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Abstract

Unmanned Aerial Vehicles (UAVs) have attracted considerable interest in the
commercial markets for the military and civilian uses, such as surveillance and
reconnaissance, aerial surveys for natural sources, traffic monitoring, and early forest fire
detection, etc. Presently, UAVs are being proven as a cost-effective platform for the
military and civilian applications because they gather information without endangering
the lives of the pilots, increase maneuverability without limitations from human abilities,
cost much less than the traditional aircrafts and do not need human-pilot interfaces.
Although UAVs present numerous advantages over the manned aircrafts, they face
challenges in achieving autonomous control. Model Predictive Control (MPC) is an
interesting solution for UAV control to improve the level of autonomous control, but is

mostly applicable to a linear or linearized system at this time.

In this thesis, first is presented a complete kinematics and dynamic model of
Unmanned Aerial Vehicles which is programmed in Simulink. Second, a control scheme
based on a proportional controller for the inner loop and a proportional — integral
controller for the outer loop is investigated. Model predictive control is applied to a
linearized UAV using dynamic inversion, and simulation results obtained using a
nonlinear UAV model are presented and analyzed in view of the suitability for UAV

autonomous control.
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Chapter 1

1 INTRODUCTION

1.1 Motivation

Unmanned Aerial Vehicles (UAVs) have attracted considerable interest in the
commercial markets for the military, mainly for surveillance and reconnaissance
purposes, and for the civilian uses such as aerial surveys for agriculture, traffic
monitoring , pollution control, meteorological data collection, pipeline survey and early
forest fire detection, etc. Presently, UAVs are being proven as cost-effective platforms
for the military and civilian applications because they gather information without
endangering the lives of the pilots, increase maneuverability without limitation due to
human capabilities, much lower cost than the traditional aircraft and elimination of on-
board human-pilot interfaces. Although UAVs present some advantages over the manned
aircrafts, they require autonomous control and have more stringent size and capability
constraints than conventional aircrafts. To enhance the safety and security level for
performing some tasks, remotely controlled, semi-autonomous and autonomous vehicles
are used in practice (Baum M. L. and Passino K. M., 2002). With recent developments in
various aspects such as automatic flight control systems, guidance techniques, and
navigation instruments, some researches have been done to explore approaches to move
the operations from ground stations and to the vehicle and realize complex operational
objectives on-board with high reliability in aerial missions, at lower risk and lower cost

(Okan, A. et al., 2002). Therefore, complex requirements, especially related to vehicle



dynamics, are imposed for UAV controller design. Although guidance systems have been
developed for many years, the UAVs can’t achieve every stage of the whole mission
under complex environment conditions without some common participation from ground

based control station.

In most configurations, UAVs are designed to operate in two distinct modes:
remote control from Ground Control Stations (GCS) and autonomous control (Liang F.,
2002). In GCS remote control mode, the UAV receives commands from the GCS, and at
the same time, the motion and the states of the UAV are transmitted to the GCS. The
commands are generated by an experienced pilot or by an expert system. Normally, the
ground remote control mode is used to cope with highly uncertain or unpredicted
conditions, such as takeoff and landing under complex environments, unpredicted failure
of actuators during mission and unanticipated natural disturbances. In the ground remote
control mode, UAVs are controlled by experienced pilots. Therefore, the complexity of
the controller design and configuration are reduced and the failure of UAVs can be
prevented under certain conditions. In the autonomous control mode, UAVs can perform
pre-programmed operational missions without participation of pilots, and the states are
transmitted to the GCS for monitoring and thus the decision of staying in autonomous

control mode or switching to GCS control mode is made.

To deal with different tasks, there is a need for a higher level of autonomous,
reliable and performance UAVs and also a more harmonious integration of autonomous
UAVs and intelligent pilot system. To enhance the operational capabilities of UAVs, one
of the issues to be solved is to make sure that the UAV can follow the trajectory

2



generated in real-time to finish the mission task taking into consideration the dynamic
characteristics of the UAV, and the constraints under which the UAV operates, such as
the safe and protected flight envelope, adverse atmospheric conditions, collision
avoidance with static ground obstacles and other moving objects in the air to correct the
trajectories, efficient fuel consumption for long-distance mission, correction of the
predefined trajectories etc. In order to explore the competitive advantages, the UAVs
should have a high level performance and maneuverability when operated in a tightly
constrained environment. A two-level control system is introduced in Mettler M. B., et al
(2002). In this system, the feedback control system is used to achieve various actions, and
the on board high-level expert system decides the selections of the combination of actions
and path planning to fulfill the mission under different flight conditions. Furthermore, in
order to increase the operation efficiency, multiple-UAV systems, as opposed to a single
UAV, were developed in recent years to improve the overall mission efficiency and
capability. However, multiple-UAV systems require collision avoidance control system
between the each UAV in the formation group and with obstacles. The control of each
UAV must be based on the flight environment parameters and the states of other

members in the formation.

Traditionally, the flight controller is designed in certain low-angle-of-attack flight
regimes usiﬁg linear design methods, which use linearized models in the trim condition.
The parameters of these linear controllers are defined as a function of different trim
conditions. A linear controller alone can not effectively control the higher performance

UAVs in the nonlinear flight regions or with high-angle-of-attack flight. In this thesis, the



dynamics based control approach, dynamic inversion, is used to enhance the piloting
ability and performance in the whole flight envelope without modifying controller
parameters. Dynamic Inversion permits UAVs to realize the real-time command tracking

and Model Predictive Control is used for the inner loop.

1.2 Research Goals

There are several areas of research for autonomous UAVs: UAV design and
configuration, navigation, motion planning, collision avoidance, target acquisition,

automatic flight control and multi-UAV formation hold, etc.

My research focuses on UAV’s kinematic and dynamic modeling and dynamic
flight control algorithms and model predictive control (MPC) for single UAV. First, this
thesis presents a complete six-degree-freedom nonlinear model for the rigid body UAV
using the hybrid coordinate systems. Second, the Dynamic Inverse (DI) is accomplished
by inner and outer loop control, and the MPC is applied to the inner loop at this stage to
investigate the potential advantages to the collision avoidance. Finally, the complete
nonlinear UAV model and control algorithms are simulated by Simulink® and the
simulation results are compared and analyzed to vérify the advantages of dynamic
inversion control and the suitability of MPC for UAV autonomous control using dynamic

inversion as proposed in this thesis.



Chapter 2

2 LITERATURE REVIEW

In the section, the literature review stresses on the modeling of a single UAV,

conventional flight control, dynamic inversion control and model predictive control.

2.1 Kinematics and Dynamics Nonlinear Model of UAV

The nonlinear dynamic model of an UAV is based on the Newton-Euler equations
of motion for a rigid body (Stevens B. L. and Lewis F. L. (1992), Nelson R. C. (1998)).
The equations of motion for UAV, described as a rigid body UAV with six-degree-
freedom, driven by thrust, aerodynamic and gravity forces to fly over a flat, non rotating
Earth with zero ambient winds are presented by Menon P.K.A. et al (1987) and Looye G.

(1999).

In Jang L. J. S. and Tomlin C. J. (2001) and Lee T. and Kim Y. (2001), the motion
of a six-degree freedom UAV is described by three translational equations, derived in the
wind axes to reduce complexities of describing aerodynamic angles, and three rotational
equations, derived in the body axes to avoid a time-varying moment of inertia. Normally,
most of UAVs are designed to be axially symmetrical such that the moment generated by
the control surface does not affect the direction of flight and the moment equations can be
simplified by neglecting effects of the cross-coupling inertial coefficients. In these
equations, the aerodynamic forces and moments are defined by the linear functions of

aerodynamic angles, angular velocity and control surface deflections. Furthermore, the



position of UAV in the Earth Fixed Frame is defined by three navigation equations and
the orientation of UAV is expressed by three kinematics equations with Euler angles in

Stevens B. L. and Lewis F. L. (1992).

In Snell S. A. et al (1992) and Bugajski D. J. and Enns D. F. (1992), the full, six-
degree-of-freedom (DOF), nonlinear, rigid body dynamics, without considering the
dynamics of the sensor, is modeled by 12 first-order differential equations, i.e. 12 states.
The states are chosen as body roll rate, body pitch rate, body yaw rate, velocity roll angle,
angle of attach sideslip angle velocity, heading angle, flight-path angle and horizontal
displacement with regard to the reference frame. The aerodynamic coefficients, needed to
calculate the aerodynamic force and moment, are obtained by interpolation from
experimental results of a High Angle-of-attack Research Vehicle (HARV). The states are
divided into fast and slow dynamics. The fast dynamics are three angular velocities,
which are controlled by aileron, canard, rudder, and lateral and normal thrust vectoring
control, and they are calculated from the moment equations. The slow dynamics are roll
angle about the velocity vector and aerodynamic angles, i.e. angle of attack and sideslip
angle. Assuming there is enough time scale separation, the three fast dynamics are
calculateci from slow dynamics. The attitudes of UAV are controlled by the three angular
velocity commands. The aircraft velocity vector is controlled by thrust and attitude

commands.

In the Liang F. (2002), Adams R. J. et al (1994), and Aerosim [1], the object
orientated design approach is presented. The total nonlinear UAV model consists of

many submodels describing the nonlinear motion equations, engines, atmosphere,

6



aerodynamics, sensors, and actuators. These sub-models are connected one to another in
the Simulink through the interconnections according to the way that the objects
physically interact. The rigid UAV model is used as the basis while the aerodynamic,
elastic parts are defined depending on the accuracy requirement by the applications.

Some applications are presented in Looye G. (1999).

In recent year, some advanced UAVs have been proposed in recent years. In the
Okan, A. et al. (2002), the Vertical Takeoff and Landing (VTOL) UAV is introduced
which combines the vertical flight capability of the helicopter with the superior forward
flight performance of the fixed-wing airplane. Due to this combination, these UAVs have
their own characteristics and are generally more difficult for pilot to control than either

conventional aircrafts or helicopters.

2.2 Conventional Control

The first and most important step in the UAV control design is to determine a set of
dynamics which can be achieved by the given limited effectors to stabilize UAV under
the required moments and forces and to follow the specified trajectory command with

considering collision avoidance of unexpected objects.

In the conventional flight control designs, the aircraft dynamics are assumed to be
linear and time-invariant about the nominal trimmed flight condition. In Stevens B. L.
and Lewis F. L. (1992), Nelson R. C. (1998), the controller design is based on the
linearized model to meet handling quality criteria. With the introduction of the highly

maneuverable aircraft, which has the capability of flight at high angle of attack, the

7



Multi-Input and Multi-Output (MIMO) control design methods are required. In some
cases, the excellent performance is achieved in a local region where linearity can be
assumed, but robustness and stability outside the trimmed flight conditions are not
guaranteed. To make the design for the entire operational envelope design, the controller
parameters are scheduled as functions of different trimmed flight conditions to cover the
entire flight envelop. However, in the extreme flight conditions, the unmodelled effects
of nonlinearities lead to deteriorate the performance of these systems, such as for
significant high angles of attack or high angular rates pointed (Lane S. H. and Stengel R.
F. 1988). Furthermore, gain scheduling of MIMO controller is quite laborious and
complicated, and the fidelity of the system based on the linearized model without
considering the nonlinear nature of aircraft in the whole flight envelope is very low.
Therefore, an alternative design method, which considers the nonlinearity of aircraft, has

to be used.

