from the side camera to- [m]
wards the side marker

x The state vector

x The estimated state vector

w Normal distributed process noise

Xp, feam x co-ordinate of the pixel position of the center | [pixels]
of the marker in the image from the front camera

Xp,heam x co-ordinate of the pixel position of the center | [pixels]
of the marker in the image from the heli camera

Xp,scam x co-ordinate of the pixel position of the center | [pixels]
of the marker in the image from the side camera

Yp, feam y co-ordinate of the pixel position of the center | [pixels]
of the marker in the image from the front camera

Yp,heam y co-ordinate of the pixel position of the center | [pixels]
of the marker in the image from the heli camera

Yp,scam y co-ordinate of the pixel position of the center | [pixels]
of the marker in the image from the side camera

zZ The measurement vector

Calligraphed letters ‘

D Matrices in flapping equation [5.25

& Matrices in flapping equation |5.25

Continued on next page

Table 2: Table of variables.
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Variable Interpretation Unit
G Matrices in flapping equation [5.25
J Matrices in flapping equation [5.25
K Matrices in flapping equation [5.25
K The Kalman gain
P Prediction error covariance matrix
IR The co-ordinate transformation matrix map-
ping from the earth frame to the body frame

Table 2: Table of variables.

Constants

Table 3|is a list of all the constants used in this the report. For further information about
how the constants are derived, the reader is referred to Section The first column in
Table [3|is the symbol for the constant. They are placed in alphabetical order with the
greek letters first. The second column is the physical meaning of the constant. The third
column is the value and unit of the constant. All constants are given in Sl-units.

Constant Interpretation Value

Greek capital letters

Qe max Maximum angular velocity of the 190 rad/s
main rotor

Qo min Minimum angular velocity of the (Qrad/s
main rotor

Greek lower case letters \ ‘

Qpiwall The angle spanned by one pixel 1,22 -103 rad
by the wallcams
Qpix hcam The angle spanned by one pixel 2,31-103 rad
by the helicam
QAiew wall The horizontal width of the view 0,82m
of the cameras at a distance of 1 m
Qview,hcam The horizontal width of the view 0,76 m
of the helicam at a distance of 1 m
[ 1,76 |
Exfcam Position of front camera in earth 0,00 [ m
frame | 0,00 |
[ 0,08 |
iy Position of CM of front plane in 0,01 | m
{B} | 0,06

Continued on next ;;age
Table 3: Table of constants.
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Constant Interpretation Value
[ —0,06 |
Bicrcam Position of helicam in {B} -0,01 [m
| 0,08 |
[ —0,01 ]
Bicrun Position of hubframe origin in {B} -0,01 | m
| -0,11 |
0,04 |
Byemu Position of IMU in {B} 0,01 | m
0,00 |
0,19 |
Bacmrk, Feam Position of the front marker given -0,01 | m
in {B} 0,02 |
7]
Ekmrk,hcam Position of the marker on the 0 |m
floor given in {E} 1,02 |
[ 0,13 ]
Bamrk scam Position of the side marker given -0,04 | m
in body frame | 0,02 |
[ 0,00 ]
Kscam Position of side camera in earth -1,46 | m
frame | 0,00 |
[ 0,47 |
Bth Position of tail fin CM in body 0,00 |m
frame | 0,00 |
[ 0,30 |
BKtp Position of tail plane CM in {B} 0,00 |m
| 0,00 |
[ —0,49 |
By, Position of tail rotor frame in {B} -0,04 | m
| —0,02 |
0,23 |
L Position of to where the wires are 0,00 | m
attached to the helicopter given 0,00 |
the in {B}
Ca Damping ratio of lateral pitch 0,85[]
servo
Cp Damping ratio of longitudinal 0,85[]
pitch servo
Cinr Damping ratio of main rotor 1[]
Cir Damping ratio of tail pitch servo 0,85[]
6o Main rotor collective pitch 0,35rad
Oo,sp Collective pitch of stabilizer bar 0,2rad

Table 3: Table of constants.

Continued on next page
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Constant Interpretation Value

Qtnmax Rate limit of tail pitch servo 10,9 rad/s

OA max Rate limit of lateral pitch servo 10,9 rad/s

Qg,max Rate limit of longitudinal pitch 10,9 rad/s
servo

Ot Main rotor blade twist —0,29 rad

Otrof fset Collective pitch offset of tail rotor 0,28 rad

& feam The angle between horizontal | arctan (%) [rad]
and the origin of {E} seen from '
the front camera

Escam The angle between horizontal | arctan (%ZZ”;Z) [rad]
and the origin of {E} seen from
the side camera

P Density of air 1,29 kg/m?

Géos,IPC Noise variance on the three posi- 0,0025[ m?]
tion measurements from the IPC

aitupc Noise variance on the three atti- 0,01[ rad?]
tude measurements from the IPC

Gicc,IMll Noise variance for the accelera- 1[ m*/s2]
tion measurements.

G%ot,IMu Noise variance for the rotation [0,25 rad*/s5]
measurements.

Ure £ max Input saturation of tail pitch 1,5 rad/s
servo

Ure - min Input saturation of tail pitch —1,5rad/s
servo

Wy A Undamped natural frequency of 200 rad/s
lateral pitch servo

Wn,B Undamped natural frequency of 200 rad/s
longitudinal pitch servo

Wn mr Undamped natural frequency of 5rad/s
main rotor

Wn tr Undamped natural frequency of 200 rad/s
tail pitch servo

Roman capital letters

Agp Area of front plane 0,0791 m?

Ay Area of tail fin 0,0042 m?

App Area of tail plane 0,0042 m?

Ay Area of body in x-axis direction 0,0072 m?

Ay Area of body in y-axis direction 0,0302 m?

A, Area of body in z-axis direction 0,0833 m?

Continued on next page
Table 3: Table of constants.
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Constant Interpretation Value

Cy Drag coefficient for main rotor 0,008 -]
blades

Cipr Drag coefficient for tail rotor 0,008 []
blades

Cs Lift curve slope for main rotor 7,6rad™!
blade

Cis,sb Lift curve slope for stabilizer bar 3rad~!

Cls tr Lift curve slope for tail rotor 2,5rad™!
blade

D, Colour distance between a pixel
and an expected value

Gq Gear ratio between DC motor 11,3[]
and main rotor

Gy Gear ratio between main rotor 2,111
and tail rotor

Iy Inertia of main rotor blade 0,001009 kg - m?

Ipsp Inertia of stabilizer bar 0,000084 kg - m?

Iy Moment of inertia of the body 0,004415 kg - m?
about x-axis

Iy Moment of inertia of the body 0,024916 kg - m?
about y-axis

I, Moment of inertia of the body 0,026528 kg - m?
about z-axis

K4 DC gain of lateral pitch servo 0,43[]

Kp DC gain of longitudinal pitch 0,35[]
servo

K, Bell factor 041[]

ng0 Gain from yaw velocity to gyro —0,67 s/rad
output

K, Hiller factor 0,59[]

Koy DC gain of main rotor 1[]

Ks Spring force constant for main ro- 1,9 Nm/rad
tor blade

Kif Factor compensating for that 0,97 []
only a part of the tail fin is cover-
ing the tail thrust area

Ky, DC gain of tail pitch servo 048]

M Helicopter mass 1,02kg

My Mass of attached wires 0,10 kg/m

R Main rotor radius 0,38 m

R; Inner radius of stabilizer bar 0,04 m

R, Outer radius of stabilizer bar 0,12m

Table 3: Table of constants.

Continued on next page
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Constant Interpretation Value

Ry, Radius of tail rotor 0,09m

Stat max Input saturation of lateral pitch 1[]
servo

Statmin Input saturation of lateral pitch -1[]
servo

Slon,max Input saturation of longitudinal 1[]
pitch servo

Sion,min Input saturation of longitudinal -1[]
pitch servo

Strmax Input saturation of tail pitch 1[]
servo

Strmin Input saturation of tail pitch =1[]
servo

Ts Sampling time 0,005s

Roman lower case letters

b Number of main rotor blades 2[]

by, Number of tail rotor blades 21

c Main rotor blade chord 0,05m

Csh Stabilizer bar chord 0,05m

Cir Tail rotor blade chord 0,03m

dfy Drag coefficient for front plane 1,0[]

dif Drag coefficient for tail fin 1,2[]

dp Drag coefficient for tail plane 0,5[]

dy Longitudinal drag coefficient for 1,0[]
body

dy Lateral drag coefficient for body 1,2[]

d, Vertical drag coefficient for body 1,0[]

e Main rotor hinge offset 0,05m

g Gravitational acceleration 9,82 m/s2

my First mass moment of main rotor 0,0053kg - m
blade

Tk The radius of a marker 1,5cm

T€Sheam h The horizontal video resolution 320
of the helicam (number of pixels)

€Sheam,v The vertical video resolution of 240
the helicam (number of pixels)

1€Supall h The horizontal video resolution 480
of the wallcams (number of pix-
els)

1€Spall v The vertical video resolution of 640
the wallcams (number of pixels)

Continued on next page
Table 3: Table of constants.
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Constant Interpretation Value
Xoff, feam Pixel x-position of the front [pixels]
marker when the helicopter is in
zero position.

Xoff heam Pixel x-position of the floor [pixels]
marker when the helicopter is in
zero position.

Xoffscam Pixel x-position of the side [pixels]
marker when the helicopter is in
zero position.

Yoff, feam Pixel y-position of the front [pixels]
marker when the helicopter is in
zero position.

Yoffheam Pixel y-position of the floor [pixels]
marker when the helicopter is in
zero position.

Yoffscam Pixel y-position of the side [pixels]
marker when the helicopter is in
zero position.

Zfloor The distance from the origin of 1,02m
{E} to the ground level

’ Calligraphed letters ‘ ‘
I Inertia tensor of the helicopter
Q Covariance matrix of the process
noise, w
R Covariance matrix of the mea-
surement noise, v
Table 3: Table of constants.
Acronyms

General acronyms used throughout this report are listed in Table 4]
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Acronym | meaning

CC Control Computer

CG Center of Gravity

CHT Circular Hough Transform
CM Center of Mass

DOF Degrees Of Freedom

EKF Extended Kalman Filter
IMU Islamic Movement of Uzbekistan (or Inertial Measurement Unit)
IPC Image Processing Computer
OS Operating System

PWM Pulse Width Modulation

RC Remote Control

RGB Red, Green, Blue

ROI Region Of Interest

ROO Region Of Operation

Table 4: Table of acronyms.
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INTRODUCTION

Chapter Contents
1.1 Unmanned Aerial Vehicles| . . ... ..................... 3
(1.2 Helicopter Aided Mappingof Crops| . . ... ............... 4
(1.3 Initiating Problem| . . ... ... ... ... .. .. ... .. .. .. .. 4

1.1 Unmanned Aerial Vehicles

An Unmanned Aerial Vehicle (UAV) is some kind of aircraft, which is capable of flying
without an on-board human pilot. It may be operated manually from a ground station,
or it may be autonomous in the sense, that it is capable of fulfilling different tasks without
human interaction, by means of advanced feedback control systems. The latter is what
this project is about.

Research in UAVs has mainly been for military applications, such as surveillance, recon-
naissance or target finding behind enemy lines. An example of one of the less successful
UAV projects is SAGEMS “Sperwer-DK” (“Tarnfalken” in Danish), which is a 300 kg,
propeller-driven airplane, which were meant for providing information about military
targets or movements behind enemy lines. Unfortunetaly, it never left ground, due to me-
chanical and electrical malfunctions [Marfeldt, 2005, p. 12-13]. However, other countries
are using UAV’s in military operations around the globe, and according to the weekly
magazine “ingenieren” [Holm), 2006, p. 22-23] it will become a huge industry in the next
decade. At the moment, Saab Aerosystems have more than a hundred persons develop-
ing their new UAV project: an autonomous helicopter called “Skeldar”. This project is
not only military, it is also possible to use Skeldar for civilian purposes, such as traffic
surveillance or inspection of power lines.

At Georgia Institute of Technology, Atlanta, extensive research is done in different civilian
applications for UAVs. At the moment they are developing a first responder for prelimi-
nary suveys of an area to provide situation overview for policemen, ambulance crew or
fire fighters before they arrive at the scene. The helicopter could for example give fire
tighters valuable information about the fire place, and thereby minimizing the damage
and maybe even save human lives.

The above mentioned applications are only a few examples of what UAVs may be used
for in the future. This UAV project has its base in farming.

Group 1032e 3



Section 1.2: Helicopter Aided Mapping of Crops

1.2 Helicopter Aided Mapping of Crops

Research Centre Foulum, Danish Institute of Agricultural Sciences, is doing extensive
research in efficient and environmentally safe farming. A key part of this research is
intimate knowledge of growth conditions of crops. Today this knowledge is obtained in
a cumbersome and expensive way, using satellite or aircraft imagery or mobile ground
based sensor systems. However, much better research data can be obtained by taking
multispectral images of the field from a helicopter. Because of the manoeuvrability of
the helicopter, it will be possible to take many small images of a field, and combine
them to one big image of the whole field afterwards. In that way, the resolution of the
whole field image can be increased by decreasing the altitude in which the helicopter
is photographing, because this reduces the area covered by each image. The price will
be an increased number of pictures to combine. Furthermore, it is possible to gather the
imagery within a very limited time span and at arbitrary times of the day. This means that
it is possible to gather the imagery of the same field at different times of year (e.g. each
day), while maintaining the same angle of sunlight on each image. Gathering image data
of a field every day throughout a growing season with the same angle of sunlight, will
give very precise data of the crop growth. This application has been named Helicopter
Aided Mapping Of Crops (HAMOC).

1.3 Initiating Problem

The idea of this project is to use a small model helicopter for mapping of crops. This
helicopter must be able to carry out the whole operation from take-off to landing without
human interaction. A ground station connected to the helicopter by a wireless link serves
as a user interface. This means that the procedure for an operation can look like this:

1. The operator calculates the desired time and date of the operation.

2. The operator enters the exact boundaries of the field in GPS co-ordinates, as well
as the desired altitude from which the images are to be taken, into a ground station
computer.

3. The ground station generates photographing locations and a trajectory for the heli-
copter to follow.

4. The operator initiates the operation by turning on the helicopter at the desired time
and date.

5. The ground station connects to the helicopter, and the trajectory information is
uploaded.

6. The helicopter takes off and starts taking pictures.

7. On the ground station the operator must be able to follow the progress of the opera-
tion on-line. For example, the screen can show the whole field and be continuously
updated when images are relayed to the ground station.

8. When done and all the images are transferred to the ground station, the helicopter
lands at the take off point.
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9. The ground station stitch the images together to create one image of the whole field.

10. The operator turns off the helicopter, and can now analyze the entire image saved
by the ground station.

11. For security reasons, it must be possible for the operator at all times to both cancel
the mission using the ground station, and turn off the helicopter.

The final project goal is therefore to obtain a fully autonomous system to gather imagery
of a field. This can be accomplished by dividing the project into several different sub
blocks, which have to be considered.

Hardware implementation on the helicopter: The helicopter has to carry an on-board
computer as well as a camera. Different sensors are needed, e.g. accelerometers, magne-
tometer, gyroscopes, etc. It must also be considered how to ensure stable power supply
to the hardware on the helicopter.

Trajectory generation: When the field boundary is known, the system must be able to
calculate a trajectory of flight, and the positions where to take the images.

Modelling, state estimation and control: In order to make the helicopter follow the
calculated trajectory autonomously with a given precision, some kind of feedback control
will have to be implemented. Due to this, it is necessary to implement different sensors
on the helicopter, to estimate the current state, and to have a model of the helicopter, i.e.
a mathematical description of the input-output relations and cross-couplings.

Position determination: It is necessary to know the absolute position of the helicopter
relative to earth, as the helicopter must be able to follow the given trajectory. Furthermore,
the helicopter has to take images from certain calculated points above the field. A GPS
may be used for this purpose.

Image processing: To get one high resolution image of the whole field as wanted, it is
necessary to splice all the small images, taken by the helicopter. This may be done off-line,
when the helicopter has gathered all imagery of the field.

Ground station: The ground station will function as the user interface to the system,
enabling the user to set up and start the image gathering. It also gives the user information
about the status of the helicopter during operation.

Communication: The ground station must be able to communicate both ways. Before
take-off, data must be uploaded to the on-board computer, and while flying the user
must be able to follow the behaviour of the helicopter and to switch to manual control, if
necessary (e.g. for safety reasons).

This project will be the first phase of reaching a fully operational HAMOC system. Not
all the mentioned tasks will be considered in this report. The next chapter elaborates on
the specific framework for this master project.
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In this chapter, the framework of this master project is established. Some former
helicopter projects at Aalborg University are presented in order to determine
the starting point for the HAMOC project. Then the goal and limitation of
this specific project is defined and some specific objectives are outlined.
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Section 2.1: UAVs at Aalborg University

2.1 UAVs at Aalborg University

In the previous two years, research and study projects in developing autonomous he-
licopters has been ongoing at the Department of Electronic Systems, Automation and
Control. The helicopter acquired for the present project is the third.

The first helicopter, a Futura SE Model (Figure was used in 2004/2005 for two master
projects. One project [Mustafic et al.,[2005] modelled the helicopter using first principles
modelling techniques. The model was never verified in test flight, but a non-linear
controller (feedback linearization) was implemented in simulation. It showed impossible
to stabilize the model with this controller structure. The other project [Jensen and Nielsen,
was focusing mainly on robust control, developing two different types of controllers
and comparing their performance and robustness. This project succeeded in stabilizing
the helicopter in hover simulation.

Figure 2.1: The Futura SE helicopter. (Photo: Anders la Cour-Harbo)

In 2005 the Futura SE Model was replaced by a Bergen Industrial Twin Model (Figure
R2.2). This helicopter was used in an 8th semester project in the spring 2005, which led to
two master projects in 2005/2006. The intention with the master projects was to develop
a UAV for participation in the International Aerial Robotics Competition in Georgia,
summer 2006 (IARCO06). One project [Hald et al.|, 2006] focused on modelling and control.
Again, a first-principles modelling technique was used, and the model was implemented
fully in C and linearized in hover equilibrium. The controller was able to stabilize the
model in a close range around hover, but only in a simulation environment. The controller
was not implemented and tested on the Bergen helicopter.

The aim of the other master project [Holmgaard et al, 2006] was implementation of the
hardware and software platform, as well as developing the navigation system for the
UAV. The hardware and software platform was tested in test flights, and it showed fully
operational. An optimal flight path was calculated on the basis of a map of the IARC
area, and using GPS the navigation system was able to follow this path.

As there were still a lot of work to do before the UAV is operational, the Bergen helicopter
did not enroll in IARC this time. However, the work was not in vain, as parts of it is
utilized in an ongoing Ph.D. project. Since 2004 Ph.D.-student Morten Bisgaard has been
working with modelling and controlling a helicopter with a slung load 2005]).
The application in his project is mine detection, using a UAV with a mine detection device
hanging underneath the helicopter, and thereby minimizing the risc of mines detonating
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Figure 2.2: The Bergen Industrial Twin helicopter (Photo: Troels Lund).

under operation. During this project, the model for the Bergen helicopter has been
further developed and implemented in the simulation environment, using S-functions in
Simulink supported by 3D-graphics using irrlicht. Furthermore, a camera is mounted on
the helicopter with the lens pointing vertically down. This is used for position detection
of the slung load.

Besides from these projects directly involving the helicopters, there are a number of
projects, which have concerned different aspects of UAV theory and practice, concurrently.
The communication protocol between the UAV and a ground station is one example.
Furthermore, there has been projects dealing with other kinds of UAVs, e.g. autonomous
airplanes and a so called “Four Rotor Dragan Flyer”.

2.2 Foundation for this Project

It is apparent, that there is a solid foundation in UAV research at the department, which
can be utilized in this project. This foundation comprises the following aspects:

- Modelling: a model for the Bergen helicopter is designed and implemented in
Simulink using S-functions. This model will be a basis for the helicopter model
used in this project [Bisgaard) 2005], [Hald et al., 2006].

- Simulation environment: a popup window visualizes the helicopter in 3 dimen-
sions, when running a simulation in Simulink. This is useful when the controllers
are tested, not for documenting the test, but to get a visual idea of how the helicopter
behaves [Bisgaard), 2005].

- Hardware: even though the hardware setup on the helicopter in this project is not
the same as on the Bergen helicopter platform, there will be similarities which can
be re-used, and a lot of experience about what not to do.

- Sensors: knowledge of the different types of sensors will be valuable in this project.
The implemented sensors on the Bergen helicopter are: an IMU, a magnetometer
and a GPS.

- Image processing: the algorithm used for slung load detection in Bisgaard| [2005]
can serve as a basis for position detection of the helicopter in this project.
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- Trajectory generation: the navigation system on the Bergen helicopter may be reused
for calculating an optimal flight path for the helicopter in this project.

Last, the fact that extensive work with UAVs has been conducted in the previous years at
Dept. of Electronic Systems has provided valuable practical knowledge and knowhow. A
disadvantage with the two first helicopters, were that they could not be tested in the lab.
Due to the size of the new electric helicopter, this has become possible, and it significantly
decreases the time needed for testing. Despite this fact, it is not possible for two persons
to complete all the tasks mentioned in the initiating problem in nine months. To keep
the project manageable, it is necessary to omit different parts of the project in favour of
others.

2.3 Project Delimitation

Figure 2.3: The Corona-LMH 120 electric helicopter (Photo: Lars Horn).

For the purpose of this project a Corona 120 electric model helicopter from LiteMachines
has been bought (Figure2.3)). The final goal is formulated as follows:

The purpose of this project is to make a small-scale electric helicopter capable of hovering au-
tonomously in the laboratory.

This goal will be a major achievement on the way to a fully operational HAMOC, due to
the fact that a helicopter is a highly complex (non-linear) system, which has an unstable
equilibrium point in hover. Using a small lightweight helicopter with fast dynamics does
not make the task easier. It is therefore also decided not to spend time implementing
an on-board computer and power supply on the helicopter. An external computer and
power supply will be used, meaning that external cables will actually have to be con-
nected to the helicopter, when active. This procedure will also make it easy to test new
software. Further, when a fully operational system is obtained, the software should be
easily portable to an on-board computer.

2.4 Objectives

To fulfil the goal, a number of tasks must be accomplished. These tasks have been grouped
in four different objectives, listed below. It has been given high priority to develop all
systems instead of producing exhaustive solutions to each system.
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Objective 1: Hardware Implementation The hardware platform for the system must
be designed and implemented so that the helicopter is fully operational. This objective
includes the following tasks:

1.1 Consider hardware system structure.

1.2 Sensor selection and implementation.

1.3 Implement actuator controlling devices.

1.4 Set up system computers.

1.5 Choose and design interfaces between hardware parts.
1.6 Provide proper power supply for the whole system.

Objective 2: Modelling A model for the Corona 120 helicopter must be developed. To
do this, the existing model for the Bergen Twin is used as basis. This leaves three tasks to
be done:

2.1 Adapt the existing model to the Corona 120. The main difference from the Bergen
model is that the rotor rotates the opposite way.

2.2 Verify the model. Tests will be carried out to show that the obtained model is
applicable for the Corona 120.

2.3 Measure or estimate the parameters for the Corona 120. Directly measurable
quantities such as masses and lengths will be measured using appropriate instru-
ments, and all other parameters are calculated or estimated, based on some test
setup.

Objective 3: State Estimation To be able to control the helicopter, it is necessary to
estimate the states. Instead of using GPS as a position sensor, the position and attitude
is estimated by means of image processing of the imagery from webcameras filming the
helicopter. By tracking markers on the helicopter from two different and known points
in space, it should be possible to determine the position and attitude of the helicopter (as
each camera has a two dimensional image as output). The HAMOC application has a
camera mounted on the helicopter, pointing downwards for taking images of the crops.
In this project the helicopter camera will be dedicated for increasing the accuracy of the
position and attitude output. This objective includes the following tasks:

3.1 Design markers to mount on the helicopter and the floor.

3.2 Develop image processing software to track the markers.

3.3 Combine the redundant information from three cameras to one position and
attitude estimate.

3.4 Combine this estimate with IMU information to obtain a state estimate.

Objective 4: Control Design and Implementation A controller has to be developed
for hover. With this controller implemented, the helicopter must remain steady in hover,
suppressing model errors and disturbances. The tasks of this objective are:
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4.1
4.2
4.3
4.4

Investigate different controllers and design a feasible controller for hover.
Implement and test the controller on the model in the simulation environment.

Test the controller on the real helicopter.
Investigate and design advanced controllers.

12
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Chapter Contents
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In this chapter all the concepts used in this report are introduced. Basically the
same definitions, concepts and notation as in [Hald et al.L 2006 are used.
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3.1 Typographic Conventions

Symbol Rule Example
Scalar Upper- or lowercase, italic a, A
Frame denotation in text Uppercase, italic, in curly brackets | {A}
Vector Upper- or lowercase, bold v, F
Vector in frame {A} The frame designation as super- Ay
script before the vector
Matrix Uppercase, calligraphed M
Rotation matrix from {A} to {B} A as subscript and B as superscript | Bg
before the matrix A

Table 3.1: Table of typographic standards.

For more intuitive readability of figures, torque vectors are drawn as the direction of the
resulting force around a point, instead of the torque vector itself (see Figure[3.1).

Croe

Figure 3.1: The left arrow arc illustrates how the right torque vector T (pointing into the paper) is illustrated
in figures.

3.2 Helicopter Concepts

In the following subsections different general terms and concepts will be introduced.

3.2.1 Frame Definitions

Four different frames are used to describe the model of the helicopter. All frames are
defined using a right-hand three dimensional Cartesian co-ordinate system. Figure
and Figure 3.3[show all the frames described in this section.

Figure 3.2: The earth frame is aligned with the center axes of the frontcam and sidecam.
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Figure 3.3: The frames attached to the helicopter are the body frame, the hub frame and the tail rotor frame.

The Earth Frame {E} is used as reference when describing the position of the helicopter.
The originislocated in the point where the two center axes of the frontcam and sidecam are
intersecting. This point is where the CM of the helicopter is supposed to be located when
hovering. The Ex-axis is coinciding with the center axis of the frontcam, and pointing
towards the camera. The Fy-axis is coinciding with the center axis of the sidecam and
pointing away from the camera. The Fz-axis is pointing downwards. The ground is
assumed to be perfectly level and horizontal within the range of the helicopter.

The Body Frame {B} has its origin in the CM of the helicopter, and follows the fuselage
(the body) of the helicopter. When the helicopter is standing on level ground, the Bx-axis
is horizontal and parallel with the metal frame/plate dividing the helicopter in a left and a
right side. It is pointing towards the front of the helicopter. The By-axis is horizontal and
pointing towards the right-hand side of the helicopter. The z-axis is pointing downwards.
The position of the helicopter is given as the body frame origin position in the earth frame,
and the attitude of the helicopter is given as the rotation of the body frame relative to the
earth frame in 3-2-1 euler angles. Notice that when the helicopter is hovering steady, the
position of the helicopter should be EZover = [0 0 0]7, and the axes of {B} and {E} will
point in approximately the same direction, @y, ~ [0 0 0]7. The exact position of the
helicopter where {B} and {E} are coinciding, will be denoted as the zero position.

The Hub Frame {H} is used to describe the main rotor blade motion. It is oriented
as the body frame, and it has origin in the main rotor rotation shaft, and in a height
corresponding to where the blades are mounted in the hinge.
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Tail Rotor Frame {T} is used to describe the tail rotor blade motion. It is oriented as the
body frame and has its origin in the center of the tail rotor rotation.

Lateral Plane is a plane parallel to the 8yPz-plane.
Longitudinal Plane is a plane parallel to the BxBz-plane.

3.2.2 Attitude Definitions

Roll

Figure 3.4: Definition of roll, pitch and yaw directions.

Roll describes the angular motion about the Bx-axis. Positive roll motion is a clockwise
rotation when the helicopter is seen from the rear. A roll denotes an angle, and a roll
motion denotes an angular velocity.

Pitch is the angular motion about the By-axis. Positive pitch is a clockwise rotation
when the helicopter is seen from the left. A pitch denotes an angle, and a pitch motion
denotes an angular velocity.

Yaw is the angular motion about the ®z-axis. Positive yaw is a clockwise rotation when
the helicopter is seen from above. A yaw denotes an angle, and a yaw motion denotes an
angular velocity.

3.2.3 Actuator Terms

A helicopter is controlled by means of four different input, three input to control the main
rotor and one to control the tail rotor. On a remote controlled model helicopter, these
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input are actuated through servo motors and DC motors.

Rotor Velocity Normally a helicopter has a fixed angular velocity of the main and
tail rotor. A speed controller (called a governor) is taking care of maintaining this fixed
angular velocity and suppressing disturbances like aerodynamic drag on the rotor blades.
On some small scale model helicopters, there is no governor, and the angular velocity is
used to control the lift thrust from the main rotor directly. This is the case in this project,
where the angular velocity is called W. The main rotor is powered by a DC motor.

Collective pitch On a helicopter, lift thrust is normally controlled by pitching all the
main rotor blades equally. This is called collective pitch. However, some small scale
helicopters has fixed collective pitch, and then the lift thrust is controlled by the angular
velocity of the main rotor. This is the case in this project.

Cyclic pitch The lift thrust vector can be tilted, such that it is not parallel with the main
rotor shaft axis. This is done by making the pitch of the main rotor blades depend on the
angular position of the blade, W. This is called cyclic pitch, as the rotor blade pitch is a
periodic function of the position of the blade with a 27 cycle. Two input are necessary
to control cyclic pitch, namely lateral pitch and longitudinal pitch. By combining these
two input it is possible to tilt the lift thrust vector towards any direction. The actuators
controlling cyclic pitch are servo motors.

Lateral pitch is the pitch of the main rotor blades making the helicopter perform a roll
motion. Due to a 90° phase lag, the extremum of the lateral pitch angle is actually where
the blade is parallel to the Bx-axis.

Longitudinal pitch is the pitch of the main rotor blades making the helicopter fly
forwards or backwards. Due to a 90° phase lag, the extremum of the longitudinal pitch
angle is actually where the blade is parallel to the By-axis.

Tail Pitch The tail rotor thrust is controlled by applying collective pitch to the tail rotor.
A servo motor similar to the cyclic pitch actuators is controlling the tail pitch.

3.2.4 Main Rotor Terms

Some of the important terms regarding the rotor hub is explained in this section.

Blade position is called W. For W = Orad the blade is parallel to the Bx-axis and
pointing towards the tail of the helicopter. The angular position increases when the blade
is rotating clockwise as seen from above. The Corona 120 has a counterclockwise main
rotor direction, so W is negative, as illustrated in Figure
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e

Figure 3.5: Definition of main rotor blade position.

Flapping angle The main rotor blades does not only perform a rotation around the hub.
They also bend up and down depending on the angular velocity and the pitch of the
blade. This motion is called flapping, and it occurs because the rotor blades are not totally
rigid. The flapping motion is very important to describe, as it is because of the flapping
that the pilot is able to control the helicopter. However, the true flapping is to complex to
describe mathematically, so it is simplified to variable, 8, which is the angle in a virtual
hinge on the blade, and the blade is modelled as stiff (rigid). The virtual hinge has a
spring force constant, Ks, such that g has a stable equilibrium in Orad. The simplified
principle is illustrated in Figure

Virtual
hinge B

Main rotor
axis

Figure 3.6: The definition of the flapping angle p. The rotor blade is modelled having a virtual hinge with
a spring constant. This hinge is located at distance e from the hub.

Coning When a main rotor blade rotates a full revolution in hover, the area that it
sweeps is shaped like a cone, as illustrated in Figure This is due to the flapping of the
blade, and because gravity is pulling down in the helicopter.
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Figure 3.7: Due to flapping the area swept by a rotating main rotor blade is not necessarily flat. Taking the
virtual flapping hinge into considerations, the area may be shaped as a cone.

Hub Plane (HB) is the plane perpendicular to the main rotor shaft axis and positioned
where the rotor blades are attached to the shaft.

Tip Path Plane (TPP) is defined as the plane spanned by the tips of the blades when
they rotate, and it is also the plane having the lift thrust vector as normal. When there is
no flapping, the TPP is coinciding with HP.

Swash plate The swash plate is the mechanism which transfers the collective and cyclic
pitch input from the actuators to the main rotor blades. It consists of a non-rotating plate
attached to the body of the helicopter, and a rotating plate attached to main rotor hub. The
two plates are connected to each other through a ball bearing, such that they are always
parallel. When tilting the non-rotating plate by applying cyclic pitch, the rotating plate
will tilt the same angle, and the cyclic pitch input is then transferred to the rotor blades.

See Figure 3.8

Figure 3.8: The swash plate on the Corona 120.
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Stabilizer bar The smaller a helicopter is, the faster the dynamics of the helicopter
motion becomes. On most small scale helicopters, it is necessary to slow down the
dynamics, since it is too fast for the pilot to control. This is done by means of a stabilizer
bar, see Figure 3.9 Through the mechanical construction, the stabilizer bar provides
some fraction of the cyclic pitch to the main rotor blades. This contribution depends on
the flapping of the stabilizer bar. Due to the inertia in the stabilizer bar, it works like a
negative feedback system, thus counteracting the fast dynamics of the main rotor.

Figure 3.9: The stabilizer bar on the Corona 120.

Bell/Hiller gain The fraction of cyclic pitch provided by the swash plate directly is
called the Bell gain, and the fraction provided by the stabilizer bar is called the Hiller
gain. The Bell/Hiller gain depends on the mechanical construction of the hub. Figure
shows a blockdiagram of the Bell/Hiller gain concepts.

3.2.5 Hub Angle Definitions

Figure shows the hub and the different angles related to this. All angles are defined
with respect to the body frame, and they are following the right-hand rule. In Table
the angles are described further.

Variable | Plane Angle definition Direction

Aq Lateral Swash plate From swash plate to a line perpen-
dicular to the rotor shaft axis

By Longitudinal | Swash plate From swash plate to a line perpen-
dicular to the rotor shaft axis

am Longitudinal | Blade flapping From hub plane to tip path plane

by Lateral Blade flapping From hub plane to tip path plane

a1 s Longitudinal | Stabilizer bar flapping | From hub plane to tip path plane

b1 sb Lateral Stabilizer bar flapping | From hub plane to tip path plane

Table 3.2: Definitions of angles related to the hub (see Figure .
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Swash Plate Position

i Al; Bl
Stablllzer' Bar Bell Gain
Dynamics
Hiller Gain

Main Rotor Dynamics

#

a, by

Figure 3.10: Blockdiagram showing how the main rotor blade pitch is a combination of the direct input
from the swash plate, and the flapping of the stabilizer bar. A1, B1, a1 and by are defined in the next section.

