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Abstract

This thesis aims to develop the aircraft flight control system and propose two
effective aircraft flight control systems. The first system is the “Aircraft flight control by
CDM-designed Servo State-feedback system” or ACDM-SS. ACDM-SS is the servo state-
feedback system for simultaneously controlling the aircraft's longitudinal and lateral-
directional dynamics motion. The Coefficient Diagram Method or CDM is used to design
the servo state-feedback gains of ACDM-SS. CDM is an algebraic approach to provide a
controller design method. The control system designed by CDM exhibits a good balance
of stability, response and robustness. The second system is the “Aircraft flight control by
CDM-designed Model Reference Adaptive System” or ACDM-RAS. ACDM-RAS is the
Model Reference Adaptive System which employs a design concept based on the
Lyapunov function theory. ACDM-RAS uses the ACDM-SS as the reference model. The
ACDM-RAS is expected to improve the performance of ACDM-SS and decrease
uncertainty which may arise from imperfect modeling, approximate inversion, or sudden
changes in the system parameters. The performance comparison of ACDM-RAS and
ACDMS-SS is conducted by means of flight simulation under various flight conditions. The
simulation results show that ACDM-RAS can handle the varying flight maneuvers,
stabilize aircraft in flight, and improve the performance of ACDM-SS. The proposed
systems, both ACDM-RAS and ACDM-SS have straightforward structures, and their

design processes also are not complicated with no need of deep mathematical knowledge.
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Chapter 1

Introduction

The aviation industry is one of the many primary industries without which our
everyday life will not be as easy as what it is now due to aircraft utility. There is continuous
growth in demands of using the aircraft. These demands are from various activities, such
as transportation, search-and-rescues, exploration and so on. Because of an extremely high
economic impact of the aviation industry, a market competition also tends to be very high
in this industry. Once a customer decides to purchase any type of aircraft, it does not mean
that the aircraft has only its market value but also yields to the maintenance costs followed
from operating that aircraft, which brings additional economic benefits for the
manufacturers. Therefore, both aircraft manufacturers and aircraft parts manufacturers
strive to improve the efficiency of the aircraft and meet the requirements of customers to
gain a vast market share. So, it is inevitable that there are high trade competitions and
enormous investments in the aviation industry. Due to the reason already mentioned, there
has been a rapid change in this industry from the past century. Every part related to the
aviation industry has been affected and stimulated to respond to this rapid change. Itis

indisputable to say that an essential part of the industry, then is the aircraft itself.

From the reason stated above, the aircraft technologies, the structure design, the
material used, and the aircraft systems such as a flight control system, an electrical power
system, instrument systems, an air navigation system, a communication system are all
being under the research and development. Especially in the flight control system, whose
rapid evolution occurred in many past decades, the form of system has evolved from the

mechanical system to the hydro-mechanical system and then advanced to the automatic



control system to replace the manual flight control system. These development goals are
multifaceted, such as increasing the efficiency of aviation, reducing production costs,

increasing safety, improving operating comfort, and all in response to the industry.

1.1 Aviation and Flight Control Evolution

Humans are curious about nature's flight system and aspire to fly like other flying
creatures such as birds. These ideas gave rise to a long history of aviation [1] — [5]. From
those days, the day humans want to fly, many flying vehicles exist in the present. These
flying vehicles can be classified into various types based on the mode of classification. For
example, flying vehicles can be classified into “lighter than air vehicles” and “heavier-
than-air vehicles” according to lift methods. Airship and Kite balloons are examples of
“lighter than air vehicles”. While gliders, fixed-wing aircraft, and rotorcraft are examples
of “heavier-than-air vehicles”. However, these different flying vehicles have one thing in
common: their flight dynamics can be described by a specific set of equations of motion.
Generally, these equations contain six degrees of freedom: three translational modes and
three rotational modes and can be called the six degrees of freedom (6 DOF) equations of
motion of a rigid vehicle or flight dynamics model. The flight dynamics model can predict
a vehicle's trajectory and orientation during the flight. When flight dynamics knowledge is
integrated with other technology such as the evolution of flight control actuator, computer
network, communication technology and control technology, these amount to establishing
an automatic flight control system [6] — [8]. From the many advantages of this system, such
as increased flight quality and safety measures, the automatic flight control system has
become an essential part of modern aircraft. More specialized studies have been conducted
according to the increasing importance of the automatic flight control system [9] — [11].

Designing the automatic flight control system is related to other fields, in addition to the



aircraft flight dynamics, such as Aerodynamics, Rigid-body dynamics, and System theory.
Even though more studies or research are devoted to the automatic flight control system,
designing of an automatic flight control system is still an arduous task and sometimes

needed advanced mathematical knowledge besides aviation knowledge alone.

On the other views about the automatic flight control system, it is not a standalone
system although it is one of the essential systems in modern aircraft. This system also needs
to coordinate in operation with other aircraft systems to complete the flight's mission, such
as communications, navigation, and traffic collision avoidance systems. Therefore, if an
automatic flight control system effectively controls the flight or stabilizes the aircraft in
flight, it will be easy to apply to other aircraft systems. In addition, if the structure of the
flight control system becomes simple, uncomplicated, and has few restrictions, it will be
easy to adjust the system for compatibility with other systems or requirements. Moreover,
it is especially beneficial if the processes used to design a system have clear design criteria.
It is easy to understand and can predict system performance in advance. Contribution of
these advantages becomes remarkable in reduction of the design or analysis time of the
system when being used in conjunction with other systems or when problems arise with
others systems or the flight control system itself. It brings a good benefit in modern aircraft

design, which has complex relations among the various systems.

1.2 Previous Works in the Aircraft Flight Dynamics
The aircraft flight dynamics control has a long history. Since the rise of aircraft
flight dynamics knowledge and control technology, there have been a vast amount of
research efforts devoted to the aircraft flight control system related to aircraft dynamics
motion for many different types of flying vehicles. Generally, the aircraft flight dynamics

motion can be separated into two major parts. There are aircraft longitudinal dynamics



motion and lateral-directional motion. As far as the motion of aircraft is concerned, there
are many pieces of research examples about aircraft flight control systems specific to both

longitudinal dynamics motion and lateral directional motion.

The examples in terms of longitudinal dynamics motion are as follows. The
adaptive controller of F. Gavilan, R. V., and J. A. A. [12] for controlling the longitudinal
flight dynamics of an aircraft is designed by using the adaptive backstepping method.
Engine physical limits are incorporated into the design to obtain a novel hybrid adaptation
law that guarantees closed-loop system stability. Simulation results show good
performance to follow given airspeed and flight-path angle references by actuating elevator

deflections and aircraft engine thrust.

In the paper of A. Magsood and T. H. Go [13], the analysis technique using linear
dynamics and the multiple scale method in conjunction with bifurcation theory is used to
analyze the longitudinal dynamics of a small agile unmanned aerial vehicle or UAV. This
UAV is equipped with the aerodynamic vectoring feature under general envelope trim
conditions between hover and cruise flight conditions. The research successfully describes
the peculiar dynamics behavior of this UAV, which is mainly attributed to the class of
small UAVs flying at a high angle of attack, and the aerodynamic vectoring feature

enhances its occurrence.

The problem of fault-tolerant control for a class of uncertain nonlinear systems in
the presence of actuator faults for aircraft longitudinal dynamics motion is discussed in the
work of Q. Shen, B. J. and V. C. [14]. Adaptive fuzzy observers are designed by using a
backstepping approach to provide a bank of residuals for fault detection and isolation. In
their simulation results, the estimation algorithms and fault-tolerant control scheme have

better dynamic performances in the presence of actuator faults.



The nonlinear controller based on the total energy control system to control the
aircraft altitude and airspeed is proposed in the research of M. E. Argyle and R. W. Beard
[15]. The control is achieved by manipulating the aircraft's total energy and distribution
rates to account for the dynamic coupling. Furthermore, the simulation results show that
the nonlinear controller performs better than the total energy control system standard PI-

type controller.

J. Yan, J. B. H.,, R. E. H. and D. S. B. [16] used transfer function techniques to
analyze the response of an aircraft to an elevator step deflection. Furthermore, it showed
that the aircraft’s initial response to an elevator step command is characterized by the

instantaneous acceleration center of rotation or IACR.

The works from A. M. Wickenheiser, E. G. and M. W. [17] and [18] demonstrate
a new bioinspired flight capability: perching through a morphing aircraft concept. Besides
the traditional aircraft control surfaces, the proposed morphing aircraft consists of variable
wing incidence, tail boom angle, and tail incidence. The transient and steady-state behavior

of this aircraft changing flight condition and vehicle reconfiguration is discussed.

In paper of Y. Ameho and E. Prempain [19] used three Linear Parametrically
Varying synthesis algorithms to design the controller to improve the ADMIRE fighter
aircraft longitudinal dynamics handling qualities. Two algorithms were proved successful
in longitudinal dynamics handling. In contrast, the latter can provide beneficial information
about the parameter space to achieve good design by avoiding ill-suited parameter
combinations. Modern techniques are used to estimate wind from a flight vehicle usually
has an estimation error. This error comes from sensor measurements and mathematical

models of the aircraft’s dynamics.



H. G. McClelland and C. A. Woolsey [20] presents a methodology to isolate the
modeling error for common simplified forms of the dynamic flight model during straight-
and-level longitudinal flight, and the proposed is demonstrated via an example study in

which both open-loop and closed-loop flight simulations.

In the paper of V. H. Nguyen and T. T. Tran [21], a hybrid robust control design
method is proposed for a third-order Single-Input Single-Output (SISO) lower-triangular
model of nonlinear dynamic systems in the presence of disturbances. The proposed control
method was proved a well-tracking command with asymptotic stability, provides

robustness in the presence of uncertainties and eliminates a chattering phenomenon.

The researches relate to lateral-directional dynamics motion are shown as follows.
The later-directional dynamics control of UAV by using the backstepping technique is
presented in the paper of S. Swarnkar and M. Kothari [22]. The adaptive design is used to

learn and control unknown dynamics for the whole flight regime.

The reinforcement-learning lateral-directional flight controller to prevent or
recover aircraft from losing control in flight has been discussed by I. K. Ashraf and E.-J.
Van Kampen [23]. The controller is designed based on value function-based single network
adaptive critic (J-SNAC), the one of Adaptive Critic Designs (ACD) algorithm. Simulation
with F16 aircraft was done to evaluate for tracking two different heading command signals,

robustness against sensor noises, and partial failure of the ailerons.

P. C. Shrivastava and R. F. Stengel [24] details the conditions for stability
boundaries of linear systems containing control saturation on unstable lateral-directional
dynamics. This work examines the effects of control saturation on unstable lateral-

directional dynamics through the fourth-order models with the flight control logic based



on minimum control energy linear-quadratic-regulatory theory and found that the stability

boundaries can be described by unstable limit cycles surrounding stable equilibrium points.

T. H. Go [25] details the analysis of the lateral-directional aircraft dynamics under
the cubic variation of the lateral moment to sideslip. The results obtained confirm the
findings in the author's previous works that the weak static moment nonlinearity does not
lead to wing rock, and the static moment nonlinearity can cause wing rock. Moreover, the
results also give the knowledge, which is very useful in aircraft design to avoid wing rock

or the wing rock alleviation strategy of an existing aircraft.

N. Abramov, M. G., M. D. and A. K. [26] showed the comparative analysis of two
forms of aerodynamic representation in terms of their impact on the lateral-directional
stability characteristics. The results show that the unsteady aerodynamic model exhibits
good results than the conventional aecrodynamic derivative model both for flight dynamics
analysis and control design at high angles of attack and provide an accurate prediction of

stability characteristics and be applied for control design beyond stall conditions.

In R. Livneh [27], the literal approximation method for improving approximation
of the lateral-directional dynamics of rigid aircraft is presented. Compared to the traditional
method, the proposed method shows a more meaningful improvement in accuracy than the

traditional approximation.

S. A. Snell, W. L. G. Jr. and D. F. E. [28] analyzes the lateral-directional dynamics
of a supermaneuverable aircraft and the control laws which reduce the levels of lateral
acceleration and sideslip encountered during aggressive rolling maneuvers at high angles
of attack. The paper's conclusion states that a significant reduction in lateral acceleration

measured at the pilot's station is only attainable by compromising the roll-rate performance.



The cancellation control laws which reduce the high levels of lateral acceleration
encountered during aggressive rolling maneuvers executed at a high angle of attack are
designed in A. Snell [29]. The proposed control laws can reduce the high level of lateral
acceleration as expected but must be exchanged with slower roll response, poor Dutch-roll

damping, or a combination of the two.

The investigation of recovery of the lateral-directional stability of commercial
aircraft when its vertical stabilizer is damaged is presented in L. Zhaoxing, F. J., G. X., L.
J., W. S.and W. Y. [30]. The recovery is made through a unique differential thrust-based

adaptive controller designed based on the Lyapunov stability.

A linear-adaptive controller for lateral-directional dynamics control of F-14 aircraft
is presented in C. Tournes and B. Landrum [31]. The controller design is based on the
combination of the disturbance-observers and Subspace-Stabilization Theory. The
disturbance-observers method is used to estimate and cancel out the combined effects of
nonlinear, uncertain, and off-nominal terms in real-time. At the same time, Subspace-
Stabilization Theory is used to steer the system ‘“‘error-state” to a certain subspace S
representing the desired servo-tracking error behavior while controlling the subsequent
motion of the error-state the subspace S to the origin. Simulation results are compared with
previous results obtained using gain scheduling and H-infinite and exhibit good
performance. These previous researches present the technique specific to only one type of
dynamics motion by assuming some conditions to the other dynamics motion or regardless.
The other proposed researches also can be classified by consideration of the used controller
techniques. For example, the Proportional-Integral-Derivative controller or PID controller
is a well-known controller used for flight control systems. There are using the conventional
PID controller to design the flight control system directly or cooperates with other

controller form as the hybrid controller or use the PID controller as the baseline.



X. Xiao, J. J. Z. and Q. Z. [32] presents the PID controller for flight stability of the
UAV. In order to improve flight stability, this research designed the reconfigurable control
law strategy based on the consideration of several typical actuator failures. The simulation
results show that the controller applied to the unmanned tiltrotor aircraft has good

performance.

The attitude control of the four-rotor aircraft is improved in T. Hongpeng and
Weibo [33]. The differential leading PID algorithm is assigned to stabilize the attitude
angle of the quadrotor. The proposed algorithm is compared with the conventional PID
control algorithm and exhibits good performance in attitude stabilizing at high-frequency

interference and frequent lifting environment.

The PI algorithm and quaternion method combination is used to improve the
integral separation PID control algorithm, detailed in H. Y. Tian and L. Li [34]. The
simulation by using MATLAB shows that the improved integral separation PID exhibits a
good performance than the conventional PID controller and the integral separation

controller.

B. Porter, A. M. and T. M. [35] presents the design of digital model-following
flight-mode control systems for the F-16 aircraft. The controller is designed based on the
previous results for fast non-interacting digital signal following systems incorporating fast-

sampling error-actuated digital PID controllers.

An attempt to improve the attitude control and flight stability of a quadrotor aircraft
is introduced in Y. Yu and J. Chen [36]. The controller design method is based on the visual
servo feedback concept. The target image features information is extracted by the Scale-
Invariant Feature Transform (SIFT) algorism and used as an input signal of the PID flight

control system.



A new method for roll reversal phenomenon control and eliminating is introduced
in M. Mirzaei [37]. The proposed controller is designed by using the sliding mode control
based on an online identifier that estimates the control input direction. The results show

that the system has a good performance and robustness.

Y. Ochi, H. K. and M. W. [38] propose the derivation of the linear dynamic model
of a powered paraglider from a nonlinear dynamic model. This linear model can be
described by the payload states of the paraglider, which facilitates dynamical analysis and
controller design. Based on this linear model, a PID controller shows good control

performance and desirable stability.