2.3 Dynamic Inverse

Over the last decade, nonlinear controller for the UAVs controller design has
gained considerable popularity for the designs of the supermaneuverable flight aircrafts
which is to execute demanding missions in extreme operational regimes with high angle
of attack and high acceleration turns. The dynamic model of aircraft is significantly
nonlinear. Compared with conventional designs using linearizing assumptions, nonlinear
controllers, in particular dynamics inversion based controllers, gained a great attention
due to their potential to improve the levels of performance, maneuverability, robustness,

stability and fidelity of system over conventional flight controller designs and have been
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used for the different types of modern aircrafts such as F-16, F-18, F-117, X-38 (Ito D. et
al, 2001). The idea of dynamic inversion applied to highly maneuverable aircraft
operating system is proposed in Lane S. H. and Stengel R. F. (1988). Inverse Dynamics
controller is synthesized through nonlinear feedback to eliminate the undesirable
dynamics to get specified desired dynamic characteristics. This more general
methodology, applicable to input-output system, is Feedback Linearization. After
feedback linearization, the dynamics between the desired inputs and controlled outputs is
linear over the entire flight domain and the controller’s parameters don’t need to be
adjusted once they are designed for any specified point in the flight envelope. Therefore,
the complexity of gain scheduling is reduced or even avoided. To apply the dynamic
inversion, Reiner J. et al (1995) pointed out that the key equations to describe the system
are known precisely and the states of system have to be measurable or estimated

accurately.

In actual applications of dynamic inversion, the equations of the aircraft are never
known exactly due to different reasons such as the uncertainty of aerodynamic
parameters, unsteady aerodynamic effect at high angle of attach, unmodeled dynamics
and changes of dynamics under different formation structures, actuator failure or
unpredicted damages. The dynamic inversion controllers will lose their beneficial effects
regarding the maneuverability and expected performance if the nonlinear dynamics used
for the feedback are not complete and accurate. To deal with the nonlinearity and
uncertainty of aerodynamic coefficients, lookup tables are established to simplify the

design process (Bugajski D. J. and Enns D. F., 1992). Schumacher C. (1999), combined



with adaptive neural networks with dynamic inversion to compensate the errors of
parameters, and applied it to a tailless fighter aircraft. In Singh S. N. and Steinberg M.
(1996), derived an adaptive control law on the basis of state feedback linearization model
to operate the aircraft under large uncertainty in aerodynamic parameters. In Ito D. et al
(2001), a Linear Quadratic Gaussian (LQG) controller is used in the outer loop to
improve the robustness when the inner loop presents some uncertainties. In Lee T. and
Kim Y. (2001), backstepping controller is used to stabilize the states simultaneously and
the adaptive controller based on neural networks is used to compensate the effects of
uncertainty in the aerodynamic modeling. In Reiner J. et al (1995), a linear outer-loop

controller designed using u synthesis improves the robustness to uncertainties in the

system modeling and the measurements.

With the developments of the flexible aircrafts, dynamic inversion has become as a
valuable candidate to handle the flexibility in the aircraft design. In the paper of Gregory
I. M. (1999), the modified dynamic inversion controller has been used in the large

flexible aircraft and obtained encouraging results.

2.4 Model Predictive Control

Model Predictive Control (MPC), also known as receding horizon control, is not a
recent method of control design. In 1976, Richalet first promoted model predictive
control for the process control. Model predictive control has been studied in several
survey papers. In particular, the survey by Mayne D. Q. et al (2000) is used as a primary

source for this part. The standard optimal control problem of model predictive control is
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solved in finite horizon and the current state of the plant is determined by solving the
optimal control problem on-line, which is different from the conventional control using a
pre-computed control law. The major advantage of model predictive control is being an
easy and effective design method and being able to yield excellent discrete time tracking.
An important characteristic of model predictive control is the abilify to consider state and

control limits as the constraint during the optimization.

In the paper of Steinbery M. L. (2001) and Heise S. A. and Maciejowski J.M.
(1996), the feedback control applied to the plant is obtained by solving an online open-
loop optimal control problem to predict future system behavior based on future input
changes. An on-line sequence of control commands is obtained based on a optimal
quadratic cost function, using the current states as the initial states, over a finite
optimization horizon. The difference between the specified setting points in a prediction
horizon and system future outputs is minimized taking into account control power
penalties and system hard or soft constraints over the control horizon. Normally, the
optimization horizon and control horizon are the same and only the first control value of
command sequence is implemented. At the next sample time, a new entire set of

command sequence is re-computed.

A large amount of time is needed to get the solution of the optimization problem
recast as a set of difference equations. Successful applications of model predictive control
were confined so far mostly to the area of chemical process control. With the
development of faster and cheaper computers and the development of efficient

optimization solving numerical algorithms, the model predictive control has become very
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popular recently. However, the stability of model predictive control can’t be proved for
the nonlinear system theoretically, and is obtained only by restricting the stable systems
to a finite domain and by choosing a larger horizon compared with setting time of
systems (Mayne D. Q. et al, 2000). The stability and successful applications for the linear
systems are presented in Soeterboek, R. (1992), Clarke D. (1994) and Maciejowski J. M.

(2002).

In Jung Y. C. and Hess R. A. (1991), single-input /single-output generalized
predictive control is applied for a rotorcraft to control the longitudinal / vertical terrain-
following flight. In the paper of Berlin F. and Frank P.M. (1994), the proposed predictive
control algorithm is applied to MIMO linear system which is a 3-tank system with two

inputs and two outputs.

The application of predictive control for the MIMO nonlinear system gains a lot of
research attention in resent years. Since the optimal solution for the nonlinear system is
not guaranteed, the model predictive control is used in combination with other control
methods. In the Mehra R.K. et al (2001), the model predictive controller is applied to the
XV-15 to act as a real-time simulator and determine model predictive control for an
autopilot using Linear Parameter Varying (LPV) approximation for the nonlinear
dynamics. For the linear parameter varying method, the changing of nonlinear system
states are related to the time-varying scheduling variable which is defined by the flight
condition and thus the whole flight envelope is defined by these states. To get the
scheduling variable, firstly, the flight envelope is divided into several regions, and then

the trim states, control settings and constraints are obtained from trimmed aircraft
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equations at each region and at last, the parameters of linear equations around the trim
point are described by the functions of scheduling variable at specified regions. In the
Bhattacharya R. et al (2002), the model predictive control is applied for the nonlinear F-

16 aircraft with the LPV.

In Botto M. A. and Costa J. S. (1998), the nonlinear system is linearized by the
input-output feedback linearization, and then the predictive control is used as the outer

loop to handle the constraints for actuator saturation on the basis of linearized system.

In this thesis, inner / outer loop dynamic inversion permits the UAV follow the
command trajectory in the whole flight envelope and the combination of model predictive
control with inner loop dynamic inversion provides a solution to improve higher level of

autonomous control of an UAV.
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Chapter 3

3 UAV DYNAMIC MODEL

3.1 Brief Introduction of Aircraft Description and Modeling

The main components of a fixed wing aircraft are shown in Figure 3.1. The engine
provides the thrust to push the aircraft forward and the wing generates most of the lift to
hold the aircraft in the air. The air resistance to the motion results in the aerodynamic

drag force. These forces applied to the aircraft are shown in Figure 3.2.

Vertical Stabilizer .

Contrsd Yaw
Horizontal Stabilizer L Rudder

. Change Yaw
Control Pitch ;

‘ LY (Side~to-Side)

ng— Elevator
i Change Prch

Wing
{Up-Dova)

Generate Lift

Flaps
Change Lift and Drag

Jet Engine
Aileron

Generate Thrust

Change Roll
(Rotate Body)
Spoiler
Change Lt and Crag
Cockpit {Rotate Body)
Command and Control  Fuselage (Body) Slats

Hole: Things Together Change Lift
{Cany Pavload - Fueld)

Figure 3.1 Aircraft Parts Definition (Credits - NASA)

(Form: http://www.grc.nasa.gov/WWW/K-12/airplane/airplane.html)
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Thrust

Figure 3.2 Aircraft Forces (Credits — NASA)
(From: http://www.grc.nasa.gov/WWW/K-12/airplane/forces.html)

The motion of aircraft is controlled by the deflections of control surfaces (elevator,
aileron, rudder, and so on), which lead to the changes of aerodynamic forces and
moments, and the thrust force generated by propeller system. Actually, the most
important aspect of aircraft control is to specify the achievable motions by control inputs

(

applied simultaneously.

In this thesis, the UAV is modeled on the basis of references (Stevens B. L. and
Lewis F. L. (1992); McLean D. (1990); Nelson R. C. (1998) and AeroSim blockset user

guide [1].)

3.2 Introduction of Frames

In order to derive mechanical equations, at first, the inertial frame has to be
defined. Afterwards, relative frames allow the simplification of the writing of
fundamental relationships. To describe the kinematics, dynamics and navigation of UAVs

control system, an appropriate frame of reference needs to express the equations of
15



motion of an UAV. A convenient inertial reference frame is a nonrotating and
nonaccelerating Cartesian coordinate, as for example with the origin is fixed at the center
of the Earth named Earth Axis Frame which is used to express the gravitational effects,

altitude, horizontal distance and the orientation of the UAV.

The UAYV itself must have a suitable axis system to describe the forces and
moments. The choice of axis system governs the form of the equations of motion. To a

great extent, three special axis systems are introduced in the Aircraft Control System.
e Body Axis System

In the body-axis system, the origin of Cartesian axis system is fixed in the center of

gravity of UAV. The x, axis points out of the nose of the UAV and is coincident with the
longitudinal axis of the aircraft. The y, axis is directed out of the right wing of the UAV

and the z, axis is perpendicular to both the x, and y, axes and is directed downward. The

angular displacement terms roll, pitch and yaw. In the body axis frame, the velocities are

expressed as (u, v, w) along the x,, y,, z, axis respectively. The definition of
forces (X, Y, Z), and moments (L, M, N ) and angular rates (p, ¢, r)

components are shown in Figure 3.3.
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Figure 3.3 Definition of forces, moments, and velocity components in body axis system
(From: Nelson R. C. 1998, Figure 1.10)

e Stability Axis System

The x axis is chosen to coincide with the projection of velocity vector ¥, into
x,z, plane. The angle between the x axis of the stability axis system and x axis of the

body axis system is named as Angle of Attack (a ) shown in Figure 3.1.

X-AXis
(stability) Zy

Figure 3.4 Definition of Angle of Attack (AOA)

(From: Nelson R. C. 1998, Figurel.11)
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¢ Wind Axis System

In the wind-axis system, the origin of the rectangular Cartesian system is fixed at
the center of gravity of the UAV. The x axis of the wind axis system, which is shown in
Figure 3.5, points into the direction of the air velocity vector7,.. The angle between
the x axis of the stability axis system showing in Figure 3.4 and the x axis of the wind
axis system is named as Sideslip angle ( £ ). The definition of sideslip angle is shown in

Figure 3.5.

Figure 3.5 Definition of Sideslip Angle

(From: Nelson R. C. 1998, Figure 1.11)

where
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a=tan™' —
u

v
=tan™' —
B 7

The transformation from one frame to another is obtained by a transformation
matrix. The matrix associated with the rotation around an axis passing through the origin
of the orthogonal right-handed frame is a real orthogonal matrix. This matrix has two
remarkable characteristics, its transpose is equal to its inverse and its determinant is equal
to one. The body frame, stability frame and wind frame are always fixed to the UAV i.e.
they move and rotate with UAV body frame with regard to an inertial frame. The rotation

matrixes between two different axis systems are expressed as follows:

From Body axis frame to stability axis frame

X cosa 0 sina ||x
y| = 0 1 0 y G.1)
z | —sing 0 cosal|lz R

From Stability axis frame to Wind axis frame

X cosff sinf Of x
y| =|{-sinf cosf Oy (3.2)
z], 0 0 11 z s

From Body axis frame to Wind axis frame
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X cosacosff sinf sinacosf || x
Tyg =|y| =|-cosasinf cosf -sinasinf |y (3.3)
z|, —sina 0 cosa z |,

3.3 Orientation and Position of UAV

The orientation of the UAV can be defined relative to a fixed frame of reference.
Normally, the earth fixed frame is chosen as the reference. At times=0, the fixed

reference frame and body axis frame coincide.

