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Abstract

The successful development of an autopilot for an unmanned helicopter is
presented. The helicopter model is developed from first principles. The
model is decoupled to enable the design of four separate controllers. Modal
Analysis is done on the helicopter’s natural modes of motion. The controllers
are designed using a classical successive-loop-closure approach.

The ground station software developed is presented. A guidance controller is

developed to enable autonomous waypoint navigation. The practical results
obtained during Autonomous flight are shown.
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Uittreksel

Die suksesvolle ontwerp van 'n vliegstuuroutomaat vir ‘n miniatuur helikopter
word voorgedra. Die helikopter model word ontwikkel uit eerste beginsels.
Die model word ontkoppel om die ontwerp van vier afsonderlike beheers-
telsels toe te laat. Modale Analise word toegepas op die helikopter se natu-
urlike modusse van beweging. Die beheerstelsels word ontwerp deur van
klassieke agtereenvolgende-lus-sluiting gebruik te maak.

Die grondstasie sagteware word voorgedra. 'n Stuurstelsel word ontwikkel

sodat outonome roete analise gedoen kan word. Die praktiese resultate wat
verkry is gedurende Outonome vlug word voorgedra.
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Nomenclature

Greek Letters:
¢ Euler roll angle
0 Euler pitch angle
P Euler yaw angle
P Air density
o Solidity ratio
5 Effective rotor time constant
Oa Lateral flapping command
p Longitudinal flapping command
d¢ Collective blade pitch command
or Heading command
Small Letters:
a Acceleration
fs Sampling rate frequency
g Gravitational acceleration
h Height
k Controller gain
m Mass
X,Y,2 Body Frame positions
u,o,w Velocity components in the x,y and z-directions of the
body frame
p,g;r Roll-, pitch-, and yaw rate



a1,

Capital Letters:

K

T

Jxs ]yr J2
XY, Z
L,M,N

OX3g,0Yp,OZp
OXg, OYg, OZg

Subscripts:

B
BH

4y}

Vv

Acronyms:

6DoF
A/D
ADCs
AMR
CAN
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NOMENCLATURE xi

First harmonics of the blade flapping angles

Total Controller loop gain from input measurement to
output command

Sample Time
Moments of inertia
Forces in the body reference frame

Components of moment about the CG in the body refer-

ence frame
Components of the body reference frame

Components of the earth reference frame

Body axis system
Bell-Hiller Stabilizer
Down indicator
Earth axis system
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Gravity

Onboard rate gyro
Horizontal Stabilizer
Main Rotor

Tail Rotor

Vertical Stabilizer

Six degrees of freedom

Analog to digital

Analogue to Digital Converters
Anisotropic magneto resistive

Controller Area Network
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GPS
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MIT
OBC
PC104
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Center of Gravity

Direct Current

Extended Kalman Filter
Electronic Systems Laboratory
Flight Control System

Global Positioning System
Graphical User Interface
Hardware in the Loop
Hardware in the Loop Simulator
Inertial Measurement Unit

Local Area Network

Linear Quadratic Regulator
Massachusetts Institute of Technology
Onboard Computer

Embedded Computer Standard
Personal Computer

Printed Circuit Board
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Remote Control
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Chapter 1

Introduction and Overview

1.1 Project Background

Research on unmanned helicopters in the Electronic Systems Laboratory (ESL)
was initiated back in April 1996 with the HOPTUS (HelicOpter PlaTfrom of
the University of Stellenbosch) project. The goal of HOPTUS was to design
an electrically powered- helicopter platform capable of lifting a payload for
extended periods of time [14]. The study was conducted by Mooren [26]
under the guidance of Prof. Garth Milne. After a failed coaxial rotor con-
figuration was attempted, Mooren recommended that a four rotor option be
investigated. In October 1998 Venter [27] built another coaxial rotor config-
uration by using two counter rotating electric hand drills. The configuration
had no actuators to tilt the tip path plane (TPP)! and thus could not be ma-
neuvered.

In January 2003 Nicol Carstens [14] commenced his Masters Degree under
the guidance of Prof. Garth Milne with the initial goal of building a heli-
copter platform, instrumenting the platform with sensors and designing a
flight control system (FCS) to automate the aircraft. The biggest stumbling
block in reaching his goals was to build the helicopter platform. Initially he
tried to improve on the coaxial configuration built by Venter [27] without
success. He then built a quad rotor configuration? as suggested by Mooren
[26], again without success. After funding became available he was able to

!See Section 2.4.4.1 for an explanation of the TPP.
2Similar to the Canadian manufactured [28] Dragan Flyer XP-Pro.



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 1. INTRODUCTION AND OVERVIEW 2

purchase an electrically powered radio controlled (RC) helicopter. The rea-
son the platform had been restricted to an electrically powered aircraft was
so that it could be utilised for indoor applications. The JR Voyager E had the
following limitations:

¢ It was a small helicopter with a rotor diameter of less than a meter
and could thus only lift a maximum payload of half a kilogram. This
limited lifting capability prevented Carstens from doing processing on-
board the helicopter. Instead, processing was done on the ground sta-
tion computer making the platform dependent on the telemetry link.

¢ Its small size made it very sensitive to wind disturbances as well as the
weight distribution of the payload.

¢ The platform did not have a governor onboard to regulate the blade
speed of the helicopter. Instead, the blade speed changed constantly as
the battery voltage dropped. This made it difficult to model the heli-
copter since the dynamics changed with blade speed.

¢ To the knowledge of the author, no other research group had published
work on the automation of a small-size electrically powered RC heli-
copter so that it could be used as a guideline.

Even with all these limitations Carstens managed to demonstrate various de-
grees of freedom under autonomous control. Mechanical failures and time
limitations hindered him from ever achieving full autonomous flight. The
contributions made by Carstens to the research area of rotary-wing flight
control at Stellenbosch University are significant, and can be summarized
as follows:

* A comprehensive literature study was compiled.

* A variety of low-cost sensors were evaluated and tested. The sensors
proved to work practically for a project of autonomous flight. Filters
were evaluated in order to improve sensor measurement quality.

* The controllers were designed using a classical successive-loop-closure
approach. The design process was well-documented for use in future
autonomous unmanned helicopter projects.
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In January 2004 Stephanus Groenewald [9] commenced his Masters Degree
under the leadership of Dr. Thomas Jones. Starting with the recommenda-
tions made by Carstens, Groenewald set out with the project goal to develop
a low-cost avionics system for a more powerful RC helicopter with a greater
lifting capability namely the Miniature Aircraft X-Cell. The X-Cell helicopter
purchased was a methanol powered aircraft with a 70 size glow® engine ca-
pable of lifting a maximum payload of 2kg?. The X-Cell helicopter platform
had the following advantages:

* Theincreased payload capability allowed avionics to be developed with
onboard processing capability in the form of a PC104+ Pentium III com-
pact computer.

* Numerous research groups have published work on methanol powered
RC helicopter dynamics with the goal of automating the aircraft. In par-
ticular, Gavrilets et al. [17] published a comprehensive paper discussing
the modeling of the X-Cell helicopter used in their research. The model
they obtained has been proved during numerous autonomous flights.

¢ Methanol powered aircraft are more reliable than electrically powered
ones. During the two year duration of Carsten’s project he had three
engine failures compared to none for the X-Cell.

* The X-Cell had a governor onboard to ensure a constant blade speed.

Groenewald spent a great deal of time contributing to the current avionics
system by developing the CANSens generic sensor node. CANSens is a de-
vice with 12 A/D channels used to digitize analogue measurement signals.
The significant contributions made by Groenewald to the area of rotary-wing
flight control follow:

¢ Evaluated a number of low-cost sensors to be used for autonomous
flight and instrumented them to the helicopter platform.

* Developed the CANSens generic sensor node and integrated the avionics
with the X-Cell helicopter.

3Glow fuel consists of Methanol (CH;OH )) as base and is usually mixed with Castor-
/Synthetic Oil and Nitro Methane (CH3NO,) [9].
4With a set of 680mm rotor diameter blades.
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In January 2006 Carlo van Schalkwyk [16] and the author commenced their
Masters Degrees under the guidance of Prof. Garth Milne. As the aim was
to speed up the progress toward autonomous flight, two students were se-
lected to work on the platform. Even though different project outcomes were
stipulated, work on the completion of the platform was shared among them.
Most of the platform development was of a mechanical or non-academic type
and the process proved to be very time-consuming. Platform development is
discussed further in Chapter 6.

1.2 Project Goals

The main goal of this project was to automate the X-Cell RC helicopter for
low advance ratio® flight by making use of a classical successive-loop-closure
approach. Successive-loop-closure was specified for the following reasons:

e Itis a good intuitive approach to controller design.
¢ It works well with low-cost sensors.
¢ The method has good robustness properties.

* By closing the loops successively, starting with the inner attitude loops,
the controllers can easily be tuned and tested during practical flight
tests to verify their correct working.

* Van Schalkwyk was tasked with investigating full-state feedback strate-
gies such as the Linear Quadratic Regulator (LQR) in order to push the
envelope of autonomous flight.

1.3 Achievements

Autonomous flight of the X-Cell helicopter was demonstrated successfully.
The secondary project achievements follow:

* The existing helicopter platform was completed.

SThe advance ratio is the ratio of forward flight speed to the speed of the rotor tip of the

helicopter. For the X-Cell flying at 20 m/s at it’s nominal blade sgeed of 167.5 rad/sec and

main rotor diameter of 0.775 m the advance ratio follows: p = 13737007775 ~ 0.15
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* A non-linear helicopter model was obtained and linearised around hover
trim conditions by making use of MATLAB’s linearize function.

¢ Thelinear hover-model was decoupled so that four separate successive-
loop-closure controllers could be designed.

* Modal Analysis was performed on the natural modes of motion of the
helicopter to enable more effective controller design.

e The designed controllers were simulated in Hardware-in-the-loop® (HIL).
The simulations were done in MATLAB Simulink by making use of the
full Non-linear helicopter model.

¢ A guidance controller was designed to enable the helicopter to fly a
given set of waypoints autonomously in compliance with a prepro-
grammed set of rules.

¢ The ground station software used to manage the autopilot was extended
in order to meet the project requirements.

* Autonomous flight test results were presented. These results verified
the controllers as well as the non-linear models used to design them.

1.4 Thesis Outline

In Chapter 2 the basic definitions used throughout this project are given. A
general non-linear RC helicopter model is developed. The model is linearised
and decoupled.

In order to control specific modes of motion most effectively it is necessary
to feed back the most dominant helicopter states that influence those modes.
The natural modes of motion of the helicopter are analysed in Chapter 3
through Modal Analysis.

The design of the control laws are discussed in Chapter 4. A brief overview
of the Hardware-in-the-loop-simulator (HILS) is given. Non-linear HIL sim-
ulation results are shown.

6See Section 4.2.1 for a description of HIL.
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The guidance controller is discussed in Chapter 5. A flow diagram of the
guidance controller shows the logic behind autonomous waypoint naviga-
tion. A brief description of the project specific ground station software is
given.

The practical results obtained during autonomous flight tests are shown in
Chapter 6.
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Chapter 2

Dynamics of RC Helicopters

2.1 Axis System Definition

2.1.1 Earth Reference Frame

An earth reference frame can be defined as a frame in which the law of inertia
holds. Simply stated, an object will not change its velocity spontaneously un-
less an external resultant force is applied to it. The position of the aircraft in
relation to the earth reference frame can be accurately calculated by applying
Newton’s laws of translational and rotational motion. As the angular veloc-
ities induced on the airframe will be much greater than the earth’s angular
rotation it can be assumed that the earth is non-rotating for calculations in
the earth frame.

The origin of the reference frame is defined to be at the starting position of
the aircraft on the runway. The reference frame is said to be earth-fixed. The
advantage of an earth fixed reference frame with its origin at the starting po-
sition of the aircraft is that the position offsets in each axis now have added
significance: It is an indication of the distance the aircraft has moved from
its original starting position on the surface of the earth. These position off-
sets lose their significance the greater they become since the earth axis does
not factor in the curvature of the earth’s surface. For example, say the air-
craft lifts off one meter from the earth’s surface and travels a great distance
forward parallel to the reference frame. Relative to the frame the height po-
sition offset will indicate that the aircraft is still one meter above the earth’s
surface when in fact the altitude of the aircraft is much higher due to the cur-
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vature of the earth. That being said and considering the relatively small in-
tended distance that the aircraft would travel away from the origin the effect
of the earth’s curvature can be ignored when interpreting the position offsets.