P. Kumar, S. N. and J. R. [39] introduces the bat algorithm and differential
evolution for tuning the controller parameters using the robust stability criteria for the
multi-objective optimization to design the fractional-order PID (FOPID) and integer-order
PID controllers are discussed. From conclusion shows the bat algorithm gives better results
in terms of the time domain performances, but differential evolution gives better robustness

to the control system.

In A. Z. Azfar and D. Hazry [40], a new method in sensor fusion and inclination
angle estimation is applied to the PID controller for stabilizing the quadrotor, while D. Luo,
W. X., S. W. and Y. M. [41] present the PID controller for the UAV formation flight
distributed formation control and the switching strategy for completing the three kinds of
conventional formation. The simulation results also show the effectiveness of the proposed

controller.

Other techniques used to design the flight control system also have the neural

network [42] — [44] and the fuzzy logic [45] — [47].
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1.3 Thesis Motivation

1.3.1 Problem statement

Although many pieces of research activities achieved their individual purposes to

some extent, automatic flight control is still a challenge, and there are still exciting aspects

yet able to develop. The essential points of interest in this thesis are identified as follows:

The aircraft mathematical models: The automatic control system designing
usually starts with the mathematical model of the plant of interest, and this
mathematical model must represent the system's dynamics behavior or the
relationship between the inputs and the interested variables or the outputs of the
system. Knowing the system's dynamics is essential for a control system designer
to analyze the system before and after designing. Therefore, the model's accuracy
directly influences the system performance or the system design. Generally, the
mathematical model can be divided by following the system type: nonlinear or
linear. Determining the nonlinear system's mathematical model is always tricky for
beginners and skilled ones encountering the more complex system. That may cause
many problems in the control system design processes. Finding a proper control
design method to obtain the nonlinear system's mathematical model usually
requires deep mathematical knowledge in design and analysis, and sometimes
determining aerodynamic characteristics based on the concept of aerodynamic
derivatives are difficult or impossible. On the other hand, determining the linear
system's mathematical model is far more straightforward than the nonlinear system.
The derivation of the linear model is usually obtained by approximating the
nonlinear system at flight conditions of interest. Therefore, the linear model may

not be accurate in describing all dynamics behavior of the actual system. Generally,
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the actual plants are inherently nonlinear systems, and an aircraft is also a nonlinear
system without an exception. Choice of mathematical model type to represent
aircraft affects many points in control system design, such as the choice of the
control design method and the system's performance analysis. Therefore, selecting
the mathematical model, which can accurately describe the system's behavior and
benefit the design processes, is of vital importance.

The controller and design method: As already stated, many types of controllers
or design methods have been proposed for the aircraft's automatic flight control
system. However, choosing the most effective controller for the plant depends on
several factors. For example, in the conventional PID controller, the
implementation of this controller type is done by adjusting the value of PID's gains
(K,, Ki, and Ky) to get the best response of the system. The selection of these gain
values causes variation in the observed response against the desired response. Trial-
and-error may be used to determine these gains. Another example is a controller
based on neural networks. The proper network structure is one crucial part of this
controller type. However, there is no specific rule for determining the network
structure. The appropriate structure can be achieved through the designer's
experience and trial and error. In the fuzzy logic-based controller, setting exact
fuzzy rules and membership functions is a difficult task. Validation and
Verification of a fuzzy knowledge-based system needs extensive testing with
hardware. Although each controller can achieve its control objective, there are
some limitations in design, such as requiring a deep understanding of the behavior
of the system, the system designer must have more experience regarding the
system, or design's processes still requires trial and error which might not find the

optimum point. Besides the controller type, the controller design process or
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controller design method is another interesting factor. The design method has

straightforward processes or the tuning decision, which is interesting and maybe

more beneficial for design and analysis processes.

1.3.2 The expected aircraft flight control system

Upon reviewing the previous works about aircraft flight dynamics control, it was

noticed that there are many points are yet to be improved. According to the author's idea,

the expected aircraft flight control system should be characterized as follows.

1)

2)

The system should have a simple structure or model, which makes it easy
to design, analyze, and customize the system before and after the design. A
servo state-feedback system [48] is the most suitable answer for this
purpose. The first reason is that the servo state-feedback system can be
started with the linear mathematical model, which dramatically reduces the
complex task when working with the nonlinear model. The second reason
is that the linear model structure is also straightforward and makes further
modification easy. There are many applications based on the servo state-
feedback system, such as the inverted pendulum system [49], the two-
wheeled balancing robot [50], and the magnetic levitation system [51].

The controller design method for this expected system should have the
concept as same in the model. The design processes should be
straightforward and easy to modify if required. Therefore, the Coefficient
Diagram Method, also known as CDM, is chosen to design this servo state-
feedback system. CDM has straightforward design processes, clear tuning
criteria, and CDM also has a specific diagram, which is helpful in design

processes. CDM has provided successful controller designs for various
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practical control problems over the past decade, and a great amount of
research efforts have been done on CDM [52] — [71]. Besides the
widespread use of CDM in various fields, various controllers are also
designed based on CDM in the field of aeronautics [72] — [76]. Inaccuracies
or uncertainties which may arise due to the linear model approximation
when the designed controller is applied to nonlinear plant need to be
addressed. For that purpose, the concept of a model-reference adaptive

system is implemented to the servo state-feedback designed based on CDM.

1.4 Contribution and Outline of Thesis

The automatic aircraft flight control system is proposed in this thesis. The proposed
system is called Aircraft flight control by CDM-designed Model-Reference Adaptive
System or, in short, ACDM-RAS. ACDM-RAS is the model-reference adaptive control
system, and the reference model, which is used in ACDM-RAS, is the servo state-feedback
system designed by Coefficient Diagram Method. This servo state-feedback system will
be called ACDM-SS. ACDM-SS comprises two servo state-feedback systems: the aircraft
longitudinal and lateral-directional dynamics controllers, and ACDM-SS can
simultaneously control both aircraft dynamics motions. Using the Coefficient Diagram
Method or CDM to design ACDM-SS from the linear models can reduce design
complications, and use of the adaptive system is intended to compensate inaccuracies or
uncertainties, which may be caused by model approximation. The proposed ACDM-RAS
is able to handle the varying flight maneuvers and stabilize aircraft in flight. In addition,
the ACDM-RAS can improve the performance of ACDM-SS by compensating any

restrictions of ACDM-SS. The structure of ACDM-RAS is also quite straightforward. The
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design processes and system analysis are not complicated with no need of mathematically

involved method.

The outline of this thesis is as follows: In Chapter 2, the derivation of the aircraft
flight dynamics model is presented. Coefficient Diagram Method or CDM, the control
system design theory, is described in Chapter 3. At the same time, the design processes of
the servo state-feedback system using CDM and the model-reference adaptive system are
explained in Chapter 4. Simulation studies and results for the different control strategies
proposed are presented in Chapter 5. Finally, the conclusion and suggestions for further

work are given in Chapter 6.
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Chapter 2

Aircraft Flight Dynamics and Model

2.1 Overview

In this chapter, the aircraft flight dynamics mathematical models [81] — [87] used
in Chapters 4 and 5 for designing the controller and flight simulation are described.
Generally, these aircraft flight dynamics models are typically nonlinear; however, the
purpose of this thesis is to develop the aircraft flight control system. This system is the
Model-Reference Adaptive System or MRAS where the reference model used is designed
by CDM. Therefore, these aircraft dynamics models need to be converted to a linear system
suitable for the CDM controller design method. When the aircraft dynamics models are
converted to the linear model, these models can be divided into two essential parts: the
aircraft longitudinal dynamics model and lateral-directional dynamics model. These two
models are adjusted to have the desired control parameters and are further used in the

controller design in the later chapter.

2.2 Coordinate Systems

2.2.1 Inertial and vehicle-fixed coordinate system

The coordinate system or coordinate frame must be firstly defined before the
aircraft flight dynamics models are derived. The frame introduced first is called an inertial
frame. This frame is undergoing neither rectilinear acceleration nor rotation. An example
of a genuinely inertial frame S is a frame whose origin is fixed at the Earth's center and

referring to specific stars. However, frame S is more complex and not suitable for the
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desired aircraft modeling. In the aircraft flight dynamics model's derivation, the earth frame
is assumed to be an inertial frame. This earth frame is a Cartesian coordinate system. The
frame's origin is fixed to a point on the earth's surface with axes oriented true north, east,

and downward to the center of the earth, frame E, as shown in Figure 2.1.

Xy
Z bEy
Ys Frame V
Xs
Frame S
¥ ZS

Figure 2.1. Inertial frame and vehicle-fixed frame.

The second frame is vehicle-fixed, which is rigidly attached to the vehicle and
therefore moves with a vehicle. The frame's origin is placed at the aircraft's center of
gravity. The positive x-axis lies along the aircraft's symmetrical axis in the forward
direction, and the positive y-axis is perpendicular to the symmetrical axis of the aircraft in
the right direction. The positive z-axis is perpendicular to the x-y plane, making the right-

hand orientation. This frame V is also shown in Figure 2.1.

2.2.2 Euler angle

The Euler angles ¢, €, and y are defined as vehicle bank angle, vehicle pitch

angle, and vehicle heading angle, respectively. These angles are used to express the

vehicle-fixed frame's orientation to the earth frame, as shown in Figure 2.2.

17



Xrz, —~Xxrz,

Eulerangle : 7

(a) Heading angle

Y2, —HATZ,

Euler angle: 8

(b) Pitch angle

XYZ, —> XVZ

Eulerangle: ¢

(c) Bank angle

Figure 2.2. Euler angles.

The transformation of the earth frame to the vehicle-fixed frame can be done using
the Direction Cosine Matrix or DCM. The DCM can be expressed in term of Euler angles

as shown in Eq. (2.1).
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cosfcosy cos@siny —sin@
T, , (4,0,y) =| singsinfcosy —cosgsiny  singsinfsiny +cosgcosy singcosd | (2.1)
cos@sinfcosy +singsiny  cosg@sindsiny —singcosy  cos@cosf

2.2.3 Vector notation
The components of the necessary vectors in the vehicle-fixed frame are defined as
in Eq. (2.2). These vectors will derive the six scalar equations of motion, covering the

aircraft dynamics, and will be derived in the next section.

Vehicle velocity vector V,,, Position of mass element relative to vehicle center of
mass p, gravity vector g, and Angular velocity of Frame V' with respect to Frame £ @),
are defined as Eq. (2.2 a).

dp,| a
— =V, =Ui, +Vj, +Wk,
dt |,

p=xi, +)j, +zk, (2.2 a)
g = gxiV +gij +gsz
0, ;= Pi, +0j, + Rk,

Aerodynamic and Thrust Force vectors are designed as Eq. (2.2 b).

F,.. =FAX.iV+FAY.jV+FAZkV 2.2b)
K = FTXlV +FTY-]V +FTZkV
Aerodynamic and Thrust Moment vectors are designed as Eq. (2.2 c).

M., =Li, +M,j, +NK, (2.2 ¢)

MThrust = LTiV +MTjV + NTkV
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(c) Components of Force and Moment

Figure 2.3. Vector components.

2.3 Aircraft Flight Dynamics

2.3.1 Aircraft translational and rotational motion
From a vehicle, as shown in Figure 2.4, it is considered that the aircraft's mass

dm = p,dV is acted by the forces consisting of gravitation plus external forces. By using
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Newton's second law and equilibrium internal forces, the translational and relational

momentum of the mass dm are expressed as

—l | pp—| dV |=| p,gdV + df,, (2.3)
V'!:l dt E ! dt E VJ;1 ! Su(.y[ace

d ( ' dp’ j ' '

— | P'xp,—| dV |= | p' xp,gdV + p'xdf . (2.4)
I;!:I dt E ' dt E I;([l ' Su;‘l‘ace

FrameV

Framel

Figure 2.4. Position vectors.

However, these equations are expressed in terms of particles' position to the earth

frame, which is not a suitable form for the derivation of aircraft dynamics. With the vehicle-
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fixed frame and the assumption that the aircraft is a rigid body, the aircraft's mass and mass

distribution are treated constant; thus Eq. (2.3) and (2.4) can be rewritten as below.

d

LA émdv = [pgav+ [ dt, (2.5)
th dt E dt Vol Surface '

dcoV,
jpx xp |+, x(o,, xp) |dV |= j pxdf (2.6)
Vol E Surface

For the right side of Eq. (2.5) and (2.6), the gravity force is assumed constant. Let
the external forces and moments act on the vehicle arises due to aerodynamic and thrust
effects. The equations of motion for a rigid vehicle with a constant density distribution

governing the translational and rotational motion of aircraft can be expressed as

i m dpl =m dVV =mg + FAero FThrust (27)
drl \ " ar |, dr |,

a’w”
j px xp |[+o,, x(o,,xp)|dV |=M , +M,, (2.8)
Vol E

2.3.2 Scalar equations of motion

There are a set of equations of motion that can be used to describe the aircraft flight
dynamics, and this set of equations can be obtained by using Eq. (2.7) and (2.8). These
equations comprise three translational equations of motion and three rotational equations
of motion. They are suitable and sufficiently accurate to model the dynamics of
conventional aircraft. Before the derivation of these equations of motion, it is necessary to
introduce one vector translation. Consider a generic vector A that initially defines with

respect to the earth frame. If vector A needs to be expressed with respect to the vehicle-
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fixed frame, the vehicle-fixed frame's angular velocity @, , with respect to the earth frame

must be introduced. Thus, the expression of the vector A can be expressed as

dA
dt

_dA
. dt

+w, XA

| (2.9)

Substituting Eq. (2.2) into Eq. (2.7) and (2.8) with the relationship given in Eq.

(2.9), the three scalar equations for translational motion are expressed as

m(m QW—VRJ ——mgsinO+F, +F,
m(mRU—PWj=mgcosesin¢+FAy +F, (2.10)

m(W—i—PV—QUj =mgcosOcosd+F, +F,
and the three scalar equations for rotational equations are expressed as

[ P-1_ (1}+ PQ) -1(0*-R*)-1, (Q— RPj +(I.-1,)RO=L,+L,
1,0+(I,~1.)PR-1, (13+ QRJ—IYZ (1%— PQ)+IXZ (P -R*)=M,+M, 2.11)

I_R-1I_ (ﬁ— QR) -1,(PP-0%)-1, (Q+ RP) +(1,-1,)PO=N,+N,

where I, are the moments and products of inertia.

There are another set of equations that need to be addressed; the kinematic

equations. These equations represent the kinematic relationship between the angular and

translational rates and can be expressed as
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P=<i)—\ifsin9
Q:écos¢+\i1cosesin(|> (2.12)

RZ\iICOSGCOSd)—éSind)

Inverting Eq. (2.12) yields the following angular kinematic form,

(i):P+Qsin¢tan6+Rcos¢tan€)
0= Qcosd—Rsind (2.13)
\iJ:(Qsin¢+Rcos¢)sec6

Summarizing Eq. (2.10) through (2.13), the nine nonlinear equations of motion
governing the rigid dynamics of the aircraft have been developed. In the next section, the

small perturbation theory will be applied to these equations for aircraft dynamics modeling.

2.3.3 The study of nonlinear aircraft dynamics
In this section, the small perturbation theory is applied to Eq. (2.10) to (2.13) for
analyzing the aircraft dynamics behavior in the neighborhood of a reference condition. The

small perturbation theory can be summarized into five steps as below.

1) Derive the nonlinear equations governing the aircraft dynamics, and this
step has been done in the previous section.

2) Express all degrees of freedom in the equations from step 1 regarding a
reference condition plus deviations from this reference condition.

3) Extract two sets of equations from the results obtained in the step 2 into the
reference set and perturbation set.

4) Use the reference set for studying the reference conditions of interest.
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5) Use the Perturbation set and the reference conditions selected in the step 4,

for analyzing the aircraft's perturbation dynamics.

Following the second step of the small perturbation, all the variables expressed in

terms of the reference, and perturbation quantities are listed in Table 2.1.

