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

Ing. Onďrej Špinka
Czech Technical University in Prague, 2009

Thesis Advisor: Doc. Dr. Ing. Zdeněk Hanźalek

This thesis presents a modular control system for Unmanned Aerial Vehicles
(UAVs), the RAMA control system. RAMA is a universal, lightweight and compact
autopilot for small UAVs, designed and built at the Department of Control Engineer-
ing, Faculty of Electrical Engineering of the Czech Technical Universityin Prague.
RAMA is designed as a modular, distributed, hierarchical system, designedwith em-
phasis on reliability and safety. It is fault-tolerant, implementing a novel architecture,
utilizing the graceful degradation and a simple reconfiguration techniques tomaintain
the most critical functions. RAMA serves as a relatively cheap, open andmodular re-
search platform, allowing to test various hardware and software solutionsand data ac-
quisition and control algorithms. The data and technical expertise is publicly shared,
allowing other researchers, interested in the field, to participate on the project, or to
use our results to support their own work. RAMA is an excellent platform for student
work, mainly in the form of semestral or graduation projects. It is also an outstanding
tool for the PR (Public Relations) and advertising purposes, attracting attention of fu-
ture students. The design and construction, both hardware and software wise, 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. To design and develop a rotorcraft-based UAV (Unmanned Aerial Vehicle) 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 prove the feasi-
bility of the proposed solutions.

4. Thoroughly document the whole project and make the technology and results
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 of human busi-
ness nowadays. Although being developed mainly for the military in the past, a lot of
other applications emerged recently. UAVs are becoming popular with the emergency
services, aerial photography, movie making industry, agriculture or traffic observa-
tions. Their operation and maintenance costs are very favorable compared to manned
vehicles and they might also be used in a rather hazardous environment, where the
deployment of a manned vehicle would prove too dangerous. The UAVs are usually
much smaller and lighter than their full-scale counterparts, being able to fly in much
more restricted space.

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

In some areas, such as military or traffic or agriculture observations, fullauton-
omy, high reliability and long flight duration are required, leading to complex and
potent vehicle designs. The avionics of these drones is very sophisticated, robust
and often redundant, designed in a very similar manner as for the manned aircraft.
Obviously, such vehicles are capable of carrying out complex mission profiles. On
the other hand, they also require relatively complex maintenance and ground support
systems, and are extremely expensive. Let us note the well-known U.S. AirForce
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 vehicle are often not
required. On the contrary, small, light, simple and cheap drones are wanted, provid-
ing a semi-automatic, stable flying platform for light payloads, mainly cameras. The
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 stabilization.
Cheap and lightweight avionic is required for those vehicles, yet providing a reason-
able safety margin for mission-critical functions. Such vehicles are also popular in
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 necessary redun-
dancy for the most critical functions can be achieved due to thesystem reconfigura-
tion andgraceful degradationin case of a failure. The purpose of this is to “jury rig”
the system, sacrificing the less important functionality to allow the most critical tasks
to be carried out. This usually leads to a mission loss, but can prevent the vehicle
loss and other possible consequences, due to a potentially dangerous craft coming
completely out of control.

1.2 Outline and Contribution

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

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

Although designed as an universal autopilot, RAMA is currently focusedon a
rotorcraft control and is tested using a small helicopter. Therefore, thebulk of this
thesis is focused on rotorcraft control.

Original contributions of this thesis are as follows:

• 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 reconfiguration safety
principles, as well as it simplifies software and hardware upgrades and testing
procedures (as described in chapters 3, 6 and 7). Its innovative value was also
recognized by the editors and reviewers of a prestigious engineering journal
[Špinka et al.(2009a)]. The whole hardware and software design and imple-
mentation are original.

• RAMA is an open-source project, meaning that in-depth technical information
and data are publicly shared at the project website [Špinka(2007)]. 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 aware of isthe
Paparazzi project [3], but this particular project is focused somewhat differently
(see section 1.3).

• Further contributions of this work include original control scheme and algo-
rithms (chapter 4) and the testing results (chapter 7), which are backed bya
vast pool of real flight data.

The thesis organization is as follows: The first chapter defines goals andassets of
the work, introduces the project and discusses the related work. The second chapter
is only informative and its purpose is to define basic terms and principles of theheli-
copter flight, needed for proper understanding of the following text. It may be skipped
by a reader who is familiar with this topic. The third chapter presents the hardware
architecture of RAMA control system, followed by description of the control scheme
and algorithms in chapter 4. Chapter 5 explains the software of the system, while
chapter 6 describes the fault-tolerance and safety features of the system. Chapter 7
presents the experiments and testing results. The last chapter concludes the thesis 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 systems. There is
almost inexhaustible amount of various control designs that were published among
the years. Let us note at least those that directly influenced the RAMA project, or
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 model (and derive a
linearized state-space version), along with identification methods and a case-study,
showing parameters and modeling results of a specific hobby-helicopter.

The works [7], [8], [9], [10] [11], [12] and [13] deal with control of small rotor-
craft. In [7], a novel SDRE (State-Dependent Riccati Equation) low-level stabilizing
controller is presented. This option is very interesting from the theoretical point of
view because of its optimality and was considered for the RAMA system, but was
later abandoned in favor of a more conventional cascaded PID control,which, 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, as itsimplifies the
graceful degradation scheme implementation. The cascaded-PID approach is demon-
strated in [8], and following work in [9] and [10]. In [11] and [12], aninteresting
artificial intelligence approach to hover control, using a neural network,is presented.
It was not considered for implementation on RAMA for the same reasons thateventu-
ally led to the rejection of the SDRE, but represents another original approach to the
low-level rotorcraft stabilization problem. In [13], a hierarchical flightcontrol scheme
for UAVs is given, which eventually inspired our own control scheme, described in
chapter 4.

A good general methodology for platform-based design and systematic integra-
tion of control systems, dealing with implementation constraints and reuse of pre-
viously designed components, is given in [14]. A framework for dynamic reconfig-
urability and graceful degradation in embedded systems is presented in [15]. Another
approach, called the Simplex architecture, is shown in [16]. The dependability and re-
configuration of the distributed embedded systems is also dealt with in [17] and[18].
Those are theoretical works, which inspired some of the solutions implementedin the
RAMA system, namely the graceful degradation scheme. The specific requirements
and properties of the real-time [19][20][21] and embedded systems [22]have been
considered in the software design.

UAV navigation, sensor data fusion and vehicle guidance are handled in [23], [24]
and [25]. Those works inspired our own approach to sensor data fusion, described 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, the design phi-
losophy is somewhat different. Both systems were designed as low-cost and mainly
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, it
can operate fully autonomously and is able to take-off and land automatically, which
RAMA cannot do in its present state. On the other hand, RAMA was designed with
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 explained in the
previous section.

Another interesting UAV autopilot project is the Paparazzi [3]. It is an open-
source project and provided inspiration for RAMA. It presents a simple solution, suit-
able for many non-demanding applications. Its scope is somewhat different to RAMA;
Paparazzi is intended to provide a simple and cheap solution to the end-users, while
RAMA,on the other hand, is a good research platform. The main differenceis that
RAMA provides a broadband telemetry, modular structure and powerful computing
platform, all being very important assets for research and development. On top of that,
RAMA’s project website also offers recorded flight data for theoretical researchers.
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Chapter 2

Flight Mechanics and
Mathematical Modeling of a
Rotorcraft

Before describing the functional principles, control algorithms and testingresults of
the RAMA project, it is important to have at least some very basic understanding of
the helicopter flight mechanics, its characteristics and properties. This chapter is only
informative, but should provide the necessary insight, needed for proper understand-
ing of the rest of this thesis. It was compiled using sources [27], [28], [6], [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 (Figure 2.1 - this fig-
ure was taken from the Wikipedia, the free encyclopedia), which will be used through-
out this thesis. Standard aerospace system was adopted for the RAMA project. Two
reference frames are defined; Theearth frameand thebody frame. Both are orthogo-
nal Cartesian frames. The earth framexyz has thex axis pointing to the north, they
axis pointing to the east and thez axis pointing downwards. The body frameXY Z is
oriented to have theX axis pointing forward along the fuselage, theY axis 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 angles [29].
zyx rotation is used to obtain the transformation from the earth frame to the body
frame - meaning that the first rotation, by angleψ, takes place around thez axis, the
second rotation (by angleφ) around the newly-definedy′ axis and the last rotation
(by angleθ) around the newx′′ axis (thex′′ axis already coincides with theX axis
of the body frameXY Z). This set of rotations yields theXY Z frame from thexyz.

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

The attitude anglesψ, φ andθ are called the yaw, pitch and roll angles of the vehicle
(sometimes denoted YPR angles for short). The conversion from one reference frame
to the other might be expressed by the rotation matrixR [29]:

R = R1.R2.R3 (2.1)

where the matricesR1,R2 andR3 represent the respective rotations.
As is widely known, the Euler angles suffer from singularities, occurringfor the

90◦ tilt angles. This singularities cause the presence of thegimbal lockphenomenon
[30] in the attitude representation. The gimbal lock is a condition when a degree of
freedom is lost and two attitude angles become dependent. For example, for90◦ pitch
angle the roll and yaw angles become dependent - the resulting attitude of thevehicle
is be the same if the values of roll and yaw are swapped. Consider followingsequence
of rotations: yaw by45◦, pitch by90◦ and roll by−30◦. The resulting attitude is the
same as for the sequence: yaw−30◦, pitch 90◦ and roll 45◦. The presence of a
gimbal lock is indicated by one of the rotation matricesR1, R2 orR3 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 reconstruction (it is very
informative to study the history of the NASA’s Apollo project and the case when the
gimbal lock nearly claimed the lives of the Apollo 13 crew [31][32]).
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2.2 Flight Mechanics of a Rotorcraft

2.2.1 Basic Aerodynamics

It is a well-known fact [27] that an airfoil profiled body (oranybody for that matter),
subjected to the air flow, generates thedrag and thelift . Both drag and lift are non-
linearly dependent on the relative speed of the flow and theangle of attack(Figure
2.2), which is a relative angle between the airflow vector and the airfoil axis. The
higher the angle of attack is, the higher is the generated lifting force (and thedrag force
alike) [27], up until the point ofstall - this is a point where the laminar flow around
the lifting body becomes turbulent (Figure 2.3). The angle of attack, corresponding to
the situation when stall just begins to occur (for a given airfoil), is called thecritical
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 and dragincrease
non-linearly with the increasing speed, up to thecritical Mach numberof the body.
Weird things begin to happen at critical Mach numbers and for the sake of simplicity,
we shall assume that the airflow speed is always well below that limit for the rest of
this text. This condition is met for most of the UAVs (although the speed of the tips
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of the rotor blades or propellers might be actually closer to the critical Mach number
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 wings thesitu-
ation is somewhat more complicated, because they actuallyhaveto end somewhere.
Naturally, there is a pressure difference between the top and the bottom side of a wing;
that is how the lift is generated. At the wing tip, this difference produces a parasite
airflow from the bottom side to the top (as can be seen at Figure 2.4), creating avortex
at the wing tip. This vortex creates turbulece and decreases the lift generated by the
outward portion of the wing, so the lift force generated along the length of awing
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 bladesas
“wings”, but those wings are not subjected to the uniform airflow. The angular ve-
locity of the rotor might be considered constant, but the circumferential velocity is
obviously not. It increases along the blade from the root to the tip, where itis at max-
imum. The lifting force distribution along the rotor blades is depicted in Figure 2.5
- it increases (non-linearly, of course) along with the circumferential speed, up to the
point where the tip vortex comes into play; then it starts to fall again to zero, reached
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 helicopter is flying for-
ward, as shown in Figure 2.6. Assume that the rotor is turning clockwise. The air flow
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speed along a part of the blade is now given by the vector addition of the current cir-
cumferential velocity vector at the given point and the negative air speedof the vehicle
(the vector of the airflow is logically directly opposite to the vehicle airspeed).It is
obvious that the air flow speed (and consequently the generated lift) is notdistributed
uniformly along the rotor disc, but depends on the current angle of the blades relative
to the velocity vector (uniform to the vehicle axis) - called theazimuth 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. At90◦, a blade produces maximum lift, because
the airflow generated by the movement of the vehicle blows directly opposite to the
blade; at270◦ azimuth the situation is reversed and the blade generates the lowest lift.
The lift distribution in this case (one blade at90◦ azimuth and the other at270◦) is
depicted in Figure 2.7. It is obvious that a blade to the left of the fuselage (azimuth
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 theadvancing 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 is surely
clear enough by now.

The disbalance in the generated lift naturally produces a torque, acting atthe ve-
hicle. It might seem intuitive that in the case described above, this torque would cause
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the vehicle to roll to the right - but here comes the surprise. In fact, the torque in this
case causes the vehicle topitch backwards. This is because the gyroscopic effect of
the rotor spin comes into play. This effect is causing a phase shift (a phase delay)
between the lift force and the corresponding torque; this shift is typically by 90◦ (but
could be less or more, depending on many factors, creating not only longitudinal, but
also a lateral torque). Therefore, the maximum torque is acting with one bladeat180◦

azimuth and the other at0◦, causing the vehicle to pitch backwards. This effect works
as a kind of natural negative feedback in the velocity control of the vehicle. In order
to fly forward, the vehicle naturally has to pitch forward (to cause the portion of the
rotor lifting force to accelerate the vehicle forwards as shown in Figure 2.8). With
increasing speed, the vehicle tends to straighten again, decreasing the forward acting
force in effect.
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2.2.2 Rotor Blade Dynamics

Assume a helicopter in hover. There are two main forces acting on a rotor blade; the
aerodynamic lift force, which was discussed in previous section, and thecentrifugal
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, while the acting
point of the lift force is located a little more outwards [28] (Figure 2.9).

The vector sum of those two vectors determines thedihedral angleof the blade,
measured between the plane perpendicular to the rotor axis and the blade. The rotor
blades are usually hinged to allow for that movement, but the movement is restricted
and damped by very stiff rubber dampers. So, in reality, the dihedral angle would
be much less than the “natural” angle would be, because of the dampers restricting
the movement. It is worth mentioning that the centrifugal force is normally aboutan
order of magnitude greater than the lifting force, giving a relatively shallowdihedral
angle even without the dampers. In practice (with the dampers involved), thedihedral
angle of the blades is typically around1 − 4◦.

Let us now examine the effects of those two forces on the angle of attack ofa
blade, assuming that the blade is flexible and therefore can bend. The carbon fibre
composite rotor blades, used on most UAVs, are usually very stiff and do not bend
as much as the blades of their full-scale counterparts, so this aspect can be safely
neglected on most of the UAVs; but it is still worth mentioning and plays a significant
role on bigger rotorcrafts.

It is very important to have the acting point of the centrifugal force in front of the
acting point of the lifting force, as depicted at Figure 2.10. In this case, thetorque,
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which is bending the blade, would tend to reduce the angle of attack, because the
leading edge of the blade is bent downwards. This would in turn reduce thelifting
force a little and an equilibrium is therefore quickly established, so the blade isstable
(a negative feedback loop is present).

On the contrary, if the acting points of the forces would be swapped (as shown in
Figure 2.11, the blade would be unstable. The torque would bend the leadingedge of
the blade upwards, increasing the lift, and therefore further increasingthe torque (a
positive feedback loop is established). This case might be actually stable too(given
the structural parameters of the blade), but often leads to the effect called flutter. The
angle of attack would increase, increasing the lift in turn, up to the point of stall
(remember the previous section), when the critical angle of attack is reached. At this
moment, the lifting force would rapidly decrease and the blade would snap back down
because of its flexibility. This would suddenly reduce the angle of attack again and the
cycle would repeat. This is obviously a very dangerous behavior, whichoften leads
to the structural failure of the blade, suffering from this phenomenon. The mass of a
blade must therefore be distributed so that the points of action of both forces are in
stable configuration.

