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Within the scope of this thesis, a 6-degree-of-freedom model of a combat aircraft is
created. Apart from the flight dynamics, landing gear dynamics on the ground are also
modeled. After that, a robust autolanding system is designed for the autoland part after
the main landing gears touch the ground until the aircraft stops. For the outer guidance
loop line following guidance algorithms are compared and the linear sliding mode
guidance algorithm is found to be the best in terms of the combination of line tracking
and required control effort. For the inner autopilot loop sliding mode control (SMC) and
proportional integral derivative (PID) control are used. Feedforward gains are also added
for increased disturbance rejection. The designed autoland systems are tested against
crosswind, brake failures, steering failure, and decreased cornering power factor for main
landing gear tires. It has been found that SMC is as robust as PID control for inner loop

applications.
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OZET

MUHARIP HAVA ARACI ICIN YERDE GURBUZ OTOMATIK INIS SISTEMI
TASARIMI

Serdar AVSAR

Yiiksek Lisans, Makine Miihendisligi Boliimii
Tez Damsmani: Dr. Ogretim Uyesi Emir KUTLUAY

Ocak 2023, 162 sayfa

Bu tez kapsaminda muharip bir hava aract 6 serbestlik dereceli olarak modellenmistir.
Havadaki dinamige ek olarak yerdeki dinamik i¢in de 3 tekerlekli bir inis takim1 modeli
olusturulmustur. Daha sonrasinda bu model kullanilarak hava aracinin inis esnasinda
tekerlegi yere koymasindan durmasina kadar olan siire¢ i¢in giirbiiz bir otomatik inis
sistemi tasarlanmistir. Literatiirdeki ¢izgi takip algoritmalari karsilastirilmis ve ¢izgi takip
ve kontrol eforu birlikte degerlendirildiginde dogrusal kayan kip giidim kanununun en
basaril1 oldugu bulunmustur. I¢ déngii otopilot tasarimi i¢in kayan kip kontrol (SMC) ve
dogrusal integral tiirev (PID) kontrol yontemleri kullanilmistir. Bozucu bastirma
kapasitesini arttirmak i¢in ileri besleme kazanclar1 kullanilmistir. Tasarlanan otomatik
inis sistemleri yan riizgar, fren arizalari, direksiyon arizasi ve ana inis takimi
tekerleklerinin yanal etkinliklerindeki degisimlere gore test edilmistir. Sonug olarak SMC

denetleyicinin en az PID denetleyici kadar giirbiiz oldugu bulunmustur.
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Anahtar Kelimeler: muharip hava araci, otomatik inis, giirbliz kontrol, kayan kip

kontrol, inis takim1 modeli
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SIGNS AND ABBREVIATIONS

Signs
Aref Acceleration command
Qtire Ratio of gross footprint area to net footprint area
a, Lateral acceleration
Vref Lateral acceleration reference
b Wingspan of the aircraft
c A constant in sliding mode example
C Cornering power factor
c Mean aerodynamic chord of the aircraft
Ce A tire coefficient
Ceorr Corrected cornering power factor value
Cstrut Strut damping coefficient
Ctire Tire damping coefficient
Cy,, Lateral force coefficient of the tire
Cz A nondimensional tire coefficient
Ci A constant in sliding mode example
d Distance of the aircraft from the path for optimal guidance
dp Minimum distance from the path for optimal guidance
dtire Diameter of the tire
e Error between position reference and position output
e Error between velocity reference and velocity output
face Tire acceleration factor
Forake Brake force
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feorr Cornering power factor correction coefficient

Fe tire Tire damping force

ﬁlanding_gear Landing gear forces and moments

Fy tire Tire spring force

Fotrut Resultant force on the strut

Fiire Resultant force on the tire

Fy tire Longitudinal force of the tire

Fy tire Lateral force of the tire

F; tire Vertical force of the tire

g Gravitational acceleration

Gaa Transfer function of air data sensors

Gat Transfer function of attitude sensors

Ges Transfer function of control surface actuators
Grq Transfer function of rate sensors
hrunway/ig Altitude of the runway at the position of the landing gear
Ixx Roll moment of inertia

Iyy Pitch moment of inertia

I, Yaw moment of inertia

Lxy Product moment of inertia in Xy plane

Ixz Product moment of inertia in xz plane

Iy, Product moment of inertia in yz plane

k Constant

ki Constant used in sliding mode control law
ko Constant used in sliding mode control law
Kstrut Strut stiffness coefficient

Kiire Tire stiffness coefficient
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ﬁlg/aircraft
ﬁlg /earth

q

e

5
rtire_aircra ft

Simg

Smgavg

Body axis moment component in X axis

Distance between the aircraft and the target for nonlinear guidance
Aircraft mass

Body axis moment component in y axis

Mass of the landing gear wheel

Body axis moment component in z axis

Proportional guidance proportionality constant

Body axis angular velocity component in x axis

Tire gross footprint pressure

Tire net footprint pressure

Tire rated pressure

Tire pressure

Position of the aircraft with respect to earth in NED axis

Position of the tire with respect to body axis with strut displacement
Position of the tire with respect to body axis without strut displacement
Position of the landing gear with respect to the aircraft in NED axis
Position of the landing gear with respect to earth in NED axis

Body axis angular velocity component in y axis

Body axis angular velocity component in z axis

Radius of circles used in predictive guidance

Position of the tire with respect to aircraft

Strut position

Wing area of the aircraft

Strut position of left main landing gear

Average of main gear strut displacements
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Smgdiff
Sng

Srmg
Stire

S1

Slmg
Smgavg

Smgdiff

Srmg

Stire

t

Uned
Utire

ui

Difference of main gear strut displacements

Strut position of nose landing gear

Strut position of right main landing gear

Tire displacement

Auxiliary sliding variable for sliding mode example
Strut velocity

Strut velocity of left main landing gear

Average of main gear strut velocities

Difference of main gear strut velocities

Strut velocity of nose landing gear

Strut velocity of right main landing gear

Tire velocity

Strut acceleration

Reaching time in sliding mode control

Body axis velocity component in x axis

Equivalent control input in sliding mode

Velocity component in north axis of NED coordinates
Longitudinal velocity of the tire in tire axis

Force input in sliding mode example system
Estimated equivalent control input

Body axis velocity component in y axis

Speed of the aircraft

Normal velocity of the aircraft to the path for optimal guidance
Lyapunov function

Velocity component in east axis of NED coordinates
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Vaircra ft

o

Vaircra ft_ned
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Ulg

Utire_ned

W
w
Whned

Wtire

ned
xlg

X1

X2

ned

ylg

Lateral velocity of the tire in tire axis

Reference velocity used in vector guidance law
New input for auxiliary sliding mode example
Velocity of the aircraft in body axis

Velocity of the aircraft in NED axis

Velocity of landing gear in body axis

Velocity of the tire in NED axis

Body axis velocity component in z axis
Weight of the aircraft

Velocity component in down axis of NED coordinates
Tire width

Input variable for sliding mode example

Input variable for sliding mode example
Longitudinal position

Body axis force component in x axis

North position of landing gear tire in NED axis
First state in sliding mode example system
Second state in sliding mode example system
Lateral position

Body axis force component in y axis

East position of landing gear tire in NED axis
Vertical position

Body axis force component in z axis
Estimation error of sliding mode observer

A constant in sliding mode example
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B Sideslip angle

Btire Lateral slip angle of the aircraft tire

y Flight path angle

Sail Aileron input of the aircraft

Sele Elevator input of the aircraft

Oleftyrare Left brake input

Spedal Pedal input

Orightyrare Right brake input

Srud Rudder input of the aircraft

Osteering Steering angle input

Otire Tire compression

Otnr Throttle input of the aircraft

At Specified time difference

AV Speed of aircraft with respect to the target
Ax Longitudinal position difference

€ Infinitesimally small number

n Arc angle for nonlinear guidance law

0 Pitch Euler angle

A Rate of change of line-of-sight angle

Uroll Rolling resistance coefficient

Umax Maximum coefficient of friction

& Angle of the target with respect to the aircraft
p Control gain sliding mode example

o Sliding surface equation

T, Time period of lateral acceleration dynamics
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Abbreviations
CG

CP
DOF
LOS
LP
LPF
LQG
MP
NED
PI

PID
QFT
SHSS
SLERP
SMC

TAI

Roll Euler angle
Track angle

Reference track angle

Track angle of the vector in the near field
Track angle of the vector in the far field

Yaw Euler angle

Angular velocity of the aircraft in body axis
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Low pass filter
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1. INTRODUCTION

1.1 MOTIVATION

Landing is one of the most dangerous parts of the mission profile of an aircraft. Various
accidents happen during landing. One of these types of accidents is runway excursions.
Aircraft can get outside of the runway by diverging to one side. Examples can be seen in
Figure 1.1 where a Pegasus Airlines aircraft had a runway excursion in 2017 in Trabzon
Airport and Figure 1.2 where another aircraft had a runway excursion in Maastricht

Aachen Airport.

Figure 1.2 Runway excursion in Maastricht Aachen Airport [2].



These types of accidents happen fairly frequently as can be seen in Figure 1.3 which
shows the runway accident numbers for years between 2010 to 2014 and in Figure 1.4

where runway accident percentages by types of accidents can be found for the same

period.
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Figure 1.4 Percentage of runway accidents by category [3].

As can be seen from Figure 1.3 and Figure 1.4 excursions are the most common runway

accidents. These runway excursions can occur because of severe crosswind and

mechanical failures.



Autoland systems are getting widespread in recent years. They can be used in piloted or
unmanned aircrafts. A few example applications in Tiirkiye include Anka and Aksungur
(Figure 1.5) drones that use novel autoland systems. Hiirjet (Figure 1.6) and TFX aircraft

prototypes may also use autoland systems in the future.

Figure 1.5 a. TAl Anka drone [4] that use an autoland system, Figure 1.5 b. TAI
Aksungur drone [5] also uses an autoland system.

o e

Figure 1.6 TAI Hurjet [6] jet trainer and light combat aircraft may have an autoland
system in the future.

Because of the widespread usage of autoland systems at the national level there is ongoing
inflation in the literature about these systems. However, the recent literature mainly
focuses on the landing approach and flare parts of the landing. The landing rollout phase
in which the landing gears are on the ground is equally important for the landing of the
aircraft. Robust control systems must be designed for the landing rollout phase of the
aircraft. The controller must be robust mainly against crosswinds and brake failures. The

literature about the autoland systems will be summarized in the literature review part.
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Phases of the landing must be explained in this part for clarity.
- Approach Phase

In this phase the aircraft approaches the runway in a constant indicated airspeed and

constant descent rate until the point it starts the landing flare maneuver.
- Landing Flare Phase

In this phase the aircraft makes a pull-up maneuver, decreases speed and decreases the

descent rate such that it touches the ground more smoothly and with less speed.
- Landing Rollout Phase

In this phase landing gears of the aircraft touch the ground. The aircraft slows down and

stops while trying to stay inside the runway.

Phases of landing is shown in Figure 1.7 in more detail.
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Figure 1.7 Phases of landing [7]

The motivation of this thesis is to design a robust autoland system for the landing rollout

phase such that runway excursion risk is minimized.

1.2 STATE OF THE ART

In this part, state of the art is reviewed. Here, the topics that have been reviewed are
aircraft models, landing gear models, aircraft trim, autoland systems, automotive lane-
keeping systems, sliding mode control, autoland guidance algorithms and aircraft tire

models.



1.2.1 AIRCRAFT MODELS

There are a lot of flight mechanics models for aircraft in literature. The aircraft with the
most literature and data is the F-16. Thus, flight mechanics and landing gear dynamics

for F-16 are used in this thesis.

The aerodynamic model of F-16 is available in the literature [8]. The parametric
aerodynamics model of F-16 is presented and compared with wind tunnel data to show
that they match. It is a model that have polynomial coefficients and validity of the model
matches that of landing conditions. It can be used for aerodynamics calculations during

landing.

The propulsion model of F-16 is also available [9]. A complete flight dynamics model of
the F-16 is presented. Aerodynamics for longitudinal model and Iyy inertia term for the

longitudinal model is also available.

Weight and geometry parameters for F-16 are also found in the literature [10]. All inertia

parameters are included and equations of motion are also accessible.

1.2.2 LANDING GEAR AND AIRCRAFT TIRE MODELS

This study also includes a tricycle landing gear model. There are some papers in the

literature including this in the modelling.

Georgieva et al. [11] presented a 3 degree of freedom aircraft lateral ground dynamics
model. They used the data of a passenger aircraft. Brake force and crosswinds are

neglected in their study.

Yin et al. [12] studied a 6 degree of freedom aircraft model and a tricycle landing gear

model for a UAV application.

Bo et al. [13] studied a 6 degree of freedom aircraft model and a tricycle landing gear
model for a combat aircraft application. In this study the landing gear strut states were

neglected.

Coetzee et al. [14] studied a 6 degree of freedom aircraft model and a tricycle landing
gear model including strut states. The dynamics are modeled using SimMechanics. An

Airbus commercial airplane is modeled.



Pines et al. [15] studied a 6 degree of freedom aircraft model and a tricycle landing gear

model including the strut states and the cornering power factor estimation.

For the parametric aircraft tire force modelling there is one frequently used paper [16].
Smiley et al. present empirical formulae for calculation of cornering power factor of

different types of aircraft tires.

1.2.3 AIRCRAFT TRIM

Trimming and linear model derivation is necessary for controller synthesis and

simulations. For this reason, aircraft trimming literature is covered.

De Marca et al. [17] investigated aircraft trimming. Two types of trim cost minimization
methods have been explained. These are gradient-based minimization methods and

gradient free direct search minimization methods.

Gradient-based minimization methods can also be divided into two categories named
single-axis and multi-axis methods. an algorithm for aircraft trimming using multi axis
Jacobian is introduced [18]. It is explained that the single axis methods are easier and

used more often but multi-axis gradient search methods are faster at converging.

While most of the trimming algorithms work in the air, ground trimming is a different
problem. Pashilkar [19] explained a step-by-step ground trimming procedure without an

optimization scheme.

Gradient search algorithms can diverge from the solution. To cope with this problem
some solutions can be used. Millidere et al. [20] improved convergence of Newton

Raphson Algorithm by the addition of a line search algorithm.

1.2.4 AUTOLAND SYSTEMS

There are studies in literature about autoland systems. These mostly focus on the approach

and flare phases of the landing.

Ismail et al. [21] studied a 6 degree of freedom aircraft model and an autoland controller
for approach and flare phases using nonlinear direct inversion and control allocation

optimization. It is also robust against control surface actuator failures and severe winds.



Lin et al. [22] studied a 6 degree of freedom aircraft model and an autoland controller for
approach and flare phases using recurrent wavelet Elman neural network. The system is

robust against wind turbulence.

Ismail et al. [23] studied a 6 degree of freedom aircraft model and an autoland controller
for approach and flare phases using neural aided sliding mode fault-tolerant controller.
The fault tolerance performance of the controller was improved using phase

compensation and anti-windup schemes.

Xiong et al. [24] studied a 6 degree of freedom aircraft model including a tricycle landing
gear model and an Autoland controller for approach, flare, and rollout phases using active
disturbance rejection controller. The controller is robust against wind shear and wind

turbulence.

Wagner et al. [25] studied a 6 degree of freedom aircraft model and an autoland controller
for approach and flare phases using quantitative feedback theory (QFT) and direct digital
design. QFT controller was compared against a proportional-integral (PI) controller in

presence of wind disturbances.

Rao et al. [26] studied a 6 degree of freedom aircraft model and an autoland controller for
approach and flare phases using SMC and PID. Simulations were started from the
approach phase with a large offset from the nominal trajectory. The performance of the

PID and SMC controllers was compared.

1.2.5 AUTOMOTIVE LANE KEEPING SYSTEMS

Relevant literature to the problem at hand is automotive lane keeping. While not the same,
landing rollout phase is similar in terms of remaining inside a defined lane. That lane is

the runway for the landing rollout phase.
There are a lot of different controller types and their comparisons in this literature.

Lee at al. [27] compared PID, linear quadratic gaussian (LQG) and H,, controllers for an
automobile. 2 degree of freedom bicycle lateral model is used for controller synthesis and
4 degree of freedom vehicle lateral dynamics model is used for simulations. Simulations

with different parameters were done and the sensitivity to parameters was estimated.



Yamamoto et al. [28] studied an optimal controller and a feedforward input by estimation
of the external forces. A controller that is robust against road banks and crosswinds was

developed.
Basjaruddin et al. [29] studied a Fuzzy logic controller for a lane-keeping assist system.

Sliding mode control and fuzzy logic are popular in recent automotive lane-keeping
studies. Since it is easier to prove stability for a sliding mode controller this thesis will

focus on sliding mode controllers.

1.2.6 SLIDING MODE CONTROL (SMC)

While there are many textbooks and papers in the subject of sliding mode control, one
study is a guide to sliding mode control design [30]. As explained in detail in the paper;
the main strength of the sliding mode control is its ability to reject disturbances. This is
possible due to practically using infinite gain. While in theory this works flawlessly, in
real life chattering and instability may occur due to unmodeled parasitic dynamics. These
parasitic dynamics include delays, sensor dynamics, actuator dynamics, and noise. While
there are ways to cope with this chattering and instability problems, the common solution
of boundary layer control which involves using a linear gain inside a boundary [31], [32],
[33] undermines the very fundamental advantage of sliding mode control which is
disturbance rejection. The way to optimize the solution to the problem is to model the
parasitic dynamics thoroughly such that the stability and the disturbance rejection
performance of the controller is satisfied at the same time. Another method to deal with
chattering phenomena is to use an observer-based sliding mode controller. In this method
a high frequency bypass loop is created using an observer and the chattering phenomena
are localized inside it [34], [35]. The block diagram of the observer-based SMC is shown
in Figure 1.8.

Another method to deal with chattering phenomena is to use a sliding mode estimator for

disturbance estimation and a classical feedback controller [36].

