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1 Introduction

UAV-Unmanned Aerial Vehicles have been around longer than one might
think. The first UAV, the Hewitt-Sperry automatic aircraft, dates back to the
tirst world war. However, it is only more recently that the UAVs on the mar-
ket has reached a state of practical use. As with many other technical systems,
the introduction of light weight structures and dependable, cheap computers
made it possible to make simple UAVs work satisfactory. As will be apparent
there is a world of difference between the UAV used in this project, compared
with for example the X-45 UCAY, C is for Combat, that NASA is working on.
X-45s are able to, in groups with distributed decision making, autonomously
strike at a priori known as well as unknown targets, perform self diagnos-
tics of crucial systems and act accordingly [17]. There are two ways to UAV
designing, one, like X-45, is to take an advanced airframe and incorporate
enough software to make the pilot obsolete. The other way, like SmartOne, is
to take an RC model and automate functions such as stabilizing and naviga-
tion. The main difference, except for the price tag, is the level of autonomy.
When discussing UAVs, one is generally interested in:

1. Level of Autonomy
2. Rules and Regulations
3. Capabilities.

To the aeronautical engineer it might seem odd that performance does not
make the list. The current bottleneck in UAV development is the immaturity
of the autonomy technology field [18]. Another obstacle is the regulations
regarding flight in controlled airspace, where the UAVs are considered a haz-
ard. Manned aircraft depends on the pilot to handle situations. The UAVs
are currently lacking that amount of decision making and are therefore, by
default, banned until they can be proven safe. A rather clever, but also enor-
mously limiting way around this is to construct the UAV to limit damage if
it should crash. That is to make it non lethal to humans and make the equiv-
alent impulse as a bird strike to another aircraft. The SmartOne with the low
weight and speed in combination with pushing propeller, rounded edges and
soft material is considered safe.

In the UAV field, current research concerning path planning is the hot
topic, the fore front involving multiple agents making distributed decisions
at a high level of autonomy. The subcategory of search is focused on opti-
mality to guarantee coverage or to minimize mission time. The area most
interesting for this thesis is guaranteed area coverage in short time [11], [12],
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[13] and [14]. Another field of interest is the topic of tracking and in the cur-
rent research this often involves line of sight constraints, sensor limitations,
threats and fuel efficiency [8], [9] and [16]. For this project none of the above
was considered, to stay in the proximity of the target was defined as good
enough. More on these topics in section 5.

The goal with this project is to assemble an autonomous unmanned aerial
vehicle, UAV. The UAV is to incorporate simpler abilities, such as search of
a predefined area and to track a target, mobile or stationary. The UAV is to
be controlled by an autopilot using cross accelerations as control input. Fur-
thermore, the UAV is to have an interface that makes it easy to test new or
improved abilities in upcoming projects. In order to accomplish a cost effec-
tive testbed, off-the-shelf products and free software have a central role. The
physical UAV is to be thoroughly modeled in order to make future simula-
tions accurate.

SmartOne is the airframe used here which was originally developed by
Swedish Agricultural University, SLU, as a vehicle for aerial photography.
That is still one possible use, as the search algorithm coincides with an aerial
photo sweep. Other possible uses are surveillance/monitoring of traffic, ac-
cident sites and protected sites but also of individual cars, boats etc.

A possible scenario for this UAV is: A person is lost at sea somewhere in
the Stockholm archipelago, the coast guard quickly divides the most likely
waters into a search area definition and launches the SmartOne. An opera-
tor monitors the photos relayed from the UAYV, after some time he detects an
orange spot in the water and designate it as a target for the UAV. The UAV
switches to tracking mode and lingers around the target, continuously relay-
ing images and position, until the coast guard arrives and picks the person
up and recovers the plane.

The report is divided into three distinct parts. Chapters 3 through 5 are
modeling and simulation, chapter 3 having more of an background charac-
ter, whereas chapters 4 and 5 are the core of the project and contains the
solutions to the problem definition. Sections 2, 6 and 8 are about the physical
UAYV, implementation aspects and future tests. The conclusions are found in
section 7.
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2 Description of SmartOne and
Micropilot

The combination of MicroPilot MP2128¢ [1] and SmartOne, see Figure 2.1,
springs from the goal of trying cheap technology and off the shelf products.
One of the main reasons for using this particular airframe is that it is type
approved by Swedish aviation authorities, this is due to the low weight, low
speed and soft rounded edges. The airframe is considered inherently safe for
people and property. One of the reasons for using MicroPilot is the competi-
tive prizing.

2.1 MicroPilot Performance, Computational Constraints

Micropilot MP21289 is an off the shelf autopilot which stabilizes and navi-
gates the aircraft. It is not built for more violent or advanced maneuvers such
as rolling or looping. Among its sensors are a six degree of freedom Inertial
Measurement Unit, IMU, airspeed sensor and a GPS receiver. The onboard
packages are very light weight, and the autopilot board measures only ten by
four centimeters. It has servos with servo mixing capabilities for handling the
elevon configuration of SmartOne. The servos have an update rate of 50 Hz
and the control system has a frequency of 30 Hz. Moreover, the PID reg-
ulators for stabilizing and navigation the aircraft allows gain scheduled for
different speeds and also feed forward on some circuits, e.g aileron-elevator
in a turn scenario.

Allin all there are 16 PID loops to tune in order to achieve the desired /best
performance. Software for programming, routes and autopilot performance
testing is included, as are data log capabilities. The onboard calculating ca-
pacity is about five operations per second, however that rate is not constant
since piloting takes priority.

One extension to this package is the XTENDER™? software development
kit, which allows the autopilot to be modified and also to enhance the possi-
bilities with ground control systems, GCS.

2.2 SmartOne Performance, the Flight Envelope

SmartOne is a fairly small aircraft of the flying wing configuration, with a
wing span of 1.2 meters, see Figure 2.1. It was developed by SLU to perform
photo reconnaissance of forests and cash crop fields. It has a cruise speed of
12 m/s and an endurance of up to one hour. See Table 2.1 for specifics. The
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UAV is fitted with an electric engine with a push propeller producing 260 W.
The minimum turn radius is 3 m, for short time periods, and its maximum
climb rate is 5 m/s.

