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Abstract 

This thesis work was undertaken to develop a new high level command for an 

unmanned aerial vehicle. The command is assumed to make the UAV follow a 

reference position that is placed on a certain distance to an object. At the same time the 

UAV is assumed to move more smoothly than the reference position and the UAV is 

allowed to follow the reference position with margin. 

The problem was solved with an automatic control system that takes the reference 

position as input signal and has a fictitious position as output signal. The fictitious 

position moves smoothly inside the margin and irregular behavior of the reference 

position is smoothed out by the automatic control system. The fictitious position is 

affected by strong feedback outside the margin and weak feedback inside the margin. 

This makes the fictitious position to stay inside the margin and moves smoothly inside 

the margin. 

The UAV follows the fictitious position instead of the reference position. In this way 

the UAV holds a certain distance to an object and at the same time moves smoother than 

the object. 
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Notations 

Variables and parameters 

pfp   Fictitious position 

vfp   Speed of fictitious position 

Δt   Time step 

n   Time index 

vrp   Speed of reference position 

prp   Reference position 

vlrp   Low pass filtered speed of the reference position 

ε Low pass filtered distance error between the fictitious and the 

reference position 

k   Parameter for the low pass filtered speed of the reference position  

j Parameter for the low pass filtered distance error between the 

fictitious and the reference position 

K   Feedback gain 

K1   Feedback gain for the strong feedback 

K2   Feedback gain for the weak feedback 

i   Control law 

ic   Complete feedback including the strong and the weak feedback 

i1   Control law with strong feedback 

i2   Control law with weak feedback 

x   State space vector 

u   Input signal  

y   Output signal 

A   Matrix A of the state space form 

B   Matrix B of the state space form 

C   Matrix C of the state space form 

D   Sets the distance when the l-function is equal to 0.5 

s   Sets the shape of the l-function 

ti,j Vector with length 1 and with direction from waypoint i to 

waypoint j 

wi   Position of waypoint i 

pUCS   Position of the UCS 
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pUCS||(ti,j+wi) Position of the UCS projected on the line between waypoint i and 

j 

rp   Reference position 

ΔΨ   Direction difference between two adjacent line segments 

pi Position of the edges of the oblique projection region on the UAV 

route 

d Distance on the UAV route that is inside the oblique projection 

region 

l Distance from pi to the position that corresponds to the oblique 

projection 

R   Distance from pi to the projection position 

θ   Angle for the UCS in the oblique projection region  

pp   Projection position 

Ψi,j   Direction of a line segment defined by waypoint i and j 



    Direction derivative command to the UAV 

pav   Position of the UAV 

pgd   A selected position on the UAV route 

acmd   Centripetal acceleration of the UAV 

V   Speed of the UAV 

L   Distance from pav to pgd  

η Angle between the direction of the UAV and the position from 

the UAV to pgd 

λ   Eigen value 

I   Identity matrix 

 

 

 

 

Abbreviations 

UAV  Unmanned Aerial Vehicle 

UCS UAV Control Station 

RC  Radio Control 

 

 

Operators 

det(A) Determinant of matrix A 



High Level Control for Unmanned Vehicle 

8 

1 Introduction 

The problem in this thesis work is to develop a high level command for an unmanned 

aerial vehicle. This chapter introduces the thesis work with background information, 

currently existing high level commands and the problem to solve.  

The solution of the thesis work is based on theory in automatic control [2] and [3] and 

signal processing [4]. 

1.1 Background 

Skeldar is an UAV (Unmanned Aerial Vehicle) equipped with autonomous guidance 

systems and automatic control systems which give the UAV the capacity to act as an 

independent flying vehicle. High level commands give its operators the ability to focus 

on the mission instead of flying. The operators only need to command the vehicle to go 

to a specific position or fly a specific route. When a command is set, the UAV will 

independently execute the command. It is controlled by the operators from a control 

station on the ground. See figure 1.1. 

 

 

 

Figure 1.1. The Skeldar ground control station. 
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The UAV can be equipped with different payloads for information collection and is able 

to perform a wide range of functions, including surveillance, reconnaissance, target 

acquisition, dissemination of target data and control of battle damage.  

 

 

 

Figure 1.2. Artist impression of a Skeldar mission. 

 

1.2 Existing Flying Modes 

Currently, four different flying modes are available as high level commands for Skeldar. 

Currently it is recommended that two operators shall control one UAV. One operator 

handles the flying commands and the other operator handles the payloads on the UAV. 

The high level commands available currently are:  

 

 Hovering 

 Vectoring 

 Fly to position 

 Waypoints. 

 

For flight test purposes it is also possible to control the Skeldar at a lower level and with 

an RC (Radio Control) transmitter it is possible to fly the UAV as an RC pilot. But to 

obtain full potential of an umanned platform, it is preferable to use its autonomous 

capacities, which gives the operators the opportunity to focus more on the mission 

instead of flying. 
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1.2.1 Hovering 

In the hovering mode, UAV holds a commanded position in longitude, latitude and 

altitude. It is even possible to change the position in this mode to make the UAV slowly 

move to a new position.  

1.2.2 Fly to Position 

In the Fly to position mode, the platform flies to a specific position in longitude, latitude 

and altitude with a specific speed. When the Skeldar arrives to the position it stops and 

holds this position. The UAV goes into hovering mode when it has arrived to the 

position. 

1.2.3 Vectoring 

In the vectoring mode, the UAV holds a reference bearing, speed and altitude set by the 

operator and will hold these references until other commands are given.  

