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Research objectives, motivation and problem statement

The primary scope of this thesis is the development of new and advanced meth-

ods in support of control system development for Unmanned Aerial Vehicle (UAV)

control.

I have been an active pilot for most of my adult life, therefore, as soon as I’ve

got acquainted with engineering practice, the subject of aircraft flight performance

improvement has been one of my main occupational interests. Thus, being able to

design the experiment, pilot the airplane and further the field of aircraft control

engineering gives me a lot of motivation for my research.

As the focus of aircraft control system development is steadily expanding to-

wards unmanned systems, the results of this research can be used as viable solu-

tions to a particular set of challenges encountered in the primary phases of UAV

control algorithm design.

At first glance, perfecting a new control algorithm can seem as ’the’ topic in the

design of aircraft control systems. Nevertheless, a reliable flight control system

needs to be developed specifically for the given aircraft type to possess a satisfy-

ing degree of robustness when implemented in the form of an autopilot, stability

augmentation or control augmentation system. Therefore, in ’tailoring’ the flight

controller for a specific aircraft, the nonlinear dynamic model of the aircraft needs

to be determined in the process. The use of the identified aircraft model is not lim-

ited to control system development as it can also be employed for the construction

of simulators intended for flight training, aircraft design and development, and

research into aircraft handling qualities.

The thesis approaches the control system preparation process from a practi-

cal viewpoint by building on the actual flight data of a fully sized, piloted glider

aircraft.

In keeping to the scale of a large size unmanned aerial vehicle, the research

platform of choice is the R26-S Góbé type sailplane (glider).

As the size and flight dynamics of a glider are similar to large scale, fixed

winged unmanned aircraft designed for medium to high altitude long endurance

flight, the results can be readily extended to UAV-s and conventional engine pow-

ered airplanes as well.

The aircraft had been fitted with a cost sensitive sensory system including GPS

receivers, MEMS based three axis acceleration and angular velocity sensors and a

magnetometer. An additional forward facing wide angle lens camera system had

been fitted on the airframe in support of large format visual information gathering.

The main research objectives of the thesis are as follows:

1. Develop a precise, non invasive procedure for the determination of aircraft

actuator deflections;

2. Propose an improved, more reliable state estimation method specifically de-

signed to employ cost sensitive sensor technology;

3. Elaborate a new technique for state estimator tuning, thus improving the

precision of estimates;

4. Develop a method to verify the precision of estimated aircraft attitude values

based only on flight data;
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5. Develop a new method for video link based UAV control through an aug-

mented reality based Heads Up Display (HUD) system, based on the distorted

images of a wide angle lens camera;

6. Propose a method for the identification of the nonlinear dynamic model of an

aircraft for the case of unknown inertial matrix parameters;

7. Determine the center of gravity of an aircraft based only on flight data and

unknown inertial matrix parameters.

Methodology

Through the identification process, the aircraft is perceived as an input-output

system. This requires the knowledge of the aircraft control inputs in the form

of control surface deflections, while the aircraft states are viewed as the outputs.

Obtaining the aircraft states also plays an equal importance in the feedback loop

of the control system.

Thus, it is vital to find a set of viable solutions for a series of separate, but

equally important problems preceding control algorithm design. This constitutes

the main research focus of the current thesis, with the presented work structured

as follows:

Thesis group 1 presents a method for aircraft control input determination. In-

formation gathering is performed with an additional constraint: to determine the

input signals relying only on visually observable pilot control positions. There-

fore, the proposed method is designed to be non invasive, only requiring two visual

markers placed on the control column and rudder pedals in view of only a single,

arbitrarily mounted video camera.

It could be argued that the use of this approach is indeed limited in the case of

unmanned aerial vehicles where sensors are fitted on the control surfaces. How-

ever, its utility does become evident when determining the input signals of older

generation manned aircraft (for identification purposes only) without the need for

mounting additional sensory equipment on the airframe. Regarding the problem of

marker position determination, the difficulties caused by the ever changing light-

ing conditions prevalent during flight impose the development of an adaptive im-

age recognition algorithm. A further obstacle lies in obtaining the 3D coordinates of

the control column position from the 2D image data provided by the single camera

as, due to kinematics, the control column movements do not determine a regular

spherical surface. This problem is solved using high level image processing with

the inclusion of control column kinematics and pilot control – actuator deflection

functions. The process is prepared to use a nearly arbitrary video camera mounting

position and orientation, only requiring an unobstructed view of the visual mark-

ers.