Notation Value Property
Sref 0.33 m? Reference area
Cref 0.276 m Reference chord
bref 12m Reference span
Zaero -0.201 m Distance to aerodynamic center
Teg -0.18 m Distance to center of gravity
m 09 kg Mass

. 0.0306 kgm2 Moment of inertia
L, 0.0180 kgm? | Moment of inertia
1. 0.0251 kgm? | Moment of inertia

P 260.0 W Power
Vinas 22.0m/s Max speed
Vinin 9.0m/s Stall speed
Omaz 20.0° Max deflection down
Omin 20.0° Max deflection up

Table 2.1: SmartOne properties

Figure 2.1: SmartOne on Rye

2.3 System Overview

The complete UAV system including ground station and complementary equip-
ment is described in this section, see Figure 2.2 for a schematic of the UAV.

6



FOI-R--2224--SE

The Main power supply is a Lithium-Polymere battery 11.1 V and 2200 mAh
which supplies the servo board, the servos, the engine and the engine con-
trol. The auxiliary battery, also lithium-polymere battery, 7.4 V and 1800 mAh
supplies the MP21289, the radio modem and the RC-receiver. The inputs to
the MP21289 comes from the pitot tube and from the GPS antenna, as well as
the built in 6-DoF IMU. The output is directed via the servo board to the en-
gine control and the control surface servos. No payload or extra equipment
were integrated here. The RC signal is directed through the MP2128%to the
servo board, when the Pilot In Control (PIC) mode is active.

1. Port Servo 8. Pitot Tube

2. Radio Modem 9. RC- Receiver 13 /V
3- GPS Antenna 10. Auxiliary Power Supply

4. MP2128 11. Radio Modem Antenna

5. Servo Board 12, Starboard Sernvo

6. Engine Control 13. RC Antenna

7. Main Power Supply 14, Engine

Figure 2.2: Schematic view of the UAV Main Components
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3 Modeling the Aircraft and the Autopilot

In this section the simulation model is presented along with methods to ob-
tain necessary data. The goal with the model and the following simulations is
to achieve control parameters for MP21289 and to get an estimation of aircraft
performance. An aircraft is a full six degrees of freedom system, since it has
no spatial constraints. Such a system is usually described by rigid body dy-
namics and most of the forces acting on the aircraft are aerodynamic. In the
interaction between the structure and the aerodynamics, aeroelastic phenom-
ena arise. The structural dynamics of a flexible aircraft are however neglected
here. An additional assumption is that the earth is flat and stationary. The
calculating unit of the autopilot work in discrete time domain, but the impli-
cations thereof are also omitted as of little consequence. The software used
to build the model is Ptolemey II [19]. It is a java based simulation freeware
developed at Berkley university. The appearance is somewhat similar to that
of Matlab-Simulink [20] and the choice of Ptolemey II over Matlab /Simulink
was a monetary matter. The model is built of function/operation boxes and
connected with wires that transmit inputs and outputs. Ptolemey II can op-
erate in different modes, such as descrete event, continous time or petri nets,
the one used here was continuos time. One pro of Ptolemey II is that it is
very easy to set up a model, one can picture the different boxes of a physical
system, such as engine and servos, and then implement them. Another pro
is that Ptolemey II can handle a full nonlinear model. The cons are the poor
help section, and the limited number of predefined functions, although that
is redeemed by the fact that Matlab can be called by Ptolemey II.

3.1 Equations of Motion

Here is a brief explanation to the equations that operate in the dynamics box.
The dynamics of an aircraft are described by the Newton-Euler equations of
motion for a rigid body. The rate of change of the linear and angular momen-
tum is equal to the total external force and moment around the mass center

F = ma, (3.1)
M = luw, (3.2)
where F'is the force, a is the linear acceleration, m is mass, M is the moment,
I is the moment of inertia and finally w is the angular velocity. Aerospace

applications use a number of different coordinate systems, for example sta-
bility axis and wind axis. The above equation is most conveniently given in

9
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body fixed, cartesian coordinates, see Figure 3.1 for definition. The vectors
vp = (u,v,w)" and wp = (p,q,r)T are the linear and angular velocities re-
spectively, in the zyz order, and the positive directions are defined by the
right hand rule.

Ig

Figure 3.1: Definition of Body Axis coordinate system [22]

Here it is assumed that the origin is at the center of mass and mass and
inertia are constant [4]. That is a fair estimation since no payload is going to
be dropped and no fuel consumed. The plane is considered to be symmetric
in the zz-plane, i.e. the I, and I,,, elements are zero, moreover it is assumed
that I, is small in comparison to the diagonal elements. Thus

Le 0 0
1= o 1, O©
0 0 L.

describes the inertia of the aircraft. Now (3.1) and (3.2) can be rewritten in
vector form as,

1 .
—Fp = vp+wpXxXvp—g,

m
Mp = Iwp+wpxlwpg, (34)

where F'p are the forces, v is the linear acceleration and M g are the mo-
ments, wp is the angular acceleration and I is the matrix of inertia. The
angle of attack o and sideslip 3 are defined as the deviation of the body z-
coordinate axis from the velocity vector vp

u = V cosacospf,
v V sin 3, (3.5)
= Vsinacospf,

10
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where the absolute velocity V is
u? + v2 + w2, (3.6)

The total external force F' is composed of aerodynamic forces, thrust and
gravity. Thrust is usually incorporated with the aerodynamic forces in the
vector F'p, since they have constant directions with respect to each other.
The gravity vector F, is defined by

F, = [—gsinf, gcosfsin ¢, g cos b cos ¢] (3.7)

where 0 and ¢ are the pitch and bank Euler angles respectively. Now let F'p
= (X,Y, Z)T be the aerodynamic forces in the body frame, and similar let
Mp = (L, M,N)T be the moments. Thus one can rewrite (3.3) and (3.4) to a
system of equations that can be oriented arbitrary in relation to the earth.