_~-TPP

HP

AT o

(a) The helidopter seen from the rear end. Note (b) The helicopter seen from the left-hand side.
that in this position A; is negative due to the Note that in this position a; and a4, 4 is negative
orientation of the arrow. due to the orientation of the arrows.

Figure 3.11: Illustration of hub angle directions. See Table or explanation of variables.
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3.2.6 Cyclic Input Effects

Table shows how the helicopter reacts to different cyclic input. The first column is
the cyclic input, S and S,,. Second column shows the swash plate angles, A1 and Bj.
Third column shows at what position the main rotor pitch angle, 0, reaches its maximum
value. Fourth column shows at what position the flapping angle,  is maximum. Note
that § is always maximum 90° after the pitch angle was maximum. Fifth column relates
the two flapping angle variables, a; and by, to the input. Sixth column gives the resulting
attitude motion, and the last column gives the resulting translatory velocity.

Cyclic Swash O p Flapping Attitude Translatory
input plate angle max at max at motion motion
S >0 A1 >0 b1 <0
V=0 W=270°
Slon:O Bl=0 0 0 El1:0
Slut<0 A1<0 b1>0
W =180° W =90°
Slon =0 B1=0 80 . a1 =0
St =0 A1=0 b1 =0

Bhp<0 By <0

B >0 By>o0

— o — N° B B
Sty > 0 B, >0 W =90 ¥=0 a1 <0 0<0 x>0
Slafzo A]:0 _ ° _ o b]:() BA B.
Sy < 0 B, <0 W =270° W =180 a1 >0 0>0 x<0

Table 3.3: Table of various effects, due to certain cyclic input.

22 Aalborg University 2006/2007



HARDWARE

Chapter Contents
[4.1 SystemOVerview|. . . . . . o v v vt it ittt e e 24
[4.2 CameraSetup|. .. ... ...ttt e e 25
(4.3 The Helicopter] . . ... .. ... ... 27
4.3.1 Servoboardl .. .............. ... . L. 29
4.3.2 Inertial Measurement Unifl . . ... .. . . . .. ... ... .... 30
4.3.3 Hardware Implementation on the Helicopter{ . . . . . . ... ... 31
[44 PowerSupply|. .. ... ... e e 34
[4.5 ComputerSetup| . ... ... ... . .. e 35
#.5.1 Image Processing Computer (IPC)[ . . . . ... ... ...... ... 36
4.5.2  Control Computer (CC)| . . . ... ... .. ... ... ....... 36
4.6 Partial Conclusion] . . . .. .. ... ...t 36

In this chapter the overall hardware setup is described. The chapter begins
with an overview of the whole system, after which a detailed explanation of
each block, and their interfaces is given.
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4.1 System Overview

External cameras
Front Cam
Image Processing
Computer (IPC)
Side Cam
Helicopter >
» Image Processing
Heli Cam >
MU
Y
Sensor Fusion /
Actuators State Estimation
y
Servoboard < Controller
y
Receiver
v Control Computer (CC)
J
Remote Control

Figure 4.1: An overview of the whole system.

It is chosen to divide the system in four main blocks:

The helicopter with sensor and actuator hardware implemented: inertial measure-
ment unit (IMU), on-board helicopter camera (helicam) and servoboard.

The two external cameras.

- The image processing computer (IPC).

The control computer (CC).

Figure shows these four blocks, and how they are interconnected. It is chosen to
exclude the remote control from the main system, as it is not a part of the feedback loop,
when the helicopter is flying autonomously. However, it is necessary when controlling
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the helicopter manually. The switch between manual and autonomous flight is controlled
by a switch on the remote control, as depicted on Figure

Autonomous system

. N

Remote Control signals
control

Select signal

Figure 4.2: A schematic of how the remote control is used to switch between manual and autonomous flight.

4.2 Camera Setup

Position determination of the helicopter is enabled by the use of three cameras. One
camera is mounted on the helicopter - this is called the helicam (denoted as (-)pcm in
equations). Two external cameras are mounted perpendicular to each other, as shown
in Figure These are called frontcam and sidecam (denoted as ()pum and (-)scam in
equations, respectively). The main reason for choosing this type of position sensor, is
that it does not require any hardware considerations at all, we just have to attach the
helicam to the helicopter, the frontcam and sidecam to the wall, and then place markers
on the helicopter and the floor. Furthermore, the algorithm tracking the markers has
been developed, and should be feasible for this application with only a little adaptation.
In addition, the accuracy of the measured position is expected to be high, compared to
the simplicity and price of the camera setup. Figure 4.4/ shows the lab, with the cameras
mounted on the wall.
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Front Cam

Heli Cam

Figure 4.3: The camera setup. The two external cameras (front- and sidecam) are pointing in directions
perpendicular to each other. The camera mounted on the helicopter is pointing in the Bz direction. The
directions of the three cameras are then perpendicular to each other, when the helicopter is hovering in the
zero position.

Figure 4.4: The lab where the flight tests take place. The computers controlling the helicopter is seen in the
right side. The pilot is placed to the left, such that the helicopter has the rear end towards him. The frontcam
is mounted on the wall in front of the helicopter, and the sidecam is mounted on the wall below the window.

The helicam is pointing in the direction of the 5z-axis, such that it is filming vertically
downwards when the helicopter is in hover. The two external cameras are placed perpen-
dicular to each other, and pointing horizontally towards a centerspot, where the origin
of the body frame is supposed to be situated in hover. That is, when the helicopter is in
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steady hover, the three cameras will be pointing in directions perpendicular to each other,
and the two external cameras will have the helicopter in view. In this position, {E} and
{B} will be coinciding, and the helicopter is in zero position. In {E}, the position of the
frontcam and sidecam are as follows:

Frontcam:

Frpn=[ 176 0 0] [m]

Sidecam:

Fkwan = 0 ~146 0] [m]

The helicam position is given in the body frame:
B T
Kpoam = | 0,08 -0,01 0,06 | [m]

The floor level is a plane parallel to the ExEy-plane in £z = 102cm. This value will be
denoted as z oo,

All the cameras are conventional USB web-cams, recording compressed video with a
frame rate up to 30 frames pr. second. The frontcam and sidecam are a Philips SPC900,
having a resolution of 640 x 480 pixels, and the helicam is a Philips SPC610NC, having a
resolution of 320 x 240 pixels.

The intention with this setup is to provide sensor information of both the helicopters
absolute position as well as it’s attitude. This information can then be fusioned with
the data from the IMU to gain a higher accuracy on the measurements. This is done by
placing markers on the helicopter and the ground beneath it, and then by means of image
processing determine the position of these marks.

4.3 The Helicopter

The acquired helicopter is a Corona 120 electric powered model helicopter from LiteMa-
chines. Figure 4.5|shows an image of the out-of-the-box assembled helicopter.

Figure 4.5: The Corona 120 model helicopter.
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Helicopter
Controller for .
. Main rotor
» main rotor DC- >
DC-motor
motor
Gyro for Tail rotor
tail rotor pitch "~ pitch servo
Remote .
» Receiver
control

Main rotor servo
lateral pitch

Main rotor servo
| Longitudinal pitch

Figure 4.6: Block diagram of the helicopter.

Figure shows a blockdiagram of the electronical parts of the helicopter. It has 4
actuators:

- A DC-motor for the main rotor.

A servo for the longitudinal pitch of the main rotor.

A servo for the lateral pitch of the main rotor.

A servo for the collective pitch of the tail rotor.

In manual flight, these actuators are controlled by the receiver on the helicopter, which
again is controlled by the remote control. The left joystick longitudinal motion controls
main rotor angular velocity, and the lateral motion controls the tail rotor pitch. The
right joystick longitudinal motion controls longitudinal pitch of the main rotor, and the
lateral motion controls lateral pitch of the main rotor. This is an underactuated system
controlling the six degrees of freedom (6-DOF) motion of the helicopter, as seen on Figure
4.7

In between the main rotor DC-motor and the receiver, a controller is taking care of
converting the PWM signal from the receiver to a control signal for the motor. Further,
the controller acts as a 5 V voltage regulator for power supply to the rest of the system.
Due to the fast dynamics of the yaw motion of the helicopter, a one axis gyro is imple-
mented by the manufacturer on the helicopter to control the tail rotor pitch. In that way,
the pilot controls the yaw rate, rather than the pitch directly.

The power supply for the helicopter is a battery pack, which can only last for a few
minutes. For the use in this project, it has been replaced with an external power supply
as written in the delimitation in Section [2.3|on page Besides from the longer lasting
power, it also reduces the weight of the helicopter significantly and makes room for
attaching the necessary hardware to the helicopter frame. The outer jacket of the two
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Main rotor o Helicopter
angular velocity "] vertical velocity
Helicopter
i lateral velocity
Main rotor
lateral pitch ]
Helicopter
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Helicopter
longitudinal veloci
Main rotor £ Y
longitudinal pitch .
Helicopter
pitch velocity
Tail rotor o Helicopter
pitch o yaw velocity

Figure 4.7: Diagram showing how the actuators are affecting the velocity and attitude of the helicopter.
Cross couplings are not shown.

power cables are made of soft silicone to keep them flexible, and thereby minimizing the
disturbance when flying.

4.3.1 Servoboard

In order to make the helicopter fly autonomously it is necessary to alter the system,
such that a computer can control the actuators. For this purpose a servoboard has been
designed. A block diagram of this is depicted in Figure

Servoboard
Select input v
Relay
. \ 4
Servo input —9» \ N A
\—» PWM output
Serial input > Pololu Board \\ 4
: < \4
Serial output PIC processor & \

Figure 4.8: Block diagram of the servoboard.

The servoboard takes a serial input and converts it to PWM output signals for the three
servo motors and the main motor controller. This is done by the Pololu Micro Serial Servo
Controller [Pololu, 2005] acquired from Pololu Robotics and Electronics. Furthermore, a
PIC-processor is doing the reverse processing - converting the PWM output signals to a
serial signal, which is transmitted back to the computer. This serial signal can be used to
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read the output of the servoboard, regardless of whether the helicopter is in manual og
autonomous mode. This is useful when testing the system.

The switching from manual to autonomous flight is taken care of by a relay connected to a
select input on the receiver. This input is controlled by a switch on the remote control. The
switch is chosen to be one of the spring loaded buttons, such that the pilot must actively
press and hold the button during autonomous flight. When the button is released, the
helicopter is controlled manually again.

A schematic diagram of the print layout of the servoboard can be found at [CD-ROM,
2007, literature/hardware/servoboard_diagram], and the serial protocol is defined in
[CD-ROM, 2007, 1iterature/hardware/servoboard_protocol].

4.3.2 Inertial Measurement Unit

The inertial measurement unit (IMU) is acquired from O-Navi, and is of type Falcon/MX,
see [CD-ROM, 2007, literature/hardware/datasheet_IMU.pdf] and [CD-ROM, 2007,
literature/hardware/falcon_imu_guide.pdf]. Animage of the board is shown in Fig-
ure[4.9] It measures linear acceleration in all three directions in the range from —2g to +2g,
where g is the gravitional acceleration (9,82 /s?), and it measures angular velocity about
all three axes in the range from —150°/s to +150°/s (=~ —2,6 /s to 2,6 ad/s). Notice that
the IMU also measures the gravitational acceleration, i.e. if the z-axis of the accelerometer
is aligned with £z, and the IMU is not accelerating relative to the earth frame, the output
of the IMU will be —1g. This can be regarded as an offset, such that vertically, the range
is —1g to +3g, with downwards as positive direction.

B
J :
B %
Z
< B
X

Figure 4.10: The directions of linear accel-
erations and angular velocities of the IMUL
The body frame axes is shown as well.

oy

Figure 4.9: The IMU board.

Figure shows the directions of the linear accelerations and angular velocities of the
IMU, relative to the board. A C program is implemented to convert the serial data from
the IMU to six scalar values of linear accelerations and angular velocities, relative to the
body frame of the helicopter. Due to the orientation of the IMU when it is attached to the
helicopter, it is necessary to rotate the output by multiplying by the following rotation
matrix, in order to align the accelerations with the body frame axes:

0 -1 0
wmgR=10 0 -1 : (4.1)
1 0 0
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As the IMU co-ordinate origin is not coincident with the CM of the helicopter, it is
necessary to compensate for the offset distances. These are given in the body frame:

P =[0 2 0] [em] . (4.2)

When using the IMU, problems with the acceleration data has occured. When the main
rotor is rotating, vibrations make the output saturate. This is illustrated in Figure .11}
where the three acceleration output signals of the IMU is plotted together with the main
rotor angular velocity. During the whole test, the helicopter does not leave the ground
(this will first happen at a main rotor velocity of around 140rad/s). It can be seen that
both the i/ and the Z measurements becomes erroneous, when the rotor is started up. It is
assumed that this is because of too large vibrations, since the angular velocity data still is
valid, though very noisy. This problem can be solved by switching it with another IMU,
which has a wider measuring range. A +10g¢ IMU has been ordered for this purpose, but
has unfortunately not arrived yet.

2 120
0 100
=
T -2 802
c o
2 -4 608
o 3
3 -6 408
© <
2 -8 203
- S )
-10 Z 140
0 i
mr P
-12 " " : -20
0 5 10 15 20

Time [s]

Figure 4.11: The IMU saturates because of vibrations at a main rotor velocity of around 60ad/s, which is
less than the half the velocity needed to take off.

4.3.3 Hardware Implementation on the Helicopter

The servoboard, the IMU and the helicam is mounted on a single aluminium plate, which
again is mounted on the helicopter. This makes it easy to disassemble the system in order
to revert to the original manual controlled helicopter. Figure shows a block diagram
after the implementation of the hardware.
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Helicopter
o o Controller for . | Main rotor
main rotor DC-motor DC-motor
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o tail rotor pitch | pitch servo
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L . | Main rotor servo
Servoboard lateral pitch
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\—b Select
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- Out
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Figure 4.12: The physical system including the servoboard. The power supply is not included in this
diagram.

As it shows, it is necessary to connect the helicopter and a computer by a number of
cables:

- The servoboard has a serial interface; receive, transmit and a ground.
- The IMU also has a serial interface, but only transmit and ground.

- The helicam uses a standard USB connection, with four wires: data in, data out,
+5V and ground. Furthermore, these four wires are shielded, which is the reason
why the camera are powered from the USB connection and not from the main power
cable.

Further two main power cables, +12V and ground, are connected.
The following images (Figure[d.13]to Figure[#.21) show how the hardware is implemented
on the helicopter.
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Figure 4.13: The aluminium plate. It has a thickness Figure 4.14: The IMU mounted on the alu plate.
of 1 mm.

Figure 4.15: The servoboard mounted on the alu-  Figure 4.16: The helicam mounted underneath the
plate together with the IMU. alu plate.

Figure 4.17: The helicopter frame before mounting  Figure 4.18: The alu plate mounted on the right-
the alu plate. hand side of the helicopter frame.
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Figure 4.19: The helicam mounted underneath the — Figure 4.20: The connectors for the helicopter placed

helicopter frame. in the front of the frame. The green plug is the main
power supply. The black round plug is for the IMU,
and the RJ-45 plug is for the servoboard.

Figure 4.21: The helicopter with all hardware implemented.

4.4 Power Supply

The power supply for the helicopter is an external 12 V battery. From this battery, all the
components on the helicopter are supplied, except the helicam, which is powered directly
through the USB wire. However, due to the fact that the servo motors are consuming a
lot of current (periodic 50 Hz peaks), it has been necessary to split the power supply in
two separate circuits on the helicopter. This is done by inserting a +5V voltage regulator
(LM7805), which ensures that the servoboard and gyro voltage does not drop critically,
when the servos are drawing a lot of current.

The PWM signal from the receiver is only +3 V even though the receiver has a 5V voltage
supply. Noise causes this signal to vary with more than +0,5V, so to avoid problems with
the CMOS levels a comparator is implemented between the receiver and the servoboard.
This ensures that the signals received by the servoboard does not drop below the triggering
level.
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Figure shows a diagram of the power supply for the helicopter.

A

12V
I
Controller Voltage
Regulator
+5V +5V
Control Servoboard
Signal (excl. Select)
Main Gyro
DC Motor
Servos
IMU
Select
Circuit
Receiver

Figure 4.22: The power supply for the helicopter.

4.5 Computer Setup

Two computers are used for controlling the helicopter: a Control Computer (CC) and an
image processing computer (IPC). The CCis a Linux computer running MATLAB SIMULINK,
and the IPC is running Windows XP and MarLas SimuLiNk. The image processing is
running seperately in order to save processing power for the CC. The reason for choosing
Windows as operating system for the IPC, is that the provided drivers for the cameras
are designed for Windows, and the cameras are not supported by Linux.
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4.5.1 Image Processing Computer (IPC)

The three USB cameras are all connected to the IPC. In Simulink, the imagery from the
cameras can be grabbed, by the use of a video input block. This block returns the imagery
in RGB-form, i.e. for each frame a 640 x 480 matrix for each colour, red, green and blue.
The image processing can then be implemented in C using S-functions in Simulink. The
output should be an absolute position of the helicopter in three dimensions as well as it’s
attitude. The computer transmits this data to the CC over a serial connection.

4.5.2 Control Computer (CC)

Besides receiving telemetry data from the IPC, the CC receives data from the helicopter
over two serial lines: one from the IMU and one from the servoboard. It transmits the
control signals to the helicopter through a third serial line.

The IMU data and the image processing data is fusioned, in order to obtain higher accuracy
on the telemetry of the helicopter. As the input from the IMU is linear acceleration and the
input from the IPC is absolute position, it will be possible to estimate position, velocity
and acceleration seperately through this sensor fusion block.

The software on the CC is mainly implemented in S-functions for MaTLAB and SIMULINK.
By doing this, most of the code will be written in C or C++, and will therefore be easily
portable when later implementing the whole system on an on-board computer.

4.6 Partial Conclusion

The hardware platform described in this chapter has been a quite large part of the project,
and considerably amounts of time has been spent, doing error detection and correction.
The problems encountered was mostly electrical, but also a single mechanical flaw with
the tail rotor gears was solved. Some of the electrical problems included:

- the helicam, which was initially dismantled in order to reduce weight and to attach
the webcam PCB directly to the frame of the helicopter. The cable was very weak
in the soldering on the PCB, and it did not withstand the vibrations when flying.
Eventually, we shifted the camera with a new one, which was not dismantled.

- the gyro, which was powered through the servo cable. The servos draw a lot of
current, and this makes this supply drop down to a level, where the gyro shut off.
The solution was to move the gyro power supply to the voltage regulater output
seperated from the servo supply.

- the servoboard had the same problems as the gyro with the power.

the IMU, which saturates due to the vibrations of the helicopter.

Except for the IMU, all the problems were solved, and the hardware is working. Opti-
mization is still possible in several ways, but it is concluded that the system is ready for
software implementation, as it is.
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This chapter describes the modelling of the helicopter. The model derived in
Hald et al.| [2006] is used, and therefore an overview of this model is given
first. Even though the model is a generic model, some modifications are needed
to adapt it to the Corona 120 used in this project. These modifications are
explained in the following sections. After the model has been verified, the
parameters necessary for the Corona helicopter are determined.
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5.1 Model Overview

The purpose of this project is not to do comprehensive modelling of the helicopter.
Therefore an existing helicopter model is used. The existing model is an almost generic
helicopter model, for which only parameters for the specific helicopter needs to be in-
serted. This section serves as an overview of this model, not a derivation, hence formulas
are presented and explained rather than derived. Some minor modifications, described in
section 5.2/ on page |59} are needed to adapt the existing model to the Corona 120. There-
fore, the reader should be aware that the formulas and explanations in this section does
not necessarily apply for the Corona 120 helicopter, but for the larger Bergen Industrial
Twin Helicopter. For in depth information and derivation of the present model, please
see |Hald et al.|[2006] and Bisgaard, [2005], and for general helicopter model theory used
to derive the model, see Prouty [1990]. The entire state vector used is identical to the one
used in|Hald et al.|[2006]:

1
[11

Position of the helicopter of the helicopter given in {E}

= E®@ Attitude of the helicopter of the helicopter given in {E}

|
[os]
o)

Translatory velocity of the helicopter given in {B}

= B® Angular velocity of the helicopter given in {B}

S O N RE DO N R

ay,r Flapping angles of the main rotor

= a,r Flapping velocities of the main rotor

= ay Flapping angles of the stabilizer bar

= ay4 Flapping velocities of the stabilizer bar

SN
— = O
—_——— e ———— — ———— ——
Il

Y Actuator positions

Y  Actuator velocities

(5.1)
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5.1.1 General Model Structure

Basically the model consists of three main blocks as shown in Figure

1. Actuator Dynamics:

- The input to the rotor blade dynamic model is generated by the actuators. To
simplify the model, the actuator dynamics are considered unaffected by the
dynamics of the rest of the helicopter and can therefore be derived separately.

2. Rotor blade dynamics:

- Description of the motion of the rotor blades and stabilizer bar. This is the
most complex part of the modelling, since the rotor blade dynamics are largely
affected by aerodynamic forces. The rotor blade dynamics is split into two
parts.

- The first part describes how a rotor blade flaps due to the aerodynamic forces
on the blade.

- These flapping angles are used in the second part to calculate the force and
torques provided by the rotor blades.
3. Force and torque on the rigid body:

- The forces and torques generated by the rotor blades are acting in the hub of
the helicopter. The forces and torques can be seen as acting independently and
hence, be split up. Further, the whole helicopter body can be treated as a rigid
body because there are no moving parts. Again this part is divided in two.

- First all the forces and torques calculated in the rotor blade dynamics are
summed.

- Then it is calculated how this affects the motion of the rigid helicopter body.

Rotor blade dynamics Force and torque on the
‘ rigid body
B
Fr =
> A »-
wn wn Q
2 2 A, 2 °r g Fl E | @
- - = mr = - E .
S-—» £ g, Gyl 2 Fo ! &2 2 °E >
r A Y > A a,, b= g Br = g > 15 M >
S 2 E oLt 28 e T EE e 2 )]
o 3] °ocwn |7 =
Son4> 4?) % a‘cb > E 5 d - E > ,_gn >
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> 22 >
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Figure 5.1: The overall model structure consists of three major blocks, which can be divided into smaller
blocks.
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The model is very extensive, and it can be difficult to get an overview of the connection
and dependencies of the different parts. To get another perspective on how this model
is derived, a reverse argumentation is used (e.g. why it is needed to know the flapping
when the force is calculated). The following explanations and illustrations are simplified
in the way that the outer feedback loops (position, velocity and acceleration - translatory
and angular) shown in Figure are removed. This means that the following describes
a one step iteration of the model.

The wanted output from the model is the motion of the helicopter, translatory and ro-
tational. To calculate this, it is as shown in Figure [5.2| necessary to know the forces and
torques acting on the helicopter. These forces and torques comes from four different parts,
namely the main rotor, the tail rotor, gravity and the wind drag on the fuselage. The ef-
fect of the stabilizer bar is in this relation negligible, and is only used together with the
actuator positions to model the blade pitch. The outer boxes on the figure illustrates the
connection with Figure The effect from each of the four is described in the following.

Forces and torques on the rigid body
Rigid body motion
4 A
> Forces - > Torques -
. . Fuselage . . . Fuselage
Main rotor | | Tail rotor Gravity Main rotor Tail rotor
drag drag
Rotor blade dynamics

Figure 5.2: This figure illustrates that to determine the motion of the rigid helicopter body, it is necessary
to know the forces and torques acting on it. These forces and torques comes from the main rotor, the tail
rotor, gravity, and drag on the fuselage.

Main Rotor The derivation structure of the forces and torques originating from the main
rotor is shown in Figure 5.3|on the next page. Note that this figure should not be seen as
the computational structure of the model. It is rather an overview over the path to take
to obtain the final equations for forces and torques. For example the blade element lift is
never calculated in the model implementation, but used integrated in e.g. the formulas for
forces and torques. It can be seen on the Figure, that to calculate the force, it is necessary
to know the effect from each blade element, i.e. how much lift is generated and how
much drag is generated. The same is the case for the torque generation, but further the
flapping angles are needed because a torque arises from the spring effect in the hinge of
the blade. The blade drag can be calculated from the rotor blade velocity and the blade
characteristics.
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Figure 5.3: Structure of the model to derive the forces and torques originating from the main rotor. It is
seen that a central part of the derivation of the model is to calculate the lift provided by a blade element, and
that this in fact depend on the force provided by the blade itself. Note that this Figure should not be seen as
the computational structure of the model, but rather as an overview of how to obtain equations to calculate
the forces and torques.

The flapping is caused by the lift force on each blade can be calculated. The blade lift
force can be used to calculate all the torques acting on the blade, and by summation of
all the torques, the resulting flapping torque on each blade The most difficult part of
the helicopter modelling is to derive the lift of each blade, since this is caused by the
aerodynamic forces on the blade. The blade lift can be calculated using blade element
theory, which means that a small element of the blade is analyzed and the effect on this
element is integrated over the whole blade. The input to this block (as seen in Figure
5.3) is the inflow, which roughly describes the vertical velocity of the air through the hub
plane, and of course the pitch of the blade.

The inflow is derived from the thrust, which is the vertical component of the force
generated by the main rotor. The force is dependent on the blade element lift, which is
again dependent on the inflow. This forms a recursive loop in the model, and when the
model is iterated it takes some iterations for the inflow to settle in a steady state.

To calculate the pitch angles of the blade, the actuator input as well as the flapping of the
stabilizer bar is used. The flapping of the stabilizer bar is derived the same way as the
flapping of a blade.

Tail Rotor The forces and torques from the tail rotor is derived the same way as for the
main rotor, but is simpler in the way that some dynamics existing in the main rotor are
neglected.
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Fuselage Drag The drag on the fuselage is illustrated in Figure It can be seen that
this drag is also affected by the inflow provided by the main rotor and tail rotor.

Fuselage Drag
A A

Inflow Helicopter motion

Figure 5.4: This Figure illustrates that the motion of the helicopter as well as the inflow are needed to
calculate the drag on the helicopter fuselage. This means that not only the blade element lift is dependent
on the inflow (as shown in Figure[5.3|on the facing page).

Gravity The gravity effect is the easiest to calculate, since this only depends on the
attitude of the helicopter.

In the following two sections two important parts of the derivation of the model equa-
tions are described, namely inflow generation and blade element analysis. Hereafter the
important major parts of the model, according to Figure 5.1/ on page [40} is described in
subsequent sections.

5.1.2 Inflow Generation

The above description implies that it is very essential to know how to calculate the lift
on each blade (see e.g. Figure 5.3/ on the facing page). To do this, it is necessary to know
the inflow ratio, so this is the first part of the modelling. It is chosen to model the thrust
as uniform over the entire rotor-disc and as a steady state solution, since according to
Bisgaard|[2005] and [Hald et al., 2006, p.56] this method provides a sufficiently accurate
model. The complete derivation of the thrust equations can be found in [Hald et al.
2006, App. B]. The basic idea is that sufficiently high above the rotor, the velocity of the
air is zero, and somewhere below the velocity has reached its maximum. The following
equations are for the main rotor, but can easily be adjusted to fit the tail rotor. The thrust
equation for the main rotor basically describes the mass flow of air through the hub plane
(see Figure 5.5/ on the next page), which is calculated as the air density multiplied by the
area of the hub plane, the induced velocity and the relative air velocity:

Tr = 2pA0;U = 20A0; \JH32 + 12 + (Hz — 0,2 (5.2)

Tynr is the magnitude of the thrust generated by the main rotor.

p is the density of the air.

A is the area of the rotor disk.

Hy H v, Hz is the velocity of the hub, given in the hub frame {H}.

v; is the induced velocity of the air flowing through the rotor disk.

U is the total air velocity also comprised of the airflow caused by the motion of the
helicopter.
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Figure 5.5: The airflow through the main rotor during forward flight. v; is the induced velocity of air, V is
additional airflow caused by the motion of the helicopter and U is the resulting airflow.

By introducing some dimensionless variables, this formula can be rearranged so equa-
tions in the following sections are made less complicated.

Inflow ratio:
H

_ zZ— (%}
Apr = O R (5.3)
» A, is the dimensionless inflow ratio.
» Q,, is the rotation velocity of the main rotor blade.
» R is the radius of the rotor blade.
Advance ratios:
= = , = .4
“To.r 0 To,R BT OLR o4
Thrust Coefficient:
Tmr 2
Cr=—— & T, =CrpAQ,;R . 5.5
T pA(erR)2 mr TP (QurR) (5.5)

Inserting these variables into (5.2) and rearranging, a fourth order equation in A, is

obtained:
Cr

2 \J1x + uy + AL,

The solution to this equation can be found by using the Newton-Raphson method, which
is used in Hald et al. [2006]. However, this method has a potential of yielding the
wrong solution or not converging. Since Equation can be rearranged to a fourth
order equation (by squaring), it is possible to solve this equation analytically. This is
done instead of using the Newton-Raphson method. The solution produces four roots,

Amr = iz — (5.6)
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but only one of them is the correct solution to the inflow (the other roots arises when
squaring). The correct solution is found by inserting each root into the original equation
(5.6). Then the one root which produces the smallest error, which might not be zero
because of numerical issues, is chosen as the inflow.

5.1.3 Blade Element Analysis

When the inflow is known, it is possible to calculate the lift of each blade using blade
element analysis. This is the mathematical most difficult part of the modelling, since this
is the part where all aerodynamic effects on the rotor blades are modelled. Basically the
idea is to analyze the forces acting on a small element of the blade Ar. If this is done as a
function of the distance from the hub, the results can be integrated over the blade length
to obtain the whole force and torque provided by the blade. Further to obtain a steady
state solution, an integration about a whole blade revolution can be done. Notice that all
the equations are calculated for one blade. After setting up the equations, it is possible to
multiply by the number of blades, but for example in the calculation of the flapping, the
forces acting on the one blade alone is most useful.

Note that in this section, the variables 0, 0y, and ¢, are used, and these are not the same
as the variables ¢p and 0O for the attitude of the helicopter:

» 0, is the instantaneous pitch of a blade.
» 0O is the collective pitch of a blade.
» ¢, is the inflow angle relative to a zero pitch angle (6, = 0) of a blade.

The force acting on the blade can be split into two perpendicular forces, namely a lift AL
and a drag AD. These can be seen in Figure Note that the lift and drag are treated as
scalars and not vectors as seen on the Figure.

Figure 5.6: Illustration of a cross section a blade (a blade element).

The aerodynamic modelling of the lift on a small element of the blade Ar is rather com-
prehensive; see for instance: Prouty|[1990], Bramwell [1976], Johnson![1994] and [Padfield
[1996]]. The equation relating the blade element to the lift can be expressed as:

AL = gvchc Ar (.7)
» AL is the lift of the small element of the blade.
» Aris a small element of the blade.

» pis the density of the air.

Group 1032e 45



Section 5.1: Model Overview

» V), is the velocity of the air relative to the blade.
» Cy is the local lift coefficient of the blade element.
» cis the length of the blade chord.

The velocity of the air V}, is a function of the translatory and rotational velocity of the
helicopter together with the inflow and the rotation velocity of the blade itself. The local
lift coefficient Cr, can be expressed as a function of the angle of attack a as shown in
Figure As seen on the figure the lift coefficient can be approximated by the product
of the angle of attack a and the lift curve slope Cj:

Cb = Csra (5.8)
Ve = f(laiz0,001AmQr) (5.9)
3 T T :
| CL=CISEb(
25 S /
5 N -
©
5
S 15}
=
8 1t stall angle
-
0,5
0 i i ;
0 01 02 03 04

Angle of attack [rad]

Figure 5.7: A “free hand” sketch of typical measurements of the local lift coefficient for a blade (freely
adapted from [Prouty, 1990, p.23]). It is seen that the lift coefficient Cy, is nearly proportional to the angle
of attack o until the wing stalls.

By using this and the assumption that the tangential velocity of the blade U; is much
greater than the perpendicular U,, a formula for the lift can be obtained - this is done
in [Hald et al., 2006, p. 36-40]. By dividing by Ar and letting Ar — 0, the
differential quotient ‘% is obtained. The formula for the magnitude of lift can be achieved
by integration from the hinge to the tip of the blade:

h(
|

Xp
f 5 ClsV}% acdr , (5.10)
e

R u
oL = Lo, | wle,+2)car (5.11)
2 S . t Ut 7

where the blade pitch 0, is given by
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. e+r
O, = 00— Arpmr cos(W) — By sin(W) + Qth - Kip (5.12)
Al,mr = Ale - bl,sth (513)
Bl,mr = Ble - al,sth . (514)

0o is the collective pitch.

A1y is the lateral blade pitch angle.

B1,my is the longitudinal blade pitch angle.

A1 is the lateral swash plate angle.

B is the longitudinal swash plate angle.

Oy is the twist of the tip of the blade compared to the twist at the hinge.
e is the hinge offset.

r is the distance from the hinge.

R is the main rotor radius

Kj is the cross-coupling between the flapping angle and the pitch angle.
B is the flapping angle of the blade.

Kj, is the bell gain-factor.

K}, is the hiller gain-factor.

a1 ¢ is the longitudinal flapping angle of the stabilizer bar.

by g is the lateral flapping angle of the stabilizer bar.

W is the rotational angle of the blade.

VVYVYVYVYVYVYVYVYYVYYVYVYYVYYVYY

v

The direction of the lift 72;;; depends on the inflow angle ¢,, the blade flapping angle g,
and the revolution angle W:

sin(¢y) sin(W¥) + cos(¢;) sin(f) cos(V)

He, 1t = | —sin(¢y) cos(W) + cos(¢y) sin(p) sin(\V) . (5.15)
— cos() cos(p)
The derivation of the drag is similar to that of the lift, and the result is:
AD = gvgcdc A , (5.16)
R

P ) Uy )
D = =(C Us |6, + —|cdr . 5.17
5 Ca f; ; ( T (5.17)

» C;is the drag coefficient for the main rotor blades.

5.1.4 Actuator Dynamics

S,—» é
<
S» £ |vy=[g A B 4]
SN -
Sa® &
<
S > 2
<

Figure 5.8: The actuator dynamics block of the model taken from Figureon page
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According to Brennan|[1997], the servo motors can be well approximated by rate limited
second order systems. This means that the actuator block (see Figure[5.8) has the transfer

functions including rate limitations

0
Hozg(:l

0
HA:j:t

0
HB:Slfn

» Sy is the input to the servo.

» K, is the DC gain.

Kowp,0?

s2 + 2(:00)71,05 + CL)n,()2
2
Kawp,a

s2 + ZCAa)n,As + a)n,A2

2
Kpwy,B

s2 + ZCBwn,BS + a)n,B2

2
Ktra)n,tr

s + ZCtra)n,trs + C()n,t‘r2

» w,, is the undamped natural frequency.

» ( is the damping ratio.

The rate limit is called Qx,max and the input saturation Sy ;;.x and Sy yin.