The axis components are defined as follows: The OXg-axis points to the
North pole and is tangential to earth’s surface. The OYg-axis points to the
East, also tangential to the earth’s surface. The OZg-axis is perpendicular to
both the OXg and OYg axes and points down toward the center of the earth.
The position offset components are defined as NED. (North, East and Down
displacement)

Flat and Nonrotating
.

OYg

i v
L 3 East
/'A- g ';S
w. OXg _ 4 o
2 - __ Origin at some eonveniont
North point on surface

OZg

Towarels center
of earth

Figure 2.1: Aircraft Earth Axis System Definition [12]

2.1.2 Body Reference Frame

A body reference frame is a right handed reference frame that can be defined
as having its origin at the center of gravity of the aircraft. Since this frame is
fixed to the aircraft it translates and rotates along with it. The aircraft’s spa-
tial behavior can be described with three translatory components and three
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rotary components[8]. The Body Reference Frame is important since all iner-
tial measurements are made in this axis system.

The axis components are defined as follows: The OXp-axis (longitudinal)
points forward towards the nose of the aircraft. The OYp-axis (lateral) is per-
pendicular to the OXpg-axis and points to the right of the aircraft. The OZp-
axis (vertical) is perpendicular to the XgYp-plane and points downward. The
aircraft is said to roll about the OXp-axis, pitch about the OYg-axis and yaw
around the OZg-axis.

TTR
Lateral Axis
‘/,\/,(}.(_1,
A . :
\O S ol Vertical Axis
Z,W,\y,r

Figure 2.2: Aircraft Body Axis System Definition [9]

2.2 Development of the Equations of Motion

Now that the axis systems and the notations used to describe them have been
defined the equations of motion can be defined by making use of Newton's
second law of motion. The linear and angular velocity vectors as well as the



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 2. DYNAMICS OF RC HELICOPTERS 10

force and moment vectors follow,

vp = uip + vjp + wkg (2.2.1)
wp = pip + qj + rkp (2.2.2)
Fg = Xip+ Yjp + Zkp (2.2.3)
Mp = Lig + Mjp + Nkp (2.2.4)

In Equations (2.2.1) to (2.2.4), i, jp and kg are unit vectors defined along the
OXpg, OYp and OZp axes respectively.

The generalized equations of motion in body coordinates for an aircraft with
six degrees of freedom follow [3]:

X = mli—or+wq—x(q"+r*) +y(pg —7) +z(pr +4)]

Y = mp—wp+ur+x(pg+i) —y(p®+1r*) +z(qr — p)]

Z = mlw—ug+op+x(pr—q)+y(gr+p) —2(0* +4%)]
L+Yz—2Zy = pl+qr(J—Jy) + Juy(pr — 4) = Ja(pg + #) + Jyz(* — %)
M+Zx—Xz = 4Jy+pr(Je—J2) + Jiz(pg = #) + Jez(p* = 1) — Iy (47 + P)
N+Xy—Yx = #L+pa(y—Jx) = Jy(pr + 4) + Iee(ar — P) + Jy(4* + P?)

where

[x,y,2]T = distance between the body center and body axis center
[X,Y,Z]T = applied forces
[L, M, N|T = applied moments

Jx Ixy Jxz

Jy= Jy Iz | = body inertia tensor
Jx Joy T2

If it is assumed that the body measurements are taken at the center of gravity
and that the origin of the body axis is defined here then

x:y:z:o

Furthermore, if it is assumed that the body of the aircraft is symmetric about
the OXpOZp plane and that the mass is uniformly distributed then

]xy :]yx :]yz :]zy =0
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Finally, if it is assumed that the aircraft body axes are aligned to the principle
inertia axes! then

Jrz=Jzx =0

Shown below are the simplified non-linear, coupled differential equations
describing the aircraft’s motion in six degrees of freedom [5],

X = m(u — vr +wq) (2.2.5)
Y = m(0—wp + ur) (2.2.6)
Z = m(w — uq + vp) (2274
L=ple+qr(J. = Iy) (2.2.8)
M=q4]y+pr(Jx—Jz) (2.2.9)
N=1];+pq(Jy — Jx) (2.2.10)

where m is the mass of the aircraft and J, ], and ], are the moments of iner-
tia about the OXp, OYp and OZp axes respectively. The derivation of these
equations from first principles can be found in [7].

2.3 Attitude Definition

As described in Section 2.1.1 it is essential to know the aircraft’s position rel-
ative to the earth frame in order to guide the aircraft along a specific course.
Since the body frame has been defined to coincide with the aircraft it is im-
portant to know how the body frame is orientated relative to the earth frame
so that the aircraft’s position in the earth frame can be determined. Making
use of Euler angles is the most common technique to describe the aircraft’s at-
titude. Euler angles represent the spatial orientation of any frame relative to
a reference frame as a composition of rotations. The order of these rotations
can differ and will be discussed below.

1"This simplification is not often used owing to the difficulty of precisely determining
the principle inertia axes. However, the symmetry of the aeroplane determines that Jy; is
generally very much smaller than Jy, J, and J; and can often be neglected[3]"
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2.3.1 Euler Angles

Euler angles consist of a set of three angles and a specific order of rotation.
This project made use of the Euler 3-2-12 order of rotation.

In Figure 2.3, assume the earth and body axes are initially aligned. All ro-
tations are clockwise. Rotate the body reference frame about the OZg-axis
through the yaw angle, 1. Next, rotate about the OY;-axis through the pitch
angle, 6. Lastly, rotate about the OX;-axis through the roll angle, ¢. A com-
plete definition of the aircraft’s attitude is now achieved by knowing the or-
der of rotation (Euler 3-2-1) and the magnitude of the three Euler angles.

. ¥ Y, Ya
},u Ye nh "ﬁ\,“ 2
: \
] F - o
g .\' 'f‘_% i As
i L ; 3 o N
L _ g - - _ /4 \' v A2
- 7 1 Y
B, " o Xe ¥ o ot
. Hz Bl oy
» Zl ]’;Z"‘ ZE" ;23
3 2 1

Figure 2.3: Euler 3-2-1 Rotations [5]

2.3.2 Transformation Matrix

The attitude of the aircraft has been defined. The next step is to coordinate
vectors in the body axis system into the earth axis system and vice versa. This
is achieved by means of the Direction Cosine Matrix (DCM). For a complete
derivation of the DCM see [4]. A vector coordinated in the body axes by
means of the DCM can be represented as,

Vs = T(9,0,9)Ve (23.1)

2Euler angles are numbered from 1 to 3 representing roll, pitch and yaw. Thus, Euler 3-2-1
executes in the following sequence: First yaw, then pitch and lastly roll the aircraft.
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where Vg is the vector in body axes, Vg is the vector in earth axes and T is
the DCM. Similarly, by making use of the inverse DCM it follows that

Ve=T"(¢,0,)Vs (2.3.2)
The Euler 3-2-1 DCM is defined as,

T(¢p,0,¢) = (2.3.3)
cosBcos cosfsiny —sinf
singsinfcosyp — cosgsinyp singsinfsiny 4 cospcosy singcosd
cospsinfcosy + singsinyp  cos@sinfsiny — singpcosyp cospcosd

2.3.3 Euler Angle Differential Equations

As the aircraft can now be coordinated into the earth axis, the attitude of the
aircraft needs to be propagated by utilizing the angular velocity measure-
ments p,g and 7,

¢ 1 singtan® cosptand p
6 | =0 cosp —sing q (2.3.4)
P 0 singsecd cospsect r

as given by [13]. As can be seen from Equation (2.3.4) there are singularities at
pitch angles of £90° due to the tanf and secf terms. Since the main objective
of this project was near-hover flight the pitch angle singularities were not
considered a problem?.

3When working on a project where pitching through =:90° is required quaternions could
be used. For more information about quaternions see [5]. Another approach could be to
switch from one set of euler angle definitions to another when approaching points of singu-
larity.
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2.4 Development of a Helicopter Hover Model

The goal of this section is to give the reader a basic understanding of the
relevant aircraft specific forces and moments that act on a miniature RC he-
licopter. A similar approach to that of Shim [15] was followed, but with spe-

cific focus on obtaining a model around hover trim conditions®.

2.4.1 Helicopter Specific Forces and Moments

Up until this point all the equations that have been developed show the
kinematic-dynamic relationship that holds true for any rigid body motion.
The helicopter specific forces and moments, represented by F.;; and My,; re-
spectively, will now be developed. The Newton-Euler equations for a minia-
ture RC helicopter in translational and rotational motion follow,

vE= %Phe,,. —wB x VB (2.4.1)

. 1
W’ = I_B(Mheli — w® x Jpw®) (24.2)

where

T
VB=[u v w]

sz['p q r]T

Ix Txy Jxz
Is= Iyx ]y Iyz
Jx Ty |2

The two variables in Equations (2.4.1) and (2.4.2) that make these equations
aircraft specific are Fy,; and My,;, as their subscript implies. They are defined
as a set of unique forces and moments that are induced on the rigid body due
to the physical and aerodynamic properties of the helicopter. An approach

“For a complete Aerodynamic Analysis of the helicopter components that induce forces
and moments on the airframe see Shim [15] or Gavrilets et al. [17].
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was adopted whereby the forces and moments induced due to each signifi-
cant aircraft component were analysed from first principles. The following
components were identified for the helicopter:

1. Main Rotor

2. Tail Rotor

3. Fuselage

4. Horizontal stabilizer

5. Vertical stabilizer

6. Bell-Hiller stabilizer bar

7. Onboard active yaw rate damping system®

The Bell-Hiller stabilizer bar and the onboard active yaw rate damping sys-
tem are considered complementary systems to an RC helicopter that add to its
stability but do not form part of fundamental helicopter dynamics. In order
to keep the initial development of the helicopter model as simple as possi-
ble they will only be introduced once the core helicopter dynamics (first five
components listed) have been discussed. Figure 2.4 illustrates how the forces
and moments work in on the rigid body due to these identified components®.
Forces in the OXp, OYp and OZp-axis are denoted by X, Y and Z respectively.
Moments around these axes are denoted by L, M and N respectively. Sub-
scripts M, T, E, H, V, G, BH and GY denote the main rotor, tail rotor, fuselage,
horizontal stabilizer, vertical stabilizer, gravity, Bell-Hiller stabilizer and rate
gyro respectively.

5Commonly known as a Gyro in RC hobby circles.
6The forces and moments printed in red are the most significant when deriving a model
for hover.
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Rear View

Figure 2.4: Free body diagram of helicopter in the body coordinate system [15].

2.4.2 Simplifications for Hover

The following simplifications are made around hover trim conditions:

Negligible Forces The main and tail rotors will be the dominant forces act-
ing on the rigid body. The constant down-wash being created by the main
rotors has a significant aerodynamic effect in the OZp-axis on the helicopter
fuselage and horizontal stabilizer. The rest of the forces are assumed negligi-
ble, thus

(X,Y)r=0
(X,Y)y =0 (2.4.3)
(X,Y,Z)y =0

(X,Z)r=0
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Negligible Moments The tail rotor only generates a moment about its own
centre about the OYjp or pitch-axis due to the drag of the tail rotor blades as
they rotate, known as an anti-torque moment. The anti-torque moment can
be assumed negligible [17], thus

(L,N,M)r =0 (2.4.4)

CG position The helicopter’s CG is aligned with the main rotor shaft of the
helicopter. This was achieved practically by balancing the helicopter around
its CG with lead weights, thus

(¥, Dm=0 (2.4.5)

Centrifugal Forces and Gyroscopic terms Due to the low velocities and
small angular rates during hover, the centrifugal forces and gyroscopic terms
are assumed negligible. In Equations (2.4.1) and (2.4.2) the following terms
are neglected,

—wBxVvBxyg

1 (—wB x JpwB) 20 2.4.6)

JB

Small angle approximations The following small angle simplifications for
roll and pitch angles are made:

sinx =~ x (24.7)
cosx ~ 1
The DCM simplifies to:
T(‘Pr 6, lp)small angles = (2.4.8)
cosy siniy —

pBcosp — sinyp  PpOsinyp +cosyp ¢
Ocosyp + ¢sinyp  Osinyp — pcosyp 1

2.4.3 Gravity

The force acting on the aircraft due to gravitational acceleration is considered.
The magnitude of this force depends on the mass of the aircraft and is always
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aligned with the Zg-axis pointing vertically downward toward the center of
the earth. This force is coordinated into the body axes as follows,

Xc 0
" Ye = T($,0,¥)smant angles 0 (24.9)
Zg mg
_ge
= m| g¢
g

244 Complementary Stability Systems

Now that the helicopter’s core forces and moments have been analysed the
two complementary stability systems namely the Bell-Hiller stabilizer bar and
the active yaw rate damping system will be investigated.