Thesis group 2 solves the problem of aircraft state determination. As flight

data is gathered using GPS, inertial and magnetic sensors using micro-electo-

mechanical (MEMS) devices, the raw measurements typically suffer from inte-

grated error results, known as drift or bias. Knowing that the control system is

only as good as the sensory system it relies on, a robust state estimation design is

developed to obtain the complete state vector in the form of aircraft position, ve-

locity, acceleration and orientation values through sensor fusion. The design has
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a multilevel, multi-mode construction using several extended Kalman filters and

also estimates the bias terms. Since the aircraft acceleration and gravitational ac-

celeration cannot be separated in the acceleration measurements, a comprehensive

set of kinematic equations has been proposed to separate the two values. The state

estimator also solves the integration of aircraft states, providing a navigation so-

lution in cases of limited time GPS signal outages while also managing the large

difference between GPS and inertial sensor sample rates.

Thesis group 3 has several major goals: The first is the verification of state

estimation results with a focus on aircraft orientation. This is achieved by employ-

ing high level image processing techniques on images captured with the forward

facing wide angle lens camera. Consequently, absolute values of aircraft attitude

(roll and pitch angles) are obtained from the position and inclination of the vis-

ible horizon line. To obtain aircraft attitude from visual data, the orientation of

the video camera with respect to the aircraft coordinate frames needs to be de-

termined. A solution for this problem is proposed in Thesis 3.1. The problem of

horizon line detection in changing visual conditions, varying exposure levels and

alternating ground patterns is also solved by developing a robust image processing

algorithm containing adaptive elements. Using a wide angle lens camera automat-

ically induces a high degree of nonlinear distortion in its captured images. Thesis

3.2 provides answers for handling the transformation between camera and world

and world – camera coordinate frames using nonlinear distortion corrections which

are ultimately used in the fine tuning of the state estimator as described in Thesis

3.3.

The second goal of Thesis group 3 is to provide an enhanced, augmented reality

based display useful in controlling an unmanned aircraft through a video link.

The design is elaborated in Thesis 3.4. Here a new concept is introduced for the

visual display of wind related aircraft drift by showing the actual drift direction

and magnitude.

Thesis group 4 focuses on obtaining the nonlinear dynamic model of the aircraft.

This is achieved through system identification and relies on results obtained in the

previous parts of this thesis. The Thesis group addresses several specific prob-

lems regarding the aircraft identification problem: Firstly, an automated model

structure determination algorithm is presented in Thesis 4.1. Thesis 4.2 solves the

specific problem of unknown center of gravity position determination, while Thesis

4.3 provides an answer in finding the unknown inertia matrix parameters using

the developed torque–model and constrained nonlinear optimization.

During my research, I have consistently encountered related works providing

flight related data and state estimation results in a format that is both unintuitive

and difficult to verify. Therefore a considerable effort went into the correct detailing

of results, complementing the conventional 2D plots with 3D plots of flight path and

aircraft orientation that deliver an immediate comprehension of the underlying

phenomenon.
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Summary of the new scientific results

Thesis Group 1. I have developed a novel method for determining the input signals

of an aircraft employing both primary and high level image processing techniques.

All results are based on real flight data gathered onboard a sailplane with the in-

put signals consisting of aileron, elevator and rudder surface deflections. These are

dependent on the positions of the pilot controls composed of the control column and

rudder pedals. The nature of control surfaces and pilot control linkages are consid-

ered unknown. The method assumes that no sensors are available or are allowed to

be placed on the control surfaces or the pilot controls. It is assumed that the pilot

controls can only be observed visually, therefore the final control surface deflections

are calculated from the positions of visual markers placed on the control column

and rudder pedals. For this, the nonstandard 3D surface determined by the control

column is calculated based on the control column kinematics. The actual position

of the control column’s visual marker on the 3D surface is then determined from the

2D image plane pixel coordinates of the visual marker based on the control column

kinematics and the homogenous transformation between camera and world coordi-

nates. This approach enables the proposed method to use only a single video camera

to obtain 3D positions from 2D image data.