5.1.5 Flapping Dynamics

£ .
Y > -

> )
g e
§ A»
=

0] L(l) T A

Bé BE

Figure 5.9: The flapping dynamics block of the model taken from Figureon page

(5.18)

(5.19)

(5.20)

(5.21)

As described in [3.2| on page (14} the rotor blade dynamics or flapping dynamics describe
the motion of the rotor blades. The flapping with a flapping angle f is shown in Figure
It is assumed that only the main rotor and the stabilizer bar exhibits flapping, since
the tail rotor is much more stiff, and there are only collective pitch and no cyclic pitch.
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Figure 5.10: Figure illustrating the flapping B, virtual hinge offset e and the rotor blade radius R

Since flapping concerns the angle f of the hinge, the motion has only to do with the torque
around this point. The torque is defined as a vector, around which the torque acts, and
with a length equal to the magnitude of the torque. This means that the torque is always
perpendicular to the blade, which again means that the direction of the torque vector

given in {B} is [ —sin(W) cos(W) 0 ]T if the blade is bending upwards (away from the

fuselage) and [ sin(W) —cos(¥) 0 ]T if the blade is bending downwards (towards the
fuselage). However, since the flapping is only dependent on the force exerted on the
blade, and not the position, it makes calculations easier if only the magnitude of the
torques are considered. In the following the magnitude of the torques are defined with
the opposite sign as the force acting on the blade, e.g. if a force presses the blade down
(positive force in the z-axis), the torque will be negative.

The torques which are included in the modelling is the following (the sign in the paren-
thesis denotes the sign of the torque under normal flight operation i.e. hover):

» 75, flapping torque, which is the resulting torque (+/- ).

» 7,, aerodynamic torque calculated using blade element calculations (+).

> 7.5, centrifugal torque is the effect that the blade is pulled away from the hub since
it rotates (—).

» Tg, restraint torque coming from the spring like behaviour of the blade (-).

» Tp,, body angular torque is the result of the rotation of the helicopter itself (dependent
on sign(d'),é) and W).

» T4, body normal torque is the result of the helicopter body acceleration (same sign
as Hz) .

» 7, Coriolis force originating helicopter rotation and the blade element moving at
the same time..

Tg = To + Tcf + TR + Toa + Ton + Teor (5.22)

All the torques can be calculated using blade element theory, and the resulting torque is
equal to the product of the angular acceleration, and the inertia of the blade!:

"Note in Hald et al.| [2006] and Bisgaard|[2005] the sign of 74 is opposite, since it in is used as the
resulting torque.
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Tﬁ = ﬂlb . (523)

The flapping angle f8 is according to Prouty [1990] well approximated by the first harmon-
ics:

B = ap — aj cos(W) + by sin(W) . (5.24)
Hence (5.23) can be split in terms of ap, a1, b1, the coning, longitudinal and lateral flapping,

and all higher order harmonics discarded. This results in a tree dimensional differential
equation of the form:

e + Dayy + Kayy = I + EA+ G . (5.25)
ap
> a,,=| a1 |is the vector describing the flapping of the main rotor.
by
» A is the inflow ratio.
6o
» Yy = | A |is alinear combination of the actuator positions and stabilizer bar
Bl,mr
according to the bell-hiller gain.
» D,J,K are 3 X 3 matrices.
» E,G are 3 dimensional vectors.

Stabilizer Bar Flapping

Now, the approximate same procedure can be used to derive differential equations for
the flapping of the stabilizer bar. However, the lift of the stabilizer bar is considered so
small that it is omitted in the lift equations. Therefore the flapping of the stabilizer bar is
only used to slow the dynamics of the helicopter, i.e. slow down the pitch velocity of the
main rotor. The pitch is given by Equation (5.12), and after that used in Equation (5.25).
Further, since the stabilizer bar is mounted in a free pivot joint on the hub, there is no
restraint torque, no hinge offset, and no collective pitch. The torque equation is therefore:

T/S,sh = Ty,sb + T f,sb + Tba,sb + Ton,sb + Teor,sb . (5-26)

The differential equation is the similar to Equation (5.25), but only two dimensional
because there is no coning angle. Hence the output is:

4y = [ “15b ] . (5.27)

50 Aalborg University 2006/2007



Chapter 5: Modelling

5.1.6 Force and Torque on the Rigid Body
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Figure 5.11: The force and torque generation block of the model taken from Figure|5.1|on page

1]

In the previous sections the basic equations to derive the motion and the forces acting on
the rotor blades were derived. These equations are now used to calculate the total effect
on the rotation and translation of the whole helicopter. The helicopter is in this section
regarded as a rigid body on which the forces and torques act. The forces and torques
originates from the main and tail rotor together with the drag from the air flowing past the
fuselage of the helicopter. In the following sections the forces and torques are described
for the three sources, respectively.

Main Rotor - Forces

Main rotor
axis

Figure 5.12: The lift projectet onto the z-axis and translated to operate in the virtual hinge.

The contribution from the main rotor comes from the lift L and drag D given in Equations
(5.17) and (5.17). It can be shown that these two forces can be considered as acting in a
virtual hinge as shown in Figure[5.12] where the lift is projected onto the z-axis and moved
to the virtual hinge. To calculate the forces acting in the virtual hinge the following steps
are taken and exemplified by the calculation of fF, -
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1. Split L and D into components along the three axes of the hub frame {H}, by using
the direction given in Equation (5.15) and illustrated in Figure for the lift and a
similar formula for the drag.

HL, = —cos(¢y)cos(B)-L , "D, = —sin(¢y) cos(B) - D . (5.28)

2. Add the two forces in each direction, yielding Fy s, Fymr, Fzmr as a function of the
inflow angle ¢,, the blade flapping angle 8, and the revolution angle V.

HFZ,W,Z = —cos(¢y) cos(p) - L + (= sin(¢p,) cos(B)) - D . (5.29)

3. Use small angle approximations for ¢, and f and the assumption that |[D| < |L| to
reduce complexity of the equations.

HE, w3=-L+0-D . (5.30)

4. Integrate around a whole revolution of the blade, and divide by 27 to get the average
magnitude of the force:% fozn(-) aw.

1 27T
HFZ,WA:E fo LAV . (5.31)

5. Multiply by the number of blades b on the helicopter.

b 271

HE, e = z__n i Ldv . (5.32)

The result is the force vector on the rigid body:

HF
x,mr
HFmr = HFy,mr (533)

Fz,mr

which is the same as the force given in the body frame BF,.., since the two frames are
aligned.

Main Rotor - Torques

What is left is the torque contribution from the main rotor. This can be split in to three:

1. The torque arising from the fact that the hub is not placed in the center of mass, 7j,;.

2. The torque arising from the fact that the forces given in (5.33) are not acting directly
in the hub, but in the virtual hinge, denoted 7., (see Figure on the facing page).

3. The torque directly affecting the hinge 7. (see Figure|5.13).
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TLICVO

Main rotor
axis

Figure 5.13: The resulting torques Tr.s and Tyer, acting in the hinge and in the hub.

Torque (1} 7y, is the cross product of the vector from CM to the hub and the force vector
acting in the hub Hald et al.[[2006].%:

H H
Ky, hub Fomr — Kz hub F y,mr
B _ B H _ H H
Thub = Kjup X~ Fy = Kz hub Fx,mr — Ky b Fz,mr (5.34)
Ky hub HF ymr — Ky hub HE x,mr

» Biup is the distance from the CM to the hub given in {B}.
» HF is the forces provided by the rotor blades.

Torque |2} 75, occurs because the forces are acting in the virtual hinges. Here HE from
Equation can not be used directly since this is an average around a whole revolution
and the torque vector is in a direction perpendicular to the blade. Therefore the expression
for the lift in the direction of the z-axis is used together with a small angle approximation
for :

Taerox = b e L cos(B) sin(W) = be L sin(W) , (5.35)
Taero,y = —b e L cos(B) cos(W) ~ —be L cos(V) . (5.36)

» b is the number of blades on the helicopter.
» L is the lift generated by a rotor blade.
» e¢is the distance from the hub to the hinge.

The same can be done for the torque around the Hz-axis. However the lift vector L
is instead projected onto the hub plane, which is perpendicular to the z-axis, and a
component coming from the drag occurs as well:

Taeroz = —b (r +€) (D cos(¢,) — L sin(¢,)) = —=b (r +e) (D — L ¢,) . (5.37)

As with the forces, these torques are integrated around a whole revolution to get the
average.

2This notation differs a bit from the one used in [Hald et al.|[2006], where the absolute horizontal and
vertical distances (x; and «,) are used. In this report a vector By is used to capture all three axis and a
possible negative position offset of an object. This procedure is also used for other By in this thesis.
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Torque B} 7y, is the restraint torque (from Equation (5.22)) originating from the spring
constant in the hinge multiplied by the flapping angle. However in this case it is needed
to split the torque into a vector along the x- and y-axis. The coning effect a9 cancels itself
if the average torque is taken about a whole revolution, and so does the longitudinal
flapping angle a; when calculating the torque around the x-axis. Therefore the restraint
torque around the x-axis becomes:

Tres,x = Ks by sin(W) sin(W) . (5.38)

» by - sin(\W) is the flapping angle.
» K -sin(W) is the spring constant multiplied by the effect caused by the angle of the
blade.

Integrating this around a whole revolution to get the average effect and multiplying by

the number of blades yields

b
Tresx = > Ks by . (5.39)

and similarly for the y-axis
b
Trgs,y = E KS a1 . (540)
There is no restraint torque around the z-axis, since the hinge is a pivot around this axis.
To get the total torque acting on the helicopter, the torques are summed yielding (i is

omitted since it is zero and the expression for 7.y, is not inserted because it is rather
complex):

B b H
Tx,mr Taerox T 5 Ks by - Kz hub F y,mr
B _ B _ b H H
Timr = Tymr | = | Taeroy + 3 Ks a1 + &z pup 7 Fxomr — Ko juw " Fzmr . (5.41)
H
Tz,mr Taeroz T Kb F y,mr
Tail Rotor

The forces and torques for the tail rotor can be derived in a similar way as for the main
rotor using blade element theory. However it is simpler since some of the dynamics does
not exist on the tail rotor:

- There is no cyclic pitch.

The blades are modelled as stiff, hence there is no flapping.

The thrust is parallel to the T y-axis.

- The rotor is modelled with no hinge offset.

Hence the whole flapping calculations can be avoided and we end up with equations:

[ BF x,tr ] [ 0
BFtr = BFy,tr = TFy,tr ’ (5.42)
BF ztr ] | 0
BTx,tr ] [ —Kz tr TFy
BTtr = B"Cy,tr = TTy/tr . (54:3)
BTz,tr ] | Kxtr TFy
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BF,, is the force contribution from the tail rotor.

Br, is the torque contribution from the tail rotor.

By, is the vector from the CM to the origin of {T} given in {B}.

TFy 4 is the thrust generated by the tail rotor, and is derived in a similar way as
for the main rotor by integrating the lift (see Equation on page [6) around a

vvyyvyy

revolution: % fo " —dL AV, (the minus is because the thrust is in the direction —Ty).

Drag

As an effect of the air flowing past an object, drag arises. This is an effect of both the wake
of the rotors and the velocity of the helicopter. In this model drag on the fuselage (D,
Dy, D), the front plane Dy, the tail plane Dy, and the tail fin D;s are considered. These
are illustrated in Figure[5.14}

R — /

Figure 5.14: The drag affected by the air flowing past the helicopter. The considered drags are fuselage drag
(D, Dy, D,), drag on the front plane Dy, drag on the tail plane Dy, and drag on the tail fin Dyy.

Drag is calculated by using a quadratic function of the velocity of the air (a modified

version of 1990, p. 21]):
D=Ld Al (544)
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» p is the density of the air.
» d is a drag coefficient.
» A is the area of the object seen in the direction of the air.

» U, the velocity of the air compared to the object - the | - | is to get the right sign on
the equation.

Fuselage drag The drag on the fuselage is modelled by using the velocity of the he-
licopter and the induced air velocity in the Bz direction. Note that the velocity of the
helicopter has the opposite sign of the air velocity:

_g dx Ax |BX|BX
’Dy, = —£d, A, ByBy . (5.45)
_g d, A, 1Pz - Uil(BZ - 0;)

Front plane drag
Dfp = —g dfp Afp |Bpr - Z)Z'l (Bpr - Ui) . (546)

» Bz, = B2+ g, gy — Ok, gy is the z-axis velocity of the front plane.
» 0,4 is the induced air velocity of the tail rotor.

Tail fin and plane drag are calculated the same way as for the fuselage, however the
velocity is a function of both the rotation and velocity of the helicopter:

Dy = —g dir Arf Py = Kipvinl Cor — Kipvigy) (5.47)
Dy = -5 dy Ay P, -0l Cy - 0) . (5.48)

> Kis is a constant accounting for that the tail rotor does not cover the whole tail fin.
> By = By — drey s + iy is the y-axis velocity of the tail rotor.

> Bz"tp =By 4 qZ)Ky,tp — QKx,tp is the z-axis velocity of the tail plane.
» 0,4 is the induced air velocity of the tail rotor.

Forces and torques are calculated by summing and using the distance to the point where
the drag is acting. It is assumed that the fuselage drag acts in the CM:

[ BFx,d ] [ Dx,fu
PF; = | BFyq | =| Dysu+ Dy , (5.49)
| BPz,d ) | Dz,fu + Dtp
[ BTx,d 1 1 Ky,tp Dtp — Ky tf th
bry = | Bty |= —Kxtp Dip : (5.50)
bra ]l | Ky,tf Dif

> Kis is the position of th tail fin in {B}.
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5.1.7 Force and Torque Summation

BFm

w
Force and Torque
Summation

of

Figure 5.15: The force and torque summation block of the model taken from Figure on page

To get the total effect on the body of the helicopter, the forces and torques are summed.
Concerning the forces, the gravity °F; = 2R FF, is also added:

BF BFur + BFy + PF; + PF, (5.51)

B B

T Tor + Brtr + BTd (5.52)

5.1.8 Rigid Body Dynamics and Kinematics

7 = I
B =
°F E O
g |ex
D '—‘4>
z °6
s [ >
Br M BE
9{) B A
Y 9

Figure 5.16: The rigid body dynamics block of the model taken from Figureon page

The total sum of forces and torques on the helicopter is now used to calculate the move-
ment of the helicopter by use of Newton’s second law and Euler’s rotational equations.
The rotation of the helicopter is described by use of 3-2-1 Euler angles, which gives the
rotation from the {E} to the {B} as:

cOcy cOsy —s0
BR = Cx() Cy(0) Co(y) = | spsOcy) — chpsyp  spsOsp + cpep  spcO . (5.53)
cpsOcy +spsyp  cpsOsyp — spcyp  cpcO

> ER is the rotation matrix from {E} to the {B}.

» Cy(¢) is the direction cosine matrix describing a rotation around the x-axis.
» Cy(0) is the direction cosine matrix describing a rotation around the y-axis.
» C.(¢) is the direction cosine matrix describing a rotation around the z-axis.
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» c-and s- is used as short notation for cos(-) and sin(-).

Now since the inertia of the helicopter is constant, then Euler’s equation for rotation
[Craig| 2005, p. 172] can be used to calculate the angular acceleration.

Br = 1B®+ BOx (T PO)
)
b = 1'(z-Pox () . (5.54)

» 7 is the inertia tensor of the helicopter.

» 7 is the total torque from (5.52).

» 5O is the angular acceleration of the helicopter.
» B0 is the angular velocity of the helicopter.

Similarly the translational acceleration can be calculated:

_F g

B Br=
O x "E . 5.55
M ( )

[xl:

» M is the mass of the helicopter.
» BF is the force affecting the helicopter given in {B}.
» BZ is the velocity of the helicopter given in {B}.

The reason for the last term in the equation is as follows. It is wanted to find the change
of the velocity seen from the body frame of the helicopter. For example, if the gravity is
disregarded and the helicopter is performing a roll motion with constant velocity seen
from a human perspective (the earth frame), £y = constant. Then after half a revolution
By would be negative without any force has influenced the motion of the helicopter. This
effect can be calculated by the transport theorem:

{BE}E = {BE}B + BOx BE (5.56)

> {BE}E is the acceleration as seen from {E}, but given in {B} co-ordinates.

> {BE}B is the acceleration as seen from {B}, and given in {B} co-ordinates.

By rearranging, the result in (5.55)) can be obtained:

g
BMF = P&}, + "o x P2
g
(P} = BMP - Box BE
g
B = % - Box Bx (5.57)
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=

By integration, ’® and PZ is obtained, and by use of the rotation matrix tR = RT
transformed to {E}. Finally, the result is integrated again to obtain the global attitude and
position ® and E. A summary of all the formulas can be found in [Hald et al., 2006, app.
D].

5.2 Modifications

The Corona 120 does not entirely function as the Bergen twin helicopter, which is the
basis for the existing model described in the previous section. Most of the differences
is accounted for in the parameters, and does not affect the model itself. However, some
modifications of the model are needed to adapt it to the Corona 120. The differences in
the operation of the two helicopter types concern:

Main Rotor and Stabilizer Bar Rotation The mainrotor and stabilizer bar turns the other
way around i.e. in a counterclockwise direction when seen from above (¥ is nega-
tive).

Tail rotor thrust The tail rotor is mounted on the other side of the tail boom, and hence the
thrust vector is pointing in the opposite direction. But the rotor still turns clockwise
seen from the right hand side, just as on the Bergen helicopter, so the blade drag
provided by the tail rotor blades is the same.

No collective pitch The main rotor thrust is not governed by collective pitch, but only
by the angular velocity of the main rotor.

Wire attached The wires, which are attached in the nose of the helicopter, affects the
motion of the helicopter.

Stabilizer bar collective pitch The stabilizer bar has collective pitch.

Furthermore a gyrois implemented on the Corona helicopter. This is not different from the
Bergen helicopter, and is already implemented in the model. But the gyro is not described
in|{Hald et al.|[2006]], and will therefore be described as well as the other modifications.
In the following subsections, each change of model is described in detail. Some variables
are common for both the existing Bergen model, and for the Corona model. To be able to
distinguish between these variables, they are denoted by the subscript B and C, for the
Bergen and Corona model, respectively.

5.2.1 Main Rotor and Stabilizer Bar Rotation

This adaptation of the model has proved the most comprehensive to study, since the
whole model has to be reviewed. The obvious first impulse is just to change W3 to —\W¢
in the calculation, because the rotor turns the opposite way. By looking at a simplified
pitch angle ), only concerning actuator input (obtained from Equation (5.12)), it is easily
proved that this method is not correct:

Op = 00 — A1,y cos(W) — By 1 sin(W) . (5.58)

» Oy is the blade pitch for the Bergen helicopter.
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» 0Op is the collective pitch.
» A1 is the lateral pitch angle.
» By s is the longitudinal pitch angle.

For the correct formula, the collective pitch must be the same for the two models. For the
last two terms a blade at the same angle for both models (Wp = W) must have opposite
signs. This is because the blade would have exactly the same orientation, but the leading
edge of the blade is in the opposite direction (see Figure [5.17). Hence the blade pitch for
the Corona helicopter must be:

Op,c = O + A1,y cos(W) + By sin(W) . (5.59)

Leading edge

Figure 5.17: The leading edge of the rotor blade for each helicopter is in the opposite direction.

If Wp = —Wc is inserted into (5.58) to change the model, this would yield:
00 — A1 mr cos(=W¢) — By yr sin(—W¢) = Og — A ynr cos(V) + By sin(W) . (5.60)

Since (5.59) and (5.60) are obviously not equal, it would yield a wrong result just to change
the sign of W as suggested.
An interesting property is that the derivative with respect to time is the same for both 03

and O¢ because dd# = —Qy
Qb,c = G'b,B = QA1 mr SIN(Y) = )y B1 1y cos(W) . (5.61)

This means that if it is possible to find a Wy where 0, (Wo) = 055(W0), then the blade
pitch of the two helicopters will behave symmetrically about this angle because the
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rotation is opposite (see Figure [5.18). For example after the blade has turned v degrees:
Op,(Wo +v) = Op,c(Wo —v).

Symn/letry angle

¥y=tan'(A/B)

Figure 5.18: The symmetry angle Vo where 0y, 5(Wo + v) = 0, (Vo — v) is shown.

The blade pitch will be the same where it is equal to the collective pitch, i.e. where the
cyclic pitch is zero. That means if

A1 mrcos(Wo) = —Byysin(Wo) , (5.62)
Ay _ sin(Wp) (5.63)

B1, cos(Wo) ’ ‘
& Wy = arctan (— %) , (5.64)

then 0;, g(Wo +v) = Op,c(Wo — v), where v is an arbitrary angle.
But this is not the only symmetry. For a difference of 180° the blade pitch of the two
models are also equal:

Op,s(W+180) = Og—A1,yr cos(W+180)—By  sSin(W+180) = Op+A1 1y cOS(V)+B1 1y Sin(W) = Oy,
(5.65)

This is shown in Figure 5.19 on the next page.
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Figure 5.19: The same blade pitch angle will be obtained at an 180° offset.

From the above it seems likely that changing the signs of A and B in the input to the
model might yield the right model. This would also give the wrong result because this
would mean that the two helicopters behaves opposite to each other if the same input is
given (eg. if a lateral input is given, then one helicopter would move to the left and the
other would move to the right), which of course is not true.

It is also not correct that because the helicopters make the same maneuvers corresponding
to the same input, the models must be the same. There are differences, and why that is
the fact will be evident in the following sections.

If the model structure is considered (see Figure[5.3|on page[#2), then the blade pitch affects
the blade element lift, which again affects flapping dynamics, forces and torques on the
helicopter. Each of them will be described in the following sections.

Flapping Dynamics

As mentioned in the previous section, the blade pitch is symmetric about the angle W,
and according to [Prouty, 1990, p. 151] the blade will exhibit a 90° lag between input
and response, which means a 90° lag between the maximum aerodynamic input and the
maximum flapping angle. This means that the maximum flapping angle occurs at the
angle Wy and hence the flapping is symmetric about W, as well. The conclusion to this
symmetry is that the flapping remains the same for both rotation directions, and can
therefore be leaved unchanged in the model. This is the case for both the main rotor and
the stabilizer bar flapping.

Forces

Considering the forces, it is difficult to explain and visualize how the reverse rotor rotation
affects the dynamics of the helicopter, instead of looking at the mathematical equations,
the differences are elucidated. Only the effect on HE, v is described, but the effects on
Hp x,mr and Hp y,mr are similar though a bit more extensive to derive because of the direction
of the lift. By using small angle approximation for the direction of the lift in , it is

62 Aalborg University 2006/2007



Chapter 5: Modelling

seen that F, ,;, = —L. To get the mean force acting in the hub, this is integrated around a
revolution and multiplied by the number of blades (the lift is given in Equation (5.10)):
27
Hp, = 2P, u2 0 + —|cdradav . (5.66)
’ 2n 2

To be able to evaluate the changes caused by reverse rotor direction, it is easiest to split
this equation into two integrations:

o 271 27T
HFz,mr:——E U fuzebcdrd\lf+f futu cdrd\y] , (5.67)

where U, the tangential velocity of the air illustrated in Figure [5.6|on page 45 is approx-
imated by:

U; ~ QR (%’ + py sin(W) — uy cos(‘lf)) . (5.68)

Because of the opposite direction of the leading edge of the blade for the Corona helicopter,
the effect from the wind has opposite sign:

Uic ~ OR (e;—r — pysin(W) + py cos(‘I’)) . (5.69)

This equation exhibits the same properties as the equation for the blade pitch, namely that
there is symmetry both around the angle from where the wind comes and 180°. When
looking at the first integral in Equation it is seen that the multiplication U? 0, will
equal utz,c Op,c for an angle offset of 180°. Since the integration is performed around a
whole revolution, the result will be exactly the same for both models.

The same reasoning can be done for the second integral. However, here the integral has
to be split up further. Then both the properties of symmetry around the wind direction
and 180° offset must be applied to get to the same result, namely that the forces remain
the same for both models. The same result can be derived for HFx,m, and HFy,mr. Because
of this, the model does not have to be changed when calculating the forces.

The inflow is calculated by using F ;. Since this is the same for both models, the inflow
is also the same and will therefore not have to be changed in the model.

Torques

The torque is calculated by using Equation (5.41I). The torque consists of three parts as
described in Section on page Thub, Tres and Tgero. Ty dependents on the forces,
and since they do not change, 75, does not change either. The torque originating from the
restraint force from the blades does not change either, since this torque is only dependent
on the flapping of the blade, which is not affected by the reverse rotor direction.

The only part of the model which is affected by the reverse rotor direction is the aerody-
namic torque Taero, which is given by Equations - (5.37). Comparing these equations
with the force calculation (Equations - (5.32)), it shows that a multiplication by e and
sin(W) or cos(W) is performed in the torque calcutation. This means that the symmetry
considerations is not applicable any more, and hence the two different models does not
provide identical results. The result is that the equations must be re-derived and inserted
into the model. The changes are as follows:
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Blade pitch: The change of the blade pitch (0;,¢) is given in Equation (5.59) without the
Bell-Hiller gains, blade twist and cross-coupling factor. These are obtained from Equation
(5.12).

e+r

Op = 00 + A1,y cos(WV) + By sin(W¥) + QWT - Kip . (5.70)
Tangential velocity:
e+r )
Up ~ QR (T + py sin(W) — uy cos(‘l’)) , (5.71)
U
e+r )
Uc =~ OR (T — uysin(W) + uy cos(‘l’)) . (5.72)

Perpendicular velocity: The perpendicular velocity is the same for both models.

Flapping derivative
Bs = Pc =ag—aycos(W) + by sin(W) , (5.73)
BB i —(d1 = b1Qy) cos(W) + (b1 + a1Qyyy) sin(W) (5.74)
Bec i —(a1 + b1Qpy) cos(W) + (b1 — a1Qyy) sin(W) . (5.75)
(5.76)

5.2.2 Tail Rotor Thrust

The tail rotor on the Corona helicopter is on the other side of the tail boom and the thrust
is therefore in the opposite direction. The opposite thrust is implemented by changing
the thrust force provided by the tail rotor (given in Equation (5.42)) from F, .3 = =T} to
Fytrc = Ty Further the airflow providing drag on the tail fin is in the opposite direction
as well. Therefore in Equation (5.47) v; 4 p is changed to —v; 4.c.

5.2.3 No Collective Pitch

The main rotor thrust is not governed by collective pitch, but by the angular velocity of
the main rotor. This is already implemented in the model since both collective pitch and
angular velocity are input to the model, apart from that no dynamics are implemented
on the angular velocity. In the model implementation, the dynamic equations used to
calculate the collective pitch dynamics are changed to be used to calculate the main rotor
rotation dynamics. This also means that the state 0p in the state vector has to be
switched with a state for the main rotor velocity, €),,;;. The same second order model as
for the servo motors is used for this motor.
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5.2.4 Wire Attached

The wire is considered to drag in the direction £z by a force equal to the weight of the
wire lifted from the ground, i.e. proportional to the height of the helicopter. The force
and torque given in {B} can therefore be written:

’Fo = PRPFy= (R My g+ Zoor =" 2) (5.77)
Bro = Bxyx BF, (5.78)

» BE, is the force provided by the wires, given in {B}.

> 273 is the rotation matrix mapping {E} to {B}.

» My, is the mass of the wires given in [k&/m].

» —Ezis the current altitude of the helicopter, given in {E}.

> Zgoor is the distance from the origin of {E} to the ground level.
» Bz, is the torque provided by the wires, given in {B}.

>

B, is the distance from the CM to where the wires are attached.

This force and torque can now be added in the force and torque summation given in

Equations (5.51) and (5.52).

5.2.5 Stabilizer Bar Collective Pitch

The stabilizer bar has a constant collective pitch. The flapping of the stabilizer bar is
calculated the same way as for the main rotor, except there is no restraint torque (see
Section on page [50). Therefore collective pitch can be included the same way, as
when calculating the flapping dynamics of the main rotor blades, by adding a constant
pitch (0 s) to Op5p, as done for the main rotor in Equation (5.12).

5.2.6 Gyro

A gyro helps the pilot control the fast dynamics of the yaw rate of the helicopter. The
gyro is implemented as a P-controller, with a gain Ko, for the yaw rate. This means that
instead of controlling the pitch of the tail rotor, the pilot actually controls the yaw rate of
the helicopter. This is illustrated in Figure in comparison with the model given in

Section on page

Servo model

X
S”—» H, L Helicopter ———

. Gyro model Servo model
/wref Str gtr . X
+ > Ky - H, —— | Helicopter |
(4

Figure 5.20: Implementation of a gyro makes the pilot control the yaw rate of the helicopter instead of the
pitch of the tail rotor.
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5.3 Implementation of the Model

The model is implemented, as described in [Hald et al., 2006, cha. 10], in MarLaB Simulink
using ANSI C and C++ in S-functions. The equations which are changed, are re-derived
in MarLE and inserted into the model. The changes are implemented in a generic way,
such that it is possible to choose between the Bergen model or the Corona model, just
by changing a flag in the code. For integration of the model derivative, a fourth order
Runge-Kutta method is used:

1 1 1 1
Xp+1 = Xn + gkl + gkz + gka + gk4 (5.79)

» ky are intermediate derivatives multiplied by the step size: k, = hf(tx).

> X,.1 is the next step iteration of the model.

The new formulas derived in Section on page are inserted into the following
MarLE scripts and the torques are re-derived and inserted into the model.

[CD-ROM, 2007, . /source/maple/Taux_reverse_rotor.mw|

and

[CD-ROM, 2007, . /source/maple/Tauy_reverse_rotor.mw|

For easier accessibility for future projects, an overview of the implementation of the
changes and the model itself is given in Appendix|C|on page

5.4 Model Verification

The original modelis verified in [Hald et al.,[2006| cha. 10] using qualitative considerations
on which input should cause which effects. This method is based on [Prouty, 1990, p.
444]. A simple example is that an increased lateral input should cause a decreased swash
plate angle A;, an increased flapping angle b; and a positive roll ¢ motion (#F,,,, and
H\ mr increases) -see Table The same method is used for verifying the adapted model,
which for some input yields opposite results due to the counter clockwise rotation. The
verification has shown that the model behaves as expected.

Due to the tail rotor thrust forcing the helicopter to the side, the helicopter will have a
small roll angle when in steady state hover. When the main rotor is turning the other way
around the tail rotor thrust will be in the opposite direction as well. This means that at
steady state hover the helicopter roll angle will have equal magnitude, but opposite sign.
When using the same controller, this will also be the case for the yaw angle. The pitch
angle should remain the same. A test of this has been conducted using the parameters
for the Bergen helicopter and a simple P-controller to stabilize the helicopter. The results
is shown in Figure where it can be seen that the helicopter attitude is opposite for ¢
and 1, but remains the same for 0 as expected. Some oscillation is seen in the beginning.
This is due to the simple non-tuned P-controller which is used to stabilize the helicopter
in hover.
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(a) ® for steady state counter clockwise rotation of the main
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(b) @ for steady state clockwise rotation of the main rotor like
the Bergen helicopter.

Figure 5.21: Simulation of helicopter attitude at steady state hover for both clockwise and counter clockwise
rotation of the main rotor. It can be seen that the ¢ and y angles have opposite sign as expected.

5.5 Parameter Determination

The Corona helicopter model contains 78. To be able to simulate the helicopter model,
it is necessary to identify these parameters. Some parameters can be directly measured,
and some has to be estimated through various experiments. This section describes the
procedures of measuring and identifying these parameters. In each subsection the rele-
vant parameters are listed in a table. For a full list of all the parameters in alphabetical
order, see the nomenclature table (Table [3jon page [XXI).
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5.5.1 General Parameters

The model contains some general parameters listed below.

p | Density of air 1,29 kg/m3
b | Number of main rotor blades 21
by, | Number of tail rotor blades 21
g | Gravitational acceleration 9,82 m/s2
Ts | Sampling time 0,005s

5.5.2 Location of Center of Mass

Before measuring distance parameters on the helicopter, it is necessary to locate the CM,
because the CM serves as the reference point and the body frame origin. This has been
done by hanging the helicopter freely in a single wire, and then taking a picture of the
helicopter in its rest position (see Figure[5.22). The CM will then be located somewhere on
the straight line coinciding with the wire. By repeating this procedure with the wire tied
to another mount point on the helicopter, it will in theory be possible to find the CM where
the line extensions coincide. However, when drawing a straight line on a two dimensional
image, as done in Figure it is not possible to determine the position of the line in
the three dimensional space. In fact, the line can be regarded as a two dimensional plane,
with only the edge visible in the three dimensional space. In Figure[5.23|the helicopter has
been hung in another mount point, and a yellow line is now representing the new plane.
The red line is the plane from before, rotated with the helicopter. The CM is now placed
somewhere on the straight line (perpendicular to this page), where the yellow and the
red plane is intersecting. This line is coloured cyan in Figure where the helicopter
has been rotated again, and a new, orange plane is superimposed. The position of the
CM can be determined to be where the cyan line and the orange plane intersects. A mark
is placed in the CM of the helicopter, and this serves now as the origin of {B}.

Figure 5.22: The helicopter hanging in a single wire, which has been extended with a red line. The red line
can be regarded as a plane seen from the edge. The CM will be located somewhere in this plane.
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Figure 5.23: Second image with the red plane from Figure superimposed. The CM will be located
somewhere on the straight line where the red and yellow plane intersects. This line is coloured cyan in

Figure[5.24)

Figure 5.24: Third image with the cyan line derived from the second image superimposed. The CM is
located in the intersection of the orange plane and the cyan line.
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5.5.3 Distances

The distance parameters have been measured with a sliding gauge or a ruler, using
centimeters as measuring resolution.

0,04 |
B Kfp Position of CM of front plane3 in {B} 0,00 | m
0,00 |
[ 0,06 |
Bitpeam | Position of helicam in {B) 0,01 [m
| 0,08 |
[ 0,01 |
By | Position of hubframe origin in {B} -0,01 | m
| —0,11 |
0,04 ]
By | Position of IMU in {B) 0,01 | m
0,00 |
[ —0,47 ]
By, f Position of tail fin CM in {B} 0,00 |m
| 0,00 |
[ 0,30 |
B Kip Position of tail plane CM in {B} 0,00 |m
| 0,00 |
[ —0,49 |
Biey, Position of tail rotor frame in {B} -0,04 | m
| —0,02 |
0,23 |
Bicw Position of to where the wires are attached to the helicopter 0,00 [ m
given the in {B} 0,00 |
c Main rotor blade chord 0,05m
Csh Stabilizer bar chord 0,06m
Ctr Tail rotor blade chord 0,03m
e Main rotor hinge offset 0,05m
R Main rotor radius 0,38 m
R; Inner radius of stabilizer bar 0,04 m
R, Outer radius of stabilizer bar 0,12m
Ry Radius of tail rotor 0,09 m
5.5.4 Areas

All areas have been calculated from distance measurements or estimated. They have a
resolution of square centimeters.