1.2.4 Waypoints 

In the waypoints mode the operator sets up a list of waypoints that the UAV will fly to 

starting with the first waypoint in the list and so on.  
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1.3 Problem Formulation 

In addition to the existing four flying modes currently available, a flying mode called 

tethering is proposed. Its purpose is to make an UAV follow a reference position that is 

placed on a specific distance to a specific object.  At the same time the UAV is assumed 

to move smoother than the object and therefore it is assumed that the UAV is allowed to 

follow the reference position with margin.  

The purpose of the tethering mode is to make the flying of Skeldar easier. Usually there 

are two operators for the Skeldar, one for flying and one for payload handling. With the 

help of the tethering mode only one operator shall be needed for Skeldar and the 

operator will be able focus on payload while Skeldar is doing all the flying part by 

itself. 

A situation where this tethering mode would be of advantage is when convoys transport 

materials between different bases. Along the routes between the bases there may be 

improvised explosive devices planted by an adversary along and beside the road. By the 

use of the tethering mode it would be possible to have the Skeldar flying at a distance 

ahead of the convoy and search for threats along and beside the road. With the use of a 

tethering mode the operator can concentrate on the sensor data without having to 

actively fly the helicopter. See figure 1.3 for an illustration of a convoy mission. 

 

 

Figure 1.3. Convoy mission where the tethering modes would be of advantage for the 

operator. 
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Different kinds of tethering modes are requested for different kind of situations. In the 

convoy missions two kinds of tethering modes are proposed, called UCS- and Target 

tethering. Out at sea a third mode is proposed for the initial part of landing on a ship. A 

more detailed description of these tethering modes are described below. 

Proposed tethering modes: 

 UCS Tethering 

 Target Tethering 

 Ship Tethering 

 

 

 

 

Figure 1.4. Mobile UCS for one operator 
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Figure 1.5. Mobile UCS. 

 

1.3.1 UCS Tethering 

In this mode Skeldar will follow an arranged piecewise linear route of waypoints and at 

the same time hold a specific distance to the mobile UCS (UAV Control Station). It is 

expected that the UAV will keep a distance of 0.5 – 3 km in front of the UCS and an 

altitude of 300 – 1000 m above the ground. The altitude is however not included in the 

problem, only longitude and latitude will be considered here.  

The distance to the UAV from the UCS will be calculated by projecting the UCS 

position on the UAV route and then add a reference distance forward from the projected 

position. This can be seen in figure 1.6. The route for the UCS is arbitrary and the speed 

of the UCS will vary. The UAV is assumed to be at the reference distance, but is 

allowed to be inside the minimum/maximum region. 
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Figure 1.6. Illustration of the UCS tethering mode. The UAV is supposed to be at the 

reference distance.  

 

 

Figure 1.7. Skeldar during a UCS tethering mission 
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1.3.2 Target Tethering 

When a target is detected and the operator requests target tethering the UAV is expected 

to fly to the target and follow it. The UAV will keep a constant distance and angle to the 

target which will be given from the operator. The angle is set with respect to the north 

axis. Since the target probably has irregular behavior the constant distance and angle 

will be held by the UAV with some margin. 

1.3.3 Ship Tethering 

In the initial part of a ship landing procedure - Ship tethering mode - the UAV will be in 

a mode where the UAV holds a specific distance and angle to the ship. It is similar to 

Target tethering and the only difference is that the angle is fixed to the direction of the 

ship and it is more important that the UAV holds the commanded reference position.  

 

 

 

Figure 1.8. Illustration of Target and Ship tethering 

 

1.3.4 Elaborated Problem Formulation 

It is important to identify and understand the difficulties and special cases in the 

implementation part of the algorithms for the tethering modes. Some important cases 

are: 

Latitude 

Reference 

distance 

Angle 

UAV 

Target 

Angle 
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distance 

 

Ship 
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 The UAV does not manage to stay inside the maximum distance to the 

reference position. 

 The actual distance between the UCS and the UAV will probably change 

inconsistently considering that the UCS and the UAV have different routes. It 

could be appropriate to use some mean distance. How would this mean distance 

be calculated in such a case? 

 Is controlling the velocity of the UAV enough to keep the UAV at the right 

distance or is it necessary to do something else in some cases? 

 If the UAV has stopped following the route in UCS tethering mode for some 

other tasks, where should the UAV continue following the route? 

 What is the UAV supposed to do if a dangerous situation occurs and the UCS 

changes its destination? 

 What will the UAV do if the UCS during a mission decides to change route? 

 

Steering modes to examine 

 Only speed control, where the speed depends on the desired reference distance. 

The direction of the UAV is handled by a predefined route and a separate 

guidance system. 

 Following a 2-dimensinal coordinate. This is obvious in the Target and Ship 

Tethering mode. It should be possible to use this method in the UCS Tethering 

mode, where the position at the reference distance on the UAV route is the 

coordinate to follow. 

 

Prerequisities 

 The thesis work will partly be implemented in a simulation environment which 

has no requirements on accurate dynamics of the UAV. Therefore, requirements 

for stability cannot be simulated and a theoretical analysis must be done. 

 

Implementation aspects 

 Requirements on CPU load. 

 Protection against incorrect input signals which can lead to a breakdown for the 

UAV. 

 System requirements for the developed tethering methods. 

 Requirements for mathematic libraries. No external function libraries, except the 

standard C++ library math.h, should be used because it is important to know that 

the functions can be trusted for software developed for aerial vehicles.  

 

1.4 Position of the Tethering Object and Skeldar 

To be able to execute the tethering modes, positions of Skeldar and the tethering object 

are required. The positions are estimated in different ways: 
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 UCS Tethering: the tethering object is the mobile UCS and its position is 

estimated by navigation systems and transmitted to the UAV. 