3.2 Aerodynamic Model

In this section the aerodynamic coefficients and their build-up are explained.
The aerodynamic data set was supplied by the Aerodynamicists at FOL In
order to find the aerodynamic coefficients without doing experiments, the
computer program Athena Vortex Lattice, AVL, was used. AVL is a free soft-
ware [21] based on the extended vortex lattice method. This means that only
inviscid fluid mechanics are used, i.e. friction and stall can not be predicted.
The things that AVL do calculate are aerodynamic forces and moments, with
their derivatives with respect to angles, rotations and controls. Furthermore
Trefftz plane analysis is used for the induced drag. The friction drag was
estimated using similar aircrafts as guidelines, there are also a few empiri-
cal equations to approach this subject. The aerodynamics department being
a highly experienced group, the confidence in the accuracy of their data is
high.

3.2.1 Aerodynamic Coefficients

The forces are given on dimensionless coefficient form, for instance for Cp,
the lift coefficient according to

L

CL = )
Goo Sref

(3.8)

where L is the lifting force, ¢o, is dynamic pressure and S, is the projected
wing area including wing box.

Similar operations are done for the moments but with an additional refer-
ence length as well as the reference area. Wing chord is used for longitudinal
moment and the wing span for lateral moment. For pitching moment coeffi-
cient C,,

M

Cp= ——
" QOoCrefSref

(3.9)

Except for the force and moment coefficients the stability derivatives are of
great interest, i.e. how different forces and moments change with respect to

11
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angular velocity and change of geometry, e.g a control surface deflection. To
exemplify, the lift dependency on « is shown, the notation is Cf, and it is

defined by
0 L
= . 1
CLCX Oa <Q<><>Sref> (3 0)

See Table 3.1 for the data set of SmartOne used in the model. The definition
for control surface deflections state that elevator deflection is positive with
trailing edge deflected down, and aileron deflection is positive when the sur-
face on the right wing is deflected downwards. These deflections are the ones
creating negative moments around respective axis.

Notation | Value | Property
Chpo 0.02 Zero Lift Drag
k 0.11 | Efficiency factor
Cro 0.071 | Lift at zero AoA
Cra 3.224 | Lift due to AoA (rad™')
Crs 0.7377 | Lift due to elevator (/rad)
Cecp -0.1555 | Sideforce due to sideslip (rad 1)
Cis, -0.1874 | Roll moment due to aileron (rad ')
Cip -0.1638 | Roll moment due to sideslip (rad ')
Cip -0.3387 | Roll damping due to roll rate (s/rad)
Cmo -0.0071 | Pith moment at zero AoA
Cna -0.1399 | Moment due to AoA (rad~1)
Cms. -0.5347 | Moment due to elevator (rad ')
Cing -1.2713 | Pitch damping due to pitch rate (s/rad)
Chp 0.0544 | Yawing moment due to sideslip (rad ')
Crp -0.1004 | Yaw damping due to roll rate (s/rad)
Chr -0.0260 | Yaw damping due to yaw rate (s/rad)
Chs, -0.0111 | Yawing moment due to aileron (rad ')

Table 3.1: SmartOne Aerodynamics

3.2.2 Build-up of Body Axis Coefficients

Here the force coefficients in the aerodynamic block are assembled by their
stability axis affiliation, namely drag, lift and side force and the moments
roll, pitch and yaw. The stability axis system is the body axis system rotated
around the y-axis so that the velocity vector is parallel to the x-axis. The
build-up of stability axis force and moment coefficients are,

Cr, = Cro+Craa+ Crs,oe,

Coc = Cogp,

Cp = Cpo+kC2,
o — D’O L b'ref (311)
Cr = Ci5,00 + Cipf + 5+ (Cipp + Cpr),

Cn = C'm,O + Cha + Cméeée + Cgri{z/f(cqu)y

C, = Cnﬁﬁ + Cnéa(sa + bgri\e/f(cnpp + Onr"”%

12
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where b,.s/2V and c,.f/2V are factors that normalize the damping contribu-
tions. To obtain the body axis force coefficients on use the aerodynamic angle
a to transform the stability axis coefficients,

Cx = —Cpcosa+ Csina,
Cy = Cg¢, (3.12)
Cy; = —Crcosa—Cpsina.

CXSrefQOo +T
Fp= Cy Srefoo . (3.13)
CZSrefQOo

Here the engine is incorporated as thrust, T, aligned with the zg-axis. The
leverage arm x.y — Tqero from mass center and the aerodynamic reference
point are calculated and multiplied by the vertical force coefficient, Cz. The
same can be done for y and z axis, but those contributions are very small
and are therefore neglected here. Similarly the moment coefficients are trans-
formed by,

Cr, = C(Cicosa— Cy,sina,
Cy = Cp, (3.14)
Cny = C;sina+ Ccosa.

Now the moments can be assembled,

CLSrefbrefQOo
MB = CMSrefcrefQOo + CZ(xcg - waero)srefQOo . (315)
CNST€be’equO

3.3 The Autopilot

In this section the MP21289 is modeled and the structure used can be found
in the MP21289 manual [1]. The channel set for level flight was chosen as:

Throttle from airspeed,
Pitch from altitude,
Elevator from pitch,

Aileron from roll.

The overall structure is shown in Figure 3.2. The individual circuits are PID
circuits, however since Ptolemey II do not have a derivative function an ap-
proximation was implemented. Also added is an anti windup on the integral
parts. The inputs are the airspeed, altitude and bank angle errors respec-
tively. The outputs are sent via the actuator dynamics box, where filters add
first order dynamics, i.e. the control surface motions are not instantaneous.
Thereafter the control surface deflections are sent to the aerodynamics block
and the thrust is sent directly to the force and moment assembly box.

3.4 The Complete Model

The model is basically built by the components mentioned before. As one
can see there are autopilot, aerodynamic and dynamic boxes, with some help

13
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Throttle from
Airspeed

Altitude l I Elevator from

Pitch

Roll from
Cross Acceleration [

Pitch from _,_»
—

Aileron from
Roll

Figure 3.2: The autopilot structure, the white box is the intended input from the path
planning algorithms

functions around them, see Figure 3.3 for a schematic overview. The accuracy
of the simulation model is determined to a great extent by the parameters of
the model, how well the inertia and areodynamics match reality for example.
Once the model is done it can be used to simulate different flight conditions
and maneuvers to tune the autopilot parameters.