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

Because the lifting force is increasing in the azimuth interval(270◦, 90◦), the
blade would travel upwards (gradually increasing its dihedral angle) in the interval of
(0◦, 180◦), reaching peak at180◦. Again, this is because the gyroscopic effect comes
into play; the maxim dihedral angle is reached90◦ after the peak force. Because the
peak force is acting at90◦, peak dihedral angle is achieved at180◦. Analogically,
the blade would travel down between the azimuth of(180◦, 0◦), with the lowest point
occurring at0◦. This periodic vertical movement is known as theblade flapping, and
it is one of the most important phenomenons of the helicopter flight. Let us investigate
its consequences.

The blade flapping reduces theeffective angle of attackof the blade traveling
upwards and increases the effective angle of attack of the blade going downwards.
This is because the blades no longer move directly against the airflow generated by
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the movement of the helicopter; their effective speed is now given by the vector sum
of the velocity airflow vector, circumferential speed vector and the current flapping
speed vector. This effect can be clearly seen in Figure 2.12. Becauseof this, in ideal
case, the disbalance of lift, induced by the movement of the vehicle, would benegated
by the effect of the blade flapping. In reality, it is not quite so, because the dampers in
the camber hinges prevent the blades from flapping freely, so some of thedisbalance
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 the next section.

In reality, there are many other effects affecting the blade flapping, but those are
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 helicopter shall be de-
scribed. Basically, a helicopter has five inputs - the engine control (controlling the
torque, which drives the main rotor), the collective control of the main rotorblades
(controls the magnitude of the thrust the main rotor produces), the longitudinal and
lateral cyclic control of the main rotor blades - controlling the “tilting” of the thrust
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 the pitchof
the helicopter body, or it could be used to describe the angle of attack of theblades; it
is somewhat unfortunate, but it is a tradition). The tail rotor pitch controls theamount
of thrust produced by the tail rotor, which is in turn used to control the yawof the
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 (feathering) oftheir
blades along their longest axis (changing their angle of attack). The blades are at-
tached to the rotor head using thefeathering shaft, to make the tilting possible. The
speed of the main rotor is kept constant throughout the flight, as well as thespeed of
the tail rotor (which is usually driven by a drive shaft or a drive belt from the main
rotor gear at a fixed gear ratio, so its speed is directly proportional to the main rotor
speed). The engine is kept at constant speed all the time; it only has to react to the
variable demand of torque (with is proportionally dependent on the produced thrust).
A simple, independent P or PD controller could be used to control the enginespeed;
even a blunt feed-forward gain, derived from the collective control,is viable and often
used in practice. It works well enough, because there is a lot of inertia inthe whole
system. Thecollective controltilts both blades of the main rotor together by the same
angle, therefore controlling the amount of thrust produced by the rotor.The tail rotor
control works in exactly the same manner. It is important to note that both rotors are
able to produce thrust in both directions; i. e. the main rotor is able to thrust both
upwards and downwards and the tail rotor clockwise as well as counterclockwise. For
acrobatic flying, the amount of thrust produced by the main rotor is set to besymmet-
rical, meaning that the same thrust is available in both directions, allowing for inverted
flight. The tail rotor is usually set so it can produce a little more thrust in the direction
it has to compensate for the counter torque of the engine; i. e. counterclockwise for
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), thecyclic control is
used. There is the longitudinal cyclic for the pitch and the lateral cyclic for the roll
tilting. The cyclic control is based on periodic changes of the angle of attackof the
rotor blades with respect to their azimuth. It is best to explain its function usingan
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 of(0◦, 180◦) (with peak coming at180◦)
and decreasing that angle in the opposite interval (which is(180◦, 0◦) ), as shown in
Figure 2.13. Now recall the section 2.2.2 and the blade flapping phenomenon. This
action would cause the blades to reach the maximum dihedral angle at the azimuthof
270◦ and the minimum at90◦, tilting the imaginaryrotor plane to the left in effect
(Figure 2.14). Also, this action produces a torque, tilting the helicopter bodyin the
same direction.

Now, remember the camber dampers, mentioned in previous section. As was
already said, those dampers are in place to prevent unrestricted blade flapping. This is
necessary in order to have some control authority over the vehicle. Imagine that there
would be no dampers at all and the blades would be left to flap freely. In thiscase, the
cyclic control would cause the blades to flap, but the flapping would have absolutely
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no effect on the helicopter body, because there would be no way how to translate the
produced tilting torque from the blades to the body. So the dampers are necessary
to transfer the torque from the blades to the fuselage. The stiffness of these dampers
determines how much control authority the vertical movement of the rotor blades has
over the helicopter body; the stiffer the dampers are, the more control authority is
there. In turn, the moreadverseeffect 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. Thecollective
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control determines thebasalangle of attack of both blades, controlling the overall
amount of produced thrust; the cyclic control periodic blade tilting issuperposedto
that basal angle, inducing lift variations in the course of one revolution ofthe rotor,
in turn producing thetorque. 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 hastoo muchauthority over
the vehicle, causing too rapid response for a human pilot to handle; moreover, the
reaction is strongly non-linear. As the bank angle of the vehicle increases, so is in-
creasing the torque; it is obvious from the Figure 2.14. The gravity vectordirection
does not change, but the thrust vector acting point is shifting further away from it. This
causes the spin of the vehicle toaccelerate. At the bank angle of90◦, the situation
reverses and the spin begins to decelerate again. So, when making a360◦ roll (a very
basic aerobatic figure) for example, the natural response of the vehicleis somewhat
“herky-jerky”. This is very unpleasant behavior from the pilot’s perspective.

Therefore, a mechanical rate stabilizing system was devised right at the advent of
the helicopter flight in the 1940s. This was the Bell’s system, later improved by Hiller,
hence commonly known as the Bell-Hiller system. This system is obsolete nowadays,
because it can be easily replaced by electronic gyro-stabilizers, but it isstill very
common in the UAV field. The Freya helicopter used in the RAMA project does have
the Bell-Hiller system too, and therefore it in necessary to explain its function.

The original Bell’s system consisted of aflybar (Figure 2.15), which is a shaft,
connecting two paddles, mounted over (or under) the main rotor. The flybar is usually
mounted perpendicular to the rotor blades (seen from above). It can tilt freely, so the



2.2 Flight Mechanics of a Rotorcraft 19

paddles can move up and down, and it can also be feathered, meaning thatthe angle
of attack of the paddles is under control. The flybar is connected with the mainblades
feathering system by control rods, so that the tilt of the flybar causes tiltingof the
main rotor blades in the corresponding direction.

The flybar behaves like a small rotor; it would tilt (meaning the plane of its rotation
would tilt) if the paddles are feathered. It also behaves like a gyroscope;it has 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 maintain its
previous position (there are no camber dampers which would prevent it to do so).
So, the plane of the flybar and the main rotor would no longer be parallel; andthe
flybar would therefore tilt the main rotor blades (via the connecting rods) and induce
a countering cyclic control, up until the point when the planes of rotation areparallel
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 is, thegreater
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; The flybar
tilting determines the set point and the relative angle between the flybar and themain
rotor discs is the control error. The cyclic actuation is applied solely to the flybar and
only the flybar controls the cyclic feathering of the main blades. Thep constant of
this controller is given by the weight and size of the paddles. The more the paddles
weight, the more gyroscopic - and stabilizing - effect they have, so making them heavy
would stabilize the system, but increase the reaction time to the setpoint change;on
the contrary, making them lighter makes the response of the system faster, for partial
loss of stability.

This system somewhat linearized the angular rate response of the helicopter, but
induced a lag in the cyclic control response. The reaction to a setpoint change was
somewhat lazy and the pilots were still not completely happy. Therefore, thesystem
was improved by Mr. Hiller to make the response faster. Hiller introduced a feed-
forward branch into the controller; he added control rods, which feeda portion 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 systemretains
the stability of the Bell’s system, but makes the response to the setpoint variations
faster.

It was determined that the Bell-Hiller stabilizer consumes a significant portion of
the engine power; typically about 15-20%. It is therefore much better to get rid of this
system completely and introduce the electronic rate stabilizers, as the RAMA system
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 actuated in exactly the
same manner as the collective control of the mail rotor (as was mentioned earlier).
In a steady state, the tail rotor must compensate for the torque reaction, induced by
the engine. This torque reaction acts in opposite direction than the engine torque;
therefore, if the rotor revs clockwise, the fuselage tends to spin counterclockwise.
Hence, in this case, the tail rotor must thrust to the left, In order to producea clockwise
counter-torque. This thrust naturally induces not only the torque (with respect to the
main rotor axis, where the tail boom serves as a lever), but also draws thehelicopter
to that direction (i. e. to the left). To compensate this draw, the helicopter must bank
to the right slightly, so that the main rotor could produce a counter-thrust (otherwise,
the helicopter would accelerate leftwards). So, in the hover, the helicopteris never
completely straight; it has to bank slightly, in order to maintain the steady state. The
bank angle is typically around3 − 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 rotor thrust
might be, it would still bank the helicopter slightly forwards in the long term, causing
it in turn to accelerate slightly forwards. So, this thrust must be compensatedby a
tiny backward pitch of the vehicle. However, the bank angle in this direction isalmost
negligible in reality.

2.2.4 Effects of the Rotor Speed

As was said earlier, the rotor speed is kept constant throughout the flight. This is
because the rotor speed has great influence on the control authority ofthe helicopter.
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With increasing rotor speed, the controls are becoming more responsive,because the
control surfaces (i. e. the blades) produce greater amount of thrustat the same angle
of attack. The relation between the rotor speed and the generated lift is strongly
non-linear, so the speed variations would largely disrupt the control loops. Either
the control gains would have to be set over-conservatively, reducingthe effectiveness
of the control loops, or some sort of adaptivity (usually the gain scheduling) would
have to be incorporated. Either way, the controllability of the helicopter wouldbe
compromised nevertheless. Hence, it is very desirable to minimize the rotor speed
variations. Fortunately, this is not so hard, as was mentioned in the previoussection,
because of the great amount of inertia accumulated in the rotor.

The variations of the air speed of the helicopter in flight naturally have the same
effect as rotor speed variations, but in this case, the influence is somewhat lower,
because the flight speed is typically seven or eight times lower than the circumferential
speed of the rotor tips; hence, the rotor speed variations have much greater effect than
air speed variations. Usually, the PID control loops (the lowest-layer, i. e. the angular
rate control loops) are robust enough to cope with these variations under reasonable
flight conditions (slow flight); however, it might beneficial to incorporate some sort of
adaptivity (gain scheduling), if it is desirable to exploit the full flight envelope of 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 the vehicle.
For helicopters, the CG should be positioned right at the main rotor axis, as low as
possible. The lower the CG is, the greater is the natural stability of the vehicle,be-
cause the lever between the acting point of the lift force and the CG would begreater
(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, which would tend
to turn the vehicle (either in the roll or the pitch), which would have to be permanently
compensated for by the cyclic control. This is naturally undesirable, so the helicopter
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 past. However,
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 between miniature
helicopters and their full-scale counterparts. The first major differenceis caused just
by the size itself, although it is being overlooked surprisingly often. Thereis no “scale
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preservation law” in the physics and small machines may behave quite differently
compared to their big equivalents.

Talking about helicopters, the moments of inertia decreases with the fifth power
of the scale factor, while the rotor thrust decreases proportionally to the body mass,
that is with the third power. Therefore, it can be easily seen that the small rotorcrafts
feature a lot more favorable weight-to-thrust ratio, compared to the big ones. Given
this difference, it is hardly surprising that small helicopters are lot more agile and
maneuverable and can bear heavier payloads, compared to their weight, than normal
choppers. Thrust of a hobby helicopter can easily exceed its weight twoor three
times, a measure never reached by the full-scale rotorcrafts. Hence, theresponse to
the actuators (the collective and cyclic controls, as well as the tail rotor pitch) is much
more aggressive, giving the little machine the ability to spin around an arbitraryaxis
at a ratio up to 360◦ per second and to produce astonishingly fast ascent or flight
speed. The hobby helicopters are also able to produce negative thrust,allowing for
rapid descents or inverted flight. So clearly the scale difference has a considerable
impact to all vehicle characteristics.

Another differences are given by the construction of the rotor head and charac-
teristics of the rotor blades. Vast majority of small rotorcrafts utilize the two-blade
rotors, often equipped with the Bell-Hiller stabilizer. This system was abandoned at
full-scale helicopters in the 1950s. Moreover, the hobby helicopters usually use very
stiff blades, commonly made of carbon-fiber composites. On the other hand,full-scale
choppers usually use multi-blade rotor heads with very flexible blades. That results
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 helicopter dynamics
is caused by the flexibility of rotor blades itself.

It is therefore clear that mathematic models of the full-scale helicopters are not
directly applicable to the small ones, and so an adopted model is needed, better de-
scribing their unique features. Fortunately, mathematical description of a small-scale
rotorcraft is considerably simpler compared to the big one. This is thanks to their
simpler rotor dynamics given by the simple rotor head construction and relatively
stiff blades. These features effectively eliminate a lot of non-linearity incorporated
in the common full-scale rotorcraft models. Also the number of the state variables is
considerably lower. While complex helicopter models (for example [33]) incorporate
nearly 100 state variables, the well-known small helicopter model [6] has only 17.
So, although being non-linear and inherently unstable, small-scale helicopters can be
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 we plan
to utilize the model presented by Gavriletset al in [6], although the Freya helicopter
parameters have not been identified yet. This model is therefore briefly described in
the following sections.
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Figure 2.17: Forces and moments acting on a helicopter (courtesy V. Gavrilets)

2.3.1 Helicopter Parameters

The state variables and parameters of the mathematical model are arranged inthe table
2.1. Meaning of the most important state variables is shown in the Figure 2.17 (this
Figure was taken from [6]).