Table 2.1. The reference and perturbation quantities.

U=U_+u V=V +v W=Ww_ +w
P=F +p 0=0,+q R=R, +r
0=0_+0 d=D _+¢ y=¥_+y
E,=F, +f, E, =F, +f, E,=F, +f,
5 =F, +f, B =F +f £, =F, +f,
L,=L, +I, M,=M, +m, N,=N, +n,
LT=LTN+ZT MT=MTB+mT NT=NT’_S+nT

The variable subscripts with s mean the reference variables, and the lower-case

italics variables mean the perturbation variables. Under the small perturbation assumption

and variables in Table 2.1, Eq. (2.10) to (2.13) can be extracted into the reference and

perturbation equations as shown below.

The translational equations in the reference set are

rs s

m(U}S+ 0. ~V.R

U,-PW

rs rs rs rs

m(V;SJrR

K&' - QVS UI’S

s

m(l/l}m+P

rs + FTX rs

=-mgsin®, +F,

=mgcos®, sin® +F,  +F
=mgcos®, cos® +F,  +F
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The translational equations in the perturbation set are

{1001, 0)~ (7, 4 B.9) | =g cos0,0+ 1, + 1,
m(v+ (Ru+U,r)—(P,w+ Wrsp)j =mg(cos®, cos®, p—sin®, sin® )+ f, +f,  (2.15)

m(w+ (Pv+V, p)—(Q.u+ Um,q)) =-mg(cos®, sin®, @+sin®, cos®,0)+ [, + [

The rotational equations in the reference set are

Ixx f;rs - Ixz (Iérs + [)rs Qrs j + (Izz - Iyy )Qrers = LA” + LT,S
1,0,+(1,~1.)P,R +I_(P>~R}?)=M, +M, (2.16)

rs rs X:

Izz Iérs_lxz (és_Qrers j + (]yy _Ixx )RsQrs = NA‘ + NT‘
The rotational equations in the perturbation set are

Ixx b_lxz (’;+(Qrsp+])rsq)j+(lzz _Iyy)(Rrsq +Qrsr) = lA +lT

I,q+(1,—1.)(R,p+Pr)+2I_(P,p—R.r)=m,+m, (2.17)

]zz r— [XZ (p_ (Rrsq + Qrsr)j + ([)’y - Ixx )(Qrsp + I)”Sq) = nA + nT
The kinematics equations in the reference set are
PI‘S - érs—\i]rs SiIl ®I‘S

0. = (;),.S cosd  + P, sin D cosO, (2.18)

R, . =—0;sin® +Y¥,cosd, cosO,
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The kinematics equations in the perturbation set are

p= (-b— \i’m sin®, 6 —sin® W
qg=cos® 0- érs sin® ¢+ \ijrs (cos D, cos®, ¢p—sind, _sin ®m9) +sin®, cos® l// (2.19)

r=cos®, cosO, -0, cos O p—sind, o- ¥, (sin®, cos®, g+cos®, sin®, 6O)

The angular kinematics equations in the reference set are

d)rs =P +0 sin® tan® _+R cos® tan®
érs =0 cos® —R sind (2.20)

¥, = (0,sin®,_ +R cosD, )secO,

The angular kinematics equations in the perturbation set are

q.é =p+tan® (sin ® g+cosD, r+ (Qm cos® —R sind )¢)

+ (Qm sin® +R _cosd, + (Ci)rs— P j tan® ] 0
(2.21)

.

O=cos®, g—sin® r—(Q sin® +R cos®, )¢

1/./ —¥,, tan 0,0+ (sin ® g+cos®, r—(R sin®, —Q cosd, )¢)/cos G
2.4 Aircraft Dynamics Linear Model

2.4.1 Linear equations of motion

The cores of aircraft dynamics linear models come from the set of perturbation
equations. Consider Eq. (2.15) under the flat-earth condition, and aircraft has a constant

mass. Therefore, by dividing Eq. (2.15) with the mass m, the differential equations of u, v,

and w can be expressed as
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"= (er+Rmv)—(Qmw—qu)—gcosG)mH+(fAX + /. )/m

(Pw+W, p)—(Ru+U,r)+g(cos®, cos® ¢—sin® sin® 6)+ (fAy + 11 )/m (2.22)

v

‘:V = (Qr‘su + Ursq) _(PVSV+ I/7'517) _g(cos®"5 Sinq)r5¢+ Sin@"s Cos®r50)+ (fAZ +fTZ )/m

With the same condition as in Eq. (2.22), the aircraft also assumes symmetricity
about the XZ plane for Eq. (2.17). Therefore, the products of inertia are zero. Then Eq.

(2.17) can be rewritten as the differential equations of ¢, p, and r as follows.

p= I(%(I (0.p+Pg)+(1, 1. )(R,q+0,r)+(L, +1T))]

XX

0= (1~ L) (B Por) e 20, (R P, p)(m, +m,) 22

Yy

r= I’[Ii(—]xz (qu +er)+(lm —IW)(Qmp +qu)+(nA +n, ))J

zz

where

In this thesis, the flight condition of interest is the straight-and-level flight with zero
bank and sideslip angles. Applying these flight conditions to Eq. (2.21) to (2.23), the linear

equations governing translational and rotational motion can be shown as

u=-go+(f, + 1, )/m
v=-U.r+gp+(f, + 1, )/m (2.24)
w=U,q+(f, + 1, )/m
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l.? = I,(IA +lT )/Ixx
g=(m,+m)/I, (2.25)

;:I'(nA+nT) I

and the angular kinematic equations become
¢=p, O0=q y=r (2.26)

2.4.2 Linear equations of the forces and moments

In order to obtain the desired aircraft flight dynamics models, the external forces
and moments on the right-hand side of Eq. (2.24) and (2.25) need to be explained. The
external forces and moments that apply to the aircraft in this thesis are considered only
from the viewpoint of aerodynamics and thrusts. The modeling based on the aircraft is a
single-engine aircraft with only primary flight control surfaces. Appling the small
perturbation theory as in the aircraft dynamics modeling, the specific small perturbation
set of forces and moments can be expressed. The aerodynamic and thrust forces in

perturbation set are

fAX + fTX = qu{—(CD“ + 2CD,,- ){VAJ + (CTX vt 2CTX7“’ )(Vi} + (_CD'Z e )0{ X 55} (2.27 a)
B k '

+6T cos(¢, +a, )

b rb
fo 4 Sy = qu{(cyﬂ vy ) Brey (2”71)} e, [ZJ tey 5 0,Cy 5 5R} (2.27b)

u ac c
Ja, 11, =4S _(CLU +2¢, )(Z]+(_6Lf' ~, )a_CL; [2VP JCLq [2qu ]_CL(%&E (227 ¢)

—6Tsin(¢, +a,)
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The aerodynamic and thrust moments in perturbation set are

p r
[, +1, = qub{(c,ﬁ +clhﬁ),b’+c,p LE}LC@ £7J+c,®5[1 +c,5R5R} (2.28 a)

B

(cmu +2cms) Vi}_(cmn +2cm7TS )[VLJ-'_(C'"‘” +c, 1 )a

= = (2.28 b)
-c,, ac +c, qc —c, 50
p 2V11 7 2Vf; -°F

m,+m,=q,S

+6T (d, cos¢, — X, sing, )

}cn_@a/, +cn5R5R} (2.28 ¢)

r
n,+n, = qub{(cnﬂ +C, g ),B+cnp [25 ]Jrcnr (21/
P,

F,

2.4.3 Decoupled state-space models
To obtain the complete aircraft dynamics model, Eq. (2.27) and (2.28) are
substituted into Eq. (2.24) and (2.25) with simplification applied according to the standard

shorthand notation.

I:t=—g9+(Xu +X’E,)” +Xaa+X555E + X, 0;
v:g¢+Yﬂﬂ+Ypp+Yrr+Y5A§A+Y5R5R (2.29)

w=Zu+Z,a+Z. a+(Z,+U,)q+2,6,+2,5,
p=L,B+L,p+Lr+L;8,+L; 5,

q=(M,+M, Ju+(M,+M, Ya+M. a+Mq+M, 5, +M,35, (2.30)

F=N,B+N,p+Nr+N;3,+N, 5,
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Table 2.2. The standard shorthand notation for decoupled models.

X, :—(cDu +2¢, )qu/VR

Yﬂ = (Cyﬁ +CYT/, )qOOS

Z, = —(cLu +2¢, )qu/Vfi

X, = (CTXU + 2cTXS )qu / VI%

Y, =c, q..5b/2V,

Z, = (—cLa - )qu

X, = (—cDa +c; )qu

Y, =c¢, q.5b/2V,

Z.=c¢, q,5]2,

X5 =—¢p 4,8

Y‘SA =6, qu

X, =cos(¢4, +a,)

Yé‘R = CYJ QEXJS

L,= (c,ﬂ +c,Tﬂ )qub

M, = (cm“ +2c,, )qu/V&

L,=c q,5b/2V,

M, = (cmru +2c, )qu WV,

N, = ¢, qub/2V,i

L =c, q,Sb/2V,

M, = C, q.5

N,=c, q.,5b/2V,

Ly =c¢, q,Sb

MTa = CmT qooS

N5A = Cnb- qooSb

L5R :(:15 qcoSb

M.=-c, q,5/2V,

a

N5R :cnb- qooSb

M, =c, q,5/2V,

M; =-c, q,S

M, =(d, cos¢, — X, sing, )

Eq. (2.29) and (2.30) with Eq. (2.26) can be regrouped into two significant groups;

aircraft longitudinal dynamics and lateral-directional dynamics. With an additional
notation that & =w/U,, and B =v/U, , the regrouped equations can be expressed in the

following equations:
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u=(X, + X, Ju+X,a-g0+X, 6, +X,5,
1

o= (zu+z,a+(2,+U,)q+2,6,+2,)

M.Z, M.Z,
q= (Mu+MT” +UrS—Z, u+ (Ma+MTa + -
M.Z; M.Z,

+ M, +Um“_ ' Op ++| M, U,sa—Z -

. 1
ﬂ:U_(Yﬂﬂ+)fl)p+K‘r+g¢+Y5A5A +Y5R§R)

s

p=L,B+L,p+Lr+L;8,+L, 5,
F=N,B+N,p+Nr+N,5,+N, 5,

¢=p

2.31)

(2.32)

The first equation, Eq. (2.31), is called the linear aircraft longitudinal dynamics

equation of motion, while the second, Eq. (2.32), is called the aircraft lateral-directional

equation of motion. To obtain a suitable format for the design theory, these two groups of

equations will be summarized and expressed in the space-state format in the next section.

2.5 Summary of the Aircraft Flight Dynamics Models

The aircraft longitudinal dynamics model in the state-space format is shown in Eq.

(2.33), where X(?)z0ng is the state vector, X(¢)zong = [u a q H]T , and u(#)Long 1s the input,

which consists of elevator defection and thrust, u(f)zong =[5, &, ]T .
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d
- X (t)Long - ALO”gX (t)Long + BLangu (t)Long

dt
X, X, X, X, X5 X5
z oz 7z zZ, Z
u a q 14 O or
— X(7 + ulz
M, M, M, M, ()L”"g M i ()ng (2.33)
0 0 1 0 0 0

y (t)Long - CLOHgX(t)Long = I4X (t)Long

The aircraft lateral-directional dynamics model in the state-space format is shown

in Eq. (2.34), where X(¢)raupir 1s the state vector, X(¢)ramir = [ g pr ¢]T, and u(?)rair

is the input, which consists of aileron and rudder defection, u(?)zamir = [5 . O ]T .

d
E X (t)LatDir = ALatDirX (t)LatDir + BLatDiru (t )LatDir
novovy L T
L, L L L L;4 L;R
= NZ Nz N: ]v(z X(t)LatDir+ Né N:; u(t)LatDir (234)
0 1 0 0 0 0

y (Z)LatDir - CLatDirX (t)LatDir - I4X (t)LatDir
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Table 2.3. The standard shorthand notation for aircraft flight dynamics models.

X, =(X,+Xx,) 7! = Zu/(Urs —Z(,z) M, =(M,+M, )+(M(;Zu/Um —Zg,{)
X =X, 7! = Za/(Um —ZD_C) M, =(M,+M, )+(M&ZQ/UVS —Z(;)
X' =0 Z;=(Zq+Um)/(Um—ZD,C) M;=Mq+(M[;(Zq+UrS)/Um—Z&)
X,=-¢g Z,=0 M,=0
X, =X, Zy =7, / ( . —Z(_z) M} =M, +(M6,(ZEE U, —Zc,()
X, =X, Zy =7, / (U —Z‘;) M} =M, +(Ml;zgr U, —Z(.l)
Y;=Y,/U, Ly=L, N, =N,
Y =Y, /U, L =L N =N,
Y=Y JU, Li=L, N.=N,
Y =g/U, L,=0 N} =0
Y =Y, /U, L;, =1L, N;, =N,
Y =Y, /U, Ly, =1L, N, =N,
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Chapter 3

Controller Design Theory

3.1 Overview
This chapter provides fundamental theory for designing a controller. The controller
design method used throughout this thesis is Coefficient Diagram Method or CDM. CDM
is an algebraic approach for a controller design and has a special diagram called
"Coefficient Diagram" as the design tool. The necessary information needed for the
controller design is provided by the coefficient diagram. There are only three design

parameters in CDM namely the stability index, y,, the equivalent time constant, 7, and

the stability limit, 7, , makes design processes of CDM is straightforward and has a good

design criterion. By using CDM as the design method, the characteristic polynomial and
the controller can be designed simultaneously and guaranteed to achieve a good balance
between the system stability, response, and robustness. CDM is used to design the servo
state-feedback system for the “Aircraft flight control by CDM-designed Servo State-

feedback system” or ACDM-SS and details will be given in Chapter 4.

3.2 Coefficient Diagram Method
The Coefficient Diagram Method [88] — [89], or CDM, is one of the controller
design theories and was first proposed in 1991 by Shunji Manabe [90]. CDM is an algebraic
controller design theory which uses polynomials of the closed-loop controlled system in
design processes. CDM uses a specific diagram called the coefficient diagram as a
powerful tool to demonstrate the efficiency and performance of a closed-loop controlled

system. CDM considers the numerator polynomial and the denominator polynomial
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equation of the closed-loop controlled system's transfer function separately for system
performance analysis. CDM initially defines the type and order for both the controller
polynomial equation and the closed-loop system's characteristic polynomial equation at the
beginning of design processes. Both these polynomial equations are designed by
considering the system performance requirements. There are three major parameters to

determine the closed-loop system's performance: the stability index, y,, the equivalent

time constant, z , and the stability limit, y, .

3.2.1 The CDM standard structure and mathematical relations

Figure 3.1. The CDM standard structure of the Single-Input Single-Output system.

(Permitted reuse reproduction for doctor thesis from the author).

The standard structure of the Single-Input Single-Output (SISO) system to be
designed by CDM, is illustrated in Figure 3.1. This SISO system comprises the controller
and the plant, where the former is described by the polynomials A.(s), Bu(s), and B.(s) while
the plant is described by the polynomials 4,(s) and B,(s). From the standard structure of
this SISO system, the C(s) is the output of a closed-loop control system and can be

calculated as shown in Eq. (3.1).
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C(s)= : 3.1

According to CDM, the characteristic polynomial of Eq. (3.1) can be defined as

follows:

P(s)=4.(s)4,(s)+B.(s)B,(s)
=as"+a, s"" +.+as+a, (3.2)

n .
=D as
i=0

where ao, ai,..., an are the coefficients of the characteristic polynomial. These coefficients
contain known parameters of plant and unknown parameters of the controller. In this thesis
the CDM method is used to design these unknown parameters of the controller. The

controller design process will be discussed in detail later in Chapter 4.