2.4.4.1 Bell-Hiller stabilizer bar

The Bell-Hiller stabilizer bar is common to all small-scale helicopters [17].
The stabilizer bar is composed of two weighted paddles at its tips. These
weighted paddles have two distinct mechanisms for providing stability to
the helicopter dynamics, namely gyroscopic and aerodynamic effects. The
weights at the tips of the bar provide the gyroscopic effect in that they in-
crease the inertia in the plane of rotation. The Bell-stabilizer bar, utilising
this effect, was widely used in the Bell UH-1 H helicopters, hence the name.
The stabilizer will tend to remain in the same plane of rotation by resisting
external torque [15]. Since the main rotor pitch levers are connected to the
stabilizer bar through linkages the gyroscopic effect will act as a source of
mechanical feedback for roll and pitch rates. The Hiller-stabilizer makes use
of the aerodynamic forces exerted on the helicopter. The paddles have a sym-
metrical airfoil shape. The main rotor blade pitch is controlled through the
teetering motion of the stabilizer bar. The response of the blade is said to be
aerodynamically damped. The Bell-Hiller stabilizer bar makes use of both
these mechanisms to provide the maximum amount of mechanical damping.
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Before stating the differential equations that characterize the Bell-Hiller sta-
bilizer, a brief description of flapping angles, that are used in these equations,
will be given. First of all the tip-path plane (TPP) needs to be defined. The
TPP is an imaginary plane that runs tangential from the one outside tip of the
helicopter blades to the other at any instant in time. The longitudinal and lat-
eral flapping angles, a; and b; respectively’, indicate the angles between this
imaginary plane and some arbitrary plane defined as being perpendicular to
the main shaft. The longitudinal and lateral flapping angles are measured
between these two planes in line with the OXp and OYp-axes respectively.
a1 is defined as positive when it flaps up along the positive OXp-axis (nose)
and down along the negative OXp-axis (tail). b is defined as positive when it
flaps up along the negative OYg-axis (left) and down along the positive OYp-
axis (right). By commanding flapping angles, moments are induced about
the CG of the helicopter which causes it to move in any direction. Mettler et
al. [18] proposed the following first order model describing the flapping of
the rotor blades (a3, b1) which is dominated by the response of the Bell-Hiller

stabilizer:
R R T (2.4.10)
Tf Tf
PR ST T} (2.4.11)
TF Tr

where 7y is the effective time constant of the servo rotor response to swash
plate tilt angles and with the cross-coupling derivatives being ignored®. Gavrilets
et al. [17] calculated 7y to be approximately 0.12 seconds for their X-Cell. By,
and Aj, are the effective steady-state lateral and longitudinal gains from the
cyclic inputs to the main rotor flap angles. These two gains are the same for
the X-Cell and have a value of 4.2 as given by Gavrilets ef al.[17]. J, and &, are

the lateral and longitudinal control inputs respectively as given by the pilot
stick or control system commands.

7The subscript used when defining the flapping angles indicates that they are the first or-
der harmonic coefficient approximations of the Fourier series that represent the angle between
a plane perpendicular to the main shaft and the TPP.

8Gavrilets et al. [17] argues that the cross-coupling derivatives are approximately an order
of magnitude smaller than the direct derivatives during low advance ratio flight and can thus
be ignored.
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2.4.4.2 Active yaw rate stabilizer

The Gyro can be operated in two modes namely heading hold and normal
mode. In heading hold mode the Gyro makes use of an integrator on the yaw
rate to compensate for heading drift. In normal mode the Gyro simply feeds
back the yaw rate. For this project the Gyro was operated in its normal mode
since it allowed more freedom in designing the heading controller. There
were two main reasons for using the Gyro:

1. The safety-pilot was accustomed to flying with the Gyro. The Gyro
made the helicopter easier to fly during normal test procedures or in
the event of an emergency take-over where the human pilot had to be
in full control of the aircraft.

2. No additional yaw rate feedback would be required once the device
was configured correctly.

The active yaw rate damping system during its normal mode of operation
was characterized by measuring the output of the Gyro given certain yaw
rate disturbances. The gyro feedback gain was identified as —1/6.6. This
Gyro’s effect was modeled by subtracting 7/6.6 from the tail rotor collective
pitch, 6.

2.4.5 Forces and Moments Summary

By substituting Equations (2.4.3) to (2.4.9) into Equations (2.4.1) and (2.4.2)
the differential equations simplify as follows:

XM+ Xg
YM+Yr+Ys (2.4.12)
Im+Zy+Zr+ Zg

VE

2 [



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 2. DYNAMICS OF RC HELICOPTERS 21
Ly + Ymhym + Yrhr
wB ~ ]— Mpm — Xnphpm + Zygly (2.4.13)
B

Num = Yrlr + Ngy

2.4.6 Forces and Moments Decomposition

Now that all the relevant forces and moments have been identified the rel-
evant aerodynamic equations must be substituted into the force and moment
variables of Equations (2.4.12) and (2.4.13). During hover, the following dom-
inant forces and moments were identified:

Main Rotor Forces The Force produced by the main rotor is known as
Thrust. For the helicopter to stay in the air this force needs to be vectored up-
wards against the pull of the gravitational force defined in Equation (2.4.9).
The Thrust Force generated due to the main rotor can be represented as fol-

lows:
Xm 0
Ym e T(bll ai, ll))small angles 0 (2.4.14)
ZM —Tm

for small flapping anglesg. T(b1, a1, ¥)sman angles coordinates the Thrust Force
acting in the TPP axes'? into the Body axes.

Tail Rotor Forces The tail rotor provides the lateral force required to cancel
out the yaw-moment Njs induced by the main rotor. The tail rotor force will
prevent the helicopter from spinning around its CG, thus

Yr=—-Tr
(2.4.15)

where Tt is the lateral thrust produced by the tail rotor.

%Similar to the approximation made by Padfield [19] during low advance ratio flight,
small flapping angles are assumed throughout this project.
10The Thrust acts perpendicular to the TPP.
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Aerodynamic Drag Forces Vertical drag on the fuselage and horizontal sta-
bilizer: The variables Zr and Zy can be obtained by means of general aerody-
namic equations involving the cross-sectional area of these components and
the amount of down-wash present during hover.

Main Rotor Moments The Moments induced about the main rotor hub fol-

low:
LM Kﬂbl
MM = Kﬂal (2.4.16)
NM _Qe

(2.4.17)

where Q, is the main rotor torque11 and Kgis known as rotor stiffness term.
Gavrilets et al. [17] refers to Kg as the restraint in the blade attachment to the rotor
head.

Padfield [19] uses the example where the rotor stiffness term is assumed zero.
Consider a change in the shaft alignment. The main rotor blades will con-
tinue rotating in their current plane of rotation since there is no moment that
will try and align the blades perpendicularly with the shaft again. Gavrilets
et al. [17] identified a torsional stiffness term Kg of 54Nm /rad for their X-Cell
helicopter.

Rate Gyro Moments Moments induced due to the active yaw rate damping
system: The effect of the Gyro can be modeled by subtracting /6.6 from 4.
The Gyro feedback gain can be modeled by adding the feedback term to the
7 expression through the variable Ngy in Equation (2.4.13). The Moments
induced due to the active yaw rate damping system follow:

Lgy
Mgy | =
Ngy J:(— %)

0
0 (2.4.18)

where the moment ], will be canceled out in Equation (2.4.13), leaving the
desired term —r/6.6 in the 7 equation.

11(—Q,) can be interpreted as the anti-torque moment induced due to the drag of the
rotating blades through the air.
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2.4.7 Non-Linear Hover Model

The helicopter specific and external forces and moments were identified and
analysed from first principles. A basic non-linear hover model for low ad-
vance ratio flight was developed. The following ten state non-linear model

is defined:
x = F(x,u) (2.4.19)
with
T
x=[uvpqgoomb wrl (2.4.20)
T
u=[5,, 5 & 5,] (2.4.21)

where §,; and J;, are the lateral and longitudinal cyclic pitch angles and . and
J, are the main and tail rotor collective pitch angles. These inputs control all
the degrees of freedom of the helicopter.

x = F(x,u)

[ —LTpay — g6
—-%(TMbl +Tr) + 8¢

7- ((Kg — Twhwm)br — Trhr)

le‘((Kﬁ + Tmhm)ar — Zulh)

= 5 (2.4.22)

q
A
—501 =g+ 30
%(—TM +Zy+Zr)+g

]]—z(—Qe + TTlT - Iz&)

2.4.8 Linear Hover Model

Before the model is linearised a quick summary of which parameters are a
function of which force and moment terms is given:
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e Main Rotor Thrust T u, v, w and &,
e Tail Rotor Thrust Tr: v, r and 4,

* Main Rotor Torque Q,: .

1

The Jacobian matrices'? are found by linearising the system equation F(x,u
y & Y q

as follows,

" OF dF, ]
0 0 0 0 —g 32 0 0 0
O%%OOgOO%%OO
ao%‘%"ooooatl):;;,foo
@ 0 0 000 F 0 0 0

[ap.]_0010000000
x] | o o 0 1 0 0 O 0 0 O
oF,
000—1007,7381(:)00
00—100007;,,’11100
0 0 0 0 0 0 0 0 S 0
0 0 0 00 0 0 0 0 &
[0 0o o o ]
oF, OdF
O 0w
00 o
0 0 0 0
0 0 0 o0
dF;
. 2.4.23
[u,-] O 0 0 o0 PE3)
oF,
. 000
W‘}ooo
00%%0
0o 0 0 % |

where the terms with a negligible contribution during hover have been omit-
ted.