Table 2.1: Helicopter parameters

Parameter Description
m helicopter mass
Ixx rolling moment of inertia
Iyy pitching moment of inertia
Izz yawing moment of inertia
Kβ hub torsional stiffness
γfb stabilizer bar lock number
Bnom

δlat
lateral cyclic to flap gain

Anom
δlon

longitudinal cyclic to flap gain
Kµ scaling of the flap response to the speed variation
Ωnom nominal main rotor speed
Rmr main rotor radius
cmr main rotor chord
amr main rotor blade lift curve slope
Cmr

D0
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
Cmr

Tmax
main rotor maximal thrust coefficient

Iβmr main rotor blade flapping inertia
Rtr tail rotor radius
ctr tail rotor chord
atr tail rotor blade lift curve slope
Ctr

D0
tail rotor blade zero lift drag coefficient

Ctr
Tmax

tail rotor maximal thrust coefficient
ntr main-to-tail rotor gear ratio
nes engine-to-shaft gear ratio
δtrim
r tail rotor pitch trim offset
Svf effective vertical fin area
Cvf

Lα
vertical fin lift curve slope

ǫtrvf fraction of the vertical fin area exposed to the main rotor wash
Shf horizontal fin area
Chf

Lα
horizontal fin lift curve slope

P idle
eng engine idle power
Pmax

eng engine maximal power
fs

p rolling resonance frquency of the suspension system
fs

q pitching resonance frquency of the suspension system
fs

r yawing resonance frquency of the suspension system
ξs damping ratio of the suspension system material
Sfus

x frontal fuselage drag area
Sfus

y side fuselage drag area
Sfus

z vertical fuselage drag area
hmr main rotor hub height above the centre of gravity
ltr tail rotor hub location behind the centre of gravity
htr tail rotor height above the centre of gravity
lhf stabilizer location behind the centre of gravity
x longitudinal body frame axis
y lateral body frame axis
z vertical body frame axis
u longitudinal body frame velocity
v lateral body frame velocity
w vertical body frame velocity
φ roll angle
θ pitch angle
ψ yaw angle
p rolling angular velocity

continued on the next page
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Table 2.1 – continued from previous page
Parameter Description
q pitching angular velocity
r yawing angular velocity
Xmr in-plane x axis rotor force
Ymr in-plane y axis rotor force
Zmr in-plane z axis rotor force
Xfus fuselage drag along the x axis
Yfus fuselage drag along the y axis
Zfus fuselage drag along the z axis
Ytr tail rotor thrust along the y axis
Yvf vertical fin drag along the y axis
Zhf horizontal fin drag along the z axis
Lmr main rotor rolling moment
Mmr main rotor pitching moment
Qe engine yawing moment
Mhf horizontal fin pitching moment
Lvf vertical fin rolling moment
Nvf vertical fin yawing moment
Ltr tail rotor rolling moment
Ntr tail rotor yawing moment

2.3.2 Rigid Body Dynamics

Basically, the helicopter dynamics is modeled as arigid body dynamics, with all the
forces and moments, generated by the rotor, tail rotor, engine, aerodynamic drag etc.
acting on it. The most common way to describe the rigid body dynamics is to use
the well-knownNewton-Euler equations of motion. In this case, the cross products of
inertia were neglected:

u̇ = vr − wq − gsin θ + (Xmr +Xfus) /m

v̇ = wp− ur − gsin φ cos θ + (Ymr + Yfus + Ytr + Yvf ) /m

ẇ = uq − vp− gcos φ cos θ + (Zmr + Zfus + Zhf ) /m

ṗ = qr (Iyy − Izz) /Ixx + (Lmr + Lvf + Ltr) /Ixx

q̇ = pr (Izz − Ixx) /Iyy + (Mmr +Mhf ) /Iyy

ṙ = pq (Ixx − Iyy) /Izz + (−Qe +Nvf +Ntr) /Izz

(2.2)

Meaning of all the variables is explained in table 2.1 in the previous section. The
inertial velocities may be obtained from the equations above using a coordinate trans-
formation, either by Euler angles [29] or Quaternions [34]. As was already said, the
Euler angles are simpler, but due to the goniometric functions properties theyhave
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singular points for the angles of±90◦.

2.3.3 Main Rotor Forces and Moments

2.3.3.1 Thrust

Themain rotor thrustis dependent on a lot of conditions. Most important factors of
these are the collective pitch angleθ0, the lift curve slope of the rotor bladesamr and
the advance ratioµ. 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, as they are
of no great importance here, because the cyclic control influence is of second order
for small advance ratiosµ < 0.15. It may be also well assumed that the main rotor
blades have no twist, an assumption well justified by the stiffness of the carbon fiber
blades. Resulting set of equations is therefore considerably simpler compared to the
one describing the full-scale rotor behavior [33], which has to take all those factors
into account.

Following system of equations is based on the momentum theory and is to be
solved iteratively. Maximum thrustTmax has to be introduced, since momentum the-
ory does not take the aerodynamic blade stall effect into account (see section 2.2.1 for
explanation). This boundary value must be determined empirically. For the sake of
simplicity, the indexmr is omitted in the following equations.

CT =
T

ρ (ΩR)2 πR2
(2.3)

λ0 =
CT

2ηw

√

µ2 + (λ0 − µz)
2

(2.4)

Cideal
T =

aσ

2

(

θ0

(

1

3
+
µ2

2

)

+
µz − λ0

2

)

(2.5)

CT =











Cideal
T if − Cmax

T ≤ Cideal
T ≤ Cmax

T

−Cmax
T if Cideal

T < Cmax
T

Cmax
T if Cideal

T > Cmax
T

(2.6)

Cmax
T =

Tmax

ρ (ΩR)2 πR2
(2.7)

Where

µ =

√

(u− uwind)
2 + (v − vwind)

2

ΩR
is the advance ratio,

µz =
w − wwind

ΩR
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is the normal airflow component, and

σ =
2c

πR

is the solidity ratio.
Coefficientηw represents the power loss due to the non-uniform velocity of the

rotor blades and non-ideal pressure wake contraction. It was determined empirically
[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 to thevortex ring state
phenomenon, which cannot be described by the momentum theory. The vortex ring
state is very dangerous, extremely rare flight condition that occurs only at hover, and
is caused by the vortexes, forming at the rotor blade tips (see section 2.2.1). When
the vertical velocity equals the inflow speed, those vortexes become extremely large
and therefore the rotor downwash is forced outwards and upwards, and the same air
is sucked through the rotor all over again. This forms a closed loop between the air
intake and outlet, and the helicopter literally sucks itself to the ground. The more
collective, the worse this effect becomes. There are only two ways out; either to pitch
the vehicle using the cyclic control and therefore disturb the equality of the velocities,
or to disengage the clutch between the engine and the rotor and enter autorotation. In
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 descentrate the
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 significantly dependent on
the angle of attack, it could be treated constant. Induced yawing moment is then given
by:

Qmr = CQρ (ΩR)2 πR3 (2.8)

Where

CQ =
Q

ρ (ΩR)2 πR3
= CT (λ0 − µz) +

CD0
σ

8

(

1 +
7

3
µ2

)

(2.9)

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. More detailed
information can be found in [6].
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The blade flapping angle is a function of it’s azimuth angleψ (Figure 2.6):

β (ψ) = a0 + a1cos ψ + b1sin ψ (2.10)

Flapping of the flybar (Bell-Hiller stabilizer) is represented by:

βs (ψ) = a1ssin ψ + b1scos ψ (2.11)

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

θ (ψ) = θ0 + θlonsin ψ + θlatcos ψ + ksβs (2.12)

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

ḃ1 = −p−
b1
τe

−
1

τe

∂b1
∂µv

v − vw

ΩR
+
Bδlat

τe
δlat (2.13)

ȧ1 = −q −
a1

τe
+

1

τe

(

∂a1

∂µ

u− uw

ΩR
+
∂a1

∂µz

w − ww

ΩR

)

+
Aδlon

τe
δlon (2.14)

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

Lmr = (Kβ + Thmr) b1 (2.15)

Mmr = (Kβ + Thmr) a1 (2.16)

and the resulting main rotor forces are:

Xmr = −Tmra1

Ymr = Tmrb1

Zmr = −Tmr

(2.17)

Meaning of all variables can be found in table 2.1.

2.3.4 Engine and Rotor Speed Model

Therotor speed dynamicscan be expressed as:

Ω̇ = ṙ +
1

Irot
[Qe −Qmr − ntrQtr] (2.18)
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We may well assume that the engine torqueQe is proportional to the throttle
settingδt:

Pe = Pmax
e δt (2.19)

and the engine torque is:

Qe =
Pe

Ω
(2.20)

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

In RAMA, no feedback engine governor is used; instead, a pre-programmed
collective-to-throttle feed is established, so the throttle is controlled in the openloop
fashion. Due to the fast engine response and high rotor inertia this solutionworks fine
and is capable to keep the rotor revs within the range of approx.±100 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 forces can be approximated
as:

V∞ =

√

u2
a + v2

a + (wa + Vimr)
2

Xfus = −0.5ρSfus
x uaV∞

Yfus = −0.5ρSfus
y vaV∞

Zfus = −0.5ρSfus
z (wa + Vimr)V∞

(2.21)

whereVimr is the induced main rotor speed. We assume that the fuselage Centre
of Pressure coincides with its Centre of Gravity. The fuselage projection areas are
approximatelySfus

y ≈ 2.2Sfus
x , Sfus

z ≈ 1.5Sfus
x (considering the proportions of the

helicopter). Fuselage moments, induced by the drag forces, are small compared to the
main rotor moments and can be neglected.

2.3.6 Tail Surfaces Forces and Moments

2.3.6.1 Vertical Fin

Main purpose of thevertical fin is to protect the tail rotor from hitting the ground.
However, it also influences the dynamics, as it produces some aerodynamic drag,
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caused by the tail rotor wash. The sideforce, produced by the fin, could be expressed
as:

Yvf = −0.5ρSvf

(

Cvf
Lα
V tr
∞

+ |vvf |
)

vvf (2.22)

whereSvf is the vertical fin area,Cvf
Lα

is its lift curve slope,V tr
∞

=
√

u2
a + w2

tr is
the axial velocity at the location of the tail rotor hub,vvf is the side velocity relative
to the air andwtr is the vertical velocity, modeled as:

vvf = va − ǫtrvfVitr − ltrr (2.23)

wtr = wa + ltrq −KλVimr (2.24)

WhereVitr is the tail rotor induced velocity,r is the yaw rate,ǫtrvf is the area of the
part of the vertical fin exposed to the tail rotor wash,ltr is the vertical distance between
Centre of Gravity and the tail rotor hub,Vimr is the main rotor induced velocity and
finally Kλ is the wake intensity factor. Because of the stall of the vertical fin, the
maximal side force has to be bounded:

|Yvf | = 0.5ρSvf

(

(

V tr
∞

)2
+ v2

vf

)

(2.25)

Resulting side force induces a yawing and small rolling moments:

Nvf = −Yvf ltr

Lvf = Yvfhtr

(2.26)

2.3.6.2 Horizontal Fin

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

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

whf = wa + lhfq −KλVimr (2.27)

Then the force produced by the fin is computed:

Zhf = 0.5ρShf

(

Chf
Lα

|ua|whf + |whf |whf

)

(2.28)
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To take the stall effect into account, the result has to be bounded:

|Zhf | ≤ 0.5ρShf

(

u2

a + w2

hf

)

(2.29)

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

Mhf = Zhf lhf (2.30)

2.3.7 Tail Rotor Forces and Moments

It is no easy task to accurately simulate thetail rotor behavior, because there is a
wide range of hardly predictable factors, which can have significant influence. The
tail rotor often operates in its own wake, especially in hover, when the tail swing from
one side to the other and back again. Moreover, the tail rotor often finds itself partially
or completely in the main rotor wake, which affects its efficiency in a very complex
way. Airspeed of the helicopter also has considerable and very complex influence,
since it affects the tail rotor directly and indirectly, due to the changes in the main
rotor downwash.

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

Approximate equations, describing the tail rotor thrust, are based on linearization
of the thrust-inflow iteration equations around various axial velocities and the tail
rotor pitch.
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Y tr
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(2.31)

whereft is the fin blockage factor:

ft = 1 −
3

4

Svf

πR2
tr

(2.32)
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The tail rotor speed is proportionally dependent on the main rotor speed, since the
tail rotor is driven via a driving pulley with constant gear ratios. Therefore

Ωtr = ntrΩmr (2.33)

wherentr is the gear ratio coefficient. To emulate the main rotor influence, we
have to compute the so-called wake intensity factorKλ first. This factor models the
apparent in-plane velocity change, seen by the tail rotor. Following variables are
needed to computeKλ:

gi =
ltr −Rmr −Rtr

htr

gf =
ltr −Rmr +Rtr

htr

(2.34)

In hover or low enough air speed, the tail rotor finds itself out of the main rotor
wake. This can be represented by the conditionVimr ≤ wa:

ua

Vimr − wa
≤ gi (2.35)

andKλ = 0. The tail rotor is fully in the wake if:

ua

Vimr − wa
≥ gf (2.36)

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

Kλ = 1.5
ua

Vimr−wa
− gi

gf − gi
(2.37)

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

µtr =
u2

a + w2
tr

ΩtrRtr
(2.38)

Due to the stall condition, resulting tail rotor thrust has to be limited:

Y max
tr = ftC

tr
Tmax

ρ (ΩtrRtr)
2 πR2

tr

|Ytr| ≤ Y max
tr

(2.39)



2.3 Mathematical Model of a Rotorcraft 33

And the yawing and rolling moments are enumerated as follows:

Ntr = −Ytrltr

Ltr = Ytrhtr

(2.40)

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

λtr
0 = µztr − 2

[

2Ctr
T

atrσtr
− δtr

(

1

3
+
µ2

tr

2

)]

(2.41)

whereCtr
T is the tail rotor thrust coefficient,atr is the tail rotor blade lift curve

slope andσtr is the tail solidity ratio:

σtr =
2ctr
πRtr

(2.42)

Finally, the tail rotor torqueQtr 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 components price),
reasonably lightweight (approx. 1.5 kg) and compact (330x160x65 mm) universal
control system, which could be fitted to any kind of UAV (either a rotorcraftor a
fixed-wing aircraft). As an academic project, it is designed for research applications
and it is not meant as an “out-of-the-shelf product for everybody”.This implies many
of its assets and limitations.

It was foreseen that RAMA will have to be easily modifiable, both hardwareand
software wise, and should be able to accommodate relatively sophisticated algorithms
and broad telemetry bandwidth. Therefore, it is designed as a modular system with
high degree of independence between the nodes, so that each of them could be mod-
ified without affecting the rest of the system very much. This also contributes to its
safety (see chapter 6 for details), but on the other hand makes it more complicated and
increases it’s power consumption, size and mass.

RAMA’s on-board computers are very much over-designed in the senseof com-
puting power, for the reasons mentioned above. This allows for previously unforesee-
able extensions of its control algorithms, but increases the power demand.This is not
regarded as a problem for an experimental system with limited mission duration (it is
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 rate, butis
not reliable enough for critical tasks and works only on a short range and within direct
line of sight. Hence, it is no problem to transmit very large data streams and to ex-
tend the telemetry as needed. The disadvantages are not limiting for an experimental
system. Naturally, the telemetry could only be used for non-critical data transfers.

RAMA could possibly operate fully autonomously, however, it lacks the necessary

35



36 Chapter 3 Control System Hardware Architecture

Figure 3.1: Control system block diagram

redundancy and some mandatory avionic equipment (such as a radar transponder and
TCAS), required by UAV regulations for autonomous UAVs in most countries. It
is not suitable nor intended for autonomous long-range missions. This is dueto the
strict budget, weight, size and power consumption design constraints. Nevertheless, it
perfectly fulfills all the requirements for a semi-autonomous experimental small-UAV
autopilot, as mentioned in the section 1 - it can be safely operated under the direct
supervision of a human pilot.

Once fully functional, RAMA could provide a fully stabilized flying platform for
any kind of payload. This has many advantages over the wholly manually controlled
vehicle, as it was proven many times that a properly designed autopilot is superior to a
trained human pilot when it comes to fine stabilization or precise trajectory tracking.
An autopilot also significantly reduces the workload of the human pilot and reduces
the possibility of human error [35][36]. Due to its run-time reconfiguration capability
(see chapter 6), it is safe to operate the RAMA within the line of the pilot’s sight,so
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 Station(GS), comprised
of a laptop computer and a RC (Radio Control) transmitter. The laptop is used only
to visualize and record the on-line telemetry of the vehicle, while a model RC setis
used to issue commands to the airborne control system, and also allows one to re-take
full manual control of the drone in case of a control system failure. Theairborne
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part of the system is designed as a networked hierarchical distributed system. It con-
sists of several basically independent functional blocks, interconnected via theVehicle
Bus(VB), as can be seen from the block diagram (Figure 3.1). Those blocks are the
Navigation Unit(NU) (comprised of sensors and their management),Main Control
Computer(MCC), Wireless Data Communication Unit(WDCU), two Wireless Con-
trol Units (WCU) (for redundancy) and theServo Control Unit(SCU).

This structure allows a separate design and testing of each component, alsosim-
plifying any possible future extensions of the system. The nodes may be added or
exchanged without affecting the rest of the system very much, as all nodes are in-
terconnected only via a single interface and a single medium, the Vehicle Bus. Of
course, integration work and testing must follow any modification, but it is simplified
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 Computer is
connected to the Ground Station via the Wireless Data Communication Unit (WDCU),
which is currently anIEEE 802.11g(WiFi) module. The WiFi communication is non-
critical, as it is used only for the telemetry. The commands for the autopilot are issued
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 without
the data communication with the Ground Station (GS), as it serves only for the on-line
system monitoring and telemetry recording.