 Target Tethering: the tethering object is the Target, whose position is estimated 

by sensors on the Skeldar. The position of the Target will be relative to the 

position of Skeldar. 

 Ship Tethering: the tethering object is the ship and its position is estimated by 

navigation systems and transmitted to the UAV. 

 Skeldar: position is estimated by navigation systems. 

 

These position estimates are supposed to be given for the solution of this thesis work 

and there is no focus on position estimation of the tethering object.  

It is important that the position that is given of the object is a good estimate of the real 

position and does not contain large bias or variance. In a real system it is also necessary 

to analyze if the position of the object seems to be realistic relative to previous positions 

and eliminate incorrect data. If these precautions are not handled, the solution in this 

thesis work will not be able to achieve best performance. 

For most applications, a high-end expensive navigation system is usually out of scope 

for smaller UAV:s. If this is a problem and only navigation systems with poor accuracy 

are available it should be remembered that it is only the relative position between 

Skeldar and the tethering object that is needed. If it is possible to measure relative 

positions, just like in the Target tethering mode, the solution for this thesis work will 

work. In UCS tethering there is a potential problem if the onboard navigation systems 

have the wrong position estimates since this will affect the positions of the waypoints. 

Position errors of this type have not been considered in this work but are important for a 

real-time implementation. 
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2 Strategy to Solve the Problem 

A prerequisite was that the existing solutions for controlling of the UAV and high level 

commands were to be reused as much as possible. In the existing four modes, the route 

or position that the UAV is supposed to follow or go to is predefined. The position is 

given in hovering and fly to position mode, a route is predefined for vectoring or 

waypoints. In the new tethering mode, a position or route is not predefined for the UAV. 

The UAV shall instead hold a specific distance to an object and this object will have an 

arbitrary behavior that is difficult to estimate. If the object has irregular behavior it 

would be of great advantage if the UAV not follows that object strictly. It would be 

desirable if the UAV follows a position and direction that is some kind of mean position 

and mean direction of the object. 

The strategy to solve this tethering problem is to use an automatic control system that 

regulates a fictitious position. Every tethering mode has a reference position where the 

UAV is assumed to follow and stay at and the main idea with the fictitious position and 

the automatic control system is that the fictitious position shall be regulated to the 

reference position and at the same time the high frequency behavior of the object shall 

be ignored with the help of low pass filters. The regulator will be constructed in a way 

that will make the fictitious position to have a maximum distance from the reference 

position that will be set by the operator. The maximum distance defines the error 

tolerance in distance between the fictitious position and the reference position and, the 

more error that is tolerated, the more the reference position will be smoothed out.  

The main idea with this fictitious position is that the UAV shall follow this position 

instead of the reference position. In this way, the UAV will keep a specific distance to a 

specific object and at the same time move smoother than the object. 

2.1 UCS Tethering 

In this tethering mode it is assumed that the UAV shall follow a predefined route and at 

the same time hold a predefined distance to the UCS. The route consists of several 

waypoints and the route will be piecewise linear. The distance to the UCS will be 

calculated by projecting the position of the UCS on the route of the UAV. From the 

projected position a distance will be added along the route in the forward direction of 

the route and the position obtained after addition is the reference position.  

The fictitious position will in this case be moving along the UAV route and will be 

regulated towards the reference position. The basic idea is that the fictitious position has 

a smooth and calm regulation inside the minimum/maximum region and has a 

regulation with more gain outside this region to make the fictitious position stay inside 

the region. See figure 2.1 for an illustration.  
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Figure 2.1. The fictitious position moves smoothly towards the reference distance on the 

UAV route.  

 

2.2 Target Tethering 

The UAV is assumed to follow a target in this mode and the UAV will keep a specific 

distance and angle to the target. The angle is set to be constant between the latitude 

direction (north) and the direction from the UAV to the target. The main idea with this 

set up is that the operator can easily choose angle and distance that is appropriate for the 

specific mission and easily change the angle and distance during mission. The interface 

to the operator is however not the focus in this thesis work . 

The automatic control system in this case is the same as for the UCS tethering case. The 

only difference is that in this case the fictitious position is moving in a plane and not 

along a line. Therefore the automatic control system consists of two identical control 

systems, one for each dimension. 

The fictitious position will be regulated to the reference position and will have an error 

tolerance distance to the reference position were regulation is calm. This tolerance 

region is a circle in this two dimensional case. The regulation of the fictitious position is 

such that it will never allow the fictitious position to be outside the region. 
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Figure 2.2. Illustration of the Target tethering solution. The fictitious position moves 

smoothly inside the blue circle. 

 

2.3 Ship Tethering 

The Ship Tethering mode is very similar to the Target tethering case. The only 

difference is that the angle is defined with respect of the direction of the ship and that in 

this case it is more important to hold the reference position. The angle definition is 

straight forward. The importance of holding the reference position problem is solved by 

just letting the tolerance error be smaller. In other words, make the circle smaller.  
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Figure 2.3. Illustration of the Ship Tethering solution. The fictitious position moves 

smoothly inside the blue circle. 

 

2.4 Automatic Control System 

The complete derivation of the automatic control system is made in discrete time to 

make the implementation part easier. 

The purpose of the control system is to regulate the fictitious position towards the 

reference position. The fictitious position in one dimension is defined by the system: 

 

tnvnpnp fpfpfp  )()()1(      (1) 

 

pfp is the fictitious position and vfp is the speed of the fictitious position. Δt is the time 

step of the system and n is the actual time in the discrete domain. The input to this 

system is vfp. The input signal is partly a feed forward of the speed of the reference 

position and partly a proportional feedback for the error in distance between the 

fictitious and the reference position. 