120ften referred to as the stability derivatives in the Aerospace community.
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The linearised Hover Model is defined as

X = Ax+ Bu (2.4.24)
where
X, 0 0 0 0 —g X, 0 0 0]
0 Y 0 0 ¢ 0 0 Y, 0 0
O R, 0 0 0 0 0 R, 0 O
M, 0 0 0 0 0 M, O 0 O
0o 0 1 00 0 0 O 0 0
4=19 0 0 100 0 0 0 0
0 0 0 —-10 0 —%, 0 0 O
0 0 -1 0 0 0 O —3—f 0 0
0 0 0 0 0 0 0 0 Z, O
| 0 o0 0 0 0 0O O 0 0 N,
[0 0 0 o0 |
0 0 Y VYo
0 0 Ry, Ry,
0 0 0 O
0 0 0 O
B=| s 5 § @ (2.4.25)
0 iﬁrjh 0 0
%«- 0 0 0
0 0 Zs O
0 0 0 N |

2.5 Linearisation of the X-Cell Model

The full non-linear Equations for an X-Cell helicopter as developed by Gavrilets
et al. in [17] were used by Medellin-Colombia [22] to create a Simulink model

in MATLAB. The model parameters were tailored to this project’s helicopter
specifications as summarized in [9]. To obtain numeric values for the hover
model MATLAB's linearize function was used to linearise the non-linear Simulink
model around hover trim conditions. The advantage of linearising the full
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non-linear model ‘as opposed to the simplified hover model developed in
Section 2.4 was that the accuracy of the model was increased. The linearised
A and B matrices follow,

[ 0036 0 0 0 0 —-g -955 0 0 0
0 -013 0 0 g 0O 0O 95 0 0
0O -016 0 0 0 0O O 386 O 0
0001 0 0 0 0 0 2031 0 0 0
a 0 0 1 0 0 0 0 0 0 0
0 0O 0 1 0 0 0 0 0 0
002 0 0 -10 0 —839 0 0 0
0 0002 -1 0 0 0 0O —839 O 0
0 0O 0 0 0 0 O 0 -111 0
|0 0O 0 0 0 0 O 0 0 —2337
0 0 0 VI
0 0 128 —677
0 0 1123 -2015
0 0 0 0
g=| 0 O 0 . 2.5.1)

0 0 0 0

0 3531 0 0

3531 0 0 0

0 0 -—1645 0

] 0 0 1473 |

Stability derivatives with a very small magnitude were replaced by zero’s.
The approximations made by Mettler et al. [18] for a helicopter performing
near-hover flight maneuvers were used as a guideline to which terms may be
neglected. The system poles are summarized in Table 2.1.
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Table 2.1: Eigenvalues of the identified X-Cell Helicopter Hover Model

Mode Value Damping | Frequency(rad/s)
Phugoid 1 | —0.018 +0.14 | 0.13 0.14

Phugoid 2 | —0.066 + j0.096 | 0.57 0.12

Roll —42+£j19.13 021 19.6

Pitch —4.2 £j13.62 0.29 14.25

Yaw -23.37 1 23.37

Heave -1.11 1 1.11

2.6 Linear, Decoupled Models

In order to design separate feedback controllers some cross-coupling terms

had to be neglected. The A and B matrices given in Section 2.5 were written

in a different order to enable the reader to easily identify the cross-coupling

terms. The state order changed to

longitudinal

lateral

heave heading

= [ e DT+ OO

—0.036 0
—-0.001 O
0 1
0.002 -1
0 0
0 0
0 0
0 0
0 0
0 0

—g 955 0 0 0
0 231 0 0 0
0 0 0 0 0
0 —-839 0 0 0
0 0 —013 0 g
0 0 -—016 0 0
0 0 0 1 0
0 0 0002 -1 0
0 0 0 0 0
0 0 0 0 0

0 0 0 |

0 0 0

0 0 0

0 0 0
955 0 0
3836 0 0

0 0 0
—839 0 0

0 -111 0

0 0 —23.37 |
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[0
0
0
0 ling t
. 0 0 pling
0 0
0 0
3531 0 0 0
0 -1645 0
I 0 0 1473 |

Notice the four cross-coupling terms in the B-matrix on the collective and
rudder commands (-1.28, 11.23, -6.77, -20.15). These terms arose due to the
coupling between the tail and main rotors since they were connected via a
gear!3. The cross-coupling terms were much smaller than terms -164.5 and
147.3 that arose due to changes in the main and tail rotor collective blade
pitch angles. By neglecting the four cross-coupling terms the full helicopter
model could be decoupled into four separate models for which separate feed-
back controllers could be designed. Gavrilets et al. [23] made the following
statement concerning decoupling:

“Based on flight experiments, longitudinal-vertical and lateral-directional dynamics
of the X-Cell in low advance ratio flight (up to u = 0.15) are sufficiently decoupled
to design separate feedback controllers”

2.7 Summary

The relevant axis systems used in this project were defined. A simple non-
linear helicopter model was developed from first principles by identifying
the relevant forces and moments and illustrating how they work in on the
airframe. A full non-linear X-Cell Helicopter Model, created in Simulink,
was linearised using MATLAB. The linearised model was decoupled so that
separate feedback controllers could be designed.

13The gear ratio from the tail rotor to the main rotor is 4.66 [18].
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Although controllers were designed using the linearised decoupled model,
they were simulated using the full non-linear Simulink model where the as-
sumptions made during model development could be tested.



Stellenbosch University https://scholar.sun.ac.za

Chapter 3

Modal Decomposition

The goal of this chapter is to present a detailed analysis of the linearised he-
licopter model that was developed in Chapter 2. Modal decomposition uses
an eigenvector transformation matrix to convert the separate system models
to their modal forms. The modal form is useful since it highlights the indi-
vidual modes of the system and shows how the inputs and outputs couple
into these modes. The eigenvector transformation matrix also indicates the
magnitude and phase contributions of each element of the original state vec-
tor to the specific mode of motion. Modes can be controlled more effectively
by feeding back the most dominant states that influence them. This project
followed a similar approach to that of Peddle [4] in his analysis of the modes
of motion of a model RC airplane.

3.1 Scaling of Units

The elements of the state vector were scaled so that one unit of each variable
had approximately the same physical effect on the aircraft motion. A maxi-
mum deviation approach was adopted [2]. The maximum deviations of each
motion and control variable from their trim conditions were estimated and
compared. The units of each variable were then scaled so that the identified
maximum deviations were of a similar magnitude. Scaling of the units re-
sulted in a more fair reflection of the influence of each individual state on
a specific mode of motion. The approximate maximum deviation of the ten
states and four control inputs are shown in Table 3.1. The values in Table 3.1
should be in the correct order of magnitude to ensure effective scaling. It

30
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Table 3.1: Approximate Maximum deviations around hover trim

Variable | Max | Units
u 5 m/s
q 60 deg/s
0 8 deg
M 6 deg
v 5 m/s
p 60 deg/s
¢ 8 deg
by 6 deg
w 5 m/s
r 40 deg/s
O, 3 deg
51, 3 deg
O¢ 4 deg
oy 3 deg

was shown in Table 3.1 that the maximum deviations were all of a similar mag-
nitude except for the rates (p,q) and r which were in the order of ten times
greater. Thus, the rates were the only variables that needed to be scaled rela-
tive to the other variables. The rate units were changed to tens of degrees per
second (10deg/s). A brief description of scaling follows:

X = Ax,+ Bu (3.1.1)
y = Cx,

where x, is the original state vector and u is the system input. Let

W, = T (3.1.2)

where x; is the scaled state vector and T is the scaling matrix. By substituting
Equation (3.1.2) into Equation (3.1.1) it follows that

xs = Asxs + Bsu (3.13)
y = Csxs
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where
As = TAT (3.1.4)
B, = T !B
Cs = CT

The scaling matrix for the helicopter model follows:
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with state order
3
x=[uq9a10p¢blwr]

The model was converted from radians to degrees, hence the (ff;) terms in
the scaling matrix.

3.2 Longitudinal Helicopter Model

The eigenvector transformation matrix that was used to convert the longitu-
dinal plant to its modal form is shown below!.

u —-0.0012 —0.0034  1.0000  0.0000 z1

_ 1.0000  0.0000 0.0115 -0.0001 z2 (32.1)
0 —0.2065 —0.4760 —0.1075 -—0.6284 z3
ay —0.2065 0.4760  0.0003  0.0001 z4

For a complete derivation of the eigenvector transformation matrix see Bryson [2] or
Peddle [4].
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Figure 3.1: Simplified Decoupled Longitudinal Helicopter Model

where z(;_,4) is the modal state vector. The scaled longitudinal helicopter
model is written in modal form as

Ziong = FlongZiong + GlongUiong 3.2.2)
where
[ —42 1362 0 0
Flong _ —13.62 —4.2 0 0 (32.3)

0 0 -0.018 0.14
0 0 -014 -0.018

-0.3
4249.7
Glong = 143 (3.2.4)

—-3221.7

Two sets of complex poles are visible in Fy,,. The higher frequency pole set is
known as the Pitch Mode of motion while the lower frequency set is known
as the Phugoid mode of motion. These modes of motion will be analysed
with specific focus on the influence of the respective states on each mode of
motion.
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3.21 Phugoid mode

The Longitudinal Phugoid mode poles are summarized below,

A = —0.018+j0.14 (3.2.5)
¢ = 013 (3.2.6)
ws = 0.14 (3.2.7)

The Phugoid mode eigenvector is displayed in phasor form below,

u 1.0000£0.00
g | _ | 001152 -027 558
6 0.6375/80.30
a 0.0003/13.45

where the phasor angles are shown in degrees. The phasor form of the eigen-
vector is an indication of the individual state contributions on the mode of
motion being investigated. The Phugoid mode can be described as a sinu-
soidal exchange of the helicopter’s kinetic and potential energy as it descends
and climbs.

Figure 3.2 shows a time history response of the Phugoid mode of motion.
This was obtained by initialising the scaled system state vector (x;) with the
real parts of the Phugoid mode eigenvector [2]. The following observations
are made from the plot:

* The Phugoid mode of motion is well observed in both the forward ve-
locity u and the pitch angle 6.

¢ The pitch angle 6 leads the forward velocity u by approximately 80°.
When the pitch angle 6 reaches its maximum/minimum the forward
velocity u is always close to zero. Alternatively, the forward speed u is
at a maximum/minimum when the pitch angle 6 is close to zero. This
system can be seen as an exchange of kinetic and potential energy. At
maximum/minimum pitch angles the potential energy is greatest while
at zero pitch angles the kinetic energy is greatest. This exchange of en-
ergy will continue in a sinusoidal fashion with an exponential decay.
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Figure 3.2: Longitudinal Phugoid Mode Response

3.2.2 Pitch mode

The Pitch mode poles are summarized below,

A = —42+]13.62 (3.2.9)
7 = 029 (3.2.10)
wa = 1425 (3.2.11)

The Pitch mode eigenvector is displayed in phasor form below,

u 0.0036£69.97

_ 1.0000£0.00 (32.12)
0 0.5189266.55
a 0.5189Z — 66.55

Figure 3.3 shows a time history response of the Pitch mode of motion. The
following observations are made from the plot:

¢ The Pitch mode of motion is well observed in the pitch rate g, pitch
angle 6 and flapping angle a;.

¢ The Flapping angle a; has a significant effect on the Pitch mode of mo-
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tion.

e The forward speed u has an insignificant effect on the Pitch mode of
motion.

um/s
—— q((10)deg/s) H
0 (deg)

al (deg)

Response

-0.8 i i i
0 0.5 1 1.5 2
Time (sec)

Figure 3.3: Pitch Mode Response

3.3 Lateral Helicopter Model

The eigenvector transformation matrix is shown below,

v 0.0003 0.0015 1.0000  0.0000 z1
p _ 1.0000  0.0000 -0.0078 —0.0002 z2 (33.1)
¢ —0.1093 —-0.4044 03640 0.4680 | | 23
b —0.1093  0.4044 0.0234 0.0000 [ | z4

The scaled lateral helicopter model can be written in modal form as

210t = Farziar + Graettia (3.3.2)
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Figure 3.4: Simplified Decoupled Lateral Helicopter Model
where
—4.2 19.13 0 0
-19.13 —-4.2 0 0
Fg = (3.3.3)

0 0 —-0.066 0.096
0 0 —-0.096 -—0.066

0.7
5003.4
G = 3.34
lat 76 ( )

| 4329.6

Two sets of complex poles are visible in Fj;;. The higher frequency pole set is
known as the Roll Mode of motion while the lower frequency set is known
as the Phugoid mode of motion.

3.3.1 Phugoid mode
The Lateral Phugoid mode poles are summarized below,
= —0.066 £ j0.96 (3.3.5)

£ = 057 (3.3.6)
w, = 012 (3.3.7)
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The Phugoid mode eigenvector is displayed in phasor form below,

v 1.0000.£0.00
0078127
Po| = | 00078 (3.3.8)
¢ 0.5928./52.12
by 0.0234/ — 0.04

Figure 3.5 shows a time history response of the Phugoid mode of motion.
The following observations are made from the plot:

¢ The Phugoid mode of motion is well observed in the lateral velocity v
and the roll angle ¢.

e Similar to the Phugoid mode analysed in the Longitudinal Helicopter
model there exists an exchange of potential and kinetic energy in this
mode of motion, hence the roll angle ¢ leads the lateral velocity v by

approximately 50°.
1 T r —
vm/s
: : —— p((10)deg’s)
DB e comn som vimse w0 o P apTmRs Are e neT p— 1 — (deg) H
: : —— b1 (deg)
0.6 [ o oz e e o B 080 0 T e s s s o5 o
® v
D Godfs o 2 o o e e i v v 5 e e e 0 0 B R R B R 4
&
ﬂ)
c
1(‘)0 15‘30 200
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Figure 3.5: Lateral Phugoid Mode Response
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3.3.2 Roll mode

The Roll'mode poles are summarized below,

= —42+719.13 (3.3.9)
Z = 021 (3.3.10)
w, = 196 (3.3.11)

The Roll mode eigenvector is displayed in phasor form below,

v 0.0015£78.78

_ 1.0000£0.00 (33.12)
¢ 0.4189£74.87
b 0.41892£ — 74.87

Figure 3.6 shows a time history response of the Roll mode of motion. The
following observations are made from the plot:

¢ The Roll mode of motion is well observed in the roll rate 7, roll angle ¢
and flapping angle b;.