A part of the parasitic dynamics is actuators. Actuator bandwidths limit the bandwidth of
the feedback system. Since the output of the actuator is continuous, sliding mode cannot
occur. A proposition to deal with this problem is to use the actuator dynamics as a pre-

filter. Another solution is to use the sliding mode estimator and linear feedback system as
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explained earlier (Figure 1.9). While there are many applications of the sliding mode
estimator configuration [37], [38], they are mostly basic systems with low number of
states and degrees of freedom. It is questionable if it can work for a complex system of
an aircraft on a runway with 14 active states, 9 degrees of freedom, and uncountable

numbers of parameter uncertainties and disturbances.
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1.2.7 AUTOLAND GUIDANCE LAWS

For the outer loop that is responsible for tracking the midline of the runway, the guidance

algorithms in the literature must be checked.

During the autoland rollout, the midline is being followed. Line following algorithms are
usually named navigation algorithms. Some of these navigation algorithms were
examined by Sujit et al. [39]. The first one of these algorithms is the carrot chase
algorithm. In this algorithm an imaginary point which is a fixed distance ahead of the
aircraft and on the track is followed. Proportional navigation is used for the tracking
purpose. The next algorithm that was examined by Sujit et al. [39] is the nonlinear
guidance law [40]. In this algorithm again a point on the path a fixed distance away is
followed. The difference is the guidance law to track the imaginary point which is a
nonlinear guidance law given in Equation 1.1.

2

vz
Ay, or —ZZSIHU (1.1)

Here ayrer 1s the reference lateral acceleration, v is the speed, L is the distance between
the target and the plane, and 7 is the angle of the arc that passes from the target and the
plane. Another algorithm that was examined by Sujit et al. [39] is pure pursuit and line-
of-sight based algorithm. In this algorithm, there are waypoints on the path. These
waypoints are named as W; and W;, ; from the closest to the aircraft to the farthest. While
W; point is followed by the pure pursuit algorithm line-of-sight algorithm works to align
the line between W; and W;,; and the line between the aircraft and W;. The fourth
algorithm that is studied by Sujit et al. [39] is the vector field algorithm. In this algorithm,
a vector field that is prearranged before the flight is followed by the aircraft. To correct
the angle between the vector field and the aircraft a proportional guidance algorithm is
generally used. The important thing is to determine the vector field which dictates the
maneuver of the aircraft. Vector fields have two parts. These are called the near field and
far field. In the far field, there exists a vector field such that the aircraft travels towards
the path with a fixed track angle until it enters the near field. In the near field, track angle
is adjusted such that it starts from the far field track angle and finishes parallel to the path.

One of the formulae that is used for this adjustment is given in Equation 1.2 [41].
2, -
x?() = —x* ~tan"*(ky) (1.2)
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Here y%(y) denotes the track angles of the vectors in the near field and y* denotes the
track angle of the far field vectors. The fifth algorithm that is examined by Sujit et al. [39]

is the linear quadratic regulator algorithm [42]. Optimal guidance law is given in Equation

1.3.
ay,,; = l “%|d+ /2 /|d:ﬁd| +1v, (1.3)

Here the distance of the aircraft from the path is denoted as d and the minimum distance

is denoted as dj. The derivative of the d which is the normal velocity to the path is

denoted as v, and reference acceleration is denoted as Ay of After the comparisons Sujit

et al. [39] has concluded that the most successful algorithm in terms of tracking the line
is the vector field algorithm; however, it requires more control effort compared to the

other algorithms.

Literature generally focuses on vector field algorithms. As it is said earlier, the most
important thing is how the vector field is generated. Nelson et al. [41] used sliding mode
control law for the generation of the vector field. Instead of the sign(x) function sat(x)
function is used for the sliding surface formula. Sat(x) is defined as equal to sign(x) when
the absolute value of x is bigger than 1 and equal to x when the absolute value of x is
smaller than 1. The chattering problem is solved using this sat(x) function. Tiftik¢i [43]
proposed four different methods for generating the near field. Three of these are suitable
for two-dimensional paths and one of them which uses spherical linear interpolation

(SLERP) can be used for three-dimensional paths.

1.3 CONTRIBUTION

As can be seen from the literature, most of the autoland system papers focus on in-air part

of the landing. A few of them include the on-ground part.

This thesis focuses on the on-ground part of the landing. A 6-DOF aircraft dynamics
model with a tricycle landing gear model including strut states and cornering power factor
estimation is used and a novel autoland system with sliding mode control was designed

and compared with the industry standard PID controller. The system is found to be robust
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against crosswinds, brake failures, steering failure, and differences in the cornering power

factor of the tires.

The contributions include detailed description of an aircraft landing gear model including

validation, trimming, and linear model derivation parts.

1.4 ORGANIZATION OF THE THESIS

This thesis is organized as chapters. Chapter 2 explains the modelling process of the
aircraft including the landing gear and tire modelling parts. Chapter 3 explains the
validation process of the created model. Chapter 4 focuses on trimming and linear model
derivation. Chapter 5 focuses on the dynamics and the mode shapes of the aircraft on the
ground. The actual guidance and autopilot design parts are in Chapters 6, 7, and 8 where
Chapter 6 explains the outer loop guidance, Chapter 7 explains the design of the inner
loop SMC, and Chapter 8 explains the design of the inner loop PID controller. Chapter 9
includes all the important graphs from the simulations and Chapter 10 includes the

conclusion.
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2. MODEL OF THE AIRCRAFT

Firstly, the coordinate systems must be defined to explain the equations of the model.

2.1 COORDINATE SYSTEMS

The coordinate systems that are used in this thesis are the body coordinate system, north-
east-down (NED) coordinate system, wind axis coordinate system and tire coordinate

system.

2.1.1 BODY COORDINATE SYSTEM

The body coordinate system is used for Newton and Euler equations of motion. All the
forces and moments are shifted and transformed into the body frame for the equations of

motion.

The body coordinate system is fixed on the aircraft and rotates with it. It is not an inertial

reference frame. In Figure 2.1 it can be seen in more detail.

V4

Figure 2.1 Body coordinates of an aircraft [44].
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2.1.2 WIND COORDINATE SYSTEM

Wind coordinate is mainly used for calculation of aerodynamics forces. Aerodynamics

coefficients are functions of angle of attack and sideslip angles that are defined in wind

coordinates. In Figure 2.2 it can be seen in more detail.

X — AXIS {B}

/87 TR AXIS {S)

7 — AXIS {8]

Figure 2.2 Wind axis of an aircraft [45].

2.1.3 NED COORDINATE SYSTEM

North-East-Down (NED) coordinate system is used mainly for the calculation of position
and velocity relative to the ground. It can also be used as the inertial reference frame for

some aerospace applications where speeds are slow. For this thesis, it is assumed an

inertial reference frame. In Figure 2.3 it can be seen in more detail.

Figure 2.3 NED coordinate system of an aircraft [44].
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2.1.4 TIRE COORDINATE SYSTEM

The tire coordinate system is fixed to the individual tires and used for calculation of tire

forces. It can be seen in Figure 2.4 in more detail.

Lateral foree
(F)

Figure 2.4 Tire coordinate system [46].

2.2 AERODYNAMICS MODEL

Morelli [8] explained the aerodynamics modelling of F-16. This is a polynomial curve fit
model that used data of wind tunnels. Details of this aerodynamics model and the related

tables and equations are given in Appendix 1.

2.3 PROPULSION MODEL

Gabernet [9] explained the propulsion model of the F-16. The relationship between thrust
and throttle and the dynamics of the engine is explained. Thrust values corresponding to

throttle settings is shown in Figure 2.5 in more detail.

The dynamics of the propulsion system are model as a first-order transfer function with a
period of 1.0 s [9]. The case where power and commanded power are less than 50 percent
and the difference between the commanded power and the actual power is 25 percent is
used. A Bode plot of the dynamics of the engine for this condition can be seen in Figure
2.6.

17



100 T T T T T

Idle
power
level

Military
power
sol level

80

50+

400

Commanded power

30F

T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
10F }
|
|
|

D | Il 1 1 1 | | 1 1
0 0.1 0.2 0.3 04 0.5 06 0.7 0.8 0.8 1

Thrust setting Sth

Figure 2.5 Relation between thrust setting and commanded power for F-16 aircraft [9].

Bode Diagram of Engine Dynamics
0 ’ L L | LS | T T T

10 -

Magnitude (dB)
X
o

Phase (deg)
A
(&)

107 107" 10° 10" 102
Frequency (rad/s)

Figure 2.6 Bode Diagram of Engine Dynamics of F-16
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2.4 GEOMETRY, MASS, CENTER OF GRAVITY (CG), AND INERTIA

Huo [10] tabulated the geometry, mass, CG, and inertia values of F-16. These values are
used for the modeling of the dynamics of the aircraft. In Figure 2.5 Relation between
thrust setting and commanded power for F-16 aircraft . Table 2.1 geometry and inertia

values can be seen in detail.

Table 2.1 Geometry and inertia values for F-16 aircraft [10].

Symbol Parameter Value
W Vehicle weight (kg) 9000
b Wing span (m) 9.144
S Wing area (m?) 27.87
c Mean aerodynamic chord (m) 3.450
L Roll moment of inertia (kg-m?) 12875
L,y Pitch moment of inertia (kg'm?) 75674
| Yaw moment of inertia (kg-m?) 85552
Iy, Product moment of inertia (kg-m?) 1331
Ly Product moment of inertia (kg-m?) 0
Iy, Product moment of inertia (kg-m?) 0

2.5 EQUATIONS OF MOTION

Flight mechanics equations are modeled in 6 degrees of freedom. These are 3 Newton’s
equations for translational and 3 Euler’s equations for angular motion calculation. These
are given in equations 2.1 to 2.6. Effects of Ixy and lyz are omitted in these equations. In
these equations u, v, w denote body axis translational velocity components; p, q, r denote
body axis angular velocity components; X, Y, Z denote body axis force components; and
L, M, N denote body axis moment components. Derivation of the equations are explained

by Lewis et al. [47] in detail.

i=rv—qwt - 2.1)
1'7=p-w—r-u+% (2.2)
v'v=q-u—p-v+% (2.3)
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Ly —(Izz=lyy ) @ T+ prq+L

Lox (2.4)
] ~(ex=Iz2) T'P=Ixz 0*~17%)+M
17 . (2.5)
r = Ixz.p_(Iyy_IXX)'p'q+lxz'Q'T+N (26)

IZZ

NED coordinate system is assumed an inertial reference frame.

2.6 ATTITUDE UPDATE METHOD

Attitude is the angular orientation of the body axis of the aircraft with respect to the NED
axis that is used as an inertial reference frame. It is necessary to calculate the gravity force
components in the body axis and to calculate the NED axis position and velocity

components of the aircraft.

Three different attitude update methods can be used. These are simple Euler angles

method, quaternion method, and direct integration of direction cosine matrix.

2.6.1 EULER ANGLE METHOD

Euler angles can be used for most of the aircraft flight simulations. It requires 3 states for
3 different Euler angles. It can be used for a large angle space apart from one asymptotic

angle where the equations become undefined.

Most of the aircraft simulations use a 3-2-1 Euler angle scheme where 3-2-1 denote yaw,
pitch, and roll angles. In equations 2.7 to 2.9 relationship between Euler angle rates and
body axis angular velocity components is given for 3-2-1 Euler angle scheme. As can be

seen, the equations are undefined when pitch angle is 90 degrees.

¢ =p+(gsing +rcos¢) :i:e (2.7)
6 = qcos¢ —rsing (2.8)
1’1) — qsing+rcos¢ (2.9)

cos @

Euler angles are used for computing the direction cosine matrix which is then used for

calculating the gravity forces and NED components of velocity and position.
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2.6.2 QUATERNION METHOD

The quaternion method eliminates the undefined angle problem by increasing the number
of attitude states from 3 to 4. Quaternions are used for calculating the direction cosine
matrix which is then used for gravity force components calculation and calculation of
NED axis position and velocities. Quaternions can also be converted to Euler angles again

as outputs which are easier to understand.

2.6.3 DIRECTION COSINE MATRIX INTEGRATION METHOD

In this method, the attitude is defined by the direction cosine matrix itself that is used for
coordinate transformation from NED to the body and vice versa. In this method, the
direction cosine matrix itself is considered a state which has 9 components. This method

is the most accurate.

One disadvantage of this method is the accumulation of the numerical error. The norm of
the direction cosine matrix must be checked and equated to 1 in every step. More detail

can be seen in [48].

The 3-2-1 Euler angle scheme is used in this thesis since only the landing phase of the
flight is modeled. The aircraft comes nowhere close to 90 degrees pitch angle. 3 Euler

angle states are sufficient for this purpose.

2.7 GRAVITY FORCE

Gravity force components in the body axis are calculated using Euler angles. These

relations are in equations 2.10 to 2.12.

Xgray = mgsinf (2.10)
Yyray = mg cos 0 sin ¢ (2.11)
Zgray = mg cos 6 cos ¢ (2.12)

2.8 NED VELOCITY AND POSITION

NED velocity components are calculated using body velocity components and Euler

angles. Equations 2.13 to 2.15 are used for this purpose.
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Upeq = 0SB cosy u + (sin ¢ sin 6 cos P — cos ¢ sinY)v + (cos ¢ sin 6 cos P +
sin ¢ sin Y)w (2.13)

Vpea = €0s @ siny u + (sin ¢ sin 6 siny + cos ¢ cosP)v + (cos ¢ sin 6 sin P —
sin ¢ cos Y)w (2.14)

Wheq = —SinfBu + sin ¢ cos 8 v + cos ¢ cos O w (2.15)

NED position components are calculated by integrating NED velocity components.

2.9 LANDING GEAR FORCES

A tricycle landing gear model with two states for each landing gear is used. Additional 3
inputs of steering angle and left and right brake forces and 3 degrees of freedom for
vertical position of the landing gear comes to the model. The states are named as
[Sngs Stmg» Srmg» Sngs Stmg» Srmg] and the steering input is named as [Os¢eering]. Landing gear
forces (Equation 2.16) are functions of translational and angular velocity of the aircraft,
attitude of the aircraft, position of the aircraft with respect to the runway, steering angle,
brake forces, positions and velocities of the landing gear struts. After these forces are
calculated, they are shifted to the center of gravity of the aircraft.

>
Flandingyear = f(u' umw,p,q,T, d)' o, ll), X, ¥, 2, 6steering' 6leftbmke' 6rightbmke' Sng» Stmgr Srmg» Sngr Simg» Srmg)
(2.16)

To find the compression on the tires, position of the tires with respect to the ground must
be found. Firstly, the position components of the tires are found in the body axis (Equation
2.17). After that, the position components are transformed to the NED axis. The position
components of the tires in NED axis are summed with the position of the aircraft in NED
axis to find the position of the tires with respect to the ground (Equation 2.18). After that,
runway heights corresponding to the NED positions of the tires are found. Thus, the
vertical positions of the tires with respect to the ground are found (Equation 2.19). Axis

system and position vectors of the landing gears are shown in Figure 2.7.

ﬁlg = ﬁlgo +3 (2.17)
ﬁlg/eart = ﬁaircraft/ear + ﬁlg/aircraft (2-18)
hrunway/lg = f(xfged:yzlged) (2.19)
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Figure 2.7 Position vectors of F-16 landing gears [49]
Velocity components of the tires with respect to the ground are found by summing, the
cross product of the angular velocity of the aircraft with the positions of the tires, the
velocity of the aircraft with respect to the ground, the velocity of the tire with respect to

the aircraft (Equation 2.20).

-

Vig = 13>aircraft + aaircraft X ﬁlg +s (2-20)
For the strut forces, position, and velocity of the tire with respect to the aircraft are used
(Equation 2.21). Stiffness and damping values for the aircraft are shown in Table 2.2.

Fstrue = S * Kgerut + $* Cotrue (2-21)

If the position of the tire with respect to the ground is bigger than zero, the tire is
compressed. In this case, stiffness and damping forces for tire compressions are calculated

(Equations 2.22 and 2.23).
Fk_tire = Stire * ktire (2-22)
Fc_tire = Stire * Ctire (2-23)

After the calculation of tire and strut forces, acceleration of the tire with respect to the
aircraft is found (Equation 2.24). The velocity of the tire with respect to the aircraft is
found by integrating the acceleration. Likewise, the position is found by integrating the
velocity. Here, an inertial reference frame assumption is made. Forces due to the angular

velocity and angular acceleration of the landing gear are neglected. Since these forces are
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small compared to the strut forces this assumption can be made with little change in

accuracy.

§= (Ftire = Fstrut) /Mwhee (224)

For the longitudinal and lateral tire forces, ground velocities of the tires in the tire axis
must be found. The velocity of the aircraft is summed with the cross product of the angular
velocity of the aircraft and the position of the tires (Equation 2.25). The lateral slip angle

of the tire is found using these ground velocity components of the tires (Equation 2.26).

- - — -
vtire_ned = 17aircraft_ned + (‘)aircraft X rtire_aircraft (2-25)
_ Vtire
Biire = atan (—= (2.26)
Utire

Longitudinal tire force is found using rolling resistance and brake forces (Equation 2.27).

The values that are used are in Table 2.2.

Fx_tire = F; tire " Mrou + Fprake (227)

By using the vertical force and the slip angle, the lateral force of the tires can be found

(Equation 2.28). This part is explained in more detail in the next section.
Fy tire = Fz_tire " Btire * Cy 2 (2.28)

Parameters that were used for calculation of the landing gear forces are given in Table

2.2.

2.9.1 LATERAL TIRE FORCE

A necessary addition to the calculation of the lateral force of the tires is the calculation of
the cornering power factor. Smiley et al. [16] presented empirical formulae for the
calculation of the cornering power factor. In this section, these empirical formulae are

explained.

