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RAMA - a Low-Cost Modular Control System for
Unmanned Aerial Vehicles

Ing. Ondej Spinka
Czech Technical University in Prague, 2009

Thesis Advisor: Doc. Dr. Ing. Zdé&k Hanalek

This thesis presents a modular control system for Unmanned Aerial \ghicle
(UAVs), the RAMA control system. RAMA is a universal, lightweight andhguact
autopilot for small UAVs, designed and built at the Department of Contngjiteer-
ing, Faculty of Electrical Engineering of the Czech Technical UnivelisitiPrague.
RAMA is designed as a modular, distributed, hierarchical system, desigitieém-
phasis on reliability and safety. It is fault-tolerant, implementing a novel aathite,
utilizing the graceful degradation and a simple reconfiguration techniqureaitdgain
the most critical functions. RAMA serves as a relatively cheap, opemettllar re-
search platform, allowing to test various hardware and software soltiahdata ac-
quisition and control algorithms. The data and technical expertise is pultiahed,
allowing other researchers, interested in the field, to participate on theproigo
use our results to support their own work. RAMA is an excellent platfansfudent
work, mainly in the form of semestral or graduation projects. It is also éstanding
tool for the PR (Public Relations) and advertising purposes, attractingiattef fu-
ture students. The design and construction, both hardware and sofiigs, along
with the control algorithms and testing results, are shown in this document.



Goals and Objectives

The goals of this work were set as follows:

1. Todesign and develop a rotorcraft-based UAV (Unmanned Aerlatyé with
necessary on-board avionics (both hardware and software).

2. To develop the basic control scheme and the basic control laws.

3. Perform flight experiments and acquire flight data, in order to provdethsi-
bility of the proposed solutions.

4. Thoroughly document the whole project and make the technology antise
publicly available at the Internet.
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Chapter 1

Introduction

1.1 Motivation

Unmanned Aerial Vehicles (UAVS) are used in many different fields oo busi-
ness nowadays. Although being developed mainly for the military in the pagtof lo
other applications emerged recently. UAVs are becoming popular with theyenugr
services, aerial photography, movie making industry, agriculture dictrabserva-
tions. Their operation and maintenance costs are very favorable catpar&nned
vehicles and they might also be used in a rather hazardous environmene thie
deployment of a manned vehicle would prove too dangerous. The UAVssarally
much smaller and lighter than their full-scale counterparts, being able to fly ih muc
more restricted space.

Rotorcrafts are often being used as the vehicle of choice for airbormanned
systems, being popular mainly for their outstanding maneuverability and the ability
to hover. Small helicopter is capable of very aggressive maneuveringlbas stable
hovering and usually has an excellent self-to-payload weight ratio.

In some areas, such as military or traffic or agriculture observationsaditdin-
omy, high reliability and long flight duration are required, leading to complek an
potent vehicle designs. The avionics of these drones is very sophidticataist
and often redundant, designed in a very similar manner as for the manoeaftair
Obviously, such vehicles are capable of carrying out complex missidilgzroOn
the other hand, they also require relatively complex maintenance anddgsapport
systems, and are extremely expensive. Let us note the well-known U.Eokie
Predator drone or the Yamaha RMAX R-UAV [2] as an example.

In other areas, like in the movie making industry, aerial photography or-emer
gency services, long-duration missions and full autonomy of the vehielefsan not
required. On the contrary, small, light, simple and cheap drones are wantet-
ing a semi-automatic, stable flying platform for light payloads, mainly camefias. T
term “semi-automatic” means that the vehicle is not fully autonomous - it is still op-

1



2 Chapter 1 Introduction

Figure 1.1: A rotorcraft UAV equipped with the RAMA system

erated by a human pilot, however, the autopilot provides some sort of sioifiz
Cheap and lightweight avionic is required for those vehicles, yet prayigireason-
able safety margin for mission-critical functions. Such vehicles are alpalaoin
academia for research case studies.

Strict weight, power consumption and price limitations put on the avionics of
these vehicles does not allow to double hardware components. A ngcesdan-
dancy for the most critical functions can be achieved due ts¥lséem reconfigura-
tion andgraceful degradatiorin case of a failure. The purpose of this is to “jury rig”
the system, sacrificing the less important functionality to allow the most criticad task
to be carried out. This usually leads to a mission loss, but can prevent hideve
loss and other possible consequences, due to a potentially dangeaéiusoaning
completely out of control.

1.2 Outline and Contribution

This thesis presents a case-study of low-cost, universal and modesagngd the
RAMA UAV control system (Figure 1.1). RAMA stands for Remotely opedate
Aerial Model Autopilot.

The intension was to build a relatively cheap, light, open and modular cdsear
platform, allowing to test various hardware and software solutions andadgtasi-
tion and control algorithms. The data and technical expertise is publicledhas
was mentioned above, allowing other researchers interested in the fielditipade
on the project, or to use our results to support their own work. RAMA isxaplient
platform for student work, mainly in the form of semestral or graduatiajegts. In
fact, important parts of the RAMA project were developed by studentsvilabe
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mentioned in the text) and overall, about eight students carried out theinaran
projects on it. It is also an outstanding tool for the PR (Public Relations) dvel-a
tising purposes. RAMA is not designed as a final product; it is rathertdoéss but
can serve as a good basis for possible future ventures in the UAV field.

Although designed as an universal autopilot, RAMA is currently focusec
rotorcraft control and is tested using a small helicopter. Thereforehuhieof this
thesis is focused on rotorcraft control.

Original contributions of this thesis are as follows:

e The modular, distributed and hierarchical architecture of the RAMA system
(see chapter 3) is original and relatively novel in the field of small UAV au-
topilots; no comparable design is known to the author currently. This archi-

tecture allows to implement the graceful degradation and reconfigurafety sa
principles, as well as it simplifies software and hardware upgrades stinigte
procedures (as described in chapters 3, 6 and 7). Its innovative walsl also
recognized by the editors and reviewers of a prestigious engineeringajou

[épinka et al.(2009a)]. The whole hardware and software design and-imp
mentation are original.

e RAMA is an open-source project, meaning that in-depth technical informatio

and data are publicly shared at the project webétér{ka(ZOO?)]. This makes

RAMA especially appealing, not only for the academia community. There are

not many projects of this type around; the only other the author is awaréhef is
Paparazzi project [3], but this particular project is focused someshfierently
(see section 1.3).

e Further contributions of this work include original control scheme and-algo
rithms (chapter 4) and the testing results (chapter 7), which are backad by

vast pool of real flight data.

The thesis organization is as follows: The first chapter defines goalasmeds of
the work, introduces the project and discusses the related work. Thadsehapter
is only informative and its purpose is to define basic terms and principles bethe
copter flight, needed for proper understanding of the following text. }t besskipped
by a reader who is familiar with this topic. The third chapter presents the laaedw
architecture of RAMA control system, followed by description of the cdrdgcheme

and algorithms in chapter 4. Chapter 5 explains the software of the systafa, wh

chapter 6 describes the fault-tolerance and safety features of thensyGteapter 7
presents the experiments and testing results. The last chapter concritiessik and
discusses the results and future work.
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1.3 Related Work

A lot of work had already been done in the field of UAV control systemser&hs
almost inexhaustible amount of various control designs that were puthleEieng
the years. Let us note at least those that directly influenced the RAM&qby@r
have much in common.

A very informative outlook on small rotorcraft mathematical modeling is given
in [4], [5] and [6]. These works present a complex non-linear modet (derive a
linearized state-space version), along with identification methods and astrase
showing parameters and modeling results of a specific hobby-helicopter.

The works [7], [8], [9], [10] [11], [12] and [13] deal with controf small rotor-

craft. In [7], a novel SDRE (State-Dependent Riccati Equation) loxgtistabilizing
controller is presented. This option is very interesting from the theoretaat pf
view because of its optimality and was considered for the RAMA system, bsit wa
later abandoned in favor of a more conventional cascaded PID cowtnath, al-
though less optimal, is a lot easier to implement, set-up and test. A cascaded PID
approach is also more convenient from the point of fault-tolerance samjilifies the
graceful degradation scheme implementation. The cascaded-PID ejpsakkmon-
strated in [8], and following work in [9] and [10]. In [11] and [12], amteresting
artificial intelligence approach to hover control, using a neural netwsesented.
It was not considered for implementation on RAMA for the same reasons\tbatu-
ally led to the rejection of the SDRE, but represents another original apipito the
low-level rotorcraft stabilization problem. In [13], a hierarchical fligbhtrol scheme
for UAVs is given, which eventually inspired our own control schemescdbed in
chapter 4.

A good general methodology for platform-based design and systematicanteg
tion of control systems, dealing with implementation constraints and reuse -of pre
viously designed components, is given in [14]. A framework for dynaméonfig-
urability and graceful degradation in embedded systems is presented.idfiher
approach, called the Simplex architecture, is shown in [16]. The depgitgland re-
configuration of the distributed embedded systems is also dealt with in [1]18hd
Those are theoretical works, which inspired some of the solutions implemierttesl
RAMA system, namely the graceful degradation scheme. The specifizeggnts
and properties of the real-time [19][20][21] and embedded systemshi@2a} been
considered in the software design.

UAV navigation, sensor data fusion and vehicle guidance are handl2a]ir{24]
and [25]. Those works inspired our own approach to sensor datmfudescribed in
section 4.2.

An interesting and complex rotorcraft UAV project, called MARVIN, can be
found in [26]. The goals of this project are similar to RAMA, however, theign phi-
losophy is somewhat different. Both systems were designed as lowsmbshainly
implement off-the-shelf components. The MARVIN system is more complex than
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RAMA and offers a more sophisticated functionality. On the contrary to RAMA
can operate fully autonomously and is able to take-off and land automatichifghw
RAMA cannot do in its present state. On the other hand, RAMA was desigita
much more emphasis put on the modularity, extensibility and fault-tolerance. An-
other important asset of the RAMA system is its open design, as was explaitiee
previous section.

Another interesting UAV autopilot project is the Paparazzi [3]. It is aerep
source project and provided inspiration for RAMA. It presents a simgllgisn, suit-
able for many non-demanding applications. Its scope is somewhat difteleAMA;
Paparazzi is intended to provide a simple and cheap solution to the ersjwbkéde
RAMA,on the other hand, is a good research platform. The main differisnitet
RAMA provides a broadband telemetry, modular structure and powerfupating
platform, all being very important assets for research and developmenbp®@f that,
RAMA's project website also offers recorded flight data for theorétiesearchers.
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Chapter 2

Flight Mechanics and
Mathematical Modeling of a
Rotorcraft

Before describing the functional principles, control algorithms and testéigglts of
the RAMA project, it is important to have at least some very basic undeisgodfl
the helicopter flight mechanics, its characteristics and properties. Tipgechsionly
informative, but should provide the necessary insight, needed fpeprmnderstand-
ing of the rest of this thesis. It was compiled using sources [27], [B][4] and [5],
and the personal experience and knowledge of the author.

2.1 Definition of the Coordinate System

At the beginning, it is necessary to define the coordinate systems (Fidurénts fig-
ure was taken from the Wikipedia, the free encyclopedia), which will led ttsrough-
out this thesis. Standard aerospace system was adopted for the RAN&&tpITwo
reference frames are defined; Tdarth frameand thebody frame Both are orthogo-
nal Cartesian frames. The earth frame: has ther axis pointing to the north, theg
axis pointing to the east and thexis pointing downwards. The body fram&’ 7 is
oriented to have th& axis pointing forward along the fuselage, tHeaxis pointing
to the right and theZ axis pointing down, to form a right-hand Cartesian frame. The
X,Y andZ axes are sometimes called the roll, pitch and yaw axes of the vehicle.
The attitude of the vehicle in space is expressed by the three Euler angjes [2
zyx rotation is used to obtain the transformation from the earth frame to the body
frame - meaning that the first rotation, by anglgtakes place around theaxis, the
second rotation (by anglg) around the newly-definegl axis and the last rotation
(by anglef) around the new” axis (thex” axis already coincides with th& axis
of the body frameX'Y 7). This set of rotations yields th&Y Z frame from theryz.

7
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Figure 2.1: Definition of the yaw, pitch and roll angles. The aXeand Z are not
shown in the picture for the sake of clarity. (courtesy Wikipedia)

The attitude angleg, ¢ andf are called the yaw, pitch and roll angles of the vehicle
(sometimes denoted YPR angles for short). The conversion from cerenek frame
to the other might be expressed by the rotation makr{R9]:

R = Ry.Ry.R; 2.1)

where the matrice®;, R, and R3 represent the respective rotations.

As is widely known, the Euler angles suffer from singularities, occurfamghe
90° tilt angles. This singularities cause the presence ogtimal lockphenomenon
[30] in the attitude representation. The gimbal lock is a condition when a e@jre
freedom is lost and two attitude angles become dependent. For exam9lé, fotch
angle the roll and yaw angles become dependent - the resulting attitudevehiicke
is be the same if the values of roll and yaw are swapped. Consider foll@sogence
of rotations: yaw byi5°, pitch by90° and roll by—30°. The resulting attitude is the
same as for the sequence: yav80°, pitch 90° and roll 45°. The presence of a
gimbal lock is indicated by one of the rotation matrides Rs or R3 in equation 2.1
becoming an identity matrix.

The gimbal lock is not a problem for the attitude representation though; the at-
titude could still be unambiguously determined, given the attitude angles. It only
becomes a problem if Euler angles are used for the trajectory recaditr(itis very
informative to study the history of the NASA's Apollo project and the caseme
gimbal lock nearly claimed the lives of the Apollo 13 crew [31][32]).
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Overall aerodynamic force

Figure 2.3: Stall condition - forming of turbulence

2.2 Flight Mechanics of a Rotorcraft

2.2.1 Basic Aerodynamics

It is a well-known fact [27] that an airfoil profiled body (anybody for that matter),
subjected to the air flow, generates tirag and thelift. Both drag and lift are non-
linearly dependent on the relative speed of the flow andatigde of attack{Figure
2.2), which is a relative angle between the airflow vector and the airfoil akiee
higher the angle of attack is, the higher is the generated lifting force (analdorce
alike) [27], up until the point oftall - this is a point where the laminar flow around
the lifting body becomes turbulent (Figure 2.3). The angle of attack, goreding to

the situation when stall just begins to occur (for a given airfoil), is callectthigal
angle of attack When the stall condition happens, the lifting force drops suddenly
and very sharply - there is almost a complete loss of lift in this situation. Similar rule
applies also to the relative speed of the airflow - the generated lift andriregpse
non-linearly with the increasing speed, up to thgical Mach numberof the body.
Weird things begin to happen at critical Mach numbers and for the sakeplicity,

we shall assume that the airflow speed is always well below that limit for gtefe
this text. This condition is met for most of the UAVs (although the speed of the tips



10 Chapter 2 Flight Mechanics and Mathematical Modeling of a Rotorcraft

The lift distribution

———— )0

Wing

Figure 2.4: Lift distribution along a wing

The lift distribution along the
blades

Rotor blade Rotor blade

Figure 2.5: Lift distribution along the rotor blades

of the rotor blades or propellers might be actually closer to the critical Maafber
than one might intuitively think).

An infinitely long wing, subjected to a constant speed airflow along its whole
length, would generate uniform lift per length unit. For the real-life wingssihe
ation is somewhat more complicated, because they actballgto end somewhere.
Naturally, there is a pressure difference between the top and the bottof sidving;
that is how the lift is generated. At the wing tip, this difference producesrasite
airflow from the bottom side to the top (as can be seen at Figure 2.4), geatntex
at the wing tip. This vortex creates turbulece and decreases the liftageddyy the
outward portion of the wing, so the lift force generated along the lengthvaihg
decreases towards the wing tip, as depicted in Figure 2.4.

In case of a rotorcraft, the situation is a little more complicated. The lifting force
of the vehicle is generated by the main rotor. We may consider the rotor kdades
“wings”, but those wings are not subjected to the uniform airflow. Thgukar ve-
locity of the rotor might be considered constant, but the circumferentiatirgls
obviously not. It increases along the blade from the root to the tip, wheratitmax-
imum. The lifting force distribution along the rotor blades is depicted in Figure 2.5
- itincreases (non-linearly, of course) along with the circumferentieédpup to the
point where the tip vortex comes into play; then it starts to fall again to zesiohesl
at the blade tip.

The situation becomes even more complicated when the vehicle is not hovering,
but flying at a constant velocity. Consider the case where a helicopteirig for-
ward, as shown in Figure 2.6. Assume that the rotor is turning clockwiseaifflow
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Figure 2.6: Definition of the azimuth angle

speed along a part of the blade is now given by the vector addition of thentwir-
cumferential velocity vector at the given point and the negative air spidée vehicle
(the vector of the airflow is logically directly opposite to the vehicle airspetds.
obvious that the air flow speed (and consequently the generated lift) distigbuted
uniformly along the rotor disc, but depends on the current angle of thieblaelative
to the velocity vector (uniform to the vehicle axis) - called #zmuth angle

The azimuth of a blade is the angle of the blade relative to the main axis of the
vehicle, as shown in Figure 2.6. AD°, a blade produces maximum lift, because
the airflow generated by the movement of the vehicle blows directly opposite to th
blade; aR70° azimuth the situation is reversed and the blade generates the lowest lift.
The lift distribution in this case (one blade #° azimuth and the other 270°) is
depicted in Figure 2.7. It is obvious that a blade to the left of the fuselatjm(sh
in the interval of(0°,180°)) is traveling against the “wind” caused by the vehicle
movement, and is consequently generating more lift than the opposite blade to the
right (in our case). The left side is therefore called éidwancing sideand the right
side theretreating side Advancing and retreating sides are always defined relative to
the vehicle velocity vector. And in case the wind is blowing... Well, the point islgur
clear enough by now.

The disbalance in the generated lift naturally produces a torque, acting at-
hicle. It might seem intuitive that in the case described above, this torquiel wause
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Lift distribution along the blades

Gravity
force

Figure 2.8: A helicopter accelerating forwards

the vehicle to roll to the right - but here comes the surprise. In fact, thededrgthis
case causes the vehiclepiich backwards This is because the gyroscopic effect of
the rotor spin comes into play. This effect is causing a phase shift (a pieday)
between the lift force and the corresponding torque; this shift is typic&li§0b (but
could be less or more, depending on many factors, creating not only Idigitubut
also a lateral torque). Therefore, the maximum torque is acting with one &l 48@°
azimuth and the other &t, causing the vehicle to pitch backwards. This effect works
as a kind of natural negative feedback in the velocity control of the iehiis order

to fly forward, the vehicle naturally has to pitch forward (to cause the podfdahe
rotor lifting force to accelerate the vehicle forwards as shown in Figurg 2\8th
increasing speed, the vehicle tends to straighten again, decreasingbedfacting
force in effect.
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Figure 2.10: Forces acting upon a blade in side cut view - stable situation

2.2.2 Rotor Blade Dynamics

Assume a helicopter in hover. There are two main forces acting on a rotte; kifee
aerodynamic lift force, which was discussed in previous section, ancetteifugal
force Both forces do not share a common point of action; The acting point of the
centrifugal force is situated in approx 58% of the length of the blade, wtéladking
point of the lift force is located a little more outwards [28] (Figure 2.9).

The vector sum of those two vectors determinesdihedral angleof the blade,
measured between the plane perpendicular to the rotor axis and the bledeotdr
blades are usually hinged to allow for that movement, but the movement is textric
and damped by very stiff rubber dampers. So, in reality, the dihedraé avmuld
be much less than the “natural” angle would be, because of the dampeeistires
the movement. It is worth mentioning that the centrifugal force is normally adnout
order of magnitude greater than the lifting force, giving a relatively shativedral
angle even without the dampers. In practice (with the dampers involvedjihtbdral
angle of the blades is typically around- 4°.

Let us now examine the effects of those two forces on the angle of attagk of
blade, assuming that the blade is flexible and therefore can bend. Thendésre
composite rotor blades, used on most UAVs, are usually very stiff ancbotibend
as much as the blades of their full-scale counterparts, so this aspece caiety
neglected on most of the UAVS; but it is still worth mentioning and plays a sigmfic
role on bigger rotorcrafts.