Related publications: [S1], [S2], [S3], [S4].

Thesis 1.1 I have developed an adaptive image processing method determining

the 2D pixel coordinates of the control column and rudder pedal’s visual marker.

The approach reliably determines the positions of the visual markers even in the

continuously changing lighting conditions prevalent during flight. Its robustness is

owed to the use of adaptively placed workspaces on the image frame which reduce

the search areas of the algorithm.

Thesis 1.2 I have developed a coordinate transformation method of camera co-

ordinates to aircraft body coordinates using a calibration object, temporarily placed

in the cockpit before flight and a video camera.

Thesis 1.3 I have developed a transformation method between the 2D image

plane coordinates of the control column’s visual marker to 3D control column de-

flections, based on which, the control surface deflections of the aircraft can be deter-

mined using the pilot control – actuator deflection functions.

Thesis 1.4 I have developed a verification method for the achieved results based

on the synchronized combination of image frames showing recognized marker po-

sitions, generated 3D position of the respective marker, an external view of the air-

craft showing aileron movements during flight and a generated model with moving

control surfaces. The actual position regarding the control surface – pilot control

characteristics are also documented.

The kinematics of the control column, placement of the camera and visual

marker can be seen in the next figure. Notice the temporarily placed calibration

object used to determine camera position and orientation.

After constructing the look-up table (LUT) which outlines the 3D surface de-

scribed by the visual marker movements, the rcb unit vector can be computed from

the 2D pixel positions (u, v). This is used to calculate (αc, βc) belonging to rcb, re-
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The validation of the method is performed visually with the aid of a video se-

quence, a frame of which is presented next. Counting clockwise, the following

information can be seen: the view of the wide angle lens camera; the view of the

cockpit mounted camera having the recognized visual markers; the 3D position of

the control column on the surface generated by the control column kinematics; the

resulting aileron and elevator surface deflections; a model of the aircraft control

surface positions, showing the re-generated control surface deflections.

By cross-checking the reconstructed aileron deflections with the actual aileron

movement of the airplane the correct position of the generated αc, βc joint angles

can be visually verified.
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Thesis Group 2 I have developed an improved method for aircraft state es-

timation and inertial navigation based actual flight data. The algorithm relies

on acceleration and angular velocity sensor readings as well as magnetometer and

GPS position and velocity data to estimate the state variables of an aircraft com-

posed of position, velocity, orientation and angular velocity. The state estimation

method relies on a multilevel, multi-mode approach employing several Actual Ex-

tended Kalman filters (EKF) to estimate the state variables when the aircraft is

stationary and during flight. I have developed a comprehensive set of kinematic

equations to obtain a navigation solution as precise as possible, while striding to

minimize computational demand. During flight, the state estimator depends on two

EKFs: EKF1 estimates aircraft orientation based on every IMU and magnetometer

measurement while EKF2 is employed when GPS readings are available in order

to correct the result based on both IMU and GPS pseudorange measurements and

the proposed aircraft kinematics. To improve accuracy, I have developed an addi-

tional two step method for correcting the estimates in an external loop, linearizing

the state equations and correcting the estimated states based on an additional Ex-

tended Kalman filter. I have proposed a state integration method to manage the

propagation of the whole aircraft state between GPS measurements and to provide

a navigation solution for limited time GPS outages. The integration method also

manages the relatively large difference between IMU and GPS sample rates. The

acceleration and angular velocity bias values are also estimated to correct the non-

measurable integrated errors of the navigation solution. The proposed state esti-

mation method can be used primarily for unmanned or conventional aerial vehicle

control and as a first step in nonlinear aircraft model identification.

Related publications: [S5], [S2], [S1], [S3], [S6], [S7], [S8].

Thesis 2.1 I have developed a novel algorithm that clearly separates the net ac-

celeration from gravitational acceleration in accelerometer readings during flight.

This is necessary, since during flight, accelerometer measurements register the com-

bination of both effects as specific force, without the possibility of distinction between

the two.