The orientation of UAYV is described by three consecutive angular rotations, which

are named as Euler Angles. Starting from the reference frame:

1. Rotate about the z axis, nose right to generate positive yaw angle i/
2. Rotate about the new y axis, nose up to generate positive pitch angle 8

3. Rotate about the new x axis, right wing down to generate positive roll (or

bank) angle ¢

The definition of Euler angle is shown in Figure 3.6.
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symmetrical planc
of the aircraft

vertical plane

perpendicular plane to
the fuselage axis xy,

2= £ vertical plane
~ containing the fuselage axis xy,

Figure 3.6 Definition of Euler Angle

(From: Boiffier J. L. 1998, figure2.10)

Each rotation can be written as a 3x3 rotational transformation matrix.

cosy siny 0

T, =|—siny cosy 0 3.4
0 0 1
cos@ 0 -—sinf]
T,={ 0 1 0 (3.5)
| sind 0 cosé |
10 0 |
T,=|{0 cosg¢ sing (3.6)
|0 —sing cosg |
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Since each of rotational transformation matrices are orthogonal and the determinant
of each matrix is equal to one, the inverse of the each transformation matrix is equal to its

transpose.

The complete transformation sequence from the reference inertial frame to the body

axis frame is shown in Figure 3.7 and is given in equation(3.7).

Earth Fixed Frame Body Frame
» T, » T, » T, >
Nose Right Nose Up Right Wind Down

Figure 3.7 Earth Fixed Frame to Body Frame Transformation Sequence

cos@cosy cos@siny —sind
T =| singsinfcosy —cosgsiny singsinfsiny +cosgcosy singcosd 3.7
cosgsinfdcosy +singsinyy cosgsin@siny —singcosy cosgcosd

The derivation of all transformation matrixes can be computed by Maple, and the

programme is attached in Appendix 3.

The angular velocities in the body axis system, p,q and r, are shown in Figure 3.3.

The relationship between the angular velocities and the Euler angular velocities

(v 6 ¢)can be obtained from the kinematic equations for rotations.
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—_ - - -

‘/./ 0 sin ¢ cos¢

. coséd cosd p

61=0 cos¢ —sin g q (3.8)
¢.5 1 singtanf cosgtan@ || r

The velocities, in the earth fixed system, can be expressed as

X

. -1 u

y{=(Tw) l:v:! 3.9
; w

sinycosf sinysinfsing +cosy cosg sinsindcosd - cosysing
-sinf cos@sing cos@cos¢g

l:coswcose cosy sinfsin g ~sin y cos ¢ cosy/sin0c05¢+sinu/sin¢]{u}
= v

w

where x, y, z describe the position of UAV in the earth fixed frame. The

equation is named as Navigation Equation for translations.

Using the transformation matrix, the velocity components in body axis system can

be expressed with regard to the airspeed V. as

u cos fcosa
v|=V;| sing (3.10)
w cos fsina

3.4 Definition of Forces and Moments

The forces and moments at the UAV’s center of gravity have components due to
aerodynamic effects, engine thrust and gravitational force; these components will be

denoted respectively, by the subscripts 4 ,T and G . The aerodynamic effects on an UAV
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are produced by the relative motion with respect to the air and the orientation with
respect to the airflow. In a uniform airflow, two orientation angles are needed to specify
the aerodynamic forces and moments. These two angles, which are known as

aerodynamics angles, are the Angle Of Attack (« ) and the Sideslip Angle (A). In the
wind axis system, anx component of the velocity vector at c.g. is the true airspeed V..

The component of thrust is aligned x axis in the body axis system and passed through the
c.g., i.e. for UAV modeling in this thesis, the engine thrust doesn’t generate the moment

to UAV.

The aerodynamic forces and moments are expressed by the dimensionless
aerodynamic coefficients. Unfortunately, there is not a formal standard accepted
unive;'sally to build up aerodynamic coefficients. The nondimenional system (Etkin, B
and Reid, L.D 1996) presented the aerodynamic forces and moments are shown in Table

3-1. where b,cand S are geometric parameters of wing.

Aerodynamic Divisor Dimensionless Coefficients
Force/Moment
d C,
1
y — pViS C,
2
l 1
| QR
M 'i PVT SC M
L 1 L
— pV7Sh
N 2 C,

Table 3-1Aerodynamic Force and Moment Dimensionless System
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For instance, the drag force is computed by the drag coefficient.

d= % pV2SC,

These dimensionless coefficients are not only primarily dependent on the

aerodynamic angles, @ and # , but also are dependent on the changing rates of the
acrodynamic angles and control surface deflections. Furthermore, the aerodynamic
coefficients are also dependent on other factors, such as engine power level, Mach
number and so on. To simplify the computation and analysis, the dimensionless
coefficients are expressed by the Taylor series approximation for various variables. For
example, the effect of drag force coefficient with respect to the changing of the elevator
deflection is expressed as the product of the partial derivatives of aerodynamic coefficient
and manipulating variable.

% §e = Cjt 5e
06,

In the modeling of aerodynamic forces and moments, the effect of Mach number is
ignored for subsonic speeds and control surfaces are limited in aileron, elevator and
rudder. The aerodynamic forces acting on the complete UAV in the body frame are

defined in following form.

1 2 (CL “CLo)z 4, 4, s,
Drag: d=5pVTS Cdo+——m+cd 5¢+Cd 6a+Cd 6,

. 5 3.1D)
Sideforce:  y=> pV,zSI:Cf B+C8,+CF 6, +27(c5 p+Cyr)
T

Lift : 1= pv2sic, +cras Cg, +L(c;; a+ C,"q)
2 2,
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The moments are expressed in the same manner.

Rolling Moment: L= —;— pVTZSb[Cf B+C=5,+C 8, +%(C,f’ p+ Czr)}
T
Pitch Moment: M= % pVTzSc[CM0 +Cha+Cho, +—2—CI;— (C,‘{,q + C,‘:’, a)il (3.12)
T
Yawing Moment: N =% V,sz|:C,€,B+ Cx8,+CE6, +%(Cﬁ p+ C,f,r)}
T

The meanings of dimensionless coefficients are defined in the symbol part.
é,, &,, O,are the deflections of elevator, aileron and rudder. With different setting of

these values, the status of UAV is changed accordingly.

The other two forces, propulsive and gravitational forces, are described in the next

section.

3.5 Derivation of Motion Equations

First, it is assumed that the UAV is a rigid-body, i.e. the distances between any
points on the UAV do not change in flight. If the coordinate origin is chosen at the center
of mass, the equation of motion for a rigid aircraft can be decoupled into rotation and
translation equations. By applying Newton’s Second Law to that rigid body, the
equations of motion can be established in terms of the translation and angular
accelerations which occur as a consequence of some forces and moments being applied to

the UAV.

The Newton’s second law is used to derive the rigid body equations of motion. i.e.

the summation of all external forces acting on a body is equal to the time rate of change
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of linear momentum of the body; and the summation of the external moments acting on
the body is equal to the time rate of change of angular momentum. The linear and angular
momentums are referred to an absolute to the inertial reference frame. The earth fixed
frame is considered as the inertial reference frame for many problems in the aircraft

dynamics. The vector equation of Newton’s second law can be expressed as:

d
ZF="C};('"V)

d
ZM_EH

(3.13)

where vis the absolute velocity vector of the UAV c.g. with respect to the inertial

reference system.

Because the reference inertial frame, earth fixed coordinate, is nonrotating, the
moments and products of inertia will vary with time. The body fixed axis frame is
possible tq avoid this difficulty. Therefore, the derivatives of the vectors v and H
referred to the rotating body fixed frame to the reference frame must be determined. The

equation (3.13) can be written as

+m(oxv,)
Fls (3.14)

where body frame is rotating with an angular velocity @ = pi+qj+rk . The

subscripts B refer to the body frame of reference.

27



The scalar force equation is

F u+gqw—rv
F, |=m|v+ru—pw (3.15)
F .

z w+ pv—qu

The force vector consists of the three components of the force F, , F,,F, and

velocity u ,v ,w along x, y, and z axis in the body axis frame, respectively. The force
components are built up by the effects caused by aerodynamic ( 4), propulsive (7') and
gravitational forces (G ) acting on the UAV. Assuming that the mass of aircraft is a

constant, the external force equation can be rewritten as:

Fi\Ea| |Er| |Fo
F |=|F, ,|+|F ; |+|F, ¢ (3.16)
Fl |F4] |Fr] [Fo

The gravitational force will not produce any moment because the origin of body
axis system is fixed to the c.g. It will produce only force components along body axes.

With the help of the transformation matrix equation(3.7), the gravitational force

components can be written as

g, 0 —-gsiné
g, |=Tyg|0|=| gsingcosd (3.17)
g, g gcosgcosl

Assuming that the propulsive force generated by the thrust is along x axis in the

body axis system, the propulsive part is
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(3.18)

where F;, = C,J,is the propulsive force.

The aerodynamic forces are described in equation(3.11) such that the complete

equation in the body frame can be written as

! 1 F;_A FT gx rV—qW
v =—'-n— F, 4141 0 |+| g, |+ pw—ru (3.19)
" F 4] L0] L8] Leu-pv

and the moment equation

I}x+ gH,-rH,

L
M|=|H+rH_-pH, (3.20)
N

Hz+pHy _qu

where L,M,N are the components of the moment which is shown in equation
(3.12)and H,,H , H, are moment of momentum along the x, y, and z axes, respectively.
Hx = pIx _qlxy _rlxz

H, =-pl +ql, -rl, 3.21)
H, =-pl —ql, +rl,

z
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Normally, the UAV is symmetric with regard to the xz plane which leads to the

products of inertia / , = I, = 0. The moment equations can be written as

Xz

L=1I p-I,r+qr(I,-1)-I.pq
M=1qerp(I,~1)+1.(p" ) (3.22)

N=-I_p+I,r+pq(l,~1)+ I qr

The force and moment equations are described in the body fixed frame.

Furthermore, these equations can be written in the wind axis system as well.

Force equation (Wind Axis System)

.T F,cosacos B -d 0 g
p|=Li|ficosasinfl 1yl & [(323)
L|om vy Vr g Vy
o _ : _ AW
7] F.sina ! | cos g;
Vicosf | [VrcospB | - LVTcos,B_

The subscript wis used to denote wind-axes quantities. The angular velocity in the

wind axis system is

D, p pcosacos B +gsin f+rsinacos
q., |1=Tew!| g |=| —pcosasin f+gcos f—rsinasin B | (3.24)

r, r —-psina +rcosa

and the gravitational force in the wind-axes frame is written as
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& & -gsinf
8 |=Tew| g, |=Tew| gsingcosd
&; 8. gcosgpcosd (3.25)
g(—cosa cosﬂsin@+sin,Bsin¢cos€+sinacos,3cos¢cost9)
=| g(cosasin fsin@+cos Bsingcosd -sinasin B cosgcosH)
g(sinasin@+cosa cos g cosb)
The wind-axes frame moment equation is more complex than the original body-

axes equations. Therefore, a nonlinear model will typically use the body-axes moment

equations combined with force equations in either in wind or body axes.

3.6 Nonlinear Model of UAYV in State Space Format

The force equation in the wind frame, moment equation in body frame and
kinematics equations are used for the UAV control design and flight simulation. This 3D
rigid body model ignores part of actual UAV dynamics, for example, control surface
dynamics, flexibility of wings etc. The elements of the state vector are composed of
velocity vector in wind axis system, angular velocities in body axis system and Euler

angles.

x={V; «a B p g r ¢ 6 y] (3.26)

The three equation are expressed as follow

1. Force equation (Wind-Axes System):
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- ~ T - -
.T F.cosacos -d 0 &
b _ l< —-F,.cosasin B 4 2 Ll = |+ & (3.27)
R m VT Vr q VT
o _ . _ —r
@] F,sina / cos B 8
VicosB | |VrcosB]] = [Vpcos B ]

The aerodynamic forces, d, y, [, are given in equation (3.11) and the

2. Moment Equation (Body Axis System):

bz(clr+c2p)q+c3L+c4N

q=cspr—-c6(p2—r2)+c7M (3.28)

, =(cp-c,r)q+c,L+cN

where the inertial coefficients are defined as follow:

(,-1)1,-12 (1,-1,+1)1,
1= r = T
c, = L c —1-’1
r ‘T
c Iz_Ix c __Ixz
s = 6~ ;.