One of the equations that were used by Smiley et al. [16] is Equation 2.29. Here, the gross
footprint pressure is found by using the ratio of tire compression to tire pressure. Here pq
denotes gross footprint pressure, p, denotes tire pressure, pr denotes rated tire pressure,
Otire denotes tire compression and wire denotes tire width. C, is a nondimensional

coefficient.
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Table 2.2 Parameters used for landing gear model of F-16 aircraft

Main Gear Nose Gear
Parameter Value Unit Parameter Value Unit
Bigo [-0.6 £1.28 1.86] m Pigo [2.78 0 1.86] m
Kgtrut le6 N/m Kgtrut 2e5 N/m
Cstrut le5 Ns/m Cstrut 2¢4 Ns/m
Ktire 2¢e6 N/m Kiire 8e5 N/m
Ctire 2e3 Ns/m Ctire le3 Ns/m
Myheel 50 kg Myheel 20 kg
face 10 - face 10 -
Hroul 0.02 - Hronl 0.02 -
Fprake 2e5 N Fprake - -

Net footprint pressure is found by dividing the gross footprint pressure by ratio “a” which

is the ratio of gross footprint area to net footprint area (Equation 2.30).

Py

Qtire

P = (2.30)

Cornering power (C) is found by Equation 2.31. The denominator of the left side is named

tire pressure area. Cc and Cz values are given in Table 2.3.

. . 2 .
1.8 _gg (‘”—) , Sure = 90875
— dtire dtire dtire (23 1)
0.0674 — 0.342tre Otire 3 0g75

tire dtire

C
cc(pt+0.44p ) Wiire?

The maximum coefficient of friction is a function of bearing pressure and can be

approximated by Equation 2.32.

Umax = 0.93 — 0.0011p, (2.32)
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The value of C is multiplied by a correction factor to estimate the corrected C value

(Equation 2.33). This correction factor is found by industry experience and is between
0.25 and 0.35.

Ceorr = C* feorr (2.33)
Table 2.3 Parameters used for tire force calculations
Main Gear Nose Gear
Parameter Value Unit Parameter Value Unit
Dr 160 psi Dy 160 psi
C, 0.03 - C, 0.03 -
Weire 0.15 m Weire 0.10 m
dtire 0.40 m dtire 0.25 m
QAtire 0.75 - QAtire 0.7 -
Cc 1.2 N/(psi'm*deg) Ce 1.2 N/(psi'm*deg)
feorr 0.3 - feorr 0.3 -
2.10 ACTUATORS

Control surface actuators are modeled as second-order transfer functions according to

Muir et al. [50]. The transfer function can be seen in Equation 2.44.

1
T 140.0191401s+ .000192367s2

GCS

(2.44)

Bode diagrams of the actuators can be seen in Figure 2.8. As can be seen from the figure,

cutoff frequency is about 80 Hz.
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Bode Diagram of Control Surface Actuator Dynamics
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Figure 2.8 Bode Diagram of Actuators of the Aircraft Model

2.11 SENSORS

Sensors are modeled as transfer functions. The transfer function for rates and
accelerations are given in Equation 2.45, transfer function of air data is given in Equation

2.46, transfer function for attitudes is given in Equation 2.47 [50].

1-0.0173s .00019 2

= 2.45
@ 1+0.0401s+0.00070 2 ( )
905.92—14.43754+0.11652
Gaa = (2.46)
908.77+2 .573s+s2
7161.8—82.3175+0.341752
Gar = (2.47)

7162.3+190.855+52

Bode diagrams of the sensor dynamics transfer functions are given in Figure 2.9, Figure

2.10, and Figure 2.11. Cutoff frequencies are about 35-40 Hz.
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Bode Diagram of Rates and Accelerations
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Figure 2.9 Bode Diagram of Rate and Acceleration Sensors

Bode Diagram of Air Data
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Figure 2.10 Bode Diagram of Air Data Sensors
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Bode Diagram of Attitudes
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Figure 2.11 Bode Diagram of Attitude Sensors

2.12 WIND MODEL

There are wind models commonly used in industry, most notable one of them is Dryden
Wind Turbulence Model [51]. However, in this study, wind is assumed to be uniform for

crosswind landing simulations. Turbulence and wind shears are neglected.

2.13 MODEL STRUCTURE

The model is composed of aircraft dynamics block, sensors block, actuators block,
autopilot block, wind disturbance and malfunctions block. Aircraft dynamics block is
used for the dynamics of the aircraft, trimming and linear model derivation. Actuators
block contains the dynamics of the actuators, sensors block contains the dynamics of the
sensors and autopilot block includes the guidance and control laws. Wind disturbance
block contains wind inputs and malfunctions block contains the malfunctions. The

structure is given in Figure 2.12.

29



Out1

MALFUNCTIONS

Out1

Out1

P In3

P In1

AUTOPILOT

ACTUATORS

In2

Out1

AIRCRAFT DYNAMICS

WIND TURBULENCE

Out1

In1

Out1

SENSORS

2.14

Figure 2.12 Model Structure

DYNAMICS BLOCK

Table 2.4 Inputs of the model

INPUTS, STATES, AND OUTPUTS

OF THE AIRCRAFT

Inputs (Table 2.4), states (Table 2.5), and outputs (Table 2.6) of the aircraft dynamics

block must be given since they are used for trimming and linear model derivation.

Name of the input Symbol Unit
Throttle Senr %
Elevator Sele Degree
Aileron Sail Degree
Rudder Srud Degree
Steering Osteering Degree
Left brake Sieft brake %
Right brake Sright_brake %
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Table 2.5 States of the Model

Name of the state Symbol Unit
Body axis translational velocity components u, Vv, w m/s
Body axis angular velocity components p,q,r rad/s
Euler angles ¢,0,¢ rad
NED axis position components X, Y, Z m
mass m kg
Strut displacements Simg» Srmgr Sng m
Strut velocities S$imgr Srmg: Sng m/s

Table 2.6 Outputs of the model

Name of the output Symbol Unit
True air speed TAS m/s
Flight path angle y degree
Sideslip angle B degree
Track angle X degree
Lateral acceleration a, m/s?
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3. VERIFICATION OF THE MODEL

Sensors and actuator parts contains only linear transfer functions. Thus, these parts are
easy to verify. The hardest part to verify is the aircraft dynamics block. In this block,
many different functions compute different parts of the model. The first thing to do is to

unit test the functions.

3.1 UNIT TESTS FOR FUNCTIONS

Unit tests are done for every function inside the aircraft dynamics block and the functions
are verified. However, it is impossible to test every possible case for every function.
Another necessary step for verification is to conduct test simulations for the entire aircraft

dynamics block from some specified initial conditions.

3.2 VERIFICATION SIMULATIONS

In this part, simulations are done to verify the combined usage of the functions inside the
aircraft dynamics block. These verification simulation steps are given below. Results of
the verification simulations are in Appendix 2. Simulation results agree with the expected

results.

1. Aerodynamics, propulsion, and gravity forces in the model are neglected. The
aircraft simulation starts from zero velocity. The expected result is that the aircraft
stays at zero velocity when there is no force and no initial velocity.

2. Aerodynamics, propulsion, and gravity forces in the model are neglected. The
simulation starts with a translational velocity component. The expected result is
that the aircraft stays at the initial velocity when there is no force or moment.

3. Aerodynamics, propulsion, and gravity forces in the model are neglected. The
aircraft starts with an angular velocity component. The expected result is that the
aircraft stays at the initial angular velocity when there is no force or moment.

4. Aerodynamics, propulsion, and gravity forces in the model are neglected. The
aircraft starts with both translational velocity and angular velocity components.
The expected result is that the aircraft stays at the initial angular velocity and it

stays at the initial NED axis velocity when there is no force or moment.
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10.

11.

12.

13.

Aerodynamics and propulsion blocks in the model are neglected. The gravity
block is set to work. The aircraft starts from zero velocity. The expected result is
that the aircraft accelerates downwards with gravitational acceleration.
Aerodynamics and propulsion blocks in the model are neglected. The gravity
block is set to work. The aircraft starts with a forward translational velocity
parallel to the ground. The expected result is that the aircraft accelerates
downwards with gravitational acceleration and the forward NED velocity
component stays at the initial value.

Aerodynamics and gravity blocks in the model are neglected. Propulsion forces
are set working. Propulsive moments are canceled. The aircraft starts with zero
initial velocity and a propulsion force. The expected result is that the aircraft
accelerates in the forward direction.

Propulsion and gravity blocks in the model are neglected. Aerodynamics forces
and moments are set working. The aircraft starts with an initial forward velocity.
The expected result is that the aircraft slows down due to the drag force.
Propulsion and gravity blocks in the model are neglected. Aerodynamics forces
and moments are set working. The aircraft starts with a forward velocity parallel
to the ground and a high angle of attack. The expected result is that the altitude
increases and the angle of attack decreases.

Propulsion and gravity blocks in the model are neglected. Aerodynamics forces
and moments are set working. The aircraft starts with a forward velocity parallel
to the ground and a high angle of sideslip. The expected result is that the heading
angle increases, and the sideslip angle decreases.

Aerodynamics, propulsion, and gravity blocks are set working. The aircraft
simulation starts with a positive roll angle and a positive angle of attack. The
expected result is that the heading and track angles increase.

Aerodynamics, propulsion, and gravity blocks are set working. The aircraft starts
with a forward velocity parallel to the ground. Negative elevator command is
given. The expected result is that the pitch angle increases.

Aerodynamics, propulsion, and gravity blocks are set working. The aircraft starts
with a forward velocity parallel to the ground. Negative aileron command is given.

The expected result is that the roll angle increases.
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14.

15.

16.

17.

18.

19.

20.

Aerodynamics, propulsion, and gravity blocks are set working. The simulation
starts with a forward velocity parallel to the ground. Negative rudder command is
given. The expected result is that the yaw angle increases.

Aerodynamics, propulsion, landing gear, and gravity blocks are set working. The
aircraft starts with zero velocity and its landing gears just above the ground. The
expected result is that the aircraft falls to the ground, bounces from the ground,
and eventually stops.

Aerodynamics, propulsion, landing gear, and gravity blocks are set working. The
aircraft starts with a forward velocity and its landing gears just above the ground.
The expected result is that the aircraft falls to the ground and bounces from the
ground. Forward velocity should decrease due to the rolling resistance.
Aerodynamics, propulsion, landing gear, and gravity blocks are set working. The
aircraft starts with a forward velocity on ground. Brakes are activated. The
expected result is that the aircraft slows down and stops due to the brakes.
Aerodynamics, propulsion, landing gear, and gravity blocks are set working. The
aircraft starts with a forward velocity on the ground. One of the brakes is activated.
The expected result is that the aircraft slows down and stops due to the brake and
the aircraft maneuvers to the side with a yaw rate and changes its heading and
track angle.

Aerodynamics, propulsion, landing gear, and gravity blocks are set working. The
aircraft starts with a forward velocity on the ground. Steering angle input is given.
The expected result is that the aircraft maneuvers to the side with a yaw rate and
changes its heading and track angle.

Aerodynamics, propulsion, landing gear, and gravity blocks are set working. The
aircraft simulation starts with a forward velocity on the ground. Throttle input is

given. The expected result is that the aircraft accelerates.
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4. TRIMMING AND LINEARIZATION

Trimming is the act of finding the equilibrium points in a dynamics block. Trimming is
necessary for starting the simulation from an equilibrium point and derivation of the linear
model matrices. Trim points also give an idea about the dynamics envelope of a system.
If a system can be trimmed, it can theoretically be controlled at that point. In the case of

an aircraft, trim points give an idea about the flight envelope of the aircraft.
There are different versions of trim points. These include but not limited to:

- Forward flight

- Steady climb or descent

- Steady heading steady sideslip
- Pullup

- Coordinated turn

- Barrel roll

- Aileron roll
For this thesis, three different trim point versions are investigated. These are:

- Steady heading and steady sideslip
- Two tires on ground trim

- Three tires on ground trim

Steady heading and steady sideslip trim points are necessary for the start of the
simulations. The simulations start just above the ground before the aircraft touches the
ground. The aircraft directs itself parallel to the runway flying with a sideslip angle due
to the crosswind. However, in the case of F-16 the sideslip angles the aircraft can fly are
limited. In the case of crosswinds, the aircraft cannot direct its heading parallel to the

runway. Therefore, the aircraft lands with a heading angle not parallel to the runway.

Two tires on the ground trim points are necessary for the portion of the landing roll where
only the two main gear tires touch the ground. Three tires on the ground trim points are
necessary for the part of the landing rollout phase where all three tires touch the ground.
The parameters of these trim points and the algorithm for these trim points are

investigated in the next section.
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4.1 STEADY HEADING STEADY SIDESLIP TRIM

Steady heading steady sideslip (SHSS) is one of the most used in air trim maneuver
conditions. In this trim maneuver, the aircraft has a steady sideslip angle, steady heading,
and steady track angle. The floating inputs and states and the fixed state derivatives and

outputs are given in Table 4.1.

Table 4.1 Fixed and floating parameters for the steady heading steady sideslip trim maneuver
solution.

Inputs States State Derivatives | Outputs

Sthrr Oeter Oait, Orua (Float) | u, v, w (Float) | u,v,w (Fixed) tas,y, B, x (Fixed)

¢, 0,y (Float) p,q,1 (Fixed)

4.2 TWO TIRES ON THE GROUND TRIM

Two tires on the ground trim is necessary for the part where the aircraft travels with two
tires on the ground during the landing rollout. Fixed and floating parameters for the two

tires on the ground trim maneuver solution is given in Table 4.2.

Table 4.2 Fixed and floating parameters for two tires on the ground trim maneuver solution.

Inputs States State Derivatives Outputs
6uq(Float) u, v, w (Float) u, w (Fixed) tas,y, B, x (Fixed)
O10(Float) ¢,y (Float) p,q,7 (Fixed)
O¢nr(Float) z (Float) Simg» Srmg (Fixed)

Stmgr Srmg (Float)

4.3 THREE TIRES ON THE GROUND TRIM

Three tires on the ground trim is necessary for the part where the aircraft travels with all
tires including the nose gear on the ground during the landing rollout. Fixed and floating

parameters for the three tires on the ground trim maneuver solution is given in Table 4.3.
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Table 4.3 Fixed and floating parameters for three tires on the ground trim maneuver solution

Inputs States State Derivatives Outputs
Opedai(Float) u,v,w (Float) u, w (Fixed) tas,v, B, ay, x (Fixed)
S¢nr(Float) ¢, 0,y (Float) p,q (Fixed)

z (Float) Simg» Srmg» Sng (Fixed)

Simg» Srmg» Sng (Float)

4.4 TRIM ALGORITHM

Trimming is the solution of a nonlinear system of equations. Various methods can be used

for trimming. These include:

- Direct search algorithms [17]
- Gradient based algorithms [17]

- Trim by simulation
Gradient-based algorithms can also be divided to two categories. These are:

- Single-axis algorithms

- Multi-axis algorithms [18], [20]
For the direct search algorithms, they can be divided to:

- Heuristic algorithms [52]

- Non-heuristic algorithms

The most popular type of algorithms that are used is multi-axis gradient-based algorithms.
They are the fastest algorithms that can be used. The only problem of these multi-axis
gradient-based algorithms is their proneness to diverge. While this divergence problem
can be partly solved using relaxation still this algorithm is most suitable for continuous

functions that do not have too much nonlinearity.

The algorithm that is used for this study is a single-axis gradient-based algorithm. While
single-axis algorithms are slower, they can be made more robust using some

modifications.
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4.5 SINGLE AXIS SEQUENTIAL SECANT ALGORITHM

Single axis sequential secant algorithm is based on pairing the float and fixed parameters
and solving the equation system by sequential updates of each float parameters in every
loop. In every master loop, every fix and float parameter equation is solved sequentially.
For the solution of the single unknown fix and float pairs equations, the secant method is

used. A description of the secant method is shown in Figure 4.1.

f(x)

Figure 4.1 Secant algorithm for equations with one unknown [53].
The most important thing about the usage of the algorithm is the pairing. The most
relevant parameters must be paired so that the algorithm converges. The other important
thing to consider is to update the tolerance of the secant solutions in every master loop so
that the algorithm continues converging. To increase the robustness of the algorithm
initial guesses of the secant solutions can be reset in every master loop. To increase the
speed of the convergence the initial guesses can be taken from the previous master loop.
In Table 4.4 Actions for increasing the speed and increasing the robustness the actions
for increasing speed or increasing robustness can be seen. In Table 4.5 Fixed and float
parameter pairings for trim maneuvers the pairings of the fixed and float parameters can

be seen.
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Table 4.4 Actions for increasing the speed and increasing the robustness

INCREASE ROBUSTNESS INCREASE CONVERGENCE SPEED

Decrease secant tolerance slowly. Decrease secant tolerance fast.

Reset secant initial guesses in each master loop. | Take the initial guesses from the previous master

loop.

Table 4.5 Fixed and float parameter pairings for trim maneuvers

IN AIR STEADY HEADING | THREE TIRES ON THE | TWO TIRES ON THE
STEADY SIDESLIP GROUND GROUND
Float Fixed Float Fixed Float parameters | Fixed
parameters parameters parameters parameters parameters
u TAS z w z w
Vv B u TAS u TAS
w W v B % B
¢ v w Y w %
6 Y ¢ p ¢ p
Y X 6 q Y X
Othr u Y ¢ Simg § Img
Beie q Simg §ng Srmg §rmg
Sail p Srmg Srmg Spedal 4
Orua r Sng §ng Bele q
5pedaz ay

Tolerance values that are used for each trim maneuver are shown in Table 4.6 Tolerance

values used for different trim maneuvers. The number of master iteration is shown by i.




Table 4.6 Tolerance values used for different trim maneuvers

IN AIR STEADY HEADING | THREE TIRES ON THE | TWO TIRES ON THE
STEADY SIDESLIP GROUND GROUND
Fixed Absolute Fixed Absolute Fixed Absolute
parameter tolerance parameter tolerance parameter | tolerance
TAS 0.001 0.5 w 1E — 6% 0.9 w 1E — 6 0.9'
B 0.001 * 0.5 TAS 1E — 5% 0.9 TAS 1E — 5% 0.9
w 0.001 * 0.5 I 1E — 6 % 0.9¢ I 1E — 6 % 0.9°
v 0.001 * 0.5 y 1E — 5 0.9! y 1E — 5% 0.9¢
y 0.001 * 0.5 P 1E — 6 % 0.9 p 1E — 6 % 0.9
X 0.001 * 0.5 q 1E — 6 % 0.9! X 1E — 6 % 0.9°
U 0.001 * 0.5 X 1E — 6 % 0.9¢ Simg 1E — 6 % 0.9¢
q 0.001 * 0.5 Simg 1E — 6 % 0.9¢ Srmg 1E — 6 % 0.9°
P 0.001 * 0.5 Srmg 1E — 6% 0.9 7 1E — 6 0.9'
T 0.001 * 0.5 Sng 1E — 6 % 0.9° q 1E — 6 % 0.9°
a, 1E — 6% 0.9

To show the convergence speed of the trimming algorithm two different trims have been
calculated. The trim points are shown in Table 4.7 Two different trim conditions for
convergence speed comparison. Convergence speeds are shown in Figure 4.2 Algorithm
convergence for air and ground trims. SHSS trim converges faster since it was optimized

for faster convergence and the three tires on the ground trim was optimized for robustness.