It is very important to have the acting point of the centrifugal force intfadrthe
acting point of the lifting force, as depicted at Figure 2.10. In this casetotigeie,
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Figure 2.11: Forces acting upon a blade in side cut view - unstable situation

which is bending the blade, would tend to reduce the angle of attack, leetzeis
leading edge of the blade is bent downwards. This would in turn redudétthg
force a little and an equilibrium is therefore quickly established, so the bladalite
(a negative feedback loop is present).

On the contrary, if the acting points of the forces would be swapped ¢agnsim
Figure 2.11, the blade would be unstable. The torque would bend the lestiiegof
the blade upwards, increasing the lift, and therefore further increélssmtprque (a
positive feedback loop is established). This case might be actually stabgitea
the structural parameters of the blade), but often leads to the effed fiatter. The
angle of attack would increase, increasing the lift in turn, up to the pointaiif s
(remember the previous section), when the critical angle of attack is raghéhis
moment, the lifting force would rapidly decrease and the blade would sn&miban
because of its flexibility. This would suddenly reduce the angle of attadk agd the
cycle would repeat. This is obviously a very dangerous behavior, wdftelm leads
to the structural failure of the blade, suffering from this phenomenoe. ritass of a
blade must therefore be distributed so that the points of action of bothsfareein
stable configuration.

Let us now consider the blade dynamics in the forward flight. Recall theldisb
ance of lift, generated by the rotor blades in that case, as describexVioys section.
The hinges, which allow for the camber movement of the blades to accommoelate th
dihedral angle, also serve as a partial mitigation of this problem.

Because the lifting force is increasing in the azimuth inte2ai0°, 90°), the
blade would travel upwards (gradually increasing its dihedral anglegiimtierval of
(0°,180°), reaching peak at80°. Again, this is because the gyroscopic effect comes
into play; the maxim dihedral angle is react#d after the peak force. Because the
peak force is acting &20°, peak dihedral angle is achieved1&0°. Analogically,
the blade would travel down between the azimutll&0°, 0°), with the lowest point
occurring at)°. This periodic vertical movement is known as tilade flappingand
itis one of the most important phenomenons of the helicopter flight. Let ustigage
its consequences.

The blade flapping reduces tldfective angle of attackf the blade traveling
upwards and increases the effective angle of attack of the blade goimgadrds.
This is because the blades no longer move directly against the airflowagethdry
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Figure 2.12: Definition of the effective angle of attack

the movement of the helicopter; their effective speed is now given by ttterngsum

of the velocity airflow vector, circumferential speed vector and the otiftapping
speed vector. This effect can be clearly seen in Figure 2.12. Beohtlss, in ideal
case, the disbalance of lift, induced by the movement of the vehicle, woulddated

by the effect of the blade flapping. In reality, it is not quite so, becalsddampers in

the camber hinges prevent the blades from flapping freely, so some difttedance

still persists - but it is somewhat smaller than what would be the case without the
hinges. Why are the camber dampers necessary will be explained in theectgn.

In reality, there are many other effects affecting the blade flapping, baetare
deliberately neglected in this text, for the sake of simplicity.

2.2.3 Helicopter Control Fundamentals

In this section, the actuators and basic control principles of a helicopaéirbghde-
scribed. Basically, a helicopter has five inputs - the engine control @bng the
torque, which drives the main rotor), the collective control of the main rolades
(controls the magnitude of the thrust the main rotor produces), the longitiatida
lateral cyclic control of the main rotor blades - controlling the “tilting” of the #stru
vector, i.e. producing the rolling and pitching moments - and the tail rotor pitch
(please note that the word “pitch” has a double meaning - it could mean thegpitch
the helicopter body, or it could be used to describe the angle of attack bfaties; it

is somewhat unfortunate, but it is a tradition). The tail rotor pitch controlamtheunt

of thrust produced by the tail rotor, which is in turn used to control the ghthe
helicopter.
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2.2.3.1 Collective and Cyclic Controls

The thrust of both the main and tail rotors is controlled by tilting (featheringheif
blades along their longest axis (changing their angle of attack). Thesbiadeat-
tached to the rotor head using tfeathering shaftto make the tilting possible. The
speed of the main rotor is kept constant throughout the flight, as well aptesl of
the tail rotor (which is usually driven by a drive shaft or a drive badnirthe main
rotor gear at a fixed gear ratio, so its speed is directly proportional to tive notar
speed). The engine is kept at constant speed all the time; it only hasctaoehe
variable demand of torque (with is proportionally dependent on the peatitnzust).

A simple, independent P or PD controller could be used to control the eapéeed;
even a blunt feed-forward gain, derived from the collective consaliable and often
used in practice. It works well enough, because there is a lot of inertfeeiwhole
system. Theollective controtilts both blades of the main rotor together by the same
angle, therefore controlling the amount of thrust produced by the robar tail rotor
control works in exactly the same manner. It is important to note that bottsrater
able to produce thrust in both directions; i.e. the main rotor is able to thraist bo
upwards and downwards and the tail rotor clockwise as well as colotkwise. For
acrobatic flying, the amount of thrust produced by the main rotor is set$grhenet-
rical, meaning that the same thrust is available in both directions, allowing fertéw/
flight. The tail rotor is usually set so it can produce a little more thrust in thetitre

it has to compensate for the counter torque of the engine; i.e. countesisecfor

a clockwise spinning main rotor. This setting allows for the same available yawing
speed in both directions.

In order to tilt the helicopter (i. e. to make it roll or pitch), thegclic controlis
used. There is the longitudinal cyclic for the pitch and the lateral cyclic ferdh
tilting. The cyclic control is based on periodic changes of the angle of attbttie
rotor blades with respect to their azimuth. It is best to explain its function wsing
example.

Imagine we want to induce a left roll. This is achieved by increasing the angle
of attack of a blade in the azimuth interval @, 180°) (with peak coming at80°)
and decreasing that angle in the opposite interval (whi¢hd6°, 0°)), as shown in
Figure 2.13. Now recall the section 2.2.2 and the blade flapping phenom&hm
action would cause the blades to reach the maximum dihedral angle at the aaimuth
270° and the minimum a90°, tilting the imaginaryrotor planeto the left in effect
(Figure 2.14). Also, this action produces a torque, tilting the helicopter bothye
same direction.

Now, remember the camber dampers, mentioned in previous section. As was
already said, those dampers are in place to prevent unrestricted bamladlaThis is
necessary in order to have some control authority over the vehicle. Imtgihthere
would be no dampers at all and the blades would be left to flap freely. Iodkis, the
cyclic control would cause the blades to flap, but the flapping would haselately
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Figure 2.14: Rotor plane tilting due to the blade flapping

no effect on the helicopter body, because there would be no way hoartsldte the
produced tilting torque from the blades to the body. So the dampers arssaege
to transfer the torque from the blades to the fuselage. The stiffnesssaf tlaenpers
determines how much control authority the vertical movement of the rotor dlzake
over the helicopter body; the stiffer the dampers are, the more contrabriaytis
there. In turn, the moradverseeffect would have the lift disbalance in the flight, as
explained in section 2.2.2.

The longitudinal cyclic control works analogically. Let us now summarize the
effects of the collective and the cyclic control of the main rotor blades.cbhective
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Figure 2.15: The flybar and the Bell stabilizer

control determines thbasalangle of attack of both blades, controlling the overall
amount of produced thrust; the cyclic control periodic blade tiltinguperposedo

that basal angle, inducing lift variations in the course of one revolutidhefotor,

in turn producing thdorque The longitudinal and lateral cyclic could be naturally
combined, so it is possible to induce both roll and pitch commands in one moment,
causing the vehicle to tilt, for example, left forwards.

The problem with the cyclic control is that it usually ha® muchauthority over
the vehicle, causing too rapid response for a human pilot to handle; neoyebe
reaction is strongly non-linear. As the bank angle of the vehicle increasds in-
creasing the torque; it is obvious from the Figure 2.14. The gravity velitection
does not change, but the thrust vector acting point is shifting furthay &em it. This
causes the spin of the vehicle docelerate At the bank angle 090°, the situation
reverses and the spin begins to decelerate again. So, when makiogmall (a very
basic aerobatic figure) for example, the natural response of the véhmbenewhat
“herky-jerky”. This is very unpleasant behavior from the pilot’s perstive.

Therefore, a mechanical rate stabilizing system was devised right advibataof
the helicopter flight in the 1940s. This was the Bell's system, later improvediley,H
hence commonly known as the Bell-Hiller system. This system is obsolete ngsyada
because it can be easily replaced by electronic gyro-stabilizers, bustillisery
common in the UAV field. The Freya helicopter used in the RAMA project deee h
the Bell-Hiller system too, and therefore it in necessary to explain its function

The original Bell's system consisted offlgbar (Figure 2.15), which is a shaft,
connecting two paddles, mounted over (or under) the main rotor. The fi/baually
mounted perpendicular to the rotor blades (seen from above). It carélyfso the
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paddles can move up and down, and it can also be feathered, meanittgethagle
of attack of the paddles is under control. The flybar is connected with thebtzlas
feathering system by control rods, so that the tilt of the flybar causes tifirilge
main rotor blades in the corresponding direction.

The flybar behaves like a small rotor; it would tilt (meaning the plane of its ratatio
would tilt) if the paddles are feathered. It also behaves like a gyrosdbpas the
tendency to maintain its plane of rotation, so if the helicopter (along with the main
rotor) would increase its bank angle (in any direction), the flybar would niaiitsa
previous position (there are no camber dampers which would prevent @ soX
So, the plane of the flybar and the main rotor would no longer be parallelthaend
flybar would therefore tilt the main rotor blades (via the connecting rods)jraduce
a countering cyclic control, up until the point when the planes of rotatioparallel
again.

Similarly, if a command is applied onto the flybar, causing its plane of rotation
to tilt, the flybar would induce a cyclic command to the main rotor, proportional to
the relative angle of the flybar and main rotor disc; the grater the angle igr¢heer
is the command. As the helicopter begins to accelerate its rotation, this angle would
decrease, reducing in turn the applied cyclic command.

So, the Bell's system behaves like a purely proportional controller; Toaifl
tilting determines the set point and the relative angle between the flybar anththe
rotor discs is the control error. The cyclic actuation is applied solely to tharflghd
only the flybar controls the cyclic feathering of the main blades. lenstant of
this controller is given by the weight and size of the paddles. The more tlilgza
weight, the more gyroscopic - and stabilizing - effect they have, so makémg tieavy
would stabilize the system, but increase the reaction time to the setpoint clwenge;
the contrary, making them lighter makes the response of the system fasteaytial
loss of stability.

This system somewhat linearized the angular rate response of the helitopte
induced a lag in the cyclic control response. The reaction to a setpoingehaas
somewhat lazy and the pilots were still not completely happy. Thereforesydiem
was improved by Mr. Hiller to make the response faster. Hiller introduce@:fe
forward branch into the controller; he added control rods, which égdrtion of the
setpoint directly to the main blades (so, a little portion of the actuator movement is
applied directly to the blades and a greater portion to the flybar). This systains
the stability of the Bell’s system, but makes the response to the setpoint vagiation
faster.

It was determined that the Bell-Hiller stabilizer consumes a significant portion o
the engine power; typically about 15-20%. It is therefore much betterttachef this
system completely and introduce the electronic rate stabilizers, as the RASI&nsy
does.
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Figure 2.16: Forces acting upon a helicopter in hover

2.2.3.2 Tail Rotor Control

The tail rotor serves to control the yaw of the helicopter and is actuatecatlgxhe
same manner as the collective control of the mail rotor (as was mentioned)earlie
In a steady state, the tail rotor must compensate for the torque reactionethtiy

the engine. This torque reaction acts in opposite direction than the enging;torq
therefore, if the rotor revs clockwise, the fuselage tends to spin calmt&wise.
Hence, in this case, the tail rotor must thrust to the left, In order to praaokekwise
counter-torque. This thrust naturally induces not only the torque (wibee to the
main rotor axis, where the tail boom serves as a lever), but also drawelibepter

to that direction (i. e. to the left). To compensate this draw, the helicopter rangt b
to the right slightly, so that the main rotor could produce a counter-thrtistriwise,

the helicopter would accelerate leftwards). So, in the hover, the helicisptever
completely straight; it has to bank slightly, in order to maintain the steady state. The
bank angle is typically aroungi— 5° (Figure 2.16).

This bank also tilts the tail rotor slightly upwards, so now it tends to pitch the
helicopter slightly forwards. However negligible this portion of the tail rotoush
might be, it would still bank the helicopter slightly forwards in the long term, icagus
it in turn to accelerate slightly forwards. So, this thrust must be compenbgtad
tiny backward pitch of the vehicle. However, the bank angle in this directiahmsst
negligible in reality.

2.2.4 Effects of the Rotor Speed

As was said earlier, the rotor speed is kept constant throughout thée flidtis is
because the rotor speed has great influence on the control authdhgy feélicopter.
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With increasing rotor speed, the controls are becoming more respobstajse the
control surfaces (i. e. the blades) produce greater amount of tirtis same angle
of attack. The relation between the rotor speed and the generated lift mgjlgtro
non-linear, so the speed variations would largely disrupt the controklodither
the control gains would have to be set over-conservatively, redticengffectiveness
of the control loops, or some sort of adaptivity (usually the gain schegwiould
have to be incorporated. Either way, the controllability of the helicopter wbald
compromised nevertheless. Hence, it is very desirable to minimize the roted spe
variations. Fortunately, this is not so hard, as was mentioned in the presgatian,
because of the great amount of inertia accumulated in the rotor.

The variations of the air speed of the helicopter in flight naturally have time sa
effect as rotor speed variations, but in this case, the influence is sahéwer,
because the flight speed is typically seven or eight times lower than the cantifil
speed of the rotor tips; hence, the rotor speed variations have muctargriact than
air speed variations. Usually, the PID control loops (the lowest-layerthesangular
rate control loops) are robust enough to cope with these variations teesonable
flight conditions (slow flight); however, it might beneficial to incorporaime sort of
adaptivity (gain scheduling), if it is desirable to exploit the full flight enpal@f the
vehicle.

2.2.5 Centre of Gravity

The Centre of Gravity(CG) position is naturally of vital importance for any flying
vehicle, because it greatly influences the stability and controllability of thehkeeh
For helicopters, the CG should be positioned right at the main rotor axiswaaslo
possible. The lower the CG is, the greater is the natural stability of the vebisle,
cause the lever between the acting point of the lift force and the CG woujdelager
(think of the pendulum effect).

If the CG position would be shifted away from the main rotor axis, the main rotor
thrust force and the gravity force would form a permanent torque,wiimuld tend
to turn the vehicle (either in the roll or the pitch), which would have to be peemiiyn
compensated for by the cyclic control. This is naturally undesirable, scelimpter
should be always balanced so that the CG is located on the main rotor axis.

2.3 Mathematical Model of a Rotorcraft

A lot of mathematical models of helicopters have been published in the pasevdgw

it is not so easy to find an appropriate model, suitable for a miniature helicopter
as one might think. This is caused by considerable differences betwedaturen
helicopters and their full-scale counterparts. The first major differencaused just

by the size itself, although it is being overlooked surprisingly often. Tisane “scale
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preservation law” in the physics and small machines may behave quite differe
compared to their big equivalents.

Talking about helicopters, the moments of inertia decreases with the fifthrpowe
of the scale factor, while the rotor thrust decreases proportionally todty tmass,
that is with the third power. Therefore, it can be easily seen that the snaitrafts
feature a lot more favorable weight-to-thrust ratio, compared to the big. daizen
this difference, it is hardly surprising that small helicopters are lot moile agd
maneuverable and can bear heavier payloads, compared to their weaghbotmal
choppers. Thrust of a hobby helicopter can easily exceed its weighbtwioree
times, a measure never reached by the full-scale rotorcrafts. Henaesfiense to
the actuators (the collective and cyclic controls, as well as the tail rotor) fistatuch
more aggressive, giving the little machine the ability to spin around an arbarasy
at a ratio up to 360per second and to produce astonishingly fast ascent or flight
speed. The hobby helicopters are also able to produce negative Hitowing for
rapid descents or inverted flight. So clearly the scale difference hassidevable
impact to all vehicle characteristics.

Another differences are given by the construction of the rotor hedd:harac-
teristics of the rotor blades. Vast majority of small rotorcrafts utilize the twdéla
rotors, often equipped with the Bell-Hiller stabilizer. This system was abzeulat
full-scale helicopters in the 1950s. Moreover, the hobby helicopterlysise very
stiff blades, commonly made of carbon-fiber composites. On the other tudirstale
choppers usually use multi-blade rotor heads with very flexible blades rébualts
in significantly more complex rotor and blade flapping dynamics compared to the
small helicopters. In fact, a lot of non-linearity in the full-scale helicoptarasigics
is caused by the flexibility of rotor blades itself.

It is therefore clear that mathematic models of the full-scale helicopters are no
directly applicable to the small ones, and so an adopted model is needed deette
scribing their unique features. Fortunately, mathematical description of lkstake
rotorcraft is considerably simpler compared to the big one. This is thanksio th
simpler rotor dynamics given by the simple rotor head construction and ediativ
stiff blades. These features effectively eliminate a lot of non-linearityrjpmated
in the common full-scale rotorcraft models. Also the number of the state vagiable
considerably lower. While complex helicopter models (for example [33])rpm@te
nearly 100 state variables, the well-known small helicopter model [6] his1dn
So, although being non-linear and inherently unstable, small-scale helicoptebe
mathematically described by somewhat simpler models then the big ones.

Although not very numerous, some sophisticated small helicopter models exist.
An interesting study on this topic is presented in [4]. In the RAMA project \ea p
to utilize the model presented by Gavriletsal in [6], although the Freya helicopter
parameters have not been identified yet. This model is therefore brieityilded in
the following sections.
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Figure 2.17: Forces and moments acting on a helicopter (courtesy V. Ggrile

2.3.1 Helicopter Parameters

The state variables and parameters of the mathematical model are arratigetzibie
2.1. Meaning of the most important state variables is shown in the Figure 2i&7 (th
Figure was taken from [6]).

Table 2.1: Helicopter parameters

Parameter | Description
m helicopter mass
. rolling moment of inertia
Iy pitching moment of inertia
I, yawing moment of inertia
Kgs hub torsional stiffness
Vb stabilizer bar lock number
Bgom lateral cyclic to flap gain
Ag;? longitudinal cyclic to flap gain
1 scaling of the flap response to the speed variation
Qnom nominal main rotor speed
R, main rotor radius
Conr main rotor chord
A main rotor blade lift curve slope
Che main rotor blade zero lift drag coefficient
continued on the next page
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Table 2.1 — continued from previous page
Parameter | Description
crr main rotor maximal thrust coefficient
Ig,.. ' main rotor blade flapping inertia
Ry, tail rotor radius
Cir tail rotor chord
r tail rotor blade lift curve slope
Cp, tail rotor blade zero lift drag coefficient
cE tail rotor maximal thrust coefficient
Ny main-to-tail rotor gear ratio
Nes engine-to-shaft gear ratio
trim tail rotor pitch trim offset
Suf effective vertical fin area
CZ{Z vertical fin lift curve slope
el fraction of the vertical fin area exposed to the main rotor wash
Shy horizontal fin area
sz horizontal fin lift curve slope
Pei;‘?ge engine idle power
Pt engine maximal power
» rolling resonance frquency of the suspension system
p pitching resonance frquency of the suspension system
3 yawing resonance frquency of the suspension system
& damping ratio of the suspension system material
Sfus frontal fuselage drag area
S side fuselage drag area
sfus vertical fuselage drag area
- main rotor hub height above the centre of gravity
Uiy tail rotor hub location behind the centre of gravity
her tail rotor height above the centre of gravity
Iny stabilizer location behind the centre of gravity
x longitudinal body frame axis
Yy lateral body frame axis
z vertical body frame axis
u longitudinal body frame velocity
v lateral body frame velocity
w vertical body frame velocity
1) roll angle
0 pitch angle
P yaw angle
P rolling angular velocity
continued on the next page
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2.3 Mathematical Model of a Rotorcraft
Table 2.1 — continued from previous page

Parameter | Description
q pitching angular velocity
r yawing angular velocity
Xonr in-plane x axis rotor force
Yor in-plane y axis rotor force
L in-plane z axis rotor force
X fus fuselage drag along the x axis
Yius fuselage drag along the y axis
Z fus fuselage drag along the z axis
Yy tail rotor thrust along the y axis
Y5 vertical fin drag along the y axis
Znf horizontal fin drag along the z axis
Lor main rotor rolling moment
M main rotor pitching moment
Qe engine yawing moment
Mg horizontal fin pitching moment
Lyy vertical fin rolling moment
Nys vertical fin yawing moment
Ly tail rotor rolling moment
Ny, tail rotor yawing moment

2.3.2 Rigid Body Dynamics

Basically, the helicopter dynamics is modeled agyal body dynamicswith all the
forces and moments, generated by the rotor, tail rotor, engine, aenmilydrag etc.

acting on it. The most common way to describe the rigid body dynamics is to use
the well-knownNewton-Euler equations of motiom this case, the cross products of

inertia were neglected:

U =vr —wq— gsin 0 + (Xpr + Xypus) /m

0 =wp — ur — gsin ¢ cos § + (Y + Yius + Yir + Yop) /m
W =uq —vp — gcos ¢ cos 0 + (Zpyr + Zyus + Zny) /m

15 =qr (Iyy - Izz) /Ixm + (Lm'r + va + Lt'r) /Imm

q=npr (Izz - Im) /Iyy + (va' + th) /Iyy

7= pq Iz

- Iyy) /Izz + (_Qe + Nvf + Ntr) /Izz

Meaning of all the variables is explained in table 2.1 in the previous sectia. Th

(2.2)

inertial velocities may be obtained from the equations above using a cotertlians-
formation, either by Euler angles [29] or Quaternions [34]. As was dyraaid, the
Euler angles are simpler, but due to the goniometric functions propertiehévey
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singular points for the angles afa0°.