The sensor data are acquired and pre-processed by theNavigation Unit (NU).
This unit includes theInertial Measurement Unit(IMU), Three-Axis Magnetometer
(TAM), Global Positioning System(GPS) receiver and theData Acquisition Mod-
ule (DAM). All sensors are connected to the DAM, the purpose of which is to syn-
chronously sample all the data, pre-process it (filtering, unit conversion, etc.) and
send it to other control system nodes. DAM also provides theTime Synchronization
Message(TSM) for the rest of the system, the purpose of which is to synchronize all
system nodes.

The actuators (the servomotors driving the control surfaces of the vehicle) are
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 actuators, sample
their positions and also to sample the control sticks’ movement on the RC transmitter
(provided by the signals from the Wireless Control Units).

TheController Area Network (CAN) 2.0b[37], running at 1 Mbps, is used as the
Vehicle Bus. Its utilization is approx. 10%, so there are no problems with extensive
data packet delays. Proper real-time behavior is also ensured by the packet priorities
and non-destructive arbitration. The overall performance of the bus and mean/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 the client - mul-
tiple Ground Stations are allowed, the RAMA system has an telemetry server and is
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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 data packets are
only some 500 bytes long and are sent 32 times per second. This results in approx-
imately 2% of bus utilization, so there are no concerns with the real-time issues; the
telemetry is a soft real-time task anyway. The communication is encrypted, usingthe
standard 128-bit WEP algorithm.

Two separate batteries are used to power the system during flight. The first battery,
called theAvionics Battery(AVB), serves as a power supply for on-board avionics. It
is of Lithium-Polymer chemistry, capacity 4 Ah, configuration 3 cells serial (nominal
voltage is therefore 11.1 V). The other battery is called theActuator Battery(ACB)
and serves as a power supply for the actuators. It is of Nickel-Cadmium chemistry,
capacity 2.4 Ah, 4 cells serial (4.8 V nominal voltage). These two batteries form the
Internal Power Supply(IPS) of the RAMA system. On the ground, RAMA can be
supplied by a stabilized power source. Both batteries can be charged in-system using
a service connector, without the need to disconnect and remove them.

The use of separate power sources for the actuators and the rest of the system is
necessary because of electromagnetic interference, mainly affecting thesensors. This
solution also allows one to incorporate a power supply redundancy for emergency
scenarios in the future (see section 6.2.5 for details). Obvious setback ofthis solution
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 (MCC). It utilizes
the Linux Operating System with 2.6.xx core (it does not make much sense to mention
exact kernel revision, because it is being updated as the time goes).

BOA 5200 is based on the MPC 5200B microprocessor, running at 300MHz. It is
a decent computing platform, featuring 64 MB of SDRAM, up to 32 MB of internal
NAND FLASH memory and a lot of peripherals (2x CAN controller, 10/100 Ethernet,
USB, RS-232 and others). With a small PCB footprint (62x62 mm) and relatively
low-power consumption (approx. 3 W), it forms an ideal computing platformfor the
RAMA system, able to execute complex control algorithms in real-time. A custom-
made motherboard, hosting a stabilized power supply, bus drivers and connectors, was
developed by our contractor Mr. Miloslav̌Zizka 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 fromMarek
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 weight.
Aside from the MCU, there are only the CAN-driver and power regulatorinstalled
(and some LEDs). The MCU is driven at 60 MHz. The LE50CD power regulator
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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 5 V for the Philips PCA82C250T CAN driver, and the 3.3 V and 1.8V volt-
ages for the MCU are provided by the TPS73HD318 multi-purpose circuit. It also
serves as a voltage watchdog for the RESET signal. Aside from that, only the obvious
blocking capacitors and pull-up resistors are present. The IO pins of theMCU oper-
ate at 3.3 V levels, but are 5 V tolerant. The JTAG interface is not used; thesoftware
can be programmed either to the internal RAM or FLASH using the ISP (In-System
Programming) via the UART line. In the RAMA system, both UARTs, A/D converter
and CAN interface are being used, and four GPIOs to lit up some LEDs. Noother
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 Measurement Unit
(IMU). It is a tiny device, measuring just 35x22x12 mm and weighting 30 g, with
0.5 W power consumption, providing accelerations and angular rates in all 3vehicle
axes. The measurement ranges are±10 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 connected di-
rectly to the DAM. The IMU is soldered to a simple PCB containing the 78M05 power
regulator and a power filter (a set of capacitors with a self-induction coil).Besides,
only some pull-ups, a power blocking capacitor and RESET protective circuitry (two
anti-parallel diodes to dissipate voltage pulses and a small filtration capacitor)are em-
ployed. Circuitry scheme can be found in the appendix A.4. This device proved to be
barely sufficient; the 64 Hz sampling rate is very much “at the edge”, especially for
the yaw control. Relatively low sampling rate caused many headaches with low-level
stabilizers (see section 4.4) and moreover, the device also turned out to bevery much
vibration-sensitive, exhibiting some rather odd behavior under flight conditions (see
section 3.5.1 for details). It will be replaced by Analog Devices’ ADIS 16350 [43] 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 had tobe positioned
far at the tail boom, causing mechanical problems with the UAV. It should be also
replaced by some better device in the future.

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

gaussing circuitry is designed according manufacturer’s reference solution, published
in the datasheet. Delon voltage multiplier is used to obtain required 20 V from the
12.6-10 V, provided by the Avionics Battery (AVB). Linear operational amplifiers are
used to provide additive offset and amplification of the output signals (y = k.x+ q).
First-order low-pass filters are accommodated as a simple anti-aliasing measure to
suppress the high-frequency noise.

3.3.3 Servo Control Unit

The Servo Control Unit (SCU) (Figure 3.7) serves to control the actuators (i.e. ser-
vomotors) and, conveniently enough, it also measures both battery voltages. It is a
simple, purpose-developed embedded computer, built around the Renesas H8S/2638F
MCU. The SCU was designed by Ota Herm, a former graduate student, as hismaster
project [46] (under the supervision of the author of this thesis). It is themost 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 servomotors,and
the Vehicle Bus (VB). Also, both internal power sources (Avionics Battery - AVB, as
well as Actuator Battery - ACB) are connected to the SCU. Basically, the SCUcan
operate in two modes; either in the Automatic or in the Manual Control Mode. In
theAutomatic Control Mode(ACM), the signals from the WCU are read and sent to
the MCC (Main Control Computer), and the signals for the servomotors are generated
by the SCU, according the commands from the MCC. In theManual Control Mode
(MCM), the signals from the RC receiver are read and sent to the MCC, and also sent
directly to the actuators. Therefore, should the rest of the RAMA system fail and only
the SCU would prevail, it is still possible to maintain manual control (see chapter6
for details).
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The mode switching is controlled by one of the input RC channels (channel 7),
connected to the WCU. Therefore, it is completely independent on the restof the
RAMA. Hence, it is always possible to switch back to the MCM, even if the rest of
the system would be dead. The mode switching cannot be affected by the MCC, or
any other node, in any way. When the mode switch occurs, the MCC is informed by
a message sent by the SCU.

The SCU was designed as simple as possible. It has 7 input channels, compatible
with standard RC signals, and 6 servo outputs. The input channel no. 7 isreserved
for mode switching, while the other channels may be associated arbitrarily. Inour
case, the channel 1 is used for the carburetor servo, channel 2 forthe roll cyclic servo,
channel 3 for the pitch cyclic servo, channel 4 for the tail rotor servo and channel 5 for
the collective servo. Channel 6 is not being used. Except that, the SCU has 3 UART
channels (channel 1 serves as a diagnostic terminal, channel 2 is used for the firmware
downloading, and channel 3 is unused), 2 CAN channels (channel 1 isconnected to
the Vehicle Bus, channel 2 is unused), an external watchdog (voltage &time), (op-
tional) EEPROM memory, and a power regulator & filter.

The actuators are operated and their respective positions are sampled at50 Hz,
which proved barely enough, especially for the yaw control (see section 4.4).

Let us now briefly describe the SCU circuitry. The H8S/2638F MCU is running
at 20 MHz (10 MHz crystal is used, but an internal PLL multiplies that by a factor of
2). The RESET signal is controlled by the MAX1232ESA circuit, which serves as a
combined time & voltage watchdog. Philips PCA82C250T CAN drivers are used to
provide the CAN bus connection. Because the MCU is not equipped with internal
EEPROM, an external 93C46 serial EEPROM is (optionally) connected to it.Cur-
rently, it is not being used by the software, and therefore may be omitted. AllI/O pins
of the SCU are protected against high-voltage spikes by a pair of diodes.

The 78M05 power regulator is used to provide the 5 V supply. The AVB input is
filtered by a set of capacitors and a self-induction coil. The ACB is also filtered in
a similar way, but a self-induction bifilar toroid coil is being used, despite its greater
dimensions and weight, instead of a simple SMD self-induction coil. The AVB and
ACB grounds are connected by the R43 (0Ω) resistor, which serves as a bridge. A
self-induction coil might be used instead; in our case, it did not help very much to
dissipate the noise induced into the power lines. Also, small (approx. 10Ω) resistor
might be tried out. Both AVB and ACB positive lines are connected (via resistance
voltage dividers) to the A/D converter of the MCU (to allow for battery voltagemea-
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 data connec-
tion between the Main Control Computer (MCC) and the Ground Station (GS). To
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Figure 3.8: Wireless Data Communication Unit

reduce development time, off-the-shelf IEEE 802.11g (WiFi) device is used for this
purpose. This solution proved to be feasible, as the WiFi link works very well within
the ranges we use to fly, especially because there is a clear line of sight between the
stations.

AirLive WL-5470AP Access Point is used as the WDCU, but any other IEEE
802.11g device could be used instead. It was only slightly adapted according our
needs; Original housing was dismantled, the PCB was mechanically reinforced using
protective lacquer coat and a polyethylene glue (see the section 3.4 for more details),
and the antenna and the power supply connectors were changed. The reverse-SMA an-
tenna connector is now attached to a 300mm long coaxial cable, to allow for external
antenna mounting between the tail boom support rods. The power supply connector
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 the Manual
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) is engaged,
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 the control sticks
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
35 MHz system was used earlier, but was abandoned and upgraded in order to in-
crease reliability. The DX-7 system is redundant (two separate receivers are used,
working on different frequency channels and set to orthogonal antenna polarization)
and utilizes a digital encoding of the transmitted signal, secured by CRC (CyclicRe-
dundancy Check). It is much less prone to undesired electromagnetic interferences
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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 Circuit Boards
(PCBs), wiring harnesses, housing and mating of the RAMA system to the carrier
vehicle. The most important consideration, which has to be taken into account when
designing the UAV avionics (from a mechanical point of view), are airframe vibra-
tions. Another aspects include operating temperature ranges, moisture, possible FOD
(Foreign Object Debris) hazards and crash resistance. The last oneis 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 mechanical wear,
are usually connectors and wire harnesses. The connectors must be small and light,
yet robust enough to withstand the strain experienced under the flight conditions. It
is important to use connectors with multiple points of contact and wide contact area,
which are the most contributing factors to the connector’s longevity and reliability. It
is necessary to safe the connectors against accidental disconnection;in our case, 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 the vicinity
of the soldered joint, as the wire tends to loose its elasticity due to the soldering, and
might develop a crack over the time. Any exposed joints must be treated properly,
usually with a heat shrinking tube.

Wire harnesses must be fastened properly but not too tightly, in order to prevent
excessive strain on the wires. It is important to use sleeves (as can be seen for example
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Figure 3.10: Electronic Container low-level, showing the Main Control Computer
(left), the Decoupling Unit (center) and the Servo Control Unit (right). Note also the
power switches and the service connector below.

in Figure 3.9), especially at attachment points or points of contact between the harness
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 (two parallel switches
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 least industry-
grade parts (temperature ranges from−40 to +85◦C) to satisfy the last requirement.
Generally speaking, semiconductors are more prone to higher temperatures and better
tolerate the low ones. Resistors are usually sturdy and do not representa problem,
whereas capacitors (especially electrolytes) do not tolerate high temperatures for 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 part’s
grade, but generally speaking (for common main-stream capacitors), “too low” can
be interpreted as below−10◦C and “too high” as above+70◦C.

In RAMA, all PCBs were protected with a lacquer coat initially. This coat serves
as a mechanical and moisture protection and also protects the PCB from conductive
FODs floating around, which could possibly cause a short circuit. Heavyparts (such
as heat sinks or large coils) must be either screwed down or glued, usinga polyethy-
lene glue. It is important to secure bolted joints either by some appropriate sealant, or
to use self-sealing screws, to prevent them from becoming loose due to thevibrations.
The PCBs are mounted to its housing either using rubber shock-absorbers or secured
using a thick double-adhesive foam tape, which also serves as a damper.

The PCB protection described above proved to work well enough undernormal
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Figure 3.11: Here the Wireless Data Communication Unit (WDCU) is installed above
the Servo Control Unit (SCU). The WDCU is deemed expendable and protects the
SCU from the impact coming from above (which is the most likely cause in a crash
- if the landing gear legs break upon impact, the helicopter body tends to crush the
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 rubber, ready to
the cover mounting

flight conditions, but was rather insufficient in case of a crash. Since several electronic
boards were lost due to the accidents, the crash protection was graduallyimproved and
the final version evolved into the PCBs being completely coated with a thick polyethy-
lene coating and the housing filled with multiple layers of foam rubber (Figures3.13
and 3.14). The least expensive parts (such as the WDCU) are deemed “expendable”
and form a sort of a “crash zone,” in order to improve protection of the more expen-
sive parts. This “ultimate” solution proved to be particularly sturdy, and no piece of
electronics was lost in a crash ever since its introduction. See Figures 3.10and 3.11,
showing the Electronic Container internals.

The housing and mating to the vehicle depends heavily on specific UAV type.
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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 cable ties,as can
be seen in Figure 3.12. Rubber dampers are used between the EC and the airframe, in
order to suppress vibration transfer and to de-tune possible resonance.

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 not ideal from the
mechanical point of view, because the mass of the GPS receiver, locatedat the end
of the tailboom, forms a mechanical resonator and could easily work as a resonance
amplifier. It is important to mount the GPS receiver using some dampers and also to
properly tune the tail boom support rods to mitigate this problem.

Both batteries are located at the very front of the helicopter, to compensatefor the
Centre of Gravity (CG) shift, caused by the mass of the GPS receiver so far back. 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 practically possible,
because any offset of the sensors from the CG position would cause discrepancy in
the navigation algorithms and would have to be compensated. If the offset is small
enough, it can be neglected in the navigation algorithms.

Both IMU and TAM are fastened using a double-adhesive foam tape, serving as a
vibration damper. The shape and thickness of the tape is not arbitrary, but has to be
determined experimentally, in order to provide the best possible damping. Improperly
designed mounting of those parts could lead to a serious measurement deterioration.
The TAM has to be statically compensated to account for magnetic parts of the air-
frame, affecting its measurements.