40



Table 4.7 Two different trim conditions for convergence speed comparison

Steady Heading Steady Sideslip Trim Three Tires on the Ground Trim
m 9000 kg m 9000 kg
alt 5000 m TAS 25 m/s
TAS 100 m/s Sail 0
y 0 Sele 20 deg
B 0 X 0

a, 0

B 0

Algorithm Convergence

0 i T T T T ]
10 SHSS Trim
A Three Tires On Ground Trim | 1
1075 .
@
o
(@]
10710 + ]
10_15 1 I 1 I 1 I
0 2000 4000 6000 8000 10000 12000 14000

Iteration

Figure 4.2 Algorithm convergence for air and ground trims

4.6 VERIFICATION OF TRIM POINTS

To verify the trim points the simulation must be started from a trim point. If the states
that define the dynamics does not change for a long period, the trim point can be verified.
In Figure 4.3 a simulation with 40 seconds duration is shown for the verification of the

three tires on the ground trim point.
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Figure 4.3 Trim point verification simulation
4.7 LINEAR MODELS

Linear models must be calculated to make the autopilot synthesis process more
straightforward. Autopilot synthesis can be made systematically using linear models.

Most of the control theory is also based on linear time-invariant models.

4.8 PARAMETERS OF LINEAR MODELS

Inputs, states, and outputs of the linear model must be defined so that linear model

matrices can be calculated. These parameters can be seen in Table 4.8 Parameters of linear

models.
Table 4.8 Parameters of linear models
SHSS TRIM IN AIR THREE TIRES ON THE GROUND TRIM
Inputs | 8¢y, Getes Sait> Orua Inputs | 8¢nr s Gete > Gait> Orua » Oieftbrake »
S8rigntbrakes Osteer
States | u,v,w,p,q,1, ¢, 0 States u Vv, W, p, q 1, ¢ , 6 ,
Stmgr Srmg» Sng» Simgr Srmg» Sng
Outputs | TAS, B8, v, x, a, Outputs | TAS, B, v, x, a,
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4.9 CALCULATION OF LINEAR MODEL MATRICES

For the linear models, the effects of inputs and states on state derivatives and outputs must
be calculated. Effects of states on state derivatives are defined in the A matrix, effects of
inputs on state derivatives are defined in the B matrix, effects of states on outputs are
defined in the C matrix and effects of inputs on outputs are defined in the D matrix. These

effects of unit perturbations can also be defined as slopes or gradient.

The two fundamental methods for calculation of the slopes are central difference and
forward difference methods. For the forward difference method, an example is where the
u state is 100, a calculation is done for the point where u is 100 + du and the slope is
calculated using the trim point and one perturbed point. In central difference method, the
slope must be calculated using the points u is 100 — du and u is 100 + du. Thus, in the

central difference, two extra perturbed points must be calculated.

In the central difference method, the result is expected to be better compared to the
forward difference method since the calculation is done using two perturbed points on
both sides. In the forward difference method, asymmetrical results may occur; however,

the calculation will be faster since one less perturbation is done.

State of the art is the central difference method since it finds better results. Computation
time is not too critical for linear model derivation unless the system is too complex.

Generally, trimming takes a lot more time compared to linear model derivation.

One important thing to consider during linear model derivation is the unit perturbations.
These perturbations are especially important during ground trimming. Perturbations of
strut displacements must be small enough, otherwise, the tire will lift from the ground
and the calculated dynamics will be wrong. The unit perturbations used in this study are

given in Table 4.9.
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Table 4.9 Unit Perturbations Used in Linear Model Calculations

Unit Perturbations Used in Linear Model Calculations
Inputs Perturbations States Perturbations
Othr» Octes Oails Orud 0.01 u, v, w 0.001
Sieftbrakes Orightvrakes Osteer 0.01 p,q, 1, ¢,0 0.0001
Stmg» Srmg» Sng» | 0.0001
Simgr Srmg: Sng
4.10 VERIFICATION OF LINEAR MODELS

For the verification of the linear model, linear and nonlinear models must be compared
for the same trim point and with the same inputs [54]. Generally, a doublet input is applied
at the trim point and the results are compared. These comparisons must be done for all
the inputs available on the aircraft. If the trim point is unstable there may be divergence

between nonlinear and linear model simulation results. This is normal. The important

point to check is if the initial dynamics responses to the doublet are similar.

In Figure 4.4, Figure 4.5, Figure 4.6, and Figure 4.7 there are example verifications for

the three tires on the ground trim point. Linear model is compared with nonlinear model

for the ground trim point in Table 4.7 using different inputs.
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5. DYNAMICS AND MODE SHAPES

To design the controller of the aircraft, its dynamics must be learned. The dynamics in air
is well known with very well-defined pole names and definitions; however, dynamics on

the ground are not very well known.

5.1 ON GROUND MODE SHAPES

Three tires on the ground aircraft have 14 poles and two tires on the ground aircraft have
12 poles that affect the dynamics of the aircraft. The linear models can be defined with
standard states in the simulation or an adjustment to the landing gear states can be done.
These are shown in Table 5.1. Here, Sy, 4414 1 the average of Sy, and Sy, and Sy gairs
is the difference between s;,,4 and S,pg. By defining the main gear states like this
longitudinal and lateral states can be separated easier. Two different trim points are

calculated to show the dynamics of the aircraft. These are shown in Table 5.2.

Table 5.1 Linear Model States

Three Tires On The Ground Two Tires On The Ground
Standard Linear | u,v,w,p,q,1, @, 0, Simg, Srmg> Sng> | Us Vs W, D, @, T, @, 0, Simyg,
Model States Slmga S"rmga éng Srmg> Slmg» S"rmg

Altemaﬁve Linear ua V5 W: p’ qa r’ ¢ > 9 s Smgavg > u’ V’ W’ p’ qs r’ ¢3 93 Smgavga

Model States Smgdiffa Snga Smgavga smgdiffa Sng Smgdiffa Smgavga smgdiff

Table 5.2 On ground trim points for ground dynamics investigation of the aircraft

Two Tires on Ground Trim Three Tires on Ground Trim
m 9000 kg m 9000 kg
TAS 45 m/s TAS 20 m/s
8ail 0 Sail 0
6 16 deg Sele -25 deg
X 0 X 0
B 0 a, 0

B 0
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5.1.1 LONGITUDINAL POLES

AIRCRAFT

OF TWO TIRES

ON

THE GROUND

Eigenvalues and eigenvectors are shown in Table 5.3 and Table 5.4. Explanations are

done for the modes that are present. Variations of poles with airspeed are shown in

Appendix 7.
Table 5.3 Eigenvalues of longitudinal A matrix for two tires on ground trim point
#1 -169.46 0 0 0 0 0 0 0
#2 0| -34.833 0 0 0 0 0 0
#3 0 0| 0.830326 0 0 0 0 0
# 4 0 0 0| -1.2018 0 0 0 0
#5 0 0 0 0| -0.0103 0 0 0
#6 0 0 0 0 0| -0.4486 0 0
#7 0 0 0 0 0 0| -11.27 0
#8 0 0 0 0 0 0 0| -88.723
Table 5.4 Eigenvector matrix for longitudinal two tires on ground trim point
#1 #2 #3 #4 #5 #6 #7 #38
u 0.0031 0.0824 | -0.5398 | 0.2015| 0.9855| -0.2029 0 0
w -0.0119 | -0.3122 0.8403 | -0.9792 | -0.1699 | 0.9792 0 0
q -0.0002 | -0.0041 0.0319 | 0.0176 0| -0.0003 0 0
0 0| 0.0001 0.0385 | -0.0147 | -0.0027 | 0.0006 0 0
Smgavg 0.0059 | 0.0272 0.0013 -0.001 | -0.0003 | 0.0007 0 0
Sng 0 0 0 0 0 0| -0.0884 | -0.0113
Smgavg | -0.9999 -0.946 0.0011 | 0.0012 0| -0.0003 0 0
Sng 0 0 0 0 0 0| 0.9961 | 0.9999

15t and 2" modes (Main gear tire heave modes):

The first two modes are the fast motion of the aircraft tire in between the ground and the

aircraft. The dominant state is the velocity of the main gear strut. The aircraft gets affected

by the motion in a minimal amount. The motion of the aircraft in these modes can be

neglected in controller synthesis.

3" mode (Unstable pitch mode):

In this mode, the dominant state is w. The aircraft makes a pitching motion while the

main gear tires remain on the ground. This mode is unstable.
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4™ and 6" modes (Stable pitch modes):

In these modes the dominant state is again w. The aircraft makes this time a stable pitching

motion around the main landing gear tires.
5t mode (Phugoid on the ground):

This is a very long period mode in which the dominant state is u. It describes the long

period effect of u on other states of the aircraft.
7t and 8™ modes (Nose gear vibration modes):

In these modes the dominant state is the velocity of the nose landing gear strut. They
describe the short period vibration of the nose gear wheel with respect to the aircraft.
Since the nose landing gear does not touch the ground, it does not affect the motion of the

aircraft.

5.1.2 LATERAL POLES OF TWO TIRES ON THE GROUND AIRCRAFT

Eigenvalues and eigenvectors are shown in Table 5.5 and Table 5.6. Explanations are
done for the modes that are present. Variations of poles with airspeed are shown in

Appendix 8.
15t and 2" modes (Main gear tire roll modes):

In these modes, main gear wheels of the aircraft move asymmetrically opposite to each
other. These modes have very short periods. The dynamics of the aircraft do not get
considerably affected by these modes. The dominant state is the difference between main

gear strut velocities.
3 and 4™ modes (Rolling vibration of aircraft on the ground)

In these modes the aircraft makes a rolling vibration with respect to the ground. All the

states get affected from these modes in a considerable way. The dominant state is p.
5t and 6" modes (Dutch roll on the ground)

In these modes, the dominant pole is v. The aircraft periodically makes changes to its

direction in a vibratory way. It is a stable mode.
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Table 5.5 Lateral poles of two tires on ground trim point

5.1.3 LONGITUDINAL POLES OF

AIRCRAFT

THREE TIRES ON THE GROUND

#1 -169.84 0 0 0 0
#2 0| -20.799 0 0 0
#3 0 0 | -7.730 +14.74i 0 0
#a 0 0 0| -7.730 -14.74i 0 0
#5 0 0 0 -0.2933 + 1.002i 0
#6 0 0 0 0 | -0.2933 - 1.002i
Table 5.6 Eigenvectors for lateral two tires on ground trim point
#1 #2 #3 #4 #5 #6
-0.2053 - -0.2053 +
v 0.0006643 0.1868 0.3523i 0.3524i 0.9997 0.9997
0.0002705 + | 0.0002705 -
0 -0.01056 -0.3767 0.6442 0.6442 0.007857i 0.007857i
0.03498 - 0.03498 + -0.001882 - -0.001882 +
-0.0005821 | -0.02058
r 0.0003780i | 0.0003780i | 0.02111i 0.02111i
-0.01826- | -0.01826 + | 0.001731 - 0.001731 +
6.32E-05 0.0184
[0) 0.03481i 0.03481i 0.0002384i 0.0002384i
-0.03379- | -0.03379 + | 0.001465 - 0.001465 +
Smgdif f 0.005887 0.04355 0.01883i 0.01883i 0.0002475i 0.0002475i
0.5387 - 0.5387 + -0.0001818 -0.0001818 -
Smadiff 0.9999 | 0.9058 | 4 555 0.3525i +0.001539i | 0.001539i

Eigenvalues and eigenvectors are shown in Table 5.7 and Table 5.8. Explanations are

done for the modes that are present. Variations of poles with airspeed are shown in

Appendix 9.

15 and 4" modes (Main gear tire heave modes):

These two modes are the fast motion of the aircraft tire in between the ground and the

aircraft. The dominant state is the velocity of the main gear strut.

2"4 and 3" modes (Nose gear pitch vibration modes):

In these modes, the dominant state is the velocity of the nose landing gear strut. These

modes describe the very short period vibration of the nose gear with respect to the aircraft.

The aircraft moves in a minimal amount.
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5t and 6" modes (Pitch vibration of the aircraft):

These modes describe the pitch vibration of the aircraft with respect to the ground. While

w is the dominant state of these modes, all the modes get affected by a considerable

amount.

7t and 8™ modes (Phugoid modes on the ground):

These are long period modes that describe the relation between states u and w. The

dominant state of 7" mode is u while the dominant state of 8" mode is w.

Table 5.7 Longitudinal poles of three tires on ground trim point

#1 -168.3 0 0 0 0 0 0 0
-51.95
0 . 0 0 0 0 0 0
#2 +47.42i
-51.95
0 0 . 0 0 0 0 0
#3 -47.42i
#4 0 0 0| -35.48 0 0 0 0
-1.007
0 0 0 0 . 0 0 0
#5 + 4.546i
-1.007
0 0 0 0 0 . 0 0
#6 - 4.546i
#7 0 0 0 0 0 0 -0.00509 0
#8 0 0 0 0 0 0 0| -0.4022
Table 5.8 Longitudinal eigenvectors for three tires on ground trim point
#1 #2 #3 #4 #5 #6 #7 #8
| -5.7610e-06 | -5.7610e-06 -0.016512 | -0.016512
+ . 0.010112 | - + -0.99742 | -0.040465
u 0.00043046 | 4 50057050i | 0.00057050i 0.0030870i | 0.0030870i
-0.012982 | 0.00076549 | 0.00076549 0.30418 -0.8605 -0.8605 | 0.071751 0.99918
w +0.017899i | - 0.017899i
0.00026059 | 0.00026059 -0.06503 - | -0.065026
-0.0010242 | - . 0.026173 | o + 0188311 2.37E-06 | 3.36E-05
q 0.0054511i | 0.0054511i
-4.9510e-05 | -4.9510e-05 | -0.036779 | -0.036779 ]
6.08E-06 | +5.9736e- | -5.9736e- + . -0.000301
0 05i 05i 0.00073743 1 4 1221971 | 0.022197i 0.0001035
3.7080e-05 | 3.7100e-05 -0.014174 | -0.014174
0.0059406 | - 6.4475e- | +6.4475e- -0.026562 | + . -8.21E-05 | 0.000631
Smgavg 06i 06i 0.011441i | 0.011441
-0.010497 - | -0.010497 + 0.077670- | 0.077670 +
Sng 7-56E-06 | () 00958181 | 0.0095818i 0.0036964 | ) 0575281 | 0.0575281 | 00007285 | 0.0012372
-0.0016216 | -0.0016216 -0.038152 | -0.038152 ]
-0.9999 | + . 0.94274 | - + 6.48E-07
$mgavg 0.0020942i | 0.0020942i 0.075369i | 0.075369i 0.0002048
0.18563 + | 0.18563- -
5o 0.0012728 0.99972 0.99972 01312 | oo 0.40790i 5.75E06 | o o00a01a
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5.1.4 LATERAL POLES OF THREE TIRES ON THE GROUND AIRCRAFT

Eigenvalues and eigenvectors are shown in Table 5.9 and Table 5.10. Explanations are
done for the modes that are present. Variations of poles with airspeed are shown in

Appendix 10.

Table 5.9 Lateral poles of three tires on ground trim point

#1 | -168.74 0 0 0 0 0
#2 0| -18.948 0 0 0 0
#3 0 0 | -10.269 + 14.412i 0 0 0
#4 0 0 0 | -10.269 - 14.412i 0 0
#5 0 0 0 0 |-1.3325 0
#6 0 0 0 0 0 | -0.33384
Table 5.10 Lateral eigenvectors for three tires on ground trim point
#1 #2 #3 #4 #5 #6
-0.013692 - -0.013692 +
v -0.00013809 0.039228 0.069388i 0.069388i 0.99968 0.99871
0.55718 + 0.55718 -
0 0.011697 -0.44373 0.37550i 0.37550i -0.015035 | -0.0040677
0.0058895 + | 0.0058895 -
; 0.00012235 | -0.004231 0.0032306i 0.0032306i 0.0003006 | -0.048708
-0.00099021 | -0.00099021
¢ -6.93E-05 0.023415 | 0.037951i +0.037951i 0.011286 0.010267
-0.024105 - -0.024105 +
Smadifs -0.0059258 0.047168 0.033829i 0.033820i 0.010071 0.008858
Smgdiff 0.99991 -0.89374 | 0.73507 0.73507 -0.013419 | -0.0029571

15t and 2" modes (Main gear tire roll modes):

In these modes, the main gear wheels of the aircraft move asymmetrically opposite to
each other. These modes have very short periods. The dynamics of the aircraft do not get
affected by these modes in a considerable way. The dominant state is the difference

between main gear strut velocities.
3 and 4™ modes (Rolling vibration of aircraft on the ground)

In these modes, the aircraft makes a rolling vibration with respect to the ground. All the

states get effected by these modes in a considerable way. The dominant state is p.
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5t and 6" modes (Spiral on the ground)

In these modes the dominant state is v. The aircraft periodically makes changes to its

direction.

5.2 INITIAL CONDITION OF SIMULATIONS

Initial conditions can be found using steady heading and steady sideslip trim calculation.

The initial conditions that are calculated are shown in Table 5.11.

Table 5.11 Initial condition of simulations

Crosswind (m/s) Y position (m) Track angle (deg)
0 2 2
7.72 2 2
-7.72 2 2

Simulations start when main landing gears are 0.1 meters above the ground. The descent

rate is taken as 150 fpm.