 

2.4.1 Feed Forward 

The speed vrp of the reference position prp is defined by: 
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t

npnp
nv

rprp

rp





)()1(
)(     (2) 

To avoid high frequencies in the feed forward because of irregular behavior of the 

reference position it is of great advantage to use some kind of low pass filtering of the 

reference position speed. The fictitious position is assumed to have a speed that 

corresponds to a smoothed reference speed. The feed forward will therefore be: 

 

 )()1()1()( nvknkvnv rplrplrp     (3) 

 

where k is the filter parameter with range (0, 1). 

 

2.4.2 Feedback 

The definition of the proportional feedback is: 

 

 ))()(()( npnpKni fprp       (4) 

 

where K is the gain of the feedback.  

 

The feedback is divided into two different feedbacks, where one is a strong proportional 

feedback that depends on the actual distance error between the reference and fictitious 

position and the other feedback is a relatively weak feedback which regulates a low pass 

filtered error in distance.  

The relatively weak feedback with low pass filtered error is supposed to be active inside 

the error tolerance region. The feedback error is low pass filtered to get a smooth 

regulation. The strong feedback without filtered error is active outside the tolerance 

region and the feedback is assumed to be so strong that the fictitious position never 

comes outside the tolerance region.  

The strong feedback: 

 

 ))()(()( 11 npnpKni fprp       (5) 

 

The weak feedback: 

 

 )()( 22 nKni        (6) 
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ε(n) is the low pass filtered error which is defined by: 

 

 ))()()(1()1()( npnpjnjn fprp      (7) 

 

where j is the filter parameter with range (0,1). 

 

To make a smooth change between the two feedbacks in the control system, a function 

that varies between 0 to 1 is used: 
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     (8) 

 

The D parameter determines when l is 0.5 and s determines how fast the change from 0 

to 1 will be. l is 0.5 when 1D is equal to )()( npnp fprp  . An illustration of the function 

can be seen in figure 2.4. 

 

Figure 2.4. How the l-function depends on different s when 1D is set to 1500. 

 

 

1D  
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The complete feedback for the system is then: 

 

 )()),(1()(),()( 21 nipplnipplni fprpfprpc    (9) 

 

2.4.3 Complete Control System  

The complete feedback combined with the feed forward is then the input signal to the 

system, eq. (1): 

 

 )()()( ninvnv clrpfp       (10) 

 

The control system described in state space form: 
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Figure 2.5. Overview of the automatic control system. The guidance mode gives 

commands in speed and direction to the UAV control system.  
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Figure 2.6. Detailed view of the automatic control system. 

 

 

2.4.4 Special Case for Target and Ship Tethering 

Two control systems are used for Target and Ship Tethering, one for each dimension. 

Since the control region is circular in these tethering modes, a modified l-function is 

needed in these cases. If the ordinary l-function, eq. 8, is used, the tolerance region will 

be rectangular. The modification needed to the l-function to make the tolerance region 

to a circle is: 
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The position in (12) is in two dimensions. The difference to (8) is that the distance error 

in (12) is the absolute distance error. The distance error in (8) is in one dimension. 

2.5 Special Calculation for UCS Tethering 

In the UCS Tethering mode some extra calculations are needed calculate the reference 

and fictitious position, since these positions go along the piecewise linear route of the 

UAV. 

2.5.1 Calculation of the Reference Position 

The given measurements are the positions for the UCS and the UAV. With these 

measurements and with the positions of the waypoints, the reference position is 

calculated. The waypoints represent the break points of the piecewise linear route for 

the UAV. All positions are given in the horizontal plane.  

What follows is a demonstration of the calculation of the reference position between 

waypoints 1 and 2. w1, w2 and w3 are position vectors for waypoints 1, 2 and 3 

respectively, in the x,y plane. vUCS is the position vector for the UCS and m is the 

reference distance. 

 

 

 

Figure 2.7. Calculation of the reference position on the UAV route. 
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Base vector, with direction from w1 to w2: 

 

 1w2w
1w2w

1
t 2,1 


      (13) 

  

Projection of the UCS position on the UAV route between w1 and w2: 

 

1wt)t)1wp(()1wt(p 2,12,1UCS2,1UCS    (14)  

 

Reference position rp:        

 

2,12,1UCS mt)1wt(prp       (15) 

 

A special case when adding the reference distance to the projection in (14) is when the 

distance to the next waypoint is smaller than the reference distance. In this case, the 

difference between the reference distance and the distance to the next waypoint is added 

from the next waypoint in the direction to the waypoint after the next waypoint: 

 

 
3,2t)dnwm(2wrp        (16) 

 

dnw is the distance to the next waypoint, in this case w2. 3,2t is calculated as: 

 

  2w3w
2w3w

1
t 3,2 


      (17) 

 

2.5.2 Special Case with Oblique Projection 

A problem with the calculation of the reference position is that when the projection 

changes the line segment to project on, a jump between the projection positions will 

occur. Since the reference position is just an addition in distance to the projected 

position, the result is that the reference position will make a jump too. A jump for the 

reference position then results in a step in the control system and will cause the 

fictitious position to accelerate.  

This kind of step is unnecessary since it finally results in that the UAV suddenly has to 

accelerate. This jump should be smoothed out over a bigger area and a solution for this 
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problem is to use an oblique projection by using a projection position beside the UAV 

route. See figure 2.8 for an illustration of the problem. 

 

Figure 2.8. Problem with a jump between projection positions when the projection 

changes line segment. 

 

To calculate the projection position using the oblique projection, some simple geometry 

is needed. From the definitions in figure 2.9, where w1, w2 and w3 are the waypoints 1, 

2 and 3 and rp is the reference position, the following equations are defined. 