* The Flapping angle b; has a significant effect on the Roll mode of mo-
tion.

* The lateral speed v has an insignificant effect on the Roll mode of mo-
tion.

3.4 Heave Helicopter Model

The Heave mode pole is summarized below,

= -111 (3.4.1)
7 =1 (3.4.2)
w, = 111 (3.4.3)

Figure 3.8 shows a time history response of the Heave mode of motion.



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 3. MODAL DECOMPOSITION 40
1 T T T
E y : vm/s
— p ((10)deg/s)
: : — ¢ (deg)
P 5 2 —— b1 (deg)
o1 e, S e, ]

¢ : : :
3 by
: %
—

0 0.5 1 1.5 2
Time (sec)

Figure 3.6: Roll Mode Response
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Figure 3.7: Simplified Decoupled Heave Helicopter Model

@ =

3.5 Heading Helicopter Model

The Heading mode pole is summarized below,

= -2337 (3.5.1)
7 =1 (3.5.2)
ws = 2337 | (3.5.3)

Figure 3.10 shows a time history response of the Heading mode of motion.
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Figure 3.8: Heave Mode Response
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Figure 3.9: Simplified Decoupled Heading Helicopter Model

3.6 Summary

In this chapter a basic analysis of the modes of motion of a small RC heli-
copter was presented. The magnitude and phase contributions of each state
on the modes of motion were shown so that controllers could be designed
more effectively.

The decoupled models were illustrated with block diagrams. These block
diagrams showed which states were affected by which system derivatives.
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Figure 3.10: Heading Mode Response
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Chapter 4

Control Law Design and
Non-linear Simulation

4.1 Control Law Design

An RC helicopter is a highly non-linear, multi-input multi-output (MIMO)
system. It has been demonstrated that RC helicopters can be controlled suc-
cessfully using multiple classic single-input single-output (SISO) decoupled
controllers [14].

The Control Law Design was simplified to the design of four separate, lin-
earised, decoupled, near-hover models. These models were the Heading,
Heave, Longitudinal and Lateral models. The success of this design method-
ology depended on the fact that each decoupled model was predominantly
affected by one of the four control inputs.

Cross-coupling was ignored during the design phase of the controllers. The
full non-linear model was used during simulation to demonstrate that the
designed controllers could effectively control the helicopter around hover
trim conditions. The system Model was augmented to include three position
states and a heading state.

Successive-loop-closure has been widely used to automate unmanned he-

licopters [14, 15, 24] and was also adopted in this project. This method first
controls the fast modes of motion of the system by closing control loops with

43
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the dominant states that influence these modes. Once the fast dynamics are
under control the slower dynamics can be controlled with ease. The advan-
tage of successive-loop-closure is that the system can be tested practically by
closing the loops successively, starting with the fast inner loops, and veri-
fying that the system responds as expected before closing the slower outer
loops. :

4.1.1 Heading

The equations that define the heading model, with the addition of the head-
ing angle 1, follow,

# = N+ Ngd @4.1.1)
y =7

which leads to the following transfer function:

Ny

g’: = 0 (4.1.2)
The Gyro is operated in normal mode. This means that the Gyro damps the
yaw rate of the helicopter by simple proportional feedback of the yaw rate.
Thus, unlike similar projects where the rate Gyro was operated in heading
hold' mode the plant did not have to be augmented with an additional T
(rate feedback) state. The effect of the proportional feedback term due to
the Gyro was captured during modeling as was shown in Section 2.4.6. The
Gyro’s proportional feedback can be set up by adjusting a gain on the Gyro
device. Once it was set up correctly no additional yaw rate feedback was re-
quired from the heading controller.

With the inner yaw rate loop closed, the open loop transfer function from
heading angle to input cyclic follows,

Y _ 1473
6 s(s+23.37) i)

The specifications for the heading angle controller are listed below,

In heading hold mode PI control is implemented on the yaw rate.
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¢ Rise time of under 3s
e QOvershoot of less than 20%
* Zero steady state errors

Since zero steady state errors were required Proportional-Integral (PI) control
was implemented on the heading angle. The control law is described by the
following equation:

&:—Q@—Kw/%m (4.1.4)
where
Ky = ky (4.1.5)
KIIP — kll/)
ey = heading angle error

The successive-loop-closure strategy is illustrated in Figure 4.1. Suitable val-

Pref ey ] 5 Heading
& > ky " Plant ¥
%

Figure 4.1: Successive-loop-closure for the Heading plant.

ues for gains ky and kj, that would satisfy the specifications now had to be
found. A brief description on how these values were obtained follows:

PI control introduces a pole and a zero into the system as follows:

K
K, Kp(s+g)
D(s) =K, +-L=_"1"_%" (4.1.6)
s s
In Equation (4.1.6) it can be seen that a free integrator is introduced at the

origin. The zero position is defined by the ratio of the integrator and pro-



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 4. CONTROL LAW DESIGN AND NON-LINEAR SIMULATION 46

portional gains (— %). A more intuitive approach to PI controller design was
adopted whereby there was designed for the zero position first and then for
the total controller gain. Thus, the following two steps were followed in the
design of the PI controller:

1. The free integrator was introduced at the origin. The zero was then
placed (designed for the ratio %). The closer the zero was placed to
the origin in the s-plane, the more it canceled out the effect of the free
integrator at the origin. The further away from the origin the zero was
placed the more overshoot was introduced. The zero was placed as far
away as possible from the origin while still adhering to the overshoot
specification. The plant was Augmented as follows,

HE At 417

0 1
where x, x, and r denote the system state vector, control state vector

0 0

and reference input to the system respectively.

2. Designed for the feedback gain K, by making use of the Augmented
plant of Equation (4.1.7) and the root locus plot with i feedback to &,.

The following feedback gains were designed: k;, = 0.2 and kjy = 0.06. The
root locus with feedback from 1 to é,, and yaw angle step response are shown
in Figures 4.2 and 4.3.

4.1.2 Heave

The equations that define the heave model, with the addition of the position
state z, follow,

W = Zyw+ Zo,0 (4.1.8)

zZ = w
which results in the following transfer function:

zZ ZgM

- = e (4.1.9)
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Figure 4.2: Root locus of heading plant.
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Figure 4.3: Heading angle step response.
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The heave plant has a similar structure to that of the heading plant from
Section 4.1.1 but its dynamics are approximately twenty times slower. From
Equation (4.1.9) the transfer function from vertical position to input cyclic
follows,

Z 164.5
—= 4.1.10
Se s(s +1.11) ( )

The specifications for the vertical position controller are listed below,
* Rise time of under 3s
® Qvershoot of less than 20%
¢ Zero steady state errors

Since zero steady state errors were required PI control was used on the ver-
tical position z. Consider the case where only the vertical position z state is
used as feedback. There will now be three poles close to the origin: The heave
mode pole at —1.11rad/s, the vertical position and PI controller poles, both
at the origin. A zero will also be introduced due to the PI controller. Now,
unless this zero is placed very close to the origin, thereby largely canceling
the effect of the free integrator introduced by the PI controller, the system will
be marginally stable as can be seen in Figure 4.4. By feeding back the ver-

Imaginary Axis
=)

" s L . s L
1.4 -1.2 -1 -08 -06 -0.4 -02
Real Axis

Figure 4.4: Root locus of the vertical position plant - no velocity feedback.
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tical velocity w state the heave mode pole at —1.11rad/s was moved further
left on the real axis of the s-plane, thereby making the plant more stable. The
root locus with feedback from z to é, and vertical position step response are
shown in Figures 4.5 and 4.6. The control law is described by the following

equation:

b = —Kow — Kzey — K / exdt 4.1.11)
where
Kp = ko (4.1.12)
K, = kuyk,
Kz = kwkr;
e; = wertical position error

The successive-loop-closure strategy is illustrated in Figure 4.7. The follow-
ing feedback gains were designed: k,, = —0.03, k; = 0.7 and k; = 0.07.

Closed loop poles

5.
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Figure 4.5: Root locus of heave plant - velocity feedback added.
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Figure 4.6: Heave position step response.
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Figure 4.7: Successive-loop-closure for the Heave plant.
4.1.3 Lateral and Longitudinal
4.1.3.1 Roll and Pitch
The equations that define the roll'and pitch models follow,
; 1 B
by = —p——b + 24, (4.1.13)
T e
. d. A
b= —q——a+ 225,
T T

p = Lyo+ Lblbl
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Gavrilets et al. [17] went on to approximate the transfer functions from cyclic
inputs to rates for slow forward flight with the following second order trans-

fer functions,

A5 2
—Ltw
L - il (4.1.14)
Sp 245/ Tf + wyg
B a
P W
s §2 45/ + wlyp
where
wznq = Ma1
wznp == Rbl
4.1.3.2 Velocity Dynamics
The horizontal velocity dynamics follow,
u = Xyu-—g0+ Xam (4.1.15)

v = Yyv +g¢+ Yblbl

For near-hover flight the helicopter frame and blades were approximated as
a rigid body [14] so that Equation (4.1.15) simplified to

=
2

—g0 (4.1.16)
v o~ g

for small angles 6 and ¢.

4.1.3.3 Horizontal Controllers

Equations (4.1.14) and (4.1.16) were included for the sake of completeness
but were not used to design the horizontal controllers. Rather, the full de-
coupled models derived in Section 2.6 and represented by Equations (4.1.13)
and (4.1.15) were used. A root locus plot was used where each state was fed
back individually, starting with the fast dynamics, and closing the loops suc-
cessively until the outer loop specifications were satisfied. A root locus plot
shows how all the system poles and zeros are effected while feeding back any
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specific state.

The specifications for the horizontal position controllers are listed below,
* Rise time of under 5s
* Overshoot of less than 10%
¢ Zero steady state errors

The control laws are described by the following equations:

ba = Ko — Koo — Ky — Kiy [ eyt (4.1.17)
8, = —Kgf — Kyt — Kyx — K / exdt (4.1.18)
where
Ky = ky (4.1.19)
Kv = k¢kv
Ke = kek,
Ke = kokoks

Kix = kokukix

ey = lateral position error

ex = longitudinal position error

The successive-loop-closure strategies are illustrated in Figures 4.8 and 4.9.
Equations (4.1.17) and (4.1.18) did not include pitch or roll rate feedback
terms. This has become standard practice in RC helicopter projects [9, 14,
15, 25] due to the mechanical lagged rate feedback system introduced through
the Bell-Hiller stabilizer bar. Mettler et al. [24] acknowledged that additional
rate feedback would help to reduce the gust response of the helicopter but
found that it was not essential.
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Figure 4.8: Successive-loop-closure for the Lateral plant.
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Figure 4.9: Successive-loop-closure for the Longitudinal plant.

The loops were closed successively, starting with the fast dynamics on
the inner loops and ending with the slower dynamics on the outer loops.
The gains were selected using the following guidelines:

* Maximise the gains without stimulating unmodeled effects.
* Maintain an adequate gain and phase margin throughout.

The fundamental task in controlling an aircraft is to control its attitude [4].
By having control of the attitude of an aircraft its acceleration is controlled
indirectly. Since acceleration integrates down into velocity and position over
time it will only be necessary for the outer control loops to compensate for
reference velocity and position commands. Without adequate attitude regu-
lation on the inner loops there would have to be more reliance on the outer
loops to stabilise the aircraft i.e. velocity and position errors have to be in-
curred first for the outer loop controllers to react and correct for them. With
adequate attitude regulation the aircraft is stabilised with the fast inner loop
before errors can be made in velocity and position.
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The following feedback gains were designed: Lateral plant: ky = 0.2, k, =
0.25, ky = 0.4 and kj;, = 0.001. Longitudinal plant: kg = 0.2, k, = —0.25,
ky = 0.4 and k;, = 0.001. The root locus with feedback from x to &y, and
longitudinal position step response are shown in Figures 4.10 and 4.11.
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Figure 4.10: Root locus of longitudinal plant.
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Figure 4.11: Longitudinal position step response.
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41.4 Controllers overview

A brief description of the controller designs was given. Since the project goal
was low advance autonomous flight there were designed for low bandwidth
outer loop controllers. Anti-windup was implemented throughout. Satura-
tion blocks were used to limit the position and heading errors. The saturation
blocks prevented the actuators from saturating.