5.3 REFERENCE PITCH ANGLE

During the two tires on the ground phase, the controller tracks 16 degrees pitch angle and
during the three tires on the ground phase the aircraft still tries to track the reference pitch
angle. At this phase, the less vertical force nose gear has the more stable the aircraft is.
Keeping more weight on the main gears is also advantageous for braking performance.

Trimmable and untrimmable regions and the reference pitch angle are shown in Figure

5.1.
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Figure 5.1 Trimmable and untrimmable regions and the reference pitch angle

5.4 CONTROL ALLOCATION OF RUDDER, STEERING AND
DIFFERENTIAL BRAKE

B matrices are created for the trim points throughout the landing rollout. Effects of the

rudder, steering and differential braking are shown in Table 5.12.

Differential braking is only applied if the other two inputs are not enough. Relationship

between percent differential braking and rudder angle is given in Figure 5.2.

For the part where nose gear is on the ground a constant allocation between rudder and
steering is given. This allocation constant is 0.5 degrees of steering per 1 degree of the

rudder.
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Table 5.12 Effectiveness of rudder, steering and differential braking

True airspeed (m/s)

Rudder effectiveness

Steering effectiveness

Differential braking

(deg/s?)/deg (deg/s?)/deg effectiveness (deg/s?)/percent
5 -6.12E-05 -0.03277 -0.003002
10 -0.00024 -0.03272 -0.003002
15 -0.00055 -0.03258 -0.003001
20 -0.00098 -0.03225 -0.003001
25 -0.00153 -0.03160 -0.003000
30 -0.00206 0 -0.002796
35 -0.00281 0 -0.002796
40 -0.00367 0 -0.002796
45 -0.00464 0 -0.002796
50 -0.00573 0 -0.002796
55 -0.00693 0 -0.002796
60 -0.00825 0 -0.002796

251

Percent brake / Rudder degree

05r

10 20

30 40 50

TAS (m/s)

60

Figure 5.2 Relationship between differential brake and rudder with respect to speed of the
aircraft
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5.5 ON GROUND LATERAL CONTROL STRATEGY
There are three possible strategies for lateral control on the ground. These are:

- Fix the roll angle at zero and control the lateral acceleration using the yaw angle
- Fix the yaw angle at zero and control the lateral acceleration using the roll angle

- Control the lateral acceleration using both the yaw angle and roll angle
The third strategy is used for maximum control authority.
Lateral acceleration must be limited for safety. The limit is taken as 1 m/s>.

Yaw reference is produced such that the aircraft tracks the reference lateral acceleration.
Roll angle reference is produced such that for 1 m/s® lateral acceleration reference 6
degrees of reference roll is also commanded. 6 degrees per 1 m/s? is selected based on the
calculation of lateral acceleration created by a 1 g lift producing wing. When the lift is
equal to weight 6 degrees of roll angle creates approximately 1 m/s? lateral acceleration.
At high speeds, effect of the roll angle on lateral acceleration is dominant whereas at low
speeds where there is no longer aileron authority to control the roll angle, effect of the

yaw angle on lateral acceleration is dominant.

56



6. OUTER LOOP GUIDANCE

An outer loop guidance for tracking the midline of the runway is necessary for the
autoland system application. Outer loop guidance creates reference lateral acceleration

and inner loop autopilot makes the maneuver with the specified lateral acceleration.

In this chapter, a comparison study for outer loop guidance algorithms is done. Five
different algorithms are selected. The first of these algorithms is the carrot chase
algorithm which is also studied by Sujit et al. [39]. In the original carrot chase algorithm,
an imaginary point Ax ahead of the aircraft is tracked. In this study, this is modified as
Ax + VAt. The reason for this is the variable speed during the landing rollout. Because
of the highly variable speed Ax is not sufficient for a successful guidance algorithm in
this case. Another algorithm that is studied is the vector field guidance algorithm. For the
creation of the near vector field, a simple linear varying equation is used. The third
algorithm is the sliding mode guidance algorithm. Here, a nonlinear function that contains
sign(x) is used to guarantee the tracking of the sliding surface in finite time. The fourth
algorithm is the linear sliding mode guidance algorithm. Here, sat(x) function is used
instead of the sign(x) [41]. While this cannot guarantee the tracking of the sliding surface
in finite time, the algorithm became linear and there is no chattering phenomenon. The
fifth algorithm that is studied is the geometric predictive guidance algorithm. This
algorithm uses two minimum radius circles [55] in which one of which is tangent to the
velocity of the plane, and the other one is tangent to the midline of the runway. The two
circles are also tangent to each other. Using these two tangent circles the route of the

aircraft is predicted.

6.1 MODELING THE AIRCRAFT AND INNER LOOP CONTROLLER

The lateral dynamics of the aircraft and the inner controller loop which tracks the lateral
acceleration is modeled as a first order transfer function (Figure 6.1). The time constant
of this transfer function is assumed as 0.4s. The aircraft is assumed to track the lateral

acceleration in accordance with this first-order transfer function.
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AUTOPILOT SYSTEM

Figure 6.1 Outer loop and inner loop

6.2 GUIDANCE ALGORITHMS

Before the introduction of the guidance algorithms the runway coordinate system which

is used for the calculations must be presented.

6.2.1 RUNWAY COORDINATE SYSTEM

The touchdown point is taken as origin. The direction at which the aircraft lands is taken
as the x-axis, down direction is taken as the z-axis. When the x-axis is rotated 90 degrees
in the direction of the z-axis it becomes the y-axis (Figure 6.2). This coordinate system is
the modified NED axis in which the coordinate system is rotated around the z-axis such

that the x-axis aligns with the landing direction.

Figure 6.2 Runway coordinate system [56]
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6.2.2 SUCCESS CRITERIA FOR THE GUIDANCE ALGORITHMS

Before the selection of the guidance algorithm, success criteria must be decided. The
expected behavior of the aircraft during landing rollout is to go straight with minimal
lateral maneuver and stay inside the runway. While the aircraft is not required to track the
midline strictly, staying close to the runway midline can be considered a bonus. Important

point is to land safely.

Reference acceleration commands of the guidance algorithms are limited to 1 m/s? in each

direction. As a result of this, the aircraft does not make hard maneuvers.

For all the algorithms integral of the midline tracking error and the integral of lateral
acceleration are calculated. The results of the integrals are compared. The expected result

is that the integrals of both tracking error and lateral acceleration are small.

6.2.3 MODIFIED PROPORTIONAL CARROT CHASE ALGORITHM
In proportional guidance (Equation 6.1) a point is tracked.

Aref = NpgAAV (6.1)
In the equation ar.r denotes the acceleration command, Npg is a proportionality constant,
A denotes the rate of change of line-of-sight angle between the vehicle and the target, AV
denotes the relative speed between the vehicle and the target.
The task is to specify an imaginary point on the midline. The imaginary point that is
proposed in this study is a point that is Ax + VAt ahead of the aircraft and on the midline
of the runway (Figure 6.3). Here, V is taken as the speed of the aircraft with respect to
the ground.

Imaginary point

Figure 6.3 Modified proportional carrot chase algorithm
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Two angles must be defined. Track angle (y) is the angle between the velocity vector of
the aircraft and the x-axis of the runway. Target angle (£) is the angle of the target with
respect to the aircraft in runway axis (Figure 6.3). Sum of these two angles shows the

angle of the target with respect to the velocity vector of the aircraft.

The relation of y with x and y is shown in Equations 6.2 and 6.3. Relation of y with ay is

shown in Equation 6.4.

x=Vcosy (6.2)
y=Vsiny (6.3)
X =a,/V (6.4)

The relation of & with position and velocity is shown in Equations 6.5 and 6.6. Equation

6.5 is differentiated with respect to time to obtain Equation 6.6.

— -1 Yy
¢=—tan (VAt+Ax) (6.5)
s 1 y(VAt+Ax)-yVAt
§= <1+( y )2> (VAt+Ax)? (6.6)
VAt+hx

The relation between a,, and Ay, or is given in Equation 6.7. T, y is defined as the time

constant of the inner loop.

. 1
y = (ay,, = @) 7~ (6.7)

Guidance law is given in Equation 6.8.
ayref = Npg (SC - f()V (6.8)

The aircraft is assumed to decelerate with 4 m/s?. States that are used in the simulation
are given in Table 6.1 States for simulation of modified proportional carrot chase

algorithm.

Table 6.1 States for simulation of modified proportional carrot chase algorithm

State Symbol State Name
X X position
Y Y position
A% Ground speed of the aircraft
X Track angle
a, Lateral acceleration
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6.2.4 VECTOR FIELD GUIDANCE ALGORITHM

In this algorithm, there is a predefined vector field that is tracked by the aircraft. The
vector field that is used in this study is given in Figure 6.4 Vector field on the runway. In
this vector field, reference track angles are given with respect to the lateral position of the
aircraft. This vector field is specified such that the track angle changes proportionally

with the lateral position.
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Figure 6.4 Vector field on the runway

Equations 6.2, 6.3, 6.4 and 6.7 hold for this algorithm too. Guidance law is given in
Equation 6.9. To track the reference track angle, proportional navigational guidance law
is used. To adjust for the change in speed a new parameter Vier is added. Proportional
guidance is designed for a specific speed and adjusted for other speeds. Under the speeds
of 10 m/s guidance law is calculated as if speed is 10 m/s so that the algorithm works at

slow speeds.

_ _ Vref
Wrer = N (Xrer = X) max([V,10]) (6.9)

6.2.5 SLIDING MODE GUIDANCE ALGORITHM

In this algorithm, lateral speed and lateral position is required to follow a sliding surface.
There are two different commands for two different sides of the sliding surface. The

designed manifold and the commands for two sides of it are shown in Equation 6.10.
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1, y < —0.1signy y?
ay,, = { (6.10)

—1, y > —0.1signy y?

Equations 6.2, 6.3, 6.4 and 6.7 hold for the simulation of this algorithm also.

6.2.6 LINEAR SLIDING MODE GUIDANCE ALGORITHM

To make the guidance law linear, the sliding surface must be linear and the transition

between the two sides of the sliding surface must be dictated by a linear relation.

The linear sliding surface function is given in Equation 6.11. The time constant of the

sliding surface was selected such that it is slower than the time constant of the inner loop.
y =-03y (6.11)

The guidance law that dictates the linear transition at the sliding surface is shown in

Equation 6.12.
ay,,, = 0= (=03y)) * (=3) (6.12)

Ay, or is bounded between -1 and 1 m/s?. Inside this bound it changes linearly according

to Equation 6.12.

6.2.7 GEOMETRIC PREDICTIVE GUIDANCE

In this algorithm, two minimum radius circles calculated using the maximum allowable
lateral acceleration are used to predict the maneuver of the aircraft [54]. These circles and
the critical point (CP), midpoint (MP), and line point (LP) that are used in the algorithm

are shown in Figure 6.5.

Figure 6.5 Geometric predictive guidance algorithm
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To find the coordinates in Figure 6.5 the first thing that must be done is to calculate the

radius of the circles (Equation 6.13). In this equation, ay is taken as 1 m/s?.

VZ

r, = (6.13)

ay

Guidance law is given in Equation 6.14. CP and MP are calculated. If the aircraft hasn’t
arrived at CP yet, maximum acceleration command towards MP is given. If the aircraft
is between CP and MP, again maximum acceleration command towards MP is given. If
the aircraft has passed MP maximum acceleration command in the opposite direction is
given.

If y<0{

Xcp =X —rSsiny

Yep =Y —rsinysiny

Yup = Ycp/2
If xcp > x{
ayref =1}
Else If xcp < x{
y
If —<1
! Ymp ¢
Ay, or = -1}
y
Else If — = 1{
Ymp
ay,,, = 1)

Else If y > 0{
Xcp =x +rsiny
Yep =Y +rsinysiny
yup = Yep/2
If xcp > x{
ayref = -1}
Else If Xcp < X{

y
If —<1
fYMP ¢

ayref =1}
Else If Y > 1{
Yump

ay,,. =~} (6.14)
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If a maximum command is given between CP and MP the aircraft will arrive at the
midline in minimum time, however; this is not necessary. To soften the response in this
interval one can make adjustments to the guidance law. An example adjustment is given

in Figure 6.6.

ayref
(@]

0 05 1 15 2 25 3 35 4 45 5
Y/Ymp

Figure 6.6 Adjustment to reference lateral acceleration command

6.3 RESULTS

Aircraft simulation starts from 80 m/s ground speed, -2 m y position, with —2° and 2°

track angles. Results are shown in Figures Figure 6.7 to Figure 6.16.
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For two different initial conditions, error and control effort values are in Table 6.2. In

parallel to the findings in the literature vector guidance algorithm has the least tracking

error while the modified proportional carrot chase algorithm has the least control effort

value and the linear sliding mode guidance law performs in between these two algorithms

for both criteria. For the remaining two algorithms control effort values are too high to be

considered a viable option for the aircraft landing rollout application.

In this study, linear sliding mode guidance is chosen as the outer loop guidance method.

Table 6.2 Comparisons of different guidance algorithms in terms of midline tracking and

control effort

Algorithm

Position tracking error (Midline tracking)

Integral of lateral acceleration (Control

effort)

Initial track angle (degree) 2 2 2 2
Modified proportional carrot 75.48 27.46 4.03 3.14
chase algorithm

Vector  field  guidance 33.07 8.98 6.80 4.68
algorithm

Sliding mode guidance 42.55 20.99 42.98 21.31
algorithm

Linear sliding mode 40.15 12.57 5.56 4.00
guidance algorithm

Geometric predictive 3445 9.52 11.55 11.73
guidance algorithm
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7. INNER LOOP SLIDING MODE CONTROLLER SYNTHESIS

In this part, the synthesis of the inner loop sliding mode controller is done. Tracking
performance, stability, and disturbance rejection characteristics are proven. There are
three different controllers to be designed. One of them is the pitch angle controller which
is needed to keep the pitch angle of the aircraft in the desired position. The reference pitch
angle is a function of the ground speed of the aircraft. The second controller is the lateral
acceleration controller. Reference lateral acceleration comes from the outer loop
guidance. The third controller that is designed is the roll angle controller. Here, the
reference roll angle again comes from the outer loop guidance. 6 degrees roll angle

command per 1 m/s? lateral acceleration command is given.

Before the synthesis of the controller, the theory of sliding mode control and the structure

of the controller must be explained, and the requirements of the controller must be

defined.

7.1 THEORY OF SLIDING MODE CONTROL

In this section, the theory of sliding mode control is explained based on the first chapter
of Shtessel et al. [57]. For an illustration of the theory a simple system of one-dimensional
motion of a unit mass is defined. Here, x; denotes position, x> denotes velocity, u; denotes
the control input force and f denotes the disturbance. The equation of motion of the system

is shown in Equation 7.1.

(7.1)

{ 5(1 = xz
Xy = up + f(xg, %, 1)

7.1.1 MAIN CONCEPTS OF SLIDING MODE CONTROL

The first job is to determine a desired compensated dynamics for the system in Equation
7.1. A good candidate is the homogeneous linear time-invariant differential equation

shown in Equation 7.2.
X1 +cx;=0,¢>0 (7.2)
A general solution to Equation 7.2 is shown in Equation 7.3.

{ x; (t) = x1(0)e™*
x,(t) = —cx,(0)e ¢
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This is the ideal dynamics of the system that should be achieved by sliding mode
controller in presence of disturbances. To this end, another variable denoted o must be

introduced in Equation 7.4.
o=x,+cx;, c>0 (7.4)

To achieve asymptotic convergence, the sliding variable o must be driven to zero in finite
time by the control input u. This task can be achieved by Lyapunov function techniques.
For the dynamics of o (Equation 7.5) a Lyapunov function can be the one in Equation

7.6.
G =%y +Cxy = Cxy Uy + f(xq,%5,1) (7.5)
12
V==-0o (7.6)

To guarantee asymptotic stability for o, the following conditions must hold.

1. V,<0forc#0
il. lim V, = o
lo]—00

Condition ii is already satisfied. Condition i can be modified to be as in Equation 7.7.

V, < —aV,? a>0 (7.7)
By separation of variables and integration, one can obtain Equation 7.8.

V28 < —Sat+V,2(0) (7.8)
From Equation 7.8 it can be concluded that V (t) reaches zero in finite time t, which is

bounded by the relation in Equation 7.9.

1/2
t, <2 © (7.9)

a

From further calculations, a control law that drives ¢ to zero in finite time can be
calculated as in Equation 7.10. The control gain p has a component for sliding mode and
a component for disturbance rejection. The component for disturbance rejection must be

bigger than the maximum value of the disturbance input signal.
Uy = —cxy, — p sign(a), p>0 (7.10)

Remark 7.1 ¢ must be a function of u in to be able to design a controller.
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Definition 7.1 ¢ is called the sliding variable.
Definition 7.2 Equation 7.4 is called a sliding surface.
Definition 7.3 Equation 7.10 is called a sliding mode controller.

Due to the discontinuous nature of Equation 7.10, a phenomenon called chattering occurs.

To remedy this problem, following procedures may be implemented.

7.1.2 CHATTERING AVOIDANCE

In practical control systems, chattering is an unwanted phenomenon that must be solved
using continuous control signals while also keeping the robust nature of the sliding mode

controller. Here, two of the solutions to this problem are explained. These are:

- Quasi sliding mode

- Asymptotic sliding mode

7.1.2.1 QUASI SLIDING MODE

One way to make the control input signal continuous is to make the discontinuous sign
function continuous using a sigmoid function (Equation 7.11) or sat function [41].

g

sign(o) = (7.11)

|lo|+&
Equation 7.11 becomes equivalent to sign function if € is infinitesimally small.

The problem with this approach is the decreased robustness since the sliding variable does

not approach zero in finite time and the disturbances are not completely rejected.

7.1.2.2 ASYMPTOTIC SLIDING MODE

Another approach is to control the system with the derivative of the control input variable
which is 14 in our example system. In this case, 11, is discontinuous, however; the integral

of 114 which is u; becomes continuous.

In this case the system is redefined as in Equation 7.12.