 

Figure 2.9. Definitions for the oblique projection. 
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At first, the projection position is needed. The condition for d in figure 2.9 is: 

 

 )
2

tan(


 Rd       (18) 

 

ΔΨ is the angle difference between the directions of the line segments and R is 

predefined. (18) gives the positions for p1 and p2, which are the beginning and the end 

of the oblique projection on the UAV route. (18) derives from trajectory smoothing and 

the equation is intended to give the circle sector that has the same direction change as 

the two line segments difference to each other. See figure 2.10.  

 

 

Figure 2.10. Eq. 18 derives from trajectory smoothing where the circle sector has the 

same change in direction as the two line segments difference in direction from each 

other. 
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12 is the angle of the line from w1 to w2 calculated from the x-axis. See figure 2.11. 

 

Figure 2.11. Angle of a line segment. 

When p1, p2 and pp are calculated it is possible to finally calculate the oblique 

projection of the position of the UCS. θ is the angle for the UCS position in the oblique 

projection area.  
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2.6 Guidance Mode 

The development of the steering mode, also called the guidance mode, for the UAV is 

only a general suggestion for how a steering of a UAV could be set up. No dynamical 

model is at present available for the Skeldar for this thesis work and the focus for this 

work is not to analyse the dynamics of the Skeldar. In the simulator there are some 

dynamics available that approximates the real dynamics of a helicopter. The 

approximated dynamics are limitations of acceleration and direction change rate that are 

altered depending on the speed of the UAV.  

Therefore, the following suggestions of guidance algorithms have not been theoretically 

analysed nor tuned for optimized operation of the UAV. Only models for the guidance 

have been developed. 

The guidance system that is in use at present for the Skeldar is a route following 

algorithm. The four available high level commands today is hovering, vectoring, fly to 

position and waypoints and these commands consists of predefined routes and positions 

that the UAV shall follow or stay at. The difference compared to the new high level 

command tethering is that the route is not predefined, except for UCS tethering where 

the route is predefined but not the speed of the UAV. The guidance mode for UCS 

Tethering will though be the same as the other tethering modes. In the tethering modes 

there is instead a moving position that the UAV shall follow and therefore a different 

guidance system is needed for the tethering modes. The guidance system suggested 

below consists of a modified version of the existing route following algorithm and a 

modified version of the hovering mode. 

 

2.6.1 Route Following Algorithm 

The existing route following algorithm for Skeldar is the following: a position pgd on the 

route at distance L from the UAV position pav in the forward direction is chosen. The 

angle  between the direction of the UAV and the direction from the UAV to pgd is 

calculated. The direction of the UAV and the direction of travel are the same in the 

following description. With  given, a direction derivate command can be executed by 

the UAV flight control system with this control law: 

 

 sin2
L

V




       (25) 

 



 is the direction derivate and V is the speed of the UAV. To better understand how 

this control law works see figure 2.12 for an illustration. This control law is called 

Park’s algorithm and is taken from equation 3.1 in reference [1]. The equation from the 

reference gives the centripetal acceleration of the UAV and a simple modification was 

made to equation 3.1 in reference [1] to achieve the direction derivative instead. This 

control law has the effect that the UAV will minimize the error between the UAV and 

the route.  
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Figure 2.12. Park’s algorithm. The UAV aims at the position pgd on the route which 

makes the distance error between the UAV and the route go to zero. 

 

2.6.2 Follow a Moving Position 

The advantage with the fictitious position is that the direction of the fictitious position 

and the speed is known and it has low pass characteristics. This will be obvious in the 

description below.  

Three different guidance modes are suggested to follow the moving position and they 

are intended to be used in different situations. These situations are: 

 

The UAV is far away from the position: 

In this case the UAV is guided towards the position. (25) is applied with the exception 

that the angle  is defined as the angle between the direction of the UAV and the 

direction from the UAV to the moving position. 

 

The UAV is close to the moving position: 

In this situation there are two different cases. This is because of the low pass 

characteristics of the moving position, since the moving position is the fictitious 

position. The effect of this characteristic is that the moving position has a limited 

acceleration inside the tolerance region.  
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Case 1: The moving position has a relatively high speed. In this case the speed and the 

direction of the moving position have a relatively small derivative. 

Case 2: The moving position has a relatively low speed. Here the speed and the 

direction of the moving position have a relatively high derivative. 

 

 

2.6.3 The UAV is Far Away from the Moving Position 

In this situation (25) is applied with the exception that the angle  is defined as the 

angle between the direction of the UAV and the direction from the UAV to the moving 

position. The reference speed for the UAV is a feed forward with the speed of the 

moving position and with respect to direction difference of the UAV and the moving 

position. 

 

 

Figure 2.13. The UAV is far away from the moving position. 

 

Also a feedback is applied to the reference speed of the UAV and the feedback is 

intended to minimize the absolute distance error between the UAV and the moving 

position. A modification to the feed forward is applied. The feed forward depends on 

the direction difference between the UAV and the moving position. It is intended that 

this modification shall prevent overshoot. For example, if the moving position is 

moving to the opposite direction of the UAV, it is clearly not good to feed forward the 

speed for the UAV in the other direction. With this modification, the feed forward is: 

 

 positionfictiousforwardfeed vv )cos(    (26) 

 

The P-regulation of the speed controller shall be set to a suitable gain that will not cause 

overshoot. 

 

η 

UAV 

Fictitious position 



  Strategy to Solve the Problem 

  35 

 

Figure 2.14. Feedback error and angle difference between the UAV and the moving 

position. 

 

2.6.4 The UAV is Close to the Moving Position 

For the case when the moving position has a relatively high speed, the guidance mode 

that will be used will make the UAV aim at being on the same position as the moving 

position. A modification of (25) is applied. See figure 2.15 for an illustration. 