The CDM control design method includes vital parameters used in controller

design, and these parameters are the stability index, y,, which determines the stability of
the system; the equivalent time constant, 7, which determines the speed of the system
response; and the stability limit, y, , which indicates the robustness of the control system

parameter change. These three parameters are mathematically related to the coefficients of

the characteristic polynomial, ao, ai,..., an, as follows:

a.
Vi =— (3.3)
a;.,4;_,
=4 (3.4)
a
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.1 1
Vi=—F+— Vo V,=® (3.5)
Vi  Yia

wherei=1,---, n— 1. The coefficients of the characteristic polynomial, a;, can be expressed

in the term of the stability index, y,, and the equivalent time constant, 7, by using Eq.

(3.3) — (3.5) as shown in Eq. (3.6)

a, = aori y 71/1‘—271‘—1
-1 2 /1
1_1[ 1 (3.6)
=a, 7' | | —
’ Jj=1 71/—1’

From Eq. (3.2) and (3.6), the characteristic polynomial, P(s), in term of the stability

index, y,, and the equivalent time constant, 7, can be explained as follows:

P(s)=a, HZ(H %},._J(Ts)’}mu} (3.7)

The monic characteristic polynomial, Px(s), is also obtained by dividing Eq. (3.7)

with coefficient, a,. The coefficient, a,, can be obtained by using Eq. (3.6).

n—1 1
a,= aOT"H ; (3.8)
Jj=1 j/n—j

From both Eq. (3.7) and (3.8), the monic characteristic polynomial, Py(s), is shown
in Eq. (3.9) and will be used to design the controller by CDM later.

n—1

p ():MHZ(H %;.J(Ts)f}mﬂ} (.9

n
T
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3.2.2 Coefficient diagram

The controller design principle by CDM has the coefficient diagram as a handy and
essential tool in controller design. This coefficient diagram shows the system's stability,
response time, and robustness within a single diagram. This style makes it useful for
designing high-order polynomials. Besides considering the overall system performance
simultaneously, the coefficient diagram is also highly accurate and allows the designer to
implement it in the actual design efficiently. As mentioned above, the coefficient diagram's
uniqueness gives control system designers the tools to make design decisions that are not
available in any other method. The coefficient diagrams are presented with a semi-
logarithmic graph. The left vertical axis shows the polynomial coefficient, a;, while the

right vertical axis shows the stability index, y,, the equivalent time value, 7, and the

stability limit, 7, . The equivalent time constant, 7 , is represented by a straight line

between 1 and 7, and the horizontal axis represents the order "i" of each coefficient of the

polynomial.

For an illustration purpose of the coefficient diagram construction, an example is
introduced for easier understanding. A characteristic polynomial equation of the closed-

loop control system is assumed to be defined as:

P(s):O.2555+s4+253+2s2+s+0.2 (3.10)

From Eq. (3.10), the coefficient, a;, of the characteristic polynomial P(s), and the

parameter of CDM can be obtained as:

a,=[025 1 2 2 1 02] (3.11)

y=[2 2 2 25] (3.12)
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r=5 (3.13)

7, =[05 1 09 0.5] (3.14)

Using Eq. (3.11) through (3.14), the coefficient diagram shown in Figure 3.2

displays the coefficient, a;, the stability index, y,, the equivalent time constant, 7 , and the

stability limit, y; .

Figure 3.2. Coefficient diagram.

(Permitted reuse reproduction for doctor thesis from the author).

In this diagram, the curve's curvature represents the stability of the system, the slope
of the curve represents the speed of the system response, and the deformation of the curve

due to the change in system parameters indicates the robustness of the system.

Figure 3.3 (a) indicates the larger the curve of the coefficient, ai, becomes, the more

stable the control system will be. It corresponds to the stability index, y,, that are greater.

In contrast, the smaller the curve of the coefficient, a;, is the less stable the control system

becomes, and this corresponds to the low stability index, y,. Figure 3.3 (b) illustrates that
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the more left and down the curve of the coefficient, ai, is shifted, the smaller the equivalent

time constant, 7, becomes. The response of the control system will be faster.

107 ¢

larger y; more stable

"y

smaller y, less stable

107"

i

(a) Due to change of the stability index

larger 7 slower response

smaller 7 faster response

i

(b) Due to change of the equivalent time constant
Figure 3.3. The shape of coefficient diagram.

(Permitted reuse reproduction for doctor thesis from the author).

3.2.3 The stability condition of CDM

Stability of the control system obtained by means of CDM is analyzed from the

viewpoint of the sufficient conditions for Lipatov stability theory [91].
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The Routh-Hurwitz stability criterion has a system stability condition for the third-

order and can be expressed as follows:

a,a, > a,a, (3.15)

Furthermore, it can be expressed in term of the stability index, y,, as follows:

Yo, >1 (3.16)

The stability conditions of the fourth-order system are given as:

a,>(a,/a;)a, +(a,/a,)a, (3.17)

2> 7, (3.18)

By the Routh-Hurwitz stability criterion, Lipatov said this was appropriate to

consider a third or fourth-order system's stability. However, this is not enough to take into

account the stability of a higher-ordered system. Lipatov offers sufficient system stability

and instability conditions for a system of fifth-order or higher in many forms. The sufficient

stability and instability of the system suitable for the controller design by CDM is given

below.

The sufficient condition for investigating the stability of the system is

a > 1.2{£ a,, +21 al._z} (3.19)

i+l i-1
7, >1.12y. for every value of i =2 ~n—2 (3.20)

The sufficient condition for investigating the instability of the system is
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A,0; < a0, (3.21)

V.7 <1 for some values of i =2 ~n—2 (3.22)

3.2.4 The standard form of CDM

Graham studied the relationship between the characteristic polynomial coefficient
and the transient response using the Integral Time Absolute Error or ITAE standard form,
presented for the first time in 1953. In 1960, Kessler developed a new standard form by
which every stability index is assigned a value of 2 to reduce the oscillations and overshoot

of response in the control system designed with the ITAE.

Later in 1998, Shunji Manabe proposed assigning the 1st stability index, y,, to be

equal to 2.5 and the remaining stability index to 2, by which the obtained response from
the control system has no overshoot and the rise time decrease. He assigned this stability

index as the standard stability index of CDM, shown as follow:

Vo =-=Vs=V,=2and y, =2.5 (3.23)

He also assigned the equivalent time constant, 7, which relates to the settling time

as follow:

t =257~3r (3.24)

From Eq. (3.7), it is found that the characteristic polynomial P(s) consists of the

stability index, y,, and the equivalence time constant, 7 . Therefore, the shape of the

control system's response is determined by the stability index, y,, and the speed of the
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response is determined by the equivalent time constant, 7 . The properties of the standard

form of CDM are summarized as follows.

For a type-1 system, there is no overshoot, and a type-2 system has an overshoot of
approximately 40%. The control system's rise time can be designed to assign the equivalent

time constant, 7 .

The shape of a CDM-designed control system’s response is independent of the
system's order. However, it depends on the stability index, y,, and the equivalent time
constant, 7.

The pole locations of the low-rank system are arranged in a straight line, and the

pole location of the high-rank system is within 49.5 degrees from the negative real axis

with the value of the damping ratio, ¢ , greater than 0.65, as shown in Figure 3.4.

3
&
2j
[}
1j
o 2nd <
] O 549.5 deg
3rd o 0
O 4th o 9
<& 5th &
-1
L —1.25/T
'2J
o
'3]

-25 -20 -1.5 -1.0 0.5 0 0.5

Figure 3.4. The pole location of the various systems.

(Permitted reuse reproduction for doctor thesis from the author).
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3.2.5 The stability index criterion

In general, the CDM's standard stability index, y,, is a prerequisite for the control
system to achieve the stability and response required. However, the designer can modify
this stability index, y,, to obtain a control system with the desired performance under the

condition below.

7, >1.5y; (3.25)

If the control system is required to have robustness, it should be chosen with a high
stability index. From sufficient conditions for stability, Lipatov stated that the system is
stable if all the stability indices are more than 1.5, which was demonstrated in his research.
Furthermore, if all the stability indexes are more than 4, then the system's roots are all
negative real numbers. Therefore, typically CDM state that the stability index value

generally should be chosen between 1.5 and 4.
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Chapter 4

Aircraft Flight Control System and Design

4.1 Overview

This chapter provides the concepts for designing and understanding the aircraft
flight control system. The structures of the servo state-feedback systems for aircraft
longitudinal and lateral-directional dynamics are first introduced. After describing the
decoupled servo systems, the structure of the Aircraft flight control by CDM-designed
Servo State-feedback system or ACDM-SS is introduced. ACDM-SS is comprised of the
aircraft's longitudinal and lateral-directional servo state-feedback system. Then, the servo
system design procedures based on CDM are explained. The final section of the chapter
describes the concept and design of Aircraft flight control by CDM-designed Model-
Reference Adaptive System or ACDM-RAS. ACDM-RAS uses ACDM-SS as its reference

model to specified behavior of the system.

4.2 The Structure of Servo State-Feedback System
Before designing the ACDM-SS and ACDM-RAS, the aircraft flight dynamics
models [81] [82] [86] [87], which are detailed in Chapter 2, need to be modified to achieve
the required controlled parameters and restructured to suit the controller design. Therefore,
the aircraft dynamics models developed in Chapter 2 require further modifications to obtain

the desired equation form.
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4.2.1 Aircraft longitudinal dynamics servo state-feedback system

The desired aircraft longitudinal dynamics model in this research needs two
parameters to be controlled: altitude, 4, and speed, u. Nevertheless, the aircraft longitudinal
dynamics model from Chapter 2, Eq. (2.33), does not yet contain an altitude as a state
variable. Therefore, it is necessary to customize this equation based on the relationship of

heights as

h==V,a+V,0 (4.1)

The modified aircraft longitudinal dynamics model thus can be rewritten as

follows:

d

EXL(t)zALxL(t)+BLuL(t)
X X, X, X, 0] XX
Z 7, 7, Z, 0 Z, 7,
=\ M, M, M; M 0x, )+ My My |u, (1) (4.2)
0 0 1 0 0 0 0
o -V, 0o 7, 0 0 0

The modified state variable for Eq. (4.2) is xz(¢) =[u a q 0 h]T, and the

input is u(¢) = [55 oy ]T. When the aircraft longitudinal dynamics model has complete

state variables as required, this model will refine the structure to obtain the suitable

structure used for designing the controller further.
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u, (1) y, (1)

A/C Model

Figure 4.1. Aircraft longitudinal dynamics servo state-feedback system.

(Cited and partially modified from ref. 80).

The structure of the servo state-feedback system [48] [92] shown in Figure 4.1

involves the following matrices, being introduced to complete this servo system.

e The reduced matrices H,z and H;

01 000
1 0000
H,=/0 0 1 0 O|andH, = (4.3)
0 00 011
00010
e The feedback loop gain matrix, Kz, and the servo loop gain matrix, G,
K, = [k12 ks k14] and G, = [kll kls] (4.4)

Therefore, the input wu.(¢) for this aircraft longitudinal dynamics servo state-

feedback system can be expressed in Eq. (4.5).

u, (1)=-K,H,x, (t)+G,(r, (t)-H,x, (1))
= _(kzlez + kX, + kX, ) + (kllrll + kst —kyxy, — ksx,s )

7
_[kn kzz k13 k14 kzs] X3 +[k11 le]L“

12

} (4.5)

u, (t) =-K;x, (t) +Gr; (t)

48



where K, is the overall servo state-feedback gain matrix for this aircraft longitudinal

dynamics servo state-feedback system and expressed in Eq. (4.6).

KSL:[kll kl2 k/3 kz4 kls] (4.6)

4.2.2 Aircraft lateral-directional dynamics servo state-feedback system

Similarly, with the aircraft longitudinal dynamics model, two parameters are
controlled in the desired aircraft lateral-directional dynamics model: heading angle, w , and
side angle, £ . Therefore, it is necessary to adjust Eq. (2.34) to archive the desired state
variables. The angular kinematic equation, Eq. (2.26), is applied to Eq. (2.34). The

modified aircraft lateral-directional dynamics model thus can be rewritten as follows:

%XLD (t) = A pXp (t) +Bu,, (t)
Y, Y Y ¥ 0] RO
L/; L; L 0 0 L(;A L(;R
=|Ny N, N/ 0 0x,(t)+|N; L |uy,() (4.7)
0 1 0 0 O 0 0
0 0 1 0 0] 0 0

Y. (t) =CpX;p (t) =Lx,, (t)

The modified state variable is xzp(f) = [ p pr ¢ l//]T, and the input is uzp(?)

=[5 4 5R]T . Since these two dynamics models, longitudinal and lateral-directional

dynamics, are very similar in terms of the number of state variables and their order of the
control variables. Therefore, the aircraft lateral-directional dynamics model's reduced

matrices are identical to those of the aircraft longitudinal dynamics model. The overall
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servo state-feedback gain matrices of both dynamic models are also identical. These

matrices can be expressed as the following equation.

e The reduced matrices H,.p and H;p

01 0 00
H 0 01 00 dH 100000 (4.8)
ip = , an = .
o 71000 0 01
0 001 0
e The feedback loop gain matrix, K;zp, and the servo loop gain matrix, Gzp
K,, = [kzdz K kld4] and G, = [kldl kldS] (4.9)

e The overall servo state-feedback gain matrix for aircraft lateral-directional

dynamics servo state-feedback system

KA‘LD = [kldl kle kld3 kld4 kldS] (410)

4.2.3 The integrated aircraft flight dynamics model and ACDM-SS

In the preceding sections, the servo systems designed by the CDM for aircraft
longitudinal dynamics and aircraft lateral-directional dynamics have been obtained. The
structure of the Aircraft flight control CDM-designed Servo State-feedback system or
ACDM-SS, which serves as the reference model in the Aircraft flight control by CDM-

designed Model-Reference Adaptive System or ACDM-RAS, is illustrated in Figure 4.2.
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Figure 4.2. The structure of the ACDM-SS.

(Cited and partially modified from ref. 80).

The ACDMS-SS consists of three major parts: the aircraft longitudinal dynamics and
aircraft lateral-directional dynamics controllers and the integrated aircraft flight dynamics
linear model (A/C Model in Figure 4.3). This A/C model combines both the two derived
aircraft flight dynamics linear models, Eq. (4.2) and (4.7), as stated in the previous section.
This integrated aircraft flight dynamics model will also be used in the simulation to
investigate the ACDM-RAS's effectiveness later in Chapter 5. The structure of this

integrated aircraft flight dynamics model is expressed by the following equation.

(4.11)

T

where x() =[x, (1) %, (1) | andu( =[u, () w, (1) ] .
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4.3 ACDM-SS Design Procedures

“Aircraft flight control by CDM-designed Servo State-feedback system” or

ACDM-SS in Figure 4.3 uses CDM to design the overall servo state-feedback gain

matrices, Ky, and Kyp for aircraft longitudinal and lateral-directional dynamics. The

summary of the procedures to determine these overall servo state-feedback gain matrices

is given as follows.

1)

2)

3)

Determine the CDM's characteristic polynomial, Eq. (3.9), using the standard

stability index and the equivalent time constant recommended by CDM. The

standard stability index values are 2.5 for y, and 2 for y, to y,,, and the

equivalent time constant, 7, is 5.
Py (s)=as"+a, s"" +..+as+a,

Determine the coefficients of CDM's characteristic polynomial, obtained from
the first step, which are called CDM's coefficients. These CDM's coefficients
will be used to specify the characteristic polynomial of A, — B:K,z and Azp —
B.pK.p, which are closed-loop system equations of longitudinal and lateral-
directional dynamics parts.

Determine the characteristic polynomials of Az — B:Ksz and Azp — BLpKsip.
These polynomials are represented with respect to the unknown variables; ki
and ki, which are the elements of the overall servo state-feedback gain matrix;
K. and Kp, respectively. The coefficients are determined from each

polynomial.