X1 = Xy
X, = Uy + f(xy,%5,8) (7.12)
U =1
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Here, the disturbance is assumed to be bounded and continuous with a bounded time

derivative.

To design a new sliding mode controller based on the newly defined control input vi, one

must define another auxiliary sliding variable (Equation 7.13).
Sl = d- + Clo- (7.13)

By guaranteeing a finite time convergence of the auxiliary sliding variable s, one can
obtain a system with asymptotic convergence for the real sliding variable . The control

law for this condition can be obtained as Equation 7.14.
v, = —ccyxy — (¢ + ¢)uy — p sign(sy) (7.14)

This approach in theory rejects the disturbance and guarantees asymptotic convergence
for the states of the system. However, the problem is the differentiation that is done for
the real sliding variable in Equation 7.13. Numerical differentiation of an already noisy
signal may not work in real life. Nevertheless, there are some solutions to this problem.
These are sliding mode observers and differentiators that are discussed in the coming

sections.

7.1.3 CONCEPT OF EQUIVALENT CONTROL

An equivalent control function can be estimated for the time after the sliding surface has
been reached. In this region, the derivative of the sliding surface is zero (Equation 7.5).

Equivalent control input is calculated as Equation 7.15.
Ueqg = —CX3 — (X1, %, 1) (7.15)

Definition 7.4 The control input that is needed to keep the system at sliding mode after it

has been reached is called the equivalent control.

The equivalent control can be estimated using a low pass filter (LPF) as it is shown in

Equation 7.16. In this equation i, denotes the estimated equivalent control input and t:

denotes the reaching time for the sliding mode.
fleg = —Cx3 — p LPF(sign(o)), t>t, (7.16)

The disturbance term can also be easily estimated (Equation 7.17) by combining

Equations 7.15 and 7.16.
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F(xy,%5,t) = p LPF(sign(a)), t>t, (7.17)

7.1.4 SLIDING MODE EQUATIONS

The dynamics of the system with sliding mode controller have two phases. These are
named as reaching phase and sliding phase. Reaching phase is the finite time it takes for
the sliding variable to become zero. The sliding phase is the phase after the reaching phase

when the sliding variable has reached zero.

During the sliding phase sliding variable is zero. Equation 7.4 can be modified for the

dynamics in this phase (Equation 7.18).
xZ S 5(1 S _Cxl (7.18)

A solution to this equation is shown in Equation 7.19. Here t; denotes the reaching time.

{ x1(£) = x,(¢,)e =) (7.19)

X () = —cxy (t,)e <)
Parameter c can be selected such that the convergence of the system is of a desired rate.

Design of the sliding mode controller has two steps. The first step is to decide on the
sliding surface based on the required dynamics behavior of the system while sliding. The
second step is to design the control input such that the system reaches the sliding surface

in desired time, and it stays on the sliding surface after it has reached it.

7.1.5 SLIDING MODE OBSERVER/DIFFERENTIATOR

If velocity is not measured but needs to be estimated, one must design a sliding mode
observer for it. The following algorithm is proposed for this purpose (Equation 7.20).

Here v, is the observer input term.

X, =1 (7.20)
An auxiliary sliding variable z; denotes the estimation error (7.21).

Zi =X — X (7.21)
By differentiating Equation 7.21 one can get Equation 7.22.

Zl S _xZ + vl (7.22)
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A sliding mode controller that drives z; to zero in finite time is designed as in Equation

7.23.

v, = —p sign(z,) (7.23)

After t;, z; and Z; becomes zero. Using the concept of equivalent control one can estimate

X, as in Equation 7.24.

Xy = Vgq = LPF(—p sign(z,)) (7.24)

7.1.6 OUTPUT TRACKING USING SMC

Consider a system where a specific reference output is tracked. This task can be done

with a sliding mode controller by different methods.

7.1.6.1 CONVENTIONAL SLIDING MODE CONTROLLER DESIGN

A sliding mode output tracking controller can be designed using the conventional method
explained in Section 7.1.1. Here, the sliding variable is slightly changed as in Equation
7.25. e denotes error between position reference and position output and é denotes the

error between velocity reference and velocity output.
oc=é+ce, ¢c>0 (7.25)
The control law can be derived as in Equation 7.26.

u, = p sign(o) (7.26)

7.1.6.2 INTEGRAL SLIDING MODE CONTROLLER DESIGN

Another method for output tracking is the integral SMC method. Here, two different input

variables named wi and w» are designed (Equation 7.27).
ul = Wl + WZ (7.27)

While wy is designed to compensate for the disturbance, w, is designed to drive the
sliding variable to zero. Here, the sliding variable is the same as in the conventional output
tracking SMC (Equation 7.25). Other auxiliary sliding variables are defined (Equation
7.28).
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{Sé;a__w? (7.28)
By calculations, u; and u, can be found as in Equation 7.29.
{W1 = py sign(s;) (7.29)
w, = ko
The overall control law can be found to be as in Equation 7.30.
u, = p, sign(o + [ ko dt) + ko (7.30)

7.2 CONTROLLER STRUCTURE

In this section, structure of the controller is explained. The aim is to design one sliding
surface for all the controllers, however; if one sliding surface is not enough different
sliding surfaces for different trim points can be designed. Stability and disturbance
rejection characteristics are functions of the inner loop. For tracking characteristics, if the

requirements are not met prefilters can be added to improve transient characteristics.

Controller structure consists of guidance, pitch hold, lateral controller, and control

allocation & feedforward blocks.

Guidance block calculates the necessary lateral acceleration of the aircraft by using

precise ground position and ground velocity components provided by DGPS.

Pitch-hold block controls the pitch angle of the aircraft. Pitch angle reference is a function

of the true airspeed of the aircratft.

Lateral controller block calculates the necessary aileron and rudder commands necessary

for tracking the reference lateral acceleration.

Control allocation and feedforward block calculates the necessary rudder and steering
commands, and it also contains feedforward gains directly coming from the guidance

block.

The structure of the controller is shown in Figure 7.1.
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Figure 7.1 Structure of the sliding mode controller

7.3 PERFORMANCE REQUIREMENTS

Performance requirements are decided based on industry experience. For the pitch angle
controller rise time is decided to be 0.7 since the pitch angle must be controlled faster
than the natural frequency of the aircraft tipping over forwards or backward with its two
tires on the ground. The rise time of the lateral acceleration controller is decided based
on industry experience. The roll angle controller is an assistant to the lateral acceleration
controller. Its rise time is decided such that it is faster than the lateral acceleration
controller. A 10 percent overshoot requirement is set for all three controllers. Another
factor to decided on is the maximum steady-state error. Since pitch and roll controllers
cannot always track the reference input, a steady state error requirement is not set for

them. For the lateral acceleration controller, the steady state error must be zero. An
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integral sliding mode controller is necessary to guarantee zero steady-state error.

Performance requirements for the controllers are shown in Table 7.1.

Table 7.1 Performance requirements for the sliding mode controllers

Pitch angle controller | Lateral acceleration | Roll angle controller
controller
10% to 90% rise time | 0.7 2.0 1.0
(s)
Overshoot (%) 10 10 10
Maximum  Steady | - 0 -
State Error

7.4 STABILITY REQUIREMENTS

According to MIL-F 8785 document [58], an aircraft control system must meet the

following criteria. The necessary gain and phase margins can be shown with a hexagon

shape placed in a Nichols chart [54]. To satisfy these margins, the Nichols plot should

not pass inside the hexagon for all the signals used by the controller. These signals include

sensor signals and actuator signals. The hexagon shape is shown in Figure 7.2.

-200
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Figure 7.2 Hexagon shape inside Nichols chart used for checking stability requirements
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7.5 PITCH ANGLE CONTROLLER

An important part of the controller is the pitch angle controller that tracks the reference
pitch angle for the aircraft. In this section, synthesis, proof of performance and stability

are explained.

7.5.1 SYNTHESIS

For an ideal sliding mode controller there should be a relation between q and 6 such that
q = c6 where c is a constant. This equation would be the sliding surface. If g < c8,
maximum elevator command in the direction of increasing q is given, else maximum
elevator command in the direction of decreasing q is given. This will define an ideal
sliding mode controller where sliding surface is reached within finite time, disturbances
are rejected in finite time and there is no steady-state tracking error. However, in practice
this creates oscillations due to instability in the system. Dynamics and delays in sensor
and actuator signals limit the gains of the sliding mode controller, infinite gains are not

possible in a physical system.

Here, a gain-scheduling classical output tracking sliding mode controller is designed for
the pitch controller. Sat(x) function is used for continuous input signal [41]. Sat(x)

function is shown in Equation 7.31.
C(x, Ixl <1
sat(x) = {1’ x| > 1 (7.31)

Structure of the gain scheduling SMC pitch hold controller is shown in Figure 7.3.
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The solution to the synthesis problem is to find the maximum gains that satisfy the

stability requirements. The gains that are found are shown in Table 7.2.

Table 7.2 Gains, rise times, and overshoots for the pitch SMC

Pitch SMC
Gain | Gain
TAS (m/s) | 1 2 Rise Time (s) | Overshoot (%)
60 -2.3| -170 0.55 1.4
55 -2.3 | -190 0.54 4.6
50 -2.3 | -240 0.51 7.2
45 -2.4 | -285 0.46 9.8
40 -2.6 | -330 0.42 15.6
35 -2.8 | -360 0.42 27.4
30 -2.8 | -520 0.41 30.7

25 -2.8 | -520 | - -
20 -2.8| -520 - -
15 -2.8 | -520 | - -
10 -2.8| -520 - -
5 -2.8 | -520 | - -
0 -2.8 | -520 | - -

To decrease the overshoot a first-order filter is added to the reference command.

Performance results of the controller with prefilter are shown in Table 7.3.

Table 7.3 Gains, rise times, and overshoots for the pitch SMC with prefilter

Pitch SMC with filter
Gain Gain

TAS (m/s) | 1 2 Rise Time (s) | Overshoot (%)
60 -2.3| -170 0.74 1.4
55 -2.3 | -190 0.7 4.6
50 -2.3 | -240 0.67 7.2
45 2.4 | -285 0.61 9.8
40 -2.6 | -330 0.55 13.6
35 -2.8 | -360 0.52 23.8
30 -2.8 | -520 0.52 27

25 -2.8| -520| - -
20 -2.8| -520] - -
15 -2.8| -520| - -
10 -2.8| -520] - -
5 -2.8| -520] - -
0 -2.8| -520| - -
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Adding the filter decrease the overshoot for some trim points however it increases rise

time for all trim points. For the problem at hand, the controller without filter seems a

better choice.

7.5.2 PROOF OF PERFORMANCE AND STABILITY

Performance is shown by the step response in Figure 7.4. Elevator usage is also shown in

Figure 7.5. It can be shown from the figures that the input is continuous and because of it

there is a steady state error. This can be corrected using an integral sliding mode

controller. However, integral SMC is not used for pitch SMC for simplicity purposes.
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Figure 7.4 Step response of pitch SMC controller at 45 m/s true air speed
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Figure 7.5 Elevator usage at 45 m/s true airspeed

For stability, Nichols charts must be checked. Loop-breaks in sensor and actuator signals

are checked. For all the Nichols charts drawn, graphs remained outside of the hexagon.

Details and graphs are in Appendix 3.
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7.6 LATERAL CONTROLLER

The lateral controller consists of two parts named lateral acceleration controller and roll
angle controller. Since they affect each other, these two controllers must be designed
simultaneously. In this part, integral SMC method is used for both controllers. The sliding

variable have an integral component that drives the steady-state error to zero.

7.6.1 SYNTHESIS

For the roll controller, the states that are controlled are p and ¢. Sliding variable is same

as in Equation 7.25. The control law is designed as in Equation 7.32.
8au = k sat(kl o + [ k20 dt) (7.32)

For the lateral acceleration controller, the controlled states and outputs are r and a,,.
Control law is the same as in Equation 7.32 except the control input is a control allocation
function of the rudder, differential brake, and steering. The controller structure can be

seen in Figure 7.6. Gains (Table 7.4) are again found such that the stability requirements

are met.
Table 7.4 Gains, rise times, and overshoots for lateral integral SMC
Integral SMC

TAS phiref kp ki Rise Overshoot

(m/s) | gain kp rref | kirref | pref | pref | aileron | rudder | Time (s) | (%)
60 | 0.1047 | 0.0510 | 0.0850 | 1.5| 0.5 -75 -300 1.6 7.8
55| 0.1047 | 0.0459 | 0.0765 | 1.5| 0.5 -90 -350 1.2 10.4
50 | 0.1047 | 0.0408 | 0.0680 | 1.5 | 0.5 -110 -400 1.2 9.6
45 | 0.1047 | 0.0357 | 0.0595 15| 05 -135 -480 1.3 7.4
40 | 0.1047 | 0.0306 | 0.0510 | 1.5| 0.5 -175 -620 1.5 3.9
35| 0.1047 | 0.0306 | 0.0510 | 1.5| 0.5 -225 -800 1.5 2.6
30 | 0.1047 | 0.0306 | 0.0510 | 1.5| 0.5 -310 | -1100 1.5 0.2
25 | 0.1047 | 0.0306 | 0.0510 | 1.5| 0.5 -450 -300 1.4 15.4
20 | 0.1047 | 0.0306 | 0.0510 | 1.5| 0.5 -700 -350 1.7 8.3
15| 0.1047 | 0.0306 | 0.0510 | 1.5| 0.5| -1000 -360 2.3 3.9
10 | 0.1047 | 0.0306 | 0.0510 | 1.5| 0.5| -1500 -370 4.3 2.5
510.1047 | 0.0357 | 0.0595 | 1.5| 0.5| -1500 -450 8.9 0.5
0| 0.1047 | 0.0357 | 0.0595 | 1.5| 0.5| -1500 -450 8.9 0.5
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Figure 7.6 Lateral SMC Controller Structure
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7.6.2 PROOF OF PERFORMANCE AND STABILITY

The performance of the lateral controller can be shown by the step response. In Figure
7.7, the step response of lateral acceleration can be seen. The system exhibits a non-
minimum phase behavior. The initial response of the rudder is a lateral force to the
opposite direction that the aircraft tries to turn to. The step response of roll angle also can
be seen in Figure 7.8. Aileron force tries to roll the aircraft to the reference roll angle.
However, the rolling moment is not enough to counter the rolling moment created by the
landing gear struts. Thus, the roll angle is limited. The roll angle controller helps with the
lateral acceleration, nonetheless. The way it does this is by changing the vertical forces
on the main gear tires. Aileron and rudder usages can also be seen in Figures Figure 7.9,

and Figure 7.10. Nichols charts for the proof of stability can be found in Appendix 4.
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Figure 7.7 Step response of lateral SMC controller at 45 m/s true air speed
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Figure 7.8 Step response of lateral SMC controller at 45 m/s true air speed
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7.7 OTHER CONSIDERATIONS

In this part, other key points of the combined guidance and autopilot synthesis are

explained.

7.7.1 DELAYS

Delays of the sensors and actuators are modeled inside their respective transfer functions.
However, a 10-millisecond communication delay is added to the sensor signal and a 10-
millisecond communication delay is again added to the actuator signal. For the position
signals, the DGPS position sensor is approximated by a 20-millisecond delay. For the
steering actuator, the same transfer function for control surfaces are used and a 10-

millisecond delay is added as an extra.
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For the modelling of delays, 2" order Pade approximation [59], [60] is used.

7.7.2 GUIDANCE LAW

Outer loop guidance is chosen as linear sliding mode guidance as in Chapter 6. However,
after the simulations, it is found that the natural frequency of the sliding mode of the
guidance must be made smaller for low speeds. At low speeds, the natural frequency of

the aircraft and the inner loop tends to slow down.
The new guidance equation is decided as in Equation 7.33.

y=-01y (7.33)

7.7.3 FEEDFORWARD LOOP

To have a fast response mechanism, a feedforward loop is used. Differential braking is
used for this purpose since it is the only always-available directional input throughout the
landing rollout phase. As long as the aircraft moves along the sliding surface of the
guidance (Equation 7.33), no feedforward input is given. Outside of the sliding surface,
differential braking input is given such that the aircraft is turned towards the sliding
surface. Structure of this feedforward gains can be seen in Figure 7.11. Gains that multiply
y and y are feedforward gains. These gains are decided based on the simulations.

iE F16_MODEL_SMC_AUTOPILOT b @ Subsystem b @CONTROL ALLOCATION & FEEDFORWARD
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Rudder in
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Figure 7.11 Feedforward gains of SMC controller
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7.7.4 ANTI-WINDUP

Having an integrator in a controller has one problem. After the control inputs are
saturated, the integrator keeps integrating. This results in the loss of all controlling
authority of the controller since the saturated integral has driven the input signal out of
the useful area of the input saturation bounds. Solution to this problem is anti-windup.
Anti-windup is used for the integrators that can saturate the controller. There are two
methods of anti-windup used in industry. These are called clamping and back-calculation

[61].

Clamping is the method in which the integrator stops integrating if the input is out of
bounds and the integrator pushes the input away from the bounds to infinity. If the input
is inside the bounds or the integrator pushes the input towards zero, the integrator keeps

working.

In the back-calculation method, outside of saturation limits, another integrator is added

to the system which drives the input towards zero.

In our case, anti-windup is needed for the integral sliding mode controllers. A partial
clamping algorithm is used in which outside of the saturation integrator stops. Although
this is not the total of the clamping algorithm it has been found sufficient for this
controller application. The structure of the anti-windup scheme is shown in Figure 7.12.
Here, when the aileron input is saturated, the switch gives zero as the flag signal. This

flag signal is then multiplied with the signal that is integrated.
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Figure 7.12 Anti-windup for aileron input
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7.7.5 YAW ANGLE CORRECTION

A small proportional gain to decrease the yaw angle relative to the runway is added.

Differential braking input is used for this purpose.

7.7.6 ZERO ORDER HOLD

The simulations are run in 1000 Hz sampling frequency, however; the autopilot frequency
of the aircraft is assumed as 100 Hz. To account for this difference, delay due to zero

order hold must be modeled.

The general transfer function of zero order hold is given in Equation 7.34 [62].