Thesis 2.2 I have constructed a set of kinematic equations to provide an ac-

curate and robust solution for GPS aided inertial navigation and state estimation.

The navigation solution is prepared for long distance navigation by using a so called

wandering NED frame. The kinematic equations encompass position and altitude

based magnetic and gravitational field corrections as well as the joint management

of inertial and ECEF based sensor measurements. The kinematic equations also in-

clude the management of acceleration and angular velocity sensor biases. A quater-

nion based aircraft orientation description is used to increase robustness and reduce

computational cost.

Thesis 2.3 I have developed a multilevel, multi-mode state estimation algorithm

based on the proposed set of kinematic equations using multiple Extended Kalman

filters to estimate the position, velocity and orientation of an aircraft. The estimated

values are further corrected using an additional Extended Kalman filter in an ex-

ternal loop. The process also estimates the unmeasured biases of the IMU data and

performs the correction of the states accordingly.

Thesis 2.4 I have developed a state integration method to solve the joint imple-

mentation of IMU/magnetic sensor readings and GPS measurements combining
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all subsystems into a unified model. The integration method takes advantage of

the complementary nature of IMU/magnetometer and GPS pseudorange measure-

ments and is capable of handling the different sampling rates of the IMU and GPS,

allowing the state estimator to perform even when GPS measurements are temporar-

ily unavailable. In addition, the method is able to calculate the kinematic angle of

attack and sideslip angles of the aircraft based on the determined aircraft states.

The workflow of the developed state estimation method is presented in the next

Figure:

For this to be achieved, the fusion of different sensor readings becomes nec-

essary and can be performed using a stochastic state estimator or deterministic

observer methods:

{

sensor signals
} state estimator / observer
−−−−−−−−−−−−−−−−−−−→ state variables
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The novelty of the method is reflected in the design of its output mappings:

y1 = g1(x) + ny1 =
[

Tδ −1 0
]

Rn
b H

b + ny1

y2 = g2(x) + ny2 = Rn
b (ã

b − ba) + ny2

y3 = g3(x) + ny3 = Rn
b

[

1 0 0
]T

+ ny3

y4 = g4(x) + ny4 = p+ ny4

y5 = g5(x) + ny5 = v + ny5

and the following output measurements:

y1 = 0

y2 = −gn +
[

v̇N v̇E v̇D
]T

− (2ωn
ie + ωn

en)×
[

vN vE vD
]T

y3 =
[

vN/‖v‖ vE/‖v‖ vD/‖v‖
]T

y4 = p

y5 = v

A further novelty of the design is the refreshment of the state and covariance

matrices between measurements. This takes into consideration the nonlinear char-

acter and varying noise of the process.

The estimated α and β angles are put into context in the 3D rendering of the

aircraft flight path and orientation shown in the next Figure. Here, the projected

α and β angles between the 430 and 460 [sec] marks of flight number 3 are shown,

where the deliberate high amplitude rudder and elevator excitations result in in-

creased variations in angles of attack and sideslip.
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Thesis Group 3 I have developed a novel method for unbiased aircraft attitude

determination based on multilevel image processing. The method relies on the im-

ages captured with a video camera mounted on the aircraft airframe, facing in the

direction of flight. A new method is proposed to achieve the virtual collimation of

camera and aircraft coordinate frames, thus correcting the angular offsets between

the respective frames. The aircraft attitude values of pitch and roll angles are de-

termined based on the visible horizon line position and inclination on the image

plane. The pixel position of the horizon line is determined through primary image

processing. Since the captured images are taken with a wide angle lens camera,

the heavy nonlinear distortion and scaling errors need to be corrected when trans-

forming from world to camera coordinates. Therefore, an algorithm is proposed to

solve problems created by the heavy nonlinear distortion and scaling issues present

in the captured images when performing the conversion from image based to real

world coordinate frames. The distortion correction procedure includes a newly de-

veloped method for determining an alternate, usable value as the distance between

camera center and visible horizon line. This way, the performance of the state esti-

mator can be evaluated based on the correlation of estimated aircraft attitude and

the attitude determined through image processing as both data sets are expressed

in the same coordinate frames. A heuristic state estimation tuning method is also

proposed, based on the correlation values to achieve an optimal orientation estima-

tion performance. An additional method for state estimator performance evaluation

is proposed based on the construction of an augmented reality Heads Up Display

also usable for the control of unmanned aerial vehicles through a video link. I have

proposed a novel method to supply the pilot with visual ques regarding the effects of

the wind on the aircraft in function of the airspeed in the form of the Wind Relative

Flight Path Vector.