3.5 Problems and Solutions

Couple of long-term hardware-related problems, worth mentioning, were encountered
among many others during the hardware design and development process. The first
of them was caused by mechanical vibrations affecting the IMU measurements, the
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, strongly af-
fecting the IMU measurements and leading to a rather odd IMU behavior. Letus at
first briefly describe the origin and character of these vibrations. The level and fre-
quency spectrum of airframe vibrations are dependent on many things; mainly on the
UAV type (fixed-wing aircraft or rotorcraft) and the propulsion system(combustion
or electric).
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Figure 3.15: Roll rate gyro failure - 156 s into the flight, the mean value of the signal
falsely rises to≈ 1 rad/s

The rotorcraft tend to vibrate more and in much broader frequency spectrum than
fixed-wing aircraft. They are also much more prone to catching resonance. The char-
acter of the vibrations is mainly related to the construction of the rotor head, tailrotor
drive, tail boom construction and payload assembly. There are many rotating parts
and any disbalance, however slight, could cause a lot of problems. It is therefore very
important to precisely balance the main and tail rotor blades (both their weight and
the Center of Gravity (CG) location) and the flybar paddles (see section 2.2for de-
tails). This is not sufficient though - the rest of the airframe had to be mechanically
de-tuned to avoid any unwanted resonance around the normal working point. This
working point (and also the frequency spectrum of the vibrations) is determined by
the main rotor speed, which is directly proportional to the engine rpm. This speed is
kept constant during the flight, as was explained in section 2.2.

The highest frequency and also the most “hard” vibrations are inducedby a com-
bustion engine. The frequency of these vibrations can be higher than theNyquist
frequency of the sampling and have the most adverse effects, especiallyon the inertial
sensors (gyroscopes and accelerometers). Their measurements must be filtered me-
chanically or electrically (still in the analog part of the sensor), to avoid theirleakage
into the lower frequency parts of the spectrum, due to the aliasing. These problems
can be mostly avoided when using electrical propulsion.

In our case, the main rotor speed is around 1800 Revolutions Per Minute (RPM),
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which is approx. 30 Hz. This is uncomfortably close to the Nyquist frequency of the
sampling (the sampling rate is 64 Hz) and therefore forms an aliasing hazard.More-
over, the engine revs 18000 RPM, which is 300 Hz and therefore much higher than
half of the sampling rate too. The datasheet of the BP3010 IMU device doesnot ex-
plicitly state whether the device has any internal anti-aliasing filters, but evenin the
case it does, they do not seem to work very well. The leakage of the high-frequency
noise into the lower-frequency portions of the spectrum was experienced, but not only
that. At particular vibration amplitudes, the device experienced a sudden and very sig-
nificant change in the sensor offsets, meaning that - for example - a gyroscope reading
would suddenly go off by one radian per second, or an accelerometer reading by one g
(as shown in Figure 3.15). The affected sensor would still be operational, but its mea-
surement would be significantly shifted. This problem affected the accelerometers
and gyroscopes alike, and it was discovered that this is an amplitude-related, rather
than frequency-related, issue.

This was a very serious problem, affecting mainly the roll gyroscope under the
flight conditions, and lead to several in-flight emergencies when a roll gyroscope
measurement suddenly shifted and caused the control system to compensate, falsely
believing that the vehicle was rolling - and putting it itself into an undesired roll. To
make the things even worse, this error condition was undetectable by the control sys-
tem, because the offset would not change suddenly in one sample, but would rather
grow over several samples. Hence, it could not be distinguished from aproper mea-
surement in any way, as it was well within the measurement limits, and did not violate
the gradient rule either. This condition is extremely unpleasant for the humanpilot -
the helicopter would happily fly around, and all of sudden it would start rolling vio-
lently, without any previous warning. The only way out was to disengage the ACM
(Automatic Control Mode) immediately, enter the MCM (Manual Control Mode),and
recover the vehicle flying manually (if there was enough time for that).

This condition was reproduced and thoroughly investigated at a vibration table
and was extensively consulted with the BP3010 manufacturer. It was determined that
an internal analog integrator, used in the device for analog averaging ofthe measure-
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 housingis not
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 to solve
this issue “internally,” within the device itself. Because this was unacceptable, as well
as the aliasing problem described above, a solution had to be found for both. The
only way would be to mechanically isolate the device from excessive vibrations, both
amplitude and frequency wise. A mass damper was developed as a solution to both
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 is mounted
to the airframe using a double-adhesive foam tape, serving as the flexiblepart of the
damper. It involved a lot of experiments to fine-tune the damper to work properly, but
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a feasible solution was ultimately found.

3.5.2 EMC Issues

The second most notable hardware development problem was indirectly related to the
GPS receiver, the root cause being the EMC (Electromagnetic Compatibility).In its
early incarnation, RAMA had no GPS and the whole control system was contained
inside the EC (Electronic Container). The then-used WCU (Wireless Control Unit),
i. e. a 35 MHz RC receiver, was located outside and far from the EC, in thenose
of the helicopter. As later experience showed, this was a very fortunate situation,
for the EC shielded the lurking EMC horrors within. Once the GPS receiverwas
added, it was discovered that it has to be mounted on the very tip of the tailboom, in
order to clear the main rotor blades, which were causing signal blurring. Naturally, a
signal and power cable had to be routed to the receiver, and that (relatively long) cable
was, as was discovered later, serving as a perfect antenna for the electromagnetic
noise, emitted by the on-board computers through the power lines. The geniewas
released out of the bottle (or the EC, in our case) and caused a mayhem in the WCU,
obstructing the 35 MHz communication badly. This was fortunately discoveredin the
course of the Flight Readiness Test (see section 7.2.1) prior to a flight test, but no
simple solution was found immediately.

Somewhat semi-permanent cure was devised through a complete galvanic decou-
pling of the GPS receiver. This was not as easy as it might seem, for the receiver has to
be supplied from the same power source as the rest of the system (a separate battery,
serving solely for the GPS receiver, was rejected as impractical). After some research
and a lot of experiments, theDecoupling 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, the 74LS04
TTL negator is being used.

The power lines are decoupled using the FDD03-12S1 DC-DC converter. The
output power lines are filtered, using a bifilar self-induction coil (purpose-made, 17
coils on the Amidon FT37-43 ferrite toroid), a capacitor set and a self-induction 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 point
where other system parts began to migrate from the overcrowded EC to other parts of
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 added,because
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 make the navigation
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 the TAM as
short as possible. This revived the same problem again, as the non-decoupled power
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wiring popped again out of the EC. Because it was impractical to decouple the whole
Navigation Unit (NU), and because the 2.4 GHz model RC systems were becoming
available at the time (which are much more technologically advanced in other aspects
too - they offer the redundancy the original Wireless Control System lacked), it was
decided to replace the RC system and get rid of this problem for good. TheSpektrum
DX-7 system is not affected by the on-board computers any more, because it works
well out of the frequency spectrum of the electromagnetic noise generated by them.

3.5.3 Three-Axis Magnetometer Issues

The Three-Axis Magnetometer also didn’t work properly for a long time forunknown
reasons; it was discovered later that two problems were actually present.The first and
most severe issue was caused by an undocumented bug in the Philips LPC-2119 MCU,
affecting the Sample-and-Hold circuit of its A/D converter under certain conditions,
when the A/D channels were multiplexed. This bug causes interferences between the
multiplexed A/D channels. The bug was fixed using a work-around and waslater
confirmed by the manufacturer in actualized errata document.

The other problem was caused by the sensor degaussing circuitry, which did not
work properly. It was discovered later that there was a bug in the circuitry scheme,
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 rotorcraftUAV (a heli-
copter), with the ability to hover, but could be easily adopted for a fixed-wing aircraft
(in fact, such control scheme would be much simplified, due to less degrees of free-
dom an aircraft has compared to a helicopter). The control scheme is hierarchically
structured (see Figure 4.1), consisting of five separate layers. The first layer (Angular
Rate Control Layer, ARCL) is responsible for the angular rates stabilization in the
three vehicle axes. The second layer (Attitude Control Layer, ACL) serves for the
attitude stabilization, while the third (Velocity Control Layer, VCL) controls the verti-
cal and horizontal velocities of the vehicle. The fourth layer (Position Control Layer,
PCL) is used to stabilize the vehicle position in space. The uppermost layer (Tra-
jectory Tracking Layer, TTL) is responsible for the vehicle guidance along a pre-set
trajectory.

This control scheme, as envisioned in Figure 4.1, is by far not completely imple-
mented, not to mention validated and tested. In the current state of development,only
the first and second control layers (ARCL and ACL) were implemented. The first
layer has been thoroughly tested and is currently in working state, while the second
layer passed laboratory testing and also the very first flight test (focused on proof of
concept), when only the yaw angle was controlled (for the test results seechapter 7).
The ACL will be undoubtedly subjected to further intense development (seesection
4.4.2) and is not definite by any means. The other control layers were notimplemented
yet.

The same holds for the Kalman filter [47], depicted in Figure 4.1. It is meant for
the sensor data fusion, in order to determine all necessary input data forthe control al-
gorithms. In order to do this, a complete “navigation” Kalman filter would be needed
(such as [24] for example), for the higher-level algorithms require datathat are not
directly measurable (attitude, velocities and space coordinates). At this point of de-
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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 control lay-
ers are available at the moment; the angular rates are measured directly and therefore
represent no problem, and the attitude is determined analytically (see section 4.2).

In the next sections, the current state of development in the fields of measurements
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 attitude angles
of the vehicle are necessary as inputs. The angular rates are measureddirectly by the
gyroscopes, and therefore pose no problem. No Kalman filter or other algorithm for
sensor fusion was necessary when only the ARCL was functional.

For the ACL, attitude angles are needed, and obviously those can be determined
only indirectly, using some sort of sensor data fusion. The sensor data fusion and
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 decided
to develop a simple analytical computation as the very first method. The reasons
behind this were the following: To obtain a better insight and to have some sortof
workable solution, simple to debug; to have a benchmark for the Kalman filter devel-
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opment; and to perform a feasibility study that would confirm that the data provided
by the sensors are good enough and that the angles could be reliably determined. A
Kalman filter is not so simple to debug and could also mask various systematic errors,
that could come into play later. Also, a Kalman filter is very good in “masking” occa-
sional corrupted samples, but on the other hand could “get lost” on some bad data and
its recovery might be problematic, even once the data pick up again. In this case, it is
very convenient to have some sort of simple solution, working as a reference, which
has no memory (operates only with a single sample) and therefore recoversimmedi-
ately once good data are received. This could be used to “reset” the Kalman filter and
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 been finalized yet.
It is similar to the solution presented in [23]. Currently, attitude angles for the ACL
layer are computed only analytically. Let us now briefly explain the algorithm.

Euler angles [29] are used to express the rotation of the vehicle body in space.
There is the possibility of the gimbal lock [30] occurance for the90◦ 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 sensor fusion algo-
rithm will be used for navigation. The obvious solution is to use the Quaternions [34]
instead of the Euler angles. The Euler angles were chosen as an intermediate solu-
tion, because they are simple, intuitive and provide a direct insight into the algorithm,
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 vehicle axes.It is
not possible to use any other data (i. e. the angular rates), because the resulting system
of equations would be overspecified and therefore analytically unsolvable.

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

The first rotation (from the earth to the body frame) is chosen to be aroundthez
axis, so it is independent on the acceleration measurements (the earth frameis chosen
so that the gravity force vector coincides with thez axis and is zero inx andy axes,
so the gravity measurement in the frame rotated around thez-axis is the same as in
the original frame). So the first rotation angle is determined solely from the magnetic
intensity measurements. The other rotations are chosen around thex′ and thez′′ axes
and could be determined using solely the gravity measurements. Using this process,
the rotation matrixR can be determined using following algorithm (the measurements
are taken in the body frame, so the rotation matrix is computed in order from the body
frame to the earth frame):

The first rotation from the body frame around thez′′ axis can be computed using
gravity measurements:
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Θ1 = arctan

(

−
gx

gy

)

(4.1)

whereΘ1 is the angle of the first rotation andgx, gy are the gravity measurements
in thex′′ andy′′ body frame axes. Now the second rotation could be computed as
follows:

Θ2 = arctan
gxsinΘ1 − gycosΘ1

gz
(4.2)

whereΘ2 is the angle of the second rotation around thex′ axis andgz is the
gravity measurement in thez′′ (and consequently also in thez′) axis, because the first
rotation did not affect thez′′ axis measurement.

Now the rotation matrixR12, representing the first two rotations, can be con-
structed:

R12 =





c1 −s1c2 s1s2
s1 c1c2 −c1s2
0 s2 c2



 (4.3)

Wheres1 = sinΘ1, c1 = cosΘ1, s2 = sinΘ2 andc2 = cosΘ2. The next step is
to transform the magnetic intensity measurements into this newly constructed frame,
using theR12 matrix:

vT = hT .R12 (4.4)

Whereh is the column vector of magnetic intensity measurementshx, hy andhz

in the body frame andv is the resulting column vector of the measurements, trans-
formed into the doubly-rotated inter-frame. Now the last rotation is in order, computed
using the transformed magnetic intensity measurements:

Θ3 = arctan
vy

vx
(4.5)

whereΘ3 is the last Euler angle. Let us now construct the last rotation matrixRz,
representing the last rotation only:

Rz =





c3 −s3 0
s3 c3 0
0 0 1



 (4.6)
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wheres3 = sin Θ3 andc3 = cos Θ3. The complete rotation matrixR can be
obtained by:

R = R12.Rz (4.7)

The condition when the denominator of one of thearctan function arguments
in equations 4.1, 4.2 and 4.5 becomes zero corresponds to the gimbal lock condition
in that attitude angle, meaning that a degree of freedom has been lost. This isa
non-issue for this algorithm, because the C functionatan2 is used to compute the
arctan function, which can handle the zero-denominator condition; it returns0 or
π in that case, depending on the sign of the nominator. The corresponding attitude
angle, to which the degree of freedom was lost, would then be computed accordingly.
Therefore, this algorithm can safely handle the gimbal lock singularities, inherently
present in the Euler angles attitude representation.

Unfortunately, the Euler anglesΘ1, Θ2 andΘ3 do not directly correspond to the
yaw, pitch and roll (YPR) attitude angles of the vehicle. This is because thez−x− z
rotation was used for the sake of derivation simplicity, while the YPR attitude angles
correspond to thez − y − x rotation. It is therefore necessary to convert the angles
Θ1, Θ2 andΘ3 into the YPR anglesψ, φ andθ:

ψ = arctan
R21

R11

φ = arctan

(

−
R31

R11cos ψ +R21sin ψ

)

θ = arctan
R13sin ψ −R23cos ψ

R22cos ψ −R12sin ψ

(4.8)

The conversion 4.8 can be found in the Robotic Toolbox for MATLAB [48].

4.3 SISO PID Controller Structure

RAMA currently utilizes SISO (Single Input Single Output) PID controllers atall
levels of control. The controller scheme was proposed by Ondřej Holub and imple-
mented by the author of this thesis, and is further developed in close cooperation of
both authors. It is our original PID implementation (the controller internal structure
is depicted in Figure 4.2), inspired by [49]. On top of standard PID control law it uti-
lizes some additional techniques, like reference filtering and weighting, feed-forward
branch and separate D-component filtering and restriction. It is also equipped with the
bumpless control transition block, useful when taking over of a manually-controlled
actuator.

Reference weighting in the P branch helps to suppress the non-linear gainof the
controlled system, while in the D branch it serves to restrain the reference kick.
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Figure 4.2: PID controller internal structure (Simulink scheme)

The controller parameters are as follows:

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

• b, c - Reference weighting coefficients for proportional and derivative compo-
nents

• w - Reference filter cut-off frequency

• n - D filter cut-off frequency

• h - Sampling period

The difference computation of the referencer and measurementy are divided into
two separate branches, to allow for the reference weighting (as described in [49]).
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Hence, the controller has separate inputs forr andy, 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 signals.The D branch
contribution to the output sum is bounded by a static restrictor.

The I branch is fairly conventional. Its contribution to the output is limited by a
static anti-windup filter. In the Manual Control Mode (MCM), the bumpless transition
branch sets the summator value of the I branch so that the controller output precisely
matches the manual action. Therefore, when the mode switch occurs and theAuto-
matic Control Mode (ACM) is engaged (the controller takes over), no sudden kick to
the actuator can happen.