 

 

Figure 2.15. ΨUAV and Ψfictitious position are the directions of the UAV and the fictitious 

position measured from the x-axis in the x,y plane. 
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A position pgd is calculated at a distance M in the direction of the moving position. An 

angle  is then calculated and this is the angle between the direction of the UAV and the 

direction from the UAV to the position pgd. This will make the UAV steer towards the 

direction of the moving position and minimize the error between the UAV and direction 

line of the moving position.  

The reference speed to the UAV has a feed forward of the speed of the moving position 

and a feed back that minimizes the distance error between the UAV and the moving 

position in the direction of the moving position. 

 

For the case when the moving position has a relatively low speed and relatively high 

derivative of the direction, the guidance mode described above is not to prefer. If the 

moving position suddenly changes to negative speed, because of its low speed, the 

direction of the moving position will make a change of 180 degrees. It is easy to 

understand that the guidance mode described above will not be very useful in this case 

because of the fast direction change. For this reason it can be seen that it is not 

appropriate to make the UAV line up to the direction of the moving position. A more 

appropriate steering method in this case would be a sort of hovering mode, where the 

UAV has a fixed direction but minimizes the distance error between the moving 

position and the UAV. See figure 2.16 for this sort of hovering mode.  

 

 

Figure 2.16. Hovering mode. ΨUAV is the direction of the UAV measured from the x-axis 

in the x,y plane. 
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3 Simulations and Stability Analysis 

Simulations of the control system which regulates the fictitious position were carried 

out in Matlab and in an existing simulator for the Skeldar. Simulations in Matlab were 

made to analyse behaviour and stability. The existing simulator for Skeldar has been 

implemented in C++ and is a complete environment where all the available high level 

commands can be tested including visualization of the UAV and the UCS. The 

simulator was used to test the algorithms and to visualize the solutions of the thesis 

work. 

 

3.1 Simulation of the Control System in Matlab 

The control system was only tested and analysed in one dimension, since the control 

system in the two dimensional case just is the same system in two separate dimensions. 

To test the control system, the UCS tethering mode was applied. The UCS follows a 

sine shaped route along a linear route for the UAV. This can be seen in figure 3.1. Also 

three different speeds for the UCS were applied. The speeds correspond to the 

description for UCS tethering where it is said that the UCS has minimum speed of 10 

km/h, mean speed of 35 km/h and maximum speed of 70 km/h. In the simulations the 

UCS has the mean speed when x is 0 – 5000 m, minimum speed when x is 5000 – 10 

000 m and the maximum speed when x is more than 10 000 m. This route can be seen in 

figure 3.1. The y-axis in figure 3.1 has been zoomed in to make it easier to see the shape 

of the route. 

The realism in this test is somehow limited since there is only a step between the change 

of speed of the UCS and no acceleration. It is however interesting to see how this step 

affects the system.  
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Figure 3.1. The UCS follows a sine shaped route with different speeds. Notice that the 

y-axis and the x-axis do not have the same scale. This is because it is easier to see the 

shape when the y-axis is zoomed in. 

 

 

Figure 3.2. Error distance and speed for the fictitious position and reference position. 

Notice the reduction of speed change from the reference position to the fictitious 

position. 
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In figure 3.2 it can be seen how the distance between the reference position and the 

fictitious position varies over time. The interesting conclusion from this figure is that 

the speed of the fictitious position varies less than the speed of the reference position, 

which is the intended function of the control system. 

 

 

Figure 3.3. Reference and fictitious position moves along the UAV route. The route of 

the fictitious position is smoother than the route of the reference position.  

 

In figure 3.3 it can be seen how the reference and the fictitious positions move along the 

UAV route. It is easy to see that the behaviour of the fictitious position is smoother than 

the reference position. The acceleration of the fictitious position is limited and can not 

change as fast as the reference position, but still the fictitious position converges slowly 

to the reference position. 

 

 

3.2 Stability Analysis of the Control System 

At first an analytical analysis was carried out of the control system. The state space 

form (11) was used for this purpose by calculation of the eigen values of the A matrix of 

this system. 
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3.2.1 Calculation of Eigen Values 

The eigen values λ are given by: 

  

 0)det(  IA        (27) 
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        (28) 

 

Requirements for stability: 

 

1i   3,2,1i      (29) 

 

Since the control system parameter l is changing with the distance error it would be of 

advantage to develop a condition for the l parameter and prove that the control system is 

stable for all the values that l can be. Unfortunately, the expressions for λ2 and λ3 are too 

complex to get a reasonable expression for a simple condition and a numerical solution 

is presented. λ1 only depends on the filter parameter k with range (0,1) and therefore λ1 

will never be unstable. No further analysis is needed for λ1. 

 

3.2.2 Numerical Analysis of the Eigen Values 

In the numerical analysis reasonable values of the control system parameters were set 

up to obtain the specific tethering characteristic. Then, different values of the l-function 

and different values of the time step were tested. Since the time step decides the 

frequency of the control system, it is of great benefit to test different values of this 

parameter too. The l-function was tested from value 0 to 1 with step 0.1 and the time 

step was tested from 0.1 to 1 with step 0.1.  

Something to remember when this numerical analysis is done is that the stability that is 

proved only is valid for the values of the l-function and the time step that was tested. To 
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be assured that the system is stable during usage, only values with two decimals of the l-

function should be used, if the l-function is tested with step 0.01. 

 

The figures 3.4 – 3.7 illustrate how the eigen values λ2 and λ3 vary with different values 

of the l-function and the time step. The values of the l-function and the time step tested 

in the following figures are 0 – 1 with step 0.1 for the l-function and 0.1 – 1 with step 

0.1 for the time step. 