Iy Iy

1 (L,-1,)1,+1I2
Cy =— G = ———

1, r

I 2
< =T whereI'=171, 1T

To simplify the inertial coefficients, all cross-coupling terms are neglected.
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1, 1,
¢, =0 c5=1"_1" ¢ =0
1)’
1 -1, 1
c,=— Cg = Cyg=—
I, 1, I

Simplified Moment Equations

p=crq+clL
q=cspr+c,M (3.29)
r=cypq+cyN

To avoid extensive computation, the simplified moment equations are used for the

simulation in this thesis. The aerodynamic moments, L, M, N , are given in equation

(3.12).

3. Kinematic Equations for rotation

4;5=p+tan0(qsin¢+rcos¢)
=p+¢/./sin0
. (3.30)
f=qgcosg—rsing
* _gsing+rcosg
cos@

4. Navigation Equations
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x . . . . .
cosicosd cosysinfsing—siny cosg cosysinfcosg+sinysing || u
Yy |=| singcos@ sinysinfsing+cosycosg sinysin@cosg—cosysing || v
—siné cos@sin g cosfcos g w

(3.31)

The complete six-degree-freedom nonlinear model for rigid body aircraft consists
of force and moment equations (3.27) and (3.29), kinematics equation (3.30) to describe

the attitude of aircraft and navigation equation (3.31) to express the position in the earth

fixed system.
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Chapter 4

4 UAV FLIGHT CONTROLLER DESIGN

In this section, some classical autopilot controllers are introduced and inner / outer

loop dynamic inversion and a Model Predictive Control (MPC) are presented.

4.1 Review of Classical Linear Controller for Aircraft Control Design

In the past, most autopilot controllers were designed based on the PID feedback
control system using a linearized model in the specified trim conditions. The block

diagrams for the attitude, altitude hold and speed are shown in this section.

Elevator
Reference Deflection Elevator
Input Error Command Deflection
e
0 c 580 ae
Elevator 0
PID > » UAV >
Actuator

Figure 4.1 Pitch Attitude Autopilot Control with PID Controller

In Figure 4.1, an example for the pitch attitude control with a PID controller is
shown. To follow the desired pitch angle, the current pitch angle is measured by vertical

gyro or obtained by the integration of rate gyro output. The error is multiplied

by k, , k, and k, , then three signals are summed up as the elevator control surface

deflection command. At last, the output of elevator system is applied for the UAV and
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deflection of elevator causes the UAV to achieve a desired pitch orientation. The
parameters of controller are obtained using a linearized UAV model or by trail and error

approach. The actuator is subject to only the local controller.

The block diagram for yaw and roll orientation control with rudder and aileron are

shown in Figure 4.2 and Figure 4.3.

Rudder
Reference E Deflection Ruddc?r
In Tror Command Deflection

put .

W 6"" 5r

‘ Rudder 4
| PID » UAV >
Actuator

Figure 4.2 Yaw Attitude Autopilot Control with PID Controller

Aileron
Reference Deflection Allerqn
Input Error Command Deflection

P e

¢ 5"" 5a

) Aileron ¢
PID > » UAV >
Actuator

Figure 4.3 Roll Attitude Autopilot Control with PID Controller

36



Elevator

Reference Deflection Elevator
Input Error Command Deflection
p e 5 5 h
h ec e
¢ Elevator R
PID P » UAV >
Actuator
Altitude
Sensor

Figure 4.4 Altitude Hold Control System
The simplified the altitude hold system is shown in Figure 4.4. The difference

between actual altitude and desired altitude is obtained by changing the pitch angle

through the elevator.
Ref Throttle Throttle
crerence Command Output
Input v
V. 5rhc 51/1 T
Te Engine
PID > » UAV »>
Throttle
Airspeed |
Sensor

Figure 4.5 Airspeed Control System using Engine Thrust
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Elevator

Reference Command Elevator
Input Output
P v,
12 e 5,
e Elevator R
PID » UAV >
Actuator
Airspeed
Sensor

Figure 4.6 Airspeed Control System by Elevator
There are two ways to control airspeed. In Figure 4.5, the airspeed of UAV is
controlied by changing the engine throttle setting to increase or decrease the thrust. If the
airspeed is still too low under a certain throttle setting, UAV can execute a dive operation
with deflection of elevator, shown in Figure 4.6, until it obtains the desired airspeed. On

the other hand, the UAV will climb up in order to reduce the airspeed.

We observe that the different desired variables are controlled by the same control
surface. This may lead to concurrent command under some operation. For example, if the
UAV is requested to climb to higher altitude level without decreasing airspeed, this
causes a concurrent command. From control strategy shown in Figure 4.4, a positive
pitch is needed to climb to the higher level, while the climbing operation leads to lower
airspeed. To achieve the specified manoeuvre and avoid concurrent control command, the
high level control system is needed to coordinate the selection of different control
strategies. For this example, it can be carried out by the altitude control through the

elevator deflection and constant speed by increasing throttle setting.
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The above mentioned technology is very common for current commercial autopilot
systems because of their high reliability and easy implementation, but the main drawback
is that only one control input influences one state of UAV and the cross coupling of
different states is not considered. With the help of modern control theory, the system is
expressed by the state space form to explore the dynamic characteristic of a Multi-Input
Multi-Output (MIMO) system. Furthermore, the parameter of the controller is defined by
the linearized model under the certain trim conditions, and there are no guaranteed

performances in the whole flight envelope.

From chapter 3, the UAV model is described by the nonlinear functions. To meet
the requirements of high-performance UAV, several different nonlinear control laws are
proposed in the last decade. These control law approaches, which include fuzzy logic
control, adaptive control, neural network control, variable structure control and model
predictive control and dynamic inversion in addition to the conventional gain scheduled
control law, are compared in the reference (Steinbery M. L. 2001). As the control laws
based on the Dynamic Inversion controller provide improved performance is fairly robust
over conventional flight control designs, especially for high angles of attack and high
angular rate, and is valid over the entire flight envelope. Compared with some
conventional control approaches, the dynamic inversion controller is considered as the
baseline for the other control approaches. In recent years, the dynamic inversion based
controller has been successfully used for some complex nonlinear aircraft simulations,
such as X-38 (Ito D. et al 2001). The dynamic inversion controller is considered as the

basic part for the UAV control in this thesis.
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4.2 Introduction of Dynamic Inverse Control

The basic concept behind dynamic inverse control is to linearize the nonlinear
system by canceling the natural dynamics through active compensation using negative
feedback control. Through the dynamic inversion control, a linearized model is generated
from the nonlinear system and the conventional design approaches are applied for the
further design to it. Since dynamic inversion is a model based design approach, a
fundamental assumption for dynamic inverse approach is that the UAV dynamic model is
perfectly known and all states for computation of negative feedback loop are observable

at all time.

Normally, a nonlinear system for dynamic inversion is put in the form of

x=f(x)+g(x)u

y =c¢x

@.1)

where x is the vector of a states used for dynamic inversion, uis a control inputs

vector and f (x) andg(x) are nonlinear functions. The outputs consists of states, and the

output matrix, ¢, is therefore a constant matrix. Furthermore, the number control inputs

is taken the same as the number of states so thatg(x) is a square matrix and it is invertible

within the envelope of states. The control inputs to the nonlinear system can be defined as

u=g" (x)(v-f(x)) 4.2)
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where vis a new vector to be constructed. To guarantee the validation of control

inputsu, g(x)must be invertible for all values of x..

Substituting equation (4.2) into (4.1), results in

x=vy 4.3)

This is a linear system as the nonlinearities inf (x) and g(x) are cancelled.

Several control laws can be implemented to construct the new input vectorv. Two

of them are applied for the UAV controller design in this thesis.

The first is proportional controller, such that

v=K_(x -x)+x, (4.4)
where K is nx ndiagonal matrix of control gains.
The second is proportional-integral controller, with

v=x+K, (x,-x)*K, [(x,-x)dt .5)

where K and K, are nx ndiagonal matrix of control gains. The block diagram of

dynamic inversion control is shown in Figure 4.7.
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Figure 4.7 Nonlinear Dynamic Inversion Control

4.3 Dynamic Inversion Control of UAV

From chapter 3, the nonlinear UAV is modeled by 9 equations and three extra
equations for the navigation. Since the number of control inputs is less than the number
of states, the straightforward dynamic inversion can’t be applied directly. Therefore, two
time-scale separation design approach is used. First, the states of nonlinear UAV are
separated into fast and slow variables (Menon P.K.A. et al 1987) in the two time scales.
The fast variable are three angular rate, p, g, r, which is related directly to the UAV
three control inputs from the aileron, elevator, and rudder, and the slow variables are

chosen as one of following triplets (¢, £, ¢),(¢, 6, p)and (p, «, ) which
are used to genérate the command input (p,, g,., r,) for the fast variables (Azam M.

and Singh S. N. (1994) and Kato O. and Sugiura I. (1992))
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After the time-scale separation, the number of fast states (three angular rates
P, q, r ) is equal to the number of inputs (three control surface deflections
S, 5e,‘ 6, ) so that dynamic inversion can be applied. Inner / outer loop control
approach is applied to the fast and slow variables respectively. The fast dynamics is
designed in the inner loop and one set of slow variables in this case,¢, 6, S, is
selected in the outer loop design in this thesis. The overall inner/ outer loop control are

shown in Figure 4.8.

Command Inputs Outer Loop > Inner Loop » UAV
2™ Order Control Law 1* Order Control Law
3
Fast States
Slow States

Figure 4.8 Inner /Outer Loop Control

4.3.1 Inner Loop Design

From the simplified moment equation (3.12) and (3.29), the fast states can be

written as follow in the matrix form

SRE 4,
q|=|f, |[+A®| 3, (4.6)
LA s,
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where

1

_Cfﬂ+%(€,f’p+CL'r)]

T

I,-1 2pVT2SC- ¢ :
f,=2—2pr+ CM0+C:1a+EI7_(Cqu+C:I aj 4.7

IY I.V L T
L-1, 2 pV2Sb T
f==par S| Cap o (Chp+ Cir)
and
%pV,sz — pV;2Sbh ,
—C —C} 0
|
= pV;Sc (4.8)
A(x)= 0 0 277 ¢
1
y
%pV,sz %pV,sz
—Cy 20—} 0

Denoting y=[p ¢ r]T andu=[5, 6, 4, ]T. Then the equations (4.6) have the

form of an affine system

y=f(x)+A(x)u (4.9)

To cancel the nonlinear part for a new control input v to be defined later, let

u=A"(x)(v-f(x)) (4.10)
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Since the determine of matrix A(x) can be expressed as

2V6S3b2 C5, Cﬁacﬁ, _thncﬁ,
det[ A(x) =-%p ¢ MI(I; ¥ -CeCr) 4.11)
xtytz

A(x) is nonsingular on the condition that

Jﬂ 6’ 80 6’
CCy #CyC]

If the matrix A(x) is invertible and all states are available at all time to

compute A(x) ™, the first order proportional control law for new inputv can be chosen as

And equation (4.10) gives

v=y. K, (y-y.) (4.12)

u=A)" [—f @) +y-K, (v —yc)] (4.13)

where y_ =[p, ¢, rc]T is the command trajectory and K, is a 3x3 diagonal

matrix.