The P branch is also conventional, only the referencer is weighted by the param-
eterb before the control errore 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 this should
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 Layer(ARCL) consists of three separate, independent
SISO PID controllers, one for each axis (yaw, pitch and roll). The angular rates of
a rotorcraft are completely independent and each can be controlled directly by a sep-
arate actuator, which makes the situation particularly simple from the architectural
point of view. The yaw rate is controlled by the tail rotor thrust, the pitch rate via the
longitudinal cyclic control and the roll rate through the lateral cyclic control.

Control parameters in respective control loops are very different, because the ve-
hicle dynamics is very diverse in each axis. The yaw has the fastest dynamics, because
the moment of inertia of the vehicle is the smallest in this axis. Small rotorcraft can
typically spin at rates as fast as350−450◦/s and the vehicle step response is very crisp
- it can accelerate/decelerate significantly in that axis (see section 7.3.2.1 for details).
The yaw rate dynamics is the determining parameter for the sampling frequency.At
the beginning of the RAMA project, the sampling frequency of 32 Hz was deemed
sufficient, but it turned out that the yaw rate is hardly controllable at this frequency. It
was therefore increased to 64 Hz (the highest frequency the IMU can handle) and the
situation got better, but it is still to slow. Another problem is that the SCU operates the
actuators only at 50 Hz, and that frequency is fixed. Hardware and firmware revision
would be needed in order to increase the sampling/actuating frequency anyfurther.
Such upgrade is planned for the future, because at least 100 Hz sampling/actuating
frequency would be needed for a completely stable tail control. The summaryof the
yaw rate identification/control experiments and control loop settings can be found in
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 large gyroscopic effect
of the main rotor, which has strong damping effect on the pitch and roll motions. The
Bell-Hiller stabilizer (if present) is another important factor, especially if the flybar
paddles are heavy. The pitch and roll rate actuators (the longitudinal andlateral cyclic
controls) are the same, but the vehicle response in pitch is somewhat slowerthan in
the roll, because the moment of inertia of the fuselage is much greater for the pitch
movements compared to the roll. The maximal pitch and roll rates are approximately
the same (in the range of80 − 150◦/s for a typical small UAV), but the angular ac-
celeration in pitch is slower and the vehicle inertia is greater, compared to the roll.
Experience shows that around 25 Hz sampling and actuating frequency issufficient
for the pitch and roll rate control. The RAMA system operates at the same frequency
for each axis, so the pitch and roll control loops are running at the same 64 Hz sam-
pling/50 Hz actuating frequency as the yaw loop, which is more than enough for the
purpose. The summary of the pitch and roll rate identification and control experiments
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 among thecontrol
loops can be found; The situation becomes more complicated for the Attitude Control
Layer (ACL) and the following layers as well. There are inherent interdependencies
among the attitude angle control between all three axes. For example, imagine a
vehicle executing the following simple sequence of attitude maneuvers - first a45◦

left roll, then50◦ nose-up pitch and finally a45◦ right roll. At the end of this sequence
(assuming the original attitude was0◦ yaw,0◦ pitch and0◦ roll), the vehicle will yaw
25◦ to the left, pitch25◦ nose-up and roll by0◦.

Obviously, the systematically correct solution would be some kind of MIMO
(Multiple Input Multiple Output) controller, taking the interdependences into account.
However, if the vehicle tilts by a reasonably small amount around a fixed working
point, the interdependences can be neglected and separate SISO controllers could be
used in each axis. For each controller, the attitude change induced by the other con-
trollers into his realm would be just an additional external disturbance. If the current
attitude is set as a new working point in each sample, this approach will work for
the entire attitude envelope. This solution works well under the assumption the atti-
tude maneuvers are reasonably slow, compared to the sampling frequency, which is
a condition well fulfilled if the sampling frequency is sufficient for the angular rate
control.

Setting the new working point in each sample also solves another particularly
annoying problem as a by-product. This problem is the singularity point in the attitude
measurement, when an attitude angle changes from359.9◦ to 0◦. This change would
cause a mayhem in the PID control loop if left unattended. If the working point for
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each attitude angle is set to say180◦ in each sample (the setpoint must naturally be
re-calculated with respect to the newly set working point), this condition becomes 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 axis. The attitude con-
trol loop output produces a set point for the corresponding rate control loop in each
sample, so the controllers in the ACL and ARCL loops are connected in cascade.

Only the yaw angle control was tested in flight so far (see section 7.3.2.2), al-
though all three control loops are implemented in the software (they are identical
piece of code). The yaw angle hold test performed so far was only a proof of concept
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 programs run-
ning on its three on-board computers - the Main Control Computer (MCC), theData
Acquisition Module (DAM) and the Servo Control Unit (SCU) - and on the Ground
Station (GS). The DAM and SCU programs are running system-less (withoutany op-
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 used. The MCC
program does not have any special requirements, although FIFO scheduling policy
must be supported, as the real-time thread priorities are used. The GS software re-
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 the 64 Hz fre-
quency, although some of the events can happen asynchronously (those related to
various failure modes) and some of the data (the GPS provided data) are sampled at
a different frequency. All three main nodes of the system (the MCC, the DAM and
the SCU) are communicating solely via the Vehicle Bus (VB). The DAM providesthe
rest of the system with theTime Synchronization Message(TSM), sent periodically
64 times per second. This message determines the working cycle of the system- it
marks the end of current working cycle and the beginning of the next. Thisis how all
three nodes are commonly synchronized.

At the beginning of each working cycle (Figure 5.1), the data sampling and pro-
cessing is taking place. Upon sending the TSM, the DAM prepares the latestsensor
data (inertial measurements taken from the IMU and magnetic measurements from
the TAM), and sends them to the MCC. The TSM also triggers sampling and sending
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 (in case
it did not end already) and wait for the new data acquisition. The force-finish should
never occur under normal circumstances, as the regular working cycleshould end well
before the start of the new cycle. Occurrence of the force-finish indicates that some-
thing went wrong in the last cycle and is reported via telemetry as an error notification
(see section 5.3.4).

Upon receiving the essential measurements for the control algorithms, the MCC
executes the control loop, which computes the new control actions. Afterwards, newly
computed actions are fed into the SCU (which applies them at the beginning of the
next actuator control period, see [46] for details). When all measurements for the
current cycle are completed and received, the synchronousTelemetry Measurement
Message(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 sampling rate.
This is not ideal, but there is no other way, because it is not possible to synchronize
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 synchronizethem. In
fact, the TSM is derived directly from the IMU sampling point, so the RAMA system
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 control algorithms
and does not necessarily need to be precisely synchronous with the rest of the 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 controlledby
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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. From the
controller development point of view, it is sometimes convenient if automatic con-
trol could be applied only to some selected actuators, while the others are controlled
manually; that’s the reason why this option was implemented.

In both control modes, the operating cycle is almost exactly the same; there are
two differences though. The first one resides in the control action computation. In
the MCM, the action is computed, but the integrator state of the controller is set so
that its output value equals the corresponding control stick position (see section 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 the actuators; it
applies the stick position signals directly to the actuator control signals (see [46] for
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 its ID (the lower
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 layer, see for
example [37]. The messages are broadcast and each node receivesall the messages;
however, it ignores all messages that do not affect his own operation.See the appendix
A.3 for the complete list of VB messages and their meaning.

Let us now describe the telemetry communication protocol. There are several
types of messages, distinguished by their identificator (ID). Messages are character-
encoded (meaning that a message can only contain characters), so the numbers are
sent as byte-strings in hexadecimal format (for example, a float number issent in the
form of its memory representation, i. e. as a four-byte number, where each byte is rep-
resented by two characters in the telemetry message). Each message starts with the
starting character @, followed by the two-character message ID (the ID is ahexadec-
imal number in the range of 00-FF). Optionally, some data may follow. The messages
do not have a termination character, nor are they secured by a CRC or any other con-
sistency check; it is assumed that the TCP/IP protocol takes care of all this, so it would
be redundant.

There are several asynchronous messages, which can be sent anytime; these are
used to indicate asynchronous events, such as the error conditions on the control mode
transition (ACM/MCM or reversed).

Two synchronous data messages are used, each sent in different time intervals.
The first message contains all measurements except the GPS data and is sent 64 times
per second (corresponding to the working cycle frequency of the RAMA system),
while the other contains the GPS data and is sent once in a second (corresponding
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 telemetry can be broadcast
among multiple clients.

5.3 Main Control Computer Software Framework

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

5.3.1 Controller Library

The controller library consists of two functions. The function PIDinit serves to ini-
tialize the structure, holding the internal parameters and state variables of thecon-
troller. The second function, called PIDcontrol, 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 [50] is
used, therefore the basic communication mechanism is exactly the same as for any
other socket communication. The header file of this library contains definitionof the
CAN device identificators and the IDs of the CAN messages. This is not idealthough,
as the message IDs are also defined in the DAM software, so there are actually two
places where the definitions can be found; therefore, when editing an IDnumber (or
adding one), two files have to be modified. This is because some legacy software was
used, and shall be rectified in future software revisions.

The sole function contained in this library serves for the CAN device initialization,
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 server for the
socket communication. This server is capable to handle multiple clients and broad-
casts the telemetry messages. The server runs aboard the RAMA system, while the
Ground Station (GS) is a client.

The header file of the library contains several constant definitions, such as various
buffer lengths, the server port number and the bitwise data flags. Thoseflags are used
to check for the data consistency in each sampling period; as each data part is written
into the data holding structure for each data message, corresponding flagis set to
indicate that the data have been properly updated.
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The data holding structures for both synchronous messages are defined in the
header file. Note that the GPS data structure consists only of a 64-byte longarray and
the data consistency variable - that is because the GPS data are currently not used for
any on-board calculations, and therefore do not need to be parsed. Therefore, they are
recorded into the array directly as they are received from the DAM and re-sent to the
GS, and no decoding and processing takes place in the on-board software. Naturally,
this will change with later software revisions, introducing navigation and guidance
algorithms.

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

The “client management thread” (function server) checks for activity on any of the
socket filedescriptors, that is on the server socket and the active client sockets. The
select function is used to handle multiple events in a single program thread. Ifa new
client connects to the server socket, new socket is created for it and thefile descriptor
of this new socket is added into the activefd set list. When one of the active clients
closes connection, it is removed from the list and the corresponding filedescriptor is
closed. This list is used by the “broadcast thread” to send the data to all active clients.

The “Broadcast thread” (function sendpacketthread) checks the output data
round buffer for any unsent data and broadcasts them to all active clients. The write
function is blocking - it does not resume until all data are sent and their reception
is acknowledged by the recipient. Therefore, should any communication problems
occur, this thread would be suspended until the data are received properly by all the
clients. In the meantime, all upcoming data are stored into the output round buffer by
the sending threads. The size of this buffer is sufficient to handle up to 15minute-long
communication hangups. The buffer is statically allocated, so its size is constant - no
dynamic allocations are used anywhere in the code for safety reasons, as is common
in embedded system software. When the buffer is full, the oldest data are simply
overwritten (as is normal in round buffers). The function sendpacket is used by the
other threads to submit data into the output round buffer - so it does not send the data
directly. This function is non-blocking, so the submitting thread cannot be suspended
because of possible communication problem.

5.3.4 Main Program

RAMA’s main MCC program consists of four threads, each running in an infinite
loop. Two threads are responsible for the telemetry broadcasting (see section 5.3.3),
one for the Vehicle Bus (VB) communication and the last one for the control algorithm
execution. The program is event-driven, so the control actions are triggered 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 thismessage,
the next working cycle begins. The VB messages are received and processed by the
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Figure 5.2: Working cycle of the Main Control Computer

readfrom can thread, which reads the message and calls the processing function,
somewhat obscurely called sendip msg.

This function is switched according the message ID and does the basic process-
ing. After receiving all the data needed for the controller to run (determined by the
reception flags), a semaphore is set, which in turn enables the servocontrol thread to
run. When all data for the Telemetry Measurement Message (TMM) are gathered, the
message is composed and submitted to the telemetry buffer, and the working cycle
is finished. If next TSM is received prior to the end of the previous cycle, this cycle
is force-finished - the missing data are not updated (in fact, the last valuesremain
recorded in the data reading structure) and the Telemetry Data Composition Error
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(TDCE) message is generated.
The servocontrol thread begins with the initialization of the controllers for the

ARCL and ACL control layers, and then enters an infinite cycle. At the beginning of
each cycle the thread waits for the synchronization semaphore (controllerenable) to
be set. Afterwards, all the input values are copied into its local variables (to prevent a
possible racing condition) and the normalization of the control stick positions isdone.
Control actions are computed afterwards - in the current version (7.1),only the Angu-
lar Rate Control Layer (ARCL) and Attitude Control Layer (ACL) are implemented.
The ACL, if enabled, works as an attitude holder; it works only when the control
sticks are in neutral positions. In that case, it provides the reference for the ARCL.
If the ACL layer is disabled or the corresponding control stick is not in the neutral
position, the ACL is inactive and the control stick position provides the reference for
the ARCL (the desired angular rate).

When the computation is finished, the resulting control actions are de-normalized
(servo positions are computed) and resulting commands are sent to the Servo Control
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 filter parameters
and other stuff) are read from the configuration file. Some of these parameters are
sent over to the DAM, using the Vehicle Bus (VB). This is all done by the control init
function. The regular working cycle is not entered before the sensor calibration is per-
formed. The length of the calibration process is determined by the calsamplecount
variable, which is read from the configuration file and determines the numberof cal-
ibration samples. This procedure is used to determine the neutral positions ofthe
control sticks and the offsets of the gyroscopes. It is assumed that the vehicle stands
still during the calibration process and the control sticks are in their neutralpositions.
The angular rates, provided by the gyroscopes during the calibration process, are sam-
pled and their mean value is computed for each gyroscope. This mean value isthen
subtracted from the corresponding gyroscope measurements in the run-time, to com-
pensate for its offset. The same algorithm is used to determine the neutral positions
of the control sticks.

5.4 Data Acquisition Module Software

The Data Acquisition Module (DAM) runs system-less. The program is relatively
complicated though, and utilizes the resources of the Philips LPC 2119 MCU (Micro
Controller Unit) to a relatively great extent. This is mainly because the numerical
filtration of the measurements is taking place here, computed in the float numbers,
and three separate devices must be monitored (The Inertial MeasurementUnit or IMU,
the Global Positioning System or GPS and the Three Axis Magnetometer or TAM).
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To achieve greater precision, the TAM is internally sampled at 512 Hz (although the
results are averaged and sent out along with the IMU data at 64 Hz). TheIMU is
sampled at 64 Hz, as was said many times before, and the GPS at 1 Hz. Both IMU and
GPS are “intelligent” units and have serial interfaces, sending digital datapackets. The
IMU is connected to the UART0 and the GPS to the UART1 ports of the MCU. The
TAM is an analog device, giving three-channel voltage measurements proportional
to the magnetic intensities, and is connected to the A/D converter (channels ADC0,
ADC1 and ADC2).

The three ADC channels cannot be scanned successively, one afteranother, in a
single time step; the error in the sample and hold circuitry of the LPC 2119 prevents
this. Therefore, each channel is scanned separately in adjacent time steps. The tim-
ing is provided by the timer T0. This timer is running at 1536 Hz; This means that
the measurements of all three axes are acquired 512 times per second (therefore the
overall sampling frequency is 512 Hz).