*Note that the word “front plane” can be misleading. It refers to the plane of the of the helicopter as seen
from above excluding the tail boom (hence front plane). The plane is parallel to the Bxy-plane (see Figure

on page[55).
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A fp Area of front plane (the area of the body in the Bz direction exclusive | 0,0791 m?
the tail boom)
Aypr | Area of tail fin 0,0042 m?
Ay | Area of tail plane (the area of the tail boom in the Bz-direction) 0,0042 m?
Ay | Area of body in Bx direction 0,0072 m?
Ay | Area of body in B y direction 0,0302 m?
A; | Area of body in Bz direction (A, = A p+ Ap) 0,0833 m?
5.5.5 Tail Rotor to Tail Fin Area Ratio

This parameter is used to compensate for the fact that the tail rotor disc does not com-
pletely cover the tail fin, when seen from the side:

Ay f,covered

> Ay is the tail fin area

> Atfcovered = 0,0041 m? is the tail fin area covered by the tail rotor disc.

Kis | Factor compensating for that only a part of the tail fin is covering the | 0,97 [']
tail thrust area
5.5.6 Masses

The masses has been determined with a scale using a measuring resolution of 10g. The
mass of the helicopter and the attached wire are the only mass parameters in the model,
but it is necessary to determine masses of different parts of the helicopter in order to
calculate their moments of inertia, see next section.

M

Helicopter mass

1,02kg

My

Mass of attached wire pr. meter

0,10 kg/m

5.5.7 Moments of Inertia and Mass

The moment of inertias of the helicopter and the main rotor blade have been found using
a method described in [Miller and Soulé, |1933]]. The object is tied to a wire and used as a
pendulum, see Figure The moment of inertia around the pivot is then given by:

o sl (5.80)
Pm 4.2 '
» T is the period of oscillation.
» m is the mass of the object.
» ¢ is the gravitational acceleration.
» L is the distance from pivot to CM.
71
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Figure 5.25: The helicopter hanging in a wire and swinging like a pendulum.

The moment of inertia with respect to the CM of the object can then be computed using
the parallel-axis theorem:

Iem=1,—m-L? (5.81)

For the helicopter, this procedure is repeated two times. First, with respect to the Bx-axis
and then with respect to the fy-axis to obtain I, and I,. Finding the moment of inertia
around the Pz-axis, the pendulum from Figure is rotated such that the two wires
twist around each other, and the object is rotating around the By axis. Then the moment
of inertia is given by

Tz.m.g.Az

I =
z 16-72-1

(5.82)
» T is the period of oscillation.

» m is the mass of the object.

» g is the gravitational acceleration.

» A is the distance between the mount point of the two wires.

» [is the length of the wires.

By assuming that the principal axes of the helicopter are coinciding with the body frame
axes, the inertia matrix are given by

L. 0 0
I=|0 1, 0 (5.83)
0 0 L

The moment of inertia of the main rotor blade is only needed around the flapping pivot
point, so Equation is the one to use in this case.

The moment of inertia of one blade of the stabilizer bar has been calculated as a point
mass. This is assumed to be sufficiently precise because the majority of the weightisin a
metal screw in the outer most part of the bar.:

Iy = 7’?;, - Msp (5.84)
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» 7y = 0,12m is the distance from the center of rotation to the point mass plus a small
offset to account for the weight of the bar without the screw.
» mgy = 5,8g is the mass of the screw.

The first mass moment of the main rotor blade is defined to be

my :fr dm (5.85)

From the definition of the CM, it is possible to find this quantity.

CM:ﬁfrdm
g
frdmzCM-MW

)
my = CM - My (5.86)

» my is the first mass moment.
» CM = 0,14 m is the distance from the hub to the CM of the main rotor blade.
» M, = 0,04kg is the mass of the main rotor blade.

0,004415 0 0
I Inertia matrix of body 0 0,024916 0 kg - m?
0 0 0,026528
Iy Inertia of main rotor blade 0,001009 kg - m?
I | Inertia of stabilizer bar 0,000084 kg - m?
my | First mass moment of main rotor 0,0053kg - m
blade

5.5.8 Gear Ratios

The gear ratios is found by counting the teeth on the gear wheels. The ratios are then
given by:

G =1 (5.87)
Gr= 1 (5.88)

» T; = 102 is the number of teeth on the gear wheel mounted at the end of the main
rotor shaft.

» T, =9 is the number of teeth on the gear wheel mounted on the DC motor.

» T3 =21 is the number of teeth on the bevel gear wheel mounted on the main rotor

shaft.
» T4 = 10 is the number of teeth on the bevel gear wheel mounted on the tail rotor
shaft.
G1 | Gear ratio between DC motor and main rotor 11,3[]
G» | Gear ratio between main rotor and tail rotor 2,1[]
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5.5.9 Bell-Hiller Factors

The Bell-Hiller factors depend on the mechanical construction of the hub from the swash
plate to the rotor blade/stabilizer bar.

a c
Kb_a+b'b+c (5:89)
b a+b+c
K= 2+ (5:90)

» 2 = 1,3cm is the horizontal distance from the hub to the connecting point from
swash plate (see Figure

» b = 0,8cm is the horizontal distance from the swash plate connecting point to the
main rotor connecting point

» ¢ = 1,5cm is the horizontal distance from the main rotor connecting point to the
stabilizer bar connecting point

Figure 5.26: Image showing a, b and c used to calculate the bell-hiller gains.

When adding the bell and hiller gain, the result should yield 1:

a c b a+b+c

Kot Kn= 0% bve T hve arp 0 (®91)
K, | Bell factor 0A1[]
K;, | Hiller factor 059[]

5.5.10 Gyro Gain

The gyro controls the tail pitch in order to stabilize the yaw velocity of the helicopter. It
is necessary to know the gain from yaw velocity to the gyro contribution of the output
pulse. To measure that the helicopter is mounted on a swivelling plate. While manually
rotating the helicopter three different signals are logged: the input pulse to the gyro, the
output pulse from the gyro, and the yaw velocity provided by the IMU. This experiment
is done for four different input pulses, each at four different yaw velocities - i.e. sixteen
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experiments in all. The data is shown in Figure and it can be seen that the gyro
gain is not dependent on the input pulse width, only on yaw velocity. The relationship is
approximately linear, and the gyro gain is the slope of the line.

15

Gyro effect [J

-15 -1 -0,5 0
Yaw velocity [rad/s]

Figure 5.27: Measurements of the gyro effect as a function of yaw velocity and different input signals.

’ Koyro ‘ Gain from yaw velocity to gyro output ‘ —0,67 s/rad ‘

5.5.11 Servo Motor Parameters

Three servo motors of the type MPX Tiny-S are used as actuators on the helicopter. It is
assumed that they can be modelled as a rate-limited second order system, as described
in Section The transfer functions are given as

_ Kw,?
§2 + 2Cw,s + w,?

6
H=—= 92
. (592)

The parameters has been found by applying a step to one of the servo motors, and
measuring the time it takes to move from one extremity to the other. This has been done
by filming a stopwatch with a resolution in milliseconds at the same time as the servo. To
reduce errors of a single measurement, an average of four step times has been measured
to 195 ms. A simulation of a rate-limited second order system is then fitted until it behaves
approximately as the real system. Figure shows the simulated step test output with
the actual parameters implemented.

The transfer function describes the relation between the input to the servo motor, which
is a unitless number in the range [-1;1], to the output, which is the swash plate lateral
and longitudinal angles or tail rotor pitch angle in radians. Finding the gains of the
lateral and longitudinal pitch servos involves geometrical analysis of the mechanical
construction from the actuator position to the swash plate angle. Figure shows
the result of this analysis. In both cases the relation can be approximated with a linear
function, where the slope of the line represents the DC gain of the servo.

Regarding the tail pitch servo, the relationship between actuator input and tail pitch has
been measured by means of a laser pointer attached to the tail rotor blade. The result is
shown in Figure[5.30|
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Servo position(]!

0 0,05 0,1 0,15 0,2 0,25
Time [ms]

Figure 5.28: A simulated step test. The input to the system is a step from —1 to 1, i.e. from one extremity
to the other.
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Figure 5.29: The relationship between actuator input and swash plate angle. The dashed line is the linear
approximation of the true function.
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Figure 5.30: The relationship between actuator input and tail rotor pitch angle. The dashed line is the
linear approximation of the true function.
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Figure 5.31: Measurement of the tail servo gain. The input \,.r and the measured output angle Oy —Otyof st
is measured in steady state. Therefore the transfer function Hy is equal to the gain Ky, and the actual
measurement is Kgyo + Kiy.

The slope of the line in Figure is the gain from the yaw reference (i),.s) input to the
gyro to the tail pitch angle, 0. In Figure a block diagram of the tail rotor control
system is shown. It illustrates how the gyro affects the measurement. What has been
measured is the yaw reference input to the gyro, i, and the tail pitch angle, 6. The
slope of the line in Figure is the gain of the gyro and the gain of the tail pitch servo
multiplied. Thus, in order to find the gain of the tail pitch servo, we must divide with

Kgyro-
K, = — (5.93)

» K is the gain from the gyro output and to the tail pitch angle, i.e. the servo motor
DC gain.

» K = 0,48 is the slope of the curve in Figure

» Kqyro is the DC gain of the gyro found in the previous section.

Figurealso shows the offset in the tail pitch angle, 04, ¢fs+- This parameter is an offset
in tail pitch angle, due to the fact that the tail pitch must generate a thrust to compensate
for the drag from the main rotor blades, in order to keep the yaw angle of the helicopter
constant. This parameter will be described later.

Notice, that due to the gyro, the controllable input to the tail pitch servo is an yaw rate
reference in rad/s. The cyclic pitch servos has a unitless input in the range [-1;1], i.e. the
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saturation values for Sj;; and Sy, are simply —1 and 1. Sy must have the same saturation
values, so the yaw reference input has the saturation values

l;bref,max = KL (594)
gyro
and
lpref,mm - Kgyro (595)
ngx,tr Rate limit of tail pitch servo 10,9 rad/s
Qmax, A | Rate limit of lateral pitch servo 10,9 rad/s
Qmax,]g Rate limit of longitudinal pitch servo 10,9 rad/s
Wy tr Undamped natural frequency of tail pitch servo 200 rad/s
Wy, A Undamped natural frequency of lateral pitch servo 200 rad/s
Wn,B Undamped natural frequency of longitudinal pitch servo 200 rad/s
Cir Damping ratio of tail pitch servo 0,85[]
Ca Damping ratio of lateral pitch servo 0,85[]
CB Damping ratio of longitudinal pitch servo 0,85[]
K, DC gain of tail pitch servo 0,711[]
Ka DC gain of lateral pitch servo 0,43[]
Kp DC gain of longitudinal pitch servo 0,35[]
Sitmax | Input saturation of lateral pitch servo 1rad
Sitmin | Input saturation of lateral pitch servo —1rad
Sionmaxr | Input saturation of longitudinal pitch servo 1rad
Sionmin | Input saturation of longitudinal pitch servo —1rad
Ure £,max | Input saturation of tail pitch servo 1,5rad/s
Vrefmin | Input saturation of tail pitch servo —1,5rad/s

5.5.12 Main Motor Parameters

The main motor is modelled as a second order system, as well as the servos, though
omitting the rate limit. The parameters for the main DC motor has basically been found
in the same way as for the servo motors. The only difference is that it is not feasible to
apply a step going from one extremity to the other, i.e. from no throttle to full throttle
with the helicopter clamped to the ground. This would cause an extremely high torque
from the DC motor, which could break the helicopter or parts of it. Instead, a smaller step
size is chosen; through tests it has been found safe go from 60rad/s to 85rad/s. The time
the rotor blades take from increasing the angular velocity correspondingly is found to
approximatily 1,5s. As there is no measurable overshoot, the damping ratio is 1 or larger.
Increasing the damping ratio increases the settling time. By simulation it is estimated that
a damping ratio of 1 is suitable. The DC gain is set to 1, because the software controlling
the motor has been designed so that the input to the DC motor is angular velocity in rad/s,
just as the output is. This leaves only the natural frequency to adjust, such that the model
fits with the real motor. The result is shown in Figure
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Figure 5.32: A simulated step test for the DC motor. The input to the system is a step from 60rad/s to
85 rad/s,

The saturation parameters are only implemented as a safety precaution, in order to avoid
dangerous situations with high angular velocities on the rotors.

Wnmr Undamped natural frequency of main rotor DC motor 5rad/s
Conr Damping ratio of main rotor DC-motor 1[]
Qirmax | Input saturation of main DC motor 190 rad/s
Quurmin | Input saturation of main DC motor Qrad/s
Ky DC gain of main DC motor 1[-]

5.5.13 Drag Coefficients

To determine the drag coefficient of an object requires special test equipment, so this
is not feasible in this project. Instead knowledge of different geometric shapes and
their drag coefficients is used in combination with some ‘common sense” considerations.
Furthermore, the drag coefficients for the main and tail rotor blades has been found using
experimental data as a basis for comparison. These two parameters are closely connected
to the lift curve slopes for the rotor blades, and the procedure of finding them is presented
in the next section.

Cy Drag coefficient for main rotor blades 0,008 -]
Cat | Drag coefficient for tail rotor blades 0,008 []
d fp | Drag coefficient for front plane 1,0[]
dis | Drag coefficient for tail fin 1,2[]
dip Drag coefficient for tail plane 0,5[]
dy Longitudinal drag coefficient for body 1,0[]
dy Lateral drag coefficient for body 1,2[]
d, Vertical drag coefficient for body 1,0[]

Group 1032e 79



Section 5.5: Parameter Determination

5.5.14 Lift Curve Slopes and Drag Coefficients

The lift curve slope for the rotor blades is a scalar expression of the lift thrust as a function
of the angle of attack (see Section [5.1.3|on page [45). Just as for the drag coefficients, it is
not feasible (or necessary) to find these parameters with high precision. The procedure
for determing these parameters are as follows:

. Mount the helicopter on a weighing machine, such that the registered weight can

be used to calculate the lift thrust.

. Place the helicopter and weighing machine on a swiveling plate, and attach a force

meter to the tail boom, such that the torque around the By axis can be calculated.
The setup is shown in Figure on the facing page.

. Conduct a series of experiments, where the lift thrust and yaw torque are logged as

a function of main rotor angular velocity and tail rotor pitch.

. Extract the same data (resulting lift thrust and resulting torque around 5z) from the

implemented model, and make it take main rotor angular velocity and tail rotor
pitch as input.

. Find the lift curve slope for the main rotor blades, by fitting this parameter such

that the model data is equal to the experimental data. It is assumed that the drag
from the tail rotor can be omitted.

. Find the lift curve slope for the tail rotor blades by fitting the change in yaw torque

as a function of tail rotor pitch. The reason for using the difference instead of the
absolute value of yaw torque, is that the absolute value will depend on the main
rotor blade drag coefficient, which is not known yet.

. Find the drag coefficient for the main rotor blades by fitting the absolute yaw torque

values as function of main rotor angular velocity.

. The drag coefficient for the tail rotor is assumed to be equal to the drag coefficient

for the main rotor blades, as they have approximately the same shape.

. The lift curve slope for the stabilizer bar is assumed to be somewhat smaller than

the lift curve slope for the main rotor blades.
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Figure 5.33: The setup to measure lift curve slopes and drag coefficients. The lift provided by the main
rotor is measured by the weighing machine, and the thrust provided by the tail rotor is measured by the
force meter. Coherent measurements of lift, thrust and rotation velocity are then taken to be able to derive
the relevant parameters.

Cs Lift curve slope for main rotor blade 7,6rad™!
Cissp | Lift curve slope for stabilizer bar 3rad~!
Cistr | Lift curve slope for tail rotor blade 2,5rad™!

5.5.15 Collective Pitch and Twist

The helicopter does not have collective pitch for the main rotor as a variable control input,
but the main rotor blades does have a fixed collective pitch in order to create lift thrust.
This pitch angle depends on the distance from the hub, such that the pitch angle is largest
close to the hub and decreases linearly towards the tip of the blade. Two parameters are
used to express this phenomenon: The maximum collective pitch and the blade twist.
Both parameters are measured by attaching two laser pointers on the blades parallel
with the blade chord and pointing towards a wall 1 m away. By measuring the distance
between the laser dots on the wall, it is possible to calculate the angle between the laser
beams, and thereby between the blade chords at the position of the laser pointers.

The stabilizer bar has, in contrast to the one on the Bergen helicopter, collective pitch,
which is fixed just as the main rotor blades, but has zero twist. This means that on the
Corona helicopter, the stabilizer bar also provides thrust, but this is not accounted for in
the model. This problem is handled by adding a small amount of collective pitch to the
main rotor, so that in the model this rotor provides the additional lift which in reality is
provided by the stabilizer bar.

As an example, the main rotor blade twist is given by

B arctan(d)

e (5.96)

t=
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» 0; is the main rotor blade twist.
» d = 0,26 m is the distance between the laser dots.

» 1 —¢/Ris a factor accounting for that the measurement is not at the hub, but at a
distance e from the hub.

Note that this equation requires one of the laser beams to point perpendicular towards
the wall.

Regarding the tail rotor, it has collective pitch as a variable control input. The tail pitch
angle is an affine function of the control input, described by

Qtr = Ktrstr + Gtr,offset (597)

» Oy is the tail rotor pitch.
» Ky is the DC gain of the tail pitch servo (see Section |5.5.11).
» S is the input to the tail pitch servo.

> Otoffset 18 the tail rotor pitch for Sy = 0.

Oirof fset is measured the same way as 0y 0y s and 6; using laser pointers. See also Section
5.5.11|for relationship between input and output for the tail rotor.

69 Main rotor collective pitch 0,35rad
Oo,sb Collective pitch of stabilizer bar 0,2rad
O; Main rotor blade twist —0,29 rad
Ouorset | Collective pitch offset of tail rotor 0,28 rad

5.5.16 Spring Force Constant

The flapping spring force for the main rotor blade is measured by attaching a Newton-
meter to the end of the blade, and pulling downwards. The data of this experiment
is shown as dots in Figure and it shows that the relationship between torque and
flapping angle is approximately linear. The slope of the line is the spring force constant.
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Figure 5.34: Measurements of the main rotor blade’s spring force.

’ K ‘ Spring force constant for main rotor blade ‘ 1,9 N'm/rad ‘

All the parameters are calculated in the m-file
[CD-ROM, 2007, ./source/parameters/misc_parameters.m].

5.6 Partial Conclusion

In this chapter, an overview over the existing first principles helicopter model has been
given, and the modifications needed to adapt the model to the Corona 120 helicopter,
has been developed. The adapted model has been verified similar to the procedure used
in |Hald et al. [2006], and the model works as expected when using the parameters for
the Bergen helicopter. Last all the specific parameters for the Corona helicopter has
been measured and found experimentally. It is assessed that the developed model with
the estimated parameters, behaves as the real helicopter, and can therefore be used for
controller development. It is possible to tune the parameters to make an even more
accurate model. This can be done by using system identification methods on recorded
flight data. The data can then be used together with the model, to update the parameters.
For example, in La Civital [2003] frequency responce (to the pilot input) data is used
to automatically correct the physical parameters in a first principles model, and a high
bandwidth model is hereby obtained.
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This chapter describes how an estimate of the current state is made from the sen-
sor measurements. First, the approach for obtaining a state estimate using the
camera setup and the IMU is presented. Then, the image processing software,
which is measuring the absolute position and attitude of the helicopter is de-
veloped. This part is divided in two blocks, one block taking care of the marker
localization, and another block for deriving the position and attitude. Last,
an extended Kalman filter incoorporating sensor fusion and signal filtering is
designed.
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6.1 Overall Approach to Obtain a State Estimate

As the overall goal for this project is to stabilize the helicopter in hover, it is necessary to
know at least the position and attitude of the helicopter in all three dimensions. Having
this information, it will be possible to implement a position controller. However, it
will be of great advantage in the control design to get information about the velocities
(translatory and angular) as well. Because of the IMU mounted on the helicopter, this is
certainly possible. As described in Chapter[d} we have two different sensors implemented:
The IMU and the cameras.

The IMU

The IMU has six output signals: three translatory accelerations and three angular veloci-
ties. The three accelerations are denoted as

) X¥mvu
Emu = | ¥imu , (6.1)
Zimu
and the three angular velocities as
. (/.?IMU
Omu = | Omu : (6.2)
Yivu

Because the helicopter is situated in the gravitational field of the earth, the IMU measures
this as an upward acceleration of 9,82 m/s>. This will have to be considered in the state
estimation filter.

The Cameras

Each camera output is an RGB-format image of 640 x 480 pixels for the frontcam and
sidecam and 320 x 240 for the helicam. That means that each pixel is described by three
integers in the range (0 — 255). Thus, one image is given by three 640 X 480 matrices,
one containing the red color values, one containing the green colour values, and one
containing the blue colour values. The frame rate of the cameras are 30 fps.

The strategy for obtaining a state estimate is illustrated in Figure

The purpose of the cameras is to provide information about the position and attitude
of the helicopter. To be able to identify this from the imagery, it is necessary to use
some markers. Therefore the first block localizes these markers in the pictures. Hereafter
the determined position of each marker from each camera can be used to calculate an
individual position and attitude estimate of the helicopter. The position derivation block
returns a position vector to the state estimation block denoted as

Xeam
cam = | Yeam ’ (6.3)

ZC[IW[

=
e
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Figure 6.1: The overall structure of the state estimation of the helicopter.

and the output from the attitude derivation returns a vector denoted as

(Pcam
@Cam = ecam . (6.4)

chum

The full measurement vector containing all the sensor output, is given by

[ Xnvau |
Yimu
ZiMu
Pmu

EIMU Omu
, = (*21Mu _ | ¥mu . 6.5)
=cam Xcam
Ocam Yeam
anm

(Pcam

Qcam

[ Peam ]

The idea is to put as much processing inside the state estimation block as possible. Here,
a Kalman filter will take care of both sensor fusion and filtering of the sensor signals, and
return the necessary position and velocity state estimates. The sensor signals contains
redundancy, as the acceleration measurement of the IMU can be integrated two times to
obtain a position estimate, which is measured by the cameras. Furthermore, by making
one Kalman filter for state estimation, it is easy to add more sensors to the system, or
changing the existing sensors. As mentioned in Chapter [2 the camera setup is in fact a
substistute for a more generic position sensor, which works outside the lab. Eventually
it will be necessary to change it to a GPS and maybe magnetometer sensor setup, and
when this is done, one only have to change the measurement model in the Kalman filter
to implement the new measurements.
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6.2 Image Processing

Image processing concerns the derivation of the position and attitude of the helicopter
from camera data. Since it is not the main focus of this project to analyse image data, it
has been chosen to keep this block as simple as possible. This is done by using the two
cameras placed on the wall to obtain a position estimate, and from this position estimate
the helicam can be used to obtain an attitude estimate. By doing this, it is only necessary
to know the orientation of the marker in the helicam image.

This section describes in detail how the image processing block is designed and imple-
mented. First the design of markers on the helicopter is considered, and then how to
localize them in an image. When this is done it is described how a position and atti-
tude estimate of the helicopter is made from the marker positions in the image. Finally
implementation and connection between the IPC and CC is considered.

6.2.1 Marker Design and Mounting

It has been chosen to place two markers on the helicopter. One marker is placed in the
front of the helicopter in a direction towards the front camera, and one is placed on the side
facing towards the side camera. The front marker is used to estimate the y — z position of
the helicopter, and the side marker is used to estimate the x — z position. The redundancy
of the z-axis estimate can be used to obtain a higher accuracy of the measurements.

It has been chosen to use a disc as marker, because it is rotation invariant in the plane of
the disc. An elliptic deformation occurs when the disc is rotated in any other plane, but
this deformation will be small due to the fact that the helicopter is stabilized in hover.

To be able to identify a marker clearly, the contrast between the marker and the surround-
ing background must be significant. To test which colours are the best, a paper sheet with
white markers on different background colours (see Figure[6.2) has been filmed, both with
and without a floodlight projector to illuminate the paper. The test, which is outlined in
appendix[D|on page showed that the white colour was very distinct, but none of the
background colours were very clear because of the reflection of the paper. Therefore, it
has been chosen to place a white paper marker on a non-glossy red background made of
a cloth. The cloth and markers have been mounted on the helicopter as seen in Figure[6.3|

Figure 6.2: The marker background colours used for testing the contrast.

88 Aalborg University 2006/2007



Chapter 6: State Estimation

Figure 6.3: The two markers mounted on the helicopter, and the marker placed on the floor.

The size and the position of the markers are given in Table

0
Exmrklhmm Position of the marker on the floor given in {E} 0 m
1,02 |

[ 0,19 ]
B Krk,feam | Position of the front marker given in {B} -0,01 [m
0,02 |

[ 0,13 ]
B Kmrkscam | Position of the side marker given in {B} —-0,04 | m
0,02 |
Tk The radius of a marker 0,015m

6.2.2 Locating a Marker in an Image

To locate the marker in an image a Circular Hough Transform (CHT) is used.

Hough Transform Theory

Originally the Hough transform was developed by [Duda and Hart| [1972] for finding
parametrized lines in gray scale images, and further developed for edge finding in
O’Gorman and Clowes| [1973]. The basic idea of line detection can be outlined as fol-
lows. Given a pixel set (x,,1/,) and a function f(x;,y,) that describes the probability of the
pixel being on the line,

1. describe each possible line in the image by a set of parameters e.g. slope and
intersection (y, = ax, + b), or normal parametrization (p = x, cos(0) + y, sin(0)
[Duda and Hart,[1972]). The latter is the most used because it is easier to implement
due to potential unboundedness of a and b.

2. Create an accumulator array for each parameter containing all the possible values
of the parameter.

3. Investigate each pixel to see if it is a candidate to be on a line (f(xp,y,) > T, where
T, is some pixel threshold), and
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4. if so, increment the accumulator arrays for all the values corresponding to lines
going through the given pixel.

This procedure causes the accumulator representing a real line in the image to be in-
cremented a lot of times, while other accumulators are only incremented a few times.
Therefore it is only necessary to search for the maximum value of the accumulator array,
to find the parameters for the most likely line in the image.

The Hough transform was later extended to more advanced shapes such as circles by
Kimme et al|[1975] (CHT), and generalized to arbitrary shapes by Ballard [1981]. The
parameters of circles are center and radius and the CHT can be used to find circles
with arbitrary centers and radii. However, the computational complexity of the Hough
transform increases polynomially with the number of parameters, so computation time
can reduced by searching for circles with a specific radius. In Figure |6.4| the application
of the CHT with a fixed radius is illustrated.
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Figure 6.4: Illustration of the CHT with fixed radius applied to an image. (a) The original image of a circle.
(b) The discretization in 16 by 14 pixels with the pixels above the threshold filled. To reduce complexity of the
image only five pixels which is above the threshold are emphasized, and the original circle is superimposed.
(c) The center will be at a distance equal to the original circle radius from each pixel above the threshold.
The accumulator array is incremented at all these points. (d) The highest value of the accumulator array
will be where the circles intersect, which is equal to the correct center of the circle.

In Kimme et al|[1975] it is further suggested to use the direction of the gradient of the
image to only update the accumulator where it is likely for the circle center to be. This
can increase the computational speed of the algorithm.
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Application of the Circular Hough Transform

Inner Circle Search As the markers on the helicopter are discs, the CHT can be used
on these if searching for a circle in the image with radius corresponding to the size of the
marker. Assuming that the algorithm works as expected, a circle with the same radius
as the marker will only be present exactly on top of the marker. If a smaller radius is
used in the CHT there will be several possibilities for the estimated center. However, the
center can only be as far away as the difference between the radius of the marker and the
used radius in the algorithm. If on the other hand a larger radius is used there will be no
circles found, and therefore the radius must be chosen carefully to not exceed the radius
of the marker. Further some blurry effect will arise in the transition between the marker
and background since the image quality of the used web cameras are not perfect. These
facts leads to the conclusion that to find the marker in the image, it is necessary to search
for a circle slightly smaller than the marker.

Outer Circle Search To ensure that it is the actual marker which is found, the back-
ground is analyzed as well. For the same reasons as for the inner circle search it will this
time be preferable to search for a circle slightly larger than the marker radius.

Pixel threshold and accumulator incrementation To determine if a pixel is a candidate
to be on the circle, a “distance” threshold Tyis used. The pixel “distance” D, is calculated
as the deviation from the expected colour:

D, = IR, = Rl + |G, — Gl + B, — B,| (6.6)

» D, is the pixel colour distance.
» Ry, Gy and B, are the red, green and blue values of a pixel, respectively.

» R., G, and B, are the expected red, green and blue values of a pixel, respectively.

If the distance is less than the preset threshold T, the pixel is a candidate for being on
the circle, and the accumulator array is incremented as shown in Figure Instead of
incrementing the accumulator array with 1, it is incremented by a value of 255 — D,,. This
makes pixels which are very close to the expected colour (D, is very low) more significant.

Verification of the Algorithm The CHT hasbeenimplemented and tested on two images
recorded by the frontcam and sidecam when flying manually in the lab. The images
obtained are shown in Figure [6.5 on the following page.
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(a) Front camera. (b) Side camera.

Figure 6.5: The helicopter in a manual test flight in the lab.

The threshold and RGB-values has been chosen empirically from the results when pro-
cessing different images. The threshold is chosen rather large in order to account for
changing light conditions in the lab. Regarding the circle radius it is in this case set by
testing different radii to see which fits the best. As described, it can be difficult to choose
the right parameters, but the ones used for this test is tested on different images with
different lighting conditions and is believed to be appropriate for the final system. The
parameters used for the front camera CHT are as follows:

» Marker colour: (245, 245, 245)

Inner circle threshold: 150

v

» Inner circle radius: 12 pixels

v

Background colour: (210, 50, 50)

Outer circle threshold: 150

v

» Outer circle radius: 17 pixels

When the image has been processed the accumulator array is normalized to 255, i.e. all
values are scaled by - cczifr?ml zion- Lhis means that the array now represents a gray scale
image with the most likely pixel to be the center (highest value of the accumulator array)
white, and the lower value in the array, the more dark the pixels will be. The results of the

processing of the image from the frontcam are illustrated in Figure[6.6/on the next page.
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(a) Inner circle search. (b) Outer circle search.

(c) Combined inner and outer circle search. (d) Marker localized.

Figure 6.6: The output of the accumulator array of the CHT shown for inner circle search, outer circle
search and combined search of the image in Figure[6.5(a)shown in (a), (b) and (c). The resulting estimated
marker position is drawn on the image in (d).

In Figure the accumulator array for the inside circle search is seen. It can be seen
that the marker can be identified, but as some of the background is white, the output
might be erroneous when only doing search for the inner circle. In Figure the result
for the outside circle search is shown. Here the marker is identified as well, but at some
region around the marker there is also high accumulator values. In Figure[6.6(c)|the inner
and outer circle search is combined by adding the accumulator values for both searches.
It is seen that the marker center emerges more clearly. In Figure[6.6(d)|the inner and outer
circles has been drawn where the center was found, and it is seen that the center is located
correctly.

The algorithm is also verified for the side camera with the following parameters:

Marker colour: (245, 245, 245)
Inner circle threshold: 150

Inner circle radius: 9 pixels
Background colour: (210, 50, 50)
Outer circle threshold: 150
Outer circle radius: 14 pixels

vVvyVvVvyVvyy
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In this case the marker is also localized and the results can be seen in Figure

(a) Inner circle search.

(c) Combined inner and outer circle search. (d) Marker localized.

Figure 6.7: The output of the accumulator array of the CHT shown for inner circle search, outer circle
search and combined search of the image in Figure|6.5(b)|shown in (a), (b) and (c). The resulting estimated
marker position is drawn on the image in (d).

On black and white output images from hough accumulator it can be difficult to see how
certain it is that the right marker position is found. To emphasize that the algorithm is
robust, a 3D plot of each of the accumulator arrays in Figures [6.6(c)land [6.7(c)] is plotted
in Figure[6.8] A very distinct peak is seen on both frontcam image and the sidecam image.
Further, the mean value is only 29 and 22 for the front and side accumulator respectively,
which gives a peak-to-mean ratio of at least 8,5.

Optimization Some optimization to make the algorithm even more robust to different
changes in for example light conditions has been considered. When both inner and outer
circle search has been applied, it has been tried to rule out all centers where not both
the inner and outer search gives a high accumulator value. This is done by checking
all accumulator values and if either the array for inner or the array for outer search is
below some threshold, then the combined accumulator is set to 0. It has been seen that
this improves the uniqueness of the circle center in the combined accumulator array.
However, in the existing implementation of the algorithm this procedure requires a lot of
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(a) 3D plot of the output of the hough accumulator (b) 3D plot of the output of the hough accumulator

array from Figure array from Figure

Figure 6.8: On the two figures a very distinct peak is seen, and the conclusion is therefore that the algorithm
for finding the marker is very reliable.

extra processing time, and it is assessed that gain of the method is lower than this cost.
Because the lighting conditions might change from one flight to another, then the back-
ground colour might change as well. To compensate for this, a function, that measures
the background colour just beside where the marker is located and uses this as back-
ground colour next time, has been implemented. The disadvantage of this method is that
if one image yields the wrong center, the background colour will be measured wrong as
well, and therefore the possibility of finding the right center in the next image will be
decreased. The possiblility of this scenario is decreased by using a default background
colour if the colour measured is too far away from the expected background colour (e.g.
if a blue colour is measured instead of the expected red background colour).

It is seen in Figures [6.6(a) and [6.7(a)| that a great deal of the background is white as
well, and this might cause the marker to be estimated at the wrong position. If using
the gradient in the picture as described in |(O’Gorman and Clowes|[1973], only the edge
between the marker and the background will appear clearly as a marker. This has been
tried but does not seem to work very well. Another disadvantage by using the gradient
is that it is necessary to know exactly the size of the circle to search for.