14
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4 Simulation of the UAV

In this section the simulation of the model is described, that is the stabilizing
part of the autopilot and the dynamical characteristics of the UAV. All figures
presented here are based on the final gains, which can be found in Table 4.1.
There are several reasons for doing simulations. It is a good way to tune the
controllers in the autopilot and it gives a good estimate on the capabilities of
the UAV. Moreover it is a way to verify qualitatively that the aerodata set is
reasonable. No other control design tools were used, simulations and tuning
were iterated until the performance was acceptable from a flight mechanic
point of view, e.g o was kept small. Two sets of stabilizing gains were devel-
oped. One with high gains for fast error suppression and one with low gains
using less control power. This was done to have a backup in case the pa-
rameters from one of them would work poorly in MP21289. The higher gain
configuration is named SmartOne V1 or for short V1, the low gain version is
named SmartOne V2. In order to tune the autopilot, the model was started
with the desired states equal to the initial states,

hDes = h, (41)
VDes = ‘/7 (42)
®Des = ¢, (43)

that is altitude, airspeed and bank angle respectively. For a set of control
parameters the initial disturbance was damped out. The disturbances come
from the fact that the model do not start in a trimmed condition. The re-
sponse for step input, impulse input and 3-2-1-1 input was investigated for
altitude, airspeed and bank angle. The 3-2-1-1 input is a square wave input,
and defined as full positive control for three time units, full negative control
for two time units and then followed by two one unit pulses plus and minus,
to end up back at neutral. This input is quite common for parameter testing
in the aeronautical field [15]. The square wave form contains a rich spectrum
of frequencies and the bang-bang appearance excites the airframe, moreover
it is easy to implement. The demands on the time domain responses were,
fast rise time, small overshoot and a minimum of oscillations. That is to say a
well behaved aircraft. Good enough performance was determined by trade-
offs between interacting channels and system limitations.

4.1 Airspeed Control and Performance

In order to test the airspeed control performance a step response test was
carried out, see Figure 4.1. The top plot is the step response, the performance

17
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is fairly quick with an acceptable overshoot. As one can appreciate, the rise
time here corresponds to the excess power of the engine, a step from 16 to
20 do not have the same response. One also have to bear in mind that the
airspeed channel has to be able to handle disturbances from other channels,

e.g altitude.
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Figure 4.1: Airspeed Control and Performance
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4.2 Altitude Control

Since altitude and pitch angle both are controlled by the elevator, the two
channels are tested simultaneously. First is a step response, see Figure 4.2.
The altitude follows the desired altitude nicely. One limiting factor here is,
again, the engine power available, i.e. rise time has a very real, physical lim-
itation. The other channels, airspeed and aerodynamic angles both shows
acceptable reactions to this step. The oscillations in o for V1 peaks at 15°
which might seem high, this is probably due to a too small pitch damping
factor, which would also explain the high frequency. In order to test longitu-
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Figure 4.2: Altitude Step Response

dinal stability, the aircraft was subjected to a 3-2-1-1 input. The input is given
as hpes = +£100m via the whole longitudinal control chain involving pitch
from altitude and elevator from pitch, rather than a direct control surface
command. The point with this investigation is to try to excite the longitudi-
nal modes, short period and/or phugoid. It is done to see how the aircraft
steadies itself after a brusque command sequence. In this case, see Figure 4.3,
it is clear that the aircraft and the autopilot works satisfactorily. Checking
back to altitude and airspeed control there are some disturbances, however
an altitude error of 5 m is of small consequence, neither is the resulting speed
loss, see Figure 4.4. The one output here that is of most interest is a which is
within reasonable values for both configurations.
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4.3 Bank Angle Control and Turn Performance

Here the turning capabilities are tested along with the lateral stability. A
pulse response was performed, see Figure 4.5. For this particular aircraft
there is no rudder, which could be a problem, but as one can see (3 is small
throughout the maneuver. This indicates that the aircraft is weathercock sta-
ble. There is an overshoot of approximately 20% for V1, a little less for V2,
and some significant oscillating, but since the settling time is short, the be-
havior is acceptable. By examining the turn radius for a given bank angle,
while also checking altitude and airspeed tracking, a smallest turning radius
for sustained turn can be found. No specific demands were given, so it was
decided that a bank angle of 15° is the limit. Of course, tighter turns are pos-
sible, for SmartOne, but the penalties in other channels are mounting. It is
also possible that the MP21289 might not be able to turn tighter, it is built for
stabilizing the aircraft. For reference, the theoretical minimum turn radius
[5], with load factor n = 1.5 and airspeed V,, = 16 m/s, gives a turning
radius,

V2
R=—=-+= = 233m 4.4
T (44)
and a bank angle,
¢ = arccos (i) = 48.2° 4.5)

The bank angle used as input here is 14.3°, see Figure 4.6 for resulting per-
formance. This bank angle gives a turning radius of 100 m and it takes 10.15
seconds to perform a 90° turn, i.e. the duration of the pulse, see Figure 4.7
for ground track.

The lateral stability was also put to the test by a 3-2-1-1 input in desired
roll to excite a possible dutch roll. As is shown in Figure 4.8, oscillations
are quickly damped. In Figure 4.9 the resulting airspeed and altitudes are
shown. The influence in both channels for both configurations are small.

4.4 Finalized Control Gain

A step in altitude affects airspeed to some degree which depends on the max-
imum allowed flight path angle v,,qz. If Ymaq is too big, i.e. a steep climb, the
airspeed will drop and similarly in a dive the airspeed will rise. Given the
step responses the PID parameters could be tuned with respect to overshoot,
rise time, settling time and static error. By tuning the PID parameters one
can shape the response, taking care so that the performance of affected chan-
nels are not substantially degraded. After doing the necessary tradeoffs the
parameters used are found in Table 4.1.
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[Gain| V1 | V2
Throttle from Airspeed Error
Proportional | £, 30 10
Integral ki 7.5 0.5
Derivative kq 0 0
Pitch from Altitude Error

Proportional | £, -0.08 -0.02
Integral k; 0 0
Derivative kq 0 -0.01

Elevator from Pitch Angle Error
Proportional | k, | 0.1875 | 0.094
Integral k; 0.4 0.01
Derivative kq 0.375 | 0.0094

Aileron from Bank Angle Error
Proportional | &k, -0.37 | -0.38
Integral k; -0.1 -0.28
Derivative kq -0.56 -0.1

Table 4.1: Control Parameters
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5 Path Planning

Path planning is the part of the autopilot that handles the navigation and
consequently the mission, i.e the algorithms that determine where the UAV
is going and also when. The path planning part can furthermore contain dif-
ferent parts, focused on different tasks, such as search. The mission statement
for this thesis called for search and target tracking/following path planning
capabilities. There are different approaches to construct these, one can pro-
gram algorithms for the different tasks into the onboard autopilot or one can
use a ground station and a radio link. The algorithm described here is meant
to be programed into the onboard computer.