2.3.3 Main Rotor Forces and Moments
2.3.3.1 Thrust

The main rotor thrustis dependent on a lot of conditions. Most important factors of
these are the collective pitch andlg the lift curve slope of the rotor blades,, and

the advance ratipn. We assume the air inflow to be steady and uniform, an assumption
that is well justified [6]. We may also neglect the blade flapping angles, ssatiee

of no great importance here, because the cyclic control influence mcohd order

for small advance ratiog < 0.15. It may be also well assumed that the main rotor
blades have no twist, an assumption well justified by the stiffness of thercéitzo
blades. Resulting set of equations is therefore considerably simpler cednjoathe

one describing the full-scale rotor behavior [33], which has to take adiettiactors

into account.

Following system of equations is based on the momentum theory and is to be
solved iteratively. Maximum thrusk,,,... has to be introduced, since momentum the-
ory does not take the aerodynamic blade stall effect into accountdgsters2.2.1 for
explanation). This boundary value must be determined empirically. For Keecfa
simplicity, the indexmr is omitted in the following equations.

T
Cr=—55—— 2.3
g p (QR)* TR? (3)
Ao = Or (2.4)
277w\/,u2 + ()\O - ,uz)2
ideal __ 40 1 &2 Mz — Ao
Cjigeal if — Cgﬂnax < Cjigeal < C%nam
CT — _C:,Qlax if C:ilgleal < Cjn]ax (26)
Cgpax if Cégleal > ergaac
Tmax
oper = ———— (2.7)
p(QR)" TR

Where

\/(u - uwind>2 + (U - Uwind)2
h= OR

is the advance ratio,
W — Wyind

H==""0R
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is the normal airflow component, and

_ 2c
7T IR
is the solidity ratio.

Coefficientn,, represents the power loss due to the non-uniform velocity of the
rotor blades and non-ideal pressure wake contraction. It was dettraimpirically
[6] to be approx. 0.9.

Note that in hover, when the vertical velocity is equal to the inflow velocity, the
denominator of the term 2.4 becomes zero. This corresponds tmttex ring state
phenomenon, which cannot be described by the momentum theory. Ties viog
state is very dangerous, extremely rare flight condition that occurs bhlyvar, and
is caused by the vortexes, forming at the rotor blade tips (see section. 2/2En
the vertical velocity equals the inflow speed, those vortexes become ektriange
and therefore the rotor downwash is forced outwards and upwardgha same air
is sucked through the rotor all over again. This forms a closed loop bettheeair
intake and outlet, and the helicopter literally sucks itself to the ground. The more
collective, the worse this effect becomes. There are only two waysithwy € pitch
the vehicle using the cyclic control and therefore disturb the equality ofdloeities,
or to disengage the clutch between the engine and the rotor and entetatidardn
both cases, it is extremely important that the pilot realizes what is going on in time
and reacts immediately, for with decreasing height and increasing desterthe
recovery becomes more and more difficult.

2.3.3.2 Torque

Themain rotor torqueis given by the sum of the torque, induced due to the generated
thrust, and the drag of the blades. Because the drag is not significaptndknt on
the angle of attack, it could be treated constant. Induced yawing momenigivies

by:

Qumr = Cop (QR)* 7R? (2.8)
Where

e
p (QR)? 7R3

C 7
CQ = = CT ()\0 — MZ) + Do (]. + M2> (29)

8 3

2.3.3.3 Blade Flapping Dynamics and the Main Rotor Moments and Forces

Theblade flappingphenomenon is very complex and would not be comprehensively
described here. Just a few of the most important facts shall be treated. ddtailed
information can be found in [6].
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The blade flapping angle is a function of it's azimuth angl@~igure 2.6):

B () = ap + ajcos Y + bysin (2.10)
Flapping of the flybar (Bell-Hiller stabilizer) is represented by:

Bs (¢) = a1ssin i + biscos ¢ (2.11)

where the constant term is omitted, since no coning takes place. The ftyiar ¢
tributes to the main blades pitch angle due to the connecting rods:

0 (1/}) = 00 + elonSin 'QZJ + elatcos w + ksﬁs (212)

And the resulting lateral and longitudinal flapping is represented by thenfioigp
set of equations (derivation can be found in [6]):

. b1 1 6()1 V — Uy 35
b = - - lat § 2.13
! p Te TeOWy QR + Te lat ( )
. ay 1 [0a1u—1uy Oar w— wy As,
. on 5, 2.14
“m=d T€+Te<au OR ' om OR >+ o ! (2.14)

Resulting rolling and pitching moments, which enter the rigid body equations of
motion 2.2, can be computed as follows:

Loy = (K + Thyny) by (2.15)
Myr = (K5 + Thony) ay (2.16)

and the resulting main rotor forces are:

er = _Tmral
Yor = Torb1 (2.17)
Zm'r = _Tm'r

Meaning of all variables can be found in table 2.1.

2.3.4 Engine and Rotor Speed Model

Therotor speed dynamiasan be expressed as:

Q =7+ [Qe - er - nterr] (218)

Irot
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We may well assume that the engine tordug is proportional to the throttle
settingd;:

P, = P"%§, (2.19)
and the engine torque is:
Pe
e = — 2.20
Q=7 (2.20)

We may consider the engine response to the throttle as instantaneous timethe
lags associated with the engine inertia, air and fuel intake and combustiomecan
neglected, compared to the vehicle dynamics.

In RAMA, no feedback engine governor is used; instead, a preranoged
collective-to-throttle feed is established, so the throttle is controlled in the lopen
fashion. Due to the fast engine response and high rotor inertia this solutids fine
and is capable to keep the rotor revs within the range of appr@f0 RPM.

2.3.5 Fuselage Forces

The fuselage dragcounteracts the forward or side movement of the helicopter and
also affects the rotor downwash in hover. Fuselage drag forcesecapdroximated
as:

Vao = /62 + 02 + (wa + Vir)?
Xfus = —0.5p8I "1, Vi
Yius = —0.5pS1 "0, Vi
Zpus = —0.5pS7" (wg + Vi) Vio

(2.21)

whereV;,,. is the induced main rotor speed. We assume that the fuselage Centre
of Pressure coincides with its Centre of Gravity. The fuselage projectegsare
approximatelysS;"* ~ 2.2514, §7%* ~ 1.551"* (considering the proportions of the
helicopter). Fuselage moments, induced by the drag forces, are smaktuehip the
main rotor moments and can be neglected.

2.3.6 Talil Surfaces Forces and Moments

2.3.6.1 Vertical Fin

Main purpose of thevertical finis to protect the tail rotor from hitting the ground.
However, it also influences the dynamics, as it produces some aeroitydeag,
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caused by the tail rotor wash. The sideforce, produced by the fitd beuexpressed
as:

Yor = ~0.50S, (O} VA + o) vy (2.22)

whereS, s is the vertical fin areac}j{: is its lift curve slope VY = \/u2 + w2, is
the axial velocity at the location of the tail rotor hul, is the side velocity relative
to the air andvy, is the vertical velocity, modeled as:

Vyf = Va — 61;7}‘/1’157“ — lypr (223)
Wi = Wq + ltrq — K\Vimy (2.24)
WhereV,, is the tail rotor induced velocity, is the yaw rate(;fff is the area of the
part of the vertical fin exposed to the tail rotor wakhis the vertical distance between
Centre of Gravity and the tail rotor hub;,,,,- is the main rotor induced velocity and

finally K, is the wake intensity factor. Because of the stall of the vertical fin, the
maximal side force has to be bounded:

2
Yol = 0.5p80s ((Vi2)? +03) (2.25)
Resulting side force induces a yawing and small rolling moments:

Nvf = _Y;)fltr

(2.26)
va = vahtr

2.3.6.2 Horizontal Fin

The purpose of thhorizontal finis to help to stabilize the helicopter in forward flight,
but its effect is somewhat disputable. The fin produces a pitching momertbdts
aerodynamic drag. The fin may be completely or partially submerged in the main
rotor downwash. Exact location of the fin is determined empirically during thre tr
flights.

Effective vertical speed at the horizontal fin location is determined by:

Wht = Wa + lhfq — K)\Vimr (2.27)

Then the force produced by the fin is computed:

Zny = 0.5pShy (C'Zi |t Why + |whf| whf) (2.28)
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To take the stall effect into account, the result has to be bounded:

| Zng| < 0.5pSns (ul + wiy) (2.29)

Finally, the pitching moment produced by the horizontal fin is:

Mg = Znglng (2.30)

2.3.7 Tail Rotor Forces and Moments

It is no easy task to accurately simulate thé rotor behavior, because there is a
wide range of hardly predictable factors, which can have significanienfle. The
tail rotor often operates in its own wake, especially in hover, when the taigsinom
one side to the other and back again. Moreover, the tail rotor often firedigdgstially

or completely in the main rotor wake, which affects its efficiency in a very comple
way. Airspeed of the helicopter also has considerable and very comflerine,
since it affects the tail rotor directly and indirectly, due to the changes in ttie ma
rotor downwash.

Hence, the momentum theory, which was used so successfully to compute the
main rotor thrust, fails under utterly different conditions, reigning at theatah of
the helicopter. Due to all these complications, there is nothing but approxistite e
mations to rely on.

Approximate equations, describing the tail rotor thrust, are based onifiagan
of the thrust-inflow iteration equations around various axial velocities aedath
rotor pitch.

T aCtr r rim
C%utr ou tr (‘Utr’ ,UJt =0, (St )
aCtT r rim
CTLST = 8(5 (|Ntr’ ,Ut =0, (5t )
S L (2:31)
v T tT m
YtT — _tr ftP (QtrRtr)2 7TRt2,,.
Ts, m

Yy = mY:ST(S + thTMtTQtTRtr
wheref; is the fin blockage factor:
3 Sy

fe=1-7—0 (2.32)
tr
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The tail rotor speed is proportionally dependent on the main rotor spieed,tbe
tail rotor is driven via a driving pulley with constant gear ratios. Theefo

Qtr = nterr (233)

whereny, is the gear ratio coefficient. To emulate the main rotor influence, we
have to compute the so-called wake intensity faétqrfirst. This factor models the
apparent in-plane velocity change, seen by the tail rotor. Following blagaare
needed to comput& y:

o lt'r - Rmr - Rtr
" foir (2.34)
ltr - Rm7' + Rtr
9 = htr

In hover or low enough air speed, the tail rotor finds itself out of the maior ro
wake. This can be represented by the conditigp. < w,:

Ye <y (2.35)

Vimr — Wq

and K, = 0. The tail rotor is fully in the wake if:
Uq,

— > 2.36

Virr — wq — 91 ( )

and K, = 1.5. In the remaining cases, linear growth of the wake intensity factor
with air speed is assumed:

K)\ =1 5 Vimqia_’wa — 9
9f — Gi

(2.37)

K, computed using the expressions above, is used to compute the vertical com-
ponent of the airspeed in the tail location, according the equation 2.24t, tex
advance ratio of the tail rotor must be determined:

u? + U)QT
Htr = ﬁ (2.38)
T T
Due to the stall condition, resulting tail rotor thrust has to be limited:
2
Ymer = f,CF  p(QueRyr)’ TRE, (2.39)

[Yir| < V3
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And the yawing and rolling moments are enumerated as follows:
Ntr — _Y;trltr
Ltr — }/trhtr

To determine the tail induced velocity, used in equation 2.23, the inflow ratio has
to be computed:

(2.40)

20T 1 N2
A=, —2 T _ 5, =+=r 2.41
0 Iu' tr [atrgtr t (3 + 2 ( )

Where0¥ is the tail rotor thrust coefficienty, is the tail rotor blade lift curve
slope and, is the tail solidity ratio:

QCtr
.= 2.42
Ot 7R, ( )

Finally, the tail rotor torque); can be computed using equations 2.8 and 2.9,
with the tail rotor parameters in place of the main rotor parameters.
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Chapter 3

Control System Hardware
Architecture

3.1 Requirements

The RAMA system is intended as a cheap (less than 3000 Euro compomieefs p
reasonably lightweight (approx. 1.5kg) and compact (330x160x65 nmiveisal
control system, which could be fitted to any kind of UAV (either a rotorcoafa
fixed-wing aircraft). As an academic project, it is designed for rebeapplications
and it is not meant as an “out-of-the-shelf product for everyboiifis implies many
of its assets and limitations.

It was foreseen that RAMA will have to be easily modifiable, both hardwacke
software wise, and should be able to accommodate relatively sophisticabeithaits
and broad telemetry bandwidth. Therefore, it is designed as a modutansysth
high degree of independence between the nodes, so that each ofdhiehbe mod-
ified without affecting the rest of the system very much. This also contshotés
safety (see chapter 6 for details), but on the other hand makes it mordicateghand
increases it's power consumption, size and mass.

RAMA's on-board computers are very much over-designed in the sefrsam-
puting power, for the reasons mentioned above. This allows for prdyionfresee-
able extensions of its control algorithms, but increases the power defiisds not
regarded as a problem for an experimental system with limited mission durafi®n (
still able to run up to 4 hours on internal power).

The wireless telemetry link is very simple and offers up to 54 Mbps bit ratasbut
not reliable enough for critical tasks and works only on a short randenéthin direct
line of sight. Hence, it is no problem to transmit very large data streams and to e
tend the telemetry as needed. The disadvantages are not limiting for ameuait
system. Naturally, the telemetry could only be used for non-critical dataférsns

RAMA could possibly operate fully autonomously, however, it lacks thessary

35
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System state

Vehicle
S P Vh,BNQtUt(NU)J
! Actuation i h
: (CAN 2.0b) | Analog TAM "
i Data i
Servos s Servo ! Acq. RS-232 IMU i
N Control <« Module H
i a,| Unit | RS-232 i
= WCU(RC) "o i GPS b
N 3 Main | Ethormat ] |
i » WCU(RC) <«—>| Control WbcU
b Comp. (WiFi)
b Airborne Part(AP) N L1 A
: : Wireless Control Link Wireless Data Link :
R pe—— Ground Station (GS) = —— v
i =1 GS-RC GS -
b transmitter laptop

Figure 3.1: Control system block diagram

redundancy and some mandatory avionic equipment (such as a radgomder and
TCAS), required by UAV regulations for autonomous UAVsS in most coustriét

is not suitable nor intended for autonomous long-range missions. This i®dhe
strict budget, weight, size and power consumption design constraintertNeless, it
perfectly fulfills all the requirements for a semi-autonomous experimental $5AI-
autopilot, as mentioned in the section 1 - it can be safely operated under ¢lae dir
supervision of a human pilot.

Once fully functional, RAMA could provide a fully stabilized flying platformrfo
any kind of payload. This has many advantages over the wholly manualisotied
vehicle, as it was proven many times that a properly designed autopilotassuip a
trained human pilot when it comes to fine stabilization or precise trajectoryitigack
An autopilot also significantly reduces the workload of the human pilot athalces
the possibility of human error [35][36]. Due to its run-time reconfiguratiapability
(see chapter 6), it is safe to operate the RAMA within the line of the pilot's sfght,
that he/she can take over manual control in case of the system failure.

3.2 Overview

RAMA consists of theAirborne Part(AP) and theGround StationGS), comprised

of a laptop computer and a RC (Radio Control) transmitter. The laptop is u$gd on
to visualize and record the on-line telemetry of the vehicle, while a model RS set
used to issue commands to the airborne control system, and also allows eftake r
full manual control of the drone in case of a control system failure. dihgorne
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part of the system is designed as a networked hierarchical distribugeehsylt con-
sists of several basically independent functional blocks, intercoade@ thevehicle

Bus(VB), as can be seen from the block diagram (Figure 3.1). Those $lmekthe
Navigation Unit(NU) (comprised of sensors and their managemeavigin Control

Computer(MCC), Wireless Data Communication Ur({vDCU), two Wireless Con-
trol Units (WCU) (for redundancy) and theervo Control Uni{SCU).

This structure allows a separate design and testing of each componersifalso
plifying any possible future extensions of the system. The nodes may el &dd
exchanged without affecting the rest of the system very much, as afisnaid in-
terconnected only via a single interface and a single medium, the Vehicle Bus. O
course, integration work and testing must follow any modification, but it is siraglifi
by a great deal due to the modular structure of the system.

The core member of the RAMA system is the Main Control Computer (MCC),
where the control and communication algorithms run. The Main Control Comigute
connected to the Ground Station via the Wireless Data Communication Unit (WDCU)
which is currently anEEE 802.11gWiFi) module. The WiFi communication is non-
critical, as it is used only for the telemetry. The commands for the autopilotsaareds
via the Wireless Control Units (WCU) (currently a model RC set), which is much
more reliable and has a lot wider range than WiFi. RAMA is able to operate withou
the data communication with the Ground Station (GS), as it serves only for tlirgeon
system monitoring and telemetry recording.

The sensor data are acquired and pre-processed byathigation Unit(NU).
This unit includes thénertial Measurement Uni{IMU), Three-Axis Magnetometer
(TAM), Global Positioning SystertGPS) receiver and thBata Acquisition Mod-
ule (DAM). All sensors are connected to the DAM, the purpose of which ig/te s
chronously sample all the data, pre-process it (filtering, unit conversic.) and
send it to other control system nodes. DAM also providesTilee Synchronization
Messag€TSM) for the rest of the system, the purpose of which is to synchrofiize a
system nodes.

The actuators (the servomotors driving the control surfaces of thielgglare
controlled by theServo Control Unit(SCU). All actuators and both Wireless Con-
trol Units are connected to this node. Its purpose is to control the actuatonple
their positions and also to sample the control sticks’ movement on the RC transmitter
(provided by the signals from the Wireless Control Units).

The Controller Area Network (CAN) 2.0[37], running at 1 Mbps, is used as the
Vehicle Bus. lIts utilization is approx. 10%, so there are no problems with gixten
data packet delays. Proper real-time behavior is also ensured by #et paorities
and non-destructive arbitration. The overall performance of thedmig@an/extreme
data latencies were evaluated statistically.

The Wireless Data Communication Unit (WDCU) is a standard embedded WiFi
device, configured as an access point. The Ground Station laptop is thie- ctiel-
tiple Ground Stations are allowed, the RAMA system has an telemetry seryés an
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Figure 3.2: Main Control Computer - Boa 5200

able to broadcast data to multiple clients simultaneously. The communication data
rate is 54 Mbps, which is more than enough for the telemetry, as the datapaoke
only some 500 bytes long and are sent 32 times per second. This resulfwax-ap
imately 2% of bus utilization, so there are no concerns with the real-time issees; th
telemetry is a soft real-time task anyway. The communication is encrypted, thsing
standard 128-bit WEP algorithm.