1-e~S
sT

TZOH = (734)

The exponential term in Equation 7.34 can than be modeled as a first-order Pade

approximation as in Equation 7.35.

T
—Ts _ _ES+1

e (7.35)

s+l
By combining Equations 7.34 and 7.35, one can get Equation 7.36 for the transfer

function of zero order hold.

Tron = 7—— (7.36)

ES+1
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8. INNER LOOP PID CONTROLLER SYNTHESIS

In this chapter, a PID controller is designed to compare the performance of the SMC with
the state of the art. Other than the design of the PID, the other parts of feedforward loops,

guidance law and yaw angle correction remain the same.

8.1 PITCH CONTROLLER

For the pitch controller, q and 8 states are used. q is used as the derivative signal and error
of @ and its integral are used as proportional and integral signals. Structure of the

controller can be seen in Figure 8.1.

8.1.1 SYNTHESIS

The biggest gains that do not compromise the stability requirements are found. These
gains and the corresponding performance metrics are shown in Table 8.1. A PID
controller with prefilter is also designed. The corresponding gains and performance

metrics are shown in Table 8.2.

Table 8.1 Gains, rise times and overshoots for pitch PID controller

Pitch PID
TAS (m/s) Kp Kd Ki Rise Time (s) | Overshoot (%)

60 400 160 25 0.48 5
55 450 180 27 0.47 9
50 520 200 30 0.45 14.8
45 630 250 36 0.45 16.6
40 780 300 40 0.44 21.6
35 930 350 50 0.44 30.6
30 1170 450 60 0.46 40.2
25 1170 450 60 | - -
20 1170 450 60 | - -
15 1170 450 60 | - -
10 1170 450 60 | - -

5 1170 450 60 | - -

0 1170 450 60 | - -
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Figure 8.1 Pitch PID Controller Structure
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Table 8.2 Gains, rise times, and overshoots for pitch PID with prefilter

Pitch PID with filter

TAS (m/s) Kp Kd Ki Rise Time (s) Overshoot (%)
60 400 160 25 0.63 4.2
55 450 180 27 0.61 7.4
50 520 200 30 0.57 12.2
45 630 250 36 0.58 14.6
40 780 300 40 0.54 19
35 930 350 50 0.54 27.6
30 1170 450 60 0.55 37.4
25 1170 450 60 | - -

20 1170 450 60 | - -
15 1170 450 60 | - -
10 1170 450 60 | - -
5 1170 450 60 | - -
1170 450 60 | - -

8.1.2 PROOF OF PERFORMANCE AND STABILITY

Step response and elevator usage can be seen in Figures Figure 8.2, and Figure 8.3. Pitch

angle converges to the step input and there is no steady state error. Nichols Charts for the

proof of stability of pitch PID controller are included in Appendix 5.
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Figure 8.2 Step response of pitch PID controller at 45 m/s true airspeed
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8.2 LATERAL CONTROLLER

As in lateral SMC, the lateral PID controller consists of lateral acceleration and roll angle
controllers. Angular velocity signals of r and p are used as derivative signals of the

respective PID controllers.

8.2.1 SYNTHESIS

Like the pitch PID controller, gains of the lateral controller are found such that they are
the biggest possible gains that do not compromise the stability requirement. The gains

that are found can be seen in Table 8.3. The structure of the controller can be seen in

Figure 8.4.
Table 8.3 Gains, rise times, and overshoots of lateral PID controller
PID
TAS phiref | kp ki kd | kp ki kd Rise Overshoot
(m/s) | gain roll |roll | roll | yaw | yaw | yaw | Time (s) | (%)
60 | 0.1047 | 65| 13| 65| 15| 10| 150 8.2 |-
55|0.1047 | 70| 14| 70| 14 9| 150 7.6 -
50| 0.1047 | 80| 16| 80| 14 9| 150 75| -
45 | 0.1047 | 100 | 20| 100 | 14 9| 150 8.3 |-
40 | 0.1047 | 120 | 24| 120 | 14 9| 150 10 | -
35|0.1047 | 160 | 32 |160| 16| 11| 170 10.2 | -
30| 0.1047 | 250 | 50| 250 | 18| 13| 170 40.6 | -
25| 0.1047 | 300 | 60| 300 | 12 8| 120 1.1 13.3
20| 0.1047 | 400 | 80 | 400 | 12 8| 120 1.3 6.4
15| 0.1047 | 500 | 100 | 500 | 12 8| 120 1.6 2
10 | 0.1047 | 600 | 120 | 600 | 12 8| 120 4.6 1.1
510.1047 | 600 | 120 | 600 | 15| 11| 150 9.5 | -
0]0.1047 | 600 | 120 | 600 | 15| 11| 150 9.5 | -
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Figure 8.4 Lateral PID controller structure
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8.2.2 PROOF OF PERFORMACE AND STABILITY

Step responses for lateral acceleration and roll angle can be seen in Figures Figure 8.5,
and Figure 8.6. Rudder and aileron usages can be seen in Figures Figure 8.7, and Figure

8.8. Nichols charts for proof of stability are in Appendix 6.
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9. SIMULATIONS

Simulations for sliding mode and PID controllers are done for different conditions.

9.1 STANDARD SIMULATIONS WITH LATERAL POSITION AND TRACK
ANGLE INITIAL CONDITIONS

In this first simulation condition, a lateral position of 2 m and a track angle of 2 degrees

are given. Results are given in Figures Figure 9.1 to Figure 9.18.
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Figure 9.1 Lateral position for the first simulation condition
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Figure 9.2 Lateral velocity with respect to runway for the first simulation condition
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Figure 9.10 Roll angle for the first simulation condition with SMC
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Figure 9.11 Roll angle for the first simulation condition with PID
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Figure 9.15 Rudder and steering commands for the first simulation condition with PID
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Figure 9.16 Left and right brake commands for the first simulation condition with SMC
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Figure 9.18 Yaw angle for the first simulation condition

9.2 CROSSWIND FROM THE RIGHT SIDE

In this second simulation condition, the same lateral position of 2 m and track angle of 2
degrees initial conditions are given. On top of that there is a constant wind of 15 knots

from the east. Results are given in Figures Figure 9.19 to Figure 9.36.
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Figure 9.19 Lateral position for the second simulation condition
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Figure 9.20 Lateral velocity with respect to runway midline for the second simulation condition
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Figure 9.21 True airspeed for the second simulation condition with SMC
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Figure 9.22 Pitch angle for the second simulation condition with SMC

105



thetaref, theta
T T

T T T T T T T
\ thetaref
,-\20 § gy theta
o |
e T =
@
ol
© 101
] .
o 5F i
= >
L L 4.
a or N T ———— S P S
]
-5 -
| 1 | 1 1 | 1 1 |
Offsetf0 5 10 15 20 25 30 35 40 45
Figure 9.23 Pitch angle for the second simulation condition with PID
elevator_cmd
30F T T T T T T T T |
8 2oft -
—
o
°
=10 y
o
C
©
E on —
£
S
o
§ -10H -
2
L .20~ 4
w
-30E 1 1 I I 1 I 1 1 I
0 5 10 15 20 25 30 35 40 45
Offset=0 Time (seconds)
Figure 9.24 Elevator command for the second simulation condition with SMC
30F T T T T T T T T T -

N
o

_
o

4
=)

Elevator command (degree)
S )

@
S

(]
@
e
T

0

15

20 25 30 35 40 45
Time (seconds)

Figure 9.25 Elevator command for the second simulation condition with PID
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Figure 9.26 Lateral acceleration for the second simulation condition with SMC
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Figure 9.27 Lateral acceleration for the second simulation with PID
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Figure 9.28 Roll angle for the second simulation condition with SMC
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Figure 9.29 Roll angle for the second simulation condition with PID
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Figure 9.30 Aileron command for the second simulation condition with SMC
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Figure 9.31 Aileron command for the second simulation condition with PID
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Figure 9.32 Rudder and steering commands for the second simulation condition with SMC
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Figure 9.33 Rudder and steering command for the second simulation condition with PID
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Figure 9.34 Left and right brake commands for the second simulation condition with SMC
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Figure 9.35 Left and right brake command for the second simulation condition with PID
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Figure 9.36 Yaw angle for the second simulation condition

9.3 CROSSWIND FROM THE LEFT SIDE

In this third simulation condition, the same lateral position of 2 m and track angle of 2
degrees initial conditions are given. On top of that, there is a constant wind of 15 knots

from the west. Results are given in Figures Figure 9.37 to Figure 9.54.

110



y_smc, y_pid
T

20F T T T

-
o

10

Lateral position (m)

0 Il | 1 Il |
0 5 10 15 20 25 30 35 40
Time (seconds)
Figure 9.37 Lateral position for the third simulation condition
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Figure 9.38 Lateral velocity with respect to runway midline for the third simulation condition
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Figure 9.39 True airspeed for the third simulation condition
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Figure 9.41 Pitch angle for the third simulation condition with PID
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Figure 9.42 Elevator command for the third simulation condition with SMC
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Figure 9.45 Lateral acceleration for the third simulation condition with PID
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Figure 9.46 Roll angle for the third simulation condition with SMC
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Figure 9.48 Aileron command for the third simulation condition with SMC
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Figure 9.49 Aileron command for the third simulation condition with PID

rudder_cmd, steering_cmd

rudder_cmd

w
o
T
|

e steering_cmd

- N
(=} o

(=]

10 15 20 25 30 35 40
0 Time (seconds)

Rudder and steering commands (degree)

o

@

e

o
o

Figure 9.50 Rudder and steering commands for the third simulation condition with SMC
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Figure 9.51 Rudder and steering commands for the third simulation condition with PID
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Figure 9.52 Left and right brake commands for the third simulation condition with SMC
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Figure 9.53 Left and right brake command for the third simulation condition with PID
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Figure 9.54 Yaw angle for the third simulation condition
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9.4 RIGHT BRAKE STUCK

In the fourth simulation condition, the same lateral position of 2 m and track angle of 2
degrees initial conditions are given. On top of that, there is a right brake stuck

malfunction. Results are given in Figures Figure 9.55 to Figure 9.72.

y_smc, y_pid
9 l 1 7
8
€7
<
o6
2
as
©
L4
©
g |
3
2
1 | 1 | 1 1 1
0 2 4 6 8 10 12 14 16
Offset=0 Time (seconds)
Figure 9.55 Lateral position for the fourth simulation condition
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Figure 9.56 Lateral velocity with respect to runway midline for the fourth simulation condition

117



60F T T T T T T -
tas_smc
sol
»
€40
=l
@ =
830
(2]
.ﬁ 20 —
(]
2
F 1o
ok
1 1 Il 1 | 1 Il
0 2 4 6 8 10 12 14 16
Offset=0 Time (seconds)
Figure 9.57 True airspeed for the fourth simulation condition
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Figure 9.58 Pitch angle for the fourth simulation condition with SMC
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Figure 9.59 Pitch angle for the fourth simulation condition with PID
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Figure 9.62 Lateral acceleration for the fourth simulation condition with SMC
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Figure 9.63 Lateral acceleration for the fourth simulation condition with PID
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Figure 9.65 Roll angle for the fourth simulation condition with PID
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Figure 9.67 Aileron command for the fourth simulation condition with PID
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Figure 9.68 Rudder and steering commands for the fourth simulation condition with SMC
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Figure 9.69 Rudder and steering command for the fourth simulation condition with PID
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Figure 9.71 Left and right brake commands for the fourth simulation condition with PID
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Figure 9.72 Yaw angle for the fourth simulation condition

9.5 LEFT BRAKE STUCK

In the fifth simulation condition, the same lateral position of 2 m and track angle of 2
degrees initial conditions are given. On top of that, there is a left brake stuck malfunction.

Results are given in Figures Figure 9.73 to Figure 9.90.
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Figure 9.73 Lateral position for the fifth simulation condition
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Figure 9.74 Lateral velocity for the fifth simulation condition
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Figure 9.75 True airspeed for the fifth simulation condition
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Figure 9.76 Pitch angle for the fifth simulation condition with SMC
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Figure 9.79 Elevator command for the fifth simulation condition with PID
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Figure 9.82 Roll angle for the fifth simulation condition with SMC
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Figure 9.83 Roll angle for the fifth simulation condition with PID
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Figure 9.84 Aileron command for the fifth simulation condition with SMC
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Figure 9.85 Aileron command for the fifth simulation condition with PID
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Figure 9.87 Rudder and steering command for the fifth simulation condition with PID
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Figure 9.89 Left and right brake commands for the fifth simulation condition with PID
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Figure 9.90 Yaw angle for the fifth simulation condition with SMC

9.6 RIGHT BRAKE NOT WORKING

In the sixth simulation condition, the same lateral position of 2 m and track angle of 2
degrees initial conditions are given. On top of that, there is a right brake not working

malfunction. Results are given in Figures Figure 9.91 to Figure 9.108.
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Figure 9.91 Lateral position for the sixth simulation condition
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Figure 9.92 Lateral velocity with respect to runway midline for the sixth simulation condition

tas_smc, tas_pid
T T T T 7

tas_smc

e tas_pid

True air speed (m/s)
8 8 3
T T T

-
o
|

1 Il | | Il Il
0 10 20 30 40 50 60
Offset=0 Time (seconds)

Figure 9.93 True airspeed for the sixth simulation condition

130



thetaref, theta
T

T T T
3 thetaref
20 i e theta
\
g e S
(=] X
8 \
1ot !
o !
I=) 1
c |
© 5+ i
£ i
£ i
a i
or = e e D S
]
ii
-5
1 | 1 | 1 |
0 10 20 30 40 50 60
Offset=0 Time (seconds)
Figure 9.94 Pitch angle for the sixth simulation condition with SMC
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Figure 9.95 Pitch angle for the sixth simulation condition with PID
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Figure 9.96 Elevator command for the sixth simulation condition with SMC
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Figure 9.97 Elevator command for the sixth simulation condition with PID
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Figure 9.98 Lateral acceleration for the sixth simulation condition with SMC
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Figure 9.99 Lateral acceleration for the sixth simulation condition with PID
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Figure 9.100 Roll angle for the sixth simulation condition with SMC
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Figure 9.101 Roll angle for the sixth simulation condition with PID
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Figure 9.102 Aileron command for the sixth simulation condition with SMC
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Figure 9.103 Aileron command for the sixth simulation condition with PID
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Figure 9.105 Rudder and steering commands for the sixth simulation condition with PID
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Figure 9.107 Left and right brake commands for the sixth simulation condition with PID
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9.7 LEFT BRAKE NOT WORKING

In the seventh simulation condition, the same lateral position of 2 m and track angle of 2
degrees initial conditions are given. On top of that, there is a left brake not working

malfunction. Results are given in Figures Figure 9.109 to Figure 9.126.
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Figure 9.109 Lateral position for the seventh simulation condition
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Figure 9.110 Lateral velocity with respect to runway midline for the seventh simulation
condition
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N
o
=

thetaref, theta
T

T T T T T T

thetaref | _|

s theta

Pitch angle (degree)
o o oS o
T T T

)
(%))
T

o
@
@
)
S

10 20 30 40 50 60 70

Figure 9.113 Pitch angle for the seventh simulation condition with PID

137




o

elevator_cmd
- T T T T T T T —

= 1 1 1 1 1 1 1 =

0 10 20 30 40 50 60 70

Offset=0 Time (seconds)

= N w

o o o
f T T
1 1

Elevator command (degree)

30k 1 1 1 1 1 1 1 =

Figure 9.114 Elevator command for the seventh simulation condition with SMC

T T T T T T T ]

o
T
1

0 10 20 30 40 50 60 70

Offset=0 Time (seconds)
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Figure 9.117 Lateral acceleration for the seventh simulation condition with PID
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Figure 9.119 Roll angle for the seventh simulation condition with PID
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Figure 9.126 Yaw angle for the seventh simulation condition

9.8 STEERING AT CASTER

In the eighth simulation condition, the same lateral position of 2 m and track angle of 2
degrees initial conditions are given. On top of that, there is steering caster malfunction.
Steering is always in caster in this condition. Results are given in Figures Figure 9.127 to

Figure 9.144.
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Figure 9.127 Lateral position for the eighth simulation condition
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Figure 9.130 Pitch angle for the eighth simulation condition with SMC
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Figure 9.144 Yaw angle for the eighth simulation condition

9.9 MAIN GEAR CORNERING POWER FACTOR HALVED

In the ninth simulation condition, the same lateral position of 2 m and track angle of 2
degrees initial conditions are given. On top of that, cornering power factor of the main

gear tires are halved. Results are given in Figures Figure 9.145 to Figure 9.162.
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9.10 CONCLUSION OF SIMULATION RESULTS

In this chapter, the developed aircraft ground model is tested using various disturbance
and fault cases under the same initial conditions with SMC and PID regulators. Analyzing
the simulation results it can be concluded that SMC and PID have similar performance in
all cases. In Table 9.1 maximum lateral position overruns are summarized. SMC has
smaller overrun values in third, fifth, and seventh simulation conditions. PID has smaller
overrun values in the remaining simulation conditions. SMC has a slightly larger average

of 9.08 while PID has an average value of 8.95 meters.

Table 9.1 Maximum lateral position overruns in simulations

MAXIMUM LATERAL POSITION (m)

Simulation Condition # SMC PID

1 (No wind, no fault) 7.05 6.78
2 (Right wind, no fault) 7.4 6.99
3 (Left wind, no fault) 18.16 18.39
4 (No wind, right brake stuck at 100%) 8.5 8.13
5 (No wind, left brake stuck at 100%) 10.1 10.54
6 (No wind, right brake failure) 6.89 6.6

7 (No wind, left brake failure) 8.48 8.56
8 (No wind, steering servo failure 7.05 6.78
9 (No wind, Cornering power factor halved) | 8.1 7.79
Average Values 9.08 8.95

In terms of integral absolute error of lateral position there is a similar result (Table 9.2).
SMC is better in the first, fifth, seventh, and eighth simulation conditions. In the
remaining simulation conditions, PID performs better. In average, PID has a smaller

number of 209.4 compared to 211.5 of SMC.