5.1 Search Algorithms

Here we shall treat patterns that basically covers areas, this means that the
search can also mean photo reconnaissance or similar tasks. As stated in sec-
tion 1 the research concerning search algorithms is a hot topic, however the
ability asked for here may not be at the front of research. The approach pro-
posed by Ablavsky et. al [11], [12], [13], is to calculate a map consisting of
isochronal contours. Based on target mobility, terrain type and time elapsed
since last time the location of the target was known, a map with probable
locations can be created. That map is then divided into search zones of some
simple shape, e.g elliptical. Here the scenario is looking for mobile Scud
launchers, i.e firing position is known and also the local road network and
speed of the trucks in terrain and on roads. For each subregion there exists
an optimal search pattern i.e raster, zamboni or box-spiral. The near optimal
global solution can then be found as a sequence of visits of the subregions
where the entry/exit points are used as variables. The pattern most efficient
for search is the raster pattern [12], which is the pattern used in the search
algorithm here. But here there is no need for pre specified shapes. However,
the transit between two or more areas here claim no optimality. One can also
incorporate uncertainty models, as Bertuccelli argues, the probabilities are
not exactly known to a mission planner in beforehand. The Uncertain Prob-
ability Map (UMP) take in account delayed information, erroneous informa-
tion and the propagation thereof in time [14]. One more issue discussed is: is
flown over equal to detected? For this algorithm an ideal sensor is used and the
probability of detection is considered to be one. There are more similar types
of optimization based algorithms and they all have one thing in common,
they require a lot of computations.
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5.1.1 Search Problem Statement

The definition of the search problem is:

To search an area, so that a down looking sensor e.g a camera
completely covers an area of arbitrary shape. The area may be
divided into subareas.

There are no demands on time or path length optimality. The range of the
sensor can be considered to be twice the turning radius.

5.1.2 Search Pattern

In this section the search problem is solved. The main theme is to apply a
raster pattern, by construction it will cover the whole area and no two sweeps
will intersect. This section is divided in two parts, first are the demands on
area definition and starting points. Second is a description of the workings
of the algorithm.

Too begin, here are the definitions of a few terms that are used here:

Sweep, the part of the flight where the UAV is going straight and
can employ a downward facing sensor.

Sweep direction, the heading of the UAV while at a sweep.

Raster, a pattern built by a number of sweeps and 180° turns.

Raster progression direction, the direction in which the raster is go-
ing, i.e. perpendicular to the sweeps.

Origin of raster, the point the sweep is progressing from, the min-
imum point.

Break line, a line perpendicular to the raster progression, that in-
tersects the corner point furthest away from the origin of
the raster, the maximum point.

Demands on the Area Definition

This algorithm only works for convex polygons, or at any rate the subalgo-
rithm that determines if a boundary is passed or not. Any area can be divided
into polygons of arbitrary convex shape, this condition presents no limitation
on the search area definition. Any number of polygons can be combined to
fully describe the desired search area. The area is defined by its corner points.

The Algorithm in Brief

To successfully start the algorithm one needs the approach direction to be
equal to the desired sweep direction. The approach direction dictates the
sweep direction as Vpes = Vapproach, this is one of the more important pa-
rameters to pick, long sweeps are effective, short sweeps less so. The switch
between approach and search can be at any point in or outside the polygon.
Moreover, the approach have to intersect with the polygon no more than the
sensor range from the point/line furthest away, in the negative sweep pro-
gression direction to ensure sensor coverage. The origin of the raster should
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be the point, or any point on the line, furthest away from the first sweep, in
the negative sweep progression direction.

Here it is assumed that the sensor is rendered more or less useless during
a hard turn. Therefore the turn is performed outside of the polygon and
measures have been taken to ensure that the hard turn is done when the UAV
reenters the polygon. This is accomplished by using two shadow points, at
a distance perpendicular to the velocity of the UAV, one on each side. When
all three are outside, the reentry point is on the boarder.

The break condition is simply that the UAV and the shadow points, are
past the break line.

To proceed to the next polygon the transition is made by adding the new
approach to the flyto function. In Figure 5.1 the raster is shown over one
polygon, also some of the terms used here are illustrated.
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300

200

g 100f
=
5
o
UI) 0
c
T
(o]
pz4

-100

[ Defining points area
| .
—200 b ,é ®  Search Algorithm Start |
]

Raster Origin Point

— — — Polygon Boundary Break Point
—300 1 ‘ UAV path ‘ ‘ ‘ i
-200 -100 0 100 200 300 400 500 600

East-West [m]

Figure 5.1: Raster Pattern on Arbitrary Polygon

Algorithm Governing Parameters

The governing parameters can be found in Table 5.1, those that have calcu-
lated in code as initial value are automatic, that is to say they do not need a
preset value. First the boundaries are defined, then a condition telling the
inside from the outside initiate the insideArea boolean. This is done by the
matrix inequality,

if A-rpav <b = insideArea = true. (5.1)
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Where 77 4v is the current UAV position, A and b are calculated as

pi = p(@i,yi), (5.2)
Ap; = pi—Dpit1, (5.3)
A = [Apyi Apsgl, (5.4)
bi = Apy-pi(z) — Aps - pi(y). (5.5)

Where p; and Ap; are the points and lines defining the boundaries of the
polygon. Next an additional condition is calculated, the scalar product of
desired and actual velocity,

Vuav  Vpes
Voav] |Vpes|

flyStraight = (5.6)
This expression shows how much the UAV has turned. The variable fs is
then compared to n, which can be any number from -1 to 1, the purpose is to
smooth the exit of the turn. The value used here is 0.8 which makes the UAV
exit turn mode when it have turned about 140°. In order to find the most
remote point and compare it with the current position, the following scheme
is applied,