Substituting the first order control law equation(4.13) in equation(4.9), gives

(&-yl)m, (y-y.)=0 @.14)
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If the diagonal values of matrix K, are greater than zero, the trajectory error (y - yc)

converges to zero exponentially as¢—c . In this case, the UAV will follow the

command trajectory exactly.

The block diagram of the inner loop first order proportional controller based on

equations (4.12) and (4.13) is shown in Figure 4.9,

-» K,

Y. - ~ Inner Loop |t '
A First Order Control Law Dynamic Inversion
y=[p ¢

Figure 4.9 Inner Loop Controller

After canceling the nonlinearities of UAV dynamic model, the linearized system
can be written as
).’ =v (4.15)

Nonlinear system linearization was defined for the case that all states are
observable and the system is affine. Otherwise, more complex input-output linearization

approaches have to be applied (Slotine J. E. and Li W. 1991).
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4.3.2 Quter Loop Design

The outer loop receive the command trajectory of the slow states (¢,, 6., f.),

which is produced by the navigation level and generates the reference inputs

(p., q.. r)fortheinner loop.

Since the aileron, rudder, and elevator produce small forces, we

assumeCy = C) =0 and engine thrust force F; is assumed constant.

From force equation (3.11), (3.27) and kinematics equation (3.30), we get

. 0 p
z=| 0 |+G(x)| ¢ 4.16)
h, r

—F, cosasin B+ % pViSClp

g,
ho= +22 4.17
s mv, v, @17
and
1 singtand  cosgtand
G(x)= -0 cos ¢ ~sin g (4.18)
@C” +sina 0 i—S?—C’ —cosa
| 4m 7 4m 7 i
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The determinant of matrix G (x) is

det(G(x))=cos¢(ﬂS£C’—cosa)—tané? EEQC”+sina (4.19)
» 4dm 7 4m ’

The matrix G (x) is non-singular when

Xe cos¢(£‘s§C’—cosaj¢tan6 ’O—SbC”+sina
4m 7 dm 7

Then the equation (4.16) can be written as

z=H(x)+G(x)y (4.20)

From inner loop controller design, the angular rates y follow the command

trajectoryy,, i.e. y >y asf —> 00 If settling time is fast enough, the y, can be used

instead of y. Therefore, the equation (4.20) gives

z=H(x)+G(x)y. @21)

To cancel nonlinearities, y, is chosen as

yo=6* (O[H(x) 4] @

where 1) are new inputs to be constructed.
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A second order proportional plus integral controller is applied for the outer loop
design where the integral feedback is used to obtain robustness to the uncertainty of

parameters in the system model and to ensure zero steady state error.

The second order PI control law generates the new input .
n=z.-K,(z-z.)-K, [(z-z.)dt (4.23)
Wherez, = [¢c 6. B. ]T andK ,K; are diagonal gain matrix.
Substituting equations (4.23) in(4.22), we get
y.=G(x)" |:-H(x)+z'c-Kp (z-z.)-K; I(z -zc)dt] (4.29)
From equation (4.21)
(i-z'c)ucp (2-2.)+K, [(z-2.)dt =0 (4.25)

With the suitable selection of gain matrixes K andK;, the error(z-z_)is made to

converge to zero as t—>o , ie. the output loop follows the reference

inputsz, =[g, 6, §B, ]T

Based on equation (4.21) and (4.24) , the block diagram of outer loop control law is

shown in Figure 4.10.
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Quter Loop
Second Order Conirol Law

Figure 4.10 Outer Loop Controller

For equation(4.13), two inputs, y_ and y, are needed to construct control law for

inner loop. y, is given in equation (4.24) and y_ is obtained.

by differentiating equation(4.24),

(x)[L4G(x)]G(x) [ x)+z,K (z-z,) K,IzzdtJ

(4.26)
+G<x)"[—un(x)+z1-x.,(é-z1)-m (z2) -

where L, * is Lie derivative is used in this equation, and K, and K, are diagonal

gain matrices.

Based on equation(4.26), the block diagram for the computation ofy.c is shown in

Figure 4.11.
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Figure 4.11 Computation of );c

Lie Derivative of G(x)is

0 poosdtmd+0 L. _fsingtang+6°52
cos @ cos
LG(x)=| © —(.ésin¢ —;zﬁoos¢
ézoosa 0 c.zsina
where

. 1 ., c
—E sina—— C +Ca+—Cl
’ 2pVT[ w Lq}i—poosasinﬂ+qoos,3—rsinasinﬂ

mV;.cos 8 cos 3

o=

 g(sinasinf+cosacosgeost)
' Vycos B

. 1 b
-F, cosasmﬂ+5pV,ZS|:Oy°,B+~27T(C}’p+Cy'r)]

ml;

B=

~(—psina+roosa)

 g(cosasin fsing+cos Psingeosf—sinasin foos poos 6)
' 2

é=qoos¢—rsin¢
;é= p+tanb(gsing+roosd)
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and

LrH (X) - 0 (4.29)

where

1
e ——

; Z
+ s Becs oo sin finasingeusé) g (4.30)
+ VT
+e(sm Boosarcsf-oos fsingsinG+sin fsinacs gsiné) g

A

From equation(4.12), (4.24) and(4.26), the new input vis

v=-6(x) [LG( ]G’ [-H(x)ﬂ'c-xp(z-zc)-xq j(z-zc)dt]
+G(x)’ [—L,H(x)+z: -xg(;.z'c)-lq(z-zc)} | (431
X, {y-c(x)" [—H(x)+z.c-Kp(z-zc)-Ki '[(z-zc)dt]}

The complete inner and outer loop design for the nonlinear aircraft is shown in

Figure 4.12.
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4.4 Model Predictive Control

Model Predictive Control (MPC) means that the current control decisions are made
based on a prediction of the system controlled response for several time steps into the
future. The current control input is computed as a linear combination of past input and
past output measurements up to a finite number of time steps. The current control action
is derived by minimizing the cost function of the difference between predictions of the

system (controlled) output and the desired output for several time steps in the future.

4.4.1 System Response

Consider an »n-th order, r -input, m -output discrete-time model of a system in

state space form

x(k +1) = Ax(k) + Bu(k)

4.32)
y(k) = Cx(k) + Du(k)

where the dimension of Ae R™,Be R™ ,CeR™ and DeR™".

After M steps, the discrete time state space equation, solved iteratively, gives

x(k + M +1) = AMx(k) + C,uy, (k)

(4.33)
Ym (B) = Oy x(k) + Tyuy (k)

where u,, (k) and y,, (k) are vectors of input and output data after M steps in the

future starting atk .
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u(k) y(k+1)

u(k+1) y(k+2)

U=uy (k)= ,and Y =y, (k)=

u(k+ M) y(k+ M)

C\ is an Controllability matrix, O, is an Observability matrix and T, is an

Toeplitz matrix of the system Markov parameters.

CB D 0 - 0

’ cA CAB CB D :

Cy=[A"B,-,AB,B],0, = SM = S ' (')
CA

CAYB ... CAB CB D

From equation(4.33), the future output can be calculated as the function of the

actual state vector x(k) and the future control input signalsu,, (k).

4.4.2 Model Predictive Control

The strategy of predictive control is based on a minimization of a quadratic cost

function which involves a prediction of system and future control signals.

M N
Ji= z (Wi — yk+i)TQi (Wi =Y + Zuk+iTRiuk+i

< 5 (4.34)
=(W-YY Q(W-Y)+U"RU
Where
Q 0 0 R, 0 0
6= 0 Q, : R 0 R,
Q o R, 0
0 0 Q 0 0 R,
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w(k+1) y(k+1)
w(k+2) Y=y, (k)= y(k+2)
: TIM - :

w(k+M) y(k+M)

W=wM(k)=

Wis a future reference trajectory vector and Q and R are nonnegative diagonal

weighting matrices in the optimizing horizon M and control horizon N .

Assuming that a constant control signal is applied within the optimizing horizon
and that there are no direct input for the output (i.e. matrix D =[0], the system response

can be expressed as follow. (Berlin F. and Frank P.M. 1994)

Ym (k) = Tx(k) +Su,, (k)

(4.35)
Y =Tx(k)+SU
where
CA CB
CA? CAB+CB
T= S= :
CAM CAM'B+CAYB+.--+CB

The cost function is constructed by two parts current state vector and future control

input vector. The optimal control solution of equation (4.34) is obtained for

Y _p (4.36)
ou

and the optimal control vector
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U=R+S"QS)"'S” Q(W-Tx,) (437)

Only the first control vector is applied to the system,

I"Xr 0 oo 0
w=| ¥ 0 |ReSTQS)Y'STOW-Tx,)  (438)
L S0 k '

According the approach of modified Dynamic Matrix Control (DMC) design
method, the optimizing horizon and the control horizon have same length and the
weighting control matrix is neglected in the quadratic cost function. The optimal control

vector

u, =(S” QS)'S” Q(W-Tx,)
(4.39)

=SST QSV)"ST QW—gST QS)’'s’ QTx,

G GT

The DMC control law consists of a state feedback part and feedforward part which

is shown in Figure 4.13.

4.4.3 MPC for Inner Loop

From equation(4.15), the inner loop model after applying feedback linearization

can be expressed in the continuous state space form as follows
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0 0 offp] [t 0 O]y
gi{={0 0 0}gi+|0 1T Ofw,
. 0 0 Ofjr 0 0 1w
r L

(4.40)

=
il

=
=
<

This system can be expressed in the discrete time with different sampling time and

the optimal control vector can be calculated on the basis of equation (4.37) and(4.39).

The MPC block diagram for inner loop control is shown in Figure 4.13.
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Chapter 5

S SIMULATION PROGRAM AND RESULTS

5.1 Simulator Programming

The simulator is programmed using Simulink® and the motion of UAV is displayed

with the help of the Virtual Reality Toolbox in the 3D environment.

The simulation program is divided into several subsystems which are connected
through relationships derived in chapter 3 and 4. These main subsystems are introduced

as follows:
1. UAYV nonlinear model

Following the structure used in the Aerosim product, the equations of nonlinear
UAV model are modified according to the chapter 3, which includes force
equations, moment equations, kinematic equations and navigation equation. The

inputs of nonlinear UAV subsystem are three control surface deflections and the

thrust and the outputs are twelve states and « which are used for inner and outer
loop dynamic inversion control synthesis. The parameters of UAV are generated by
the configuration file. The necessary simulation data are saved in the data file and

the variables in the workspace.

2. Inner and Outer Dynamic Inversion Control Synthesis
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The synthesis of inner and outer loop is programmed as S functions. In order to
reuse these programs for future research and for real time simulation, all the S
functions are written in C which can be converted to the real time executable code
by the Real-time Workshop directly. The configuration of real time simulation is
proposed in appendix B. The program of the S function is based on the equations

derived in chapter 4.
3. Model Predictive Control

The linearized system is discretized by the Matlab program with specified sampling
period, and all parameters, such as feedforward gain, delaying system, and
statefeedback gain, are computed in this M file. Before running the Simulink
program of the model predictive control, the optimization horizon and sampling

period have to be defined.
4. Virtual Reality

It is very easy to validate the operation of UAV in the virtual form during the
simulation. During the simulation, the orientation and position of UAV is displayed
in the 3D environment, which is programmed by the Virtual Reality Modeling
Language (VRML). The orientation and position data are transferred to the 3D
environment by the Virtual Reality Toolbox in real time. The 3D environment is

modified from vrtkoff example.