 

 

 

Figure 3.4. Surface plot of λ2. It can be seen that the eigenvalue is  really close to 1 for 

almost all combinations of the l-function and the time step. 
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Figure 3.5. In this contour plot it can be seen that the eigen value is below 1. 

 

In figure 3.4 and 3.5 it can be seen that the values λ2 for  are really close to unity, but the 

contour plot, figure 3.5, that set up with 0.1 steps, demonstrates that the eigen values are 

below 1 for all combinations of the l-function and the time step. The same applies to the 

values for λ3, which can be seen in figure 3.6 and 3.7. These values are also close to 1. 
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Figure 3.6. Surface plot of λ3. 

 

Figure 3.7. Contour plot of λ3. 
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In figure 3.4 – 3.7 it can be seen that the surfaces of the eigenvalues are smooth. 

Probably, the control system should be stable even for more accurate values of the l-

function with several decimals.  

 

3.2.3 Complex Eigen Values 

It is interesting to examine how the imaginary part of the eigen values affect the control 

system. In figure 3.8 it can be seen how an imaginary part of eigenvalue λ2 and λ3 occurs 

when the l-function is equal to 0. The imaginary part of the eigenvalues occurs when λ2 

and λ3 meet at the real axis and then go into complex conjugate values. In figure 3.8 it 

can be seen that when the l-function is 0, the imaginary part of the eigen values 

becomes larger with larger time step. It can also be seen in eq. 28 that when the l-

function is 0, the imaginary part only depends on the parameters j, K2 and time step Δt. 

It is clearly understandable that if these parameters are too large oscillations will occur 

due to imaginary eigen values. If the gain K2 is too large, overshoot will occur. If j is too 

large, the low pass filtered distance error, which is to be minimized by the feedback, 

will not be able to change to the value 0 before overshoot occurs. If the time step is too 

large, the filter will be to slow and the feed back will not be able to change to a proper 

input before overshoot occurs.  

In practice, complex eigenvalues will make the fictitious position go towards the 

reference position. Instead of staying at the reference position, the fictitious position 

will overshoot the reference position. This can be seen in figure 3.9 and 3.10, where 

both real and imaginary eigen values are tested in the UCS tethering mode. In figure 3.9 

and 3.10, the reference position has a positive speed on the UAV route at time 0 – 80 s, 

at time 80 – 400 s the positive speed is lower and after 400 s the speed is 0. In this case 

the imaginary part occurs when the parameter K2 is set too large.  
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Figure 3.8. When the l-function is equal to 0 an imaginary part of λ2 and λ3 occurs in the 

simulations. 

 

 

Figure 3.9. Real eigen values. 
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Figure 3.10. Complex eigenvalues. 
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4 Implementation 

After simulations of the control system in Matlab, implementation of the complete 

tethering algorithms was done using C++ in a simulator for the complete Skeldar 

system. In this simulator it is possible to plan missions and execute high level 

commands and there is a graphic interface where it is possible to see the UAV and the 

mobile UCS as symbols on a two dimensional map.  

Unfortunately, no targets or ships are available in this simulator, but simulations of 

Target tethering and Ship tethering was possible to perform anyway by the use of the 

UCS in the simulator. Since the tethering modes developed in this thesis work is about 

how the UAV holds a certain distance to an object, it is not important what sort of 

object it is, and the UCS can act as a target or ship. Figure 4.1 illustrates the graphical 

interface in the Skeldar simulator – the white triangle is the UAV and the cyan rectangle 

is the UCS. 

With the UCS and the UAV given in the simulator it was easy to implement and try out 

the tethering modes. Positions for the UCS, UAV and waypoints are given and input for 

the speed, altitude and direction derivative to the UAV is available. It was possible to 

control the UCS manually through the graphical interface, which made it simple to test 

the different tethering modes. 

By using the tethering models, control system, special cases and the guidance system 

described in this report, the implementations were rather straight forward. Only standard 

libraries for C++ were required since the calculations needed for the implementation are 

just standard mathematic operations. In each time step of calculation of the guidance of 

the UAV there is no time consuming iterations needed for this implementation. The 

reference position is given relative to the tethering object with simple trigonometry and 

linear algebra, then the control system will produce the fictitious position with simple 

mathematic operations and finally the guidance system will steer the UAV with respect 

to the fictitious position, also with simple mathematic operations. 
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Figure 4.1. Graphical interface in the Skeldar simulator. The white triangle shape is the 

UAV and the cyan rectangle is the UCS. 
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Figure 4.2. Graphical interface in the mobile control station.  
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5 Results 

The results from the simulations confirmed that the control system finally worked as 

expected. It is very important to find a set of parameters that make the control system 

work well. If a good set of parameters has been found, the fictitious position can 

achieve good performance and smooth out much irregularities of the reference position. 

5.1 Selection of System Parameters 

The control system consists of several parameters and the selection of these can be 

rather difficult. It is important to know what kind of object the control system will be 

used for. A suggestion for the selection of the parameters is as follows: 

 

1. Filter parameters.  

The low pass filter for the feed forward will converge to the speed of the reference 

position after some time. The larger value of k, the longer time will it take before 

convergence and the smoother the behaviour of the fictitious position will be. Here is a 

trade off to be made, either fast convergence or smooth behaviour of the fictitious 

position. 

The low pass filter for the distance error is intended to ignore temporary errors and 

minimize the lasting errors. The parameter j must then be set to a value that corresponds 

to this demand. 

 

2. Feedback gains. 

It is important that the selections of feedback gains are made carefully. For the selection 

of K1 it is important that this gain is large enough for the resulting feedback when this 

feedback is active to be much higher than the object that the UAV is supposed to 

follow. If K1 is not large enough, the fictitious position will be able to come outside the 

tolerance region.  