BP = max[Vp'(pi—9)| (5.7)
Vp'((z,y) —S) > BP = break. (5.8)
Parameter Type Designation Initial Value
insideArea boolean Inside Area calculated in code
allowTurn boolean Allow Turn 1
flyStraight | reference Fly Straight calculated in code
VDes vector Desired Direction of Flight Vuav
z vector Direction of Turn, left/right [00-1]
Vp vector Raster Progression Vector | calculated in code
S coordinate Raster Origin -200,200 (here)
TUAV coordinate UAYV Current Position calculated in code
T sup coordinate Shadow Point Position calculated in code
Table 5.1: Algorithm Governing Parameters
Pseudo Code

Now for a description of the algorithm itself. The states, Position Velocity
and Acceleration are calculated every 0.2 seconds, this is done in one of the
functions Turn or Straight. Turn is an open loop controller, it returns a de-
sired bank angle to the autopilot, the straight function on the other hand is a
closed loop, it is built to minimize course deviation and works with smaller
bank angles. All ¢ f statements are visited in each time step and executed
according to the conditions. The CALCULATE and UPDATE commands are
executed in every time step.
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INITIATE Position
INITIATE Velocity
INITIATE Acceleration
INITIATE allowTurn =0
INITIATE 2z = [00 — 1]
INITIATE V_Des = V_.UAV

while Vp'((z,y) — S) < BP do

if A -rgay < bAND allowTurn = 0 then
SET V_Des = —V _Des
SET allowTurn =1
SET z = —z

end if

if allowTurn = 1 AND AV . Vbes <y then
Voav] |Vpesl

Turn

else if allowTurn = 0 OR AV . VDes > then
WVoav] Vel

Straight
end if

UPDATE Position Speed Acceleration

if A-ryay <bAND flEar, . JPe > p then
allowTurn =0
end if

end while

Properties and Performance

In order to employ this routine effectively one has to realize when it is not
searching, in the turn part, outside the area, and in transitions between areas.
What one wants to do is fly as long sweeps as possible and minimize the
transitions between subareas. This means that there are cases when it would
be fruitful to cover larger areas than asked for, if that maximize the search
time divided by total time of all k£ possible pattern combinations.

Tsearch >
max | ——— 5.9
k < ,Ttotal ( )
The parameter one have for one polygon is the sweep direction, for ex-

ample for a football field, flying lengthwise or across, the number of turns
would differ by a factor 2. For this example the turning radius is 13.9 m, but
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since the exit from the turn is softened, the sensor radius have to be half the
sweep width 16.9 m which is still less than the specified two turn radiuses,
27.8 m.

5.2 Tracking Algorithms

The ability to track a target/object once located is of great interest in the UAV
field, for surveillance as well as for strike or rescue missions. Once the target
is identified the autopilot needs to employ some algorithm to track rather
than to search. The performance, type of and positioning of the onboard
sensors determine how the UAV has to maneuver in order to keep a target in
focus. A gimbaled camera have fewer requirements on UAV orientation than
a fixed camera. Other parameters are the sensor range and maximum target
distance.

When it comes to tracking a known target there are methods very straight
forward, e.g. applying a sinusoidal path to correct for speed difference [8]
and a rose curve or circle if the target stops. Another method is to aim the
tracking UAV on a trajectory tangent to some proximity circle of the target
[9], this method apply the same algorithm independent of target speed, i.e
even immobile. More advanced applications take in threats and no-fly areas
to the planning of the path and employ receding horizon like algorithms [10].
Since none of these suited the purposes of this project, a new algorithm was
devised. A potential field of parabolic shape centered on the target. This, also
simple, but effective algorithm keeps the UAV in the proximity of the target
at all times. Moreover, nothing more than the position of the target is needed
to track it.

5.2.1 Tracking Problem Statement
The tracking problem is defined by:

"To track a moving target, i.e. to keep the UAV in proximity of the
target. Furthermore the algorithm must be able to handle a target
speed range from zero to the max airspeed of the UAV.”

The proximity is considered to be approximately 50 m. Furthermore it is
assumed that by being in the proximity of the target, the target position is at
all times known.

5.2.2 Potential Field Method

This method is based on a potential field, shaped as a parabolic, centered
on the target. The control error grows with the square of the distance to the
target, times a proportionality constant. In order to improve performance of
the algorithm a similar penalty on velocity difference is incorporated. The
more the velocity differs, the more control input in the direction of the dis-
crepancy. This is then used to calculate a turning acceleration, @, . A safety
measure is the “amplified instability” i.e. the equilibrium point when the tar-
get is straight behind the aircraft. This prevents the UAV from getting to far
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ahead of the target. The amplified instability conditions the UAV to perform
a maximum acceleration turn if the target bearing angle is too great, here that
is set to 175°. This part is then inserted in the turning acceleration algorithm.
Simulation showed that the performance can be enhanced if the air speed of
the tracking UAV is only slightly greater than that of the target. In the simu-
lations it became apparent that a too great speed excess would force the UAV
to make a circle, during that time the target got a big lead. Thus a condition
on speed difference is used. What happens is that if the target turns, the UAV
can use the speed surplus to quickly intersect. One needs to calculate the two
accelerations, parallel and perpendicular to V' separately. If not, the aircraft
attempts to loop when passing straight over the target. The target bearing s
and estimate of target speed V' 7 are given by,

s = (-T’ y)T,n - (l‘a y)UAV,nv (5.10)
Vi = (73, y)T,n —A(tl‘, y)T,n_17 (5.11)

where (z,y) is the position, subscript T' denotes target and subscript UAV
the UAV, also note that n denotes present time and At is the time resolution.
Calculating the control error, with constants kp and kv, the force equation
yields the desired acceleration,

F = s||s|l2kp +kv(VT —vovav) (5.12)
1

where v 174y is the initial UAV velocity vector. Taking the cross acceleration
part, the perpendicular projection, and normalize it so that the acceleration
do not exceed the maximum turn rate.

vouav X (Vouav X Grurn)

|[vo,uavl[3
o, =  Gopurm mln(ama:p’:turna | |aturn| ‘2) (515)
’ ‘aturn‘ ’2

The condition of amplified instability is simply calculated as the dot product
of target bearing s and vg 74y, which instigates a turn if the target is located
in a cone of 5° behind the UAV.