Two separate batteries are used to power the system during flight. Thaftesy,
called theAvionics BatteryfAVB), serves as a power supply for on-board avionics. It
is of Lithium-Polymer chemistry, capacity 4 Ah, configuration 3 cells seriaiinal
voltage is therefore 11.1V). The other battery is calledAk&uator Battery(ACB)
and serves as a power supply for the actuators. It is of Nickel-Cadniemistry,
capacity 2.4 Ah, 4 cells serial (4.8 V nominal voltage). These two batterias thoe
Internal Power SupplyIPS) of the RAMA system. On the ground, RAMA can be
supplied by a stabilized power source. Both batteries can be charggstémsusing
a service connector, without the need to disconnect and remove them.

The use of separate power sources for the actuators and the restsystem is
necessary because of electromagnetic interference, mainly affectiagribers. This
solution also allows one to incorporate a power supply redundancy forgemsy
scenarios in the future (see section 6.2.5 for details). Obvious setbé#dk eblution
is the additional mass it represents.
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Figure 3.3: Data Acquisition Module

3.3 Components

3.3.1 Main Control Computer

BOA 5200 embedded computing platform [38] (Figure 3.2), from the Ana-
logue & Micro company, is serving as the Main Control Computer (MCCtilizes
the Linux Operating System with 2.6.xx core (it does not make much sense tmmen
exact kernel revision, because it is being updated as the time goes).

BOA 5200 is based on the MPC 5200B microprocessor, running at 3@0M
a decent computing platform, featuring 64 MB of SDRAM, up to 32 MB of ind&rn
NAND FLASH memory and a lot of peripherals (2x CAN controller, 10/100dftiet,
USB, RS-232 and others). With a small PCB footprint (62x62 mm) and relgtiv
low-power consumption (approx. 3 W), it forms an ideal computing platffmnthe
RAMA system, able to execute complex control algorithms in real-time. A custom-
made motherboard, hosting a stabilized power supply, bus drivers andaors, was
developed by our contractor Mr. Milosl&izka to support the BOA 5200 module.

3.3.2 Navigation Unit

The Navigation Unit (NU) consists of four parts. The Data Acquisition Mod-
ule (DAM) is a simple embedded microcomputer, based on the Philips LPC2119
ARM7TDMI-core MCU (Figure 3.3). This item is a heritage hardware frigharek
Peca’s project on the walking robot Spejbl [39] [40] [41].

Main assets of the SPEJBL-ARM board are the simplicity, low power consump-
tion (approx. 10mA@12V), compact size (37x28x6,5mm) and negligible weigh
Aside from the MCU, there are only the CAN-driver and power regulatstalled
(and some LEDs). The MCU is driven at 60 MHz. The LE50CD poweuls&gr
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Figure 3.4: GPS receiver, mounted on the tail of the UAV

Figure 3.5: Three Axis Magnetometer with its motherboard

provides 5V for the Philips PCA82C250T CAN driver, and the 3.3V and/lv8It-
ages for the MCU are provided by the TPS73HD318 multi-purpose circuilso
serves as a voltage watchdog for the RESET signal. Aside from that, enbbthous
blocking capacitors and pull-up resistors are present. The 10 pins di@ie oper-
ate at 3.3V levels, but are 5V tolerant. The JTAG interface is not usedpttieare
can be programmed either to the internal RAM or FLASH using the ISP (bte8y
Programming) via the UART line. In the RAMA system, both UARTSs, A/D converte
and CAN interface are being used, and four GPIOs to lit up some LEDsotNgy
interfaces of the MCU are employed.

The SPEJBL-ARM circuitry scheme can be found in appendix A.4.

Three sensing units are connected to the Data Acquisition Module:
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Figure 3.6: Inertial Measurement Unit

MICRO-ISU BP-3010 [42] (Figure 3.6) serves as the Inertial Measmient Unit
(IMU). It is a tiny device, measuring just 35x22x12 mm and weighting 30igh w
0.5 W power consumption, providing accelerations and angular rates irvahigle
axes. The measurement ranges-até g and+300°/s at a 64 Hz sampling rate. The
data are provided via a serial link in the TTL levels, so the IMU can be ariadedi-
rectly to the DAM. The IMU is soldered to a simple PCB containing the 78M05 powe
regulator and a power filter (a set of capacitors with a self-induction cBigides,
only some pull-ups, a power blocking capacitor and RESET protectiveittiytwo
anti-parallel diodes to dissipate voltage pulses and a small filtration capaciain-
ployed. Circuitry scheme can be found in the appendix A.4. This deviceegdro be
barely sufficient; the 64 Hz sampling rate is very much “at the edge”, edpefor
the yaw control. Relatively low sampling rate caused many headaches witlevelv-
stabilizers (see section 4.4) and moreover, the device also turned outéoytrmauch
vibration-sensitive, exhibiting some rather odd behavior under flighdlitons (see
section 3.5.1 for details). It will be replaced by Analog Devices’ ADISE3®13] in
the future, which promises better results.

Garmin GPS 18-LVC receiver [44] (Figure 3.4) is an OEM GPS module with an
integrated antenna and WAAS (Wide Area Augmentation System) capability. The
data are sampled at a 1 Hz rate. This module is not ideal for this application, as it
proved to be rather sensitive to the rotor blades, and consequently bagositioned
far at the tail boom, causing mechanical problems with the UAV. It shoulddm® a
replaced by some better device in the future.

Honeywell HMC 2003 Three-Axis Magnetometer [45] (Figure 3.5) is mgagu
the magnetic field intensity components in each vehicle axis. The sampling rate is
512 Hz. A motherboard had to be designed for this sensor, accommodatipgviier
filtration and the degaussing and amplifying circuitry (see appendix A.4g deh
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Figure 3.7: Servo Control Unit

gaussing circuitry is designed according manufacturer’s referergtas, published

in the datasheet. Delon voltage multiplier is used to obtain required 20V from the
12.6-10V, provided by the Avionics Battery (AVB). Linear operationaldifiers are
used to provide additive offset and amplification of the output signeds k.= + q).
First-order low-pass filters are accommodated as a simple anti-aliasing meéasur
suppress the high-frequency noise.

3.3.3 Servo Control Unit

The Servo Control Unit (SCU) (Figure 3.7) serves to control the aatsidi®. ser-
vomotors) and, conveniently enough, it also measures both battery wltige a
simple, purpose-developed embedded computer, built around the Rét&S&638F
MCU. The SCU was designed by Ota Herm, a former graduate student, msstisr
project [46] (under the supervision of the author of this thesis). It igrthst crucial
element of the RAMA system, as its failure would result in one or more actuators
being out of control, with obvious grave consequences.

The SCU is connected to the Wireless Control Unit (WCU), the servoma@nods,
the Vehicle Bus (VB). Also, both internal power sources (Avionics BattedV/B, as
well as Actuator Battery - ACB) are connected to the SCU. Basically, the &t
operate in two modes; either in the Automatic or in the Manual Control Mode. In
the Automatic Control Mod€ACM), the signals from the WCU are read and sent to
the MCC (Main Control Computer), and the signals for the servomotorssarergted
by the SCU, according the commands from the MCC. InNfaual Control Mode
(MCM), the signals from the RC receiver are read and sent to the M@Calao sent
directly to the actuators. Therefore, should the rest of the RAMA sysadrarfd only
the SCU would prevail, it is still possible to maintain manual control (see chépter
for details).
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The mode switching is controlled by one of the input RC channels (chapnel 7
connected to the WCU. Therefore, it is completely independent on thefrdise
RAMA. Hence, it is always possible to switch back to the MCM, even if thé oés
the system would be dead. The mode switching cannot be affected by tkie MC
any other node, in any way. When the mode switch occurs, the MCC is infbioyne
a message sent by the SCU.

The SCU was designed as simple as possible. It has 7 input channelstitdenp
with standard RC signals, and 6 servo outputs. The input channel nae3es/ed
for mode switching, while the other channels may be associated arbitrarilgurin
case, the channel 1 is used for the carburetor servo, channeit&fanll cyclic servo,
channel 3 for the pitch cyclic servo, channel 4 for the tail rotor semebciannel 5 for
the collective servo. Channel 6 is not being used. Except that, the 8€8 UART
channels (channel 1 serves as a diagnostic terminal, channel 2 iousieel firmware
downloading, and channel 3 is unused), 2 CAN channels (channeldhigected to
the Vehicle Bus, channel 2 is unused), an external watchdog (volttiges, (op-
tional) EEPROM memory, and a power regulator & filter.

The actuators are operated and their respective positions are sampletiat
which proved barely enough, especially for the yaw control (see setti).

Let us now briefly describe the SCU circuitry. The H8S/2638F MCU is ingn
at 20 MHz (10 MHz crystal is used, but an internal PLL multiplies that byctofaof
2). The RESET signal is controlled by the MAX1232ESA circuit, which esras a
combined time & voltage watchdog. Philips PCA82C250T CAN drivers ard tse
provide the CAN bus connection. Because the MCU is not equipped witmaiter
EEPROM, an external 93C46 serial EEPROM is (optionally) connected GLit-
rently, it is not being used by the software, and therefore may be omittetd OAflins
of the SCU are protected against high-voltage spikes by a pair of diodes.

The 78MO05 power regulator is used to provide the 5V supply. The AVBtirgpu
filtered by a set of capacitors and a self-induction coil. The ACB is alsoddtén
a similar way, but a self-induction bifilar toroid coil is being used, despite gatgr
dimensions and weight, instead of a simple SMD self-induction coil. The AVB and
ACB grounds are connected by the R48Qesistor, which serves as a bridge. A
self-induction coil might be used instead; in our case, it did not help verghn
dissipate the noise induced into the power lines. Also, small (apprd) de&istor
might be tried out. Both AVB and ACB positive lines are connected (via resista
voltage dividers) to the A/D converter of the MCU (to allow for battery voltagsa-
surements).

The SCU circuitry scheme can be found in the appendix A.4.

3.3.4 Wireless Data Communication Unit

Wireless Data Communication Unit (WDCU) (Figure 3.8) provides the dataemnn
tion between the Main Control Computer (MCC) and the Ground Station (GS). T



44 Chapter 3 Control System Hardware Architecture

Figure 3.8: Wireless Data Communication Unit

reduce development time, off-the-shelf IEEE 802.11g (WiFi) device id fmethis
purpose. This solution proved to be feasible, as the WiFi link works vetiwithin

the ranges we use to fly, especially because there is a clear line of sigieieinethe
stations.

AirLive WL-5470AP Access Point is used as the WDCU, but any oth&HE
802.119g device could be used instead. It was only slightly adapted d&wngardr
needs; Original housing was dismantled, the PCB was mechanically reidfasing
protective lacquer coat and a polyethylene glue (see the section 3.4 ferdeimils),
and the antenna and the power supply connectors were change@véreerSMA an-
tenna connector is now attached to a 300mm long coaxial cable, to allowtésnak
antenna mounting between the tail boom support rods. The power suppigctor
was replaced by RAMA's standard power connectors.

3.3.5 Wireless Control Unit

The Wireless Control Unit (WCU) is a standard model RC equipment. In theuila
Control Mode (MCM), it allows the human pilot to control the UAV in the same
manner as an ordinary RC model; when Automatic Control Mode (ACM) isgeta
the WCU is used to transmit commands to the Airborne Part (AP) of the RAMA
control system. In the current state of development, the positions of thektsiicks

of the RC transmitter set reference for the rate controllers in the ACM.

Spektrum DX-7 RC set is currently used, working in the 2.4 GHz range. A
35MHz system was used earlier, but was abandoned and upgradedemto in-
crease reliability. The DX-7 system is redundant (two separate resewe used,
working on different frequency channels and set to orthogonahaatgolarization)
and utilizes a digital encoding of the transmitted signal, secured by CRC (Relic
dundancy Check). It is much less prone to undesired electromagnetieiateres
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Figure 3.9: Wireless Control Unit

than the previous “traditional” RC system was.

3.4 Mechanical Outfit and Housing

This section describes the mechanical construction of the Printed Circaitd8o
(PCBs), wiring harnesses, housing and mating of the RAMA system to thierca
vehicle. The most important consideration, which has to be taken into acabhen
designing the UAV avionics (from a mechanical point of view), are ainfzavibra-
tions. Another aspects include operating temperature ranges, moistsséled-OD
(Foreign Object Debris) hazards and crash resistance. The lag especially im-
portant quality for experimental systems.

Mechanical vibrations could seriously compromise reliability of improperly de-
signed or installed hardware. The weakest points, most prone to mezghaeiar,
are usually connectors and wire harnesses. The connectors musabeusd light,
yet robust enough to withstand the strain experienced under the flighitioms. It
is important to use connectors with multiple points of contact and wide coneet ar
which are the most contributing factors to the connector’s longevity andiléla lt
is necessary to safe the connectors against accidental disconnacttiancase, it is
done by application of a polyethylene glue.

It is better to use connectors with crimped pins if possible; if the leads must be
soldered to the connector pins, it is important to not allow any bends in thatyicin
of the soldered joint, as the wire tends to loose its elasticity due to the soldemthg, a
might develop a crack over the time. Any exposed joints must be treatedriytope
usually with a heat shrinking tube.

Wire harnesses must be fastened properly but not too tightly, in ordeevemnt
excessive strain on the wires. Itis important to use sleeves (as caerbmsexample
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Figure 3.10: Electronic Container low-level, showing the Main Control Cdempu
(left), the Decoupling Unit (center) and the Servo Control Unit (rightptéNalso the
power switches and the service connector below.

in Figure 3.9), especially at attachment points or points of contact betweathess
and the vehicle body. This prevents excessive wear of the wire insulation

In the RAMA system, the backbone power wiring is made of special silicone-
coated heavy duty cables and the power switches are redundant (allelmwitches
are used). This renders a total power failure extremely improbable.

The PCBs must be mechanically robust, resistant to humidity and FODs, and
also fulfill desired operating temperature range. It is wise to use at lehsstiy-
grade parts (temperature ranges fred0 to +85°C') to satisfy the last requirement.
Generally speaking, semiconductors are more prone to higher temperatarbetter
tolerate the low ones. Resistors are usually sturdy and do not repeepenblem,
whereas capacitors (especially electrolytes) do not tolerate high tenmesrébu a
prolonged time and too low temperatures either. It is wise not to use electrolytes
at all if possible. Meaning of the “too high” and “too low” depends on the’'pa
grade, but generally speaking (for common main-stream capacitore)|did can
be interpreted as below10°C' and “too high” as above-70°C'.

In RAMA, all PCBs were protected with a lacquer coat initially. This coatagr
as a mechanical and moisture protection and also protects the PCB fronnctived
FODs floating around, which could possibly cause a short circuit. Hpaxtg (such
as heat sinks or large coils) must be either screwed down or glued, aipioigethy-
lene glue. Itis important to secure bolted joints either by some appropridéatea
to use self-sealing screws, to prevent them from becoming loose duevibtagons.

The PCBs are mounted to its housing either using rubber shock-absortsgcured
using a thick double-adhesive foam tape, which also serves as a damper

The PCB protection described above proved to work well enough uratenal
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Figure 3.11: Here the Wireless Data Communication Unit (WDCU) is installedeabov
the Servo Control Unit (SCU). The WDCU is deemed expendable andgsdtee
SCU from the impact coming from above (which is the most likely cause in & cras
- if the landing gear legs break upon impact, the helicopter body tends tb tres
Electronic Container from above).

Figure 3.12: Complete Electronic Container, ready to be mated with the vehicle
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Figure 3.13: The low layer of the Electronic Container filled with foam rubber

Figure 3.14: Upper part of the Electronic Container filled with foam rupteedy to
the cover mounting

flight conditions, but was rather insufficient in case of a crash. Sieneral electronic
boards were lost due to the accidents, the crash protection was grachyalbyed and
the final version evolved into the PCBs being completely coated with a thickthglye
lene coating and the housing filled with multiple layers of foam rubber (Figdies
and 3.14). The least expensive parts (such as the WDCU) are deexpaehtiable”
and form a sort of a “crash zone,” in order to improve protection of theeregpen-
sive parts. This “ultimate” solution proved to be particularly sturdy, andiaoepof
electronics was lost in a crash ever since its introduction. See Figureardd1®11,
showing the Electronic Container internals.

The housing and mating to the vehicle depends heavily on specific UAV type.



3.5 Problems and Solutions 49

In our case, the bulk of the RAMA system is located in an aluminum case, called
the Electronic Container(EC) (Figure 3.12). This container is located between the
landing skids of the carrier helicopter and mated to the vehicle using cabladiean

be seen in Figure 3.12. Rubber dampers are used between the EC ainfildhreeain
order to suppress vibration transfer and to de-tune possible resnanc

The GPS receiver is located far at the tailboom in order to clear the main rotor
blades, which would otherwise obscure its signal reception. This is raitficen the
mechanical point of view, because the mass of the GPS receiver, |atatee end
of the tailboom, forms a mechanical resonator and could easily work asarese
amplifier. It is important to mount the GPS receiver using some dampers antbals
properly tune the tail boom support rods to mitigate this problem.

Both batteries are located at the very front of the helicopter, to compeosée
Centre of Gravity (CG) shift, caused by the mass of the GPS receivar baé¢k. The
CG position is of vital importance (see section 2.2.5) and must be maintained. The
sensors, both IMU and TAM, are located as close to the CG as practicaibjbbe
because any offset of the sensors from the CG position would causeghscy in
the navigation algorithms and would have to be compensated. If the offsagis s
enough, it can be neglected in the navigation algorithms.

Both IMU and TAM are fastened using a double-adhesive foam tapéngeas a
vibration damper. The shape and thickness of the tape is not arbitrafyaduo be
determined experimentally, in order to provide the best possible dampingopety
designed mounting of those parts could lead to a serious measurementretterio
The TAM has to be statically compensated to account for magnetic parts ofthe a
frame, affecting its measurements.

3.5 Problems and Solutions

Couple of long-term hardware-related problems, worth mentioning, weeuatered
among many others during the hardware design and development pratessrst

of them was caused by mechanical vibrations affecting the IMU measutentkee
second was related to Electromagnetic Compatibility (EMC), and the third plagued
the Three-Axis Magnetometer (TAM).

3.5.1 Inertial Measurement Issues

This problem was related to mechanical vibrations of the UAV airframe, giyaai-

fecting the IMU measurements and leading to a rather odd IMU behavioud_at
first briefly describe the origin and character of these vibrations. Tet éand fre-
guency spectrum of airframe vibrations are dependent on many thingdyroa the
UAV type (fixed-wing aircraft or rotorcraft) and the propulsion syst@mmbustion
or electric).
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Figure 3.15: Roll rate gyro failure - 156 s into the flight, the mean value ofitreab
falsely rises tox 1rad/s

The rotorcraft tend to vibrate more and in much broader frequencyrspethan
fixed-wing aircraft. They are also much more prone to catching resendime char-
acter of the vibrations is mainly related to the construction of the rotor headytiaiil
drive, tail boom construction and payload assembly. There are martingogarts
and any disbalance, however slight, could cause a lot of problems. #risftine very
important to precisely balance the main and tail rotor blades (both their waight a
the Center of Gravity (CG) location) and the flybar paddles (see sectidior2de-
tails). This is not sufficient though - the rest of the airframe had to be nnézadly
de-tuned to avoid any unwanted resonance around the normal worging [ his
working point (and also the frequency spectrum of the vibrations) ismated by
the main rotor speed, which is directly proportional to the engine rpm. Thiedsige
kept constant during the flight, as was explained in section 2.2.

The highest frequency and also the most “hard” vibrations are indugadom-
bustion engine. The frequency of these vibrations can be higher thaxyingst
frequency of the sampling and have the most adverse effects, espenitiky inertial
sensors (gyroscopes and accelerometers). Their measurementserfilistdrd me-
chanically or electrically (still in the analog part of the sensor), to avoid thakage
into the lower frequency parts of the spectrum, due to the aliasing. Thebkprs
can be mostly avoided when using electrical propulsion.

In our case, the main rotor speed is around 1800 Revolutions Per MinBi)(R
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which is approx. 30 Hz. This is uncomfortably close to the Nyquist freque the
sampling (the sampling rate is 64 Hz) and therefore forms an aliasing hadard-
over, the engine revs 18000 RPM, which is 300 Hz and therefore muttetiban
half of the sampling rate too. The datasheet of the BP3010 IMU devicerex-
plicitly state whether the device has any internal anti-aliasing filters, but iavisre
case it does, they do not seem to work very well. The leakage of theflaghency
noise into the lower-frequency portions of the spectrum was expedehagenot only
that. At particular vibration amplitudes, the device experienced a suddereaysig-
nificant change in the sensor offsets, meaning that - for example - agppe reading
would suddenly go off by one radian per second, or an acceleromeeiding by one g
(as shown in Figure 3.15). The affected sensor would still be opergthartats mea-
surement would be significantly shifted. This problem affected the acreéters
and gyroscopes alike, and it was discovered that this is an amplitudedraiatieer
than frequency-related, issue.