P, (s)=a,, (ALU.,BLU,kh.)S” +a,, (ALU.,BLl.j,kh.)s”’1 +..+a,, (ALg;sBL;;’kzi)S
+a,,(A,.B

Lij Lij’kli
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4)

5)

_ n n—1
])LD (S) - aLDn (ALD{/’BLDz'j’kldi)S + aLDn—l (ALD{/’BLDij’kldi )S tot

T (ALDij NN ) S+ap (ALDz'j By ki )

Calculate the values of the overall servo state-feedback gain matrices by
matching CDM's coefficients with the polynomial coefficients from step 3.
Then the overall servo state-feedback gain matrix's values, Ky and Kzp, can

be obtained.

ap, (ALij’BLij’ kli) =a, A1pn (ALDij’ BLDij’kldi) =a,
Aryo (ALij’BLij’ ki)=a,, | ap,, (ALDij’BLDij’kldi) =a,,

ap (AngaBLg/a sz) =q a;pi (ALDij ’BLngokzd;) =4a

aro (ALgfoBLija kli) =4, Do (ALDi/"BLDij’kldi) =4,

Calculate the values of K; and G, from Ky, by using Eq. (4.4) and (4.6), and
K:p and G.p from K;p by using Eq. (4.9) and (4.10).

Remark: The adjustments are allowed to meet the system requirement if
required. The adjustments can be made through the CDM's parameters, the

stability index y,, and the equivalent time constant 7 . CDM strongly

recommends that the values of 7,, 7,,and 7, be 2.5, 2, and 2, respectively, and

the remaining gamma, y, to 7, , can arbitrarily be adjusted according to Eq.

(3.25) but should be chosen between 1.5 and 4. The value of 7 can arbitrarily
be adjusted according to Eq. (3.24). After adjusting the CDM's parameters,
repeat steps 2 to 5, and the coefficient diagrams can be used to investigate
system stability and response by considering the shape of the diagram in each

parameter adjustment process.
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4.4 ACDM-RAS Concept and Design

This section describes the concept of “Aircraft flight control by CDM-designed
Model-Reference Adaptive System” or ACDM-RAS. The structure of ACDM-RAS is
shown in Figure 4.3. The ACDM-RAS is the Model-reference adaptive system [93] —[96]
that adopts the ACDM-SS as the reference model. By the concept of the Model-reference
adaptive system, the performance of ACDM-RAS is expressed in the term of ACDM-SS.
ACDM-RAS has the reference model and adaptive mechanism as the essential part. These
parts make ACDM-RAS different from the ordinary feedback control system. The online
adaptive mechanism adjusts the controller parameters according to reducing the error
difference between the output of the system and the output of the reference model.
Therefore, ACDM-RAS responds to both the input commands and the output of the
reference model. Many methods and theories are available for adaptive mechanisms, such
as a gradient method or stability theory. ACDM-RAS uses the Lyapunov stability theory
to obtain an adaptive mechanism for the system of interest. The following sections show
how to prepare ACDM-SS to be the reference model and the processes to obtain the

adaptive mechanism.

B =t

Reference Model

A Adaptive

Mechanism

r(r) v

Controller

A/C Model —

v

Figure 4.3. The concept of the ACDM-RAS.
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4.4.1 The reference model by ACDM-SS

In the reference model preparation, only the aircraft longitudinal dynamics part is
used as an example. Find the servo state-feedback system by substituting the input uz(z),
Eq. (4.5) into the aircraft longitudinal dynamics model, Eq. (4.2). Then the servo state-

feedback system can be described as Eq. (4.12).

EXL (t) =A)X, (t) +B, (—KsLXL (z) +G,r1, t))

(
=A,x, (1)-B,Kx, (t)+B,G,r,(7) (4.12)
=(A,-B,K,)x, (t)+(B,G,)r,(¢)

Assign the following parameters for the reference model.

X, (1) =x, ()

AmL = AL _BLKsL

B =BG
mL L~L (413)
YL (t) =Y. (t)
C.=C,
Then, Eq. (4.12) can be rewritten as the reference model, Eq. (4.14).
d
Exml‘ (t) = AmLXmL (t) +BerL (t)
(4.14)

Y. (1)=C,.x,, ()

4.4.2 Adaptive mechanism
In order to obtain the adaptive mechanism based on the concept of ACDM-RAS,

Figure 4.3, the error equation is needed. This error equation is the difference between the
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output of the actual plant and the output of the reference model. Assuming the general

aircraft longitudinal dynamics to be controlled expressed as in Eq. (4.15),

d

EXaL (t) = AalXaL (Z) + BaLuaL (t)

, (4.15)
yaL (t) = CaLXaL (t)

the error equation for the aircraft longitudinal dynamics part can be described in Eq. (4.16),

and its time derivative is given in Eq. (4.17).

e=x,(t)-x,,(?) (4.16)
x5 (1)
( x,, (1)+Bu, (1))-(A,,x,, (t)+B,r (1)) (4.17)

=A, X, ( )+ B,u, (t) — A, X, ( )_ B,r, (t)
Let the control law u..(?) be given by Eq. (4.18).
u, (1)=-Mx_, (t)+Nr, (?) (4.18)

where the matrices M and N will be described later. Substituting the control law u..(¢) into
Eq. (4.17) and adding and subtracting A,X..(f) from the right-hand side of Eq. (4.17)

yields the time derivative of the error equation as in Eq. (4.19),

e=A,x, ()+Byu, (1)-A,x,, (£)-B,,r (t)
=A,e+(A,-B,M-A  )x, (t)+(B N-B, ) (1) (4.19)
:AmLe+(A (Q)-A'(Q ) +( Q,))r, (¢)
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where A'(Q) and B'(Q) are the functions that give the sufficient condition for perfect
model-following. A'(Q) and B'(€2) are described as in Eq. (4.20), and Q is the adaptive

parameter.

A'(Q)=AL -B, (—Q+K5_L)

B/(Q)=B, (2+G,) (420

Following this condition, Eq. (4.20), it is possible to find the parameter value €,

such that
A'(QO):AmL “20)
B'(Q,)=B,,

Therefore, the matrices M and N are described in term of Q as in Eq. (4.22).

M=-Q+K,
N=Q+G,

(4.22)

Assuming the parameter value ), equals zero because this value satisfies Eq.
(4.21), and substituting €2, into Eq. (4.19), the time derivative of error equation can be

rewritten again as in Eq. (4.23).

e=A e+B,QOx, +B,Or, (4.23)

The Lyapunov function [97] is introduced based on the error equation to derive the

adaptive mechanism as shown in Eq. (4.24).

V(e,Q)= %(ﬂLeTPe +x,Q'0x,, +1,/Q"Or,) ) (4.24)
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In this Lyapunov function V, A, is the adaptive gain for the aircraft longitudinal
dynamics part, and the matrix P is a positive definite matrix. Therefore, the function V is
also a positive definite. To verify the function V' is indeed a Lyapunov function, its total

time derivative needs to be examined

dVv 1 d d
E = —E /’LLeTQe + (XZLQT )(}%BZPQ + E(QXGL )j + (rLTQT )(/ILBZPe + E(QrL )j (425)

where the matrix Q is a positive definite matrix and must satisfy the following equation.
Al P+PA  =-Q (4.26)

The Lyapunov functions theorem for linear systems states that the pair of positive
definite matrices P and Q, which have the relationship as in Eq. (4.26), always exist if Auz
is stable. Since CDM designs A,.z, then stable. Therefore, the matrices P and Q exist. If

the adaptive gain A, is the positive number and the following equations are chosen to be

%(gxﬂ) _ _1,BPe
(4.27)
d r
E(QrL) =-1,B Pe
then Eq. (4.28) is obtained as
dv 1
E = —ElLeTQe (428)

By observing Eq. (4.28), the total time derivative of function V' is negative
semidefinite, implying that function V is the Lyapunov function. Using the Barbalat

theorem, it can be concluded that the error equation goes to zero when time goes to infinity
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under the assumption that all state variables are measurable. That implies that the response

of the actual plant is identical to the response of the reference model.

The control law u.z(¢) can be modified by using Eq. (4.18), (4.22), and (4.27), as

expressed in Eq. (4.29).

u, (1)=-Mx, +Nr,
=0x , -K x, +Qr, +G;r,

4.29
=4, [BjPe-K x,, — 4, [B[Pe+Gx, (3.29)

=-K_ x, +G,r, +A,

A, is assigned as the adaptive mechanism for the aircraft longitudinal dynamics

part and expressed in Eq. (4.30).
A, =-24, [B]Pe (4.30)

Due to the similarity between the two aircraft dynamics models, the control law

u,.p(f) and the adaptive mechanism A, for aircraft lateral-directional dynamics are

derived in the same way with aircraft longitudinal dynamics part and shown in Eq. (4.31).

W,p (t) = _KSLDXaLD + GLDrLD + ALD
(4.31)
A, =-24,, I BZDPe

Therefore, the overall control input, u(¢), for the ACDM-RAS in Figure 4.3 can be

expressed as Eq. (4.32).

u(t)=lu, (1) wu, ()] (4.32)
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Chapter 5

Flight Simulation

5.1 Overview

This chapter describes simulation results in which ACDM-RAS and ACDM-SS are
compared in their performance. Both of these control systems are designed base on the
CDM method as discussed in Chapter 4. The flight simulations are conducted by means of
MATLAB® & Simulink® [98] — [100]. Section 5.2 explains the numerical models which
are used to identify controller parameters and execute flight simulation. Section 5.3
investigates the reference model responses to the reference command in tracking command
and stabilizing. The final section, Section 5.4, compares ACDM-RAS with ACDM-SS

under various flight conditions.

5.2 Numerical Aircraft Dynamics Models
The numerical aircraft flight dynamics models come from the geometric and
dimensional stability derivatives of Cessna C182 aircraft. The initial and steady-state
conditions are the situation when the aircraft is on the cruise phase. The flight condition

data in this cruise phase are shown in Table 5.1 [81] [82].

Recall the aircraft longitudinal dynamics model Eq. (4.2) repeated here as Eq. (5.1).
The numerical model of this equation according to Cessna C182 in the flight condition on

Table 5.1 is expressed in Eq. (5.2).
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Table 5.1. Flight condition for Cessna C182 on cruise phase.

Parameter Symbol Value
Altitude (ft) h 5,000
Mach number M 0.201
Airspeed (ft/sec) v, 220.1
Dynamic pressure (Ibs/ft?) q 49.6
MAC Xeg 0.264
Angle of attack (deg) a, 0
d
EXL (1)=A,x, (t)+BLuL (t)
(5.1)
vy, (1)=C,x,(¢)
[—0.0456 19.4590 0 -322 0]
-0.0013 -2.0925 09706 0 0
A, =[0.0033 -13.9387 -6.8053 0 0
0 0 1 0 0
0 —220.1 0 220.1 0
(5.2)
0 0.0117] 1 0 0 0 0]
-0.2026 0 01 0 0O
B, =|-34.7359 0 , C,=[0 01 0O
0 0 0001 O
0 0 | 10 0 0 0 1]

For the numerical model of the aircraft lateral-directional dynamics, Eq. (4.7) and
is shown again in Eq. (5.3). Then the numerical model of this equation according to the

same flight condition as previous can be expressed in Eq. (5.4).
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d
—Xip (t) = ALDXLD (t) +BLDuLD (t)

dt
(5.3)
Yo (t) =C, X, (t)
[-0.1868 —0.0029 —0.9917 0.1463 0]
-30.25 -12.97 2.14 0 0
A, =927 -0.36 -1.21 0 0
0 1 0 0 0
K 0 1 0 0]
(5.4)
0 0.0889 ] 1 0 0 0 0]
75.06 4.82 01 0 0O
B,,=|-341 -10.19, C,,=/0 0 1 0 O
0 0 0 001 0
K 0 1 100 0 0 1]

These equations, Eq. (5.1) and (5.3), are used to design ACDM-SS and will be

described in the following section.

5.3 The Reference Model by ACDM-SS
The reference model in the proposed ACDM-RAS is the Aircraft flight control by
CDM-designed Servo State-feedback system or ACDM-SS. The structure of ACDM-SS is
shown in Figure 4.2. Procedures to design ACDM-SS by using CDM are the same as those
described in Section 4.3. The CDM's parameters, the stability index and the equivalent time
constant, have to be identified first. Then the closed-loop poles according to the CDM's
monic characteristic polynomial are obtained. Finally, based on these poles, the controller

gains are determined by using the conventional technique.
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5.3.1 The CDM's parameter

The CDM's parameters comprise the stability index, y,, the stability limit, 7,-* , and
the equivalent time constants, 7. The standard stability index values are chosen as the
initial value of y, following the CDM's recommendation, Eq. (3.23). At the same time, 7
are adjusted by following Eq. (3.24), and the y, relates to 7, in Eq. (3.5). After tunning
until obtained the desired system's response, the CDM's parameters are described as
followed.

For the aircraft longitudinal dynamics part, 7, and 7 are expressed in Eq. (5.5),

and the coefficient diagram is shown in Figure 5.1.

yy=25and y,=y,=y,=2 (5.5a)

r=1.1 (5.5b)

Figure 5.1. The coefficient diagram of the aircraft longitudinal dynamics part.

(Cited and partially modified from ref. 80).

For the aircraft lateral-directional dynamics part, 7, and 7 are expressed in Eq.

(5.6), and the coefficient diagram is shown in Figure 5.2.
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yy=25and y,=y,=y,=2 (5.6a)

r=4 (5.6b)

Figure 5.2. The coefficient diagram of the aircraft lateral-directional dynamics part.

(Cited and partially modified from ref. 80).

By observing both coefficient diagrams illustrated, found that both aircraft
dynamics systems are stable. And both systems have the same values of y,. However, the

aircraft longitudinal dynamics system has a faster response than the aircraft lateral-

directional dynamics system since it has less 7 value.

5.3.2 The controller gains of ACDM-SS

The overall servo state-feedback gain matrices, K, and K.p, can be determined
after the desired system response is obtained. First, the pole placement technique is used
to determine the values of K,z and Ks.p. The feedback loop gain (K and K;p) and the

servo loop gain (G and G.p) for both aircraft dynamics systems can be calculated by Eq.

(4.4) and (4.9).
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The controller gain matrices of the aircraft longitudinal dynamics system are given

in Eq. (5.7).
0.0044 3.6018 -0.2123  -6.0210 —0.0367 (57 2)
= 7Ta
12217777 —4.8475e+3 283.3598 6.5117e+3 66.4017
3.6018 -0.2123  -6.0210
L= (5.7b)
—4.8475¢+3 283.3598 6.5117¢+3
0.0044  —0.0367
;= (5.7¢)
221.7777 66.4017

The controller gain matrices of the aircraft lateral-directional dynamics system are

given in Eq. (5.8).

—0.2621 —-0.1354 0.0275 0.0462  0.1090 (5.83)
= 0 a
D1 21.3603 —0.0705 —0.1325 —0.2260 —0.8185
—-0.1354 0.0275 0.0462
D~ (5.8b)
-0.0705 —0.1325 —-0.2260
—-0.2621 0.1090 (5.89)
= O C
1213603 —0.8185

5.3.3 ACDM-SS response to tracking command

To investigate the performance of ACDM-SS, the A/C model uses the integrated
aircraft flight dynamics model, Eq. (4.11), as the system's plant with the numerical values
as stated in the previous sections. The reference commands or input command for
investigating tracking command behaviors are the altitude changing command and heading

changing command, as shown in Figure 5.3.
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Figure 5.3. The altitude and heading commands.

When these commands are applied to ACDM-SS, which is the reference model of

ACDM-RAS, the altitude and heading responses are shown in Figure 5.4.
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Figure 5.4. Responses of the reference model to tracking command.

Observing the reference model response from Figure 5.4 shows that the reference
model by ACDM-SS exhibits excellent behavior in tacking the changing commands both
in altitude and heading. However, the altitude response is faster than the heading response
when the command change occurs due to the difference in the value of 7 . The following
section will investigate the system's performance in stabilization under the constant

conditions.
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5.3.4 ACDM-SS in stabilization investigating

In this section, the Altitude Hold and Heading Hold are applied to ACDM-SS for

investigating the system stability. The Altitude is held at 5,000 feet, and the Heading is

held at 0 degrees. The Altitude Hold and Heading Hold responses are shown in Figure 5.5.
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(b) Heading versus time

Figure 5.5. The Altitude Hold and Heading Hold responses of the reference model.