PWM channel PWM2 is used to provide a 1 kHz signal for the Villard (Delon)
step-up voltage converter (this voltage is being used to generate the periodic degauss
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 their detailed de-
scription is beyond the scope of this thesis. They are relatively simple and well docu-
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 peripheral clock is
set to the same frequency. The Vector Interrupt Controller (VIC) and the PIO (Paral-
lel Input-Output ports) are initialized immediately after, followed by the PWM, CAN
controller and watchdog. A loop is entered afterwards, awaiting the reception of the
configuration parameters (the number of the calibration samples and the filter parame-
ters). After receiving all required parameters, the rest of the peripherals are initialized
(the ADC, both UARTs and the timer T0) and the main program loop is entered. In
this loop, new data reception flags are checked for both UARTs and the CAN. The
incoming data from each of these peripherals are read in their interrupt handlers and
stored into separate round buffers.

When data are received from the UART0, the IMUservice function is called.
This function contains a simple state-machine, which receives and decodesthe dat-
apackets provided by the IMU. The Time Synchronization Message (TSM)is also
generated here. Any problems, detected during datapacket reception and decoding,
are reported via error messages. When the process is completed and newly acquired
data are filtered, they are broadcast on the Vehicle Bus (VB), both the raw samples
and the filtered data.

UART1 data reception indicates the new GPS data arrival, and the GPSservice
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 received, it is
broadcast on the VB. No data decoding or processing is applied.

In the case of the VB (CAN) data reception, the canrx function is called. It
mainly serves to receive the initial parameters before the main loop of the program is
entered; In the run-time, all but one message are ignored. The only message not to be
ignored is the command to reset. If this command is received, the watchdog resetting
(which is normally taking place in the timer T0 handler) is disabled, and therefore the
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 this thesis. The
documentation is currently available in the Czech language only and can be found in
[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 Petr Svoboda,
a graduate student, working under the supervision of the author of this thesis. The
documentation is currently available in the Czech language only and can be found in
[51].
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Control System Safety

6.1 Overview

UAV control system is undoubtedly a critical system, and must have a reasonable
safety margin to be of any practical use. An out-of-control UAV might cause property
damage and/or personal injury (not to mention vehicle loss), even a small one, for
which the RAMA control system is intended. However, other ways than the classical
redundancy have to be sought, for the reasons noted in the introduction.Let us now
describe various safety mechanisms incorporated in the RAMA UAV controlsystem.

RAMA is designed so that for most of the failures, there is an appropriateFailure
Modethe system can engage, in order to preserve the critical functions (i. e. steering)
for the sake of some high-level functionality loss. Most of the failures would likely
cause the mission to abort, but there is still a good chance of vehicle recovery by
some sort of semi or fully manual control. If the experienced failure is so severe
that it leaves no chance of saving the vehicle, RAMA should at least minimize the
consequences - meaning that it prevents the injured craft from swingingaround wildly
and unpredictably, but would cut off the engine and put the control surfaces into some
predefined positions, for orbiting-gliding in case of a fixed-wing aircraft and auto-
rotation in case of a rotorcraft (this is called theCritical Failure Mode- CFM).

The principles of graceful degradation and system reconfiguration are used to
achieve these goals. The only critical node of the system is the Servo Control Unit
(SCU), whose complete failure would definitely lead to grave consequences. Partial
or complete failure of any other system part (the Main Control Computer, theData
Acquisition Module, or some/all of the sensors) would lead to the loss of some func-
tionality, but would definitely preserve the semi-automatic or at least fully manual
control of the vehicle (providing that the wireless control communication is working).

It must be noted that there is no overall “failure control system”, which would
put RAMA in an appropriate fail-safe mode automatically in case of a failure. It
is always the responsibility of the pilot to perform the reconfiguration by flipping a

75



76 Chapter 6 Control System Safety

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 a warning that
something has gone wrong, but does not perform any reconfigurationon its own. This
is intentional, as pilots generally strongly dislike any autonomous system out oftheir
direct control, which can dramatically change the behavior of the vehicle onits own
decision.

A fully automatic “failure control system” would also add some failure modes
itself and would increase the overall system complexity. RAMA generally does not
need such a system, as it is not intended to operate autonomously. It is assumed that
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 not under a
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 the Servo
Control Unit (SCU) into the Manual Control Mode (MCC). In this mode, the SCU
takes over the direct control of the actuators and runs unaffected by the rest of the
system. It ignores any commands possibly coming from the faulty MCC or other
nodes and actuates the control surfaces directly according the controlstick positions.

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 present (itis not
used when RAMA takes over control, it serves only as a backup for the case of MCM



6.2 Control System Failure Modes 77

Figure 6.2: State diagram of RAMA’s failure modes - proposed future solution

engagement) and also the Bell-Hiller roll and pitch rate stabilizer. So, when in the
MCM, the helicopter could still be controlled as any other model helicopter with the
help of the mechanical Bell-Hiller system and a backup electronic tail rate stabilizer
(the GY-401). But the situation will change radically once those remnants ofhobby
helicoptering will be removed, as is ultimately planned. There will be no backupfor
the disabled electronic rate stabilizers anymore, which would be a very unfortunate
situation. Therefore, there is a plan for future modification of the SCU software, so
that it could execute the rate stabilizing algorithm directly in case of need. TheSCU
has more than enough computational power for this and the modification would be
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 RatesControl
Layer (ARCL) instead of the MCC, providing the Data Acquisition Module (DAM)
and Inertial Measurement Unit (IMU) are still running, entering the so-called Semi-
Automatic Control Mode(SACM). Or, should the IMU and/or the DAM fail together
with the MCC, the SCU could perform another reconfiguration, entering theMan-
ual Control Mode (MCM), as it does now. This would make the human pilot really
earn his money since his task would be significantly harder without the help ofthe
rate stabilizers, but still gives him/her a good chance of recovering the injured vehicle
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 vehicle should 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 not directly.

The Ground Station (GS) monitors the MCC indirectly via the telemetry data, and in
case it detects any erratic behavior (such as controller internal variables out of range,
a datapacket loss or CRC errors), it informs the pilot that something is wrong with the
telemetry (and possibly the MCC). However, it is up to him/her to decide whetherto
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 him/her to
engage the SACM. The reconfiguration is naturally completely independenton the
MCC - the SCU receives the command and reconfigures itself into the MCM, sothe
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-Automatic Control
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 ManualCon-
trol Mode (upon the pilot’s command). The DAM is equipped with a watchdog timer
and brown-out detection (undervoltage reset) protective circuitry. A possible DAM
restart after the watchdog reset would only take about 50 ms, which is fast enough
compared to the vehicle dynamics.

In case of a failure of some of the sensors, the respective control layer which 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 IMU (Iner-
tial Measurement Unit) are both off-the-shelf products equipped with its own internal
diagnosis, so they both issue an error message if anything is wrong with them.GPS
reports the estimated position errors and the number of satellites detected, whilethe
IMU reports the out-of range measurements and other internal errors. The communi-
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 secured via
the CRC. The CRC errors are reported by the DAM to the MCC and eventuallyvia
telemetry to the Ground Station (GS). The affected data are not used in the control
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-rangemea-
surements and unnaturally rapid changes in the data (gradients) are registered and
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 reset (possi-
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bly via the watchdog) is monitored and reported by the MCC (at start-up, the DAM
sends the boot-up message to the MCC). If the DAM communicates, it is assumedit
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 loss. If at
least some of the actuators would be working (in the case of a partial SCU failure), the
system would enter the Critical Failure Mode (CFM). The SCU is naturally the most
rugged unit of the whole system, kept as simple as possible and thoroughly tested. It
is equipped with a watchdog timer, ensuring a restart in the case of a microcontroller
hangup. A full restart of the SCU is fast enough (it takes about 50 ms, much like the
DAM restart). It also has the brown-out detection circuitry. However, the SCU should
be redesigned in the future, to provide at least some redundancy (meaning that at 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 via the loss
of acknowledges), the telemetry datapackets are stored in a buffer and sent off-line
as soon as the data link is re-established. Moreover, each datapacket isassigned a
unique number and a time stamp, to allow one to check the received data consistency.
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) would
currently make the system enter the Critical Failure Mode (meaning it sets the engine
throttle to idle and engages neutral control surface positions). This is necessary be-
cause the higher control layers are not implemented yet, so the vehicle is notable to
operate autonomously. In the future, when all control layers will be fully functional,
this mode may be changed so that the vehicle would enter hover (in case of a rotor-
craft) or orbiting (in case of fixed-wing) in case of this failure. The system has 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 failureoccurs
only momentarily.

The wireless control link is very reliable though. It is redundant - the RC trans-
mitter transmits the control signal on two separate channels, with the ability to switch
dynamically to another channel if an interference is detected. The system isequipped
with two independent Wireless Control Units (receivers), with antennas positioned
to mutually perpendicular polarizations. Only one channel is sufficient to maintain
full control over the vehicle. Digital data encoding, secured with the CRC,is used.
The transmitter is identified by a unique ID code, embedded into each datapacket, to
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 in good shape
to keep the system running. Failure of any of them would have catastrophicconse-
quences. A re-design of the SCU is considered, the purpose of which would be to
make the SCU able to run from either battery, so it can drain power from the Actuator
Battery (ACB), should the Avionics Battery (AVB) fail. Moreover, it should also be
able to re-route power to the actuators from the AVB in case of ACB failure.This
would bring a power supply redundancy into the system, without adding anymass or
size.

The “backbone” power wiring and power switches (i. e. the lines whose failure
would cause the whole system to fail due to power loss) are divided into two redundant
parallel branches. This measure does not add much weight, while the safety benefits
are obvious.

6.3 Fault-Tolerance of the RAMA System in Real Life

Let us now show three real-life cases, which accidentally occurred during flight tests
and where the fail-safe ability of the RAMA system helped to prevent an accident.
In the first case, the control signal was lost for approx. 600 ms (most likely because
of radio interference). At the time, the vehicle was equipped with an older version
of the Radio Control (RC) set, operating at 35 MHz with no redundancy. The control
system entered the Critical Failure Mode (CFM) in response to the signal loss, and
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, which means
re-positioning the actuators to preset positions - engine throttle to idle (fully negative
actuator throw), collective pitch to slightly positive and roll, pitch and yaw actuators
to their neutral positions. After 600 miliseconds, the control signal reception is re-
newed and the control system recovers from the CFM. The condition occurred when
the vehicle was banking left at full-speed in forward flight, and although itwas neg-
atively perceived by the pilot, it did not cause a crash thanks to the rapid recovery. If
the actuators were not set into neutrals and were subjected to some uncontrolled noise
in the critical phase, the vehicle would likely crash.

In the second case, the roll gyroscope malfunctioned because of extensive vibra-
tions of the helicopter body, caused by a mechanical resonance mode thatshowed up
during the flight. The root cause was later traced to a loose bolt in the rotor head
damper. In this case, the control system successfully engaged the Manual Control
Mode (MCM). This action undisputedly saved the vehicle from crashing, as the 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 Figure 6.4,
the roll rate measurements, along with the reference signal and actuator position, are
shown. At 155 seconds into the flight (marked by the dashed line) resonance oc-
curred, causing the roll gyroscope to fail (the mean value shift, explained in section
3.5.1, was experienced). The problem caused the roll rate controller to compensate,
falsely believing that the vehicle was rolling, inducing itself an undesired roll.The
pilot immediately commanded reconfiguration to the Manual Control Mode (MCM)
and recovered the vehicle. Please note that from the dashed line on, the roll rate gyro
readings and actuator position signals are no longer correlated. This is because the
MCM was engaged, and in this mode the sensor readings are ignored and the rescaled
reference signal (issued by a human pilot) is directly fed to the actuator (it can be seen
that from the dash line on, the actuator position signal is equivalent to the rescaled
reference signal).

The fail-safe ability and early warnings issued by the control system via theon-
line telemetry were invaluable during flight tests, and prevented potential vehicle loss
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 discovered an
unusually high voltage drop on the Actuator Battery (ACB), which did not show up
on earth, because the actuators were not subjected to any load (which is induced by
aerodynamic forces acting on the control surfaces during the flight). This triggered
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 the decision
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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 in section 6.2.5.
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Experiments and Testing

Tests and experiments are inherent part of every research and development process.
When developing a flying vehicle, we may basically distinguish between thestatic
testsof the whole system (or its part), being conducted safely in the home comforts
of a laboratory, and theflight tests, when newly designed and developed assets are put
through their paces in real-life conditions. The former is of vital importance,never
to be underestimated, and often determines the outcome of the latter. The flight tests
are inherently expensive and dangerous, and it is essential to be well prepared, 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 when developing the
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 used as the RAMA
carrier for the flight tests. It has the H1 (or Heim) type of swashplate, meaning that
there is a separate actuator for each function (longitudinal cyclic, lateralcyclic and
collective), so no software mixing is needed. This type has many advantages over the
commonly used CCPM setup (for explanation of various swashplate types, see [52]),
the only disadvantages being its comparably higher cost and mechanical complexity.

Yamada 91ST two-stroke combustion engine is used as the powerplant. Standard
coreless Futaba S9202 servomotors drive the cyclic controls and the engine carbu-
rettor, while fast digital servos are used for the collective and the tail rotor control;
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 blades currently in
use) and the fuselage length is 1350 mm. The vehicle, mated with the RAMA system,
weights approx. 6.5 kg.
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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 done without
flying and to prove its reliability before the flight tests. The latter is especially impor-
tant, because every part of a UAV control system is more or less safety critical and any
in-flight failure may have grave consequences. Byvalidationwe mean a verification
that the newly developed part of the system really does what it is supposed to do and
that it fulfills all the requirements. The goal of thetesting, 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 process, be-
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Figure 7.3: Controller performance evaluation setup

cause every feature is different and the validation tests must be tailored accordingly.
On the contrary, the testing of the overall systemreliability andsafetyis, and should
be, a generally codified process, to ensure that no corners are cut when preparing to
a flight test. The term “reliability” is used to somehow describe the probability ofa
failure; on the other hand, the term “safety” describes the consequences of a failure.
When testing the reliability, the system must pass a set of test cases without any er-
ror; to test the safety of the system, errors or non-standard situations are deliberately
induced into the system and the reaction is evaluated.

For the RAMA system, a general testing methodology has been developed and
practiced over the years. It is called theFlight Readiness Test(FRT). It is a set of
tests cases and focal points for both the software and hardware, avionics as well 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 tested usingusu-
ally some kind of theprocessor-in-the-looptests. 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, running in
the real hardware. The results of the simulation and the implementation must match.
The evaluation is done offline, for the sake of convenience. This kind oftest not 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 outputs, as
well as the internal states of the algorithms, are monitored through the telemetry and
checked for error codes or any other anomalies.

The hardware is also looked upon:

• The connectors, switches and wire harnesses are inspected for any signs of
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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. These can
be induced by the software itself in some special cases, but the standard test involves
disconnecting, reconnecting and resetting of various system parts in run-time. 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 switches is switched
off, then the other is tested in the same way.

The control system must respond correctly to all these states and appropriate fail-
safe mode must be engaged. The manual control must be preserved all the time (the
obvious exception being the control signal loss - in that case, the Critical Failure 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 FODs (Foreign
Object Debris).

• The blade grips are checked for any excessive play and the dampers are in-
spected and lubricated if necessary.
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• The main and auxiliary rotor shafts are lubricated, along with the transmission,
if needed.

• The bearings are tested for unobstructed movement.

• The control linkages are inspected for any excessive play.

• The one-way bearing within the main wheel is tested.

• The clutch is inspected.