This was a very serious problem, affecting mainly the roll gyroscope ruhee
flight conditions, and lead to several in-flight emergencies when a rotisgppe
measurement suddenly shifted and caused the control system to cotepéaisaly
believing that the vehicle was rolling - and pultting it itself into an undesired roll. T
make the things even worse, this error condition was undetectable by ttel ays-
tem, because the offset would not change suddenly in one sample, bia rsither
grow over several samples. Hence, it could not be distinguished froroper mea-
surement in any way, as it was well within the measurement limits, and did noteviola
the gradient rule either. This condition is extremely unpleasant for the hpittdn
the helicopter would happily fly around, and all of sudden it would stdiihgovio-
lently, without any previous warning. The only way out was to disengag&@M
(Automatic Control Mode) immediately, enter the MCM (Manual Control Modey
recover the vehicle flying manually (if there was enough time for that).

This condition was reproduced and thoroughly investigated at a vibratida ta
and was extensively consulted with the BP3010 manufacturer. It wasrdeéal that
an internal analog integrator, used in the device for analog averagthg ofieasure-
ments between the sampling points, was most likely to blame. It was also found why
the roll measurement was affected in flight; it was because the IMU hoissimgt
symmetrical and have the smallest moment of inertia in the roll, making it prone to
vibrate more in this particular direction. However, there was no way how It@ so
this issue “internally,” within the device itself. Because this was unacceptbieell
as the aliasing problem described above, a solution had to be foundtfor bhe
only way would be to mechanically isolate the device from excessive vibratiotis
amplitude and frequency wise. A mass damper was developed as a solutmih to b
problems. The IMU is mounted to a 200 g lead plate (the seismic mass), which signif
icantly increases (and equalizes) its inertia in all directions, and this plate istetbu
to the airframe using a double-adhesive foam tape, serving as the flpaitlef the
damper. Itinvolved a lot of experiments to fine-tune the damper to workephgut
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a feasible solution was ultimately found.

3.5.2 EMC Issues

The second most notable hardware development problem was indirdatoreo the
GPS receiver, the root cause being the EMC (Electromagnetic Compatibifitits
early incarnation, RAMA had no GPS and the whole control system wasioed
inside the EC (Electronic Container). The then-used WCU (Wireless Gdusiio),
i.e. a 35MHz RC receiver, was located outside and far from the EC, imdke
of the helicopter. As later experience showed, this was a very fortuitatgisn,
for the EC shielded the lurking EMC horrors within. Once the GPS receiasy
added, it was discovered that it has to be mounted on the very tip of the taijtiwo
order to clear the main rotor blades, which were causing signal blurriaturally, a
signal and power cable had to be routed to the receiver, and thatvestdting) cable
was, as was discovered later, serving as a perfect antenna for tterlagnetic
noise, emitted by the on-board computers through the power lines. The\gagie
released out of the bottle (or the EC, in our case) and caused a mayhesirCi,
obstructing the 35 MHz communication badly. This was fortunately discoverid
course of the Flight Readiness Test (see section 7.2.1) prior to a flighbtesno
simple solution was found immediately.

Somewhat semi-permanent cure was devised through a complete galvemie de
pling of the GPS receiver. This was not as easy as it might seem, forcihigeehas to
be supplied from the same power source as the rest of the system (atsdyztery,
serving solely for the GPS receiver, was rejected as impractical). Aftee sesearch
and a lot of experiments, tHeecoupling Unit(DU) was designed. Its purpose is to
completely decouple the GPS signal lines as well as the power lines.

The GPS UART data line is decoupled optically, using the PC817 photocoupler
To improve the form of the output signal coming from the photocoupler, #h&@4
TTL negator is being used.

The power lines are decoupled using the FDD03-12S1 DC-DC converter
output power lines are filtered, using a bifilar self-induction coil (puepomde, 17
coils on the Amidon FT37-43 ferrite toroid), a capacitor set and a selfetiatu coil
again. The circuitry scheme of the DU is available in the appendix A.4.

This solution helped, but proved to be only semi-permanent, just until the poin
where other system parts began to migrate from the overcrowded EC tgatieof
the airframe. The DAM (Data Acquisition Module), along with the IMU, had to be
moved out of the EC once the TAM (Three-Axis Magnetometer) was adamaduse
it would not work inside the box and it was desirable to have the IMU and TAM
as close as possible (because any non-negligible offset would makeviyzation
algorithms more complicated). It is also practical to have the DAM in the direct
vicinity of both sensors, in order to keep the analog signal lines from thd a4
short as possible. This revived the same problem again, as the nonpikt power
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wiring popped again out of the EC. Because it was impractical to decoupighble
Navigation Unit (NU), and because the 2.4 GHz model RC systems werenb@go
available at the time (which are much more technologically advanced in otretasp
too - they offer the redundancy the original Wireless Control Systeneticht was
decided to replace the RC system and get rid of this problem for goodSpélerum
DX-7 system is not affected by the on-board computers any more, bedaworks
well out of the frequency spectrum of the electromagnetic noise geddratiiem.

3.5.3 Three-Axis Magnetometer Issues

The Three-Axis Magnetometer also didn’t work properly for a long timeufdatnown
reasons; it was discovered later that two problems were actually préentirst and
most severe issue was caused by an undocumented bug in the PhilipdLP&U,
affecting the Sample-and-Hold circuit of its A/D converter under certaimditions,
when the A/D channels were multiplexed. This bug causes interferentesdrethe
multiplexed A/D channels. The bug was fixed using a work-around andaters
confirmed by the manufacturer in actualized errata document.

The other problem was caused by the sensor degaussing circuitryy didiaot
work properly. It was discovered later that there was a bug in the ciycsitneme,
which was presented in the datasheet of the HMC2003 as a default solution
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Chapter 4

Control Algorithms

4.1 Overview

The vehicle control algorithm had been designed to control a rotoldrdft(a heli-
copter), with the ability to hover, but could be easily adopted for a fixedy&ircraft

(in fact, such control scheme would be much simplified, due to less dedgréeso
dom an aircraft has compared to a helicopter). The control scheme &dfigrally
structured (see Figure 4.1), consisting of five separate layers. Shiafier @ngular
Rate Control LayerARCL) is responsible for the angular rates stabilization in the
three vehicle axes. The second layattiftude Control Layer ACL) serves for the
attitude stabilization, while the third/locity Control LayerVCL) controls the verti-

cal and horizontal velocities of the vehicle. The fourth layRagjtion Control Layer
PCL) is used to stabilize the vehicle position in space. The uppermost awer (
jectory Tracking LayerTTL) is responsible for the vehicle guidance along a pre-set
trajectory.

This control scheme, as envisioned in Figure 4.1, is by far not completelyimple
mented, not to mention validated and tested. In the current state of developmignt,
the first and second control layers (ARCL and ACL) were implementece firht
layer has been thoroughly tested and is currently in working state, whileettomd
layer passed laboratory testing and also the very first flight test @doois proof of
concept), when only the yaw angle was controlled (for the test resulshsgter 7).
The ACL will be undoubtedly subjected to further intense developments@etion
4.4.2) and is not definite by any means. The other control layers wemapleimented
yet.

The same holds for the Kalman filter [47], depicted in Figure 4.1. It is meant fo
the sensor data fusion, in order to determine all necessary input d#ta fwontrol al-
gorithms. In order to do this, a complete “navigation” Kalman filter would be eded
(such as [24] for example), for the higher-level algorithms require thethare not
directly measurable (attitude, velocities and space coordinates). At thisgiaie-
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Figure 4.1: Control algorithm layered structure

velopment, no such Kalman filter is available in the RAMA project, although it will
have to be developed ultimately. Only the data required for the first two ddayro
ers are available at the moment; the angular rates are measured directhgforth
represent no problem, and the attitude is determined analytically (see se2jon 4

In the next sections, the current state of development in the fields of neeasnts
and sensor data fusion, as well as control algorithms, will be described.

4.2 Measurements and Sensor Data Fusion

For the two lowermost layers currently implemented, angular rates and attitgtEsa
of the vehicle are necessary as inputs. The angular rates are medisecdg by the
gyroscopes, and therefore pose no problem. No Kalman filter or othenithlg for
sensor fusion was necessary when only the ARCL was functional.

For the ACL, attitude angles are needed, and obviously those can bmuteter
only indirectly, using some sort of sensor data fusion. The sensor dsitanfand
attitude determination is the work of Marek Peca, who is the author of algorithms
mentioned in this section.

A Kalman filter would be the most obvious way to go, but for start, it was delcide
to develop a simple analytical computation as the very first method. The season
behind this were the following: To obtain a better insight and to have somefsort
workable solution, simple to debug; to have a benchmark for the Kalman filtet-de
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opment; and to perform a feasibility study that would confirm that the datadzd
by the sensors are good enough and that the angles could be relialiypidete A
Kalman filter is not so simple to debug and could also mask various systemati, erro
that could come into play later. Also, a Kalman filter is very good in “maskingaecc
sional corrupted samples, but on the other hand could “get lost” on sadthédta and
its recovery might be problematic, even once the data pick up again. In g@sit&
very convenient to have some sort of simple solution, working as a refeyevhich
has no memory (operates only with a single sample) and therefore reaoveesi-
ately once good data are received. This could be used to “reset” the Kéilteaand
help it out of such a trap.

The Kalman filter for attitude angles determination is currently under intensive
development by Marek Peca and close to completion, but it has not baérdihyet.
It is similar to the solution presented in [23]. Currently, attitude angles for @k A
layer are computed only analytically. Let us now briefly explain the algorithm.

Euler angles [29] are used to express the rotation of the vehicle bodyaesp
There is the possibility of the gimbal lock [30] occurance for 962 tilt angles, but
it does not matter for the attitude stabilization. The gimbal lock would be a problem
for trajectory reconstruction and will have to be solved once the seaswmnf algo-
rithm will be used for navigation. The obvious solution is to use the Quatesidzj
instead of the Euler angles. The Euler angles were chosen as an intearsadia
tion, because they are simple, intuitive and provide a direct insight into tbeathig,
which Quaternions do not.

The attitude is computed using only the accelerometer and magnetometer data,
i. e. the acceleration and magnetic intensity measurements in three vehiclé &xes.
not possible to use any other data (i. e. the angular rates), becaussttimg system
of equations would be overspecified and therefore analytically undelvab

It is assumed that the vehicle is not accelerating much, so the acceleration mea-
surements are given solely by the earth gravity vector. Both acceleratiomagnetic
intensity measurements are filtered, in order to get rid of the vehicle-inchomeder-
ations and noises, affecting both accelerometers and magnetometers.

The first rotation (from the earth to the body frame) is chosen to be arinend
axis, so it is independent on the acceleration measurements (the eartlisfidirasen
so that the gravity force vector coincides with thexis and is zero in: andy axes,
so the gravity measurement in the frame rotated around-tinds is the same as in
the original frame). So the first rotation angle is determined solely from theatiag
intensity measurements. The other rotations are chosen aroundahe thez” axes
and could be determined using solely the gravity measurements. Using thisgroc
the rotation matrixk can be determined using following algorithm (the measurements
are taken in the body frame, so the rotation matrix is computed in order fronothe b
frame to the earth frame):

The first rotation from the body frame around ttfeaxis can be computed using
gravity measurements:
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©1 = arctan <_9x> 4.1)

where©, is the angle of the first rotation and, g, are the gravity measurements
in the 2”7 andy” body frame axes. Now the second rotation could be computed as
follows:

951N ©1 — gycos O1
9z

Oy = arctan (4.2)
where ©, is the angle of the second rotation around #eaxis andg, is the
gravity measurement in the/ (and consequently also in thé axis, because the first
rotation did not affect the” axis measurement.
Now the rotation matrixR;s, representing the first two rotations, can be con-
structed:

1 —S81C2 5152
R12 = S1 C1C9 —C1859 (43)
0 S9 Co

Wheres; = sin©1, ¢1 = cos 01, s9 = sin Oy andcs = cos O4. The next step is
to transform the magnetic intensity measurements into this newly constructed frame
using theR;» matrix:

UT = hT.R12 (4.4)

Whereh is the column vector of magnetic intensity measuremepis, andh,
in the body frame and is the resulting column vector of the measurements, trans-
formed into the doubly-rotated inter-frame. Now the last rotation is in ordempuited
using the transformed magnetic intensity measurements:

O3 = arctan % (4.5)
Vg
whereOs is the last Euler angle. Let us now construct the last rotation matyjx
representing the last rotation only:

Cc3 —S83 0
RZ = | S3 C3 0 (46)
0 0 1
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wheress = sin O3 andecg = cos ©3. The complete rotation matrik can be
obtained by:

R = R2.R. (4.7)

The condition when the denominator of one of the:tan function arguments
in equations 4.1, 4.2 and 4.5 becomes zero corresponds to the gimbal fwikiao
in that attitude angle, meaning that a degree of freedom has been lost. Ehis is
non-issue for this algorithm, because the C func@ban2is used to compute the
arctan function, which can handle the zero-denominator condition; it retQros
7 in that case, depending on the sign of the nominator. The corresporttitnge
angle, to which the degree of freedom was lost, would then be computerdiaxgly.
Therefore, this algorithm can safely handle the gimbal lock singularitieeyémtly
present in the Euler angles attitude representation.

Unfortunately, the Euler anglé3;, ©, and©3 do not directly correspond to the
yaw, pitch and roll (YPR) attitude angles of the vehicle. This is because-the — =
rotation was used for the sake of derivation simplicity, while the YPR attitudeeang
correspond to the — y — x rotation. It is therefore necessary to convert the angles
01, ©2 andOs into the YPR angles), ¢ andé:

R21
= arctan ——
= t — .
¢ = arctan < Ryicos Y + Roysin ’QZJ> (48)

Ri3sin 1y — Razcos v
Roocos ) — Rigsin
The conversion 4.8 can be found in the Robotic Toolbox for MATLAB [48]

0 = arctan

4.3 SISO PID Controller Structure

RAMA currently utilizes SISO (Single Input Single Output) PID controllersakt
levels of control. The controller scheme was proposed byfé€rdolub and imple-
mented by the author of this thesis, and is further developed in close atiopeof
both authors. It is our original PID implementation (the controller internattire
is depicted in Figure 4.2), inspired by [49]. On top of standard PID cblavoit uti-
lizes some additional techniques, like reference filtering and weightindféeeard
branch and separate D-component filtering and restriction. Itis alsppgguwith the
bumpless control transition block, useful when taking over of a manualtyralled
actuator.

Reference weighting in the P branch helps to suppress the non-lineasfdhin
controlled system, while in the D branch it serves to restrain the referécice k
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Figure 4.2: PID controller internal structure (Simulink scheme)

The controller parameters are as follows:

e w - Reference filter cut-off frequency

h - Sampling period

n - D filter cut-off frequency

k,i,d, m - Proportional, Integral, Derivative and Feed-Forward gains

b, ¢ - Reference weighting coefficients for proportional and derivatommo-
nents

The difference computation of the referencand measuremeptare divided into
two separate branches, to allow for the reference weighting (as degariij49]).



4.4 Low-Level Control Loops 61

Hence, the controller has separate inputs-fandy, instead of a single input for the
control errore. A low-pass frequency filter is embedded in both D branches, to get rid
of the high-frequency noise possibly superposed on the input sighlaésD branch
contribution to the output sum is bounded by a static restrictor.

The | branch is fairly conventional. Its contribution to the output is limited by a
static anti-windup filter. In the Manual Control Mode (MCM), the bumplessdition
branch sets the summator value of the | branch so that the controller outgigaly
matches the manual action. Therefore, when the mode switch occurs afdtthe
matic Control Mode (ACM) is engaged (the controller takes over), noeuddtk to
the actuator can happen.

The P branch is also conventional, only the refereniseweighted by the param-
eterb before the control errar is computed.

The output of the controller is limited by a static restrictor as a safety measure, to
prevent the action to exceed the saturation limits of the actuator (although dhilsl sh
not happen if the parameters are set properly).

4.4 Low-Level Control Loops

4.4.1 Angular Rate Control Layer

The Angular Rate Control LayefARCL) consists of three separate, independent
SISO PID controllers, one for each axis (yaw, pitch and roll). The kEmgates of
a rotorcraft are completely independent and each can be controlledyllvg a sep-
arate actuator, which makes the situation particularly simple from the archékectur
point of view. The yaw rate is controlled by the tail rotor thrust, the pitch ratehe
longitudinal cyclic control and the roll rate through the lateral cyclic cdntro

Control parameters in respective control loops are very differenguse the ve-
hicle dynamics is very diverse in each axis. The yaw has the fasteghilys)decause
the moment of inertia of the vehicle is the smallest in this axis. Small rotorcraft can
typically spin at rates as fast 350—450° /s and the vehicle step response is very crisp
- it can accelerate/decelerate significantly in that axis (see section 7.3.2dtédls).
The yaw rate dynamics is the determining parameter for the sampling frequincy.
the beginning of the RAMA project, the sampling frequency of 32 Hz wasneee
sufficient, but it turned out that the yaw rate is hardly controllable at teipuency. It
was therefore increased to 64 Hz (the highest frequency the IMU axadiid) and the
situation got better, but it is still to slow. Another problem is that the SCU dpgthe
actuators only at 50 Hz, and that frequency is fixed. Hardware amevéire revision
would be needed in order to increase the sampling/actuating frequendyrémsy.
Such upgrade is planned for the future, because at least 100 Hz sgtagtirating
frequency would be needed for a completely stable tail control. The sunwhémg
yaw rate identification/control experiments and control loop settings caouvel fin
section 7.3.2.1.
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The pitch and roll rates are generally much slower than the yaw rate dynamics
This is caused by several factors; The most significant is the largescpp@ effect
of the main rotor, which has strong damping effect on the pitch and roll mofidres
Bell-Hiller stabilizer (if present) is another important factor, especially if tibét
paddles are heavy. The pitch and roll rate actuators (the longitudingdizndl cyclic
controls) are the same, but the vehicle response in pitch is somewhat ghamen
the roll, because the moment of inertia of the fuselage is much greater foit¢he p
movements compared to the roll. The maximal pitch and roll rates are approximately
the same (in the range 86 — 150°/s for a typical small UAV), but the angular ac-
celeration in pitch is slower and the vehicle inertia is greater, compared tolthe ro
Experience shows that around 25 Hz sampling and actuating frequesafficgent
for the pitch and roll rate control. The RAMA system operates at the saagadncy
for each axis, so the pitch and roll control loops are running at the sdrhiz 6am-
pling/50 Hz actuating frequency as the yaw loop, which is more than enaundhe
purpose. The summary of the pitch and roll rate identification and contperarents
and settings of the control loops can be found in sections 7.3.3 and 7.3.4.

4.4.2 Attitude Control Layer

Unfortunately, the ARCL is the only layer where no dependences amorapitteol
loops can be found; The situation becomes more complicated for the AttitudeoCon
Layer (ACL) and the following layers as well. There are inherent infgeddencies
among the attitude angle control between all three axes. For example, imagine a
vehicle executing the following simple sequence of attitude maneuvers - fifst a
left roll, then50° nose-up pitch and finally 45° right roll. At the end of this sequence
(assuming the original attitude was yaw, 0° pitch ando® roll), the vehicle will yaw
25° to the left, pitch25° nose-up and roll by°.

Obviously, the systematically correct solution would be some kind of MIMO
(Multiple Input Multiple Output) controller, taking the interdependences intmant.
However, if the vehicle tilts by a reasonably small amount around a fixe#imgpr
point, the interdependences can be neglected and separate SISQlarsritould be
used in each axis. For each controller, the attitude change induced bgh#recon-
trollers into his realm would be just an additional external disturbanceeltirent
attitude is set as a new working point in each sample, this approach will work f
the entire attitude envelope. This solution works well under the assumptiottithe a
tude maneuvers are reasonably slow, compared to the sampling frequéandy is
a condition well fulfilled if the sampling frequency is sufficient for the anguéde
control.