Increasing computational speed

In this application the image size is 480x 640, which means that 307840 pixels are examined
for each image. But since the helicopter has a limited velocity compared to the frame rate
of the cameras, it is not moving very far away from the measured position during one
frame. Thus, by examining a “region of interest” (ROI) in the image where the marker
was last time, the number of pixels can be reduced considerably. If examining an area of
for example 100 x 100 pixels, then only 10 000 pixels are examined which is less than 1/30
of the original number.
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Reprocessing and Error Handling

A problem with using a ROI is that, if the ROI is chosen too small or the helicopter
velocity is too large, the marker might be out of the ROI before the next frame, and a
wrong estimate of the marker center might be obtained. However, if this case can be
discovered, it is possible to do an reprocessing of the whole picture to find the right
position of the marker. This can be done in several ways. If the maximum value of
the accumulator array is lower than usual then the marker position estimate might be
wrong. Anther possibility is to count the number of pixels found below the threshold,
and if this number is not large enough, then the estimate might be erroneous. Tests of
both methods have been done with both yielding good results. But both methods have a
threshold which have to be tuned specifically to other parameters used in the CHT. For
example, the threshold of low value of the accumulator array is dependent on the size
of the marker, which changes dynamically and the number of pixels found below the
threshold is dependent on the size of the ROI. Therefore a more generic method is used.
The maximum number of times, the accumulator array can be incremented, is equal to the
number of pixels at a distance equal to the radius of the circle searched for. The maximum
value of the accumulator array is therefore normalized according to the total number of
pixels in the inner and outer circle. Since, at each incrementation, it is only possible to add
255 to the accumulator array, the maximum value is 255. It has been tested empirically
that if the marker is located correct, the value ranges around 180 to 230, dependent on
the operating conditions and which camera is used. Based on these values, it has been
chosen to use a threshold of 170 to determine if a reprocessing of the whole is image is
necessary.

Another possibility, is that the marker is totally outside the image. In this case it is not
possible to locate where the marker is at all. But, if the algorithm uncritically chooses the
place in the image, which looks most like a marker, it might cause a sudden jump and a
total erroneous position estimate, which again might lead to large wrong control input
to the helicopter. This is a scenario which might lead the helicopter to suddenly crash.
To avoid this, it has been chosen to reuse the marker position estimate from the previous
image, if the threshold is still below 170, when an reprocessing of the whole image has
been conducted.

This error handling discussion concludes the processing of each image individually. Now
the use of the marker position estimates are considered.

6.2.3 Camera Properties

To be able to use the pixel position of the image, it is needed to know the properties of the
cameras. The pixel co-ordinates are defined as shown in Figure[6.9(a)|on the facing page,
with the lower left pixel denoted (1, 1).

It is assumed that each pixel correspond to a specific angle of view (@pix,wan and apix neam
respectively for the two types of cameras) no matter if it is in the edge of an image or
at the center. Further it is assumed that horizontal and vertical angle spanned by each
pixel is the same. This angle can be found by measuring the whole opening angle ay;ew
as shown in Figure and dividing by the number of pixels (res, and resj, for vertical
and horizontal resolution respectively).
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A
Yp
> Camera
Xp
(a) Definition of the pixel co-ordinates in (b) The opening angle of the camera and the
an image. angle corresponding to each pixel can be de-

termined by measuring the parameters given
in the figure. Wy, is measured by holding
a ruler in front of the camera and inspecting
how much of it it is possible to see.

Figure 6.9: Determination of camera properties

The camera and measured parameters are:
- dyiew = 1m
= Woiew, feam,h = Woiew,scam,h = 0,82m
= Wyiew, feamp = Woiew,scam,v = 0,601‘1’1
- 1€Sfcamp = T€Sscamy = 640
- 1€Sfcamp = T€Sscam,o = 480
= Wyiew, heamh = 0,76 m
= Woiew, heamp = 0,57m
- 1eSpeamy = 320

- 1eSpeam,p = 240

The opening angle e is calculated as the double of the right-angled triangle spanned
by dngw and wview/ZZ
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Qpiew = 2+ arctan( Weiew ) . (6.7)

2 dview

The angle spanned by a pixel is calculated by dividing by the resolution. The horizontal
and vertical angle are slightly different due to measurement errors, and therefore a mean
between the horizontal and vertical angle is used:

Qpix = (—“fﬁ:’h tin )/2 . (6.8)
This yields the results:
> Qpix,feam = Xpix,scam = 1,22- 103 rad
> Qpix,hcam = 2,31- 103 rad
6.2.4 Determination of the Position of CM

When the markers in each image from the wallcams are found, it is possible to find the
direction of the vector from the camera towards the marker. By adding the position of
the camera in {E} and subtracting the position of the marker relative to the CM of the
helicopter, a line passing through the CM is obtained (!t and Ilsem), and this CM will
be located exactly where the lines intersect. This is illustrated in Figure

Front Cam

Side Cam

Figure 6.10: A line from each camera towards the marker is created. The position of the helicopter can be
calculated finding the intersection between the lines if the marker offset from the CM is taken into account.

Finding the Unit Vector Towards the Marker

To find the unit vector towards the center of the marker Fv,,+, two angles are used. O«
is the angle between an offset position and the center of the marker (x,,1,). The offset
position (XegYop) is the location of the marker center when the helicopter is situated in
zero position. The offset position does not need to be exactly in the center of the image, if
the initial orientation of a camera is not exactly aligned with {E}. The other angle ¢, is
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the angle between horizontal and the center of the marker seen from the offset position.
The parameters are shown in Figure [6.11}

(xnf/’;y oﬁ) |

Camera

Figure 6.11: Illustration of the parameters used to determine the unit vector from the camera towards the
marker center (x,,yp).

Omrk is found by calculating the distance between the marker and the offset in pixels Dp;y
and multiplying by the angle spanned by one pixel. ¢, is found by using the tangent
rule:

Ot = pie (0 — Yo+ (U — Yo (6.9)
Ok = arctan(M) . (6.10)
Xp = Xoff

Note that it is necessary to use a four quadrant tangent function (such as atan2() in
MarLaB), which is able to distinguish between the signs of x and y:
if x>0 = arctan(%)

else if (x<0) = sign(y)-n+ arctan(%).

Now it is possible to construct the vector pointing towards the marker. This must be done
individually for the two cameras, since the image x- and y-axis does not correspond to
the earth frame orientation.

Assuming (Xof, feam,Yoff, fcam) 18 in the direction of the origin of the earth frame and the
camera is in level with the earth frame (Fx famz = 0), then it can be seen from Figure
m that the length of Evm,k, fFean,x 18 €OS(Onrk, feam)- Notice that the distance to the marker
does not enter the equation since E®,ri is scaled to unit size. Further it can be seen from
Figure that the direction is opposite of the x axis of {E}. The length of Evmrk, Feam,y 1S
equal to the length of sin(6,x, feam) COS(Pmrk, feam), and finally the length of Evmrk, Feam,z 18
SiN(O sk, feam) SIN(Purk, feam)- Both the z and y direction has opposite direction as well as the
x direction.
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Similar considerations can be done for the vector pointing towards the side marker from
the side camera. The following result is then obtained:

- COS(Gmrk,fcum)
Evmrk,fcam,tmp il Sin(emrk,fcum) COS((Pmrk,fcam) ’ (6.11)
- Sin(emrk,fcam) Sin(qurk,fcam) ]

- Sin(emrk,scam) COS((Pka,scam) ]

E
vmrk,scam,tmp = COS(Gmrk,scam) . (6-12)
- Sin(emrk,scum) Sin(¢mrk,scum) ]

If the camera is not in level with the earth frame the vectors must be rotated to take the
angle towards the origin of {E} into account. This is done by rotating v+ Feam,tmp @round
the y-axis and E Uik scam,tmp around the x-axis according to

Cos(éfcam) 0 Sin(éfcam)
Evmrk,fcum = 0 1 0 : Evmrk,fcam,tmp ’ (613)
i _Sin(éfcum) 0 Cos(éfcam)
[ 1 0 0
Evmrk,scam = 0 cos(Escam) —sin(Escam) |- Evmrk,scam,tmp . (6.14)
| 0 sin(&scam) ~ COS(Escam)

> < feam is the angle between horizontal and the origin of {E} seen from the front camera:

_ - Fx feam,z
& feam = arctan | —= ).

feam,x

» Escam 1S the angle between horizontal and the origin of {E} seen from the side camera:

= Exccam,z
Escam = arctan (EK—’)
scam,y
To create a parametric vector equation for the line going through the camera instead of
going through the origin of {E}, the position of the camera is added:

lfcam(pfcam) = Evmrk,fcam “Pfeam + EKfcum ’ (6.15)
lscum(Pscam) = Evmrk,scum * Pscam + EKscam . (6-16)

> Ltcam/scam line passing through the CM of the helicopter. Obtained by the front
camera and side camera respectively.

> Pfeam/scam € R describes each point of the line.

> Exfcm is the position of the front camera in {E}.

> Eicseam is the position of the side camera in {E}.

These lines passes through the markers, but it is wanted to describe lines going through
the CM of the helicopter. Therefore an offset corresponding to the distance from the CM
to the marker is subtracted:

lfcam(Pfcam) = Evmrk,fcam “Pream t EKfcam - Epmrk,fcum (6.17)
lscum(Pscam) = Evmrk,scum * Pscam t EKscam - Epmrk,scum (6.18)
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» Ep feam/scam 18 the vector from the CM of the helicopter to the marker. Notice that

T
Epnk, Feam/scam = B, fFeam/scam 1f the attitude of the helicopter is [ 0 00 ]

Now it is wanted to find the intersection between the lines, i.e. where l¢;, = lscam- In the
real application this is hardly ever fulfilled, but the lines should be very close to each other.
To find where the lines are closest to each other a least squares estimate of the distance
between the two lines are used, i.e. min(||1 foam — Lscamll2). The least squares estimate can be
found by first rewriting the equation:

lfcam - lscam =0

X
E E E E E E _
Omrk, feam * Pfeam + “Kfcam = ~Pmrk, feam — ( Omrk,scam * Pscam + ~ Kscam — pmrk,scam) =0
E E Pfeam | _[E E E E
[ vmrk,fcam — Omrk,scam ][ pf ] = [ Kscam — Kfcum + pmrk,fcam - Pmrk,scam]
scam

Ax=b (6.19)

By using the pseudo inverse of A (A*), the solution to the least squares problem is given
by
x= [ P feam ] A" b=ATA)AT b (6.20)
Pscam
By insertion into (6.15) and (6.16) the CM can be found by calculating the middle point
between the lines:

Lcam (P feam) + Lscam(Pscam)
- feam\P feam ; scamPscam 6.21)

The distance between the lines (d), feam,scam = W gecamP feam) — Lcam(P feam)|l2) serves as an
estimate of how accurate the calculation of the CM position is. If the distance is large
it is an indication that there might be something wrong, and it is possible to disregard
the sample. This estimate is also used to feed back to the marker algorithm and force an
update of the whole image, instead of only the RO], if the error is too large.

p—
=
(="

Marker Size When the position of the helicopter has been found, it is possible to calcu-
late the distance to the markers. This can be used to derive the radii of the markers in the
images and use these in the next iteration when finding the markers using the CHT. The
distance to the marker is

Ark = Bcam — EKcum + E]-"mrk||2 (6.22)

The angle extend of the marker is calculated by the tangent rule. Finally the angle is
converted to pixels by dividing by the angle per pixel a,;; and rounding of to an integer.

arctan (;’ﬁ’;)] 623)

Tpix,mrk = round
Xpix
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As written in Section on page [91] it is necessary to search for a marker which is a
bit smaller than the actual size of the marker. Experiments has shown that the following
values are usable

» Inner circle radius = 0,9 - iy sk
» Outer circle radius = 1,5 - iy, ik

Region Of Operation The Region of operation (ROO) is defined as the set of all possible
locations of the helicopter, where the respective markers are within the field of view for
both the front camera and side camera. To determine the ROO, advanced geometric anal-
ysis of the field of view for each camera i necessary. This would result in a mathematical
formulation of the region, but not create a better visual overview of the region. A visual
overview would be good for the pilot who has to maintain the helicopter within the
region until the control is switched to autonomous. Instead it has been chosen to make
an algorithm, to find out if the helicopter is in the ROO, for a given position of the CM.
From this a 3D figure which shows the ROO is created.

The ROO is three dimensional convex (all inner angles are below 180°) polytope with
eight vertex points (like a deformed cube). A polytope can be described by its faces
(or more general, facets if the polytope is not in three dimensions), which bounds the
polytope. For example a cube is bounded by its six faces. The interior set of points in a
polytope can be described by 7 linear inequalities [Weisstein, 2007,

Apxgx 2 b (6.24)

» Ais a real matrix

» 1 is the number of faces

» d is the dimension of the polytope
» x is a point in the space

» b is a vector.

Exemplified by a dice located in {E}, and showing the number 6. z must be less than the
plane in which the face with six dots lie, and larger than the plane in which the face with
one dot lie,e.g.z<1land z > 0.

The ROO is characterized by the four bounding planes of each camera (which can be seen
in Figure[d.3Jon page[26). A plane can be described by a normal vector to the plane #, and
a point on the plane, where all points in the plane satisfies the equation

ne(r—p)=0, (6.25)

» nis the normal vector to the plane
» risa point in the space

» pisa point on the plane

» e is the vector dot product

If n e (r — p) > 0, then the angle between the normal vector and r is less than 7/2rad. This
can be used to create the inequalities in Equation (6.24). If a normal vector pointing into
the view of the camera is found, then the angle between this and a point should be less
than 7/2rad. A normal vector to a plane can be found by the cross product of two vectors
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in the plane. Since it is known that the direction vector towards each of the corner pixels
lies in two planes, e.g. the pixel (0, 0) lies in both the left and bottom plane,it is possible
to find the normal vectors of each plane A direction vector vap Yy, cam towards a pixel
is easily found using Equations (6.17] . The cross product is taken in a clockwise
direction, to make the vectors pomt 1nwards as wanted:

Rieft, foam = E”O,O,fcam X Ev0,480, feam Nieft,scam = EUO,O,scam X EUO,480,scam

Nyop, feam = 00,480, fcam X Ev360,480, feam  Mtop,scam = Evo,480,scum X EUB6O,480,scam (6.26)
Nyight, feam = Ev360,480,fcam X Ev360,0,fcam Wyioht,scam = E7736O,480,scam X EUBéO,O,scam '
Rpottom, feam = Ev360,0,fcam X EvO,O, feam Myottom,scam = Ev360,0,scam X EUO,O,scam

From Equations (6.17)-(6.18), it is known that p e = EKfcam - Epmrk,fcam lies on the
front camera planes, and psige = Fxscam — Epmrk,mm lies on the side camera planes. By

rearranging (6.25), the linear inequalities can be obtained:

ne(r—p) > 0 (6.27)
)
neZ—-nep > 0 (6.28)
U
- Ay - P front
A-B - > 0 6.29
[ A - Pside ] ( )

T
nleft,fcam
> A= :

T
bottom,scam

is an 8 X 3 matrix consisting of the eight normal vectors transposed.
» Aj is the first four rows of A.

» A, is the last four rows of A.

These inequalities are implemented in the MaTLAB function

[CD-ROM, 2007, /source/image_processing/camera_is_in_view.m].

To obtain a visualization of the ROO, a Monte Carlo simulation has been performed.
1000 000 randomly chosen points in an area larger than the region of view are evaluated.
All, which satisfies the linear inequalities, are plotted in a 3D plot, which is shown
from different angles in Figure In Figure the obtained points from the
simulation, is used to create a 3D figure.
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Figure 6.12: 3D plot of all points within the view of both cameras from a Monte Carlo simulation of
1000 000 randomly chosen points. In Figure[6.12(b)} the simulation points is used to create a 3D figure.

Sidecam

| Pilot

y—axis
@

Frontcamn

0,5 _
1,5f _
P

X—axis

(a) The ROO seen from above. All points, which are not close to a side

camera bound, are removed.

(b) Region seen from the operating table in lab.

The view is from the same perspective as the image in Figure[d.4on page[26]

6.2.5 Determination of the Helicopter Attitude

As written in Section on page |88 it has been chosen to calculate the attitude of the
helicopter, with basis in the known position of it, and the position of the marker in the

104

Aalborg University 2006/2007



Chapter 6: State Estimation

helicam view. In section the unit vector from the cameras towards the markers are
found. It has been found that when the helicopter is close to hover as desired, then this
method is most accurate for the roll and pitch angle, but not as accurate for the yaw angle.
The method is therefore used for calculating ¢ and 0, and an alternative method is given
for calculation of ¢.

Derivation of Algorithm for Calculating ¢ and 0

The unit vector from the helicam, towards the floor marker, is given in {B} because the
helicam is mounted on the helicopter. It is also possible to find the same unit vector given
in {E}. This means that the same vector is obtained given both in {B} and {E}.

- Sin(emrk,hcam) Sin(qurk,hcam)
B .
Omrkhcam = - Sln(emrk,hcam) Cos(‘pmrk,hcam) ’ (630)
COS(erk,hcam)
Ekmrk,hcam -

Evmrk,hcam = . (6.31)

|| Exmrk,hcam - E”Z

It is known that

E _ EpB
Omrkhcam = BR Omrk, hcam ’ (6.32)

and therefore it is possible to determine £R. The solution is however not unique because
if the helicopter revolves around 2 Uk heam, the two vectors in will remain the same
even though ER changes. It is however possible to find the “smallest” attitude satisfying
(6.32), i.e. the attitude closest to zero. For example, if the helicopter position is zero

T
(E. = [ 0 00 ] ) and the position of the marker is in the center of the image, then

¢ = 0 = 0 but ¢ can be anything. The algorithm will find the smallest angle satisfying
Equation (6.32),i.e. ¢ = 0 = ¢ = 0. This method is assumed satisfactory since it is wanted
to keep the helicopter in hover and only small deviations from hover is expected.
According to Euler’s eigenaxis rotation theorem a rigid body can be brought from any
arbitrary initial orientation to an arbitrary final orientation by a rotation around an eigen-
axis [Bak, 2002, p. 18]. The eigenaxis for the helicopter rotation can be found by the cross
product of the two unit vectors. Since [la X bl = [lall> - [|bll» sin(0) (where 0 is the angle
between the vectors), and both the vectors have unit length it is easy to find the rotation
angle.

e
6rot

Evmrk,hcam X vark,hcam (6-33)
arcsin(|le]|2) (6.34)

» e is the eigenaxis around which gR rotates the helicopter.

» O, is the rotation angle around the eigenaxis.

From the eigenaxis and the rotation angle, a rotation matrix can be created [Bak, 2002]:
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C(th) + e%(l - C(Qrot)) 6162(1 - C(Qrot)) + €3S(th) 6163(1 - C(Grot)) - 625(9,»0,5)
ER = | e2e1(1 = c(Orot)) — €35(Orot) c(Orot) + 63(1 —c(Orot))  e2e3(1 = c(Oror)) + €15(Orot)
6361(1 - C(Qrat)) + eZS(erot) 3362(1 - C(Qrot)) - els(erot) C(Grot) + €§(1 - C(Grat))

(6.35)
» (Ort) = cos(Oyo) and s(O,4¢) = sin(Oyor)
By inspection of
cOcy  spsOcy — chpsy  cpsOc) + spsy
ER = gRT =| cOsy sPpsOsy + cpc)  cpsOsy — spey (6.36)
—s0 s¢pcO cpcO
(see Equation (5.53)) it can be seen that the Euler angles can be found as:
ER
¢ = arctan [_lg 32) (6.37)
5Ras
0= arcsin(—gﬂgl) (6.38)
ER1
Y = arctan [ 7— (6.39)
R

» ER.y, is the number in the ¥ row and y™ column of R.

Yaw estimation

As written, the above described method is not very precise for 1) when the helicopter is

close to hover. Imagine the helicopter is in hover with & = 0and ® = [ 00 vy ]T. Then
the position of the marker in the helicam view would be at the center of the image, even
if 1p changes, and the above algorithm would result in an estimated yaw angle of 0. To
find the correct yaw angle, a white “tap” is put on the marker on the floor, as shown in
Figure This is used in the marker location algorithm to derive the yaw angle.

Figure 6.13: The floor marker is expanded with a tap, to be able to find the yaw angle. The algorithm
searches for most consecutive white pixels, at a distance from the marker center greater than the marker size.

A search for white pixels, at a distance greater than the radius from the marker center,
indicated by the black circle on Figure is performed. The tap is then located where
most consecutive white pixels occur. From this location it is possible to determine the
angle.
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This method has been implemented, but not tuned and tested in real flight. A proof of
concept experiment has been conducted by manually holding the helicopter above the
floor marker, and turning it. This has shown that it is possible to find the yaw angle of
the helicopter.

6.2.6 Verification of the Position and Attitude Determination

The algorithms for calculating the position and attitude of the helicopter, has been tested
qualitatively. This is done by giving several known pixel position input, and watching if
the output behaves as expected. First all input pixel positions are set equal to the offset
position ((xp,Yp) = (Xof,Yop) for all three cameras), and the helicopter markers are set to be
located in the CM of the helicopter ( &k, feam/scam = 0). This results in an output of & = 0,
® = 0 and a position error estimate of 0, as expected. Next input as shown in Table
are given. The test showed that the output from the algorithm yielded the correct results.
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Increase xp, fam OF y decreases
decrease Xof, ream

Decrease X}, fqm Or y increases
mcrease xoﬁ:, feam

Increase Yy, feam OT z decreases
decrease Yof, foam

Decrease Yy, feam OF z increases
increase Yo, fam

Increase X scam OF x decreases
decrease Xof scam

Decrease xp,scam OF X increases
increase Xoff scam

Increase Yy scam OF z decreases
decrease Yo scam

Decrease Vp scam OF Z increases
increase Yof,scam

Increase X jcam OF ¢ decreases
decrease Xof jcam

Decrease x jicqm OF ¢ increases
increase Xoff jicam

Increase Yy neam OF 0 increases
decrease Yog hcam

Decrease Yy ncam OT 0 decreases

increase Yoff heam

0

Ex| -K and
Correct Kk, feam = y,mrk, feam

— Kz,mrk,fcam/z

O changes according to Kk, fam
—Kx,mrk,scam

B~ 0 and

Set Kk, feam = 0 and correct Kk scam

—Kz,mrk,scum/z

® changes according to Kk scam

Table 6.1: For different input to the algorithm for calculating the position and attitude of the helicopter, the
corresponding output are shown. Note that the position error estimate increases with some input, because
only changing the pixel position of one marker, is not possible in reality.

6.2.7 Implementation of Marker Processing

The combined algorithms for finding the CM and attitude of the helicopter has been
implemented in StmuLink. The acquisition of the images from the webcams has been
done using the image acquisition toolbox block “video input”. Since this block only
exists in the Windows version of MarLaB, Windows is chosen as OS for the IPC. The
output from the “video input” blocks are three different matrices (Red, Green and Blue)
the size of an image, each containing the values for one colour.

The CHT functions has been implemented in C++ by Anders la Cour-Harbo, and a
wrapper file has been made to test the CHT on individual images. For implementation in
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SimuLINk it has been chosen to implement the algorithm in an S-function, which makes
it possible to use the existing implementation in C++. Each of the cameras are processed
in a separate SiMULINK block, and the wallcams and helicam S-function are implemented
in two different files (wallcam_Sfun.cpp and helicam_Sfun.cpp).

The indexing structure of a matrix in MatLaB is so that the first byte in the memory is
the upper left part of the Matrix (i.e. pixel (1,res,) in the image) and the next is the pixel
below (1,res, — 1). In a normal image the indexing starts from the lower left corner and

advances to the right. This is illustrated in Figure

(a) MaTtLAB matrix indexing. (b) Bitmap data indexing.

Figure 6.14: Image (a) shows how MatLAB indexes and saves an image matrix consecutively in the memory,
and (b) shows how a bitmap image is saved in memory.

Furthermore a bitmap image in the memory saves each RGB value of a pixel consecutively
whereas the “video input” provides the three matrices individually. Therefore before
proceeding with the CHT transform, the input matrices to the S-function must be merged

and rearranged according to:

Mem([3 - (k-res, +j)] = Red[res,-j—k+res, —1] , (6.40)
Mem[3 - (k-res, + j)+1] = Green[res), - j —k + res, — 1] , (6.41)
Mem|[3 - (k-resy + j)+2] = Blue[resy - j—k+ res, — 1] , (6.42)

j=012...res, —1 , k=0,1,2...res, — 1 . (6.43)

» Mem is the memory block containing the image as shown in Figure|[6.14p.

» Red,Green,Blue is the memory block provided by MarLas

The calculation of the position of the helicopter CM as well as the attitude of the helicopter
is implemented as a function in an m-file. This enables the calculation to be implemented
in an m-file S-function in StimuLINK. The output from this block is sent to the CC.

A block diagram of the implementation in SIMULINK is shown in Figure
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I
acqurlliziion > CHT front
S-functi
front camera B netion
Image Position and

- i
acquisition CHT side attitude Send to CC

. L S-function .
side camera calculation

Image —7® CHT helicam f

acquisition .
q . |  S-function
helicam

Marker sizes and estimated error

Figure 6.15: A block diagram of the implementation of the image processing inn SIMULINK.

When starting the system it is necessary to calibrate the offsets (Xofcam Yo cam). This is
done by holding the helicopter in the inertial state and reading the output from the CHT.
This output is then set as a parameter for the position and attitude calculation.

6.2.8 Connection between CC and IPC

For the CC to be able to use the derived position and attitude of the helicopter, it is neces-
sary to transmit the data from the IPC to the CC. This is done by a simple serial connection
using the “to instrument” block from the instrument control toolbox in SimuLink. For
easy implementation, it has been chosen to only send one byte for each state, which means
that numbers between —128 and 127 can be send. Therefore the position is converted to
cm and rounded before it is send. The attitude is also multiplied by 100, which gives
an angle resolution of arcsin (1/100) = 0,01rad = 0,57°. This is assumed sufficient in the
current implementation. To separate each sample, a control character (chosen to be 125)
is send at the end of each sample.

6.2.9 Test of the Image Processing Subsystem

The whole image processing subsystem, is quantitatively tested by placing the helicopter
in different known positions, and watching the output. First, the marker algorithm is
calibrated according to the description in Appendix|G.1jon page Then the helicopter
is placed in zero position, and it is checked if the output is close to & = 0,0 = 0. Then the
helicopter is placed in two different positions, as far from the cameras as possible and as
close to the cameras as possible, to see if the algorithm works in both near and far range.
Further this tests shows if the algorithm can handle displacement in all three axes at the
same time. The tested positions of the CM are measured to be:

~0,75 0,22
E=| 08 | , Bi=|-043 |m . (6.44)
0,50 -0,31

These positions are obtained by watching the output display from the cameras, and
moving the helicopter until the markers are close to the bounds of the cameras.
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The positions are tested using the region of marker view algorithm, derived in on
page The output inequalities yields the result:

[ 0,11 ] 0,50 ]
0,77 0,05
0,87 0,06
5 8?; >0 , E: gg; >0 (6.45)
0,84 0,03
0,16 0,38
| 0,09 | 0,39 |

which means, since all values are positive, that the markers should be within view. It is
seen that inequality 1,4,7,8 for & yields low values. This indicates that the marker is close
to the left and bottom bound for the front camera, and right and bottom bound for the side
camera. This is correct according to the position of the helicopter. Similar observations
can be done for ;. This verifies correct operation of the algorithm for determining if the
markers are in view.

When the helicopter has been placed, the simulation is run for a few seconds to obtain the
output from the function. While running, images including the detected marker is saved.
The output is shown in Figure where it can be seen that the markers are detected
correct for all four images. The output pixelpositions of the marker center are:

[x1

- (xp,fcam/yp,fcum) _ (49 ’ 83)
“1'[ ]‘[(523,40)] S (74 , 445)
(6.46)
When plotting for the whole simulation period, it is seen that the pixel positions have a
maximum deviation of 1 pixel, which indicates that the correct marker is found all the

time.

(xp,scum/yp,scam)

. [ (xp,fcam/yp,fcam) ] _ [ (600, 434) ]
(xp,scam/]/p,scam) ,
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(c) Front camera close up. (d) Side camera close up.

Figure 6.16: Images showing the marker position when testing the image processing subsystem. The
markers are located correctly, and the algorithm determines the correct position.

The output state etimate and estimated error, calculated on basis of the pixels are:

-0,71 0,17

2,=| 082 ,  Ey=| -048 , (6.47)
0,51 -0,30

Er1=004 ,  Ep=002 . (6.48)

Comparing to the measured positions in (6.44), it is seen that the estimated position is
close to the correct position. The small errors might be due to not completely horizontal
alignment of the cameras. Further it is difficult to manually measure the exact position of
the helicopter, sa there might also be small errors in (6.44).

The size of the markers in the images have been measured by counting pixels in MSPaint.
The blurred area in the edge of the markers has not been regarded as a part of the marker.
The pixel radii of the images shown in Figures|6. respectively are; 4, 4, 7 and
10. Calculated size of the markers (see Equation (6 ) are 4,5, 8 and 12. These are close
to the correct size, though a little larger. This can be explained by not taking the blurred
edge into account when measuring the radius.

From this test, it can be concluded that the image processing subsystem works as expected.
Further tests of the image processing subsystem, and the connection to the CC, is done
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together with the test of the state estimation algorithm (see Section [6.4]on page [121).

6.3 Sensor Fusion

Based on the output from the IMU and image preprocessing, it is possible fuse these
measurements to an estimate of the helicopter states. However, only the 6 rigid body
states and their derivates are estimated, as these are the ones which will be used in
the controller. The state vector is thus reduced from dimension 30 (equation (5.1))) to
dimension 12:

I
[wp]
[

L. OO N RS DO N R

—————— —— e
I
oy ]
ol

(6.49)

In a conventional Kalman filter, the control input is propagated through the model to
yield the predicted state output. Then this state prediction is updated using the sensor
output. A schematic of this concept is illustrated in Figure

Ik—l Ik
Kaper | Prediction Xik-1 - Update »
Step Step

Figure 6.17: The concept of a conventional Kalman filter.

In our case, the control input is given by

Smr
w=| St , (6.50)
$lon

l!’re f

and the measurement vector is as mentioned in Section [6.1]
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[ Xvu |
yimu
ZimMu
Prmu
Omu
2= | Y : (6.51)
Xcam
Yeam
ZCﬂT’l’l

cham

Gcam

| Yeam |

6.3.1 Previous Work

Also in former helicopter projects, Kalman filtering has been used for estimation and
sensor fusion. InHald et al.| [2006], two Kalman filters are implemented, one linear and
one non-linear, which is linearized about a nominal trajectory (hover). The first is used
to fuse the sensor measurements to get the velocity and attitude of the helicopter. These
states are then regarded as new measurements for the next Kalman filter. This filter
performs a full state estimate i.e. all the 30 states are estimated. This is an advantage
since it is easier to make a linear model based controller when the whole state is known.
A disadvantage by using full state estimation is that the information provided by the
sensors are spread over more states and therefore more uncertainty is inevitably coupled
to the estimate of each state.

In Mustafic et al. [2005] an Unscented Kalman Filter (UKF) is used to incorporate the
non-linearities (only the non-linearities of the rigid body states are used and it is therefore
not a full state estimate) of the model. However, this problem has only been treated
theoretically.

In Bisgaard et al. [2007] two estimators are considered for a helicopter slung load system:
a model free filter using the IMU measurements as control input, and a model based UKF.
The conclusion of this article is that the UKF performes better than the IMU-driven filter,
but at the cost of a larger computational burden.

6.3.2 IMU driven Extended Kalman Filter

On the basis of the previous work done in the department it is chosen to implement the
Kalman filter as an IMU driven filter because this filter performs well with a small compu-
tational burden and the whole helicopter model is not needed in the filter. Compared to
the full dynamic model described in Chapter[5, a much simpler rigid body process model
is implemented based on the IMU output. The non-linear equations for the rigid body
model are derived on which any type of Kalman filter can be applied. Comparing an
UKEF, and Extended Kalman Filter (EKF) and a Linearized Kalman Filter (LKF), the UKF
is the most accurate but is more difficult to implement and has a larger computational
burden as well. Since the LKF will have to be linearized in hover, it is assumed that some
of the dynamics of the helicopter will be lost in this linearization, and further the LKF will
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loose accuracy the further away from hover the helicopter state is. On this basis it has in
this project been chosen to implement the filter as an Extended Kalman Filter (EKF).
Because an IMU driven filter is used, then instead of using (6.50) as the control input for

the EKF, we will use

[ Xmvu
Yimu
Zimu
Prvu
Omvu

| Yivu

d

EMu

Omu

(6.52)

The measurement vector is then limited to the last six elements of z in (6.51):

xcam

Yeam

Zeam

¢cam

Qcam

a l,bcam |

(6.53)

The one step iteration of the non-linear dynamic model in an EKF is given by

X = f(Xp—1,U—1,Wk-1) . (6.54)

» fisa 12-dimensional vector function.

» x;_ is the state at time k — 1.

» uy_, is the control input at time k — 1.

» wy_1 is the process noise at time k — 1, assumed to be normal distributed with zero

mean and covariance @y (wy ~ N(0,Qy)).

and the measurement model is given by

zi = h(xy,vr)

» his a 6-dimensional vector function.

» x; is the state at time k.

(6.55)

» v is the measurement noise at time k, assumed to be normal distributed with zero

mean and covariance Ry (v; ~ N(0,Ry)).

Figure shows a block diagram of the Kalman filter with the noise matrices added.
Also the estimation error (a posteriori) covariance matrix $ and the prediction error (a
priori) covariance matrix 7A)k|k—1 are shown. Below, the equations for the prediction step
and the update step, respectively, are given [Grewal and Andrews) 2001, p. 180].
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llk_l Ik
)A(k—1|k—1 Lo )A(klk-l » X
N »  Prediction N > Update » Xk
LSRN Step Bi-1 Step éklk
Qk K.k

Figure 6.18: The concept of a Kalman filter with noise and covariance matrices added.

Predict
Rp-1 = fEr-1p-1,4-1,0) (6.56)

Pt = Fro1Protp1Fro1’ + Qi : (6.57)

> X_1jk—1 is the estimated state vector at time k — 1.

> X1 is the predicted state vector at time k.

> 75141(_1 is the prediction error covariance matrix of the filter at time k given P at time
k-1.

» Fi-1 is the linearized state propagation matrix at time k — 1, i.e. the Jacobian of f
with £_jj_1 inserted:

of
Fr-1 = o |
xk—llk—l
Update
K = Prpr He (H P H" + Re) ™! , (6.58)
Rk = Rgp—1 + Kie(zx — h(Rye—1,0)) , (6.59)
Prk = Pri—1 — K HiPri- : (6.60)

» K is the Kalman gain at time k.
» H, is the linearized measurement model matrix given the predicted state, i.e. the
Jacobian of h with _; inserted:

_on
T ox

Rrik-1

Hi

The Process Model

The process model is derived for the four states Ez E@, BE B@ independently. The first
three are calculated as first order euler integrations in discrete time, i.e. the old value plus
the derivative multiplied by the sampling time:
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E& _ Eq B L&
Ei—1 = Ts - (BRk—llk—l Hk—llk—l) + "B g1 : (6.61)

> Eémk_l is the predicted position of the helicopter given in {E} at time k.

v

T is the sampling time.

> gﬁk—uk—l is the estimated rotation matrix at time k — 1 converting a vector given in
{B} to a vector given in {E}.