Related publications: [S9], [S10], [S11].

Thesis 3.1 I have designed a novel image processing based method useful in the

process of boresighting an aircraft mounted video camera. The method yields the

offset orientation angles between the camera frame and aircraft body frame based

on the known camera position, known internal camera parameters and a set of non-

coplanar points on the aircraft body also visible from the viewpoint of the video

camera. Since the orientation of the camera is regarded as arbitrary, allowing a

certain offset between the two coordinate frame orientations, the implementation of

the method is required in the fusion of image processing data based in the reference

frame of the camera with the estimated and measured data described in the aircraft

body reference frame.

Thesis 3.2 I have developed a method that determines an alternate (finite) dis-

tance value between the video camera and horizon line visible from the aircraft

which is useful in the process of performing the camera to world and world to cam-

era coordinate transformations for the given application. The method has been

tested and validated in the laboratory for different distances and also in actual

flight conditions.

Thesis 3.3 I have proposed a method to improve the performance of the state

estimator based on the tuning of starting measurement covariance values. The de-

veloped method uses a heuristic approach in finding the best covariance coefficients

responsible for improved state estimator performance using the correlations of mea-
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sured and estimated acceleration, velocity and orientation values.

Thesis 3.4 I have developed an augmented reality based Heads Up Display

System useful for both estimated orientation evaluation and for the control of un-

manned aerial vehicles. The system projects the values obtained using state esti-

mation in a visual format on the images taken with the wide angle lens camera

allowing enhanced control capabilities. To control the aircraft in low visibility,

an artificial horizon line is projected on the image, overlapping the actual hori-

zon line. Heading information is projected as cardinal direction values overlapping

their corresponding real world directions, visible on the image capture. Additional

orientation information is displayed using a free moving visual marker indicating

the actual travel direction of the aircraft regardless of where the aircraft nose is

pointing. The strength of the method lies in the possibility of also relying on wide

angle lens optics. I have also proposed a novel method for the visualization of wind

effects on the aircraft, in the form of a flight instrument that allows pilots to fly the

aircraft at optimal aerodynamic efficiency. The method can also be used in the con-

trol of multiengine aircraft in case of an engine failure to help center the aircraft in

asymmetrical thrust conditions.

The proposed method can be briefly described using the next Figure which

shows the modular construction of the algorithm, with the interconnected main

modules clearly separated and the two goals highlighted using double boundaries.
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The virtual boresighting (collimation) of the wide angle lens camera with the

aircraft frame relies on the pixel positions of 15 non-coplanar fixed reference points

in view of the camera and their respective and known 3D world coordinate points

on the aircraft expressed in the base of the KC camera frame as seen in the follow-

ing Figure. Notice the misalignment of the camera orientation with respect to the

aircraft KBODY axes as the left wingtip is missing from the image frame.
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A case proving the robustness of the horizon detection algorithm can be seen

next. In this case, the lighter ground colors are not taken into consideration due

to the shadow of the clouds darkening certain parts of the workspace. This issue,

coupled with lighter patches of ground where the urban areas are present may

prove difficult to process, but the method proves to be robust enough to re-project

the horizon line correctly on the image.

The estimated flight data based HUD operation is presented through a screen-

shot from the video sequence shown in the next Figure. The presented example
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shows the HUD element positions projected on the image capture. The position

and inclination of the virtual and actual horizon line overlap. This is achieved due

to the correct estimation of aircraft states and finding a useful substitute value for

the horizon to camera distance as well as the successful collimation of the wide an-

gle lens camera with the aircraft frame. Note the unequal spacing between ’ladder’

elements needed to compensate the nonlinear distortion of the image.