Setting the new working point in each sample also solves another particularly
annoying problem as a by-product. This problem is the singularity poineiattitude
measurement, when an attitude angle changes 3&h9° to 0°. This change would
cause a mayhem in the PID control loop if left unattended. If the workirigt ffor
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each attitude angle is set to s&80° in each sample (the setpoint must naturally be
re-calculated with respect to the newly set working point), this conditionres a
non-issue.

The ACL layer have been implemented in the RAMA system in the manner de-
scribed above, i. e. as an independent PID controller for each axésaffitude con-
trol loop output produces a set point for the corresponding rate adotp in each
sample, so the controllers in the ACL and ARCL loops are connected ind=sca

Only the yaw angle control was tested in flight so far (see section 7.3.2-2), a
though all three control loops are implemented in the software (they are identic
piece of code). The yaw angle hold test performed so far was onlydd pfaoncept
and the yaw angle controller was not tuned properly.
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Chapter 5

Software Architecture

5.1 Overview

The RAMA system software is relatively complex and consists of the pnogjran-

ning on its three on-board computers - the Main Control Computer (MCC] ¢ha
Acquisition Module (DAM) and the Servo Control Unit (SCU) - and on the@rd
Station (GS). The DAM and SCU programs are running system-less (widimyutp-
erating system), while the MCC and GS both use the Linux operating system. Any
Linux distributions, utilizing kernel version 2.6.19 or above can be usée MCC
program does not have any special requirements, although FIF@uitigepolicy

must be supported, as the real-time thread priorities are used. The G&arsofew
quires the QT library 4.2.x or higher.

5.2 Basic Principles of Function

Basically, RAMA is a synchronous time-triggered system, working at thez#é4
quency, although some of the events can happen asynchronously (#ated to
various failure modes) and some of the data (the GPS provided datayaptedaat

a different frequency. All three main nodes of the system (the MCC, e nd
the SCU) are communicating solely via the Vehicle Bus (VB). The DAM provides
rest of the system with th€&ime Synchronization Messa§ESM), sent periodically
64 times per second. This message determines the working cycle of the syistem
marks the end of current working cycle and the beginning of the next.i¥hisw all
three nodes are commonly synchronized.

At the beginning of each working cycle (Figure 5.1), the data sampling emd p
cessing is taking place. Upon sending the TSM, the DAM prepares the $aiesbr
data (inertial measurements taken from the IMU and magnetic measurements fro
the TAM), and sends them to the MCC. The TSM also triggers sampling aunihgen
of the control stick positions in the SCU.

65
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Figure 5.1: Working cycle of the RAMA system

The TSM prompts the MCC to force-finish the current working cycle (irecas
it did not end already) and wait for the new data acquisition. The forggkfishould
never occur under normal circumstances, as the regular workingstyalgd end well
before the start of the new cycle. Occurrence of the force-finishamelicthat some-
thing went wrong in the last cycle and is reported via telemetry as an ettiication
(see section 5.3.4).

Upon receiving the essential measurements for the control algorithms, @itz M
executes the control loop, which computes the new control actions. Adtdsynewly
computed actions are fed into the SCU (which applies them at the beginning of th
next actuator control period, see [46] for details). When all measurenier the
current cycle are completed and received, the synchromelesnetry Measurement
Messagd TMM) is composed and sent to the Ground Station (GS) via the Wireless
Data Communication Unit (WDCU).

The GPS data are sampled and processed independently, at 1 Hz samiging r
This is not ideal, but there is no other way, because it is not possible thisyrize
the IMU and the GPS (both are stand-alone units with their own internal timing).
There is no control over their sampling points, nor any way to synchrdhem. In
fact, the TSM is derived directly from the IMU sampling point, so the RAMAteys
timing is built around the IMU timing. On the other hand, it is not a major problem
either; the GPS data can be processed fairly independently in the cdgtyattams
and does not necessarily need to be precisely synchronous with tloé ttes data.

In its current state of development, RAMA can operate in two control modes -
either in the Manual Control Mode (MCM), when the vehicle is fully controlbsd



5.2 Basic Principles of Function 67

a human pilot, and RAMA serves only as a telemetry device; or in the Automatic
Control Mode (ACM), when RAMA takes over some (or all) actuators. nirtbe
controller development point of view, it is sometimes convenient if automatie con
trol could be applied only to some selected actuators, while the others drelleah
manually; that’s the reason why this option was implemented.

In both control modes, the operating cycle is almost exactly the same; tleere ar
two differences though. The first one resides in the control action ctatipa. In
the MCM, the action is computed, but the integrator state of the controller imset s
that its output value equals the corresponding control stick position éstiers 4.3) -
this is done to provide the bumpless transition from the MCM to the ACM. The other
difference is that the SCU does not apply received action values to thatas; it
applies the stick position signals directly to the actuator control signals (6¢éof4
details).

The communication protocol of the Vehicle Bus (VB) is relatively simple. Short
11-bit IDs are used and the priority of each message is determined by itsd byer
the ID is the higher is the priority). The bit rate is 1 Mbps (the maximum for the CAN
bus). For details on the CAN datagram format and CAN 2.0b physical, lagerfor
example [37]. The messages are broadcast and each node redeiliesnessages;
however, itignores all messages that do not affect his own oper&emnthe appendix
A.3 for the complete list of VB messages and their meaning.

Let us now describe the telemetry communication protocol. There are kevera
types of messages, distinguished by their identificator (ID). Messagesharacter-
encoded (meaning that a message can only contain characters), sorbersiare
sent as byte-strings in hexadecimal format (for example, a float numbenisn the
form of its memory representation, i. e. as a four-byte number, whehelsée is rep-
resented by two characters in the telemetry message). Each messageitiais w
starting character @, followed by the two-character message ID (the |Dagaec-
imal number in the range of 00-FF). Optionally, some data may follow. The messa
do not have a termination character, nor are they secured by a CR@ ottem con-
sistency check; it is assumed that the TCP/IP protocol takes care of afidhisvould
be redundant.

There are several asynchronous messages, which can be sémeatiyese are
used to indicate asynchronous events, such as the error conditioresamthol mode
transition (ACM/MCM or reversed).

Two synchronous data messages are used, each sent in different temval
The first message contains all measurements except the GPS data an@4stseas
per second (corresponding to the working cycle frequency of the RAlystem),
while the other contains the GPS data and is sent once in a second (oodiesp
to the GPS sampling rate). Complete list of the telemetry messages can be found in
appendix A.2.

The telemetry communication is one-way, no data are sent from the Ground Sta
tion (GS) to the Airborne Part (AP) of the system. Multiple Ground Stations are
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allowed; The Airborne Part provides a data server and the telemetryedaroadcast
among multiple clients.

5.3 Main Control Computer Software Framework

The MCC program is decomposed into several libraries and the main prodrae
libraries contain functions for CAN and TCP/IP communications, the PID obntr
algorithm and several support functions, while the main program contiaéngest.
Let us now briefly describe the supporting libraries first, and the mairranotater.

5.3.1 Controller Library

The controller library consists of two functions. The function RH serves to ini-
tialize the structure, holding the internal parameters and state variables obrihe
troller. The second function, called Plébntrol, contains the control algorithm itself.
More details on that algorithm can be found in section 4.3.

5.3.2 Library for CAN Communication

This is a very simple support library for CAN communications. SocketCAN &0
used, therefore the basic communication mechanism is exactly the same ag for a
other socket communication. The header file of this library contains defirafitme
CAN device identificators and the IDs of the CAN messages. This is nottioieadh,
as the message IDs are also defined in the DAM software, so there aalyatto
places where the definitions can be found; therefore, when editing anriber (or
adding one), two files have to be modified. This is because some legacyasoitias
used, and shall be rectified in future software revisions.

The sole function contained in this library serves for the CAN device initialimatio
and is pretty self-explanatory (see the comments in the source code).

5.3.3 Library for TCP/IP Communication

The ipcomm library contains functions allowing one to set-up a simple servéndo
socket communication. This server is capable to handle multiple clients and-broa
casts the telemetry messages. The server runs aboard the RAMA systiégrtheh
Ground Station (GS) is a client.

The header file of the library contains several constant definitionk,asigarious
buffer lengths, the server port number and the bitwise data flags. Tlagseare used
to check for the data consistency in each sampling period; as each datavpatten
into the data holding structure for each data message, corresponding Hagto
indicate that the data have been properly updated.
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The data holding structures for both synchronous messages areddiefitiee
header file. Note that the GPS data structure consists only of a 64-byter@ygand
the data consistency variable - that is because the GPS data are curo¢uitgd for
any on-board calculations, and therefore do not need to be parsetkfdre, they are
recorded into the array directly as they are received from the DAM essebnt to the
GS, and no decoding and processing takes place in the on-boardreoftvaurally,
this will change with later software revisions, introducing navigation andajud
algorithms.

Basically, the server is running in two separate threads. One threadctaieesf
the client management, an the other for broadcasting data to all active clients.

The “client management thread” (function server) checks for activitgry of the
socket filedescriptors, that is on the server socket and the active stiekets. The
select function is used to handle multiple events in a single program threacdelf
client connects to the server socket, new socket is created for it afitetbescriptor
of this new socket is added into the actifecbset list. When one of the active clients
closes connection, it is removed from the list and the correspondingddeger is
closed. This list is used by the “broadcast thread” to send the data tdied eleents.

The “Broadcast thread” (function semécketthread) checks the output data
round buffer for any unsent data and broadcasts them to all activéscli€he write
function is blocking - it does not resume until all data are sent and thedptien
is acknowledged by the recipient. Therefore, should any communicatadrigons
occur, this thread would be suspended until the data are receiveeriyrby all the
clients. In the meantime, all upcoming data are stored into the output rourea byff
the sending threads. The size of this buffer is sufficient to handle uprtritge-long
communication hangups. The buffer is statically allocated, so its size is consi@an
dynamic allocations are used anywhere in the code for safety reasoss;ammon
in embedded system software. When the buffer is full, the oldest datanapdys
overwritten (as is normal in round buffers). The function spadket is used by the
other threads to submit data into the output round buffer - so it does ndtlse data
directly. This function is non-blocking, so the submitting thread cannot seeswed
because of possible communication problem.

5.3.4 Main Program

RAMA's main MCC program consists of four threads, each running in éniia
loop. Two threads are responsible for the telemetry broadcasting (siense 3.3),

one for the Vehicle Bus (VB) communication and the last one for the corgyotithm
execution. The program is event-driven, so the control actions ageted by data
reception from the VB.

The working cycle of the program (Figure 5.2) is determined by the Time Syn-

chronization Message (TSM), provided by the DAM. Upon receiving théssage,
the next working cycle begins. The VB messages are received andgsed by the
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Figure 5.2: Working cycle of the Main Control Computer

readfrom_canthread, which reads the message and calls the processing function,
somewhat obscurely called seqmdmsg.

This function is switched according the message ID and does the bas&sproc
ing. After receiving all the data needed for the controller to run (deteminiryethe
reception flags), a semaphore is set, which in turn enables the sentl thread to
run. When all data for the Telemetry Measurement Message (TMM) éneigal, the
message is composed and submitted to the telemetry buffer, and the workiag cyc
is finished. If next TSM is received prior to the end of the previous ¢ytbis cycle
is force-finished - the missing data are not updated (in fact, the last vadoesin
recorded in the data reading structure) and the Telemetry Data Compositimm Er
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(TDCE) message is generated.

The servacontrolthread begins with the initialization of the controllers for the
ARCL and ACL control layers, and then enters an infinite cycle. At thénmégg of
each cycle the thread waits for the synchronization semaphore (coneokéte) to
be set. Afterwards, all the input values are copied into its local variatige€vent a
possible racing condition) and the normalization of the control stick positialie.
Control actions are computed afterwards - in the current version Ghli)the Angu-
lar Rate Control Layer (ARCL) and Attitude Control Layer (ACL) are implerteel.
The ACL, if enabled, works as an attitude holder; it works only when therob
sticks are in neutral positions. In that case, it provides the referemdbd ARCL.

If the ACL layer is disabled or the corresponding control stick is not in thetnal
position, the ACL is inactive and the control stick position provides the eefar for
the ARCL (the desired angular rate).

When the computation is finished, the resulting control actions are de-noeahaliz
(servo positions are computed) and resulting commands are sent to tiheCaeivol
Unit (SCU).

Before starting all the threads and entering the working cycle, the main pro-
gram performs the initialization. A command is sent to the Data Acquisition Mod-
ule (DAM) to reset itself. Then all the parameters (controller and filterrmpatars
and other stuff) are read from the configuration file. Some of theseneheas are
sent over to the DAM, using the Vehicle Bus (VB). This is all done by therobinit
function. The regular working cycle is not entered before the serdibration is per-
formed. The length of the calibration process is determined by theazaplecount
variable, which is read from the configuration file and determines the nuofiloai-
ibration samples. This procedure is used to determine the neutral positidths of
control sticks and the offsets of the gyroscopes. It is assumed tha¢lidesstands
still during the calibration process and the control sticks are in their nqadsitions.
The angular rates, provided by the gyroscopes during the calibraboces, are sam-
pled and their mean value is computed for each gyroscope. This mean véiea is
subtracted from the corresponding gyroscope measurements in thieneyrie com-
pensate for its offset. The same algorithm is used to determine the neufitanmos
of the control sticks.

5.4 Data Acquisition Module Software

The Data Acquisition Module (DAM) runs system-less. The program is velati
complicated though, and utilizes the resources of the Philips LPC 2119 MGtigM
Controller Unit) to a relatively great extent. This is mainly because the nunrherica
filtration of the measurements is taking place here, computed in the float numbers
and three separate devices must be monitored (The Inertial Measuténient MU,

the Global Positioning System or GPS and the Three Axis Magnetometer o). TAM
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To achieve greater precision, the TAM is internally sampled at 512 Hz (ajththe
results are averaged and sent out along with the IMU data at 64 Hz).IMltes
sampled at 64 Hz, as was said many times before, and the GPS at 1 Hz. Rd#ntiM
GPS are “intelligent” units and have serial interfaces, sending digital dekefs. The
IMU is connected to the UARTO and the GPS to the UARTL1 ports of the MCU. The
TAM is an analog device, giving three-channel voltage measurementenional

to the magnetic intensities, and is connected to the A/D converter (channel8,ADC
ADC1 and ADC?2).

The three ADC channels cannot be scanned successively, onarmdtier, in a
single time step; the error in the sample and hold circuitry of the LPC 2119mireve
this. Therefore, each channel is scanned separately in adjacent tpae $tee tim-
ing is provided by the timer TO. This timer is running at 1536 Hz; This means that
the measurements of all three axes are acquired 512 times per secoatb(thtre
overall sampling frequency is 512 Hz).

PWM channel PWM?2 is used to provide a 1 kHz signal for the Villard (Delon)
step-up voltage converter (this voltage is being used to generate theipeiégaduss
pulses for the TAM).

Several simple libraries are utilized to access the peripherals, namely the CAN
UART and PWM. These libraries are heritage pieces of code and theitedetk-
scription is beyond the scope of this thesis. They are relatively simple ahdage-
mented in their source files.

The program starts with the initialization of the peripherals. The internal PLL
of the MCU is set to multiply the external clock six times, therefore (with external
10 MHz crystal) provides the internal core clock at 60 MHz. The perigh&ock is
set to the same frequency. The Vector Interrupt Controller (VIC) aadPid (Paral-
lel Input-Output ports) are initialized immediately after, followed by the PWMNCA
controller and watchdog. A loop is entered afterwards, awaiting the tiecep the
configuration parameters (the number of the calibration samples and thediiene-
ters). After receiving all required parameters, the rest of the padhare initialized
(the ADC, both UARTs and the timer TO) and the main program loop is entered. |
this loop, new data reception flags are checked for both UARTs and tine The
incoming data from each of these peripherals are read in their interroptena and
stored into separate round buffers.

When data are received from the UARTO, the IM#®rvice function is called.
This function contains a simple state-machine, which receives and dettmddat-
apackets provided by the IMU. The Time Synchronization Message (TiSklso
generated here. Any problems, detected during datapacket receptiateaoding,
are reported via error messages. When the process is completed dpdogwred
data are filtered, they are broadcast on the Vehicle Bus (VB), both theamples
and the filtered data.

UART1 data reception indicates the new GPS data arrival, and theséRie
function is called to process them. Similarly to the previous case, there is a simple
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Figure 5.3: Working cycle of the Data Acquisition Module

state machine taking care of the data. When complete datapacket is redeised
broadcast on the VB. No data decoding or processing is applied.

In the case of the VB (CAN) data reception, the garfunction is called. It
mainly serves to receive the initial parameters before the main loop of theapnag
entered; In the run-time, all but one message are ignored. The onlygeesstto be
ignored is the command to reset. If this command is received, the watchadtymgs
(which is normally taking place in the timer TO handler) is disabled, and therédfer
watchdog itself triggers the MCU reset. This is the most simple and reliable way to
ensure a clean MCU restart.

The working cycle of the DAM is depicted in Figure 5.3.

5.5 Servo Control Unit Firmware

The Servo Control Unit firmware was designed and implemented by Ota Herm, a
graduate student, working under the supervision of the author of thisth&he
documentation is currently available in the Czech language only and camite ifo

[46].
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Figure 5.4: Ground Station (GS) of the RAMA system - display screenshot

5.6 Ground Station

The Ground Station (Figure 5.4) was designed and implemented by Petrdgyobo
a graduate student, working under the supervision of the author of thsis thEhe
documentation is currently available in the Czech language only and camite ifo
[51].



Chapter 6

Control System Safety

6.1 Overview

UAV control system is undoubtedly a critical system, and must have anabkn
safety margin to be of any practical use. An out-of-control UAV mightsegaroperty
damage and/or personal injury (not to mention vehicle loss), even a sneglfan
which the RAMA control system is intended. However, other ways thanltssical
redundancy have to be sought, for the reasons noted in the introduc&bos now
describe various safety mechanisms incorporated in the RAMA UAV cosysiem.

RAMA is designed so that for most of the failures, there is an approgfaitere
Modethe system can engage, in order to preserve the critical functionst@ezing)
for the sake of some high-level functionality loss. Most of the failureslditikely
cause the mission to abort, but there is still a good chance of vehicle rgdoye
some sort of semi or fully manual control. If the experienced failure isesers
that it leaves no chance of saving the vehicle, RAMA should at least minimée th
consequences - meaning that it prevents the injured craft from swiagdugd wildly
and unpredictably, but would cut off the engine and put the contrédses into some
predefined positions, for orbiting-gliding in case of a fixed-wing aitcaafd auto-
rotation in case of a rotorcraft (this is called tBs&tical Failure Mode- CFM).

The principles of graceful degradation and system reconfiguraterused to
achieve these goals. The only critical node of the system is the ServooCbinit
(SCU), whose complete failure would definitely lead to grave conseqaeiaetial
or complete failure of any other system part (the Main Control Computeé&ta
Acquisition Module, or some/all of the sensors) would lead to the loss of sonee f
tionality, but would definitely preserve the semi-automatic or at least fully manua
control of the vehicle (providing that the wireless control communication r&king).

It must be noted that there is no overall “failure control system”, whicluldo
put RAMA in an appropriate fail-safe mode automatically in case of a failute. |
is always the responsibility of the pilot to perform the reconfiguration byiflig a
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Control signal reacquisition

Figure 6.1: State diagram of RAMA's failure modes - current state

switch if he/she thinks it is necessary. The RAMA system only gives aingthat

something has gone wrong, but does not perform any reconfiguatias own. This
is intentional, as pilots generally strongly dislike any autonomous system thuiof
direct control, which can dramatically change the behavior of the vehicits @wn

decision.

A fully automatic “failure control system” would also add some failure modes
itself and would increase the overall system complexity. RAMA generally chod
need such a system, as it is not intended to operate autonomously. Itriseakthat
RAMA will always operate under a human pilot’s direct supervision.

The only failure mode that RAMA enters automatically is when the wireless con-
trol signal from the ground is lost. Naturally, in this case, the vehicle is ndeua
human pilot’s control anymore, and the control system must act on its own.