4.2 Non-linear Simulation

Simulations were done using the full non-linear helicopter model in order to
put the simplifications made during decoupling to the test. Simulation was
done with MATLAB's Simulink package. The controllers were developed in
three phases:

1. Controllers were implemented using Simulink’s user friendly block-
diagrams.

2. Controllers were coded in C-code and used in Matlab’s S-function block-
diagrams during Simulations.

3. The C-code used in the S-function block-diagrams was integrated onto
the OnBoard Computer (OBC).

During the last phase Simulink was used to simulate the working of the con-
trollers but with the important difference that the controllers were now run-
ning real-time onboard the OBC. This real-time simulation onboard the OBC
was made possible by a Hardware-In-The-Loop (HIL) board that will be dis-
cussed in more detail shortly. A graphical display that was developed at
Stellenbosch University for the UAV group was modified and used during
all Simulation phases. The display provided valuable visual feedback on the
working of the controllers during real-life situations.

4.2.1 Hardware in the Loop Simulator (HILS)
4.2.1.1 HIL Simulator overview

Hardware in the loop simulation involves replacing parts of a purely software
simulation environment by some of the hardware components to be used
during practical flight tests. This dramatically reduces the risk of failure on
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flight test day since the correct working of the hardware can be tested in a
safe environment first before exposing the aircraft to the dangers of a real-life
situation. The HIL simulator consists of three main parts:

1. Simulink models of the X-Cell helicopter, its runway and the environ-
ment. These models are used to generate forces and moments which
are passed on to a six degrees of freedom (6DoF) block. The outputs of
the 6DoF block are used to generate a sensor model.

2. A Simulation Hardware Interface (SHI) for the hardware to communicate
with these models.

3. A graphical display output.

The SHI to the avionics makes it is possible to fly the helicopter with the
RC transmitter while viewing the response of the helicopter on the graphical
display. The autopilot can be armed (or disarmed) from the RC transmitter
during simulations allowing the control algorithms to run real-time onboard
the avionics. During simulation, commands can be issued and telemetry data
displayed on the ground station via the telemetry link. Testing crucial hard-
ware at the test bench has many advantages:

* Itinstills a high degree of trust in the designed control algorithms.

* Itensures that the system is thoroughly tested before attempting a flight
test.

e It familiarizes the operator of the ground station with the necessary
procedures so that he/she can be well prepared for any situation that
might occur on flight test day.

The Simulink structure of the HIL simulator can be seen in Figure 4.12. The
X-Cell Helicopter model makes use of the control vector (actuator commands)
and the current state of the aircraft to propagate the data vector (aircraft
states) through to the next Simulink time step. The data vector serves as
an input to the Autopilot Model where it is converted to equivalent sensor
measurements. These sensor measurements are then passed on to the control
algorithms which calculate the new control vector. The Wings Control Panel
switches the HILS on or off so that the Autopilot Model uses either the control
algorithms implemented onboard the avionics or the algorithms simulated
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Figure 4.12: HIL Simulator Structure in Simulink

in Simulink. The Graphical Output block uses the attitude and position infor-
mation of the data vector and outputs it to an OpenGL graphics engine so
that the helicopter can then be displayed in a three dimensional (3D) envi-

ronment.

4.2,1.2 X-Cell Helicopter Model

The X-Cell Helicopter model calculates a new data vector every time step by
making use of the control vector and the current aircraft states. This is ac-
complished by putting all the aircraft specific and environmental forces and
moments through a 6DoF block?.

4.2.1.3 Autopilot Model

Figure 4.13 shows an expansion of the Autopilot Model from Figure 4.12. The
Sensor Model converts the data vector to equivalent sensor measurements and
adds noise to the measurements. The sensor measurements are used by the
control algorithms to calculate the actuator commands. The Simulation Hard-
ware Interface (SHI) is used when HILS is enabled on the Wings Control Panel
in Figure 4.12, otherwise the Simulated Control Algorithms are used. The SHI
block packages the sensor measurement data and writes it out via the serial

2A 6DoF block contains the six degrees of freedom dynamic equations.
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RS5232 port of the computer to the HIL board. The HIL board decodes the data
and writes it out to the avionics package. The data is read in by the avionics
package and passed on to the control algorithms running onboard the OBC.
New actuator commands are calculated. These actuator commands are writ-
ten back to the HIL board where they are packaged and sent to Simulink via
the RS232 port completing the loop.

A 4

Data Vector —

-
1
Data Vector Sensor Data S Data Actuator Commands P{Actuator C Control Vector

HILS ON/OFF Sensor Model Simutated Control Aigorithms Servo Model

L HILS ONIOFF

S Data

Actuator Commands

A 4

Simulation Hardware Interface (SHI)

Figure 4.13: Autopilot model for the HIL Simulator

42,14 Graphical Display

The graphical display simulator is written in C-code and makes use of the
OpenGL graphics library to display the aircraft’s motion through a virtual
3D surrounding. A screenshot of the graphical display is shown in Figure 4.14.
The major advantage of the graphical display simulator is that the controllers
can be seen at work as they would operate in a real-life situation.

4.3 Non-linear Controller Simulation

The controllers designed in Section 4.1 were simulated in HIL before at-
tempting any flight tests. The simulated responses of each controller to com-
manded references in HIL were then compared to those obtained during the
design phase. Disturbances such as wind and sensor noise were simulated in
order to test the controllers thoroughly. The step response of the controllers
is shown in Figures 4.15 to 4.18.

Control Vector
mixing
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Figure 4.14: Graphical Simulator Screenshot - Helicopter on the Runway

From the figures it can be seen that the HIL responses follow the linear de-
signed responses well. The following observations are made:

¢ The heading steady state response is accurate to within two degrees.

* The heave steady state response stays within one meter of the linear
designed response.

¢ The Longitudinal and Lateral steady state responses are accurate to
within one meter.
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Figure 4.15: Response to a heading step command of 30 degrees
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Figure 4.16: Response to a heave step command of 5 meters
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Figure 4.17: Response to a longitudinal step command of 5 meters
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Figure 4.18: Response to a lateral step command of 5 meters

4.4 Summary

61

This chapter outlined the process followed in the design of the decoupled
controllers. The Hardware in the loop Simulator (HILS) was presented. Simu-

lation results were obtained by simulating the designed controllers in HIL.
With the controllers simulated and the system tested thoroughly in HIL, the

X-Cell was now ready for practical testing.
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Chapter 5

Waypoint Navigation and
Ground Station

The X-Cell helicopter can be enabled to fly certain waypoints by making use
of a Guidance Controller. A Guidance Controller is a top decision making layer
that guides the helicopter to navigate itself through a given set of waypoints
by following a preprogrammed set of rules.

The Ground Station consists of a laptop running the ground station software,
an RC transmitter used by the safety pilot and an RF transducer module pro-
viding a telemetry link to the avionics of the aircraft.

5.1 Guidance Controller

A great advantage of a helicopter is its ability to fly in any direction without
necessarily having to change its heading. However, due to aerodynamic drag
effects the helicopter flies most efficiently in the positive OX3p-axis. Also, cou-
pling between the heading and the lateral modes of motion will be stimulated
when flying laterally. Thus, for the helicopter to fly toward a waypoint in the
most efficient way the heading of the helicopter should be changed toward
the waypoint before flying there. The main goal of the Guidance Controller
was to change the heading and fly toward a new waypoint according to a
basic set of rules:

* Only change heading if the next waypoint is further than a user-defined
radius away from the helicopter’s current position.

62
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* First update the heading reference for a user-defined period of time and
then only update the position reference. Pointing the helicopter in the
direction of the next waypoint first will ensure that only the longitudi-
nal controller is stepped when the position reference is uploaded and
will prevent the situation where both the longitudinal and lateral con-
trollers are stepped simultaneously. This simultaneous stepping of the
controllers could stimulate unmodelled cross-coupling effects.

* Update the heading reference every time step while flying toward a
waypoint until the helicopter has entered a user-defined radius around
the waypoint.

* Hover at the waypoint within the user-defined radius for a user-defined
period of time before the next waypoint is considered and the process
repeats itself.

The new heading was calculated with the following simple equation,
Pnew = atan2(Ay, Ax) (5.1.1)

where Ay and Ax denote the position offsets in the lateral and longitudinal
body axes respectively. atan2(y,x) returns the four quadrant inverse tan-
gent (arctangent) of the real parts of ¥ and x and is defined over the inter-
val [, 7r] which covers the entire heading range of the helicopter. It differs
from atan(y, x) whose results are limited to the interval [-Z, Z]. A flow chart
of the Guidance Controller is shown in Figure 5.1. Descriptions of the variables
used in Figure 5.1 are given in Table 5.1.
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Figure 5.1: Flow chart of the Guidance Controller
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Table 5.1: Variables used in Figure 5.1 listed in alphabetical order

Variable

Description

calculate_new_heading

change_heading

change_heading_radius

error_radius
fly_waypoint
heading_change_counter

heading_change_time

hover_time

start_error_counters

waypoint_change_counter

waypoint_number

Determines if a new heading reference
should be calculated

Determines if the new calculated heading
should be uploaded to the heading reference
or if the helicopter should drift toward the
new waypoint without changing its heading
If the next waypoint falls outside of this ra-
dius the heading of the helicopter should be
changed

This radius is defined as the shortest distance
between the current and next waypoints.
Determines if the next waypoint should be
uploaded to the position references
Increments every time step while the head-
ing is being changed

User-defined time in which the heading can
be changed without uploading the next way-
point to the position references

User-defined time during which the heli-
copter must hover within specified bound-
aries close to the waypoint before a new way-
point can be uploaded

Determines when it must be checked if the
helicopter is hovering within the specified
boundaries close to the waypoint

Variable that increments after a new way-
point has been uploaded

Variable that indicates the total number of
waypoints to be flown during a navigation
mission
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5.2 Ground Station Software

The Ground Station Software developed in [5] was extended to meet the re-
quirements of this project. The Ground Station Software was developed us-
ing Borland C++ builder and allows an operator to manage the avionics with
a user-friendly Graphical User Interface (GUI). The Ground Station Software
allows the user to:

¢ Manage the Autopilot.

* Evaluate the performance of the sensor and estimator data to be used
by the controllers.

Verify the correct working of the controllers.

Operate the Guidance Controller.

Change estimator variances and controller gains.
* Give step commands in order to evaluate the controllers.

The different tabs of the Ground Station Software will be discussed briefly in
the following section.
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5.2.1 Ground Station Tab

“Gitound Station || Controller Gains | Command Post | Sensors | Ulrasonic | Actuators | Estimator | Servo Setup | Terminal |
OBC Statu
21621AM =+ Stop Watch | 0.00 2
o Yoltage Levels General
1 January 2004 3 Start l Cluas l
Autopilot MainBattery  [0.0 ™ OBC Time
I~ Arm Autopilot I~ Enable Estimator Backup Battery  |0.0 ™M OBC Temperature 0.0 €]
r I UltraSonic OverRide OnC 0.0 ™ Deiakonges 0 i
; Download data CAN Bus 0.0 ™M OBC Fan
= Servos 0.0 ™ Servo Board Rel
J Update Autopilot | Start OBC | I -]
r h Manual Servo Control
Auto Pilot p———
OBC Clean J Stop OBC | HILS
& COMPort1 RC Pilot
© COMPont2 OBC Shutdown | Upload Data I Ground Station
Command Line
Send Show Commands
Command History Terminal Mirror
00:00:00, History File Opened
00:00:00, Telemetry File Opened
00:00:00, Data file loaded
00:00:00, COM port opened

Figure 5.2: Screenshot of the Ground Station Tab

Autopilot Group Box

* Download Data downloads the aircraft.dat file containing various con-
stants like estimator variances, controller gains and sensor calibration
values to the OBC.