K2 is selected with respect to the value of j. If K2 is too large it will cause the fictitious 

position to overshoot the reference position. It is useful to look at the eigen values of the 

control system and make sure that these are not imaginary for every value the l-function 

can have. This will prevent overshoot. 

 

3. Parameters of the l-function. 

For this function there are two parameters to set values for, D and s. The value D sets 

the size of the tolerance region. The l-function is equal to 0.5 when the distance error 

equals D, see figure 2.4 for illustration. s sets the shape of the l-function. A large value 

for s will make the l-function change fast from 0 to 1 and vice versa for low values for s. 
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j and k are the most difficult parameters to set values for. It depends on what sort of 

object that the UAV will follow. It is important to know the size of the tethering region. 

If the size is large, the fictitious position has the opportunity to be really smooth and 

have really slow acceleration but still have the capacity to stay inside the tolerance 

region. 

 

An important conclusion made from the analysis is that the larger the tolerance region, 

the smoother the fictitious position has the possibility to be. The reason is that if the 

fictitious position is very smooth but the tolerance region is small, it will make the 

fictitious position go against the edges of the tolerance region and then be affected by 

strong regulation. The strong regulation will make the fictitious position accelerate fast 

and then the smooth characteristics are gone. To ensure that the fictitious position 

always will have a smooth behaviour, the tolerance region and the smoothing 

parameters should be set so the fictitious position can accelerate from the negative 

maximum speed of the object to follow to positive maximum speed of this object. 

 

5.2 Implementation in the Skeldar Simulator 

The implementation was mainly rather straight forward to do apart from some special 

treatments of some cases. The projection in the UCS Tethering mode is complicated and 

includes a lot of special cases. The implementation done for this mode works and it is 

possible to demonstrate this tethering mode, but the implementation is not completely 

stable. As long as the line segments are relatively long there is no problem, but with 

decreasing length problems occur. Two known problems so far are: 

 Decide which line segment that is active. Complexity increases when the line 

segments are shorter and are more irregular to each other. 

 The actual line segment is short and two adjacent oblique projection regions 

intercept each other. 

 

Another special case occurred in the implementation of the guidance mode. When the 

UAV is about to change from the hovering mode to another mode it is preferable to let 

the UAV change its direction in the hovering mode towards the fictitious position 

before the mode changes to one of the other modes. This prevents the UAV from 

making unnecessary long turns.  

 

5.3 The elaborated problem formulations 

The solution in this work does not solve all the elaborated problem formulations stated 

in section 1.3.4. No special care is taken to the special cases. This work is instead 
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concentrated on a general solution. This solution only consists of letting the UAV 

follow a smooth position no matter what the situation is.  

For the steering mode only following a 2-dimensional coordinate was considered, since 

this is a more general solution for the tethering modes. In Ship and Target tethering the 

UAV must follow a 2-dimensional coordinate. In UCS tethering on the other hand, only 

speed control is necessary if the direction of the UAV is handled by another guidance 

system which is related to the waypoints. Anyway, this is not considered in this work. 

No analysis has been done for the implementation aspects. It is however established that 

the algorithms for the solution of the work only contains relative simple mathematics 

and only need the standard C++ library. No strenuous calculations due to for example 

time consuming iterations are needed.   
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6 Discussion 

Before the control system described in this report was devised, two other systems were 

analyzed. These two systems had worse performance mainly because the feed back 

error was not low pass filtered. Since the performance of these systems were not 

satisfactory, there is no need to present them in this report.  

6.1 Future Improvement of the Control System 

A possible improvement for the system would be to modify the l-function and the 

feedback without a low pass filtered distance error. By applying a low pass filter for the 

distance error in the l-function and the feed back, a more smooth performance of the 

fictitious position even out in the edges of the tolerance region would be achieved. A 

low pass filter for the distance error in the l-function would result in a more smooth 

change between different feed back gains and a low pass filter for the feed back would 

result in a more smooth regulation of the fictitious position when this feed back is 

active. 

It would also be relevant to examine how higher orders of low pass filters can affect the 

control system performance, this to reduce higher frequencies even more. 

6.2 The Use of Feed Forward 

There are both advantages and disadvantages with the feed forward of the control 

system. The advantage is that the distance error is minimized for all speeds and the 

fictitious position will always converge to the reference position. The disadvantage is 

that if the reference position stops and stays still the fictitious position will still go on 

and finally the fictitious position stops and moves back to the reference position. This 

forward and then backward can be seen as quite unnecessary, since it in UCS tethering 

mode for example makes the UAV to go forward and then after a while go backward if 

the UCS stops and stays still. 

A solution to the forward and backward problem would be either to remove the feed 

forward and only use feedback. But this would make the fictitious position always stay 

behind the reference position and the distance error will increase with increasing speed 

of the reference position. 

Another solution would be to introduce dead zones in the control system that would 

make the control system to stop minimize the distance error in such a way that it makes 

the fictitious position stop doing unnecessary returns. If, for example, the speed of the 

reference position suddenly changes from positive to zero, there are three options for the 

reference speed. It can change to positive again, it can stay at zero or it can turn to 

negative. If it turns to positive again it would be of advantage to let the control system 

minimize the distance error in such a way that the fictitious position will not achieve 

negative speed. If the speed is zero the minimizing of the distance speed should be 

avoided and if the speed turns to negative the distance error should be minimized as 
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usual. This could improve the intelligence of the control system. It is obvious that some 

special treatment when the speed of the reference position is close to zero is needed and 

the solution with dead zones for the control system could probably solve the problem. 
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