6.2 Control System Failure Modes

6.2.1 Main Control Computer Failure Modes

In case of the MCC failure (of any type) the only viable solution is to put thedse
Control Unit (SCU) into the Manual Control Mode (MCC). In this mode, tH&Us
takes over the direct control of the actuators and runs unaffectedebresh of the
system. It ignores any commands possibly coming from the faulty MCC or other
nodes and actuates the control surfaces directly according the cstitkopositions.
This solution is good enough in the current state of RAMA's development, be

cause there is still the modeler Futaba GY-401 tail rate controller presastn(t
used when RAMA takes over control, it serves only as a backup foratbe af MCM
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Figure 6.2: State diagram of RAMA's failure modes - proposed futurdisolu

engagement) and also the Bell-Hiller roll and pitch rate stabilizer. So, wherein th
MCM, the helicopter could still be controlled as any other model helicopter with th
help of the mechanical Bell-Hiller system and a backup electronic tail ratédiztab
(the GY-401). But the situation will change radically once those remnartslaby
helicoptering will be removed, as is ultimately planned. There will be no baftkup
the disabled electronic rate stabilizers anymore, which would be a verytunébe
situation. Therefore, there is a plan for future modification of the SCU softywso
that it could execute the rate stabilizing algorithm directly in case of need SThé

has more than enough computational power for this and the modification weuld b
relatively simple and straightforward.

Once completed, there will be two failure modes available in the case of the
MCC demise: The SCU could be reconfigured to take over the Angular Rat#sol
Layer (ARCL) instead of the MCC, providing the Data Acquisition Module {DA
and Inertial Measurement Unit (IMU) are still running, entering the a@éed Semi-
Automatic Control Mod¢SACM). Or, should the IMU and/or the DAM fail together
with the MCC, the SCU could perform another reconfiguration, enterindvitie-
ual Control Mode (MCM), as it does now. This would make the human pildtyrea
earn his money since his task would be significantly harder without the heaheof
rate stabilizers, but still gives him/her a good chance of recovering thethjehicle
somehow - for example by auto-rotation.

Overall, in all cases, the telemetry would be lost, together with higher control
layers, but the semi-automatic or at least fully manual control of the vetiol@d be
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preserved in any case.

The MCC has no watchdog timer, as its possible restart would take too much time
anyway, so it would bring no benefits.

The MCC failure is not detected automatically in any way, or at least notttjirec
The Ground Station (GS) monitors the MCC indirectly via the telemetry data, and in
case it detects any erratic behavior (such as controller internal variablef range,

a datapacket loss or CRC errors), it informs the pilot that something isgwidh the
telemetry (and possibly the MCC). However, it is up to him/her to decide whasher
engage the Semi-Automatic Control Mode (SACM) or not.

Critical MCC failures are quite obvious to the pilot - the vehicle simply stops
responding to his/her commands or behaves erratically. Again, it is up to hito/he
engage the SACM. The reconfiguration is naturally completely indepemuetite
MCC - the SCU receives the command and reconfigures itself into the MCkMgso
reconfiguration works even in the case of a total MCC failure.

State diagram of the failure modes is shown in Figure 6.1 (current state- of de
velopment), and proposed future solution, extended by the Semi-AutomattcoCo
Mode, is depicted in Figure 6.2.

6.2.2 Navigation Unit Failure Modes

The Data Acquisition Module (DAM) failure makes the system enter the Maboat

trol Mode (upon the pilot's command). The DAM is equipped with a watchdog timer
and brown-out detection (undervoltage reset) protective circuitry.ogsiple DAM
restart after the watchdog reset would only take about 50 ms, whichtigriasigh
compared to the vehicle dynamics.

In case of a failure of some of the sensors, the respective controMdnyeh needs
the missing data (along with all higher layers) would be turned down.

Failure of any of the sensors is detected by the DAM. The GPS and IM&J-(In
tial Measurement Unit) are both off-the-shelf products equipped with itsioternal
diagnosis, so they both issue an error message if anything is wrong with GE®&.
reports the estimated position errors and the number of satellites detectedthehile
IMU reports the out-of range measurements and other internal erdoescdmmuni-
cation loss with the GPS or IMU is detected by the DAM via timeouts, and is reported
as a critical GPS or IMU failure. Also, communication with both units is securad v
the CRC. The CRC errors are reported by the DAM to the MCC and eventtially
telemetry to the Ground Station (GS). The affected data are not used inritrelco
loops. The density of CRC errors is also monitored and reported to the GS.

The Three-Axis Magnetometer (TAM) is an analog unit. The out-of-ranga-
surements and unnaturally rapid changes in the data (gradients) artenextjiand
reported by the DAM as errors.

The DAM failures are detected by the MCC only by erratic or completely lost
communication (via the CRC and timeouts). Also, an unexpected DAM res&di{po
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bly via the watchdog) is monitored and reported by the MCC (at start-up, A D
sends the boot-up message to the MCC). If the DAM communicates, it is asstumed
works well. DAM failures are reported by the MCC via the telemetry to the GS.

6.2.3 Servo Control Unit Failure Modes

The Servo Control Unit (SCU) failure would inevitably lead to the vehicle.|disat
least some of the actuators would be working (in the case of a partial Sl0kéjathe
system would enter the Critical Failure Mode (CFM). The SCU is naturally th&t mo
rugged unit of the whole system, kept as simple as possible and thorougtelgt.tét

is equipped with a watchdog timer, ensuring a restart in the case of a mitméEm
hangup. A full restart of the SCU is fast enough (it takes about 50 mehtike the
DAM restart). It also has the brown-out detection circuitry. However,S&U should
be redesigned in the future, to provide at least some redundancy (rg¢laaimat least
the Manual Control Mode should be made redundant somehow).

6.2.4 Communication Failure Modes

In case of a data communication loss (detected by the TCP/IP protocol viasthe lo
of acknowledges), the telemetry datapackets are stored in a buffeeandfsline

as soon as the data link is re-established. Moreover, each datapaakstgsed a
unique number and a time stamp, to allow one to check the received data ausiste
Telemetry is not critical and can be also downloaded off-line, after landing

Failure of the wireless control link (detected via the control signal loss)ldvo
currently make the system enter the Critical Failure Mode (meaning it setsgireeen
throttle to idle and engages neutral control surface positions). This essaxy be-
cause the higher control layers are not implemented yet, so the vehicledbladb
operate autonomously. In the future, when all control layers will be fulhctional,
this mode may be changed so that the vehicle would enter hover (in casetofa r
craft) or orbiting (in case of fixed-wing) in case of this failure. The systes the
ability to fully recuperate from the Critical Failure Mode immediately once the con-
trol link is re-established, so the vehicle can still be recovered if this fadooeirs
only momentarily.

The wireless control link is very reliable though. It is redundant - the R@sk
mitter transmits the control signal on two separate channels, with the ability to switch
dynamically to another channel if an interference is detected. The systzuijgped
with two independent Wireless Control Units (receivers), with antenoagipned
to mutually perpendicular polarizations. Only one channel is sufficient totaiain
full control over the vehicle. Digital data encoding, secured with the GR@sed.
The transmitter is identified by a unique ID code, embedded into each da¢hpack
prevent any other transmitter possibly taking over the vehicle control.
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6.2.5 Power Failure Modes

Currently, there are no Battery Failure Modes - both batteries must be thsj@ape
to keep the system running. Failure of any of them would have catastrophse-
guences. A re-design of the SCU is considered, the purpose of widallve to
make the SCU able to run from either battery, so it can drain power fromahefor
Battery (ACB), should the Avionics Battery (AVB) fail. Moreover, it showlso be
able to re-route power to the actuators from the AVB in case of ACB faillitgs
would bring a power supply redundancy into the system, without addingnasg or
size.

The “backbone” power wiring and power switches (i.e. the lines whaieré
would cause the whole system to fail due to power loss) are divided intativmdant
parallel branches. This measure does not add much weight, while thy lsafefits
are obvious.

6.3 Fault-Tolerance of the RAMA System in Real Life

Let us now show three real-life cases, which accidentally occurradglflight tests
and where the fail-safe ability of the RAMA system helped to prevent aiteit

In the first case, the control signal was lost for approx. 600 ms (maay Ihkecause
of radio interference). At the time, the vehicle was equipped with an oldsiore
of the Radio Control (RC) set, operating at 35 MHz with no redundaniag. cbntrol

system entered the Critical Failure Mode (CFM) in response to the sigrsldos

later recovered after the control signal reappeared.

Reaction of the RAMA control system to this failure can be seen in Figure 6.3,
showing the actuator positions in time (on the y axis, 0 means actuator neutral po
sition, while -0.5 means full throw to one side and 0.5 full throw to the other side)
At 193.1 seconds into the flight, the control signal is lost. The condition is imme-
diately detected and the control system reacts by engaging the CFM, whaiisme
re-positioning the actuators to preset positions - engine throttle to idle (fuigtive
actuator throw), collective pitch to slightly positive and roll, pitch and yaw atcits
to their neutral positions. After 600 miliseconds, the control signal reae|dioe-
newed and the control system recovers from the CFM. The conditiammectwhen
the vehicle was banking left at full-speed in forward flight, and althoug¥ag neg-
atively perceived by the pilot, it did not cause a crash thanks to the rapiyery. If
the actuators were not set into neutrals and were subjected to some oliedmtoise
in the critical phase, the vehicle would likely crash.

In the second case, the roll gyroscope malfunctioned because ofwetetbra-
tions of the helicopter body, caused by a mechanical resonance modéaakstd up
during the flight. The root cause was later traced to a loose bolt in the retat h
damper. In this case, the control system successfully engaged theaMaowtrol
Mode (MCM). This action undisputedly saved the vehicle from crashiagha roll
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Figure 6.3: Control system response to the in-flight control signal loss

rate control loop did not work, leading to the loss of vehicle stability. In Fegh#,
the roll rate measurements, along with the reference signal and actuatiomare
shown. At 155 seconds into the flight (marked by the dashed line) reserac-
curred, causing the roll gyroscope to fail (the mean value shift, explamsection
3.5.1, was experienced). The problem caused the roll rate controllentpensate,
falsely believing that the vehicle was rolling, inducing itself an undesired fidie
pilot immediately commanded reconfiguration to the Manual Control Mode (MCM)
and recovered the vehicle. Please note that from the dashed line oall tlager gyro
readings and actuator position signals are no longer correlated. Thisdadeethe
MCM was engaged, and in this mode the sensor readings are ignoreccardcthled
reference signal (issued by a human pilot) is directly fed to the actuatan(ive seen
that from the dash line on, the actuator position signal is equivalent to sicales
reference signal).

The fail-safe ability and early warnings issued by the control system viarthe
line telemetry were invaluable during flight tests, and prevented potentialedbss
many times. In the third case, a failing actuator battery almost led to a crash, had it
not been for the early warning issued by the control system. RAMA deseavan
unusually high voltage drop on the Actuator Battery (ACB), which did noinsbp
on earth, because the actuators were not subjected to any load (whiduégdby
aerodynamic forces acting on the control surfaces during the flights tliggered
a warning, issued to the human pilot. The vehicle was immediately landed and the
suspected battery actually failed only two minutes after. This case led to tisgotlec
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Figure 6.4: Control system response to roll rate gyroscope fault

to re-design the Servo Control Unit in the future, as was described fiogéc2.5.



Chapter 7

Experiments and Testing

Tests and experiments are inherent part of every research andpmleeat process.
When developing a flying vehicle, we may basically distinguish betweesttie
testsof the whole system (or its part), being conducted safely in the home comforts
of a laboratory, and thitight testswhen newly designed and developed assets are put
through their paces in real-life conditions. The former is of vital importaneger

to be underestimated, and often determines the outcome of the latter. The fight te
are inherently expensive and dangerous, and it is essential to be neplirpd, in
order to maximize the chances of a positive result. This is why the static tests are
conducted. Let us now describe the testing methodology, used whelopiegethe
RAMA system, and present the most important testing results.

7.1 Testing Vehicle

Hirobo Freya EVO 90 hobby-helicopter (Figures 7.1 and 7.2) is usedeaRAMA
carrier for the flight tests. It has the H1 (or Heim) type of swashplate, mgdhat
there is a separate actuator for each function (longitudinal cyclic, latgciit and
collective), so no software mixing is needed. This type has many advartagethe
commonly used CCPM setup (for explanation of various swashplate tygef52]),
the only disadvantages being its comparably higher cost and mechamualexaty.

Yamada 91ST two-stroke combustion engine is used as the powerplantaistand
coreless Futaba S9202 servomotors drive the cyclic controls and tiveeesaybu-
rettor, while fast digital servos are used for the collective and the tait caotrol;
Futaba S9350 is used for the collective and Futaba S9254 for the tail.

The rotor diameter is 1580-1620 mm (depending on the type of bladestiyire
use) and the fuselage length is 1350 mm. The vehicle, mated with the RAMA system,
weights approx. 6.5kg.
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Figure 7.1: Hirobo Freya model helicopter, carrying the RAMA system

Figure 7.2: Hirobo Freya model helicopter, carrying the RAMA system

7.2 Static Tests

The goal of the static tests is to validate the system as much as could be dond withou
flying and to prove its reliability before the flight tests. The latter is especially impo
tant, because every part of a UAV control system is more or less safétglcand any
in-flight failure may have grave consequences.Vv@ijdationwe mean a verification
that the newly developed part of the system really does what it is suppos®d and
that it fulfills all the requirements. The goal of thesting on the other hand, is to
verify that the system is reliable and safe enough to fly.

There is no practical way how to generally describe the validation probess
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cause every feature is different and the validation tests must be tailozecdagly.
On the contrary, the testing of the overall systetiability andsafetyis, and should
be, a generally codified process, to ensure that no corners aréheatpveparing to
a flight test. The term “reliability” is used to somehow describe the probability of
failure; on the other hand, the term “safety” describes the consegs@i@ failure.
When testing the reliability, the system must pass a set of test cases witlyoert an
ror; to test the safety of the system, errors or non-standard situatiereoerately
induced into the system and the reaction is evaluated.

For the RAMA system, a general testing methodology has been develoded an
practiced over the years. It is called théght Readiness TegERT). It is a set of
tests cases and focal points for both the software and hardwareicavésnwvell as the
vehicle.

7.2.1 Flight Readiness Test
7.2.1.1 Avionics Tests

The new functions, implemented into the avionics, are validated and testedussing
ally some kind of theprocessor-in-the-loopests. The testing setup for this kind of
test is depicted in Figure 7.3. A Matlab/Simulink model of the newly tested feature
runs on simulated data. The same data are fed into the control algorithm,gunnin
the real hardware. The results of the simulation and the implementation must match.
The evaluation is done offline, for the sake of convenience. This kitelsbhot only
validates the algorithm, but is also able to discover systematic implementation errors

Once the system is validated, the reliability tests take place. The avionics is left
to run for a long enough time (an hour or so) and is stimulated with some kind of
arbitrary signal, trying to emulate likely in-flight conditions. The control outpass
well as the internal states of the algorithms, are monitored through the telemdtry a
checked for error codes or any other anomalies.

The hardware is also looked upon:

e The connectors, switches and wire harnesses are inspected forgasyo$
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wear.
The mounting points are checked.
The range of the Radio Control system is tested.

Twice a year, both on-board batteries (ACB - Actuator Battery and AVB -
Avionics Battery) are tested for capacity, along with the battery in the RC-trans
mitter.

The safety is tested by intensionally inducing errors into the system. Thase ca
be induced by the software itself in some special cases, but the stanstardadves
disconnecting, reconnecting and resetting of various system parts-tinren The
standard testing procedure involves:

DAM hardware reset.

DAM loss - DAM power connector is disconnected.

IMU and GPS disconnection/reconnection from the DAM.
MCC loss - MCC power connector is disconnected.

Control signal loss and reacquisition - the RC transmitter is switched down and
up again.

Loss of one power branch - one of the redundant power switchesitishea
off, then the other is tested in the same way.

The control system must respond correctly to all these states and appdail-
safe mode must be engaged. The manual control must be preservesltati¢hthe
obvious exception being the control signal loss - in that case, the Criadar& Mode
must be engaged, and disengaged again after the signal reacquisition).

7.2.1.2 Vehicle Inspections

The Hirobo Freya helicopter is also inspected before each flight test:

The fuel filter is cleaned.
The fuel and tank pressurizing manifolds are inspected.

The mechanics is checked for any signs of wear, loose parts and FOE@sgn
Object Debris).

The blade grips are checked for any excessive play and the dangeirs a
spected and lubricated if necessary.
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e The main and auxiliary rotor shafts are lubricated, along with the transmission,
if needed.

e The bearings are tested for unobstructed movement.
e The control linkages are inspected for any excessive play.
e The one-way bearing within the main wheel is tested.

e The clutch is inspected.

7.3 Flight Tests

The flight tests are the ultimate proving ground for each system part. Thgyap
unsubstitutable role in the development process and provide the invaleablife
experience. However, each flight test is a substantial logistical utkétegtand also
pose an inherent risk of vehicle damage or even a complete loss. Thersésond
chance if anything goes fatally wrong in flight; that is why the static tests are so
important. Each flight test has to be well prepared, the testing setup outlted a
proven and testing priorities must be set, to avoid any confusion in the fiefliyhi

test usually consists of 1-3 days and only a limited number of flights is available (
maximum of 10-14 flights a day), due to several constraints (weathembadgacity,

pilot fatigue and others). It is not possible to introduce any major last-mimaeges

to the testing setup during the process, emphasizing the need to statically test the
hardware and software thoroughly beforehand and clearly defintestiag means,
goals and priorities. It would be technically possible to update the flight aoétw

in field, but it is never done for principal reasons, for such behawvimuld strongly
enhance the possibility of inducing a human error.

A flight test is also relatively expensive in both money and labor, becafube
logistical challenge and hardware attrition and maintenance, so it shoultdfelty
considered what is worth flight-testing and what is not, in order to not teenae-
cious flight time. It is not possible to flight-test every bright idea that mabgeand
testing objectives must be carefully selected.

After each flight day, a post-flight review takes place. The data areatsg from
several viewpoints. The performance of the tested feature is naturallyated, but
not only that. Several standard procedures also take place:

e The error codes are checked.
¢ Internal states of the algorithms are checked.

e The battery performance is evaluated - the voltage graphs of both ACB and
AVB are checked.
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Figure 7.4: x-axis accelerometer measurements in hover, differencedretiwo

flights. The gray signal corresponds to an early type of IMU fixture ptaek signal
corresponds to the IMU mounted on the mass damper.

e The data are checked for consistency and the timestamps of the samples are
evaluated to look for jitter.

7.3.1 Control System and Sensor Development

Many flight days were dedicated to the instrumentation development, be éntsu
problems were encountered with nearly all the sensors under flighitioorsd(recall
section 3.5). The Inertial Measurement Unit proved to be the most protiteraad
countless flights had to be dedicated to remedy the situation. See Figure &ré ttdn
difference between the data provided by the same sensor within the IM&hanen,
depending on the mounting of the unit. The mass damper, described in sebtibn 3
had to be developed and tuned properly before any serious conparieents could
begin.

The Garmin 18-LVC GPS receiver also proved to be problematic in variays w
(see section 3.5.2). Its mass, located at the very tip of the tailboom, workad as
perfect vibration resonator and induced severe shivering into thramief 1t was very
hard to de-tune the system to rectify the issue, because there was aaringsiton
between the horizontal fin and and the receiver itself, which was vedytbaliscover.
The fin had to be removed eventually and the receiver mounted relativedgljoon
some foam dampers. The relocation of the receiver was impossible desitaidn’t
work under the main rotor blades, which were obscuring the signal. Fighrghows
an example. The GPS position fix express the mode the GPS receiver iworks
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corresponds to no fix (no signal received), 2 to the 2D mode (no altitati,B to
the 3D mode, 4 to the 2D differential mode and 5 to the 3D differential mode. The
first case in Figure 7.5 shows the loss of the GPS signal in 43 s time, condiag
to the time when the main rotor started spinning. The second case showsrtia nor
signal acquisition after startup - initial 2D fix is obtained, then the 3D mode isezhte
and after difference signal acquisition the 3D difference mode is edgagye never
lost again during the flight. Figure 7.6 shows the GPS recording of the fiaght

Other system development flights focused on the hardware of the cepsteim
itself; the Electronic Container was repositioned several times and its mouwiing p
altered, the connectors and wiring were changed and the mounting of BeiR<ide
the EC was also altered many times to obtain the best solution.