Thesis Group 4 In this thesis group, I have developed a comprehensive so-

lution for the identification of the nonlinear dynamic model of an aircraft. The

method also takes into consideration the effect of the wind on the aircraft. The

proposed identification method determines the force-torque model of the airplane

based on dynamic rigid body equations and appropriately chosen weighted nonlin-

ear terms for 3D forces and torques. The optimal selection of regressor functions

for both the force and torque models are determined using an automated algorithm,

dispensing with the need for an experienced human analyst. As results have shown,

this produces an adequately determined model structure leading to a model with

good prediction capabilities. The identification of unknown inertial parameters and

force-torque models is performed simultaneously using a constrained global search

based optimization technique and an appropriately chosen objective function. The

proposed algorithms show promising results which have been verified using several

statistical metrics, collinearity diagnostics, model fit plots, and residual analysis.

Additionally, an easily understandable 3D plot method has been developed, putting

the results into context by superimposing the identified force-torque values on the

aircraft flightpath and orientation. The proposed solution is best suited for cases

where the aircraft center of mass and inertia matrix element values are unknown,

due to an uneven or varying payload distribution.

Related publications: [S1], [S7], [S12], [S13].
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Thesis 4.1 I have developed an automated method useful in the process of air-

craft model structure determination. The relevant aerodynamic output functions of

the aircraft are corrected for wind effects. The algorithm automatically selects the

most relevant regressors adding them iteratively into the model using stepwise re-

gression techniques. Testing for relevance is performed using several statistical met-

rics. A set of stopping rules is employed for optimal model structure determination.

The advantage of the developed solution is the ability to select the best regressors

from a large number of candidate regressors composed from aircraft input, output

and state functions and their nonlinear combinations.

Thesis 4.2 I have proposed a novel method for the determination of the unknown

center of gravity of an aircraft. The design employs linear regression based equation

error methods to determine the aircraft force equations using an optimal regressor

set. The position of the aircraft COG is then obtained using constrained nonlinear

optimization techniques based on the identified force components expressed as terms

in rigid body equations of motion.

Thesis 4.3 I have developed a method useful in the identification of an aircraft’s

unknown inertia matrix elements based on rigid body equations of motion and equa-

tion error based torque model identification techniques. The proposed method iden-

tifies the nonlinear torque model simultaneously for all three axes, employing the

fusion of evolutionary and classical constrained optimization techniques.

The quality of the identification results can be verified in the next Figure as the

upper subplot shows the comparison between the X axis force coefficient and the

identified model, while the lower subplot represents the residuals plotted against

time with the 95% confidence intervals for the prediction.
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After obtaining the set of relevant regressors, the location of the aircraft COG

is determined using the proposed optimization algorithm. The following Figure

shows the position of the determined COG of the aircraft with the known position

of the IMU. The upper and lower bounds of the optimization algorithm for each
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aircraft view are represented by dashed lines.

The numerical values of the three dimensional rc vector relative to the IMU are

expressed in meters in the aircraft KBODY frame:

rc = (−0.2110,−0.2210,−0.0609)T

 

 
IMU pos.
COG pos.
rc bounds

The main difficulty is represented by the need to find the set of relevant torque

model regressors without the knowledge of the Ic inertia matrix. This brings about

a peculiar solution that determines the inertia matrix while simultaneously calcu-

lating the aircraft torque components in parallel for all three axes.

The optimal normalized inertia matrix is obtained as:

Ic =





0.0768432 0 −0.0599991
0 0.699999 0

−0.0599991 0 0.707458



 (1)

Finally, the identified force and moment components are displayed according

to the spacial orientation of the airplane as seen in the following Figure. The

arrows are expressed as a percentage, having the maximum radius and length at

the maximal torque values of the given data set.
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Application of results and conclusions

As far as the input signal determination problem is concerned, the problem can be

considered completely solved. The proposed solution determines the 3D position of

the control column visual marker using only a single camera while relying on the

control column kinematics. Further, the method accommodates an arbitrary cam-

era position and orientation as long as an unrestricted view of the visual markers is

provided. The obtained results are verifiable through a video sequence containing

both the inner and outer views of the airplane. The video sequence shows the con-

trol surface (aileron) and pilot control positions during flight as well as the modeled

control surface deflections. The synchronous movement and identical actual and

modeled control surface amplitudes state the efficiency of the proposed method.