7.3 Flight Tests

The flight tests are the ultimate proving ground for each system part. They play an
unsubstitutable role in the development process and provide the invaluable real-life
experience. However, each flight test is a substantial logistical undertaking and also
pose an inherent risk of vehicle damage or even a complete loss. There is no second
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 outlined and
proven and testing priorities must be set, to avoid any confusion in the field. Aflight
test usually consists of 1-3 days and only a limited number of flights is available (a
maximum of 10-14 flights a day), due to several constraints (weather, battery capacity,
pilot fatigue and others). It is not possible to introduce any major last-minute changes
to the testing setup during the process, emphasizing the need to statically test the
hardware and software thoroughly beforehand and clearly define thetesting means,
goals and priorities. It would be technically possible to update the flight software
in field, but it is never done for principal reasons, for such behaviorwould strongly
enhance the possibility of inducing a human error.

A flight test is also relatively expensive in both money and labor, becauseof the
logistical challenge and hardware attrition and maintenance, so it should be carefully
considered what is worth flight-testing and what is not, in order to not to waste pre-
cious flight time. It is not possible to flight-test every bright idea that passes by and
testing objectives must be carefully selected.

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

• The error codes are checked.

• Internal states of the algorithms are checked.

• 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, difference between two
flights. The gray signal corresponds to an early type of IMU fixture, theblack signal
corresponds to the IMU mounted on the mass damper.

• 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, becausea lot of
problems were encountered with nearly all the sensors under flight conditions (recall
section 3.5). The Inertial Measurement Unit proved to be the most problematic, and
countless flights had to be dedicated to remedy the situation. See Figure 7.4, where the
difference between the data provided by the same sensor within the IMU areshown,
depending on the mounting of the unit. The mass damper, described in section 3.5.1,
had to be developed and tuned properly before any serious control experiments could
begin.

The Garmin 18-LVC GPS receiver also proved to be problematic in various ways
(see section 3.5.2). Its mass, located at the very tip of the tailboom, worked asa
perfect vibration resonator and induced severe shivering into the airframe. It was very
hard to de-tune the system to rectify the issue, because there was an interconnection
between the horizontal fin and and the receiver itself, which was very hard to discover.
The fin had to be removed eventually and the receiver mounted relatively loosely on
some foam dampers. The relocation of the receiver was impossible, because it didn’t
work under the main rotor blades, which were obscuring the signal. Figure7.5 shows
an example. The GPS position fix express the mode the GPS receiver worksin - 1
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Figure 7.5: GPS position fix examples; above - signal loss, below - normal signal
acquisition
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Figure 7.6: GPS recording of a flight path
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corresponds to no fix (no signal received), 2 to the 2D mode (no altitude data), 3 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, corresponding
to the time when the main rotor started spinning. The second case shows the normal
signal acquisition after startup - initial 2D fix is obtained, then the 3D mode is entered
and after difference signal acquisition the 3D difference mode is engaged and never
lost again during the flight. Figure 7.6 shows the GPS recording of the flightpath.

Other system development flights focused on the hardware of the controlsystem
itself; the Electronic Container was repositioned several times and its mounting points
altered, the connectors and wiring were changed and the mounting of the PCBs inside
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 reliability and tim-
ing of the system and performance of the control loops under flight conditions. The
Automatic Control Mode (ACM) was emulated, in order to verify the feasibility of
the whole solution. The testing setup was following: The control system operated in
the ACM during the whole flight, the only difference was that the manual commands
were actually applied to the actuators at the end of each working cycle, instead of the
computed automatic actions. The Servo Control Unit (SCU) operated in the ACM,
measuring the positions of the control sticks and sending them to the Main Control
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 working cycle actually
sent the measured control stick positions back to the SCU, instead of the computed
commands.

The vehicle was therefore controlled manually, but the manual commands passed
through the whole control loop (so they were subjected to the same delays asthe
automatic commands would) and the control system was fully running. After these
flights, the performance of the control system was thoroughly evaluated;The tim-
ing was analyzed, looking for possible jitter, the internal states of all systemparts
were verified and the commands, computed by the control loops, were verified using
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 MCC con-
trol loops, also recorded in the telemetry. The results had to be the same (seeFigure
7.3). This was the ultimate “dress rehearsal” of the control system as a whole, before
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 testing setup
is meant, where all control algorithms are running real-time in the hardware asthey
would in the real case, and input signals are not emulated - the sensors are actually
subjected to the real physical conditions they should measure. This is the major dif-
ference compared to the “processor-in-the-loop” testing, mentioned in section 7.2.1.1.
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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 AngularRate
Control Layer (ARCL) loops. It is also the only one which cannot be properly con-
trolled by a P controller in principle, because the vehicle dynamics in the yaw axis
contains a first-order astatism; because of the reaction torque of the fuselage, which
the tail rotor has to compensate for, the actuator is actually required to be outof the
neutral position in order to maintain the zero control error. This can be achieved only
when the I component is present, so a I, PI or PID controller is required for this axis.

Initial experiments with the PI controller didn’t quite work out, because the con-
troller proved to be rather unstable under variable angular rates. It usually worked fine
for near-hover conditions, but as the angular rates went higher, it tended to oscillate
excessively (see Figure 7.7). This was partly caused by the rather low sampling rate
at the time; 32 Hz was clearly not enough to capture the fast yaw movements. APID
controller was introduced in an attempt to suppress these oscillations, but initially, the
D component didn’t work very well because of the noise, superposed tothe measured
signal. Additional signal filtering was introduced, improving the situation, butthe
PID controller proved rather hard to tune “by hand”. It was impossible to find the
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 controllerwas
used for this purpose, which gain was gradually increased up to the pointwhen the
tail started to oscillate. The natural frequency and the critical gain were determined
and PID constants computed according the Ziegler-Nichols algorithm [53].The PID
controller, set this way, worked reasonably well from the beginning andrequired only
little additional tuning. The reference weighting was also introduced into the P branch
of the controller, in order to help to suppress the tail oscillations at higher angular
rates. The final setup of the controller is denoted in table 7.1. Please note that instead
of the proportional, integration and derivative gainsp, i andd, the overall gaink and
the circular frequenciesωi andωd 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 controller is shown
in Figure 7.8. The control quality is considerably improved over the PI controller
(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 the yaw axis
so far. Because the ARCL works very well and the attitude excursions ofthe vehicle
are very slow in time, it could be safely assumed that only conservatively set P or PI
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 unnaturally “flat-
tened” spike in the rate measurement around 16 s time. This is caused by the gyro-
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
x andy magnetic intensity measurements. The yaw measurements were therefore
working properly only when the vehicle was nearly level; even small bank angles in
pitch and roll would affect the yaw angle measurements, because the magnetic field
variations induced by the banking of the vehicle were not taken into account.

Even under those adverse conditions the ACL worked, although the control qual-
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 shownin Fig-
ure 7.9. Simple P controller was used and only attitude holding test was performed
(the reference was constant). The attitude excursions are caused by the measurement
inaccuracy rather then the controller performance. Obviously, the attitudewas hold
reasonably well in global, although the overall control quality was rather unimpres-
sive.

7.3.3 Pitch Control

The pitch rate control proved to be somewhat tricky. The dynamics of the vehicle in
the pitch axis is the slowest and most vehicle inertia is present. The experimentswith
the P, PI and PID controllers were only partially successful; the same problem was
plaguing all of them. This problem was that either the controller suffered a very large
phase delay - the response was vastly delayed after the reference (see Figure 7.11) -
or the control loop was unstable, experiencing severe oscillations (or both), as shown
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Figure 7.10: Pitch rate PI controller oscillations. The reference tracking isstill poor,
although the controller is clearly over-aggressive.

in Figure 7.10.
The D component in the controller was not very helpful and the Ziegler-Nichols

rule didn’t work. In fact, the attempt to determine the natural frequency and critical
gain indirectly led to a loss of a vehicle, as will be described later (see section7.3.5).

The PI controller with a rather largei constant proved to be the most promis-
ing solution. It was steady and stabilized the vehicle perfectly in hover, butsuffered
considerable lag in response to the reference change (as shown in Figure 7.11). This
problem was ultimately solved by introducing the feed-forward loop into the con-
troller. The feed-forward allows a part of the reference signal to be applied directly
to the actuator, ensuring rapid response to the reference change; the Pand I branches
work as expected, stabilizing the vehicle. Considerable improvement in response to
the reference variations using the feed-forward technique is shown in Figure 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, although there is
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 in theroll rate
control too, although it was not so severe compared to the pitch (see Figure 7.13). The
Ziegler-Nichols rule did not work for the roll rate controller either. The final solution
for the roll was achieved in the same way as for the pitch rate - by introducingthe
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Figure 7.11: Pitch rate PI controller in-flight performance. The reference tracking is
delayed in phase by approx.π/2.
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Figure 7.12: Pitch rate PI controller with feed-forward in-flight performance. The
reference tracking is still delayed a little, but generally much better than in previous
cases.
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Figure 7.13: Roll rate PI controller in-flight performance. The reference tracking is
considerably delayed in phase.
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Figure 7.14: Roll rate PI controller with feed-forward in-flight performance. 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
ωi 5.2 40 30
ωd 17.66 300 10000

Reference Filtering
par. yaw pitch roll
ωy 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
Ilow -0.25 -0.5 -0.5
Ihigh 0.25 0.5 0.5
Dlow -0.32 -0.5 -0.5
Dhigh 0.32 0.5 0.5
Outlow -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 of a properly set roll
rate controller can be seen in Figure 7.14, and the final parameters are noted in table
7.1.

7.3.5 Roll and Pitch Identification Experiment

When trying to setup the pitch and roll rate controllers, an identification experiment
was carried out in order to determine the natural frequencies and criticalgains of the
vehicle in both axes. Instead of a P controller, a bang-bang controller was used for
that purpose. By the term “bang-bang” a two-state controller is meant, actuating either
fully to one side or the other, according the control error; an infinite-gainP controller
would work analogically.
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Figure 7.15: Pitch rate bang-bang controller in-flight performance. Maximum 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 controller wasgradu-
ally increased and the response of the vehicle was measured. The resultscan be seen
in Figures 7.15 and 7.16. The identification experiment was successful, orat least
seemed to be, but right in the next flight the testing vehicle crashed badly due to the
mechanical failure of the powertrain. The engine revved up suddenly, but the rotor
lost all power and slowed down. The pilot contributed to the failure by not engag-
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 vehicle, badly
damaging the avionics in the process. It was later determined that a needle one-way
bearing in the transmission cracked and failed, causing the sudden loss ofpower. 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 forcesand moments,
induced by the main rotor to the fuselage, are transferred through this bearing. When
the identification experiments, described above, were performed, the bearing was
overstressed as a result of relatively long-term high-frequency periodic oscillations,
induced by the bang-bang controller. Also, the fuselage is much heavier and therefore
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Figure 7.16: Roll rate bang-bang controller in-flight performance. Maximum 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.

Figure 7.17: The improved metal housing of the one-way bearing is clearly visible in
this picture (pointed by an arrow)
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has larger moments of inertia than what the bearing was designed for by the vehicle
manufacturer, because of additional weight of the on-board avionics.The housing of
the bearing is made of plastics and can flex, not protecting the bearing sufficiently.
This resulted into particularly high rate of attrition for the bearing, causing it tofail
eventually.

The problem was fixed by introducing a non-flexible metal housing for the bear-
ing, protecting it much better than the original plastic housing, as can be seenin Figure
7.17.
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Conclusions

8.1 Summary and Contributions

RAMA, the control system for Unmanned Aerial Vehicles (UAVs), was presented
in this thesis. Its design philosophy, construction and implementation were shown,
along with long-term operation experience and lessons learned during theproject.
The abilities and functions of the system were demonstrated on real-life flightdata.

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

• A Rotorcraft-UAV was built and the control system was designed and devel-
oped.

• It is now operational and tested in the course of several hundred flights, con-
ducted since 2005. All major hardware components are in place and the soft-
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).

• The control scheme was designed and the basic control laws were implemented
and tested, as was shown in chapters 4 and 7. The flight tests were conducted,
data were acquired and the feasibility of proposed solutions was demonstrated
(chapter 7).

• Last but not least, the whole project is now well documented through the project
website [̌Spinka(2007)].

Main contributions and originality of this work were already mentioned in section
1.2. The original system architecture has shown its assets and shortcomings, as well
as the safety features and the control algorithms. Vast pool of flight dataand rele-
vant technical information are now accessible to everyone through the project website

101
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[Špinka(2007)]. The results of the project were also presented at numerous interna-
tional conferences and a prestigious journal paper [Špinka et al.(2009a)].

The system had undergone several major redesigns and overhauls since its first
incarnation and further improvements are waiting in the pipeline, as is shown in the
next section.

8.2 Future Research

There are many areas that require further research and improvements.On the hard-
ware side, the Inertial Measurement Unit should be replaced and the sampling and
working rate of the system increased, as was mentioned in sections 3.3.2 and4.4. A
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 Control Layer
(section 4.4.2) would be the next task in order and shall be operational in the near fu-
ture. The higher control layers will follow.

It is clear that there is still a lot of work to be done on the project, and surelymany
other tasks, not yet foreseen, will emerge in the future too, as they always do.
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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 project website
http://rtime.felk.cvut.cz/helicopter.

list of directories:

• thesis - directory contains this thesis in pdf format

• hw - hardware schematics, blueprints and pcb designs

• 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 videosfrom
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 0xFF-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 sample_num;
uint8_t servo_mask;
uint8_t reserve_1;
int16_t throttle_stick_pos;
int16_t roll_stick_pos;
int16_t pitch_stick_pos;
int16_t gyro_stick_pos;
int16_t collective_stick_pos;
int16_t yaw_stick_pos;
int16_t reserve_2;
float des_roll;
float des_pitch;
float des_yaw;
int16_t throttle_servo_pos;
int16_t roll_servo_pos;
int16_t pitch_servo_pos;
int16_t yaw_servo_pos;
int16_t collective_servo_pos;
int16_t reserve_3;
float params_roll_rate_Xi;
float params_roll_rate_Xdr;
float params_roll_rate_Xdy;
float params_pitch_rate_Xi;
float params_pitch_rate_Xdr;
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float params_pitch_rate_Xdy;
float params_yaw_rate_Xi;
float params_yaw_rate_Xdr;
float params_yaw_rate_Xdy;
float batt_voltage_actuator;
float batt_voltage_avionic;
float roll_angle;
float pitch_angle;
float yaw_angle;
float angular_rate_roll_filtered;
float angular_rate_pitch_filtered;
float angular_rate_yaw_filtered;
float angular_rate_roll;
float angular_rate_pitch;
float angular_rate_yaw;
float accel_x_filtered;
float accel_y_filtered;
float accel_z_filtered;
float accel_x;
float accel_y;
float accel_z;
float mfi_x_filtered;
float mfi_y_filtered;
float mfi_z_filtered;
float mfi_x;
float mfi_y;
float mfi_z;

} __attribute__ ( ( packed ) ) eth_data_msg_type;



108

typedef struct {
float alt;
float epe;
float eph;
float epv;
int16_t fix;
double gps_tow;
double lat;
double lon;
float lon_vel;
float lat_vel;
float alt_vel;
float msl_hght;
int16_t leap_sec;
int32_t grmn_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 datafloat 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 datafloat 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 numberuint16 number
0x006E 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 maskuint8 reserved

uint16 throttleuint16 roll uint16 pitch
0x0024 stick positions 2 uint16 gyrouint16 collective

uint16 yawuint16 reserved
0x0032 battery voltages uint8 ACB voltageuint8 AVB voltage

SCU Command Messages - in
0x0019 servo positions 1 uint8 servo maskuint8 reserved

uint16 throttleuint16 roll uint16 pitch
0x001A servo positions 2 uint16 gyrouint16 collective

uint16 yawuint16 reserved
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[40] M. Peca, M. Sojka, and Z. Hanzálek, “Spejbl - The Biped Walking Robot,” in
Preprints of 7th IFAC International Conference on Fieldbuses and nETworks in
industrial and embedded systems, Toulouse, France, pp. 63–70, 2007.
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