From Figure 5.5, ACDM-SS also exhibits excellent behavior in aircraft stabilizing

at the constant altitude and heading without the steady-state error. The altitude disturbance
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signal and heading disturbance signals are assumed to occur to the system for investigating

the disturbance rejection behavior, as shown in Figure 5.6.

x10*

35

2.5
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(a) Disturbance signal occurs at 30 seconds

T T T T T

150

25 50 75 100 125
Time (s)

(b) Disturbance signal occurs at 90 seconds

Figure 5.6. The altitude and heading disturbance signals.

150

The disturbance signals are the impulse signal occur to altitude and heading at 30

and 90 seconds. The responses of ACDM-SS to these disturbances are shown in Figure

5.7. The disturbance rejection responses from both altitude and heading have overshoots
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when the disturbance signals occur. However, the overshoots are compensated in a short
period. Therefore, the response of the tracking command and the disturbance's rejection

leads to a conclusion that ACDM-SS is suitable to be the reference model for ACDM-RAS.
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Figure 5.7. Responses of the disturbance rejection behavior of ACDM-SS.
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5.4 ACDM-RAS Simulation
The proposed Aircraft flight control by CDM-designed Model-Reference Adaptive
System or ACDM-RAS has two essential parts. First is the reference model already
discussed in the previous section. What is left undiscussed is its adaptive mechanism.
Considering the adaptive mechanism from Eq. (4.30) and (4.31), two parameters have to
be stated: the adaptive gain A and the positive definite matrix P. The following sections
show the numerical value of the matrices P and the effect of various values of 4 followed

by the comparisons between ACDM-RAS and ACDM-SS.

5.4.1 The numerical values of the matrix P
The numerical values of the matrix P can be obtained by using Eq. (4.26) and let

the positive definite matrix Q be as in Eq. (5.9).

1 0 0 0 0]

0100 0
Q=0 01 0 0 (5.9)
00071 0

000 0 1]

Although the exact value of the matrix Q is used for Eq. (4.26), the values of the
matrix P are different for each aircraft dynamics part, the system matrices A, and A,Lp

are different.

The positive definite matrix P, for the aircraft longitudinal dynamics part is

expressed in Eq. (5.10).
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[0.1863  0.6148 -0.0500  —-0.9552 0.0027
0.6148  1.2925¢3  -32.3412 -1.6843e3 -24.1243
P, =| -0.0500 -32.3412 0.9490 42.7897 0.5316 (5.10)
-0.9552 -1.6843e3 42.7897  2.2025e3  30.8544
10.0027  -24.1243  0.5316 30.8544 0.5602

The positive definite matrix P;p for the aircraft lateral-directional dynamics part is

expressed in Eq. (5.11).

(10.2537 0.5650  —0.4463 1.9661  9.9438 |
0.5650 0.4469 —0.0988 0.4491 0.3731
P, =|-0.4463 -0.0988 0.3333 -0.1123 -0.0447 (5.11)
1.9661 0.4491 —-0.1123 1.6859 1.8824
19.9438  0.3731  -0.0447 1.8824  11.6369 |

According to the adaptive mechanism A, , Eq. (4.30), when the positive definite

matrices Pz and P;p are obtained from the previous section, the remainder essential part is

the adaptive gain 4, and 4,,.

5.4.2 The effect of the adaptive gain A

In this section, the effect of varying the value of A is investigated. For this purpose,
the Airlib [101] [102] tool block in the Simulink® program is used as the system's plant or
the A/C model in Figure 4.3. Airlib is a library of nonlinear general aircraft models. By
assigning the specific data of Cessna C182 on the mask of the Airlib model, the desired
aircraft model to be the plant of ACDM-RAS is obtained. The investigation of the effect
of 4 in ACDM-RAS is done similarly with the investigation performance of the reference

model in the previous section.

Nevertheless, obtaining the adaptive gain A is different from the matrix P. Because

there are no exact criteria for determining the value of 4. However, consideration from
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Eq. (4.28) implies that the value of 4 must be the positive number. Then, the time
derivative of function V is always the negative semidefinite function. Therefore, to
illustrate the effect of 4 in ACDM-RAS, each simulation compares the response of
ACDM-RAS with the reference command by various values of 4. The values of A are
varied in five steps from 10 until 10,000, both in the longitudinal and lateral-direction
dynamics. The reference commands or input commands applied to ACDM-RAS have the
same pattern as in Figure 5.3. The altitude responses of ACDM-RAS are shown in Figures

5.8 to 5.9, while the heading responses are shown in Figure 5.10.

6200 T T I
—alt. comd.
I —A=10
6000 A=100
See Figure 5.9. (a) —A=1,000
5500 - —A=10,000]
=
3
5600 - =
2]
=
£ 5400 ]
= See Figure§.9. (b)
< ee Fig 9.
5200 - J
5000
4800 : ! !
0 50 100 150 200 250 300
Time (s)

Figure 5.8. The altitude response of ACDM-RAS with the various 4.

From observing Figure 5.8, ACDM-RAS exhibits excellent altitude command
tracking in every value of 1. However, there are two periods that altitude response is
disturbed. These disturbances come from the effect of heading changing at 100 and 200
seconds. These effects of heading changing on altitude response are shown in Figure 5.9.
Although there are disturbances in those two periods, the magnitudes of responses are

different as shown in Figure 5.9 (a) and Figure 5.9 (b).
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Figure 5.9. The heading changing effect on the altitude response.

Meanwhile, ACDM-RAS exhibits excellent performance in heading response in
every value of 4 too. Significantly, the changes in altitude do not have any effect on the
heading response. However, the heading response seems slower than the altitude response.

For illustration, the heading response of ACDM-RAS is shown in Figure 5.10.
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Figure 5.10. The heading response of ACDM-RAS with the various 4.

In the next step, the stabilization performance of ACDM-RAS is investigated. The
command is applied to hold the system's altitude constant at 5,000 feet, and the heading is

held at 0 degrees. The ACDM-RAS's stabilization responses are shown in Figure 5.11.
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Figure 5.11 (a) shows that increasing the value of A reduces the settling time of
the altitude response and reduces the steady-state error. While in Figure 5.11 (b), increasing

A does not affect the Heading Hold response, ACDM-RAS exhibits excellent behavior in

the Heading Hold command with every value of 4.
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Figure 5.11. The altitude and heading stabilization response of ACDM-RAS.

The last step is a disturbance rejection investigation. By using the disturbance

signal as in Figure 5.6, the disturbance rejection responses are shown in Figure. 5.12.

75



5010

5007.5 |

5005 |

5002.5 |

4997.5 - |

Altitude (feet)
3
=

4995 -

4992.5 -

4990 :
0 25 50 75 100 125 150

Time (s)

(a) Altitude response with various values of 4

0.4 T

—hdg. comd.
—A=10
0.3 A =100
— A= 1,000
—A=10,000

<
o

e
—_
T

Heading (deg)
(=]

1 1 1
S &5 5
("] (3] —_—

T T

25 50 75 100 125 150
Time (s)

.I
RN
<

(b) Heading response with various values of 4

Figure 5.12. Responses of the disturbance rejection behavior of ACDM-RAS.

In disturbance rejection, changing the values of 4 makes significant differences
between the altitude and heading response. In the altitude response, increasing A yields
that the overshoot responses due to the disturbance signal have a similar shape and
magnitude of the first-half circle in every A . Nevertheless, in the second-half circle, the
shape and magnitude of the overshoot are considerably different when A is 10,000

compares with others. However, this value of 4 gives the system the fastest settling time
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and less steady-state error. While in the heading response, the disturbance signals are
compensated quickly and faster than the altitude response. In the meantime, the response's

oscillations are smoother, and the magnitudes are reduced when A increases.

From the previous discussion, the value-changing effect of the adaptive gain
lambda on ACDM-RAS influences the aircraft longitudinal dynamics part more than the
aircraft lateral-directional dynamics part. Changing in the value of the A resulted in a
significant change in the aircraft longitudinal dynamics part compared to the aircraft

lateral-directional dynamics part, for example, as in the system's stabilization.

5.5 ACDM-RAS vs. ACDM-SS
This section illustrates the comparison between ACDM-RAS and ACDM-SS. For
reasonable comparison, the Cessna C182 Airlib model is adopted to be the A/C model for
both systems. At the same time, the controller parameters of ACDM-SS are the same as in
the reference model, Eq. (5.7) and (5.8). ACDM-RAS uses the reference model from

Section 5.3, and the adaptive gains are 4, = 30,000 and A4,,, = 30 for longitudinal and

lateral-directional dynamics parts, respectively.

5.5.1 ACDM-RAS vs. ACDM-SS in tracking behavior
Apply the altitude and heading command from Figure 5.3 to both ACDM-RAS and
ACDM-SS. The responses of these two systems due to these commands are shown in

Figures 5.13 to 5.15.
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Figure 5.13. The altitude response due to altitude changing command.

From Figure 5.13, both ACDM-RAS and ACDM-SS exhibit excellent command
tracking behavior in altitude changing. However, although both systems have similar
effects from the heading changing, these effects are more significant differences in

magnitude on the ACDM-SS than ACDM-RAS, as shown in Figure 5.14 (a) and (b).
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Figure 5.14. The effect of heading changing on the altitude response.

From Figure 5.15, ACDM-RAS and ACDM-SS are still exhibiting good
performance in changing heading. However, the response of ACDM-SS is faster, but the

response of ACDM-RAS is smoother than ACDM-SS. From the previous discussion, it
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can be seen that ACDM-RAS exhibits better performance than ACDM-SS in tracking
command. Although in the heading response, ACDM-RAS response is slower than
ACDM-SS, this does not compensate for the effect of heading changing on the altitude

response.
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Figure 5.15. The heading response due to the changing heading command.

5.5.2 ACDM-RAS vs. ACDM-SS in the stabilization

In the aircraft stabilization investigation, the aircraft altitude is held at 5,000 feet,
and the heading is held at 0 degrees. Figure 5.16 shows the stabilization response compared
between ACDM-RAS and ACDM-SS. The altitude response from Figure 5.16 (a) shows
that both ACDM-RAS and ACDM-SS have an overshoot at the initial state and have the
error at steady-state. However, the magnitude of the overshoot and the steady-state error
of ACDM-RAS are smaller than ACDM-SS. There are no significant differences in the
heading response between ACDM-RAS and ACDM-SS. Both systems exhibit excellent
behavior in holding the heading without any overshoot or error at steady-state. Although
both ACDM-RAS and ACDM-SS have an overshoot at the initial state and the steady-state

error in altitude response, they have good efficiency in heading response. Therefore, it can
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be concluded that both ACDM-RAS and ACDM-SS have an excellent performance to

stabilize the aircraft at steady state.
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Figure 5.16. The Altitude Hold and Heading Hold response comparison.

The systems are still commanded to hold the altitude and the heading at 5,000 feet
and 0 degrees. Then the disturbance signals as in Figure 5.6 are applied to both ACDM-

RAS and ACDM-SS. The results are shown in Figure 5.17.
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Figure 5.17. The disturbance rejection comparison.

The results in Figure 5.17 clearly show that ACDM-RAS is more efficient than
ACDMS-SS regardless of whether the altitude response or heading response is considered.
Although in the altitude response, ACDM-RAS has a full circle of the overshoot due to the
disturbance, which is directly applied to the altitude, ACDM-RAS does not affect altitude

response from the disturbance, which is directly applied to the heading. At the same time,
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both systems do not have any effect from the altitude disturbance in the heading response.

However, ACDM-SS has a massive overshoot due to the heading disturbance.

5.6 ACDM-RAS Flight Path

For an illustration of the response of ACDM-RAS due to each altitude and heading
command, the 3-dimension flight paths are used to express more detail about the aircraft's
physical motion. Figure 5.18 shows the flight path I of ACDM-RAS, which is the flight
path of the response of ACDM-RAS from Figures 5.13 and 5.15. The flight path in Figure
5.19 is the response of ACDM-RAS when the altitude command is the ramp signal with
the slope of 20 feet per second, and the heading command is the ramp signal with the slope
of 0.5 degrees per second. The initial point coordinates of both flight paths are [0, 0, 5000]

in the [north, west, up] system.
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Chapter 6

Summary

This thesis aims to develop the aircraft flight control system based on the
Coefficient Diagram Method or CDM. CDM is used to design the two-servo state-feedback
systems for aircraft longitudinal and lateral-directional dynamics control. These servo
systems are called the Aircraft flight control by CDM-designed servo state-feedback
system or ACDM-SS. After the performance of ACDM-SS was investigated, the concept
of the Model-reference adaptive system was implemented for performance improvement
of ACDM-SS in case of dealing with a nonlinear aircraft model. Secondly, another type of
aircraft flight control system was introduced which is called the Aircraft flight control by
CDM-designed Model Reference Adaptive System or abbreviated as ACDM-RAS.
ACDM-RAS is the Model Reference Adaptive System, which uses ACDM-SS as the
reference model. Performance comparison was made between ACDM-SS and ACDM-
RAS through simulation in various situations. The simulation results show that both
ACDM-SS and ACDM-RAS exhibited a satisfactory performance as aircraft flight control
system, while ACDM-RAS tuned out to perform better than ACDM-SS, especially under

the presence of nonlinearity in aircraft model.

6.1 Conclusions
ACDM-RAS and ACDM-SS can control aircraft longitudinal and lateral-direction
dynamics motion simultaneously. Satisfactory responses to the reference commands of
changing altitude and heading are confirmed for both systems. Both ACDM-RAS and

ACDMS-SS respond to the Altitude Hold command with small error values at the steady-
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state, while the Heading Hold command has no error values. ACDM-RAS and ACDM-SS
can also compensate for the disturbance signals which come from the external systems.
Using the servo state-feedback system as the central controller in ACDM-SS makes the
structure of ACDM-SS straightforward and can be modified easily to meet the designer's
requirement. These benefits of using the servo state-feedback system can be verified by
comparing ACDM-SS with the previous aircraft flight control systems based on the servo
state-feedback system [77] — [80]. Use of CDM as the controller design technique for
ACDM-SS can dramatically reduce the complexity in controller design processes. CDM is

an algebraic approach in controller design with only three design parameters, the stability
index, y,, the equivalent time constant, 7, and the stability limit, y; . These parameters

make CDM's concept easy to understand even for ordinary engineers or technicians. CDM
recommends the standard stability index values, and the coefficient diagram allows the
designer to have excellent criteria or decision-making for design parameter tuning,
guaranteeing the balance of system stability, response, and robustness. Although ACDM-
SS exhibits excellent performance in the simulation with the linear aircraft model as

verified in sections 5.3.3 and 5.3.4, there are some defects in the nonlinear aircraft model.

In order to keep the excellent characteristic of ACDM-SS when applied to the linear
aircraft model while eliminating or reducing the defect observed in case of a nonlinear
aircraft model, the model reference adaptive system technique is implemented to ACDM-
SS. This reason is that the derivation of ACDM-RAS and ACDM-RAS is designed based
on the Lyapunov stability theory. There is only one controller gain, adaptive gain A, in the
adaptive part. Although there is no exact rule for tunning the A4, the value of A is easily
obtained. It can be concluded that the value of A must be only a positive number.
Therefore, the value of 4 can be obtained by simple trial and error with the positive

number.
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The comparison between ACDM-RAS and ACDM-SS applied to nonlinear aircraft
models is done through the simulation with the same procedure done with ACDM-SS. The
results show that ACDM-RAS can eliminate or compensate for the defects of ACDM-SS
all in tracking, stabilization, and disturbance rejection. Mainly, ACDM-RAS exhibits
excellent behavior in stabilization both with or without the disturbance signals. Both
ACDM-SS and ACDM-RAS were found to achieve a good performance as an aircraft
flight control system, and the presence of ACDM-RAS helps improve the performance of
ACDM-SS even better. The structures of both systems are straightforward, while the
design processes are not complex and do not need deep control background and

mathematical background.