A further advantage lies in the quick, hassle free setup of the data acquisition

system as the camera can be mounted in an almost arbitrary position and orienta-

tion as long as it has the complete working area of the visual markers in its field of

view.

As a practical implementation, this approach is mainly intended to find its use

as a first step in the system identification process of aircraft already in service,

where accurate modeling is crucial for the development of automated control or in

the development process of a flight simulator designed for pilot training.

The state estimation process involves a multilevel, multi-mode estimator con-

struction, employing a total of four extended Kalman filters to estimate a number

of twelve aircraft states, plus the kinematic and wind relative angles of attack

and sideslip. The state estimator employs a newly developed, comprehensive set of

kinematic equations and a novel, complex structure to obtain the state vector of the

aircraft and a precise, long distance navigation solution. The performance of the

state estimation method tested on real flight data can be considered satisfactory,

with the results having been verified using the difference between GPS based kine-

matic equations of acceleration and velocity and their estimated counterparts. Fur-

ther verification has been performed by checking the magnitude of estimated bias

values, estimated kinematic aerodynamic angles and additional 3D plots showing

aircraft flightpath and orientation. The precise verification of estimated aircraft

attitude results has been realized using high level image processing. With the ad-

dition of extra sensory information in the form of a fluid flow velocity meter, the

airspeed could be determined without reliance on wind direction and velocity cor-

rections, although certain aerodynamic variables will still require a correction for

wind effects.

The primary image processing based horizon line detection method shows promis-

ing results as the robust, adaptive design of the developed algorithm can reliably

determine the position and slope of the horizon line. The process is successful even

for noisy images and alternating image exposure levels. This way, the operational

performance of the state estimator with regards to estimated aircraft attitude can

be quantified and improved. This has been achieved by the fine tuning of relevant

covariance matrix values to achieve an optimal estimation performance.

The novelty of the presented HUD method is in the employment of a wide angle

lens video camera, which gives an increased field of view. This also has the down-

side of inducing a considerable nonlinear distortion in the captured images. The

solution to this problem needed the integration of additional correction measures

in the camera to world and world to camera coordinate frame transformation pro-



18

cedures. The developed algorithm has been validated in both laboratory and real

world conditions.

The augmented reality based HUD application shows the virtual horizon line,

with the displayed heading and cardinal values overlapping outside scenery way-

points and a velocity vector - a symbol indicating the aircraft flight path regardless

of its orientation. Additionally, a new concept is introduced in the form of the Wind

Relative Velocity Vector which has the ability to show the effect, direction and mag-

nitude of wind related aircraft drift in real time.

The developed aircraft identification method provides a solution to the auto-

matic model structure determination problem. Relying on statistical metrics, the

method automatically selects the most relevant regressors from a set of arbitrarily

constructed pool of regressors and regressor combinations. Employing a set of com-

plex stopping rules, the obtained model is parsimonious, achieving the balance be-

tween a good prediction capability and an overly complex structure. The algorithm

employs covariance analysis to determine which regressor needs to be selected from

several related regressors describing the same aircraft dynamic. This way, certain

steps of the model structure determination problem can be solved without needing

to involve an experienced human analyst.

Finally, the nonlinear dynamic force-torque model of the aircraft is determined.

It should be noted, however that the determined model is available only for a por-

tion of the complete flight envelope of the aircraft. Based on the presented method,

the aircraft model for the complete flight envelope can be determined, but the pro-

cess requires further flight testing for a multitude of flight conditions. The identi-

fication procedure introduced in this Thesis is also novel with respect to its ability

to calculate the unknown inertial parameters of an aircraft from flight data. The

center of gravity is calculated from the developed aircraft equations of motion us-

ing constrained nonlinear optimization techniques. The results can be verified by

superimposing the location of the determined COG on the aircraft blueprints. In

this case, as the aircraft is of symmetrical construction with the load (in the form

of the pilot) located in the plane of symmetry, better results have been achieved by

imposing stricter limits for constraints regarding lateral dimensions. The results

regarding both force and moment aircraft dynamic models are promising, with the

determined models showing good prediction capabilities.
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