> Bék—llk—l is the estimated translatory velocity of the helicopter given in {B} at time

k-1.

2

> EEk_1|k_1 is the estimated position of the helicopter given in {E} at time k — 1.

@1 = Ts - (gﬁk—uk—lB@k—nk—l) + E@p_1pe1 . (6.62)

» E ®k|k—1 is the predicted attitude of the helicopter given in {E} at time k.

v

B®k_1|k_1 is the estimated angular velocity of the helicopter given {B} at time k — 1.
» E ®k—1|k—1 is the estimated attitude of the helicopter given in {E} at time k — 1.

~

B& _ B4 B
Eip—1 = Ts ( '='k—1|k—1) + PEr 1p-1 . (6.63)

B:::klk—l is the translatory velocity of the helicopter given in {B} at time k.
T is the sampling time.
B Ek—llk—l is the translatory acceleration of the helicopter given {B} at time k — 1.

vV vyyVvyy

B Ek_1|k_1 is the velocity of the helicopter given in {B} at time k — 1.

Since it has been chosen to use an IMU driven Kalman filter, the IMU measurements are
used as input to derive E. The IMU incoorporates the gravitational field of the Earth in
its output, such that when the helicopter is standing on the ground, the IMU measures
a negative (upward) acceleration at the Fz-axis, which is pointing downwards. It might
be easier to understand if the opposite situation is considered: When the IMU measures
zero acceleration on all axes, it is because it is falling towards the Earth with a positive
acceleration of 9,82m/s2. So to stop this acceleration, it is necessary to apply a negative
acceleration of equal size to the IMU. Thus,

EIMU = [BE}E - ER Eg . (6.64)

» Zvu is the IMU measurement.

> {B E‘.}E is the acceleration of the body frame as seen from the earth frame, and given
in {B}.

> ER is the rotation matrix converting a vector given in {E} to a vector given in {B}.

» E g is the gravitational acceleration vector given in {E}.

{E}E is found using the transport theorem (see Section (5.1.8):

), = [12], o

ol

(6.65)
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> {B E}B is the acceleration of the body frame as seen from the body frame, and given
in {B}.
» B® is the angular velocity of {B} given in {B}.

» BE is the translatory velocity of {B} given in {B}.

In Equation (6.63) the acceleration E equals {.’E}B from Equation (6.65). So now we can
combine Equations (6.63), (6.64) and (6.65) to yield the final process model for E:

~

Bg — B
Eig1 = Ts- ({

~

B
+ CEp_ -
}B) k=1lk~1

[11

)
B& _ B B@ B& B&
Eie—1 = Ts'({ “}E = "Op-1jk-1 X '-'k—llk—l) + P81k
()

~

B& _ & Bg: Ey_ B@ Bg Bg
Ei—1 = Ts'(HIMU,k—l + pRi-1j-1"8 — " Op_1jp—1 X —-k—1|k—1)+ Ei-1k-16.66)

The process model for @ is using the IMU measurement @y directly, but to incoorporate
the measurement in the filter, a linear weighting between the state and the measurement
is introduced:

POyt = [®1Mu,k—1 B(:)k—uk—l][ 1 zq ] , (€l0;1])

» B ék|k—1 is the predicted angular velocity of the helicopter at time k.

> ®1MLL k-1 is the angular measurements of the IMU.

> Bé)k—uk—l is the estimated angular velocity of the helicopter at time k — 1.
» g is the weighting factor, which is a scalar between 0 and 1.

By using the weighting factor, g, a first order autoregressive (AR(1)) process is defined,
which functions as a low pass filter with the cutoff frequency determined by the value of
g. The value of g will be found by handtuning when testing the filter.

To sum up, the four state transition models are as follows:

B = To- (R "Eicpm) + BB (6.67)
EOuer = Ts- (g@k—uk—lB@k—uk—l) + E®rqpr (6.68)
"B = T (EIMU,k—l + PR 11”8 = POk g1 X BEk—llk—l) + PEp g (6.69)
POy = [GIMu,k—l B®k—1|k—1]| 1 z g ] : (6.70)

These four equations constitutes the full process model f, as given in Equation (6.56). To
verify that the model is correct, a series of tests with a known input is given to the model.
From the corresponding output, it is in Appendix [E{on page verified that the model
is correct.
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The Measurement Model

The measurement model h, given in Equation (6.55), is linear since the 6 measurements
coming from the image processing is the direct measurement of 6 of the states:

[ Xie—1 |
i1

. 2k
h(&1,0) = q{k'l"k 11 : (6.71)

Okjk—1

| Vi1 |

6.3.3 Implementation

The IMU-driven EKF has been implemented in an m-file, which is used in StmuLINK as
an embedded S-function, called EKF_single_iteration_sfun. This function takes the
following input: Ts, xx_1, 2z, u, Pr_1 and g, and returns x; and Pr. In SiMULINK the output
are fed back to the corresponding input through a unit delay. The unit delay block is also
initialising x and % when the filter is started. x; is set to 0, and P is set to L12x12.

Inside the EKF_single_iteration_sfun block, the noise matrices Q and R are defined.
It is assumed that they are constant, and that there are no cross couplings between the
axes (e.g. the covariance between x and y or between 3 and z is zero). The process noise
Q is derived on basis of noise measurements from the IMU. The variance of the IMU is
measured to:

Gicc,IMU =1 m2/54 ’ G%ot,IMu =0,25 1’adz/sz . (6-72)

> oicc vy 18 the noise variance on the three acclerometers. Notice that the value is not

correct, since the accelerometers are saturated when flying and hence does not yield
a valid output. It is though estimated that the value is close to the correct noise
variance.

> is the noise variance on the three rotation measurements.

2
0ot MU

By integrating a variable, the variance is multiplied by the sampletime. This is exemplified
by the covariance between x and x:

E[(x-%)- (1 -] =E[Ts- (1 -%)- (1 -] =Ts - E[( - %) - (x -] . (6.73)

» T is the sample time.

» E[]is the expected value.

Using this property, the process noise becomes:

Group 1032e 119



Section 6.3: Sensor Fusion

[ T4 62 ]
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0 0 0 0 0 T!o 0o 0 0 0 1 S
. rot,]MU |
(6.74)

Regarding the measurement noise matrix R, the output from the IPC has been observed
during operation. The standard deviation for the position is around 5cm and for the
attitude around 0,1 rad. This means that the variances and the measurement noise matrix
are:

2 2 2 2
Topos,IPC = 0,0025m~ , Ot 1pC = 0,01 rad . (6.75)

> aéos (pc 18 the noise variance on the three position measurements from the IPC.

> ogt L 1pC 18 the noise variance on the three attitude measurements from the IPC.

2
pos,IPC
2

S _Q

pos,IPC
2

]z;os,IPC . (676)

att,IPC

OO, OO O

O = O O O O

_ o O O O O
Q

[N eBeNel e
(=N ool ool

O OO O O

att,IPC

Q. Q. Q
NN

att,IPC |
Even though the noise variances has been found experimentally, the values are not be-
lieved to be very accurate, and some tuning might be necessary when the Kalman filter
is implemented.

Because of the rotation matrix in the process model, the expression for f is extensive.
Therefore MaPLE has been used to derive the Jacobian of f. The result is a 12 X 12 matrix,
which can be found in the Maple file on

[CD-ROM, 2007, . /source/maple/kalman_filter.mw]. The Jacobian of h is more straight-
forward since it is linear already:

(6.77)

OO =, O OO
S = O O oo
_ o O O O O
S OO O oo
O OO O oo
S O O O O O
O O O O oo
S OO O oo
O OO O oo

o O O O O
[=NeNe o Nl

S O O O O
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On [CD-ROM, 2007, . /source/state_estimation] the following files can be found:

EKF.mdl. The SimuLiNk model.

EKF_single_iteration.m. The source code for the Kalman filter.

EKF_single_iteration_sfun.m. The S-function calling EKF_single_iteration.m.

rotation_matrix.m. A subfunction used in EKF_single_iteration.m for rotation
matrix calculations.

6.4 Test and Verification of State Estimation

In this section the combined state estimation system containing marker localization,
position and attitude determination, connection between IPC and CC, and sensor fusion
is tested. The tests has been performed by moving the helicopter around in the region of
camera view, while the whole system is running. In this way the all the subsystems are
verified, because if one subsystem is not working correctly, then the output of the state
estimate will be erroneous. Three tests have been done: a translatory test, an attitude test
and a step test.

6.4.1 Translatory Test

When holding the helicopter around zero position, both the CC and IPC is started. The
helicopter is subsequently moved in the positive direction of each axis and back again,
while it is tried to keep the attitude zero. The output from the position algorithm on the
IPC is shown in the upper graph in Figure The corresponding input received on the
CC is shown in the lower graph.

— x IPC
E ——yIPC
S Z IPC
7

o]

[a

— 0,2 x CC
£ ——yCC
&5 O zCC
z

S 0.2

-0,4 ' '
0 20 40 60
Time [s]

Figure 6.19: Comparison of the output from the IPC and the input on the CC. It can be seen that there is
some time offset coming from different start times of the simulation. Further the quantization on the input
to the CC can be seen.
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The figure verifies that the connection between the two computers works as expected. On
the input to the CC some staircase form can be seen. This might be due to the computers
not running real time. The CC runs pseudo real time, which means that if a whole sample
time has not elapsed when one iteration is calculated, then the computer sleeps until the
whole sample time has elapsed. This should not yield any problems, since the computer
is approximately 3 — 4 times as fast as necessary, when using the current implementation.
The image processing computer however, is heavy loaded with the marker localization
algorithm. The computer works as fast as possible, and no real time considerations has
been done. It has been observed that the simulation some times slows down a bit with
no obvious reason. The reason for this is assumed to be because Windows is used as
operating system and some times interrupts the processing. When running optimal, it
is only possible to obtain a sample rate of around 20 Hz. But, for example if the marker
is outside the region of interest, this sample rate is lowered. The above would result in
the sample time fluctuations on the CC, i.e. the samples coming to the CC is not with
equidistant time intervals. Furthermore, the serial connection on the CC is heavy loaded
since it is used for both the servoboard connection, the IMU and the IPC. This might also
lead to congestion in the serial connection, which also might lead to the above problem.
Means to solve these issues has not been investigated further. Some of the staircase effect
is also due to the quantization level used when sending the data over the serial connection.
Figure also shows that the output corresponds to the trajectory to of the helicopter,
and therefore that the whole image processing system works. Looking at the graphs, it is
seen that the time offset is different. This is because the computers were not started at the
same time. Because the computers run individually, the time axis is also not completely
correct for any of the computers. To be able to compare the signals on both computers, an
identical time axis must be found. The IMU acceleration data has been studied to be able
to see if position changes can be linked to acceleration changes. The IMU acceleration data
is plotted together with the position data in Figure It can be seen that no significant
acceleration changes occur when the helicopter moves.
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Figure 6.20: Comparision of the IMU acceleration data, and the state estimate. Notice that Z is plotted with
an offset of 9,82 m/s2 to account for the gravity.

Instead of using the IMU data, an identical start and an end point for each of the two
graphs in Figure[6.19has been located. For example the point where x starts to rise can be
used as a start point. From this information, the time axis on the IPC has been stretched
to match the CC time axis. This has been done on all the following figures in this section.
To verify that the Kalman filter used for sensor fusion works as expected, the output
position is compared to the output from the IPC. In Figures [6.21(a)} [6.21(c)| and [6.21(e)]
these are plotted together for the x,y, and z axis respectively. An offset on the IPC output
has been added to be able to distinguish the lines. It is seen that the input and output
corresponds well to each other. However in Figure[6.21(e)]it is seen that the z axis has been
displaced. This is due to the sample time fluctuations described above. In Figures[6.21(b)|
10.21(d){and [6.21(f)| the velocity output from the Kalman filter is shown. This output also
corresponds well to the estimated positions and the actual movement of the helicopter.
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Figure 6.21: The figure shows the output from the kalman filter for the translatory test. The left figures
shows the output from the kalman filter together with the output on the IPC. An offset is added to avoid the
curves being on top of each other. The right figures shows the velocity output from the Kalman filter. It can
be seen that the sensor fusion works as expected for translatory movements. Notice that the time axis are
different, and the figures are segments of the whole test shown in Figure[6.19}
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6.4.2 Attitude Test

The second test is performed to check the attitude state estimation. As when testing the
translatory movement, the helicopter is held around zero position. Then a consecutive
roll, pitch and yaw motion is performed. In Figure the attitude output is shown
for the pitch and roll movement. As well as for the translatory movement, both the image
processing and the sensor fusion yields the correct results. The estimated angular velocity
is shown in Figure and this also corresponds well to the input. In contrast to the
IMU acceleration measurements, it is in this case seen that it is possible to see rotation
on the IMU rotation measurements. When zooming in, it is seen that the Kalman filter
smothes the angular velocity.
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Figure 6.22: Test results for the attitude estimation test. Figure|6.22(a)|and Figure |6.22(c)| shows the

output attitude estimate for ¢p and O from the IPC and CC respectively. Figure and Figure
shows the estimated angular velocity (¢ and ) of the helicopter.

As written in Section on page the algorithm is not fully developed yet. It is
however tested if it is possible to get a plausible result from the algorithm. In Figure [6.23]
the output from the yaw estimation is shown. It is seen that the yaw estimation works,
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but some outliers occurs when positive yaw is performed. This should be investigated
further before using the yaw estimation algorithm.
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Figure 6.23: Output from the yaw estimation algorithm. It is seen that it is possible to estimate the yaw
angle, but some sudden jumps occurs when performing positive yaw.

6.4.3 Step Test

To see if the marker is still found if the helicopter is moved fast, a step test is performed. As
with the two preceding tests, the helicopter is held still. Then first a sudden movement
in the x direction is performed, and then in the y direction. This will test the marker
localization algorithm for both the frontcam and the sidecam. In this test the algorithm
is set to save pictures if the marker is not found in the region of interest. This is done
to be able to see what has happened afterwards. Because of this, an extra delay in the
processing on the IPC occurs. In Figure and Figure the estimated position
from the Kalman filter, and the calculated position from the IPC are shown. It is seen that
the helicopter position is detected correctly. By inspection of the figures, it is seen that the
time width of the steps are different. This is because when making the step, then the IPC
runs slower, and does not produce as many samples.
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Figure 6.24: The estimated position and the output from the translatory step test.

It has been tried to estimate the maximum total delay in the state estimation system, when
performing a step test. This has been done by plotting the acceleration measurement
together with the estimated pixel position of the center of the marker, and the state
estimate. Figure shows this plot for the x-axis. The IMU and state estimate has been
scaled to be equal in magnitude to the pixel position.
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Figure 6.25: The delay through the state estimation can be seen as the distance between IMU and state
estimate. The figure shows the plots for the x-axis and x pixel for the front camera. The total delay before
the state estimate reacts has been measured to around 0,5 s. It can be seen that the state estimate reacts
faster than the pixel position. This is an effect of the reduced sample rate of the IPC.

It can be seen that the state estimate reacts faster to the step than the pixel position. This
is of cause not the case in reality, but is an effect of the slower sample rate of the IPC,
when performing a step. The conclusion is that most of the time inaccuracy is caused by
the time axis warp on the IPC. The maximum possible delay is measured between the
reaction of the IMU and the state estimate. This has been measured to around 0,5 s, but is
also an effect of the IPC saving images to the hard disk.
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6.4.4 State Estimation Test Summary

Overall the tests has shown that the state estimation works as desired. However, some
minor flaws has been detected. Different sample times on the CC and IPC might cause
inaccuracies and noise on the output. But most of these inaccuracies occur when trying
to compare the output from the IPC and CC, and not during operation. Further, if the
IPC performs a full update, then a large delay in the samples might occur.

6.5 Partial Conclusion

In this chapter it has been described how to obtain a state estimate of the helicopter. It
has been chosen only to obtain an estimate of the rigid body states (&, =2, ® and G)),
since these are the only states needed for state feedback. Image processing software, for
locating markers on the helicopter and on the floor, has been designed. An algorithm
for obtaining the position and attitude of the helicopter from the marker positions, has
been developed. This position and attitude estimate is fused with IMU data in a Kalman
filter, which outputs the estimated state. A test of the combined sensor fusion and state
estimation has shown, that it is possible to obtain a correct state estimate.
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In this chapter the control design is documented. It is initiated with some
general considerations regarding controllers for UAV’s. This leads to the
design of a PID controller, which is developed on the basis of a simplified linear
model of the helicopter. The PID controller is tested on the non-linear model in
a simulation, before it is applied to the real helicopter. The chapter is concluded
with a brief analysis of more advanced controller types used for UAV control
in other research projects. This is done, to give an overview over what type of
control could be utilized later in the HAMOC project.
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Section 7.1: Basic Control Structure

7.1 Basic Control Structure

The primary goal for controlling the helicopter in this project, is to stabilize the helicopter
in hover, which is an unstable equilibrium point. This may be done in a number of ways,
using different controller types and design methods.

Usually a controller for a UAV utilizes an inner loop for controlling the attitude, and an
outer loop controlling the translation by giving attitude input [Johnson and Kannan,[2002].
But in more advanced controllers as for example non-linear or model based controllers,
the inner and outer loops are not separated. Essentially a controller needs to control the
position of the helicopter. If only using the position as direct feedback to the controller,
it could potentially cause very large errors, if a new far away position reference is given,
or if switching to autonomous when far away from the reference. Adding to this, an
integral controller on the position could cause serious wind-up errors. The consequence
may be an unstable system. To be able to determine how to get from one position to
another, a trajectory generator is usually made. This generates an optimal trajectory of
flight given the initial position and the end position (and perhaps some waypoints in
between.) Preferably the trajectory is generated online by use of the information about
the current position. This is called adaptive adaptive trajectory generation (see Johnson
and Kannan|[2005]). As a guide to make a trajectory generator, the trajectories human
pilots tends to implement, can be followed. Roll and pitch angular rate trajectories made
by human pilots can be well approximated by piecewise linear and constant segments
[Gavrilets et al., 2002].

The structure of the above described overall control structure is illustrated in Figure

. Position/ .
. u
= — Traject(?ry Velocity Attitude » Helicopter
el Generation Control Loop Control Loop

J

State
Estimation

1]
m
[l

Figure 7.1: The basic structure of an inner and an outer control loop often used to control UAV's. Further
a trajectory generator is added to make sure the control input does not produce large errors.

7.1.1 The PID Controller Structure

Basic PID controllers, controlling a helicopter in an inner and an outer loop as described
in the previous section, has been mentioned in papers but no literature really provides
a thorough description. The reason is believed to be that this type of control does not
really perform very accurately or robust, and hence is not interesting for control research.
However, since the controller is simple to implement (though difficult to tune), it can
make a helicopter hover and will therefore be used to test if the system and sensor
estimation functions properly, before more advanced controllers are considered. The
following control considerations is therefore not based on other research literature.

The basic structure used for controlling the helicopter using PID controllers, is shown in
Figure[7.2]on the facing page.
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Figure 7.2: The overall structure of a double loop PID controller. The inner controls the attitude, and the
outer controlling the position or velocity.

As seen, the structure resembles that of the simple double loop control in Figure
However, since the PID controller is a one dimensional controller (i.e. a SISO system from
the error to the control signal), Figure[7.2)is not entirely accurate, since the system has four
control input (S, Siat, Sion and Sir) and the state estimation has a 12 dimensional output
vector (see Section [6.3). The system can though be simplified by considering each input
as only affecting one state and neglecting all cross couplings, e.g. Sy, is considered only
to affect the rotation around the x-axis, which again affects the motion along the y-axis.
This means that the plant, i.e. the helicopter, can be seen as multiple SISO systems. The
SISO systems are shown in Figure This means that for each of the four states z, ¢,
0, ¢, that is directly controlled by one of the four input, a controller can be developed
separately.
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Figure 7.3: Neglecting cross coupling in the system, the transfer function from each control input can be
treated seperately.

Thus, the inner loop consists of three PID controllers, controlling the attitude of the
helicopter. Now, if it is wanted to control the velocity of the helicopter, it can be done
by adding controllers for the three remaining degrees of freedom (x, 7 and z). These
controllers take a velocity reference from the trajectory generator, and produce a desired
attitude reference for the inner control loop. The final structure is shown in Figure
whereitis chosen to keep a constant yaw angle, and only navigate horizontally by pitching
and rolling the helicopter.
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Figure 7.4: The overall structure using PID controllers and a trajectory generator to control the helicopter.

Note that the x-axis velocity controller controls rotation around the y-axis and vice versa.
This control configuration has been tested briefly on the model of the Bergen helicopter
from [Hald et al.| [2006] including sensor estimation. Though only using handtuned P
controllers, this test has verified that it is possible to stabilize the helicopter model, given
small velocity references (less than 10m/s). By designing a dedicated PID controller for
the Corona helicopter, it should be possible to stabilize this as well, and then verify that
the systems works, before more advanced controllers are considered.

7.2 PID Controller Development

The procedure for developing a PID controller for the helicopter is as follows. First,
the non-linear model of the helicopter is linearized in hover. The linear model is now
used as basis for the design of PID-controllers for all control input. When the controller
performs satisfactory for the linear model in hover, it is applied to the non-linear model
in a hover simulation. Now the controller is handtuned for optimizing the perfomance in
the simulation. When this is done, it is applied to the real helicopter. For safety reasons,
the controller is applied stepwise for each control input in the following manner:

- First, the altitude (z-axis) controller is applied, and the three remaining control
signals are controlled manually by the pilot.

- Next, the lateral (y-axis) controller is applied, and the longitudinal (x-axis) and the
yaw motion is controlled manually by the pilot.

- Next, the longitudinal controller is applied, and the yaw motion is controlled man-
ually by the pilot.

- Finally, the yaw controller is applied.

When the controller is applied fully to the real helicopter, it might be necessary to do
some handtuning of the controller again, in order to increase the performance.

7.2.1 Linearization of Model

The non-linear helicopter model is a complex set of differential equations with a lot of
cross couplings. If this model is linearized, it becomes an advanced linear model, and it
would require considerable amounts of time to make a controller for it. Therefore, a much
simpler approach is taken, as a new linear model is developed from scratch using some
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rough assumptions about how a helicopter is behaving in a hover situation. All cross
couplings will be omitted in this simplified model. This method will not yield the correct
linearized model, but it is assumed that the simplified model will be good enough for
designing a PID controller. The linearized model is derived in Appendix [ on page
where it is also compared to the developed non-linear model presented in Chapter 5 It
is concluded that the model is feasible for developing a controller for hover. Figure
through 7.8 presents the linearized model.

Figure 7.5: Block diagram of the altitude model, H,y;, which shows how it has been implemented in
SimMuLINK.
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Figure 7.6: Block diagram of the lateral model, H,,, which shows how it has been implemented in SIMULINK.
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Figure 7.7: Block diagram of the longitudinal model, Hy,,, which shows how it has been implemented in
SIMULINK.
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—_—— e e —— — — — =

Figure 7.8: Block diagram of the yaw model, H ., which shows how it has been implemented in SIMULINK.

7.2.2 Controller Design

In the following sections, P, PI, or PID controllers will be developed for each linear model.
Figure[7.9shows a block diagram of the PID controller, which in general can be expressed
as

C(s)=P+ é + Ds (7.1)

Figure 7.9: A general block diagram of the PID controller.

Ziegler-Nichols “ultimate sensitivity method” [Franklin et al., 2002, p. 221] will be used to
find the P, I and D gains in each case. The procedureis toset!and D to 0, and then increase
P until the output of the closed loop system is oscillating with constant amplitude. This
happens when a pole of the closed loop system is placed on the imaginary axis of the
complex plane. This gain is called the ultimate gain, K, and the period of the oscillations
is called P,. Having these values, the PID gains are tuned according to Table

ControlType | P | PI | PID |
P [ 05K, | 045K, 0,6Ky
I - O,54Ku/Pu 1,2Ku/Pu
D| - - 0,075K, P,

Table 7.1: The Ziegler-Nichols tuning scheme for a PID controller.

In practice, K, and P, are found by implementing the closed loop system in a MaTLAB
m-file, which is plotting the step response of the system. K, is tuned such that the step
response oscillation amplitude decays very slowly. The value of K, is estimated with
three significant digits. P, is simply found by inspection of the plotted step response.
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Altitude Controller

~— F > s

Figure 7.10: A block diagram of the altitude controller.

Figure shows the structure of the altitude controller. An inner loop is controlling
the z velocity, and an outer loop is controlling the altitude of the helicopter. The inner
controller, C;, is a PID controller, and the ultimate gain and period is found to

Ku,z = —80,6 rad/m Pu,z' =1,20s (72)
Thus, the PID gains are
P, = —48,4rad/m
I = -80,6rad/ms
D; = -=7725rads/;m (7.3)

The resulting step response of the inner loop is shown in Figure
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Figure 7.11: The step response of the inner loop of Figure

The procedure is repeated for the outer loop, with the inner loop implemented. This is
also a PID controller.

K,,=171s7" P, =156s (7.4)

Group 1032e 135



Section 7.2: PID Controller Development

P, = 1,03s7!
I, = 132572
D, = 020 (7.5)

The resulting step response of the outer loop is shown in Figure
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Figure 7.12: The step response of the outer loop of Figure

Lateral and Longitudinal Controller

yr ef

Figure 7.13: A block diagram of the lateral controller.

HIon X

Figure 7.14: A block diagram of the longitudinal controller.
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Figure and Figure shows the structure of the lateral and longitudinal controller,
respectively. They consist of three loops, an inner loop controlling the cyclic pitch (¢ and
0), a loop controlling the translatory velocity (7 and x), and an outer loop controlling the
position (v and x).

The ultimate sensitivity method is not applicable for the inner loop, because it is a stable
tirst order system with a single pole in —P - K, and therefore no oscillations will occur
when increasing the gain. The closed loop transfer functions are given by

Py Kia
Hi = — 7.6
el S+ P¢K1M ( )
and
PGKlon
Hypg= ———— 7.7
0,cl s +P6Klon ( )

The performance of this type of system gets better with increasing gain, so in theory Py,
and Py should be infinite. This is not feasible when considering the non-linear system,
since this is a higher order system. Large values of P gains might lead to instability
[Franklin et al., 2002, p. 216]. Therefore, Py, and Pg is set to —1rad ™!, which yields a step
response rise time of 1,01s. The I and D term will be omitted in this controller, since it is
not essential, that the attitude is controlled absolutely correct.

The next loop controlling the velocity is a stable second order system. The root locus of
the closed loop transfer function with P gain as the parameter is shown in Figure It
shows that the poles never cross the imaginary axis, i.e. the ultimate sensitivity method
does not work for this system either. Instead different values of Py, is tried, and a value
which gives a slower rise time of the step response, than that of the inner loop, is chosen.
The result is

Py
Py

0,05 rad-s/m (7.8)
—0,05 rad-s/m (7.9)

which yields a rise time of 3,44 s. Again, the I and D gain of this loop will be omitted.
The outer loop gains can be found using the ultimate sensitivity method.

Kyy=Kyur=200s" Py, =Pux=6737s (7.10)
’y 4 /y %

Py= P,= 120s"
I,= L= 038s7
D,= Dy= 09
(7.11)

The resulting step response of the outer loop is shown in Figure
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Figure 7.15: The root locus of the  closed loop system.
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Figure 7.16: The step response of the outer loop of Figure

Yaw Controller

o I

Figure 7.17: A block diagram of the yaw controller.

From the comparison of the linear and the non-linear model (performed in Appendix|F),
it is seen from Figure and Figure that the linear yaw model is very close at
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being equal to the non-linear yaw model. The reason for this is the gyro, which works as
an inner control loop, stabilizing 1. The inner loop is shown in Figure on page
The yaw controller, which is shown in Figure is an outer loop with a P gain. As the
system itself is an integration, there will be no steady state error. With a gain of

Py =2s"" (7.12)

the step response will have a rise time of approximately 1,1s. The step response is
illustrated in Figure
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Figure 7.18: The step response of the yaw controller.

To summarize, all the obtained controller gains are listed in Table

Control Variable | P, Iy D,
z -48,4 | —-80,6 | —7,25
z 1,03 1,32 0,20
[0) -1 0 0
v 0,05 0 0
Y 1,20 0,38 0,96
0 -1 0 0
X -0,05 0 0
X 1,20 0,38 0,96
Y 2 0 0

Table 7.2: Table of all controller for the linear model. Units of the gains are omitted.

7.2.3 Test of Controller on Nonlinear Model

The PID controllers have been implemented in SimuLink with the gains found in the
previous section. In this section it is applied to the non-linear model, also implemented
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in SIMULINK, and a step test is performed for all four input. During the test, three signals
are logged: the reference input (z,er, Yrer, Xref and ¢y.s), the output of the controller
(Swr, Siat, Sion and Sy), and the state vector (x). Saturation limits are applied to the
controller output, such that they correspond to the real world input limits, S, yin = 0rad/s,
Smr,ma.x =190 rad/sl Slat,mz'n = -1, Slat,max =1, Slon,min = -1, Slon,max =1, E[}ref,min =-15 md/’S
and Yyef,max = 1,572d/s.

The results of the step tests are given in Figures through Each figure has four
subfigures, (a), (b), (c) and (d), containing the following information:

- (a) is showing the reference input step and the step response of the non-linear model
in the considered direction. To be able to compare it with the step response of the
linear model, this has been superimposed.

- (b) is showing the step response of the other five position and attitude states. Due
to cross couplings, it is necessary to include these in the tuning considerations of
the controller gains.

- (c) is showing the controller output for the main rotor.

- (d) is showing the controller output for the cyclic pitch and the tail rotor pitch.

To be able to compare the individual figures, they all have the same scaling on the time
axis.

The z Position Step Test

The step test in the z axis direction is applied as a negative step from 0 m to —1 m, to make
the helicopter increase its altitude in the simulation. The non-linear response in the z
direction is more smooth than the linear response, however, the step input leads to cross
coupling effects in both the lateral and longitudinal direction. This is mainly due to the
wire attached to the nose of the helicopter, which is included in the non-linear model, but
not in the linear model. Looking at the control signal for the main rotor, we see that it
reacts aggressively to the step. Zooming in on the time axis just after the step shows that
the controller first increases Sy, +501ad/s, in the next iteration it drops —100rad/s, and then
it increases +100rad/s again, from where it starts decreasing to its steady state value. This
kind of behaviour is not wanted when testing on the real helicopter. Therefore the gains
are decreased to avoid the aggressive behaviour.
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Figure 7.19: The z position step test.
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The y Position Step Test
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Figure 7.20: The y position step test.

The lateral step response follows the reference, though the cross coupling effects include
oscillations of both the roll and pitch of the helicopter. The cause can be found in the
lateral controller output. The step input to the lateral pitch servo leads to heavy flapping
of the main rotor blades, which is not included in the linear model. This again causes the
helicopter to oscillate about the two horizontal axes. As with the z position controller, the
oscillatory behaviour can be reduced by decreasing the gains to obtain a less aggressive
controller.

The x Position Step Test

The considerations done for the y position step test also applies to the step test in the
longitudinal direction.
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Figure 7.21: The x position step test.
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The 1) Rotation Step Test
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Figure 7.22: The 1) rotation step test.

The yaw angle step test results in a nicely shaped response with no overshoot and a rise
time of approximately 1s. After the step, the system starts to oscillate, and eventually
becomes unstable in the x and y direction. This is explained by the fact that the helicopter
has moved, such that {B} and {E} are not coinciding. The controller is not designed to
handle this situation, it always tries to minimize errors in {B} - if for example the helicopter
ishanging a little to the right of the origin of {E} (positive y), the controller reacts by making
the helicopter fly to the left relative to {B}, which can be completely wrong (ife.g. ¢ = 7 rad
this is positive £x). In the simulation, the helicopter starts spiralling outwards when {B}
and {E} are not aligned, and eventually it crashes. This should though not be a problem,
since it is wanted to make the helicopter hover with ¢ = Orad, and the problem will
therefore not occur.
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Tuning of Controller Gains

When tuning the controller it is not only a question of optimizing the performance of the
non-linear model. Itis also important to have the real helicopter in mind. This means that
the controller must be tuned such that it does not react to aggressively. We do not want
to see the controller output for the main rotor going from 110 rad/s to 300 rad/s in one time
sample, even though this might work fine in the simulation. Therefore, the primary part
of tuning is to make the control output look like a human pilots control signals - or at least
keep them within a certain dynamic range. Optimizing settling times and overshoots is
not important at this stage of the project.

The tuning procedure is not documented in detail, since it is mostly a question of common
sense combined with trial and error. The general idea is to reduce the P and I terms while
the D terms are omitted, as these makes the controller sensitive to noise on the state
estimate. As an example, P; is reduced by a factor 10, and omitted both I; and D:.
With these new gain values, the outer loop of the z position controller is tuned using the
ultimate sensitivity method again. Then I is reduced by a factor 2, and D, is set to zero.
The final result of the tuning is given in Table

Control Variable | P, Iy | Dy
z -484 | 0 0
z 141 028 | O
¢ -0,5 0 0
Y 0,1 0 0
y 1,08 {019 | O
0 -0,5 0 0
X -0,1 0 0
X 1,08 {019 | O
Y 2 0 0

Table 7.3: Table of all controller gains for the non-linear model. Units of the gains are omitted.

With these new controller gains, a series of step tests are performed again, in the same
manner as described in Section The result is shown in Figures through
with the same configuration as in Figure[7.19|to Figure[7.22} The general conclusion is that
the controller output has been reduced substantially in amplitude, and looks much more
smooth now, than it did before the tuning. The cost for this “softening” of the controller
is increased rise and settling times.
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Figure 7.23: The z position step test repeated with the tuned controller.
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Figure 7.24: The y position step test repeated with the tuned controller.
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Figure 7.26: The 1) rotation step test repeated with the tuned controller.

7.2.4 Test of Controller on Real Helicopter

As described in the beginning of this section (page[132), the idea is to apply the controller
on the helicopter stepwise for the four input signals z, y, x and ¢, in that order. In
practice, this is done by removing the signal wires of the manual controlled servos from
the servoboard output, and connecting them directly to the receiver. In that way, the
controller is disconnected in the selected directions, and the servos can be controlled
manually regardless of the select switch on the RC.

Before applying a controller, a manual flight is performed and the control input mea-
sured. This is done to be able to determine the approximate working point offset for the
controllers.
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At the time of writing, a functioning altitude controller has been obtained, but has not
been possible to tune it very well. Furthermore preliminary tests of the lateral controller
have been done. The reason for this status is hardware problems, which is described later.
In the following, the logged data of these test flights will be presented. However, to reach
the goal of autonomous hovering, more thorough tests will have to be done in all four
directions.

The Altitude Controller

The altitude controller was as a preliminary feature implemented with a slider gain as a
substitute for P;, I; and P,. Thus, it was possible to do some tuning of the gains during
the autonomous flight. Table|7.4 shows the actual gain values, as they were throughout
the considered test flight.