The above-mentioned subsystem is interconnected and shown in figure Figure 5.1
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5.2 UAV Open Loop Response

To test the natural characteristics, the UAV model is first tested in the open loop
form. The three control surface deflections are set as zero and the thrust is a constant. All

the initial conditions of each state are configured as follows:

Vv, B « 25 0 0 p qr 0 00
v 0 ¢ 0 00 Xy z 0 00
Airspeed (m/s)
T T I i ]
r-f--="~=----- T-—=--—=--- F==—==-=- Am =T Fo------ -
] 1 1 1 )
285 -A~-MNVvpmm - T ——- - —————— e ————— Fro- - -
] 1 ] 1 1]
28 bt o =\ - /- T ST e B F--- -~
] ' | ]
%5k eHe Yo de e e e - ——— - - A e ——— b ———— e
1 ' ' 1 '
25 -1 L . -l L
0 50 100 150 200 250 300
Sideslip Angle (rad)
! 7 T T 7 T
1 [} ] 1 1]
[ R R LR R e ———- M- -——— re-ree-—- -1
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) -l 4 [ - | A
] 50 100 150 200 250 300

Figure 5.2 Airspeed and Aerodynamic Angles Response (Open Loop)

In Figure 5.2, the airspeed oscillation is damped out at 150 second, the sideslip
angle is zero, and the angle of attack is a nonzero constant and causes a certain

aerodynamic force to hold UAYV in the steady state.
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Figure 5.3 Angular Rate Response (Open Loop)
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Figure 5.4 Euler Angles Response (Open Loop)

The oscillation of the pitch angle is damped out along with the airspeed, the steady

state value of pitch angle is about 0.08 rad and all angular rates are settled at zero.
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In this case, the UAV is stable for the open loop form and climbs at constant
airspeed, 26 m/s, with constant pitch angle in the steady state. The 3D trajectory of UAV
in the fixed earth frame is shown in Figure 5.5 and permits to verify the climbing

operation.
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Figure 5.5 UAV 3D Trajectory in Earth Fixed Frame (Open Loop)

The results confirm the expected performance of the open loop UAV model.

5.3 UAYV Autopilot Control with Classical Controller

From the open loop response, the UAV can’t achieve satisfiactory maneuver due to
long settling times. Classical controller configurations were presented in chapter 4. The
pitch angle is controlled by the deflection of elevator with a PID controller and the

parameters of the PID control are obtained by trial and error approach.
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To analyse the performance of classical control, all parameters of UAV’s

configuration and initial conditions of states are set the same as for open loop control.
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Figure 5.7 Angular Rate Response (Classical Controller)
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Figure 5.9 UAV 3D Trajectory in Earth Fixed Frame (Classical Controller)

Compared with open loop response, the classical control gives a faster settling time

(25 sec) which differs significantly from the longer open loop transients. The airspeed is

26 m/s in the steady state. The parameters of PID controller are chosen to achieve the
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desired pitch angle without overshoot and no steady state error. The trajectory of UAV is

shown in Figure 5.9

To complete various missions, UAV operate at different pitch angles. With the
same PID parameters’ setting, the desired pitch angle is reset as @ =0.16 rad. The

responses are shown in Figure 5.10, 5.11 and 5.12.

Since UAV climbs with a large pitch angle, the steady airspeed is reduced to 21
m/s and the angle of attack settles at 0.1 rad to get enough aerodynamic force. From the
pitch angle’s response, it is found that UAV takes 40sec to obtain the desired values and

that the transient response is different from previous setting.
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Roll Angular Rate (rad/s)
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Figure 5.12 Euler Angles Response (Classical Controller 8

0.01 rad. The simulation

Furthermore, the UAYV flies at the smaller pitch angle, &

results are shown in Figure 5.13, 5.14 and 5.15.
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Figure 5.14 Angular Rate Response (Classical Controller 8
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Figure 5.15 Euler Angles Response (Classical Controller@ = 0.01rad)
The airspeed settles at 32 m/s due to the smaller climbing angle and the steady
angle of attack becomes smaller as well. From pitch angle response, although the UAV

achieves a short settling time, overshot is presented in the transit response. The maximum

pitch angle is about 0.02 rad.

It is observed that the transient response is different when the desired value is away
from the controller design point. The unexpected transient response is not acceptable for
the high performance UAV and for collision avoidance system design. To meet the
performance requirements, the controllers have to be designed under different trim

control conditions.

This results show the transient performance limitations when a nonlinear UAV is

controller by linear controllers and justify the investigation of nonlinear controller.
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5.4 Inner and Outer Loop Dynamic Inversion Controller

The inner and outer loop Dynamic Inversion controller, derived in chapter 4, is
simulated in this section. The configuration of the UAV is same as for conventional
controller design and the simulation results of three different desired pitch angles are

shown as follows.
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Figure 5.16 Airspeed and Aérodynamic Angles Response
(Inner and Outer Loop Dynamic Inversion Controller)
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Figure 5.17 Angular Rate Response
(Inner and Outer Loop Dynamic Inversion Controller)
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For inner and outer loop dynamic inversion controller, UAV converges to the
desired value with fast settling time no overshot and no steady state error, which was not
the case with classical control. For the same controller parameters, the transient response
of different desired values is same. Therefore, it not necessary to redesign the controller

under different trim conditions and the controller design work is significantly reduced.

Furthermore, compared with classical controller, the inner and outer dynamic
inversion controller can be used to control multiple variables simultaneously. The desired

values are setas ¢ =0.2 6 =0.1 £ =0 rad. The results are shown as follows.
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Roll Angular Rate (rad/s)

N L [ T T i
[ ) 1 1 | [
[ B [ [ ' 1 (B
[ I B ' ' ' ' | v
]
S S S I T S
[ T 1 ] 1 | 1 ]
[ T 1 ' | ' [
[ T N 1 ] 1 ' (B
[ T | | ' | ] ' 1
-a-a-1-1-H8 --r-a--rf-148 --r-a--r448
[ T T 1 [ | i ' 1
[ | ' ' [ (S|
[ T | 1 ' 1 ' ' )
[ ' 1 ' 1 [
—d4-d-d-d-HF |-t~ -4T ——k-d--r 448
[ T | ] ] 1 ] 1 !
[ I 1 ' 1 ' [
[T ' 1 1 ' ' to
[ I | 1 1 1 ' to
e de deded o e b e e o] d8 cmbade-t 448
I T B | T @ 1 ) [ % t I ) s
[ I | m 1 ' ' w ] ] 1
[ T B . 1 ] ' = ] [
[ N 3 1 Voo m ' o
—Jodog_s P8 Tl Lo 48 Tl _L.JdoL {48
ooy it 2 ] [ Al ' [ -
[ -3 [ W oo
[ S B < [ i t t ] [}
o ] 1 [ 1 H ' 1 [
| I S S | [ 1 ' I > t } 1
i e Al 1 T il e Sy ol il e Sadt ol e )
[ ' ' | ' [ |
[ ' ' 1 1 [
[ ' ] I 1 1 ]
[ ' ' 1 1 | i
Fa=1=1=-1-h8 [ -r---rf~18 {--r-a--r 1148
[ | ' 1 1 ] 1 '
[ ' 1 1 1 1 '
[ ' 1 I 1 1 '
[T ' | I I | 1
R LEEEREES 1 ==t =A== r{~-49 =~ -1-=-r 449
[ T | 1 1 1 | 1 '
[ R ' [ 1 1 |
[T | ) 1 1 1 1 '
[ | 1 1 1 1 | '
mdmdrd=d=HE |~k md~-r|-48 R R T BT
oo I I ] ] 1 i
[ I T | 1 1 1 1 ) '
[ N T | 1 [ 1 1 1 1
[ N | 1 I ] 1 [ 1
N N iLn. " o i I o
N ° o °© - © -
m ° g ° m s ° m m ° m m e

—
<o
|
Q
7R T s g
— too ' 1
: '
nw Co ' '
to ' 1
deqeq-q-48 cr-d--r-48 L ~ 2
i~ i Bt Baie Bl - I-=r r=a=s -
L) Voo ! 1
Voo 1 1
. v ' 1
o 1 1
: Joq-q-q-48 |--r-d--r-48 |--ff-q-- 8
o > q4--a-a~-48 r r--8 - e
9 Vo : | .
g S Vo " |
QO fm A A=A~ A4S I|r||||T|Lm | - S
Qo "o 1 ' -
% =} [ 1 '
1o
e 2 Vo " "
© m e Je dwdmaa R TR R S} ) e - ]
- w [ I h ' ] a =
= O < R ' ' %
AN 1IN N I B A
] m Slod-9-d-a-Jg Bl J__L_dg <l . g
=S .9 . T T T < 1 h - M -
27 B |l E v 8
QUW ' [ & ' | 2
SR N R O 1 o g A R s
O oo ' 1 V
ﬂ.w Vo ‘ " “
o g I R O SO R O 8
o [ 1 ' '
mvvy oo 1 ' '
oo ) '
= Ja] I 1 “ 1 "
= bef =444 =-49 |f--r-4--r-49 -=-r F-42
o o 1 ' § '
'
3 L o e
o 1 ' )
ﬂ e e dcdca-d® -k -4 -+ A Pllm
= o " " VAR
S B e /o
ot
[V
E
f—r

=0)

02 6=0.1 B

Figure 5.27 Euler Angles Response
78

(Inner and Outer Loop Dynamic Inversion Controller ¢



1
1
1

’
!
1

’
4
1

Z(m)

!

-~

~
'
1
]
J
1
]
1
]
3
[
1
~ '
~
1
'
[
K]
[
'
'
'
N
]
[
[

’
1
!

P o — e - - - -y

Y (m) X(m)

Figure 5.28 UAV 3D Trajectory in Earth Fixed Frame
(Inner and Outer Loop Dynamic Inversion Controllerg =0.2 6=0.1 £=0)

It is observed that the roll angle (¢ ) tends towards to the command control value
0.2 rad, pitch angle (@) to 0.1 rad and yaw angle changed in the constant speed in the
steady state from O rad to 2z . The steady state value of siderslip angle ( £ ) converged to

the desired setting value 0 rad. Through the response to the desired variable, it is proved
that the Inner and Outer loop control synthesis is valid for simultaneous multiple

variables control.

Under the command input for the outer loop, the UAV trajectory in the fixed

coordinate system is shown in Figure 5.28.
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From the response of UAV trajectory, the UAV flies in the hover model which is
used at take-off to get the certain height. The radius of flying trajectory is determined by
the yaw angle. Furthermore, we observe that the radius is constant which confirms that

the yaw angle is changing at constant speed from Figure 5.16 is valid.

5.5 Model Predictive Control

The simulation of Model Predictive Control for the inner loop is programmed in a
separated file attached in appendix C. To simplify the presentation, the diagonal
weighting matrixes, Q andR, are defined as I and rI. The simulation results are shown

in this section.
The initial conditions are set as follows:

Throttle: 2 Initial Velocities: [25 0 0]
Initial angular rates: [0 0 0] Initial position:[100 0 0]
Initial Euler angle: [0 0 0]

The command inputs for the inner loop are defined as different signal wave forms
to check the response of the systems under various command conditions. The desired

angular rates are defined in the following:

Roll ( p): square wave form Pitch (g ): square wave form

Yaw (7 ): sawtooth wave form

Without considering the dynamics of the actuator, the command trajectory of

control inputs and system response are shown in the Figure 5.29 to 5.34 for different
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horizon values, where solid line designates the desired outputs in the future and dotted

line designates to the future response of system.

Ts =0.005 nh =50
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Figure 5.29 Input Command Trajectory (Ts = 0.005 nh = 50)
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Roll Anguiar Rate (rad/s)
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Figure 5.31 Input Command Trajectory (Ts = 0.005 nh = 100)
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It is observed that the long horizon (nh) has a smoothing effect on the control
surface deflection command and this can be used to preshape the command to suit the
UAV’s dynamics and avoid exciting various modes of vibration. Moreover, these resulits
confirm that dynamic inversion is still effective in permitting model predictive to achieve
the desired roll, pitch and yaw angular rates. Also these results confirm the advantage of
model predicéve control due to the predictive naturé, shown by changes of angle rates
that occur prior to actual changes in the desired angle rates. This advantage is important

in achieving collision avoidance in UAVs formation flight starting the trajectory

correction as soon as collision damage is sensed.
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Chapter 6

6 CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE RESEARCH

This section is organized in two sections. The first section gives concluding
remarks on the dynamic inversion and model predictive control, and the second section

contains recommendations for future studies.