When it comes to speed adaptation, the UAV should only be a few per-
cent faster than the target in order to be able to intersect, the desired speed
surplus denoted V. It might also be desirable if the UAV is at cruise speed
if the target stops. Using the estimate of the target speed to calculate the
difference, AV, from the airspeed of the UAV. One more effect of the speed
surplus is the amount of twisting, greater surplus gives more twisting, small
surplus less so. This might be a consideration in military applications. An-
other consideration might be to keep the throttle setting fixed while solely
compensating speed difference with twisting, this could be fuel conserving.

AV = |[[Vru|l = [lvovav]| + V4 (5.16)
Qlong = Mamam,longAV (517)
lvo,uav]
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Thus the output acceleration vector can be assembled,

Qtotal = Qlong T Qturn (518)

one now have a suitable input for the autopilot, where the input to rud-
der/ailerons and throttle are easily distinguishable and one can easily trans-
form turning acceleration to a desired bank angle.

The ability to accurately track a target depends on the speed ratio, and
on maximum acceleration. The above algorithm can accurately track targets
from zero to about the UAVs own speed. See Figure 5.2 for a simulation, here
UAV 0,4 is 20 m/s and maximum acceleration, a,,q, is 10 m/s?. The target
speed is 13 m/s and the desired speed surplus is 1 m/s. After 200 seconds
the target stops while the UAV keep going for an additional 100 seconds.
Estimated minimum turn radius is 20 m and maximum distance to target is
20 m, the shape of the orbit around the stopping point of the target is arbitrary
depending on speed, position and direction when the target stops. The target
is described in Appendix A.
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Figure 5.2: Potential Field Method Tracking the Target
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6 Implementation

In this section the implementation aspects are covered with a focus on the
software part and not so much on the physical construction of the plane and
the autopilot. The focus is on setting the system parameters of the control
loops of the MP21289, and also some fundamental parameters of the UAV,
such as take off speed and servo action limits.

6.1 Converting the Gain

In order to take the gains from the simulations in Ptolemey II and implement
them into MP21289, one have to convert them. This is because MP21289 uses
a system gain, which is built up by integers, i.e. decimal numbers have to be
recalculated. This can be done by following the conversion equation,

6.1)

Kpr Output unit (1
7

Ko —
MP d Input unit

Where K p is the system gain used by MP21289, K pr is the correspond-
ing gain that has been calculated in section 4. The gain is multiplied by the
divisor d, the divisors can be found in Table 6.1. Last is a unit normaliza-
tion, units can also be found in Table 6.1. The divisor is a number that is
programmed in the MP21289. The I-part is dependent on the sampling fre-
quency (f), and have to be divided by the update frequency, see Table 6.1.
See Table 6.2 for the converted gains of the two different models.

6.2 Configuring the UAV

The input to the stabilizing part of the autopilot is given in a vrs file. It is
a file that is created in the software Horizon”* and contains such data as
the control parameters from above, but also airframe data such as minimum
airspeed and control surface configuration. Two sets were created, the only
difference being the control parameters. The input to the navigation part is
aptly called a fly file. This file contains all data needed for the flight, such
as take off sequence, flight path, altitude and error traps. Several of these
files were written in order to test the different inputs from section 4, but also
simple figures, e.g squares, to test basic airworthiness and performance.
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Channel Multiplier d Input Units Output Units
Throttle from kp 32 m/s - 0.3048 Fine servo
Airspeed kr 32 m/s - 0.3048 Fine servo
(5Hz) kp 32 - Fine servo
Pitch from kp 1024 m - 26.2467 Radians -1024
Altitude kr 32768 m - 26.2467 Radians-1024
(5 Hz) kp 1024 m/s - 0.3048 Radians-1024
Elevator from kp 512 Radians - 1024 Fine servo
Pitch kr 16348 | Radians - 1024 Fine servo
(30 Hz) kp 2048 | Radians - 21504 Fine servo
Aileron from kp 4096 | Radians - 1024 Fine servo
Roll kr 32768 | Radians - 1024 Fine servo
(30 Hz) kp 256 | Radians - 21504 Fine servo
Table 6.1: Control System Units
[Gain| V1 | VI
Throttle from Airspeed Error
Proportional | k, | 412813 | 137605
Integral k; 3441 918
Derivative kg - -
Pitch from Altitude Error
Proportional | £, -3196 -799
Integral k; 0 -63921
Derivative kg 0 0
Elevator from Pitch Angle Error
Proportional | £, 11702 5857
Integral k; 23 23
Derivative kq 1193 113
Aileron from Bank Angle Error
Proportional | k, | -185237 | -190244
Integral k; -445 -445
Derivative kq -838 -418

Table 6.2: Control Parameters System Units

6.3 Pre Flight Test

34

To make sure that the MP21289, the radio modem and the RC receiver did not
interfere with each other, a test of radio control reach was performed. The
method was to carry the UAV away and see how far one got before signal
was lost. The results were acceptable with fair reception at one hundred
meters. The GPS was tested at the roof of the FOI building, see Figure 6.1.
The original antenna, the copper plate with the black bulge on it in Figure 6.1,
failed to deal with the cold start, but by attaching another antenna the cold
start was overcome. Once that was done the onboard antenna was sufficient
to maintain a GPS lock. During these trials an independent GPS receiver
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detected eight satellites with good reception. When that GPS receiver was
connected to SmartOne’s antenna only two satellites were detected and with
poor signal strength. The problem was relieved by reposition the antenna to
the wing. This solution gave a sufficient number of satellites, almost as many
as was detectable with the hand held set.