* Upload Data uploads Data logged onboard the OBC to a PC via the LAN
connection.

e Ultrasonic OverRide uses the Ultrasonic sensor measurement instead of
the GPS height measurement to estimate height in the EKF.

* The four designed controllers can be armed partially or all at the same
time with the check boxes shown.
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OBC Status Group Box

¢ Important avionics Status information such as the battery voltages and
OBC temperature is displayed.

¢ The status of the Autopilot (Armed or Disarmed) is displayed.

Other Group Boxes

The Command History logs all mission activities. Terminal Mirror is used to
monitor the OBC status. The Command line allows predefined commands to
be issued to the OBC.
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5.2.2 Controller Gains Tab

Ground Station [ Conlroller Gains || Command Post | Sensors | Ulrasonic | Actuators | Estimator | Servo Setup | Terminal |

Controller_Constants Longitudinal Lateral Heading
Henwe ka [aor ke [oor kes oz
v [ooa~ ktes o2 ks o2 kintes [005
kpor o7 kv [aF kv [0
kimpoz [007  kpow 02 ksow[oz

Pick Controller ki [oo1 ki (oo
 Pos and Vel [
" Position only Anti_windup sat
en_sat_heave en_sat_long on_sat_lat en_sat_psi
‘J’J - 330 m f.'ll [m) 100 [deg]
Limit rate
2z_sat_im »_sat_lim y_sat_m psi_sal_im

(3_ [m/s] [‘— [m/s] [‘— [m/s] '5*— [deg/s]

Upload Controller Constants J

Figure 5.3: Screenshot of the Controller Gains Tab

Controller Constants Group Box

The following controller parameters can be modified:
¢ Controller gains.
¢ Anti-Windup saturation limits.

¢ The maximum rate at which the helicopter can move in any direction.
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5.2.3 Command Post Tab
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§ 12- E 5 . Heading Plane
o £ : oo
200 4} 00 [deg]_Step
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] S
el 5 00 m ope 05
501 foect : ; b i 2}----i 200 g T e
(- oy e e S P Rl B A = PSS S R s e e A S : h oo 05
10090 80 70 60 50 40 30 20 10 O -10-20 -30-40-50 -60-70-80-90-100 | 2 _W:%SP"” [s)
Runway Y 0 D: il Upload new increments
Horth ; Main [00 M Backup[0.0 M
wu..a-mN = I,h_ it Enor Radius  Waypoints RCPit [
Dt to Waypoint ‘-'75- fg— 0.0  Souh B m Jo -
" Change Heading  Retum Home o West H Tive HovecTins
Couses to fly: Course Scale  Course Start 5 [sec) 6 [sec]
i A
o | T |5 e Cloar Wayponts | Fiy Waypons |

Figure 5.4: Screenshot of the Command Post Tab

Waypoint Navigation Group Box

* Choose whether the helicopter must change its heading toward the next
waypoint or drift there while maintaining its current heading in the
Heading group box.

* The Courses to fly offers two preprogrammed courses that the helicopter
could fly namely a square and a triangle. The Orientation group box
determines in which direction the preprogrammed courses will be ori-
entated and the Course Scale adjusts the distance each waypoint will be
separated from the next one. The Course Start text box allows the user to
enter the Runway Coordinates where the start of the preprogrammed
course should be.
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* The Return Home text box allows the operator to enter the Runway Co-
ordinates of a safe place for the helicopter to land in the event of an
emergency. This can be useful if the communication link to the heli-
copter malfunctions. Numerous safe landing zones can be identified
along any specific mission course.

e The Error Radius, Waypoints, Heading Time and Hover Time text boxes are
linked with variables error_radius, waypoint_number, heading_change_time
and hover_time respectively. See Table 5.1.

Partial Control Group Box

* The Choose group box allows the operator to choose which controller
loops to close.

¢ Step commands can be given to the controllers by using the arrows
shown. The increments of the Runway position step commands can be
changed with Upload new increments.

¢ The Runway position and heading estimates are displayed in order to
evaluate the helicopter’s response to step commands.

Horizontal Plane Group Box

A two dimensional map around the origin of the Runway is displayed where
the helicopter position and orientation are represented by an arrow and the
waypoints are displayed as dots. The mouse cursor becomes a cross-hair
when dragged over the map and allows the user to click any number of way-
points on the map. These waypoints will be flown in the order in which they
were clicked by the operator. A corresponding height map is displayed to
the right of the group box to aid the user further with visual feedback.

5.2.4 Other Tabs

The rest of the Tabs are similar to those discussed in [5].

5.3 Summary

The need for a Guidance Controller during autonomous flight was discussed.
The Guidance Controller logic was illustrated by means of a detailed flow
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chart. The added features of the Ground Station Software were discussed.
The Ground Station Software was shown to be user-friendly, interactive and

easy to use.



Stellenbosch University https://scholar.sun.ac.za

Chapter 6
Practical Results

Similar to Carstens [14], most of the practical testing in this project involved
platform development. It was found that the 70 size glow engine was run-
ning too hot. This increased the risk of engine failure which could severely
hamper the project’s progress. It was decided to upgrade the engine to a
90 size glow engine and to decrease the weight of the payload where possi-
ble. The weight of the payload was decreased by more than half a kilogram
by redesigning the extended skids and the avionics box. The original heavy
vibration dampers were removed. Vibration damping was added to the In-
ertial Measurement Unit (IMU) by encapsulating the IMU stack with sponge.

Groenewald [9] never flew with the servoboard powered up as part of his
practical testing. It was found that the servoboard introduced RF noise into
the system which interfered with the RC transmitter frequency used by the
safety pilot. This interference nearly led to a crash when the safety pilot flew
the helicopter out of range. Luckily the pilot could regain control of the he-
licopter and prevent a crash. Shortly after this incident RF noise interference
caused a crash in Roos’s [6] project which also made use of a similar ser-
voboard and RC transmitter frequency band!. Since the RF noise interference
issue affected all the projects in the UAV group it was decided to dedicate
time to try and solve the problem. Better results were obtained by improv-
ing the grounding of the avionics. However, the results were still not good
enough. A solution was found by acquiring a 2.4GHz RC Transmitter for the
helicopter.

IRC transmitter frequency band at 35MHz.
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Vibration proved to be one of the greatest obstacles in this project. It was
found that the extended skids developed by Groenewald [9] were not stiff
enough and induced a great deal of vibration on the rest of the platform, par-
ticularly the Ultrasonic Sensor used to determine the vehicle’s height and the
crucial IMU on which important sensors like the rate gyros, accelerometers
and the magnetometer were located. A lot of time was devoted to developing
algorithms to try and improve the Ultrasonic sensor measurement’s quality.
The best results were obtained when the sensor was moved from its original
position on the nose of the helicopter to the bottom of the avionics box where
the vibration was much less.

Eventually after all the platform issues had been sorted out success was
achieved promptly with Fully Autonomous flight. The four separately de-
signed controllers were tested one at a time until all degrees of freedom were
being controlled autonomously.

6.1 Flight tests

The relatively simple heading and heave loops were closed first. Lastly the
longitudinal and lateral loops were closed. The latter controllers were tested
by closing the loops successively, starting with the fast inner loops of roll
and pitch angles, then the speed and finally the position loops. The practical
results obtained during full autonomous flight will be shown in the following
section.

6.1.1 Heading

From Figure 6.1 it can be seen that the heading dynamics were slightly faster
than predicted in the simulation model. However, the response adheres to the
required design specifications and the heading gains were left unchanged.
The heading angle could be controlled to within five degrees.
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Figure 6.1: Practical Step response of the Heading Controller with + 30 degree steps

6.1.2 Heave

The Heave controller step response can be seen in Figure 6.2. Due to GPS
drift and windy conditions the helicopter slowly moved around during au-
tonomous hover. The cross-coupling introduced due to this movement was
mainly responsible for the constant one meter oscillation around the com-
manded altitude since the X-Cell lost and gained altitude during roll and
pitch maneuvers. However, the mean value of the heave response was around
the commanded reference altitude.

] v Practical response
T IR A—— —— - ~ - Linear designed response

[m)
n

-10 -5 0 5 10 15 20
Time (sec)

Figure 6.2: Practical Step response of the Heave Controller with £+ 1 meter steps
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6.1.3 Longitudinal/Lateral

The last control loops to be closed were those of the longitudinal/lateral con-
trollers. Once the attitude loops of roll and pitch were successfully closed
the X-Cell was able to hover autonomously with its position drifting slowly
over time. Once the speed and position loops were closed the X-Cell hov-
ered autonomously within a four? meter radius for over four minutes until
it’s fuel started running out. A one meter step response of the longitudinal
controller is shown in Figure 6.3. Here too a one meter oscillation around
the commanded reference is noticed. One of the reasons for this oscillation is
that instead of hovering in one place the X-Cell is moving around slowly due
to GPS drift and windy conditions. This slow movement stimulates cross-
coupling effects between the longitudinal and lateral dynamics which con-
tribute to the position oscillation. Also, low bandwidth longitudinal/lateral
controllers were designed as a first iteration. The magnitude of these oscil-
lations can be decreased if the controller gains are increased, specifically the
inner angle loop gains. A two dimensional view of the x and y Runway Coor-
dinates during an autonomous hover can be seen in Figure 6.4. The numbers
indicated on the plot are spaced in 20 second intervals. Number 1 is in the
center of the plot and indicates the xy runway position reference.

B R —Practical response

— - = Unear designed response
15 20

-6
10
Time (sec)

Figure 6.3: Practical Step response of the Longitudinal Controller with a -1 meter
step

2The four meter radius is around the measured GPS position. Due to GPS drift of approx-
imately four meters the actual radius within which the X-Cell hovered practically was around
eight meters.
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Figure 6.4: 2D view of the Runway Coordinates during a Fully Autonomous Hover

6.2 Summary

The practical results obtained were presented and discussed. Platform de-
velopment was shown to be a big part of this project. Once the platform was
established autonomous flight was demonstrated successfully. The controller
step responses were compared to those designed for in Chapter 4.1 and were
found to be adequate.



Stellenbosch University https://scholar.sun.ac.za

Chapter 7

Conclusions and
Recommendations

7.1 Conclusions

This thesis reported two years of work with the goal to achieve full au-
tonomous flight of an unmanned helicopter. It was the first project at Stel-
lenbosch University to achieve this goal. This project made use of a variety
of integrated hardware developed within the UAV group:

e The avionics package. Also known as the PC104 stack consisting of the
PC/104CAN controller board, OBC, RF and GPS adapter board, uBlox
GPS and Aerocomm RF modules.

* The IMU stack consisting of sensors such as the rate gyros, accelerom-
eters and magnetometer.

* The servoboard. Also known as the pilot interface. It passes either the
control system or safety pilot commands to the servos.

* The HIL board. This was used during non-linear simulations and greatly
reduced the risk of failure during practical testing.

For a more detailed analysis of the system architecture see Appendix A. The
ESL’s UAV group has an object system in place whereby software building
blocks which are common to UAV projects are created. The goal of these
building blocks is to speed up the progress of projects by providing researchers
with functional software of which the inputs and outputs are well-defined.
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This allows the researchers to use software without having to write the code,
thereby minimising possible errors and saving valuable development time.
Although the object system was still in the early stages of development at the
start of this project the following object software was successfully integrated
and used:

* The ground station software. Although significant changes were made
to the ground station software in order to meet the requirements of this
project, a great deal of it remained unchanged.

¢ The OBC software. The skeleton of the OBC software as developed by
Hough [5] was used. A useful part of the OBC software was the general
Extended Kalman Filter (EKF). The EKF provided this project with the
necessary estimates for use in successive-loop-closure.

* MATLAB m-files used to create the aircraft.dat file. The aircraft.dat file
contains a number of constants read in by both the ground station and
OBC software. The creation of the aircraft.dat file ensured that the im-
portant constants used during non-linear simulations were automati-
cally updated to the ground station and OBC software where it was
used practically during flight tests or HIL simulations.

* MATLAB Simulink functional blocks. Except for the aircraft specific
X-Cell Helicopter Model and designed Simulated Control Algorithms dis-
cussed in Section 4.2, all the functional blocks of the non-linear simu-
lation environment as used by previous UAV projects in the ESL could
be used.