6.1 Conclusions

The accomplished work in this thesis is summarized as follows:

1. The complete nonlinear rigid body 6 DOF UAV is modeled by force equations,
moment equations, kinematic equations and navigation equations.

2. The nonlinear controller is proposed based on the inner and outer loop dynamic
inversion. A proportional controller is applied for inner loop to follow angular
rates command and a proportional — integral controller is used for the outer
loop to generate the command for the inner loop.

3. Dynamic Inversion permits the use of a linear model predictive control for the
inner loop.

4. The simulation results are compared with classical controller and verify that
the inner / outer loop dynamic inversion controller is superior to the classical

controller in the whole flight envelope.
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5. The combination of model predictive control with dynamic inversion proved to
provide a solution for the autonomous control of an UAV to collision

avoidance system.

6.2 Recommendations for Future Research

1. In the dynamic inversion controller approach, we assumed that the necessary
states are observable at all time for the controller synthesis. The observer to
estimate the specified states and estimation error effects are topics for the
future study.

2. For the nonlinear UAV model, the aerodynamic coefficients are expressed by
Taylor series approximation. In the multiple UAVs formation, these
coefficients are significantly different from single UAV flight case. The
robustness of controller has to be considered to deal with the uncertainty of
each coefficient.

3. To complete the accurate path following, the navigation loop has to be added
to generate the command reference as the inputs for the outer loop.

4. The high performance predictive controller with operational constraints has to
be investigated.

5. To improve the performance of UAV, the high level path planning system has

to be included.
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Appendix A

Hypotheses

The airplane is symmetrical.
The gravity force is a constant.

The mass of plane doesn’t change during the operation, without considering fuel

consume.
The origin of the body frame is located at the mass center.
The airplane is a rigid body.
The air is static.
All states are available at any time for the nonlinear feedback loop computation.
The earth fixed frame is a non rotated and non accelerated frame

The dynamics of actuator does not consider.

As the aileron, rudder, and elevator produce small forces, we assume C;s" = Cf’ =0

and engine thrust force F, is constant.

93



Appendix B

Proposal for the Hardware In the Loop System Configuration

Although the characteristics of each element are modeled as accurate as possible in
the UAV controller design, the control algorithm can’t be applied to the real system
directly due to unexpected imperfect modeling and interface incompatible. Therefore, it
is essential to validate the control algorithm with actual hardware to ensure successful
functioning of each part. In the following part, the Hardware In the Loop system is

proposed.

The configuration is built up with help of the xPC Target, which is a product of

mathworks.

In the host PC, the Simulink program is converted to C code and compiled the code
into a target application with Real-Time Workshop®, then the target application is
downloaded into xPC where the executable code runs in real time and the parameters of
program can be tuned in the host PC during execution. The data transfer between two
PCs is carried out one of two connections, serial port or network. In the serial connection,
the information between host PC and xPC is communicated by a serial cable using RS232

ports. In the network connection, the information is transferred by the TCP/IP protocol.
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PC

Virtual Reality
RS232 7 Hardware
or
LAN
Host PC xPC

The data acquisition device is installed in the xPC. The actuator’s commands and
the data from sensors are transferred between the host PC and xPC in real time. In order
to monitor the motion of UAV in 3D environment and display the data of effectors in real
time without ‘;educing the performance of host PC, the third computer is chosen to
achieve these tasks. The reference motion commands and actuator’s commands are
transferred to the virtual reality PC from host PC and the data of sensors are transferred

from xPC.

95



Appendix C

Programmes

Part 1:

Maple Program for the Transformation Matrices derivation

>restart: clear:with(linalg, adj, coldim, det, diag,
inverse, minor, multiply, rowdim, transpose)
DCMI1 transfer from Body to Wind
>R[alpha] :=<<cos (alpha) | 0 | sin(alpha)> , <0 | 1 | 0> ,
<~sin(alpha) | 0 | cos(alpha)>>;
cos(at) O sin(a)
R = 0 1 0

: -sin(la) 0 cos(a)

>R[beta] :=<<cos (beta) | sin(beta) | 0> , <-sin(beta) |
cos(beta) | 0> , <0 | O | 1>>;
cos(B) sin(B) O
RB =|-sin(B) cos(B) O
0 0 1

>DCM1 :=multiply (R[beta] ,R[alpha]) ;
cos(B)cos(a) sin(B) cos(P)sin(a)
DCM]I =|-sin(B) cos(a) cos(p) —sin(P)sin(a)
—sin(a) 0 cos(a)
>DCM1l_inv:=simplify(inverse(DCM1)) ;
cos(PB) cos(a) -sin(B)cos(a) -—sin(a)
DCM1 inv = sin(f) cos(P) 0
cos(B)sin(a) -—sin(B)sin(a) cos(oa)
DCM2 transfter from Inertail to Body
S>SRx:=<<1 | 0 | 0> , <0 | cos(phi) | sin(phi)> , <0 | -

sin(phi) | cos(phi)>>;
1 0 0

Rx ={0 cos(d) sin(¢)
0 -sin(¢p) cos(d)
>Ry:=<<cos(theta) | 0 | -sin(theta)> , <0 | 1 | 0> ,

<sin(theta) | 0 | cos(theta)>>;
cos(8) 0 -sin(0)

Ry= 0 1 0
sin(6) 0 cos(0)
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>Rz:=<<cos(psi) | sin(psi) | 0> , <-sin(psi) | cos(psi) |

0> , <0 | 0] 1>>;
cos(y) sin(y) O
Rz =|-sin(y) cos(y) O
0 0 1
>DCM2 :=multiply (Rx multiply (Ry,Rz)) ;
DCM2 =
[cos(0) cos(y),cos(O)sin(y),—sin(0)]
[—cos(¢) sin(y ) + sin(¢ ) sin(0) cos(y ), cos(d ) cos(y) + sin($) sin(0) sin(y ),
sin(¢ ) cos(6)]
[sin(¢ ) sin(y ) + cos(¢) sin(B) cos(y ), —sin(¢p) cos(y ) + cos(¢$ ) sin(6) sin(y ),
cos(d) cos(6)]

>
Rx_inv:=simplify(inverse(Rx)) :Ry inv:=simplify (inverse (Ry))
:Rz_inv:=simplify (inverse(Rz)):

>DCM2_inv:=multiply(Rz_inv,multiply(Ry inv,Rx_inv));
DCM2_inv =
[cos(0) cos(y),—cos(d) sin(y) + sin(d) sin(0) cos(y ),
sin(¢) sin(y ) + cos(¢ ) sin(0) cos(y )]
[cos(6) sin(y ), cos(d) cos(y )+ sin(¢) sin(6) sin(y ),
—sin(¢ ) cos(y ) + cos(¢ ) sin(0) sin(y )]
[-sin(0), sin(¢ ) cos(0), cos(d) cos(6)]

>multiply (DCM1 ,DCM2) ;
[cos(B) cos(a) cos(0) cos(y )+ sin(P) (—cos(d) sin(y ) + sin(¢ ) sin(0) cos(y ))
+cos(P) sin(a) (sin(¢ ) sin(y ) + cos(¢ ) sin(0) cos(y )),
cos(B) cos(a) cos(0) sin(y ) + sin(B ) (cos(d ) cos(y ) + sin(¢ ) sin(0 ) sin(y ))
+ cos(P) sin(a) (—sin(d ) cos(y ) + cos(d ) sin(6) sin(y)),
—~cos(B) cos(a.) sin(0) + sin(P) sin(d) cos(0) + cos(P) sin(a) cos($) cos(0)]
[-sin(B ) cos(ct) cos(0) cos(y )
+cos(P) (—cos(¢$) sin(y ) + sin(¢ ) sin(0) cos(y))
—sin(P) sin(a) (sin(¢ ) sin(y ) + cos(¢) sin(0) cos(y)),
—sin(P) cos(a) cos(0) sin(y) + cos(B) (cos($) cos(y ) + sin(¢) sin(0) sin(y))
—sin(B) sin(a) (—sin(¢) cos(y ) + cos(d) sin(6) sin(y)),
sin(B) cos(a.) sin(6) + cos(P ) sin(¢) cos(0) — sin(PB ) sin(a) cos(¢ ) cos(0)]
[-sin(a) cos(0) cos(y ) + cos(a) (sin(¢ ) sin(y ) + cos(¢ ) sin(6 ) cos(w )),
—sin(a) cos(0) sin(y ) + cos(a) (—sin(¢ ) cos(y ) + cos(¢) sin(0) sin(y )),
sin(o) sin(0 ) + cos(a) cos(¢) cos(6)]
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Part 2:
UAYV Parameters Initial File

% Clear workspace
clear all;

% Name of the MAT-file that will be generated
cfgmatfile = 'aerocfg';

% %% AERODYNAMICS %%%
% Aerodynamic force application point (usually the aerodynamic center)[x y z]
rAC=1[0.142500]; % m

% %% Aerodynamic parameter bounds %%%
% Airspeed bounds

VaBnd =[5 100];

% VaBnd = [15 50]; % m/s

% Sideslip angle bounds

BetaBnd = [-2 2]; % rad

% BetaBnd = [-0.5 0.5]; % rad

% Angle of attack bounds

- AlphaBnd = [-2 2]; % rad
% AlphaBnd = [-0.1 0.3]; % rad

%%% Aerodynamic reference parameters %% %
% Mean aerodynamic chord

MAC =0.189941; % m

% Wind span.

b=2.8956; % m

% Wing area

S =0.55; % m"2

% ALL aerodynamics derivatives are per radian:
%%% Lift coefficient %%%

% Zero-alpha lift

CL0=0.23;

% alpha derivative

CLa=5.6106;

% Lift control (flap) derivative
CLdf = 0.74;

% Pitch control (elevator) derivative
CLde=0.13;

% alpha-dot derivative
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CLalphadot = 1.9724;

% CLalphadot = 0;

% Pitch rate derivative
CLq=17.9543;

% Mach number derivative
CLM=0;

% %% Drag coefficient %%%

% Lift at minimum drag

CLmind = 0.23;

% Minimum drag

CDmin = 0.0434;

% Lift control (flap) derivative
CDdf = 0.1467,

% Pitch control (elevator) derivative
CDde = 0.0135;

% Roll control (aileron) derivative
CDda = 0.0302;

% Yaw control (rudder) derivative
CDdr = 0.0303;

% Mach number derivative

CDM =0;

% Oswald's coefficient

osw = 0.75;

%%% Side force coefficient %%%
% Sideslip derivative
CYbeta = -0.83;

% Roll control derivative
CYda=-0.075;

% Yaw control derivative
CYdr=0.1914;

% Roll rate derivative
CYp=0;

% Yaw rate derivative
CYr=0;

%%% Pitch moment coefficient %%%
% Zero-alpha pitch

Cm0 =0.135;
% alpha derivative
Cma = -2.7397;

% Lift control derivative
Cmdf = 0.0467,
% Pitch control derivative
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Cmde =-0.9918;

% alpha_dot derivative

% Cmalphadot =0
Cmalphadot = -10.3796;

% Pitch rate derivative
Cmgq = -38.2067,

% Mach number derivative
CmM=0;

%%% Roll moment coefficient %% %
% Sideslip derivative
Clbeta=-0.13;

% Roll control derivative
Clda=-0.1695;

% Yaw control derivative
Cldr = 0.0024;

% Roll rate derivative
Clp=-0.5051;

% Yaw rate derivative
Cir=0.2519;

% %% Yaw moment coefficient %%%
% Sideslip derivative
Cnbeta = 0.0726;

% Roll control derivative
Cnda=0.0108;

% Yaw control derivative
Cndr = -0.0693;

% Roll rate derivative
Cnp =-0.069;

% Yaw rate derivative
Cnr = -0.0946;