7.3.1.1 Hardware-in-the-Loop Testing

There were also some software development flights, verifying the reliakildytien-

ing of the system and performance of the control loops under flightitonsl. The
Automatic Control Mode (ACM) was emulated, in order to verify the feasibility of
the whole solution. The testing setup was following: The control systenmatgubm

the ACM during the whole flight, the only difference was that the manual cordman
were actually applied to the actuators at the end of each working cycleadhstehe
computed automatic actions. The Servo Control Unit (SCU) operated in tivd, AC
measuring the positions of the control sticks and sending them to the MainoContr
Computer (MCC), waiting for commands. The MCC waited for the complete data ac
quisition, executed the control loops, but at the very end of its workicte@actually
sent the measured control stick positions back to the SCU, instead of theitsamp
commands.

The vehicle was therefore controlled manually, but the manual commanskschas
through the whole control loop (so they were subjected to the same deldls as
automatic commands would) and the control system was fully running. Afteethe
flights, the performance of the control system was thoroughly evaluatesl;tim-
ing was analyzed, looking for possible jitter, the internal states of all syptats
were verified and the commands, computed by the control loops, weredarging
a Matlab model of the control algorithms. The Matlab implementation was fed by
recorded telemetry data and its output was compared to the output of the MEC ¢
trol loops, also recorded in the telemetry. The results had to be the sanfedeee
7.3). This was the ultimate “dress rehearsal” of the control system as la videdore
the first attempts for semi-automatically controlled flights. In fact, it was the com-
plete “hardware-in-the-loop” simulation. By this term, a most realistic testingpsetu
is meant, where all control algorithms are running real-time in the hardwahegs
would in the real case, and input signals are not emulated - the sensastaally
subjected to the real physical conditions they should measure. This is thedifajo
ference compared to the “processor-in-the-loop” testing, mentionedtinsg.2.1.1.



7.3 Flight Tests 91

7.3.2 Yaw Control
7.3.2.1 Yaw Rate Control

As was said in section 4.4.1, the yaw rate control is the fastest of all AnRalte
Control Layer (ARCL) loops. It is also the only one which cannot bepprly con-
trolled by a P controller in principle, because the vehicle dynamics in the yawv ax
contains a first-order astatism; because of the reaction torque of tHagesehich
the tail rotor has to compensate for, the actuator is actually required to lmd tinet
neutral position in order to maintain the zero control error. This can bieaghonly
when the | component is present, so a |, Pl or PID controller is requinetthis axis.

Initial experiments with the Pl controller didn’t quite work out, because the co
troller proved to be rather unstable under variable angular rates.dliyistorked fine
for near-hover conditions, but as the angular rates went higher,deteto oscillate
excessively (see Figure 7.7). This was partly caused by the rathealoplisg rate
at the time; 32 Hz was clearly not enough to capture the fast yaw movemeRI® A
controller was introduced in an attempt to suppress these oscillations, buliyirtiie
D component didn’t work very well because of the noise, superposbe tmeasured
signal. Additional signal filtering was introduced, improving the situation,tbat
PID controller proved rather hard to tune “by hand”. It was impossiblend fie
correct setup intuitively.

So, some identification experiments were performed in order to determine the
natural frequency and the critical gain of the vehicle in yaw. A P controlias
used for this purpose, which gain was gradually increased up to thepbart the
tail started to oscillate. The natural frequency and the critical gain weesndimed
and PID constants computed according the Ziegler-Nichols algorithm T3&.PID
controller, set this way, worked reasonably well from the beginningreqdired only
little additional tuning. The reference weighting was also introduced into tharib
of the controller, in order to help to suppress the tail oscillations at highgulan
rates. The final setup of the controller is denoted in table 7.1. Please nbitestead
of the proportional, integration and derivative gains andd, the overall gairk and
the circular frequencies; andw, are given.

The sampling rate was later increased to 64 Hz, further improving things. The
step response (measured in flight) of a properly set yaw rate PID denfsoshown
in Figure 7.8. The control quality is considerably improved over the Pl obeir
(compare Figures 7.8 and 7.7).

7.3.2.2 Yaw Angle Control

Initial tests of the Attitude Control Layer (ACL) were performed only in thevyis
so far. Because the ARCL works very well and the attitude excursiotieofehicle
are very slow in time, it could be safely assumed that only conservativeR sePlI
controllers will most likely be required for the ACL layer.
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Figure 7.7: Yaw rate PI controller step response
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Figure 7.8: Yaw rate PID controller step response. Please note the tailyatilat-
tened” spike in the rate measurement around 16 s time. This is caused byrdhe gy
scope going briefly into saturation.
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Figure 7.9: Yaw angle P controller position holding

The initial test of the ACL in yaw was hampered by the fact that the attitude
computation algorithm was not finalized in time for the test, so only an intermediate
solution was used; the yaw angle was computed using simple triangulation of the
2 andy magnetic intensity measurements. The yaw measurements were therefore
working properly only when the vehicle was nearly level; even small bagkea in
pitch and roll would affect the yaw angle measurements, because the todigid
variations induced by the banking of the vehicle were not taken into atcoun

Even under those adverse conditions the ACL worked, although theotqntl-
ity was not up to the required level. This is assumed to improve with better attitude
measurement. The in-flight performance of the yaw angle control is showiy-
ure 7.9. Simple P controller was used and only attitude holding test was ipedor
(the reference was constant). The attitude excursions are causesl igdisurement
inaccuracy rather then the controller performance. Obviously, the attitadenold
reasonably well in global, although the overall control quality was rathanpres-
sive.

7.3.3 Pitch Control

The pitch rate control proved to be somewhat tricky. The dynamics of thielean
the pitch axis is the slowest and most vehicle inertia is present. The experivignts
the P, Pl and PID controllers were only partially successful; the saméepnolvas
plaguing all of them. This problem was that either the controller suffereghalarge
phase delay - the response was vastly delayed after the refereadeidaee 7.11) -
or the control loop was unstable, experiencing severe oscillations (o), lag shown
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Figure 7.10: Pitch rate PI controller oscillations. The reference trackiggjlipoor,
although the controller is clearly over-aggressive.

in Figure 7.10.

The D component in the controller was not very helpful and the Zieglehdiéc
rule didn’t work. In fact, the attempt to determine the natural frequendycaitical
gain indirectly led to a loss of a vehicle, as will be described later (see s&c8d).

The PI controller with a rather largeconstant proved to be the most promis-
ing solution. It was steady and stabilized the vehicle perfectly in hovesuiftared
considerable lag in response to the reference change (as shownia Figii). This
problem was ultimately solved by introducing the feed-forward loop into the co
troller. The feed-forward allows a part of the reference signal toppdied directly
to the actuator, ensuring rapid response to the reference changeatiae Branches
work as expected, stabilizing the vehicle. Considerable improvement inneso
the reference variations using the feed-forward technique is showigime~7.12 -
compare that to the performance shown in Figure 7.11.

The final setup of the pitch rate controller can be found in table 7.1.

7.3.4 Roll Control

The roll rate control characteristics is naturally similar to the pitch, althougie ike

a little less momentum in this axis. Therefore, similar problems were encountered
when trying to setup the roll rate controller. The lag issue was present iolthrate
control too, although it was not so severe compared to the pitch (seeeFHidi8). The
Ziegler-Nichols rule did not work for the roll rate controller either. Thafigolution

for the roll was achieved in the same way as for the pitch rate - by introduloang
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Figure 7.11: Pitch rate PI controller in-flight performance. The refegdracking is
delayed in phase by approx,/2.
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Figure 7.12: Pitch rate PI controller with feed-forward in-flight perfonce The
reference tracking is still delayed a little, but generally much better than oo
cases.
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Figure 7.13: Roll rate PI controller in-flight performance. The refeesmacking is
considerably delayed in phase.
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Figure 7.14: Roll rate PI controller with feed-forward in-flight perfomoa. The
reference tracking is clearly improved over the previous case.
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Basic Parameters

par. yaw | pitch roll
k 0.075| 0.025| 0.072
w; 5.2 40 30

Wy 17.66 | 300 | 10000
Reference Filtering
par. yaw | pitch roll
Wy 10000| 10000| 10000
Feed-Forward Gain

par. yaw | pitch roll
m 0 0.15 0.1
Reference Weighting
par. yaw | pitch roll
b 0.75 1 1
c 1 1 1
D Component Filtering
par. yaw | pitch roll
N 15 15 15
Output Restrictors
par. yaw | pitch roll

T1ow -0.25 | -05 -0.5
Iugn | 025 | 05 | 05
Doy -0.32 | -05 -0.5
Dhign || 032 | 05 | 05
Outioy -0.5 -0.5 -0.5
OUthigh 0.5 0.5 0.5

Table 7.1: Angular Rate Control Layer PID controller settings

feed-forward branch into the controller. The flight performance afogperly set roll
rate controller can be seen in Figure 7.14, and the final parameterstadeim¢able

7.1

7.3.5 Roll and Pitch Identification Experiment

When trying to setup the pitch and roll rate controllers, an identification expet
was carried out in order to determine the natural frequencies and cgtoa of the
vehicle in both axes. Instead of a P controller, a bang-bang controleused for
that purpose. By the term “bang-bang” a two-state controller is meangtagjweither
fully to one side or the other, according the control error; an infinite-Baiontroller

would work analogically.
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Figure 7.15: Pitch rate bang-bang controller in-flight performance.iflax actua-
tor throw (black line) is restricted to 0.1, 0.2, 0.3 and 0.4 of the maximal throw in the
figures going from up to down. The gray line is the measured angular rate.

The gain (i. e. the allowed actuator throw) of the bang-bang controllegveaki-
ally increased and the response of the vehicle was measured. The casubis seen
in Figures 7.15 and 7.16. The identification experiment was successfat,least
seemed to be, but right in the next flight the testing vehicle crashed badliodhe
mechanical failure of the powertrain. The engine revved up suddemiythb rotor
lost all power and slowed down. The pilot contributed to the failure by ngag-
ing the auto-rotation soon enough and let the momentum accumulated in the rotor
to dissipate. The crash was then inevitable and destroyed most of the yéhidle
damaging the avionics in the process. It was later determined that a heeebieagn
bearing in the transmission cracked and failed, causing the sudden jpesef The
root cause was traced back to the identification experiments.

The one-way bearing is situated inside the main gear, transmitting the engine
torque to the main rotor shaft (see Figure 7.17). Therefore, all f@edsnoments,
induced by the main rotor to the fuselage, are transferred through thiadpe@/hen
the identification experiments, described above, were performed, thimdeeas
overstressed as a result of relatively long-term high-frequendggieroscillations,
induced by the bang-bang controller. Also, the fuselage is much heandé¢harefore
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Figure 7.16: Roll rate bang-bang controller in-flight performance. iMar actuator
throw (black line) is restricted to 0.1, 0.2, 0.3 and 0.4 of the maximal throw in the
figures going from up to down. The gray line is the measured angular rate.

BTN

Figure 7.17: The improved metal housing of the one-way bearing is cleiaiblerin
this picture (pointed by an arrow)
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has larger moments of inertia than what the bearing was designed for bghratev
manufacturer, because of additional weight of the on-board aviohies housing of
the bearing is made of plastics and can flex, not protecting the bearingiesuiffj.
This resulted into particularly high rate of attrition for the bearing, causingfiito
eventually.

The problem was fixed by introducing a non-flexible metal housing for &ze-b
ing, protecting it much better than the original plastic housing, as can bésEigre
7.17.
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Conclusions

8.1 Summary and Contributions

RAMA, the control system for Unmanned Aerial Vehicles (UAVS), wassented
in this thesis. Its design philosophy, construction and implementation werenshow
along with long-term operation experience and lessons learned duringydfext.
The abilities and functions of the system were demonstrated on real-life digat

The goals, which were set in the beginning of the project, were completely fu
filled:

e A Rotorcraft-UAV was built and the control system was designed anéldev
oped.

e It is now operational and tested in the course of several hundred flicibris
ducted since 2005. All major hardware components are in place and the sof
ware framework is implemented, although this does not implicate that the sys-
tem is perfect and won't be developed in the future (see section 8.2).

e The control scheme was designed and the basic control laws were impléemente
and tested, as was shown in chapters 4 and 7. The flight tests werectamhdu
data were acquired and the feasibility of proposed solutions was demodstrate
(chapter 7).

e Lastbutnot least, the whole project is now well documented through tjeqgbr
website Bpinka(2007)].

Main contributions and originality of this work were already mentioned in section
1.2. The original system architecture has shown its assets and shortspasngell
as the safety features and the control algorithms. Vast pool of flightatataele-
vant technical information are now accessible to everyone throughdfecpwebsite

101
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[épinka(2007)]. The results of the project were also presented atrouminterna-
tional conferences and a prestigious journal paBeitika et al.(2009a)].

The system had undergone several major redesigns and overhaadtsifirst
incarnation and further improvements are waiting in the pipeline, as is showe in th
next section.

8.2 Future Research

There are many areas that require further research and improver@mthe hard-
ware side, the Inertial Measurement Unit should be replaced and thdisgrapd
working rate of the system increased, as was mentioned in sections 3.342ard
barometric altimeter will also be added, along with an ultrasound ground proximity
sensor.

The attitude determination algorithm (section 4.2) will be soon improved by incor-
porating a Kalman filter, which is currently being finalized, and ultimately improved
to provide not only attitude, but complete navigation data. The Attitude CondngeiL
(section 4.4.2) would be the next task in order and shall be operationa imetr fu-
ture. The higher control layers will follow.

Itis clear that there is still a lot of work to be done on the project, and suralyy
other tasks, not yet foreseen, will emerge in the future too, as theysiia
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A.1 Contents of Enclosed DVD

Disclaimer - this DVD contains the technical documentation, flight data and
photo gallery for the RAMA project, in the state it was when this thesis was
finished. For latest versions and information, please visit the projecsiteeb
http://rtime.felk.cvut.cz/helicopter.

list of directories:

e thesis - directory contains this thesis in pdf format
e hw - hardware schematics, blueprints and pcb designs

e sw - software source codes

flight_data - flight data, along with the vizualization scripts for Matlab

gallery - photo and video gallery (contains only selected photos and Viideos
the RAMA archive)
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A.2 List of the Telemetry Messages

Table A.1: Definitions of the Telemetry Messages

ID | Meaning | Contents
Asynchronous Messages
0x02 | IMU error uint8 error code
0x04 | GPS error uint8 error code
0x05 | SCU error uint8 error code
0x10 | control mode uint8 mode (0x00-MCM OxFF-ACM)
0x30 | data composition error | uint32 error code
0x64 | DAM unexpected reset | uint8 number of occurrences
Synchronous Data Messages
0x35 | all data sampled @64 Hz struct eth_data msg type data
0x40 | GPS data sampled @1 Hzstruct cpo_pvt_data type gpsdata
typedef struct {

uint32_t sanpl e_num
uint8_t servo_nask;
uint8 t reserve_1,;

fl oat
fl oat

nt16 t

des roll;
des_pitch;

fl oat des_yaw,

fl oat
fl oat
fl oat
fl oat
fl oat

throttle_stick_pos;
nt16 t roll _stick _pos;
nt16_t pitch_stick_pos;
nt16_t gyro_stick _pos;
nt16 t collective stick
nt16_t yaw stick_pos;
ntl6 t reserve_ 2;

_pos;

ntl6 t throttl e _servo pos;
ntl16_t roll_servo_pos;
nt1l6 t pitch_servo_pos;
nt16_t yaw servo_pos;
ntl1l6 t collective_servo_pos;
ntl6 t reserve_ 3;

params_rol | _rate_Xi;
parans_roll _rate Xdr;
parans_rol | _rate_ Xdy;
parans_pitch rate Xi;
parans_pitch_rate_ Xdr;
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fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat
fl oat

} __attribute__ ( ( packed ) ) eth_data _nsg_type;

parans_pitch_rate_ Xdy;

par ams_yaw r at e_Xi
parans_yaw rate_Xdr;

par ans_yaw_r at e_Xdy;

batt vol tage_act uat or;
batt_vol tage_avi oni c;

roll _angl e;

pi tch_angl e;

yaw_angl e;
angular _rate roll _filtered;
angul ar_rate_pitch_filtered;
angul ar_rate_yaw filtered;
angul ar_rate_roll;

angul ar_rate pitch
angul ar _rate_yaw,
accel _x filtered;
accel _y filtered;
accel _z filtered,

accel _x;
accel _y;
accel _z;

nfi _x filtered;
nfi_y filtered;
nfi _z filtered;

nfi_x;
nfi_vy;
nfi_z;
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t ypedef struct {
float alt;
fl oat epe;
fl oat eph;
float epv;
intl6 t fix;
doubl e gps_tow,
doubl e | at;
doubl e | on;
float |on_vel;
float |at vel;
float alt _vel;
float nsl _hght;
intl6 t |eap_sec;
int32_t grmm_days;
} __attribute_ ( ( packed ) ) cpo_pvt_data_type;
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A.3 List of the Vehicle Bus Messages

Table A.2: Definitions of the Vehicle Bus Messages

ID | Meaning | Contents

DAM Status Messages - out
0x0002 | IMU error uint8 error code
0x0004 | GPS error uint8 error code
0x0064 | DAM boot-up no data

DAM Data Messages - out
0x0014 | TSM Message no data
0x0020 | x magnetic intensity float raw datafloat filtered (miligauss)
0x0040 | y magnetic intensity float raw datéafloat filtered (miligauss)
0x0060 | z magnetic intensity float raw datafloat filtered (miligauss)
0x0056 | x acceleration float raw datafloat filtered (milig)
0x0057 | y acceleration float raw datafloat filtered (milig)
0x0058 | z acceleration float raw datafloat filtered (milig)
0x00C4 | angular rate roll float raw datéafloat filtered (rad/s)
0x01C4 | angular rate pitch float raw datafloat filtered (rad/s)
0x03C4 | angular rate yaw float raw datafloat filtered (rad/s)
0x0400 | GPS raw data 1 uint64 raw data
0x0200 | GPS raw data 2 uint64 raw data
0x0180 | GPS raw data 3 uint64 raw data
0x0100 | GPS raw data 4 uint64 raw data
0x0300 | GPS raw data 5 uint64 raw data
0x0500 | GPS raw data 6 uint64 raw data
0x0700 | GPS raw data 7 uint64 raw data
0x0090 | GPS raw data 8 uint64 raw data

DAM Command Messages - in

0x0059 | calibration sample numberuintl6 number
Ox006E | DAM reset request no data
0x006F | DAM run request no data
0x0070 | roll rate filter a coef. float coefficient
0x0071 | roll rate filter b coef. float coefficient
0x0072 | pitch rate filter a coef. float coefficient
0x0073 | pitch rate filter b coef. float coefficient
0x0074 | yaw rate filter a coef. float coefficient
0x0075 | yaw rate filter b coef. float coefficient
0x0076 | accel x filter a coef. float coefficient
0x0077 | accel x rate filter b coef. | float coefficient

continued on the next page
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Table A.2 — continued from previous page
ID Meaning Contents
0x0078 | accel y filter a coef. float coefficient
0x0079 | accel y rate filter b coef. | float coefficient
0x007A | accel z filter a coef. float coefficient
0x007B | accel z rate filter b coef. | float coefficient
0x007C | TAM x filter a coef. float coefficient
0x007D | TAM x rate filter b coef. | float coefficient
0x007E | TAM y filter a coef. float coefficient
0x007F | TAM y rate filter b coef. | float coefficient
0x0080 | TAM z filter a coef. float coefficient
0x0081 | TAM z rate filter b coef. | float coefficient
0x0082 | TAM x offset float offset
0x0083 | TAM y offset float offset
0x0084 | TAM z offset float offset
SCU Status Messages - out
0x0005 | SCU error uint8 error code
0x000A | ACM engaged no data
0x000B | MCM engaged no data
SCU Data Messages - out
0x0023 | stick positions 1 uint8 servo maskiint8 reserved
uint16 throttleuint16 roll uint16 pitch
0x0024 | stick positions 2 uintl6 gyrouint16 collective
uintl6 yaw uint16 reserved
0x0032 | battery voltages uint8 ACB voltageuint8 AVB voltage
SCU Command Messages - in
0x0019 | servo positions 1 uint8 servo mashiint8 reserved
uint16 throttleuint16 roll uint16 pitch
0x001A | servo positions 2 uintl6 gyrouintl6 collective
uintl6 yaw uint16 reserved
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A.4 Schematics of Control System Modules
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A.4 Schematics of Control System Modules
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A.4 Schematics of Control System Modules
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