6.2 Suggestions

Although ACDM-RAS can be considered as an efficient flight control system, there
are still guidelines for further development in many ways. An example is the aircraft model
development, and it is clear that the aircraft model is of paramount importance in designing
the aircraft flight control system. Many essential variables are needed for aircraft modeling,
such as the aerodynamic coefficient, static stability, and dynamic derivative characteristics.
These variables usually depend on various factors, such as the aircraft type or flight
condition. If the vast data of these essential variables can be obtained, the accuracy of the
aircraft modeling will be immensely increased and yield more effective aircraft flight
control system designing. Solutions to determine these essential data can be explored in
many ways, such as physical methods or calculations. An example of the physical method
is the use of a wind tunnel. Although a wind tunnel has high accuracy, this method needs
high operation costs and maintenance. An example of the calculation method is the use of

a computer program or application. Using these programs to determine the essential data
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for aircraft modeling may be less accurate than using the wind tunnel, but this method has
less operation cost and no maintenance. There are many programs which can be used to
determine the essential data for aircraft modeling, such as Digital Datcom [103] [104],
Athena Vortex Lattice AVL [105], and OpenVSP [106]. Another method for further
development is to use a flight simulator. The main advantages of the flight simulator are
safety and sparing costs. A simulator can display the dynamics of test aircraft, which is an
advantage before an actual flight test. The use of a flight simulator program also helps to
increase the credibility of the aircraft modeling and response. Examples of flight simulators

are FlightGear [107] and JSBsim [108].

6.3 Future Work
This thesis focuses on developing the aircraft flight control system, an effective
system with powerful design techniques. The following is a list of future works that can be
explored based on these proposed systems.
e The loss in flight or the malfunctioning flight control surface: Use ACDM-RAS as
the baseline to develop a flexible aircraft flight control system for C182 aircraft.
When encountering a situation in which some flight control surfaces are damaged
or malfunction during flight, this flexible aircraft flight control system should have
the ability to retain the stability of the aircraft to continuously safe flight or landing.
e The flight control system for the new aircraft type: Based on ACDM-RAS, the
flight control system for the new aircraft type can be developed. This aircraft may
be equipped with the different control surfaces from C182, but it still has the flight

quality with the ACDM-RAS.
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Appendix A

Cessna 182

The Cessna 182 (called C182) is a light utility aircraft from Cessna Aircraft
Company, USA. The Cessna 182 was first introduced in 1956 and is still in production
since C182 is the one of most popular aircraft models of Cessna Company. The C182 is a
four-seat, single-engine light airplane, tricycle gear, and has various options to meet the
objectives such as adding two child seats by installed in the baggage area or modify to be
retractable gear type aircraft.

The useful information used in the thesis are described as follows.

General characteristics

e Crew: 1

e Capacity: 3 passengers

e Length: 28 ft 0 in (8.53 m)
e Wingspan: 36 ft0in (10.97 m)
e Height: 9 ft3in (2.82 m)

e Wing area: 174 sq ft (16.2 m2)
e Empty weight: 1,700 b (771 kg)

e Max takeoff weight: 2,950 Ib (1,338 kg)
e Powerplant: 1 x Lycoming O-470-U 230 hp (170 kW)

e Propellers: 3-bladed constant speed
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Performance

Maximum speed:

Cruise speed:
Stall speed:
Range:

Service ceiling:

Rate of climb:

148 kn (170 mph, 274 km/h)
144 kn (166 mph, 267 km/h)
56 kn (65 mph, 104 km/h)
880 nmi (1,013 mi, 1,630 km)
16,500 ft (5,029 m)

1010 ft/min (5.13 m/s)

Dynamics mode approximation

Longitudinal dynamics part

Short period:

Phugoid:

cp =0.8442 @, =52709

¢, =0.1284 @, =0.1713

Lateral-directional dynamics part

Dutch roll:
Spiral:

Rolling:

Cpr =02064 @ . =3.2456
T, =55.8659

T, =0.0769
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(a) Side view

(b) Front view

Figure A.1. Cessna C182 from FligthGear Flight Simulator

91



Appendix B

MATLAB® M-File

An M-files are the text files with an extension ‘m’ containing MATLAB®
commands. When the M-file is run, all MATLAB® commands in the file are executed
together. An M-file can be created or modified through the MATLAB® editor. This thesis
uses the following M-file to calculate the controller's parameters for both ACDM-RAS and

ACDM-SS and cooperates with Simulink® for flight simulation.
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R R R b A b b b b b b b b b b b b 4 b d b d b b I b b b b b b b b b b g b I b I b b b b b b i b g b g o

Cessna 182 Model
Aircraft Dynamics, Marcello N apolitano
% Modern Flight Dynamics, David K. Schmidt

%******************************************************

o o°

o°

clear;

clc;

ver = 'acdm ras';
ver

R iR iR ah S d b b b b Sb S g b b b b ab S g 2 b b b b SR g b b b b b S A b b b b b SR 4 b b b b Ib SR S 2 b b b b ¢

Cessna 182 data

R R R A b A b b b b b b b b b b b b g b d b I b b b b b b b b b b b b A b g b I b I b b b b b b b b b b g 4

Geometric data

= 174; % Wing surface, ft"2
B = 4.9; % Mean Aerodynamic Chord (MAC), ft
= 36; % Wing span, ft

Flight conditions data

2 m o O Q U 0 ae o0 oP
o
)
=

= 5000; % Altitude, ft

= 0.201; % Mach number
V pl = 220.1; % True airspeed, ft/sec 220.1
Qbar = 49.6; % Dynamic pressure, lbs/ft”2
xbar CG = 0.264; % Location of CG (% of MAC)
alpha 1 = 0; % Steady state angle of attack, deg
theta 1 = 0;
g = 32.2;
% Mass and Inertial data
M = 2650; % Mass, lbs
I XX = 948; % Moment of Inertia x-axis, slug ft"2
I YY = 1346; % Moment of Inertia y-axis, slug ft"2
I 722 = 1967; % Moment of Inertia z-axis, slug ft"2
I X2=0; % Product of Inertia x-axis, slug ft"2
% Longitudinal dimensional stability derivatives
X u = -0.0304;
X Tu = -0.0152;
X alpha = 19.459;
X deltakE = 0;
X deltaT = 0.0117;
Z u = -0.2919;
Z alpha = -4064.71;
Z alphaDot = -1.98;
Zz q = -4.542;
Zz deltak = —44.985;
Z deltaT = 0;
M u = 0y
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M Tu = 0;

M alpha = -19.26;
M Talpha = 0;

M alphaDot = -2.543;
M g = —-4.337;
M deltakE = -35.251;
M deltaT = 0y

% Lateral-Directional dimensional stability derivatives

Y beta = -41.11;
Y p = -0.042;
Y r = 1.831;
Y deltaA = 07

Y deltaR = 19.56;
L beta = -30.25;
Lp = -12.97;
L r = 2.14;

L deltaA = 75.06;
L deltaR = 4.82;

N beta = 9.27;

N Tbeta = 0;

N p = -0.36;
N r = -1.21;
N deltaA = -3.41;
N deltaR = -10.19;

%******************************************************

R R A b A b I b b b b b b b b b b d b d b I b b I b b b b b b b b A b I b I b I b b b b b b b b b b g 4

o°

o\°

Longitudinal aircraft dynamics equation
R R b b b b b b b b b b b b b b b b b d b db b b b b b b b b b b b b b b g b I b I b b b b b b b b g b g 4

o\°

% x _Long = [u; alpha; qg; theta; h]

% y Long = [u; alpha; qg; theta; h]

% u Long = [deltaEk; deltaT]

% u = velocity (along the X axis), fps

% alpha = longitudinal angle of attack, rad

% q = pitch angular rate (around the Y axis),
rad/sec

% theta = Euler pitch angle, rad

% h = altitude in an earth-fixed reference frame, ft
% deltaE = elevator deflection, rad

o\°

deltaT = Thrust, 1lbf

Xprime u = X u + X Tu;
Xprime alpha = X alpha;
Xprime g = 0;
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Xprime theta = -1l*g*cos(theta 1);

Zprime u = 72 u/(V pl - Z alphaDot);

Zprime alpha = Z alpha/(V_pl - Z alphaDot);

Zprime g = (Z g+ V pl)/(V.pl - Z alphaDot);
Zzprime theta = -1*g*sin(theta 1)/(V_pl - Z alphaDot);

Mprime u (M_alphaDot*Zprime u) + M u;

Mprime alpha = (M alphaDot*Zprime alpha) + M alpha;
Mprime g = (M alphabDot*Zprime q) + M qg;

Mprime theta = M alphaDot*Zprime theta;

a L11 = Xprime u;

a L12 = Xprime alpha;
a L13 = Xprime qg;

a L14 = Xprime theta;
a L15 = 0;

a L21 = Zprime u;

a L22 = Zprime alpha;

a L23 = Zprime qg;

a L24 = Zprime theta;
a L25 = 0;

a L31 = Mprime u;

a L32 = Mprime alpha;
a L33 = Mprime qg;

a L34 = Mprime theta;
a L35 = 0;

a L4l 0;

a L4z = 0;

a L43 = 1;

a L44 = 0;

a L45 = 0;

a L51 = 0;

a L52 = -1*V pl;

a L53 = 0y

a L54 = V pl;

a L55 = 0;

Xprime deltakE = X deltak;
zprime deltaE = Z deltakE/(V_pl - Z alphaDot);
Mprime deltakE = (M alphabDot*Zprime deltak) +
M deltak;

Xprime deltaT = X deltaT;
zprime deltaT = 7Z deltaT;
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Mprime deltaT = M deltaT;

b L1l = Xprime deltak;
b L12 = Xprime deltaT;
b L21 = Zprime deltak;
b L22 = Zprime deltaT;
b L31 = Mprime deltak;
b L32 = Mprime deltaT;
b L4l = 0;

b L42 = 0;

b L51 = 0;

b L52 = 0;

A Long = [a L1l a L12 a L13 a L14 a L15;

a 121 a 122 a 123 a L24 a L25;
a L31 a L32 a L33 a L34 a L35;
a L4l a L42 a L43 a L44 a L45;
a L51 a L52 a L53 a L54 a L55];

B Long = [b L11 b L12;
b L21 b L22;
b IL31 b L32;
b L4l b LA42;
b L51 b L52];

C Long = eye(5);

D Long = zeros(5,2);

D R R A I R R T S T S O S I S A B S S S T S SR S OB S T S S I S B S T S R e S OB S B B A B S S S

R R A b A b b b b b b b b b b b b d b d b d b b b b b b b b b b b A b A b I b I b b b b b b b b b b g 4

o°

o\°

Servo system for Longitudinal aircraft dynamics
R R A b A b b b b b b b b b b b b d b I b d b b b I b b b b b b b b A b A b I b b b b b b b b b b b g 4

o°

o°

Servo output u and h

H L = [1 00 0 O;
0 0O0O0T1];
H rL = [01 00 0;
0010 0y
0 001O0];
% Characteristic polynomial of servo system (Open Loop)
P A sL = poly (A Long);
R P A sL = roots(P_A sL);
%* R R a2 b b b b Ib S b b b b S A 2 b b b IR db A b b b b db IR A S b b b b db S b b b b dh dh g 2 b b 4
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R R b A b b b b b b b b b b b b b b d b b b I b b b b b b b b b b A b b I b I b b b b b b b b g b g 4

o\

Longitudinal servo state feedback system by CDM

R R dR ah S d b b b b Sb S A b b b b b S A 2 b b b Ib SR g 4 b b b I S S b b b b b db 4 S b b b Ib SR S 2 b b b b ¢

o° o oo

Longitudinal stability index

g _sLl = 2.5;

g _sL2 = 27

g sL3 = 2;

g sL4 = 27

tau sL =1.1; 5 1.1

% Longitudinal CDM coefficient

a_ sLO = 0.2;

a_sLl = a_ sLO*tau_sL;

a sL2 = (a_sLl*tau sL)/g sLl;

a sL3 = (a_sL2*tau sL)/ (g sLl*g sL2);
(a_sL3*tau sL)/ (g _sLl*g sL2*g sL3);

a sL4 =
a sL5 =
(a_sL4*tau sL)/ (g _sLl*g sL2*g sL3*g sL4);

Longitudinal CDM monic polynomial & poles

o
°
o

°

P cdm sL = [a sL5 a sL4 a sL3 a sL2 a sLl a sLO];
P cdm sL = [a sL5/a sL5 a sL4/a sL5 a sL3/a sL5
a sL2/a sL5 a sLl/a sL5 a sL0/a sL5];
R cdm sL = roots (P _cdm sL);

[e)

% Longitudinal CDM gains

Ks L = place (A Long,B Long,R cdm sL);
K L = [Ks L(:,2) Ks L(:,3) Ks L(:,4)];
G L = [Ks L(:,1) Ks L(:,5)];

pLfb = poly(A Long - B Long*Ks L);

D R R A I I R I R S T S O S I A B S S S T S R T S O S T S I S S S T S AR e S OB S T S A B S S S

R dR iR A A b b b db b A b b b b S A b b b b IR A b b b b b S d b b b b IR IR A b b b b AR S S b b b b ¢

Lateral-Directional aircraft dynamics equation
Rk g b b b db b Ib b b b b b b b b b b b b db b b b b b b b b b b b b b b d b A b I b b b I b db b db b b b b g 4

o® o© 0© 0° 0° o o©°

x LatDir = [beta; p; r; phi; psi]
y LatDir = [beta; p; r; phi; psi]
u LatDir = [deltaldA; deltaR]
beta = sidesplip angle, rad
$p = roll rate, rad/sec
$ r = yaw rate, rad/sec
% phi = bank angle, rad
% psi = heading angle, rad
% deltaA = aileron deflection, rad
% deltaR = rudder deflection, rad
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Yprime beta = Y beta/V _pl;

Yprime p =Y p/V pl;

Yprime r = (Y r -V pl)/V pl;

Yprime phi = g*cos(theta 1)/V pl;

T 1 = I XZ/T_XX;

I 2 = 1 XZ/1 77Z;

Lprime beta = (L beta + I 1*N beta)/(1 - I 1*I 2);

Lprime p = (Lp+ I 1*Np)/(1 - I 1*I 2);
Lprime r = (Lr +I1*N r)/(1 - I 1*I 2);

Nprime beta = (I _2*L beta + N beta)/(1 - I 1*I 2);
Nprime p = (I 2*L p + Np)/(1 - I 1*I 2);
Nprime r = (I 2*L r + Nr)/(1 - I 1*I 2);
a LD11 = Yprime beta;

a LD1Z = Yprime p;

a LD13 = Yprime r;

a LD14 = Yprime phi;

a LD15 = 0;

a LD21 = Lprime beta;

a LD22 = Lprime p;

a LD23 = Lprime r;

a LD24 = 0y

a LD25 = 0;

a LD31 = Nprime beta;

a LD32 = Nprime p;

a LD33 = Nprime r;

a LD34 = 0;

a LD35 = 0;

a LD41 = 0y

a LD42 = 1;

a LD43 = 0; Stan(theta 1) or O (IREASE)
a LD44 = 0y

a LD45 = 0;

a LD51 = 0;

a LD52 = 0;

a LD53 =1; % 0 or 1(IREASE);

a LD54 = 0; % g/V_pl or O(IREASE);

a LD55 = 0;

Yprime deltaA Y deltaA/V pl;
Yprime deltaR Y deltaR/V pl;
Lprime deltaA = (L deltaA+I 1*N deltaldA)/(1-I 1*I 2);
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Lprime deltaR = (L deltaR+I 1*N deltaR)/(1-I 1*I 2);