% %% ENGINE %%%
Cth=13;

%%% INERTIA %%%
% Aircraft mass
m_aircraft=11; %kg

% Inertia

Ix=0.80195; %kg*m"2
Iy=1.1285; %kg*m"2
1z=1.7555; %kg*m”"2
Ixz=0; %okg*m"2
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%Gravity
2=9.8;

% Save workspace variables to MAT file
save(cfgmatfile),

% Output a message to the screen
fprintf(strcat("\n Aircraft configuration saved as:\t', strcat(cfgmatfile),'.mat"));
fprintf("\n");

101



Part 3:

S-function for Inner and Outer Loop Dynamic Inversion

/*Dynamic Inverse Program
Copyright 2003 Zhaoquan Cheng and Dan Necsulescu
Version 1.0 Date: September 10, 2003

INPUT
u[0}: VT u[1]: beta u[2]: alpha
u[3]:p uf4]: q uf5]:r
u[6]: phi u[7]: theta u[8]: psi
u[9]: dphi u[10]:dtheta u[11]:dpsi

u[12]: alphadot u[13]: delat_th

u2[0]: VT dot u2[1]: beta_dot u2[2]: alpha_dot

Parameters:
Ix Iy Iz
rho b Warea mac
CYbeta CYp CYr
Clbeta Clp Clr
Cnbeta Cnp Cor
Cm0 Cma Cmalphadot Cmgq
Cth m g ‘
CYda CYdr
Clda Cldr
Cnda Cndr
Cmde
CLO CLa CLq
OUTPUT:
f:
110]: f_p
fli]:f q
f2]: f r
A [3x3] matrix

*/

double coeff,f alpha,f beta,f theta,f phi;

int i;

coeff=0.5*(*rho)*u[0]*u[0]*(*Warea);
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f alpha = (-(*Cth)*u[13]*sin(u[2])-
0.5*(*rho)*u[0]*u[0]*((*CLO)+(*CLa)*u[2]+0.5*(*mac)*(*CLq)/u[0]))/((*m)*u[0]*cos
(u[1]))

+(-u[3]*cos(u[2])*sin(u[1])+u[4]*cos(u[1])-u[5]*sin(u[2])*sin(u[1]))/cos(u[1])
+H(*g)*(sin(u[2])*sin(u[ 7])+cos(u[2])*cos(u[6])*cos(u[ 7]))/(u[0]*cos(u[1]));

f beta=(-

(*Cth)*u[13]*cos(u[2])*sin(u[1])+0.5*(*rho)*u[0]*u[0]*(* Warea)*((*CYbeta)*u[1]+0.5
*(*o)*(*CYp)*u3]+(*CYr)*u[5])/u[0]))/((*m)*u[0])

- (-u[3]*sin(u2])+u[5]*cos(u[2]))

+H(*g)*(cos(u[2])*sin(u[1])*sin(u[7])
+cos(u[1])*sin(u[6])*cos(u[7])-sin(u[1])*sin(u{2])*cos(u[6])*cos(u[7]))/u0];

f theta = u[4]*cos(u[6])-u[5]*sin(u[7]);

f phi = u[3]+tan(u[7])*(u[4]*sin(u[6])+u[5]*cos(u[6]));

110] = ((*1y)-(*12))/(*Ix)*u[5]*u[4]

+ 0.5*(*rho)*u[0]*u[0]*(* Warea)* (*b)*((*Clbeta)*u[1]
+0.5*(*b)*((*Clp)*u[3]+(*Clr)y*u[5])/u[0])/(*Ix);

1] = ((*12)-C*Ix))/(*Ly) *u[3]*u[5]

+ 0.5*(*rho)*u[0]*u[0]*(*Warea)*(*mac)*((* Cm0)+(*Cma)*u[2]
+0.5*(*mac)*((*Cmq)*u[4]+(*Cmalphadot)*uf12])/u[0])/(*1y);
f12] = (*Ix)-(*Iy))/ (*1z)*u[3]*u[4]

+ 0.5%(*rho)*u[0]*u[0]*(* Warea)*(*b)*((*Cnbeta)*u[ 1]
+0.5*(*b)*((*Cnp)*u[3]+(*Cnr) *u[ 5])/u[0])/(*12);
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h[0]=0;

h[1]=0;

h[2] = -(*Cth)*u[13]*cos(u[2])*sin(u[1])/((*m)*u[0])

+ 0.5*(*rho)*u[0]*(*Warea)*(*CYbeta)*u[1]/(*m)

+ (*g)*(cos(u[2])*sin(u[1])*sin(uf7])+cos(u[1])*sin(u[6])*cos(u[7])-
sin(u[2])*sin(u[1])*cos(u[6])*cos(u]7]))/u[0];

A[0] = (*b)*(*Clda)/(*Ix) ;
A[l]=0;

A[2] = (*b)*(*Cnda)/(*1z);
A[3] = (*b)*(*Cldr)/(*Ix);
Al[4]=0;

A[5] = (*b)*(*Cndr)/(*1z);
Al6]=0;

A[7] = (*mac)*(*Cmde)/(*Iy);
A[8]=0;

for(i=0; i <9; i++)
Ali] *=coeff;

G[0]=1;

G[1]1=0;

G[2] = 0.25*(*rho)*(*Warea)*(*CYp)*(*b)/(*m)+sin(u[2]);
G[3] = sin(u][6])*tan(u[7]);

G[4] = cos(u[6]);
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G[5]=0;

G[6] = cos(u[6])*tan(u[7]);

G[7] = -sin(u[6]);

GI[8] = 0.25*(*rho)*(*Warea)*(*CYr)/(*m)-cos(u[2]);

LfG[0] = 0;

LfG[1]1=0;

LfG[2] = { alpha*cos(u[2]);

LfG[3] = phi*cos(u[6])*tan(u[7])+f_theta*sin(u[6])/(cos(u[7])*cos(u[7]));
LfG[4] = -f_phi*sin(u[6]);

LfG[5]=0;

LfG[6] = -f_phi*sin(u[6])*tan(u[7])+{_theta*cos(u[6])/(cos(u[7])*cos(u[7]));
LfG[7] = -f_phi*cos(u[6]);

LfG[8] = f alpha*sin(u[2]);

LfH[0] = 0;

LfH[1]=0;

LfH[2] =(-(*Cth)*u[13]*cos(u[2])*cos(u[1])/((*m)*u[0])

+ 0.5*(*rho)*u[0]*(*Warea)*(*CYbeta)/(*m)

+ (*g)*(cos(u[2])*cos(u[1])*sin(u[7])-sin(u[ 1])*sin(u[6])*cos(u[7])
-cos(uf2])*sin(u[1])*cos(u[6])*cos(u[7]))/u[0])*f_beta

+ (cos(u[1])*cos(u[6])*cos(u[7])+sin(u[1])*sin(u[2])*sin(u[6])*sin(u[ 7])*(*g))/u[0]*u[9]
+ (sin(u[1])*cos(u[2])*cos(u[7])-cos(u[1])*sin(u[6])*sin(u[ 7])
+sin(u[1])*sin(u[2])*cos(u[6])*sin(u[7]))*(*g)/u[0]*u[10];

LfZ[0] = f_phi;

LfZ[1] = theta;

L{Z[2] ={ beta;
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Part 4:

Model Predictive Control Initial file

clear all; clc; close all;

Ts=0.005;

nh=50;

r=1e-9;

wn = 100;
Ta=4.5*%0.707/wn

% System Defination

[Ad,Bd,Cd,Dd]=c2dm(A,B,C,D,Ts, zoh');
S(1,:)=Cd*Bd;

for i=2:nh
$(i,)y=Cd* Ad"G-1)*Bd+S((-1), );
end

for i=1:nh
T(1,:)=Cd*Ad"i;

end

dum=S8"*S;

n=max(size(dum));
=inv(r*eye(n)+dum)*S';

GT=G*T;

% define delaying system
AD=[zeros(1,nh); eye(nh-1) zeros(nh-1,1)}];
BD=[1;zeros(nh-1,1)];

CD=eye(nh); )

DD=zeros(nh,1);
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Part 5:

Simulink Program for UAV Model based on Aerosim

pus

WindAxzvel I
Velwy

Aaodynamic Paaneters

Aaodynamic Coeliidents

Cortrol

AerodyraricLoads

0 f

CD
FagoB

cY

ApraBotatot

Wind-mxes Vel cties

AprascaOct QL

AnguiarFabos

Mach

CL

payn Facnoii

&,
Aaalon
4

Vel

Lit Coeticent

L

Aagodnamic
Force

Fasob

FaaoN

payn

rhw

Dmamic fresase

mach

[~]]

=
“m

cn

1?&1!‘1 1rl1r1rl

payn

Aaodnamic
Momert

drhadat

Terminatx

AnguarFates

Side Foroe Coelidert

h

y

b

r

PichMomert
Coelidert

Cortrol <l

AngarFabes

Adll Mornert
Coelidert

Cortrol on

Anguier Rabos

Yaw Moment
Coelfdert

107

6
2la
E]



Sources

Trigonametnic inaiores Asmermble Body-Wind DCM
D - »
WndAzesVa ‘ X | Vatla Quiput
o= 1
Product gl Horiz Cat
gl ) —{ =
v OCM
Podiy  hEgn SGd .
i cos
)
Matroe
Chagm
- Venlna
=]l
Z=o
S CGd2
> x > VeatCa
T 1
g
x
Poduan ChSgre SCda
Drag compo nent build-up
coo »l
GDO e+
el 4
: D
— P+ co
induced Drag .
K- P Il —+
Gontrol CDdi Abe
@ Pl
GCDde Abs)
(3) 2
GL G K- >l
CLA2
CLO GDda Ahe2
CL min drag @ Pl
r) CDdr Abs3
Mach L%
CDM

108



Sourcas

WindAxesVel

Piich momani componant build-up

| Cmo I s
cmo W +
————-——h +
R e D
Cmapha R Gm
._.E>__ —+
Cmdt
Cmda
Cmaphadol x
>t e -
. *
ma cm'c(2V)
Wing chord

Sources

2
@
CmM

Foll momen compo nani b uild—up

WindAxesVel

AngularRales

Cidr
-]
+
Cp x
-+
cir x
Chr =
CPb!2V)
Wing span
2

109



Sourcas

Rol moman componant buikd-up

WindAxesVel

AngularRales

K—
Cnp
ne

Cnr

Cnbaia
—»
Cnda

Cndr

CrbiEV)

Wing span

x
x

Coniol_th

Cih

Consian

110

Marrix
Muliiply

Product

Fprop

DCM_1: Body Frame —> Wind Frame



DCOM_1
—— "
Mairix
Muliply
— Gwind
Body—¥ind DCM
2D
DCM_2
! Mairix
) Mullply |~
0
inari@l-Body DCM
Corslant
€D
Gravily
®In @ mod
_l——b Oul
2% Maih
e
2pi
l pi =
pi .
@ ! Matrix
DCM_1 Mulliply|
——— AngularRaleW
Produci
AngularRaleB

111



Smsnm Gal g secelaniirn
> > Mol exyust ian
g?‘""“" cai - Ehecpn N Oupus
Inaih Cadicads : l * 3 D
T —vn-.l i
o= -,
Ll ® o
> o om
@ St Spaficuton  Arpum A
[ »
[ 11 a ?
. N
Nl o]
l._ » = »
ap —ts
MRS
»l 2 v
ol &
12
o
] >
S
[
> & »
o L 4
—— L
:I—* sopcan
x
g —
=)
il x
- LeoTN
. t:-:":‘wz)ofﬂ
1l = (T e e M Lo N
IR ,

112



Saurces Gel Gamma

| » Ouipud

nerda

nfF

Jtg

Dhide

|

v?v

oy i) b |—. d
Divide1

® e rel
; ) T b
Divide7
Pt X

Divided

i

113