Control Variable | P, Ity | Dy
Z 2431 0 0
z 0,2 0 0

Table 7.4: Table of the altitude controller gains used for the first tests of the real helicopter.

Figure shows the z reference and the estimated z position during the whole flight
from take off to landing. In between the two vertical dashed lines the helicopter was in
autonomous mode, and had the altitude controller enabled. The bottom graph shows the
controller output.

At first sight, it does not look like the position follows the reference very much. However,
there is some correlation between the graphs. First it should be noted that it is a very
difficult environment control the helicopter in (which is also verified by the pilot). The
reason is that the helicopter presses a lot of air downwards, and as the test area is quite
small (approximately 2,5 X 3 x 3m?), the air has to move upwards along the edges of the
test area. When it reaches the ceiling, it must return to the center of the area, thus pressing
the helicopter downwards. But if moving, rolling or pitching the helicopter just a bit,
this airflow can be completely changed, and this will also change the thrust. This is why
oscillations is seen on the graph. When the controller is enabled, the altitude immediately
starts to increase. It is expected that this is due to the main rotor velocity working point
not being tuned correctly. After a few seconds the altitude is stabilized around 0,4 m.
At around 50s a step is given, and it is seen that the main rotor velocity increases at the
same time. This affects the £z position as it should, though only to around —0,4m. Later,
at around 1005 a step is performed again, and again the tendency of £z following the
reference, is seen. A big altitude drop is seen at time 72 s. This is caused by cross coupling
effects. In Figure we have zoomed in on the first reference step, and superimposed
the estimated x position of the helicopter. Just before the helicopter drops in altitude,
it has been moving forward. The longitudinal motion is caused by a pitch, and when
pitching the helicopter the air column on which the helicopter “floats”, is blown away.
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Figure 7.27: Top: Preliminary test of the helicopter with altitude controller implemented. Bottom: The
controller output during the flight test.
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Figure 7.28: Selected cut of Pigure The x position has been superimposed.

The conclusion of the altitude controller test, is that it is able to control the helicopter
altitude, even though some oscillation occurs due to air circulation in the test area. Fur-
thermore, a steady state error is present, which is because the I, gain is set to zero. The
controller has to be tuned, to be able to compensate for these errors, but as the controller
works, it has been prioritized to continue with the implementation of the horizontal
controllers.

A video of a flight supports the documentation of a working altitude controller. The video
can be found at [CD-ROM, 2007, /videos/altitude_control.wmv]. At time 0:01:03, it is
seen that a red diode on the servoboard indicating autonomous flight, turns on.

The Lateral Controller

While keeping the altitude controller output connected, the wires are switched such that
the lateral controller output is connected to the lateral pitch servo. When switching
to autonomous mode, the pilot still has to control the longitudinal position and yaw
rotation manually. The space, in which the helicopter can fly in the laboratory, is limited,
and therefore the pilot has very short time to switch back to manual flight, if necessary.
If the control input is allowed to change from minimum to maximum, this time would
bee even shorter. In order to avoid huge controller output signals, a saturation of +0,1 is
therefore inserted at the output of the lateral controller. The gains used in this preliminary
test of the lateral controller is given in Table

Control Variable | Py | Iy | Dy
¢ -110 0
Yy 0110 0
y 1210 0

Table 7.5: Table of the lateral controller gains used for the preliminary tests of the real helicopter.
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Figure shows a selected cut of a flight test. The vertical dashed line shows when the
helicopter is switched to autonomous mode.
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Figure 7.29: Preliminary test of the helicopter with the altitude and lateral controller implemented.

The reference is kept at zero. We can see, that the controller behaves as expected: a
positive y axis position results in a positive lateral controller output, and when the
helicopter crosses the 0 position, so does the controller output. Remember that a positive
Si+ makes the helicopter move in the negative y axis direction. So the question is why
the helicopter is not stabilized in the reference. First of all, we see that the control signal
saturates most of the time. This means slower settling time. Furthermore, the update
frequency of the y estimate decreases when the helicopter starts to move. This happens
at time 147,8 s, where the width of the steps increases from approximately 0,2's to nearly
0,4s. In that time the helicopter has moved just over 15 cm, and it gets even worse from
time 148,2s. The problem is that the region of interest in the image processing software
is to small. When the helicopter moves outside the ROI, the IPC must do a full image
search to find the marker, and this slows the process down. The consequence is that the
controller gets the position information to late. Attime 148,7 s the position is updated, and
the controller saturates immediately to compensate for the wrong position. The constant
y position from this time and forward can be explained by the fact that the helicopter
has left the ROO of the front camera, and the IPC returns the last known position of the
marker to the CC. The controller’s effort to get the helicopter back, was however too late.
At time 149,7 s, the helicopter crashes into the wall.

Current PID Control Perspective

When the helicopter crashed, the main rotor and servoboard was unfortunately damaged.
It was however possible to do a few more test flights before the main rotor and the
servoboard broke down. The few tests indicated that the lateral controller worked, but
had to be tuned further, because it was still too aggressive. Afterwards it has been

Group 1032e 153



Section 7.3: Advanced Controllers

discovered that the ROI was set way too low, which meant that a full update was done
almost as soon as the helicopter started to move. On top of this the IPC was set to save
the image to the hard disk when a full update was performed. This has contributed to
the slow position update, and it is expected that when this is fixed, it will improve the
controller considerably.

As written in Section on page (30, the IMU acceleration output is saturated when
using the current IMU. It can therefore not be used to estimate the state. It has also later
been found out that a small error has been made when compensating for this issue. The
error has affected the state estimate of Z to have an offset, and therefore a constant velocity
is estimated. This makes it even harder for the controller.

Given the explained conditions, it is estimated that when the hardware problems are
fixed, we are very close to obtain the goal of stabilizing the helicopter in hover.

7.3 Advanced Controllers

When hovering is achieved, it is desired to develop more advanced controllers for other
flight trajectories than hover. Therefore this section is, with basis in some of the numerous
articles on the subject, dedicated to analyze more advanced controller types. Apart from
the conventional PID controller, basically five different types of controllers (or combina-
tions thereof) has been found in the literature:

1. PID control

2. LOR control

3. Robust control
4. Fuzzy control

5. Adaptive control

6. Nonlinear control (in various forms)

Some of the different types are described in the following sections.

7.3.1 Other PID Type Controllers

A lot of literature treats more advanced or extended type PID structure controllers for
helicopter and flight control. |Liu/[2003] uses several PID controllers, each tuned to satisfy
one given performance criteria, and through convex optimization a combination of these
controllers are calculated in the overall controller.

Many papers treats PID controllers in combination with neural networks (NN). In Park
et al| [1999] the attitude of a helicopter model is controlled by using neural networks
to automatically tune the gains in each PID controller. This is a way to improve the
performance of the inner control loop in the PID control structure shown in Figure
Also fuzzy logic controllers are used. For example in an altitude controller developed in
Zein-Sabatto and Zheng|[1997], where a PID controller is made to control the cyclic pitch
(i.e. the attitude of the helicopter), and a fuzzy controller is made for controlling the speed
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of the main rotor. Hereafter a NN model is trained based on real flight data, and based
on this model the coefficients of the two controllers are derived.

The modular approach by neglecting cross couplings and having an inner and outer loop
reduces the complexity of the controllers, but also reduces capabilities such as robustness
and disturbance rejection of the controllers. In De Nardi et al.[[2006] a NN based control
structure is used to partly remove this modularity. In a working PID control structure,
each loop is incrementally substituted by a NN based controller. For every substitution
only one NN is allowed to evolve, while the others are frozen. First the NN is made to
tune a P controller for the yaw motion. Subsequently the outer velocity loop is substituted
by a multi-layer perceptron (MLP) controller, and at last the inner attitude loop is replaced
with a MLP controller. Finally the different NN based controllers are allowed to evolve
together so the inner and outer loop can co-adapt together, which is not possible for the
independent PID controllers. According to De Nardi et al.| [2006] this controller type
performed very good and robust. One of the great advantages compared to this project
is the possibility to gradually exchange a working PID controller with a more advanced
controller.

7.3.2 Linear model Based Controllers

The above described controllers uses only a reference error to generate the control input
for each actuator individually, and hence no cross coupling effects are taken into account.
For more aggressive maneuvers than hover, cross coupling becomes more pronounced.
To take into account all cross couplings and system non-linearities, knowledge of the
model is necessary. The following described model based controller types do this to
different extents. First some linear controllers are considered.

LOR

Linear quadratic regulation (LQR) or optimal control minimizes the weighted H, norm of
the state error plus the control input (performance vs. robustness) by use of a linearized
state space system model. This is the controller type used inHald et al. [2006]. When the
linearized state space model and the weight function are obtained the control law can be
calculated..

The initial task is however to determine the wanted state reference. This is not trivial, since
a given reference may be obtained in several ways. For instance, the same translatory
velocity in {E} may be obtained by flying backwards, or by yawing 180 degrees and then
fly forwards. The process of determining the wanted state is called trimming. This can
be done by setting up some constraints and solve the non-linear system equations, which
provides the wanted steady state solution together with the actuator control input. The
easiest is to trim in hover, since many states have to be zero. Afterwards the non-linear
model is linearized in this operating point, before a controller for this operating point can
be obtained. The trimming and linearization method is described in [Hald et al., 2006, p.
91] and |Bisgaard|[2005]. For this method an additional integral effect can also be added
to obtain zero steady-state error i.e. hovering at the same spot.

A more modular type of LQR has also been utilized [Gavrilets et al.,2002]. Here the control
is split in an LQR controller for the combined longitudinal and vertical movement, and
another for lateral movement and yaw rate. This method is simpler and has also showed
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good results.

Heo

Another type of linear control is robust control (minimizing the H., norm). In Postleth-
waite et al.| [2005] different types of H. controllers are tested. The controllers are de-
veloped from a linearized helicopter model and are primarily designed for robustness
instead of performance, and tests show good results.

Gain Scheduling

Some difficulties arise when using linear control. The problem is that the linearized
model is valid only for one specific operating point and in a small neighbourhood around
this operating point. This is not a problem if the intention is to keep the helicopter at
the same operating point at all times, but it is, if it is wanted to make a model that also
supports more advanced manoeuvres, i.e. combinations of forward flight, curve flight,
hover, loops, etc. One approach to obtain this performance is to use gain scheduling,
and in fact gain scheduling originates from flight control systems [Khalil, 2000, p. 185].
Gain scheduling is a way to incorporate some of the non-linearities of the model by
linearizing in several operating points instead of only one. For points not associated
with a linear controller, control is obtained by interpolation of the linear controllers in the
neighbourhood. The difficult thing here is to verify that the transition between controllers
are smooth enough and does not cause instability [Kadmiry, 2002, p. 5]. Because of the
often strong non-linearity of a helicopter, the linear controllers are only valid in a very
small neighbourhood of the operating point.

7.3.3 Nonlinear and Adaptive Control

Ifitis wanted to make one overall controller, adaptive or non-linear control can be utilized,
and much literature also concerns these types of controllers. Nonlinear control usually
concerns removing the non-linear terms using knowledge of the system model. For adap-
tive control (which is also a kind of non-linear control), the problem of gain scheduling is
avoided since the controller continuously adapt itself to the current operating point.
Kadmiry [2002] has made an extension to an already working UAV control system, which
uses vision sensors (which is also of interest in this project). The goal was to obtain
“aggressive” maneuverability using fuzzy logic gain scheduled control. Fuzzy gain
scheduling is used as opposed to conventional gain scheduling because global stability
and robustness can be guaranteed. The controller is still split into an inner and an outer
control loop (though modified compared to Figure [7.1 on page [Kadmiry, 2002, p.
42]). The inner loop uses a Takagi-Sugeno fuzzy inference system model for the attitude
to make a fuzzy gain scheduled controller. For the outer position controller, a heuristic
fuzzy model is made, and a mamdani type fuzzy controller is developed.

For most other non-linear and adaptive control strategies the method of feedback lin-
earization is the most widely used, though also other methods such as backstepping
has been used. Feedback linearization is a technique where undesirable (non-linear) dy-
namics are canceled out by using knowledge about the system model and current state
estimate feedback. This results in a combined system which is linear and therefore a linear

156 Aalborg University 2006/2007



Chapter 7: Control

controller can be developed. The method is also known as dynamic inversion, since the
model is dynamically inverted and used to continuously linearize the combined system.
The basic idea is shown in the block diagram in Figure[7.30]

Linear System
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ref Linear
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Figure 7.30: lllustration of the basic idea behind non-linear control, in this case feedback linearization. By
knowledge of the state and the system model, the non-linear terms are removed so the combined system can
be seen and controlled as a linear system.

Ito et al.|[2002] gives a description of how to use dynamic inversion as a mean to control
a UAV. In this case dynamic inversion is used as an inner loop controller combined with
an outer loop controller using other control techniques e.g. PID control (an example of
the technique applied to a simple system is given).

The problem of dynamic inversion for simple maneuvers as hover or forward flight,
where the state operating point does not change, can also be solved offline. This is exactly
what is utilized in the linear controllers in e.g. |[Hald et al,|[2006]. This means that the
dynamic inversion is actually a continuous trimming and linearization of the helicopter
model.

The advantage of the feedback linearization technique is that when a complete and
accurate mathematical description of the system model is given (which is the case for this
project), then the linearization can be fully computerized, though it is more advanced.
In order to make this type of control work well, it is necessary to have a very accurate
dynamic model to be able to exactly cancel all the undesired dynamics, otherwise this
controller type can also result in instability. Another way to obtain this accurate model
is to dynamically adapt the model to fit the real world, and hence make an adaptive
model which is dynamically inverted. This is the technique used in the UAV projects
on Georgia Tech. Here a neural network based adaptive control is made. The NN is
trained offline to provide an approximate inversion model. An on-line learning neu-
ral network is then used to compensate for the inversion error which arises from the
discrepancies between the off-line trained model and the real world. See Calise and
Rysdyk! [1998], Prasad et al|[1999] Johnson! [2000], Johnson and Kannan! [2002] and
http://www.ae.gatech.edu/people/ejohnson/papers.html. This method is also fur-
ther developed, using so called “hedging” to accommodate for robustness against actuator
saturation.

7.3.4 Comparison of Controllers

In/Shim et al.| [1998] some of the different types of controllers are compared. Three different
types of control designs for hover and near hover are studied. The controllers are tested
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on a non-linear simulation model performing a vertical and a horizontal manoeuvre with
and without disturbances (wind) and model errors (helicopter mass error). The used
measurements are GPS and IMU data, and input are collective, lateral and longitudinal
pitch together with collective tail rotor pitch. The tree controller types are:

- Linear robust controller: u synthethis is used to control the hover linearized model.
Greater weight is associated with robustness than performance.

- Fuzzy Logic control design: A PID controller is used to control x, y, z and ¢
respectively and independently. The fuzzy controller transfers the PID output to
actuator input in an open loop.

- Nonlinear Tracking Control with input-output linearization: The model is the same
as in Mustafic et al.|[2005].

Results

The non-linear controller is very fast and precise, compared to the other types of con-
trollers. However, for even small disturbances and model uncertainties a steady state
error occurs, which means that the controller is very sensitive to model inaccuracies.
This, however, must be possible to minimize by introducing integral action. The robust
controller shows poor transient response but is very robust, and a small steady-state error
occurs. The fuzzy controller achieves good transient response and has no steady state
error because of the utilized integral control.

7.4 Partial Conclusion

In this chapter it has been chosen to implement PID controllers to stabilize the helicopter in
hover. It has been chosen to develop controllers for each direction (x,y,z,1) individually
and disregarding cross-couplings. The PID controllers are designed with basis in a
simplified linear model of the helicopter in hover. After this, the PID gains are tuned on the
non-linear model, which they are able to stabilize. The altitude controller is implemented
and is working. Due to a crash it has only been possible to make preliminary tests of
the lateral controller. The test results have been promising, and it is expected that it is
possible to make the helicopter hover in the near future.

To prepare for later projects on the helicopter, different types of more advanced con-
trollers are investigated. The controller types are presented and evaluated, but no general
conclusions are made regarding of which type to use.
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This chapter finalizes the main report, by summarizing the report and present-
ing the project status at the time of writing. This leads to an overall conclusion
of the project to answer the problem formulation in Section[2.3|on page[I0} and
finally some suggestions for further work are presented.
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Section 8.1: Summary of the Report

8.1 Summary of the Report

The purpose of this project is to make a small scale electric helicopter hover autonomously
in the laboratory. To be able to obtain this goal, a number of intermediate objectives has
been set up in Section 2.4 on page[10] These intermediate objectives are

1. hardware implementation,
2. modelling,

3. state estimation,

4.

control design and implementation.

Each of the four objectives have been dedicated a chapter in the report. Focus has
been on reaching the final goal, autonomous hover, and it has therefore been chosen to
keep the development towards accomplishing each objective as simple as possible. In
each individual objective, there is enough work for a whole project, so to accomplish all
objectives, the fine tuning and optimization of each of the subsystems has been rated
as lower priority. When a working solution for a subsystem has been obtained, it has
been tested before integrated with the other subsystems. This procedure has resulted in
a foundation with working subsystems, where each can be subject for further work and
optimization.

The following sections summarizes the results obtained in each main chapter of the report,
and the current status of the objectives are listed.

8.1.1 Hardware

The considerations and overview over the hardware is described in Chapter[4on page
A servoboard to control the servos on the helicopter has been available since the begin-
ning of the project. The servoboard makes it possible to switch between manual and
autonomous control of the helicopter. The servoboard is developed for a Bergen In-
dustrial Twin helicopter used in other projects, and it is therefore not dedicated to the
Corona implementation. Due to this, it was necessary to make some modifications to the
servoboard.

It has been chosen to use cameras to estimate the location of the helicopter. Two cameras
are placed on the wall, perpendicular to each other, and one camera is mounted on the
helicopter. An Image Processing Computer (IPC) is used to locate the helicopter in the
images. An IMU is mounted on the helicopter to obtain inertial measurements, but
unfortunately the +2 g IMU saturates. Therefore a £10 g IMU has been ordered, but has
not arrived yet.

To obtain an easy interface to control the helicopter, it has been chosen to use an external
Control Computer (CC), with a serial connection to the helicopter. An external power
supply is also used to have power for longer consecutive flight tests.

Because of a helicopter crash in the end of the project period, the servoboard is partly
damaged. It might be possible to repair the servoboard, but the extend of the damage is
not fully known. To ensure secure operability of the system, it is necessary to make a new
servoboard, and therefore it is suggested to make a servoboard dedicated to the Corona
120 helicopter.
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8.1.2 Modelling

The modelling (described in Chapter [5) has taken its starting point in a previous devel-
oped helicopter model for the Bergen helicopter. An overview over this existing model
has been given, and the model has afterwards been adapted to the Corona helicopter.
After implementation of the changes, simulations has verified that the model behaves
as expected. Subsequently all parameters for the helicopter has been found by measure-
ments and experiments. Adjustment of the parameters according to real flight data has
not been done, since it is not expected to change the parameters significantly.

8.1.3 State Estimation

As written in Section the utilized sensors are cameras and an IMU. The state esti-
mation is divided into two parts. First, a method to find the position and attitude of the
helicopter, from the image data obtained by the cameras, is developed. Then a sensor
fusion algorithm is used to fuse the position and attitude data from the IPC, with the IMU
data.

On the IPC, a Circular Hough Transform (CHT) is used to find circular markers placed on
the helicopter and on the ground. An algorithm to calculate the position of the helicopter,
from the pixel positions of the markers located on the helicopter, is developed. The
imagery from the helicam together with the position of the helicopter is then used to
calculate the attitude of the helicopter. The cameras, used to find the position of the
helicopter, are seen as a substitution for a GPS and possible a magnetometer, which
should be used when flying with the helicopter outside the laboratory in future projects.
It has been chosen to make a state estimate of the 12 rigid body states (position &, attitude
@, velocity E and angular velocity ®), and use these for feedback control. This also makes
it possible to use a simplified rigid body model to estimate the state, instead of the full
dynamic model. The sensor fusionis done in an IMU driven extended Kalman filter, which
uses the IMU measurements as input vector to the process model. As measurements, the
position and attitude estimate from the IPC is used, and this data is transmitted from the
IPC to the CC by a serial connection. Because of the implementation in a Kalman filter,
these measurements can be easily substituted by GPS and magnetometer measurements.
The state estimation algorithm has been tested by moving the helicopter around manually.
It has been verified that all the subsystems within the state estimation works as expected,
though a small delay in the measurements coming from the IPC, is seen.

8.1.4 Control

Methods to control the helicopter has been investigated in Chapter[7] It has been chosen
to implement decoupled PID controllers for each of the axes, x, y and z, and for the yaw
angle. First a simple decoupled linear model has been developed, to use when designing
the controllers. The derived controllers have then been tested and tuned on the non-linear
model developed in Chapter 5| It showed possible to stabilize the helicopter in hover.
Implementing the controller on the real helicopter was initiated, and flight tests with the
altitude controller implemented was successfull, even though the gains were decreased to
obtain a less aggressive controller. The lateral controller was also behaving as expected,
however, the controller was not fast enough, because of a delay in the state estimate, and
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the helicopter crashed. In spite of this, we expect that by tuning of the controllers it will

be possible to stabilize the helicopter in hover.

Last, some more advanced controllers have been investigated, to find out how to continue
when the helicopter is in hover using the simple controller.

8.1.5 Project Status

In Table an overview of the status of each objective and its sub-objectives at the end
of the project period is presented. For further information on the objectives, see Section

| Objective | Status | Remark |
‘ 1. Hardware Implementation ‘
1.1 Consider hardware system struc- | Done
ture
1.2 Sensor selection and implemen- | Done The IMU offset from CM is disre-
tation garded.
1.3 Implement actuator controlling | Done Problem with the servoboard must
devices be solved. Preferably, a new, re-
designed servoboard which is dedi-
cated for the helicopter, will have to
be implemented.
1.4 Set up system computers Done
1.5 Choose and design interfaces be- | Done
tween hardware parts
1.6 Provide proper power supply for | Done

the whole system

2. Modelling

2.1 Adapt the existing model to the | Done
Corona 120

2.2 Verify the model Done
2.3 Determine the parameters for the | Done
Corona 120

3. State Estimation

3.1 Design markers to mount on the | Done
helicopter and the floor

3.2 Develop image processing soft- | Done
ware to track the markers

3.3 Combine the redundant informa- | Done
tion from three cameras

3.4. Obtain state estimate Done

4. Control Design and Implemen-
tation

Continued on next page

Table 8.1: Current status of the objectives described in Section on page
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Continued from previous page
| Objective Status | Remark |

4.1 Design a feasible controller Done
4.2 Implement and test the controller | Done
in the simulation environment
4.3 Test the controller on the real he- | Initiated | Altitude contorller works, but needs
licopter to be tuned. Preliminary tests have
been conducted on the lateral con-
troller.
4.4 Investigate and design advanced | Initiated | Investigated, but not designed.
controllers
Table 8.1: Current status of the objectives described in Section on page

8.2 Conclusion

The overall goal for this project has been to make a small scale helicopter capable of
hovering autonomously. In simulation, a PID controller has been tested on the non-linear
model of the helicopter. The controller was not only capable of stabilizing the helicopter
in hover, it was also able to follow a reference input in all three dimensions. Instability
arose when yawing the helicopter, but this is believed to be a minor problem, caused by
the fact that the body frame rotates, and thereby becomes unaligned with the earth frame.
On the real helicopter, preliminary tests of an altitude controller has been successfull, and
it is believed that it is a question of tuning to stabilize the helicopter in a desired altitude.
In the lateral direction, a controller was also tested, and the controller output was proved
to behave as expected, even though it was not fast enough to stabilize the helicopter. The
reason for the this behaviour, was mainly a delay in the state estimate.

Unfortunately, hardware problems with the servoboard occured after a crash during a
test flight. This prevented us from finishing the implementation and test of the PID
controller. However, based on preliminary flight test data gathered before the crash, it is
believed to be possible to make the controller stabilize the helicopter in hover, by tuning
the controller gains appropriatly.

8.3 Future Work

The initiating problem in Chapter 1| describes the HAMOC (Helicopter Aided Mapping
Of Crops) system, and how we imagine the application could be used in a typical use
scenario. Obviously, there is a lot of work to do before this scenario is possible. We will in
this section look into the near future, and on the basis of our experience with the project
suggest the imminent tasks to be done. After this, the longer term perspectives and tasks
are identified.
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8.3.1 Hardware

The problem with the servoboard has only been fixed temporarily at the time of writing,
so a task for the near future is to find a more permanent solution. An optimal solution
would be to redesign the servoboard layout, such that it is dedicated for the Corona
helicopter used in this project. This includes changing the power supply, such that all
low power circuits on the helicopter are powered through a supply, which is separated
from the servo motor supply.

The helicam could advantageously be replaced with another webcam, which has a wider
angle of view. With the present helicam, the helicopter has very little range of movement
before the marker has left the helicam view. This deteriorates the attitude estimate of the
helicopter significantly.

8.3.2 State Estimation

Regarding the state estimation, some delay in the image processing has been observed.
This delay can be taken into account by implementing a smith predictor or compensator
[Franklin et al., 2002, p. 609]. A smith predictor uses the process model to predict the
current state, when it is known that the measurements are a certain amount of time
old. Furthermore, as it is now, the IMU driven kalman filter does not take the control
input (Swr, Siat, Sion and l,l}yef) into consideration. The control input contains valuable
information about whereto the helicopter might move in the near future. Therefore, it is
suggested to add the control input to the input vector (given in Equation (6.50)) of the
used process model.

8.3.3 Control

Another task is obviously to finish the PID controller tuning, and hopefully make the he-
licopter hover autonomously. To achieve this, thorough tests of the individual controllers
(altitude, lateral, longitudinal and yaw) will be necessary. In the tuning process, it may be
an advantage to obtain a certain level of performance of one controller, before proceeding
to the next.

Some improvements might be done to ease the tuning process, and to increase the perfor-
mance of the controller. The linear model can be further developed by including the force
of the attached wire, thus making the linear model correspond better to the non-linear
model.

8.3.4 Long Term Tasks

To reach the goal of making the helicopter fly autonomously in an outside environment
as intended in the HAMOC project, some more comprehensive tasks have to be solved.
When the helicopter is hovering in the lab, it is suggested to move the setup outside, and
replace the cameras with a GPS and a magnetometer, but still with an external computer
to control the helicopter. The external computer provides an interface, by which it is easy
to develop more advanced controllers.

While hovering autonomously with GPS and magnetometer as position sensors, it will be
an advantage to develop a non-linear state estimator for more advanced flight trajectories.
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This will have to be used at later stages of the project.

When the helicopter hovers autonomously outside, with a well working and robust
controller, it is suggested to continue with implementing an on-board computer. But to
have an easy interface, still have the external computer connected. By experience, it is a
very demanding task to implement an on-board computer. When it is implemented, it
makes the system development more difficult because of reduced computing power and
decreased system overview (e.g. you do not have the possibility of running SiMuLINK on
an on-board computer). With an on-board computer implemented, then in small steps
the on-board computer can be handed over the control. First, with a fully operational
on-board system, it is advised to cut the wired connection (i.e. power and serial interface)
to the helicopter.

It is our hope, that the project is carried on in the future, and that the HAMOC system
eventually will become reality. It is out of the scope of this master thesis to elaborate on
the future perspectives of the application, but the system will hopefully ease the collection
of imagery of crop growth and enhance the quality of the data at the same time.
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CD CONTENTS

The content of the enclosed CD-rom is:

- /autonomous_helicopter.pdf
A PDF version of the report.

- literature/

— [control

Articles about controlling helicopters.

— estimation/

The literature used for state estimation.

— hardware/

The datasheets of all the hardware used in this project.

— misc/

Miscellaneus literature.

- modelling/
The literature used for modelling of the helicopter.

— stud_report/
Student reports concerning UAV'’s from former semesters.

- source/

— J/control

Files used for controller design.

image_processing/

Files for the image processing algorithm on the IPC

integration/

The combined SIMULINK interface used on the CC.

interface/

S-functions for the serial connections on the CC.

maple/

The maple scripts for deriving the model equations, both for clockwise and counter
clockwise rotation.

model/
The SIMULINK model.

Group 1032e 173



— parameters/
m-files used to determine the Corona parameters.

— state_estimation/
Implementation of the sensor fusion algorithm.

— test/
Testdata from various flight tests.
— vision/
Articles about hough transform and vision.

- videos/
Videos of the helicopter tests.
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SERVO MOTOR CONTROL

This appendix describes the interface to the servo motors, and explains how the servo boards
work. 1t defines the protocol used to control the servos. The source of information is the man-
ual for the servo controller board. It can be found on the enclosed cd-rom [[CD-ROM, 2007,
articles/hardware/pololuServoController. pdf].

B.1 The Servo Controller Board

The control signal is generated by a servo driver board from Pololu Micro Serial Servo Con-
troller (Pololul[2005]) acquired from Pololu Robotics and Electronics (http://www.pololu.com).
Itis possible to connect up to eight servo motors to one servo board. The input to the servo
board is a serial bitstream with RS-232 levels. Up to 16 servo boards can be connected to
the same serial input signal, enabling the user to control up to 128 servo motors with only
one serial line. Each board has a size of 23 mm X 23 mm.

The supply voltage should be within 5V and 16 V. The current consumption for one
board is 5mA in average. A picture of the board is shown in Figure

B.1.1 Setup of the Servo Board

The boards operate in two different modes: Mini SSC II mode and Pololu mode. In this
configuration Pololu mode is used, as this supports a baud rate up to 38400, whereas
Mini SSC II mode only supports a baud rate of 2400 or 9 600. Pololu mode also enables
some more advanced features, e.g. setting the turning rate, altering the neutral position
as well as the turning direction of the servos. The Pololu mode is set by removing the
jumper in the top left corner on Figure

The serial line (TX and ground) is connected to the board from a computer serial port (e.g.
COML). If the serial cable has a DB9 male connector, TX is pin 3 and ground is pin 5.

B.1.2 Controlling the Servos

To control the servo motors, the following protocol is used. A string of five or six bytes
are transmitted to the boards:

<startbyte> | <device ID> | <command> | <servo number> | <data 1> | <data 2>
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Figure B.1: The Pololu Micro Serial Servo Controller. The connectors for the eight servo motors are placed
on the right side. The jumper in the top left corner should be removed to set the board to “Pololu mode”.

- <startbyte>: Always 128.
- <device ID>: 1 for the Pololu Micro Serial Servo Controller.

- <command>: One of six different commands to send. An integer between 0 and 5,
both included.

- <servo number>: The number of the servo motor to control - in this case an integer
between 0 and 20, both included.

- <data 1>: First data byte. An integer between 0 and 127, both included.

- <data 2>: Second data byte (not used for <command> = 0, 1, and 2). An integer
between 0 and 127, both included.

The Command numbers and data bytes are setup according to the following specifications:

<command> =0: Set parameters (servo on/off, direction,range)

Only <data 1> is used. Bit 7 (the most significant bit, MSB) shall always be 0 (if not, the
byte is interpreted as a <startbyte>). Bit 6 specifies whether a servo is on or off-if off there
is no power delivered to the servo. 0 (default) turns off the servo, and 1 turns it on.

The following bit explanations will be easier understood when all the <commands> are
read. Bit 5 sets direction, which applies when <command> = 2 and 3. If the bit is 0
(default) a larger number causes the output pulse to get longer; if the bit is 1, a larger
number causes the pulse to get shorter. Seeing the servo motor from the front, i.e. with
the shaft pointing towards yourself, the rotation will be clockwise, if the direction bit is
set to 0 and the position value is increased.

Bits 0 - 4 sets the range through which the servo moves in position command 2 and 3. 0
makes the servo stay in neutral regardless of the position command, and 31 sets the range
to its maximum (and even outside the mechanical restrictions for command 3). Default is
15, which makes the range approximately +45° for command 2 and +90° for command 3.
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<command> =1: Set turning rate

Only <data 1> is used. If the value is 0, the output pulse will change instantly to the new
value. If nonzero, the pulse changes gradually from the old value to the new value. 1 is
the slowest turning rate, and 127 is the fastest.

<command> =2: Set 7-bit position

Only <data 1> is used. The position is set with reference to the range and direction
specified with <command 0>, and the neutral position specified with command 5. The
servo is automatically turned on, when setting a position.

<command> = 3: Set 8-bit position

Both data bytes are used. In <data 1> only bit 0 is used, and in <data 2> only the seven
least significant bits are used. Bit 7 of both data bytes must always be 0. <data 1>
contains the most significant bit, and <data 2> contains the seven least significant bits.
Together, the eight bits set a position value between 0 and 255, both included. The servo
is automatically turned on, when setting a position. The angle extend (range) from 0 to
255 is determined with <command 0>.

<command> =4: Set absolute position i.e. the pulse width

This <command> is the one used in this project to set the position. Both data bytes are
used. <data 1> contains the upper bits, and <data 2> contains the lower seven bits. Bit
7 of the data bytes must always be 0. The range of the position is from 500 to 5500,
corresponding to a pulse width of 250 us and 2750 us, respectively. As it shows, the
absolute position value can be calculated from the pulse width in us by multiplying with
2:

absolute pos. value = 2 - pulse width [us]

However, due to mechanical restrictions within the servo motor, the feasible range is
approximately delimited to the values from 1 400 through 4 900. The servois automatically
turned on, when setting a position.

<command> =5: Set neutral position

Works similar to command 4. The absolute position set with this command, will be the
neutral setting for command 2 and 3. When setting the neutral position, the servo moves
to this position. Default is 3 000.
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MODEL IMPLEMENTATION

OVERVIEW

This appendix serves as an overview of the implementation of the model. First it is described how
the changes compared to the former model are implemented. Then a few notes on abstraction level of
the input and output from the actuators are given, and finally the structure of the implementation
in SIMULINK Is presented.

C.1 Implementation of Model Modifications

The other modifications described in Section 5.2 are implemented in the model and can
be switched on and off by using the following defines:

Counter clockwise rotation of the main rotor :
#define COUNTER_CLOCKWISE

Fixed collective pitch on the main rotor and dynamic rotation velocity :
#define SWITCH_THETA_O_STATE

Wire attached in the nose of the helicopter :
#define WireAttached

Stabilizer bar collective pitch :
#define CollectiveSB

The two last defines could also be implemented by setting the collective pitch and wire
mass variables to 0 in the Bergen parameters. This approach is not used since it is easier
not tho have the variable at all when they are not used.