Figure 6.1: The GPS trials at the FOI building in Kista
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7 Conclusions

The first main goal in this thesis was to accurately and thoroughly model the
SmatOne UAV and the MP21289 autopilot. This has been done and the sim-
ulations show that the operation of the model is ok, i.e. all responses are the
expected. This means that the flight mechanics and the controls part of the
model is correctly structured. For the aerodynamic data set the conclusion is
not as easy to draw, as it is never easy to verify aerodynamics. It is worth-
while to point out that neither Computational Fluid Dynamics, CFD, using
Navier-Stokes equations nor wind tunnel testing give an unambiguous and
correct answer and it is very hard and expensive to measure on a live plane.
However, it is the consensus in the project group that all data is fairly accu-
rate, the most doubt concerns friction drag, Cp o and the damping factors. As
for tuning autopilot parameters and transfer to MP21289 that have not been
tested, however, comparing the parameters from section 4 with the param-
eters used by the people at SLU (who have done test flights with the same
setup), all parameters match in magnitude.

Simple and effective Path Planning was one of the main goals with this
work. The Search Algorithm proposed in section 5 fulfills the demands stated
and furthermore the demand on sensor range has been diminished, from 2
times the turning radius to half the sweep width. Here that corresponds to
16.75 m instead of 28 m. The goal of searching an arbitrarily shaped area is
also met, since any area can be divided into polygons. There were no de-
mands on optimality in mission time or flight path length, nevertheless the
algorithm is very effective, no part of the area is covered twice, this is due to
the construction of the pattern. One can probably always find a raster that is
more effective for a given polygon, as one can probably also always find a di-
vision of an area into better subareas. It is one conclusion that Ablavsky and
his team found that ellipses are a better shape because there are only two pa-
rameters that govern the shape and thereby the search pattern. An arbitrary
polygon have arbitrarily many such parameters. Other benefits with the al-
gorithm here are that it is simple to define an area, it is simple to combine sub
areas, the demand on input for the UAV to be able to carry out the search is
GPS position updates at some rather low frequency, 5 hz was simulated here
because that is what MP21289 offers, it is likely that one can lower that even
further, but it is unclear if such slow updates are necessary.

The other algorithm was the tracking algorithm, given that the proximity
sensor do not lose the lock on the target, the algorithm will always work.
Of course the UAV is dependent on some small speed surplus, simulations
were done with speed surplus from 0 to 100%, and it was found that a too big
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surplus would on occasion force the UAV to turn 360° and whilst doing so
the range to the target could exceed the proposed 50 m. On the other hand,
a small surplus may put the UAV close to and at an almost fixed position
relative to the target, which in a military application might not be desirable.
The input needed by the UAV here is the target’s and the UAV’s own position
at present time and last time instance. When combining flying to the target
and flying parallel to it one get a turn to the same direction as the target, i.e.
one will not pass over it in the wrong direction. This ensures good tracking
for the speed range basically using twisting maneuvers to keep close.

On the point of having an easy to operate interface, that did not happen
since the software from Micropilot Corporation did not work as promised.

For the ultimate goal of flying the UAV, that failed on a technicality. The
UAV is ready for take off but the necessary piloting permit is not in place.
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8 Future Work

Due to a number of unforeseen events, e.g. lack of software for the plug-
ins, lack of flight permission for the tests and not to mention a number of
breakdowns and other minor setbacks, the time ran out and no tests could
be performed nor any plug-ins written. The project deadline came before the
flight permission, which put the last nail in the coffin. However it is the firm
belief of the author and the rest of the project staff that, given more time, the
goals could have been fulfilled.

8.1 Micropilot Plug-ins

To demonstrate the abilities of the UAV, a maneuver was planned to be imple-
mented with the aid of a plug-in. The plug-in was to be written in C++ and
then loaded into the MP21289 via the software development kit XTENDER™?.
It was decided to constrain the programming to a simple maneuver, namely
a 180° turn at a given position. This should serve as a demonstrator of how
many different applications could be constructed and implemented. The
plug-ins work according to this rather schematic description. At start up,
MP21289 checks for plug-ins and the event parameters of the plug-in. The
event parameter works like a boolean variable, true or false, it could for ex-
ample be a geographic condition, as was the case here. The MP21289 calls
on the plug-in at some frequency to be determined, in sync with MP21289’s
own frequencies, and the plug-in returns a number, 1,2, or 3. Where 1 means
discard result, do not call again, 2 means use result if applicable and 3 means
discard result but call again. Moreover, the plug-in returns some output of
the code it is built from, for example an elevator angle. To summarize: if the
MP21289 receives a 1 and an elevator angle of, for example 10°, the MP21289
discards the elevator angle and don’t call the plug-in again. If MP21289
should receive a 2 and elevator angle of 10° it would override its own nav-
igation solution and set the elevator to 10°. In the third case i.e. MP21289
receives a 3 and some parameter, it would simply implement its own solu-
tion, and then call the plug-in again.

8.2 Flight Test

The purpose of Flight Test is to verify the work of section 3 and section 4.
The flight using plug-ins also serves as a proof of concept, that cheap of the
shelf products can be made into versatile UAVs. Here the first fly file is to be
flown, it is a square of 100 m. The results should show if the UAV can handle
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itself and fly 5 laps around the square at, near, constant altitude and speed,
the turn performance will also be demonstrated. Both autopilot settings will
be tried. After the initial test, step and impulse is to be tested, in the three
channels; airspeed, altitude and bank angle. The inputs are the same as in
section 4. Here one will be able to isolate performance per channel, and also
compare the responses to those from the simulations. To check for the lateral
and longitudinal modes the 3-2-1-1 inputs are to excite the UAV, then one can
see how well and how fast it returns to level, unaccelerated flight, the critical
number here is “time to half”, that is the time it takes for the amplitude to
half. The last item on the planned test session is the MP-plugin.
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A Description of the Target

The target used herein is a mobile target with a stochastic pattern of move-
ment, its speed ranges from zero to 75% of the UAV max speed. There is
also a constraint on maximum acceleration. The movement of the target is
described by,

ag = F/m(vgx[001]T) (A1)
ap = 1/m((vo x FL) X vo) (A.2)
= ag+ap (A.3)

v = wvg+ alAt (A4)
TTP; = TTPi—1+ VAL (A.5)

where F'is a random normal distributed force input and the initial speed vg
likewise is vector of random magnitude and direction. The step size At, is the
time resolution for the target dynamics and i is present time. The construc-
tion of (A.1) gives the target random pushes from its sides, forcing a turn. To
confine the target in a specified area a restoring force Fy, is applied normal
to and at line 25 m inside the boundaries.
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