A functional set of hardware and object code was crucial to the success of this
project. It allowed this project to focus on the research, modeling, controller
development, ground station development and non-linear simulation of the
X-Cell helicopter.

7.2 Recommendations

Recommendations on how the current system can be extended and improved
follow:
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General

¢ The current system can be extended by enabling autonomous take-off
and landing of the X-Cell helicopter. This should not be too difficult
seeing that the X-Cell can already hover autonomously. However, test-
ing the X-Cell close to the ground greatly increases the risk of a crash
seeing that the safety pilot will have little or no time to take back control
in the event of an emergency. This phase will have to be simulated thor-
oughly in HIL and test procedures similar to those in Roos’s [6] project!
will have to be followed whereby take-off and landing are tested on a
virtual ground at a safe altitude first.

* The controllers were designed using successive-loop-closure with PI
control on the outer position loops. This method was in step with
most autonomous unmanned helicopter projects investigated [9, 14, 15,
24]. However, controllers can be designed and evaluated by moving
PI control to the inner loops of attitude and velocity for the longitudi-
nal/lateral and heading/heave controllers respectively. This will mini-
mize the errors on the inner loops which should theoretically lead to a
more stable system.

* The GPS antenna should be mounted on the horizontal stabilizer located
on the end of the tail boom. Currently it is mounted on top of the noise
housing of the servo interface. Here it is close to electronics and under-
neath the rotating blades. This would be an attempt to improve the lock
time i.e. the time the GPS module takes to obtain a 3D Fix.

¢ It is strongly recommended for the researcher working on the automa-
tion of an unmanned helicopter to get into the sport of flying hobby RC
helicopters. This will facilitate more intuitive controller design choices.
The potential risks and limitations of the platform will be better under-
stood. Flight tests can be done without having to call on the services of
an external safety pilot, saving time and money.

Hardware

¢ Vibration damping is the main area of work that still needs attention on
the platform. The previous project [9] relied on four vibration dampers

Roos achieved autonomous take-off and landing with a model RC airplane in his project.
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to isolate the avionics box from the helicopter airframe. However, this
did not isolate the vibration well enough leading to noisy sensor mea-
surements. In this project a different approach was followed whereby
the IMU stack was encapsulated with sponge. Although this improved
the IMU sensor measurements, connections on the PC104 Stack vibrated
loose on several occasions. All the connections were securely fastened
with a glue gun but a long-term solution must be found.

* The PC104 Stack was originally designed for use in autonomous RC
airplane projects where vibration is less of an issue. A more compact
design in the form of a single PCB having the same functionality as the
PC104 Stack is required on which the impact of vibration will be much
less. At the time of writing such a system was being designed in the
ESL.

* A more accurate GPS module would improve the estimator data and
decrease the drift experienced by the X-Cell. Such a module would
enable the X-Cell to hover within a small confined space, increasing the
number of applications for which the platform could be utilised.

* Alternative height sensors should be investigated. The ultrasonic sen-
sor measurement proved to deteriorate rapidly in the presence of vi-
bration.

* A USB Bluetooth dongle could be added to the OBC. This will enable
the wireless transfer of data between the OBC and the ground station
laptop. At present a LAN cable is used for the purpose of data trans-
fer. The current Linux kernel fully supports the Bluetooth standard.
This was recommended by the previous project [9] but was never im-
plemented due to time limitations.



Stellenbosch University https://scholar.sun.ac.za

Appendices

83



Stellenbosch University https://scholar.sun.ac.za

Appendix A

System Architecture

The hardware used in this project was developed by a number of different
students for use by the Computer and Control group at Stellenbosch Uni-
versity and is summarized in Table A.1. The avionics system onboard the
X-Cell was integrated and tested by Groenewald [9]. The system architec-
ture is shown in Figure A.1.  The avionics architecture developed has the
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Figure A.1: System Architecture
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Table A.1: Hardware components developed in the ESL

Hardware Component Developed by

PC104/CAN Controller board J. Venter [10]

GPS and RF link daughter board | J. Venter

Servo Controller CAN Node ]. Venter

IMU Generic sensor base board | S. Groenewald [9]
IMU sensor specific CAN Node | J. Bijker [11]

following characteristics:

* Both the PC104/CAN Controller and the GPS and RF link daughter boards
were designed with the same dimensions as the PC104 computer so
that the three boards could fit compactly on top of each other in a con-
figuration known as the PC104 stack.

* The platform provides large amounts of processing power through the
PC104+ 300 MHz Intel Pentium III processor.

e The CAN bus was used to create a modular design whereby the archi-
tecture could be easily extended. This property was exploited' during
HIL simulations where the HIL board was connected to the CAN bus
and simulated sensor data was placed on the bus for use by the OBC.

The various components of the avionics will be discussed briefly in the fol-
lowing section.

A.1 PC104 Stack

A picture of the PC104 Stack is shown in Figure A.2. From the bottom, the
three boards are listed:

* The Kontron MOPSIcd7 PC104+ OBC.
¢ The PC104/CAN Controller board.
¢ GPS and RF link daughter board.

The boards were separated by lightweight plastic standoffs. The external fans
were configured to maintain the nominal operating temperature of the OBC
at 40 degrees celsius.



Stellenbosch University https://scholar.sun.ac.za

APPENDIX A. SYSTEM ARCHITECTURE 86

Figure A.2: PC104 Stack

Al11 OBC

The Kontron MOPSIcd7 PC104+ computer used in this project has the fol-
lowing specifications:

300 MHz Intel Pentium III processor
Upgradeable 64 Mb RAM

Upgradeable 32 Mb solid state IDE drive
PCI bus

ISA bus

2 x RS232 ports

1 Parallel port

Ethernet

2 x USB ports

Keyboard, mouse and VGA connectors

The main advantage of using the Intel processor is that it can perform floating
point calculations efficiently. The OBC ran a reduced Linux kernel with the
advantage that the operating system could be changed at any level. The en-

tire operating system only occupied about 1.2 MB of the system’s disk space.
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A.1.2 PC104/CAN Controller board

The PC104/CAN Controller board has two main functions:

87

¢ Provides a data path between the OBC and the CAN bus. Data from the
OBC is transferred to the PC104/CAN Controller board via the Industry
Standard Architecture (ISA) bus of the OBC. This data is then packaged
according to the CAN specification and placed onto the CAN bus. Sim-
ilarly, when data is transferred from the PC104/CAN Controller board
to the OBC, data from the CAN bus is packaged according to the ISA
specification and placed onto the ISA bus of the OBC.

* Dictates the timing of the system. See Figure A.3 which illustrates the
interaction between the UCA onboard the OBC and the PC104/CAN

Controller board.

Sync Sync

1 7
PC104/CAN g Eeom, 6
Controller Dat

CAN1/0 Ia o 4 |caNvoO
| 1 >
OBC 0ms 3ms | ¥ Run UCA |Data 20ms Time
~4 5

Figure A.3: OBC and PC104/CAN Controller Timing diagram [5]

The timing of the avionics package shown in Figure A.3 can be explained in

seven steps,

1. The PC104/CAN Controller issues a global time synchronisation packet on

the CAN bus. This triggers the following series of events:

* The sensor nodes place their most recent measurements on the CAN

bus.

® The servo controller updates all actuator nodes on the CAN bus
to the latest actuation levels calculated during the previous time-

step.
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* The safety pilot’s commanded actuation levels are placed on the
CAN bus for use by the OBC during partial arming of the con-
trollers or where the safety pilot needs to have full control of the
aircraft.

2. The CAN data is received by the PC104/CAN Controller board for a pe-
riod of 3 ms after the global time synchronisation packet has been issued.
A 3 ms time-out is imposed where after all CAN activity on the bus will
be disregarded.

3. The relevant CAN data is packaged and transferred to the OBC via the
ISA bus.

4. With the latest CAN data at its disposal, the User Control Application
(UCA) gets invoked. See Figure A.4 which gives a brief summary of
the UCA as well as the relevant C-code files associated with each step.

5. The actuation levels calculated by the control algorithms along with
any additional CAN packets are enqueued to the PC104/CAN Controller
board.

6. The data is transferred to the PC104/CAN Controller board via the ISA
bus. The data is packaged and placed on the CAN bus. Another time-
out is issued so that there is no bus activity in anticipation of the time
synchronisation command.

7. The global time synchronisation packet is issued and the process repeats
itself.

A.1.3 GPS and RF Link Daughter board

The GPS and RF Link Daughter board has two main functions:

1. Provides interfaces for the u-Blox GPS receiver and the AeroComm RF
transducer.

2. Provides a data path for both these devices to connect directly with the
OBC via the RS232 ports.
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The GPS receiver used was a u-Blox RCB-L] OEM Receiver. An active an-
tenna with 25 dB gain was used to receive information from the satellites.
Although the u-Blox receiver and antenna configuration used in this project
only provided us with around 4 meter accuracy, it was low-cost and adequate
for use in demonstrating autonomous flight.

The RF transducer used was the AeroComm AC4486 RF Modem. This device
operates at a frequency of 868 MHz and enables wireless R5232 communica-
tion.

A.2 IMU CAN Node

The IMU Node consists of two Printed Circuit Boards (PCBs) stacked on top
of each other. A picture of the IMU is shown in Figure A.5. From the bottom,
the two boards are listed:

* The generic sensor platform base board known as CANSens. This board
digitizes the analog sensor measurements. The analog signals pass
through the following steps before it is placed onto the CAN bus!:

1. Second order Butterworth filters suppress the high frequency noise.

2. The filtered analog signals are sampled by 16-bit Analog to Digital
Converters (ADCs) at 1kHz.

3. Finally the signals are digitally low pass filtered down to a band-
width of 8 Hz.

* The IMU sensor specific board. This board contains the following sen-
sors:
- 3 x ADXRS150 Single-Axis Rate Gyroscopes from Analog Devices
— 2 x ADXL210E Dual-Axis Accelerometers from Analog Devices
- 1 x HMC2003 Honeywell Magnetometer
The rate gyroscopes are capable of measuring angular rates of up to

+150© /s. The accelerometers are capable of measuring accelerations up
to £10g. The magnetometer is an anisotropic magneto resistive (AMR)

!For an in-depth analysis of the CANSens board see [9].
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sensor which provides a vector measurement of the earth’s magnetic
field. The magnetometer is capable of measuring magnetic fields of up
to £2 Gauss. However, since the maximum magnetic field in the vicin-
ity of Stellenbosch is 0.26 Gauss, the sensor output was magnified by a
factor four. The original IMU sensor specific board as used in [9] made
use of accelerometers capable of only measuring +2g. Although it was
this project’s aim to fly low bandwidth maneuvers, the new high perfor-
mance accelerometers were chosen for two reasons:

1. They will be able to measure aggressive maneuvers for use in fu-
ture projects.

2. The high noise levels during hover will not saturate the sensor
measurements.

A.3 Servo Controller CAN Node

The servo controller board is shown in Figure A.6. The servo controller board’s
main functions are listed below:

¢ It allows either the autopilot or the safety pilot to command the heli-
copter’s actuators.

* It provides critical safety features:

- Backup battery logic: The servo controller board is powered off the
main battery. However, in the event of main battery failure the
board will automatically switch over to using the backup battery
situated in the servo controller housing box.

- Backup if CAN bus fails: In the event that the OBC shuts down for
some arbitrary reason the servo controller board will automatically
map through the actuator commands given by the safety pilot to
the actuators.

- Smooth transition algorithms: To prevent spikes in the commanded
actuator levels the servo controller board uses smooth transition al-
gorithms to allow a more gradual transition when switching the
autopilot on or off. Smooth transition prevents the helicopter from
making any sudden movements during the switch-over process
which could potentially damage the actuators.
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For a more in-depth analysis of the servo controller board see [5].
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Shut Down UCA
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Update Timing
timer.c/h

Figure A.4: UCA Flow Chart [5]
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Figure A.5: Avionics system - PC104 Stack bottom right, IMU top left

Figure A.6: Servo Controller board [5]
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Figure A.7: X-Cell during an Autonomous hover

Figure A.8: Flight test team from the left: Kyle Davis (safety pilot), Carlo van Schalk-
wyk and the author.
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