C.2 Abstraction Level for Actuator Input and Output

The actuator input is a 50 Hz PWM signal with a duty cycle of 1 —2ms. To make measure-
ments and inputseasier to understand, this is in the servoboard interface converted to an
input between —1 and 1. Therefore the input and output in the model is also between -1
and 1. Further the lateral and input Sy, is reversed so that a positive input corresponds
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to a positive movement in the body frame. The input and output from the main rotor is
decided to be rad/s,

C.3 Implementation Structure

The model is implemented in an S-function in SimuLink. The important input to the
S-function containing the model is the input to the actuators (the others are mentioned
below). The output is the state and derivative of the state. Before SimuLINK starts the
simulation, all necessary variables are initialized. This is done by running the init function
init.m. Following in this section, the implementation structure of the model S-function
is presented. This is done by describing the execution order of functions and in which
files the corresponding functions are located. Because the model is comprehensive, only
the most important functions are described. For complete overview see the actual model
files on [CD-ROM, 2007, source/model/sf-files/]. Basically the model is implemented
in an S-function called Model . cpp, which contains some initialization functions and then
the function called at every timestep (mdlOutputs()) by SimurLink. In Figure the
execution order in a model simulation as performed by SimuLINk is shown. First the
model is initialized, and then the model runs in a loop until a stop is requested either
from the code, when the simulation is done or if the stop button is pressed.

The structure of the md10utputs() function is shown in Figure As can be seen, the
function consists of four steps. First the input data (actuator input, wind disturbances,
if load is attached) is fetched from SimuLiNk. Then the actual model call is performed,
and the output state obtained from the model call, is send back to the output port of the
S-function block, in Stmurink. Finally, if real time simulation is enabled, the function
suspends itself until a whole sample time has passed.
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Simulink S-fuction (Model.cpp)

( mdlInitializeSizes() )

GndllnitializesampleTimes()

%@tputs() )
GsSetStopRequestedD

[No]

[Yes]

®

Figure C.1: Overall S-function as it is used by SIMULINK during a model simulation.
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mdlOutputs()

Fetch input data

HeliModel _int()

<Send data to Simulin9

v

(Whole sample time passedD

[Yes]

Figure C.2: mdlOutputs(). SIMULINK runs this function for each sample time.First the input data is fetched
from Simulink, then the model is integrated and send to the output port and finally the function suspends
until a whole sample time has elapsed.

The function, which call the model HeliModel_int () islocated in another file HeliModel . cpp.
This is done so it is possible to use this function call from an ordinary C++ program in-
stead of only StmuLiNk. This is useful when later implementing the model on e.g. an
on-board computer. The name refers to that the derivative of the model is calculated and
then an integration is performed to obtain the next state. The structure of the function is
shown in Figure where first the derivative of the model is found, the state is updated
and at a new intermediate time step, the derivative is found again. This is done four times

to obtain enough state information to calculate the fourth order Runge-Kutta integration
(described in Section5.3).
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HeliModel int()

( Update State )

( Model run 4 times?

[No]

L

[Yes]

G{unge—Kutta integratioD

Figure C.3: The mdlOutputs() function, shown in Figure calls HeliModel_int() each time to perform
a one step Runge-Kutta integration of the model.

The derivative of the current state is calculated in the function HeliModel_a(). The deriva-
tiveis found by several subsequent calls to functions located in the fileHeliFunctions. cpp.
Each of the functions contains some of the model equations presented in the model
overview Section (see 5.1 on page B9). The execution order of the functions is shown in
Figure[C.4] and the purpose of are described briefly in the following. Most of the functions
are based on the output from the previous functions.
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HeliModel a()

‘ GalTauZ(), calTauy(), calTaux(D

( actuators() ) cal_tr() )
( stabilizer bar() ) ( cal drag() )
( flapping() ) Gumforcestorques(D

GalFZ(), calFy(), calFx(D @igid_B ody_Load_a(D

Figure C.4: Helimodel_a() calculates the derivative of the model, which is used in the Runge-Kutta
integration. The figure shows the execution order of the functions used to calculate the output of the
equations given in Section

actuators() calculates the acceleration and velocity of each of the servos and the main
motor - (Y and Y from the transfer functions given in Equations (5.18)-(5.21).

stabilizer bar() calculates the flapping of the stabilizer bar based on the output from
actuators() - (dy and dg, from Equation (5.27)).

flapping() calculates the flapping of the main rotor blades based on the output from
actuators() and the flapping of the stabilizer bar. (d,, and d,, from Equation

(5.29)).

calFz(),calFx(),calFy() calculates the forces provided by the main rotor in the three
directions. In calFz() the function DirectLambda() is used to calculate the analyt-
ical solution to the inflow A, - (HFZ,W, Hp x,mr and HFZ,W from Equation (5.33)).

calTauz(),calTaux(),calTauy() calculates the torques provided by the main rotor
around the three axis. This includes the torques provided by the forces calculated

above - (8 T mrs B Tymr B T5,mr from Equation (5.41)).
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cal_tr() calculates the inflow ratio of the tail rotor by using DirectLambda(). From this
the thrust and the torques provided by the tail rotor, is calculated - (BFy,tr, chx,tr,

B Ty, and Br, 4 from Equations (5.42) and (5.43)).

cal_drag() calculates the forces and torques provided by drag on the different parts of
the helicopter - (°F; and 87, from Equations (5.49) and (5.50)).

sum_forces_torques() sums the different forces and torques calculated in the above
functions - (®F and Bt from Equations (5.51) and (5.52)).

Rigid Body Load a() calculates the rigid body dynamics and kinematics from the ob-
tained forces and torques - (°Z and 2@ from Equations (5.55) and (5.54), & and
5@).

Some of the useful variables used in the code are listed below. Note that due to the generic
nature of the mode, some variables like e.g. the state vector, is not entirely the same as in
the model for the Corona helicopter:

[ MR[O] T [ Awr
MRJ1] U [ TR[O] | Aty
MR[2] Ly TR[1] Lo tr
MRI3] . Uz TR[2] Wy tr
* _ MR[4] _ Fx,mr * _ TR[3] | MUz
MRV MRET || BEpr |+ 7| TRIT | T PRy (1
MR[6] HFz,mr TR[S] Tx tr
MR][7] Tx,mr TR[6] BTy,tr
MR([8] Ty,mr | TR[7] ] Tztr |
| MR[9] | Tzmr |
Current input, state vector and output derivative:
(0] (0]
Eiond '—"f'—'load
®load ®load
Sur | Bx B
Scol e @
*7 T Slat *xre BEload * Béload
ti= Slon ’ X = BG)load ’ X0= B(;)load (CZ)
not used Ay [y -
Str ] amr dmr
asp Asp
Asp ﬁ.sb
Y Y
T | B

To define which helicopter is used, the parameters are included from a general parameter
file Parameters.h. In this project it is defined to include the CoronaParameters.h file,
which again includes Parameters.cpp. This order is shown in Figure
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Model.cpp

'

Parameters.h

'

CoronaParameters.h

'

CoronaParameters.cpp

Figure C.5: The Figure shows the order in which the parameter files are included. The helicopter type is
determined in Parameters.h, by using e.g. #define Corona for the Corona helicopter.

Finally Figure shows in which files to find the functions described above.

Model.cpp HeliModel.cpp HeliFunctions.cpp RigidBodyLoad.cpp
mdlOutputs() HeliModel_a() DirectLambda() Rigid Body Load_af)
mdllInitializeSizes() HeliModel_int() actuators()
mdlInitializeSampleTimes() stabilizer_bar()
flapping()

calFz(), calFy(), calFx()
calTauz(), calTaux(), calTauy()
cal_tr()
cal_drag()
sum_forces_troques()
Rigid BodyLoad a()

Figure C.6: This Figure shows in which files to find the most relevant functions.
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MARKER COLOUR EXPER-

IMENT

To be able to determine which colours are best to use as markers on the helicopter, an experiment
with filming different colours, has been made.
D.1 Experiment and Results

A paper sheet with white markers and different colours as background (see Figure D.1)
has been made.

Figure D.1: The marker background colours used for testing the contrast.

Then pictures of the sheet has been taken with and without a floodlight projector en-
lightning the paper. Then the RGB-values of the output pictures has been analyzed. The
average value over a 10 by 10 pixel area of each colour has been calculated at what seemed
to be the lightest and darkest areas of the colours. The results can be seen in Table

Note that the measurements without light actually have higher colour values than the
measurements with light. It is assumed that this is because the camera auto ajusts the
white balance, and therefore brightens the picture when there is no light. By inspecting
the table it can be seen that the target colours are close to the desired limit (255), especially
for the colour white. But for the non-target colours, then the value is rather high and
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Light No Light
R | G B R | G B
Red: 253 | 74 48 241 | 68 59
254 | 115 | 91 254 | 121 | 112
Green: 99 [ 192 | 158 | 100 | 202 | 178
104 | 198 | 158 || 112 | 210 | 180
Blue: 80 | 120 | 213 92 | 138 | 245
50 | 80 | 170 41 | 89 | 200
Black: 69 | 74 74 64 | 78 91
65 | 66 67 57 | 67 83
White: | 254 | 254 | 254 || 254 | 255 | 254
253 | 253 | 253 || 254 | 255 | 252
Statistics: | Target | Other Target | Other
Average 233 98 240 96
Std: 31 32 22 39

Table D.1: Measured RGB values for different colours printed on a paper sheet, with and without projektor
light. Below in the table the averages and standard deviations for the target colour and other colours are
calculated. The target colour for black is 0 — 0 — 0, and white is 255 — 255 — 255.

has an average of almost 100. But not only a high value is observed, there is also a large
deviation of the measurements. This leads to the conclusion that white is a good colour
for the marker, but a background with lower values are desired. It is assumed that the
high values are because the glossy surface of the paper reflects a lot of the light. Therfore
a non-glossy red cloth has been tried as well. This yielded the following results, which is
substantially better than the paper. Therefore a red cloth is chosen as marker background.

Light No Light
R |G R |G |B
Red Cloth: | 255 | 38 231 127 |0
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VERIFICATION OF THE

PROCESS MODEL

In the sensor fusion in Section a rigid body process model is used instead of the full dynamic
non-linear model derived in Chapter[5] In this appendix the process model is tested to verify that
it is correct.

E.1 Test Procedure

The developed process model in Equation consists of the following formulas:

Bt = To- (5Re1prBrerper) + EBrctpn (E.1)
EOuor = Ts- (gﬁk—ﬂk—llg@k—nk—l) + E@®qpn (E.2)
PEer = Ts- (EIMU,k—l + PRe-k-1"8 = POp_11 X BEk—llk—l) + P8k (E3)
PO = [Omauia B®k—1|k—1][ 1 1 g ] (E4)

EZ is the position of the helicopter given in {E}.

BE is the translatory velocity of the helicopter given in {B}.
BE is the translatory acceleration of the helicopter given in {B}.

E@ is the attitude of the helicopter given in {E}.

B@ is the angular velocity of the helicopter given {B}.

T is the sampling time.

57? is the rotation matrix converting a vector given in {B} to a vector given in {E}.
q is a weighting factor, which is a scalar between 0 and 1.

The subscript e.g. k|k — 1 is the value at time k given k — 1.

vVVvyVYyVY VY VY

In this appendix the rigid body model is verified by the following trial-and-error proce-
dure.

1. A trajectory is created, and the state vector for this trajectory is written as a function
of time (x(t))
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2. The initial state vector x is noted.

3. The IMU output for the trajectory is calculated and written as a function of time

(u(t)).

4. xp and u(t) is used as input to the process model. The resulting state vector is
compared with the original state vector from the first step. By using a small step
time (T = 0,01 is used), they should be equal, and if that is not the case the process
model is incorrect.

13 different tests has been conducted, starting with simple one dimensional trajectories
with only translatory or angular motion; then continuing to combined one-dimensional
translatory and one-dimensional angular motion. Finally, trajectories of three-dimensional
translatory movement combined with one-dimensional angular motion are tested. It
would be too time-consuming to document it all. However, to convince the reader that
the process model is correct, two of the final tests are covered here.

E.2 The Roll

The roll trajectory starts out with the helicopter in zero position (E = 0 and ® = 0).
While moving forward with constant velocity of 1m/s, it performs a 360° uniform circular
motion in the lateral plane. The radius of this circle is 1 m and the center is placed directly
underneath the CM. After 8 seconds, the helicopter has finished the roll. Figure
illustrates the full roll trajectory.

\?‘
]
|

z

Figure E.1: The trajectory of the roll motion used to test the process model. The helicopter does not get hurt
in the operation.
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1. The state vector function for the roll motion is given by
T
xt) =]t sin(}) 1-cos(§t) 0 0 120 L0 0]

2. The initial values are

T
%=[0 00 000 1 20 L0 0]
3. The IMU output is then found to be
— . Iid nz P - T
u(t) = [ 0 -982sin(5t) Tz —9,82cos(5t) 20O ]

The sin and cos functions arise due to the gravitational acceleration, which is con-
verted from {E} to {B}.

4. The output of the process model is depicted as graphs in Figure

8 :
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(c) &. d) 0.

Figure E.2: The state vector output for the roll motion.
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E.3 The Loop

The second trajectory of the verification is a straight loop motion. The helicopter starts out
in zero position and attitude, and then while moving with constant speed in the By-axis,
it revolves with constant angular speed around the By-axis. It does a 360° turn, and ends
up in the same position as it started. Figure [E.3|shows the loop trajectory.

s — = =

J:;/\

]

Figure E.3: The trajectory of the loop motion used to test the process model.

1. The state vector function for the loop motion is given by
T
x(t) = sin(§t) 0 cos(§t) -1 0 Zt 0 T 00 0 % 0]

2. The initial values are

T
x%=[0 00 000 T 00 0 % 0]
3. The IMU output is then found to be
— 3 I 7'[2 Tt I T
u(t)=[ 9,82sin(Zf) 0 -Z-982cos(Z) 0 I 0]

Again, the sin and cos functions arise due to the gravitational acceleration, which is
converted from {E} to {B}.

4. The output of the process model is depicted as graphs in Figure
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Translatory velocity [m/s]
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Figure E.4: The state vector output for the loop motion.

E.4 Test Results

By inspection of the roll and loop graphs in the figures [E.2] and it can be seen that
they are in accordance with the 12 state functions given under item 1. This was the case
for all the conducted tests. The conclusion is that the process model is correct.
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LINEARIZED MODEL

In this appendix, the simplified linearized model, which in Chapter[7)is used to develop controllers
on, is developed. The model is derived disregarding cross couplings. That means that four
individual controllers are derived, one for altitude, one for lateral movement, one for longitudinal
movement and one for yaw. All derivation in the appendix is kept in the s-domain, since this it is
the way it is implemented as blocks in SIMULINK.

F1 Altitude Model

The altitude position transfer function H(s) is given by

Z
H,(s) = — . (E1)
Smr
» zis the vertical position of the helicopter given in the s-domain.
» S, is the input to the transfer function controlling the rotational speed of the main
rotor.

The working point is in hover, so the input to the main rotor resulting in steady hover
is denoted by S,.r. This is where the sum of the lift created by the main rotor and the
gravitational force is 0N. Thus, S,ur is the deviation from this point, such that

Smr = Smr + Smr . (FZ)

Sur is the input to the DC motor, which has a second order transfer function, as described
in Section |5.5.12| on page Denoting this transfer function as Hy,,, we have (according

to the parameters Section |5.5.12).

HooQw_ 5 %
T S 24105 +25 (s +5)2
)
25 . a 255 A
Qpy = (s +5)2 (Smr + Smr) = (s + ;n)rz + Smr = Qur + Smr (E3)

Q,,r is the rotational velocity of the main rotor, and the relation of Q,,, and the lift thrust
L, has been found in Section |5.5.14} and Figure [F.1|shows that it can be approximated by
a straight line, given by
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L = Kt Qur + Logset = KiQur + (KpSur + Logse) =L+ L, (F4)

» L is the lift thrust of the main rotor.

» K = —0,126 Ns/rad is the gain from Q,,, to L.

> Logset = 8,26 N is the intersection with the abscissa of the affine function L(CQyy).
» L is the deviation of the lift thrust from the working point value.

» L is the working point of the lift thrust function.

_10_

_12 L

Main rotor lift thrust [N]

_14_

*
_16 1 1 ! ! !
80 100 120 140 160 180 200
Main rotor angular velocity [rad/s]

Figure E1: The relation between the rotational velocity of the main rotor and the lift thrust.

Having the lift thrust, the acceleration in vertical direction of the helicopter is calculated
by

. L _L+L L L s
Z_]\_/I+g_ i +g—M+(M+g)—z+z (E5)

> % is the acceleration of the helicopter along the £z axis. Note that we assume the
helicopter to be in or close to hover, such that a small angle approximation is valid.

» M is the mass of the helicopter.

» g is the gravitational acceleration.

» Z is the deviation of the acceleration from g.

» Zis the working point acceleration, which is equal to 0.

Last, the acceleration is integrated twice to get the position of the helicopter. As the
helicopter is assumed to be positioned in the working point from the beginning, the
initial conditions of both integrations are zero.

4 Z
52 52 5_2 =Z (F6)
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Combining all the working point values in Equations (F.2) to (E.6) yields the altitude
position transfer function H,(s)
z K

H,(s) = =

=——= E7
S,y Ms%(s +5)? E7)

and collecting all the working point values results in the overall working point for the
altitude model, which are set to Om

_ KLS +L ¢
)
_ —oM—-L
3, = % = 145 rad/, (E8)
L

In other words, when the input to the main rotor is 145rad/s, and the helicopter model is
initiated in steady hover, the helicopter will stay hovering.

Figure shows a block diagram of the altitude model, H,;;, which corresponds to the
SmmuLiNk implementation. Note that both the z position and z velocity is used as output,
as they are needed for feedback control. The velocity is given as the signal before the last
integration, and the transfer function H; is found by differentiating H,.

R

25Kt

(F.9)

Sour 58 = Ms(s + 5)2

Figure F.2: Block diagram of the altitude model, Hyy, which shows how it has been implemented in
SiMuLINK.

E2 The Lateral Model

Lateral motion of the helicopter is mainly caused by rolling, as this tilts the lift thrust of
the main rotor. This results in a projection of the lift thrust down on the £y axis, which
creates an acceleration of the helicopter.

The model is initiated with a rough assumption about the relationship between the input
Si+ and the roll angle, ¢, which says that the angular roll velocity ¢ is proportional to Syg;.

_ Klat
S

o} Siat (F10)

» ¢ is the roll angle of the helicopter.
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» Kjy = —2rad/s is the DC-gain from Si;; to ¢. It is negative because a negative Sy

results in a positive ¢ (see Table 3.3{on page .
» Siq is the control input for the lateral pitch of the main rotor.

The projection of the lift thrust vector on the £y axis is given by

L, = |L|sin($) ~ gMop (F11)

» L, is the projection of L at the y axis.
» L is the lift thrust of the main rotor.
» ¢ is gravitational acceleration.

» M is the mass of the helicopter.

To avoid cross couplings, it is assumed that the lift thrust is always equal to —gM. This
makes sense since the model is only valid in or close to hover. For the same reason, a
small angle approximation is also applied. The acceleration of the helicopter in the y axis
direction can now be calculated as

i =Ly/M (E12)

» ij is the acceleration of the helicopter in the y axis direction.

The position of the helicopter is now found by integrating the acceleration twice.

y= 512 (F.13)

Combining Equations (E.10) to (E.13) yields the final transfer function for the lateral
motion.

Hyfs) = g =5 (F.14)

Figure shows a block diagram of the lateral model, Hj,;, which corresponds to the
SiMuLINK implementation. Note that both y, ¥, ¢ and ¢ is used as output, as they are
needed for state feedback. The transfer functions are

Hy(s) = gl:zl”* (E15)
Hy(s) = % (F.16)
Hy(s) = K (F17)

E3 The Longitudinal Model

The longitudinal motion of the helicopter is modelled in exactly the same way as the
lateral, so we end up with the same transfer functions, with one exception: a positive
pitch angle (0) results in a negative longitudinal acceleration, such that

L, = —|L|sin(6) ~ —gM6 (F.18)
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Figure F.3: Block diagram of the lateral model, H,,, which shows how it has been implemented in SIMULINK.

» L, is the projection of L at the x axis.
» L is the lift thrust of the main rotor.
» g is gravitational acceleration.

» M is the mass of the helicopter.

Thus, the longitudinal transfer functions are given by

—gK
Hy(s) = % (F.19)
-gK
His) = —S o (F.20)
s
K
Ho(s) = ls"” (F.21)
Hy(s) = Kion (F.22)
» H.(s) is the transfer function from S;,, to x.
» g is the gravitational acceleration.
» Kjo, = —2rad/s is the DC gain from Sj,, to ¢. It is negative because a positive input
yields a negative ¢.
» H,(s) is the transfer function from S, to x.

v

Hpy(s) is the transfer function from S;,,, to 6.
H(s) is the transfer function from Sy, to 6.

v

Figure [F.4/shows a block diagram of the longitudinal model, Hj,,, which corresponds to
the SimuLINK implementation. Note that both x, %, 0 and 0 is used as output, as they are
needed for state feedback.

F4 The Yaw Model
The yaw motion is simply modelled as a DC-gain from the input to the yaw velocity.

P
Hy=——
v E[}ref

> H, is the transfer function from y,.f to ¢.

= Kyaw (F23)

> ts is the control input to the tail rotor pitch.
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7
¥/
:

Figure F.4: Block diagram of the longitudinal model, Hy,,, which shows how it has been implemented in
SIMULINK.

» Ky = 1is the DC gain from ¢m,f to g[)
To get the yaw position, an integration with zero initial conditions is applied.

K
Hy = Z} (F.24)

> Hy is the transfer function from . to ¢.

Figure shows a block diagram of the yaw model, Hy4y, which corresponds to the
SiMuLINK implementation. Note that both ¢ and ¢ is used as output, as they are needed
for state feedback.

|
e

Figure F.5: Block diagram of the yaw model, H 5, which shows how it has been implemented in SIMULINK.

E5 Comparison of Linear and Nonlinear Model

To verify that the linear model is behaving as expected, a series of step tests has been
conducted on the linear and the non-linear model described in Chapter 5, The goal with
the step test is to verify that the linear model and the non-linear model behaves roughly
similar around the working point, which is hovering. Therefore, the input is calibrated
such that the helicopter is hovering. This is simple for the linear model, as all input
are just set to 0. For the non-linear model, it requires some more tuning of the initial
input values, as hovering is an unstable equilibrium. In practice, it is done by using a
temporarily designed Pl-controller to stabilize it, whereafter the input values are hold
steady and the controller is disabled.

A step of suitable amplitude is now applied to each input, one at a time. The amplitude
of the step is chosen such that the reaction of the helicopter is not too aggressive. As it
is unstable, it requires very small steps, and by experiment it has been found that it is
feasible to use
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- 1rad/s for S,,;.
- 0,01 for Sy and Sy,,.
- 0,17ad/s for i)y f.

Figure [F.6/and Figure [F.7|show the result of the step tests. In all tests, the step is applied
at time 1s, as illustrated with a red graph in each figure. A green graph shows the step
response of the linear model, and a blue graph shows the step response of the non-linear
model. To be able to compare the graphs, all the step responses are illustrated with
the same time axis going from Os to 11s. If the helicopter is actuated in such a way
that the attitude is kept within a few degrees of the working point, then the small angle
approximations are valid, and the green and the blue graph should be coinciding. When
applying a step this is not the case, and the helicopter will eventually move outside the
small signal range. However, as can be seen on the graphs of the step responses, the
linear and non-linear model should approximately follow each other for a few seconds,
until the helicopter has moved outside the valid range. This is the case for all of the
step responses, though z follows for a shorter period, and ¢ and 6 exhibits oscillations.
Regarding z the deviation results from the fact, that the wire attached to the nose is not
included in the linear model. For ¢ and 6 the fast oscillations occurring right after the step
is due to flapping dynamics. The slow oscillations happens because of cross couplings
from the lateral and longitudinal velocity, respectively. However, these deviations are not
considered to be vital, and it is concluded that the linear model is feasible for developing
a controller for hover.
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Figure F.6: Step test comparison of the position and velocity states.
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Figure E.7: Step test comparison of the attitude and angular velocity states.
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USERS
GUIDE /INSTRUCTION

MANUAL

This appendix contains a guide on how to use the system. This includes how to start up the
individual parts of the system and how to check for correct operation.

G.1 Operating the IPC

This section describes how to start up and use the IPC. Further, if having trouble with the
system, a troubleshooting section is also included.

G.1.1 Startup and System Check

Use the following steps to startup the IPC and check if everything works as expected. The
procedure is documented in the video : [CD-ROM, 2007, videos/IPC_init.wmv]. Avoid
wearing any red clothes, as it might “confuse” the algorithm when filming both you and
the helicopter. Further, avoid removing the USB plugs for the front and side cameras
when the IPC is turned on, since this, for some reason, makes the computer crash.

1. Startup

1.1 Place the helicopter where the front and side camera views are coinciding. {B}
and {E} are now coinciding. Check that all three cameras have a clear vision
towards the markers.

1.2 Connect the three cameras to the IPC, turn on the IPC in Windows and start
MATLAB.

1.3 Switch directory tod: \hamoc\source\image _processing\. Mex the S-functions
and open the SimuLINK diagram, by typing the following in the command win-
dow:

- mex wallcam_Sfun.cpp
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- mex helicam_Sfun.cpp

- open position_determination.mdl

1.4 Remove the “to instrument” block, which sends the output to the CC, to avoid
simulation error when the CC is not running.

2. Calibration of marker software

2.1 Open marker_to_position.m and adjust the camera positions given in {E}, to
correspond to where you want the origin of {E} to be. Also adjust the marker
positions given in {B}. Make sure that the cameras are not tilted so that a
horizontal line in the image corresponds horizontal in reality.

2.2 Start the simulation. After initialization, three video displays, from each of the
cameras, should occur.

2.3 Verify that the markers are detected correct in all the three video displays.

2.4 Stop simulation again. To calibrate the helicam, enter the x and y position
(x-offset and y_offset) of the floormarker position into marker_to_position.m.

2.5 Start the simulation again, and look at the output pixel positions from the
S-functions, and move the helicopter so that the x-position for both the front
and side camera are close to 320 (equal to the center of the image).

2.6 Stop simulation again. To calibrate the frontcam and sidecamb, enter the x and
y position (x_offset and y_offset) of the marker positions intomarker_to_position.m.

3. Testing the marker location algorithm

3.1 Start the simulation and verify that the markers are still found.

3.2 Look at the MaTLAB prompt to see if nothing is written to screen (this should
indicate that the marker location works properly).

3.3 Try to walk in between the cameras and the markers. The markers should stay
at the same place until you move again (note that when standing in front of
the marker, warning messages about not being able to find the marker, should
be printed to the MAaTLAB prompt).

3.4 Move the helicopter (slowly) beyond the edge of one or both of the cameras, to
see if the marker stays at the edge of the image (and does not find an arbitrary
point which looks a bit like a marker.) until the marker returns into view.

3.5 Move the helicopter around, both far away from and near the cameras, to verify
that the markers are found everywhere. This test shows if the calculation of
the size of the markers are correct.

4. Testing the position and attitude calculation

4.1 Stop the simulation and remove the video displays to speed up simulation,
which makes it possible to move the helicopter a bit faster and still not get
warning messages.

4.2 Start the simulation again and verify that the position error estimate (PEE) is
close to zero (should at least be below 0,05 m).

206 Aalborg University 2006/2007



Appendix G: Users guide/Instruction Manual

4.3 Open the position scope and move the helicopter in each direction to verify
that the algorithm works as desired.

4.4 Place the helicopter at the origin of {E} again, and verify the same way that
calculation of ¢ and 0 is correct as well.

4.5 Check if the error estimate have stayed below a satisfying limit during the
whole simulation.

4.6 Stop the simulation.

5. Reinsert the “to instrument” to make ready to send data to the CC.

When the above test has been performed, there should be some images in the directory.
These are saved each time the algorithm was not able to find the marker. For example
when walking in front of the marker. Furthermore, the following variables are saved to
workspace: pixel_front, pixel_side, pixel hcam and marker_state.

G.1.2 Troubleshooting on IPC

The simulation will not
finish initializing.

Try unplug and replug the USB connector for the helicam
at the helicopter side.

Close all explorer windows which displays the web camera
images

The update rate from
the IPC is slow

The marker might move too fast. Try increasing the ROl in
the image processing software (this has to be don both in
camera_hough_Sfun.cpp and helicamprocessing.cpp).

There is warning mes-
sages about not finding
the right background
colour.

If it is dark or rainy outside, the colours are not the same
because of the missing sunlight. Try turning the floodlight
on or set a manual background colour in the code.

The position error is
more than 0,05 m most

The cameras are not calibrated correct in

marker_to_position.m.

of the time.

The markerisnotfound | Try looking at the saved images to find the error. Maybe

adjust the PixelMax condition in camera_hough_Sfun. cpp

G.2 CC Startup

This section describes how to use the CC. How to initialize the system and the controllers,
and how to check if everything is working as intended. The procedure is documented in
the video : [CD-ROM, 2007, videos/CC_init.wmv]

G.2.1 Startup and System Check on the CC

This section describes the steps to start up the CC and check if everything is working as
intended.

1. Startup
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1.1

1.2

1.3

14

1.5

1.6

1.7

Turn on the CC in Ubuntu (user name and password are “hamoc”), start
MartLas and switch directory to /home/hamoc/source/integration.

Initialize system by running mex_system.m. This compiles the S-functions for
the servoboard input, servoboard output, IMU output and input from the IPC.
Further the parameters for the controller and a trimming condition are set.

Open the SimuLINK interface to the system: open system_integration.mdl.
Enable the “Pseudo Realtime” by using the switch in the top left corner.

Disconnect the main motor from the main rotor controller on the helicopter (to
avoid that the main rotor starts to rotate uncontrollably, it is first checked if the
system works).

Connect all the cables to the helicopter: servoboard, IMU, camera and power
cable.

Turn on the remote control and switch on power to the helicopter. Now the
pololu board should light yellow to indicate that it is ready to receive data.

2. Verify operation of the servoboard input and output.

2.1

2.2

2.3

24

2.5

2.6

2.7
2.8

2.9
2.10

211

212

Start the simulation. The yellow diode should turn off to indicate that the
pololu board is ready.

Check if remote control is working and if the output on the “Servoboard output
scope” corresponds to the input.

Check the MarLas prompt. The sample frequency for the servoboard and the
IMU should be shown, and no other messages should be printed. The sample
frequencies should be close to 50 Hz and 100 Hz respectively.

Switch to manual control on the “Autonomous/Manual” switch.

Switch to autonomous on the remote control and the red diode on the ser-
voboard should turn on.

Check if it is possible to control the servos from the CC, by using the manual
input. Check again if the input and output matches.

Stop the simulation.

Switch back to manual on the remote and disconnect the power to the heli-
copter.

Reconnect the main rotor, and then reconnect the power to the helicopter.

Start the simulation again and spin up the main rotor to around 50rad/s (the
helicopter starts to lift off around 100 rad/s).

A display is showing the difference between the input velocity from the remote
control and the input velocity the CC wants to give. Check that the difference
is between —10 — 10 (It is important always to do this, especially when flying,
to avoid sudden jumps in main rotor input). When this is the case, then switch
to autonomous and verify that it is possible to control the main rotor rotation
velocity, and that the output from the servoboard is still correct.

Switch back to manual control on the remote. Remember to check the difference
again.
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2.13 Slowly, decrease the rotational speed of the main rotor until it has stopped.
3. Verify that the IMU works

3.1 Disconnect the power from the helicopter.

3.2 Disconnect the main rotor from the main rotor controller again, and switch on
power to the helicopter.

3.3 Move the helicopter in different directions to see variations in the accelerometer
data on the IMU scope.

3.4 Turn the helicopter around the three axes to see if the rotation is measured by
the IMU.

4. Check data from IPC and kalman filter.

4.1 Turn on the simulation on the IPC (note that the simulation on the CC must
be running first to avoid errors on the serial connection between the two
computers).

4.2 Try moving the helicopter around while watching if the state estimate, on the
state scope, follows the movements.

4.3 Try changing the attitude and watch if the state estimate is correct here also.
5. Verify that the controller is working correct.

5.1 Start the simulation on both the IPC and CC and switch to autonomous mode
on the simulation.

5.2 Hold the helicopter around the origin of {E} and move the helicopter in different
directions while watching the servoboard input scope, which is the control
signals.

5.3 Verity if the control input is correct (note that there is an offset of the control
signals to compensate for the helicopter trimming, and when flying manually
the servo inputs has a peak-peak value of maximum 0,2):

- Lift the helicopter = lower S,
- Move the helicopter to the right = positive S,
- Move the helicopter to the forwards = negative Sy,

5.4 stop the simulation on the CC and the IPC.

5.5 turn off the helicopter and connect the main rotor again.

If all of the above works as intended, then the whole system should be working.

G.2.2 Troubleshooting on the CC

The kalman filter esti- | There might be a small offset error on the attitude estimate,
mates a constant veloc- | this results in the acceleration vector not pointing exactly
ity. the right way, and therefore the Kalman filter thinks an
acceleration is experienced. Try adjusting the noise matrices
in the Kalman filter to trust the attitude estimates from the
IPC less.
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G.3 Testing Autonomous Controllers

Calibrate the trimming conditions first by watching the output from a manual flight.
When flying autonomously, remember to switch to autonomous mode in the SimuLINK
diagram before switching in the air.

Pres ctrl-s to save the test data to a file
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Helicopter Aided Mapping Of Crops (HAMOC) is a project, which aims
at making a small scale electric helicopter able to obtain imagery of a
crop field. This report considers the first steps towards this, by the use
a Corona 120 electric helicopter. The project goal is to make the heli-
copter hover autonomously in the laboratory.

The project has been divided into four main parts; hardware imple-
mentation, modelling, state estimation, and control development.
Regarding hardware, it has been chosen to control the helicopter by
an external computer, and use an external power supply. The com-
puter is interfaced to a servoboard on the helicopter by a serial con-
nection. An existing helicopter model has been described, adapted to
the Corona 120 helicopter, and the parameters have been deter-
mined. The 12 rigid body states of the helicopter have been estimated
using image processing of camera data and an inertial measurement
unit (IMU), which as fused in an extended kalman Filter. Four
decoupled PID controllers have been developed to control the
helicopter (for the z, y and x axes, and for the yaw angle, respectively).
Hereafter, more advanced controllers have beenresearched.

The hardware works as expected, and it is possible to control the heli-
copter from the external computer. The developed controllers are
able to control the nonlinear model in a simulation. At the end of the
project period, autonomous control of the altitude of the real heli-
copter has been reached, and preliminary tests of a lateral controller
have also been done. A helicopter crash has damaged some of the
hardware, and has thus prevented further tests of the horizontal con-
trollers, but it is expected that autonomous hover is close to be ob-
tained. It is believed that the developed subsystems form a solid basis
for further work on the project.
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