Nprime deltaA = (I 2*L deltaA+N deltaA)/(1-I 1*I 2);
Nprime deltaR = (I 2*L deltaR+N deltaR)/(1-I 1*I 2);
b LDI11 = Yprime deltaA;

b LD12 = Yprime deltaR;

b LD21 = Lprime deltah;

b LD22 = Lprime deltaR;

b LD31 = Nprime deltaA;

b LD32 = Nprime deltaR;

b LD41 = 0;

b LD42 = 0;

b LD51 = 0;

b LD52 = 0;

A LatDir = [a LD1l1 a LD12 a LD13 a LD14 a LD15;

a LD21 a LD22 a LD23 a LD24 a LD25;
a LD31 a LD32 a LD33 a LD34 a LD35;
a LD41 a LD42 a LD43 a LD44 a LD45;
a LD51 a LD52 a LD53 a LD54 a LD55];

B LatDir

[b LD11 b LD12;
1*b LD21 b LD22;
b 1D31 b LD32;
1*b LD41 b LD42;
1*b LD51 b LD52];

C LatDir eye (5);
D LatDir = zeros(5,2);

%******************************************************

%******************************************************

[

% Servo system for Lateral-Directional aircraft
dynamics
%******************************************************

Q

% Servo output beta and psi

H LD = [1 0 0 0 0;
0 00O01];

H rLD = [01 0 0 0;
0010 0;
00 010];

% Characteristic polynomial of servo system (Open Loop)
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P A sLD = poly (A LatDir);
R P A sLD = roots(P_A sLD);
%******************************************************

%******************************************************
% Lateral-Directional servo state feedback system by
CDM

%******************************************************

% Lateral-Directional stability index

g sLDI1 = 2.5;

g _sLD2 = 27

g sLD3 = 2;

g sLD4 = 2;

tau sLD = 4, % 4 (IREASE)

% Lateral-Directional CDM coefficient
a sLDO = 0.2;

a sLDl = a sLDO*tau_sLD;

a sLD2 = (a sLDl*tau sLD)/g sLD1;

a sLD3 = (a_sLD2*tau sLD)/ (g sLDl*g sLD2);

a sLD4 = (a_sLD3*tau sLD)/ (g sLDl*g sLD2*g sLD3);
a sLD5 =

(a_sLD4*tau sLD)/ (g _sLDl*g sLD2*g sLD3*g sLD4);

Lateral-Directional CDM monic polynomial & poles

o o©

P cdm sLD = [a sLD5 a sLD4 a sLD3 a sLD2 a sLD1
a sLDO];
P cdm sLD = [a sLD5/a sLD5 a sLD4/a sLD5 a sLD3/a sLD5

a sLD2/a sLD5 a sLDl/a sLD5
a sLD0/a sLD5];
R cdm sLD = roots (P _cdm sLD);

[e)

% Lateral-Directional CDM gains

Ks LD = place (A LatDir,B LatDir,R cdm sLD);
K LD = [Ks LD(:,2) Ks LD(:,3) Ks LD(:,4)];
G LD = [Ks LD(:,1) Ks LD(:,5)]1;

pLDfb = poly (A LatDir - B LatDir*Ks LD);

P R R R R I I I S R S I A I S R T S R I S O S I S I S S R T S A e S O S T S A I S B S

R R dR IR I b b b b b db 2 b b b b b S A 2 b b b b IR A b b b b b SR A b b b b IR IR S S b b b b IR S S b b b b ¢

o° oo

Entrie aircraft dynamics equation

i b b b b b b b b b i b b b b b b b b b b i b b b b i b b b b b i b b b b i i b b b I i b b b b b b b g 4
[u; alpha; g; theta; h; beta; p; r; phi; psil]

[u; alpha; g; theta; h; beta; p; r; phi; psi]

= [deltaE; deltaT; deltaA; deltaR]

o° o° o o°

oKX
Il
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A = [A Long zeros (5) ;
zeros (5) A LatDir];

B = [B Long zeros (5,2);
zeros (5,2) B LatDir];

Q
|

[C_Long zeros (5,5);
zeros(5,5) C LatDir];

D = zeros(10,4);

%******************************************************

coefplot 2 3; % CDM diagram plot

LR R A b A b I b b b b b b b b b b g b d b A b d b b S b b b b b b b b b b b I b A b b b db b A b b b b i 4

o°

o\°

Adaptive Control section
R R R A b b b b b b b b b b b b b b 4 b db b db b I b b b b b b b b b b A b b b I b I b b b b b b b b g b g 4

o\°

R dR I A A b b b A dh A b b b b dh A b b b db IR A b b b b b S A b b b b b dh d b b b b A A S b b b b ¢

o\°

Q

% Longitudinal reference model
%******************************************************

AmL = A Long - B Long*Ks L;

% Amv's elements from matrix test.m

AmvL = [2*AmL(1,1) 0 O 0O O 2*AmL(2,1) 2*AmL(3,1)
2*AmL(4,1) 2*AmL(5,1) 0 0 O 0 O 0O;

0 2*AmL(2,2) 0 0 0 2*AmL(1,2) O O O 2*AmL(3,2)
2*AmL (4,2) 2*AmL(5,2) 0 0 O;

0 0 2*AmL(3,3) 0 0 0 2*AmL(1,3) 0 O 2*AmL (2, 3)
0O 0 2*AmL(4,3) 2*AmL(5,3) 0;

0 0 0 2*AmL(4,4) 0 0 0 2*AmL(1,4) 0 O
2*%AmL (2,4) 0 2*AmL(3,4) 0 2*AmL(5,4);

0000 2*AmL(5,5) 0 0 0 2*AmL(1,5) 0 O
2*%AmL (2,5) 0 2*AmL(3,5) 2*AmL(4,5);

AmL (1,2) AmL(2,1) 0 0 O AmL(1,1)+AmL(2,2)
AmL(3,2) AmL(4,2) AmL(5,2) AmL(3,1)
AmL (4,1) AmL(5,1) 0 0 O

14

AmL(1,3) 0 AmL(3,1) 0 O AmL (2, 3)
AmL(1,1)+AmL(3,3) AmL(4,3) AmL(5,3)
AmL(2,1) 0 0 AmL(4,1) AmL(5,1) O;
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gLl =

qgL2
gL3
glL4
qgLb

qgL6
qgL7
qL8
qgL9
gLl1l0
glLll
qgLl2
gLl3
qglLl4
glLl5

= glL4;

1;

qLl;
qL2;
glL3;

0;

qglL6;
qlL7;

qlL8

gL
gL
gL
gL
gL

AmL(1,4) 0 O AmL(4,1) O AmL(2,4) AmL(3,4)
AmL(1,1)+AmL(4,4) AmL(5,4) 0 AmL(2,1) O
AmL(3,1) 0 AmL(5,1);

AmL(1,5) 0 0 O AmL(5,1) AmL(2,5) AmL(3,5)
AmL (4,5) AmL(1,1)+AmL(5,5) 0 0O AmL(2,1) O
AmL(3,1) AmL(4,1);

0O AmL(2,3) AmL(3,2) 0 0 AmL(1,3) AmL(1,2) O

0 AmL(2,2)+AmL(3,3) AmL(4,3) AmL(5,3) AmL(4,2)
AmL (5,2) 0;

O AmL(2,4) 0 AmL(4,2) 0 AmL(1,4) 0 AmL(1l,2)

0 AmL(3,4) AmL(2,2)+AmL(4,4) AmL(5,4)

AmL (3,2) 0 AmL(5,2);

O AmL(2,5) 0 0 AmL(5,2) AmL(1,5) 0 O AmL(1,2)
AmL(3,5) AmL(4,5) AmL(2,2)+AmL(5,5) 0 AmL(3,2)
AmL (4, 2);

0 0 AmL(3,4) AmL(4,3) 0 0 AmL(1,4) AmL(1,3) O
AmL(2,4) AmL(2,3) 0 AmL(3,3)+AmL (4,4) AmL(5,4)
AmL (5, 3) ;

O 0 AmL(3,5) 0 AmL(5,3) 0 AmL(1,5) O AmL (1, 3)
AmL(2,5) 0 AmL(2,3) AmL(4,5) AmL(3,3)+AmL(5,5)
AmL (4, 3) ;

0O 0 0 AmL(4,5) AmL(5,4) 0 O AmL(1,5) AmL(1,4)
O AmL(2,5) AmL(2,4) AmL(3,5) AmL(3,4)
AmL (4,4)+AmL (5,5) 1;

14
14
14

14

9;

10;
11,
12;
13;
14,
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QL = [gLl gL6 gL7 gL8 qgL9;
gl6 gL2 gL10 gLl1l gLl1l2;
gL7 gL10 gL3 qgLl13 gLl4;
glL8 gLll gL13 gL4 gLl15;
qgL9 gLl12 gLl4 gLl1l5 gL5];

QvL = -
1*[gLl;gL2;9gL3;9gL4;9gL5;9gL6;9gL7;9gL8;9gL9;gL10;gLll;gLl12;qg
L13;9L14;gLl5];

PvL = AmvL\QVL;

PL = [PvL(1l,1) PvL(6,1) PvL(7,1) PvL(8,1) PvL(9,1);
PvL(6,1) PvL(2,1) PVL(lO 1) PVL(ll 1) PVL(12 1);
PvL(7,1) PvL(10,1) PvL(3,1) PvL(13,1) PvL(14,1);
PvL (8, 1) PvL(ll 1) PVL(13 1) PvL(4,1) PvL(1l5,1);
PvL(9,1) PvL(12,1) PvL(14,1) PVL(15 1) PvL(5,1)1;

lambdaL = 30000; % 30000 (IREASE) 200000 1000000

o)

% Test matrix PL
ePL = eig (PL);
nQL = (AmL.'*PL)+ (PL*AmL) ;

N RO A I I R T S S T S OB S T B A S S B S S S SR S B S B S S B S B S T S O e S OB S B B A S S S S

D R R A I R R T S T S O S I S A B S S S T S SR S OB S T S S I S B S T S R e S OB S B B A B S S S

% Lateral-directional reference model
%******************************************************

AmLD = A LatDir - B LatDir*Ks LD;

% Amv's elements from matrix test.m

AmvID = [2*AmLD(1,1) 0 O 0 O 2*AmLD(2,1) 2*AmLD(3,1)
2*AmLD(4,1) 2*AmLD(5,1) 0 0 0 0 0 O;

0

0

0 2*AmLD(2,2) 0 0 0 2*AmLD(1,2) 0 O
) 0 0;

2*AmLD (3,2) 2*AmLD(4,2) 2*AmLD (5,2

0 0 2*AmLD(3,3) 0 0 0 2*AmLD(1,3) 0 O
2*AmLD(2,3) 0 O 2*AmLD (4,3) 2*AmLD(5,3) O;

0 0 0 2*AmLD(4,4) 0 0 0 2*AmLD(1,4) 0 O
AmMLD(2,4) 0 2*AmLD(3,4) 0 2*AmLD(5,4)

000 0 2*AmLD(5,5) 0 0 0 2*AmLD(1,5) 0 O
2*AmLD (2,5) 0 2*AmLD(3,5) 2*AmLD (4,5) ;
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gLDl =

qgLD2
gLD3
qglLD4

gLD5 =

gLD6

AmLD(1,2) AmLD(2,1) 0 0 O AmLD(1,1)+AmLD(2,2)
AmLD (3,2) AmLD(4,2) AmLD(5,2) AmLD(3,1)
AmLD(4,1) AmLD(5,1) 0 0 O

r

AmLD(1,3) 0 AmLD(3,1) 0 0 AmLD(2,3)
AmLD(1,1)+AmLD(3,3) AmLD(4,3) AmLD(5,3)
AmLD(2,1) 0 0 AmLD(4,1) AmLD(5,1) 0;

AmLD(1,4) 0 O AmLD(4,1) O AmLD(2,4) AmLD(3,4)

AmLD (1, 1)+AmLD (4,4) AmLD(5,4) 0 AmLD(2,1) O
AmLD(3,1) 0 AmLD(5,1);

AmILD(1,5) 0 O AmLD(5,1) AmLD(2,5) AmLD(3,5)
AmLD(4,5) AmLD(1,1)+AmLD(5,5) 0 O AmLD(2,1)
0 AmILD(3,1) AmLD(4,1);

0 AmLD(2,3) AmLD(3,2) 0 O AmLD(1,3) AmLD(1,2)

0 0 AmLD(2,2)+AmLD(3,3) AmLD(4,3) AmLD(5,3)
AmLD(4,2) AmLD(5,2) O;

0 AmLD(2,4) 0 AmLD(4,2) 0 AmLD(1,4) O
AmLD (1, 2) 0 AmLD (3, 4)

AmLD (2, 2) +AmLD (4, 4) AmLD (5, 4)
AmMLD(3,2) 0 AmLD(5,2);

0 AmLD(2,5) 0 0 AmLD(5,2) AmLD(1,5) 0 0
AmLD(1,2) AmLD(3,5) AmLD(4,5)
AmLD (2, 2)+AmLD(5,5) 0 AmLD(3,2) AmLD(4,2);

0 0 AmLD(3,4) AmLD(4,3) 0 O AmLD(1,4)
AmLD (1, 3) 0 AmLD(2,4) AmLD(2,3) O
AmLD (3, 3)+AmLD (4,4) AmLD(5,4) AmLD(5,3);

0 0 AmLD(3,5) 0 AmLD(5,3) 0O AmLD(1,5) O
AmLD(1,3) AmLD(2,5) 0 AmLD(2,3) AmLD(4,5)
AmLD (3, 3) +AmLD (5,5) AmLD (4, 3);

0O 0 0 AmLD(4,5) AmLD(5,4) 0 0 AmLD(1,5)
AmILD(1,4) 0 AmLD(2,5) AmLD(2,4) AmLD(3,5)
AmLD(3,4) AmLD(4,4)+AmLD(5,5)];

1;

glLD1;
qgLD2;
qgLD3;
glLD4;

0;
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gLD7 = glLD6;
gLD8 gLD7;
gLD9 = gLDS§;
gLD10 = gLD9;

gLD1l1l = gLD10;
gLDl2 = gLD11;
gLD13 = gLD12;
gLDl4 = gLD13;

gLD15 = gLD14;

QLD = [gLDl gLD6 gLD7 gLD8 gLD9;
gLD6 gLD2 gLD10 gLD11 gLD12;
gLD7 gLD10 gLD3 gLD13 gLD14;
gLD8 gLD11l gLD13 gLD4 gLD15;
gLD9 gLDl12 gLD14 gLD15 gLD5];

QvLD = -
1*[gLDl;gLD2;gLD3;gLD4;gLD5;gLD6;gLD7;gLD8;gLD9;gLD10;g
LD11;gLD12;9gLD13;9gLD14;gLD15];

PvLD = AmvLD\QVLD;

PLD = [PvLD(1,1) PvLD(6,1) PvLD(7,1) PvLD(8,1)
PvLD (9, 1)
PvLD(6,1) PvLD(2,1) PvLD(10,1) PvLD(11,1)
PVLD(12 1) ;
PvLD(7,1) PvLD(10,1) PvLD(3,1) PvLD(13,1)
PvLD(l4 1) ;
PvLD(8,1) PvLD(11,1) PvLD(13,1) PvLD(4,1)
PVLD(15 1) ;
PvLD(9,1) PvLD(12,1) PvLD(14,1) PvLD(15,1)
PvLD(5,1)1;

lambdalD = 30; % 30(IREASE) 1000

% Test matrix P

ePLD = eig (PLD);

nQLD = (AmLD.'*PLD)+ (PLD*AmLD) ;

P R R R R I I I S R R I A I S R T S R I S O S I S A I S S S T S A e S O S T S s I S B S
% table to excel thesis

% plot from excel thesis
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Appendix C

Simulink®

The diagrams of ACDM-RAS and ACDM-SS in Simulink® are shown in the
following figures. This Simulink® cooperates with the M-file for flight simulation

purposes.
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