In terms of stopping distance of the aircraft, the autopilot with PID controller performs
better (Table 9.3). PID has an average of 1208 meters while SMC has an average of 1219

meters.

In terms of the performance of pitch hold controllers PID performs better since it has an
integrator term while SMC does not have an integrator for pitch hold controller. Integral

absolute values of errors in pitch angle are compared in Table 9.4.
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Table 9.2 Integral absolute errors of lateral position in simulations

INTEGRAL ABSOLUTE ERROR OF LATERAL POSITION (m - s)

Simulation Condition # SMC PID

1 (No wind, no fault) 137.2 144.7
2 (Right wind, no fault) 206.3 192.6
3 (Left wind, no fault) 554.6 515.5
4 (No wind, right brake stuck at 100%) 114 108.8
5 (No wind, left brake stuck at 100%) 112.3 118.6
6 (No wind, right brake failure) 150.3 146.4
7 (No wind, left brake failure) 281 296.9
8 (No wind, steering servo failure 195.1 216.5
9 (No wind, Cornering power factor halved) | 152.9 144.4
Average Values 2115 209.4

In comparison of maximum yaw angles during simulations SMC performs better (Table
9.5). SMC has lower value of maximum yaw angle in every simulation condition. One of
the reasons for this is the difference in pitch hold performances. SMC holds the high pitch
angle for a smaller amount of time. Thus, nose gear drops in a shorter amount of time
making it possible to correct the yaw angle and keep the aircraft going in the runway
direction. This shortcoming of SMC created an advantage for lateral performance.
Perhaps, a better pitch angle reference table can be created in the future by looking at this

result.

In average, SMC performs better in controlling the lateral acceleration as it can be seen

in Table 9.6 where SMC has an average of 10.79 and PID has an average of 11.78.
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Table 9.3 Stopping distances of the aircraft in simulations

STOPPING DISTANCE OF THE AIRCRAFT (m)

Simulation Condition # SMC PID

1 (No wind, no fault) 1333 1310
2 (Right wind, no fault) 1255 1250
3 (Left wind, no fault) 1160 1122
4 (No wind, right brake stuck at 100%) 427.5 449.7
5 (No wind, left brake stuck at 100%) 467.3 503.1
6 (No wind, right brake failure) 1698 1672
7 (No wind, left brake failure) 1965 1931
8 (No wind, steering servo failure 1330 1313
9 (No wind, Cornering power factor halved) | 1334 1317
Average Values 1219 1208

Table 9.4 Performance comparison for pitch hold controllers

INTEGRAL ABSOLUTE ERROR OF PITCH ANGLE (deg - s)

Simulation Condition # SMC PID

1 (No wind, no fault) 1111 363.7
2 (Right wind, no fault) 1016 340.3
3 (Left wind, no fault) 891.7 280

4 (No wind, right brake stuck at 100%) 539.1 209.6
5 (No wind, left brake stuck at 100%) 589.2 233.1
6 (No wind, right brake failure) 1312 431.4
7 (No wind, left brake failure) 1093 369.7
8 (No wind, steering servo failure 1102 368.2
9 (No wind, Cornering power factor halved) | 1111 371.8
Average Values 973.9 329.8
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Table 9.5 Maximum yaw angles for different simulation conditions

MAXIMUM YAW ANGLE (deg)

Simulation Condition # SMC PID
1 (No wind, no fault) 13.34 18.82
2 (Right wind, no fault) 24.96 24.37
3 (Left wind, no fault) 45,5 49.06
4 (No wind, right brake stuck at 100%) 9.31 14.52
5 (No wind, left brake stuck at 100%) 12.95 23.99
6 (No wind, right brake failure) 9.45 9.85
7 (No wind, left brake failure) 14.99 29.3
8 (No wind, steering servo failure 13.36 17.8
9 (No wind, Cornering power factor halved) | 11.63 16.28
Average Values 17.28 22.67

Table 9.6 Performance comparison of lateral acceleration hold controllers

INTEGRAL ABSOLUTE ERROR OF LATERAL ACCELERATION (m/s? - s)

Simulation Condition # SMC PID

1 (No wind, no fault) 9.243 11.83
2 (Right wind, no fault) 13.36 10.85
3 (Left wind, no fault) 19.11 17.18
4 (No wind, right brake stuck at 100%) 6.233 8.415
5 (No wind, left brake stuck at 100%) 5.494 4.309
6 (No wind, right brake failure) 7.439 7.027
7 (No wind, left brake failure) 19 25.47
8 (No wind, steering servo failure 6.588 8.426
9 (No wind, Cornering power factor halved) | 10.6 12.48
Average Values 10.79 11.78
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10. CONCLUSION

10.1 SUMMARY OF THE THESIS

In this thesis, a robust fault-tolerant autoland system is designed for a fighter aircraft in
autoland rollout.

In chapter 1, literature relevant to the autoland on the ground problem is reviewed. Topics
reviewed include aircraft modelling, landing gear modelling, autoland systems,
automotive lane-keeping systems, line-tracking navigation algorithms and sliding mode
control.

In chapter 2, all the necessary components of the aircraft model are explained. These
include aerodynamics, propulsion, mass, CG, inertia, landing gear dynamics, equations
of motion and axis systems used.

In chapter 3, the model that is created in chapter 2 is verified using some simulations.
Results of these simulations are included in Appendix 2.

In chapter 4, trimming and linear model derivation on the ground problem are solved.
Two different trim maneuvers which are two tires on the ground and three tires on the
ground maneuvers are explained. Single axis sequential secant algorithm which is used
for trimming is explained. Linear model derivations are explained in detail. Both the trim
points and linear models are verified, and the verification scheme is explained.

In chapter 5, dynamics and mode shapes on the ground are explained, control allocation
scheme, reference pitch angle and control strategy are decided.

In chapter 6, different navigation algorithms for line tracking are explained and compared
in terms of performance. The specific problem of midline tracking during landing rollout
is researched and it is shown that linear sliding mode guidance performs better than most
of its proposed alternatives. The proven guidance algorithm is chosen for use in the outer
loop of the autoland system which is responsible for calculating the necessary lateral
acceleration.

In chapter 7, a fault-tolerant, gain scheduling feedforward aided linearized sliding mode
controller is designed. The theory of sliding mode control and the structure of the
proposed sliding mode controller used in this thesis are explained. Performance and

stability requirements are outlined and proven. The process of designing a controller is
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explained in detail. These details include, adjusting the guidance law, addition of sensor
delays, zero order hold, anti-windup, feedforward gains and yaw angle gains.

In chapter 8, a fault tolerant, gain scheduling feedforward aided PID controller is
designed, performance and stability are proven. In this autoland system application, the
same linear sliding mode guidance is used in the outer loop application as in the SMC
that is designed in chapter 7.

In chapter 9, performance of SMC and PID controllers that are used in inner loops which
are responsible for tracking the lateral accelerations specified by the outer loop guidance
are compared by simulations. Results of the simulations show that linearized quasi-SMC

is almost as good as PID in terms of inner loop performance.

10.2 CONTRUBUTION OF THE THESIS

The first contribution of the thesis is the modelling of an aircraft including the landing
gear and aircraft tire models. This thesis can become a foundational reference for the
researchers working on these subjects as it contains the equations and data used to create
these models for F-16 aircraft which is the most used aircraft in aerospace control theory
applications.

The second contribution of the thesis is the comprehensive verification routine for the
aircraft and landing gear models that is proposed which can be used both in industry and
academia.

The third contribution of the thesis is the trimming and linear model derivation routines
for the ground dynamics of an aircraft, which were previously underexplored in the
literature. The algorithm that is used in the trimming chapter can become an alternative
to the widely used multi-axis Newton method.

The dynamics and mode shapes chapter also contributes to the literature by providing
example linear models for the ground dynamics of the aircratft.

The outer loop guidance chapter introduces different guidance algorithms. These
algorithms are also compared based on their performance. This chapter contributes to the
literature by providing solutions for the specific problem of midline tracking during
autoland rollout.

The major contribution of the thesis is the design of a fault-tolerant, gain scheduling
feedforward-aided linearized sliding mode controller for an autoland rollout application.

In the seventh chapter, sliding mode control is explained, theory and practical aspects are
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described, different parts of the controller are designed. These different parts include; the
outer loop, pitch hold controller, lateral controller, feedforward gains, control allocation
routines, anti-windup routines and other details of the controller. One of the major
contributions in this application of sliding mode controller is the usage of boundary layer
control which is the usage of linear gains inside a boundary. Thus, it was possible to prove
the stability margins of the controller which are necessary for aerospace applications.
Another important contribution was the usage of feedforward gains coming directly from
the guidance loop. These feedforward gains use differential braking to help the aircraft
turn towards the desired path to track the midline. Finally, a big contribution of this thesis
is the fault tolerance of the developed autoland systems. Especially, the feedforward gains
that command differential braking inputs are essential for the fault tolerance of braking
failures.

Although, the original sliding mode controller in theory cannot be used directly, quasi
sliding mode controllers like the ones that are designed in this thesis can be used in
aerospace applications. They can be designed to have sufficient performance and proven
stability.

In the outer loop guidance, it is shown that SMC-based laws can perform better than many
other alternatives.

The procedures that are developed in this thesis can be used in current and future autoland

system design projects in the aerospace industry.

10.3 POSSIBLE IMPROVEMENTS AND FUTURE WORK

Possible improvements to this thesis include;

- A more detailed tire model,

- A more detailed verification scheme including a scheme detailing unit tests,

- Addition of different types of trim maneuvers,

- Comparison of the single-axis sequential secant algorithm with the industry
standard Jacobian-based multi-axis algorithms,

- Design and comparison of different sliding mode controller methods including
asymptotic sliding mode, higher order sliding mode, sliding mode differentiators
and other methods,

- An automatic gain optimization tool for the sliding mode and PID controllers,

- Different simulation conditions including two malfunctions at the same time,
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Monte Carlo analysis for the model uncertainties and statistical analysis for the
possibility of runway excursions,

A detailed analysis for the effects of noise in the system,

Better environment model including wind turbulence and gust,

Better model of the effects of the runway surface.

Although there are a lot of possible improvement areas, this thesis can serve as a backbone

for the area of ground dynamics and control of aircraft.

Possible future work in this area include;

The same design procedure for autotakeoff applications,

Comparison of different trimming methods and algorithms for ground trimming,
Improvement on geometric predictive guidance algorithm,

A different trim maneuver condition named coordinated turn on the ground,
Design of anti-skid braking systems,

Investigation on the effects of acceleration factor in landing gear model,

Usage of nosewheel caster during landing for increased stability,

Examination of different control allocation schemes such as turning the rudder
and steering in the same direction for increased stability and minimum phase
behavior,

Gain optimization algorithm for SMC and PID controllers,

Control of the nosewheel lateral force during caster,

Usage of strut positions and velocities as feedback signals in the controller,
Effects of sensor failures during autoland,

Calculation of the optimum initial lateral position and track angle during a
crosswind landing rollout,

Investigation on the effect of active suspension on the landing rollout performance
Feasibility of using thrust of the engine as an alternative input during landing
rollout, especially during crosswind conditions,

Using the full system states including position states for the design of a combined

guidance and controller system design instead of cascaded loops.
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13. APPENDIX

13.1 APPENDIX 1 (Aerodynamics Model of F-16)

Ranges of the validity of the model are shown in Figure 13.1. Model polynomials are
shown in Figure 13.2. Parameter values are shown in Figure 13.3. Equations for the
aerodynamics coefficients are also shown in equations 13.1 to 13.7. Here, a, 8, ., &,
and &, denote angle of attack, angle of sideslip, elevator deflection, aileron deflection and

rudder deflection respectively. Other parameters are explained in Table 13.1.

Table 13.1 Nomenclature of acrodynamics model

a Angle of attack
B Sideslip angle
5, Elevator deflection
8, Aileron deflection
8, Rudder deflection
Cy Force coefficient in x body axis direction
Cy Force coefficient in y body axis direction
C, Force coefficient in z body axis direction
G Moment coefficient in x body axis direction
Cn Moment coefficient in y body axis direction
Cn Moment coefficient in z body axis direction
p Angular velocity component in x body axis direction
q Angular velocity component in y body axis direction
r Angular velocity component in z body axis direction
b Wingspan
c Mean aerodynamic chord
\Y True airspeed
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Lower Bound Variable Lower Bound

—0.1745 rad o 0.7854 rad
(—10 deg) (45 deg)
—.5236 rad /3 0.5236 rad
(=30 deg) (30 deg)
—0.4363 rad P) 0.4363 rad
(=25 deg) . (25 deg)
—0.3752 rad Po) 0.3752 rad
(=21.5 deg) # (21.5 deg)
—0.5236 rad ) 0.5236 rad
(=30 deg) i (30 deg)

Figure 13.1 Ranges of the validity of the F-16 aerodynamics model [8].

€ = Co(@,6,) + C;, (@] (13.1)

Cy = Cy(B,84,6,) + Cy () + Cy, (@)F (13.2)

C, = C(a,B,6e) + C, (a)§ (13.3)

C, = C(a, ) + €y, (@F + €, (O)F + Cyy (@, B)6, + Cyy (a0, )8, (13.4)
Con = Cn(@,8.) + Cpn, (@) + C, (xcgre - xcg) (13.5)

Cp =Cnh(a,B) + Cnp(a)ﬁ + Gy, ()T + Cnaa(a,ﬁ)&l + Cnsr(a,ﬁ)& —
Cy (xeg,e = %eg) () (13.6)
where,

p=pb/2V §G=qc/2V F=rb/2V (13.7)
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Figure 13.2 Polynomials for F-16 aerodynamics model [8].
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Figure 13.3 Parameter values for F-16 aerodynamics model [8].
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13.2 APPENDIX 2 (Verification simulations of aircraft flight dynamics
block)

1. Aerodynamics, propulsion, and gravity forces in the model are neglected. The
aircraft simulation starts from zero velocity. The expected result is that the aircraft
stays at zero velocity when there is no force and no initial velocity. As it can be
seen from Figure 13.4 Verification step 1 and Figure 13.5 Verification step 1, all

aircraft states remain at zero.
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2. Aerodynamics, propulsion, and gravity forces in the model are neglected. The
aircraft starts with a translational velocity component. The expected result is that
the aircraft stays at the initial velocity when there is no force or moment. As it can
be seen from Figure 13.6 and Figure 13.7, the aircraft remains at the initial

velocity when there is no force or moment present.
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3. Aerodynamics, propulsion, and gravity forces in the model are neglected. The
aircraft starts with an angular velocity component. The expected result is that the
aircraft stays at the initial angular velocity when there is no force or moment
present. In Figure 13.8 and Figure 13.9, the aircraft stays at the initial angular

velocity when there is no external force or moment present.

1 1 1
Eo EoO Eo
3 > z
-1 -1 -1
0 10 20 0 10 20 0 10 20
i(s) t(s) t(s)
2 1 1
B! %o 30
a, o -
1 -1
0 10 20 0 10 20 0 10 20
i(s) i(s) i(s)
10 = 1 1
g » < =) —-—
."é D i g, 8
~ 5 1 o O ~0
= P - u>:.
a i - a
0= -1 -1
0 10 20 0 10 20 0 10 20

i(s) i(s) i(s)

Figure 13.8 Verification step 3

1 1 4
Egp Eop Es
> - N
1 -1 -6
0 10 20 0 10 20 0 10 20
t(s) t(s) t(s)
1 1 1
g G £
go g o 20
o [+ S
E € <
1 -1 A
0 10 20 0 10 20 0 10 20
i(s) i(s) i(s)
1 1 1
) 0 )
E E E
3 0 CRY 90
> 6 >
o D
E E g
1 1 1
0 10 20 0 10 20 0 10 20

t(s) t(s) t(s)

Figure 13.9 Verification step 3

177



4. Aerodynamics, propulsion, and gravity forces in the model are neglected. The
aircraft starts with both translational velocity and angular velocity components.
The expected result is that the aircraft stays at the initial angular velocity, and it
stays at the initial NED axis velocity when there is no force or moment. In Figure

13.10 and Figure 13.11, the aircraft stays at the initial angular velocity and initial

NED axis velocity.
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Aerodynamics and propulsion blocks in the model are neglected. Gravity block is
set working. The aircraft starts from zero velocity. The expected result is that the
aircraft accelerates downwards with gravitational acceleration. In Figure 13.12

and Figure 13.13 the aircraft makes a free falling motion just as expected.
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6. Aerodynamics and propulsion blocks in the model are neglected. Gravity block is
set working. The aircraft starts with a forward translational velocity parallel to the
ground. The expected result is that the aircraft accelerates downwards with
gravitational acceleration and the forward NED velocity component stays as the
initial value. Results are the same as expected as it can be seen in Figure 13.14

and Figure 13.15.
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Aerodynamics and gravity blocks in the model are neglected. Propulsion forces
are set working. Propulsive moments are neglected. The aircraft starts with zero
initial velocity and a propulsion force. The expected result is that the aircraft
accelerates in the forward direction. Simulation results match the expected results

as it can be seen in Figure 13.16 and Figure 13.17.
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8. Propulsion and gravity blocks in the model are neglected. Aerodynamics forces
and moments are set working. The aircraft starts with an initial forward velocity.
The expected result is that the aircraft slows down due to the drag force. The

aircraft slows down due to the drag force as it is seen in Figure 13.18.
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Figure 13.18 Verification step 8
9. Propulsion and gravity blocks in the model are neglected. Aerodynamics forces
and moments are set working. The aircraft starts with a forward velocity parallel
to the ground and a high angle of attack. The expected result is that the altitude
increases and the angle of attack decreases. Results of the simulations are
congruent with the expected results as it is seen in Figure 13.19, Figure 13.20, and

Figure 13.21.
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10. Propulsion and gravity blocks in the model are neglected. Aerodynamics forces

and moments are set working. The aircraft starts with a forward velocity parallel

to the ground and a high angle of sideslip. The expected result is that the heading

angle increases, and the sideslip angle decreases. Results are congruent with the

expected as it is seen in Figure 13.22.
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11. Aerodynamics, propulsion, and gravity blocks are set working. The aircraft starts

with a positive roll angle and a positive angle of attack. The expected result is that

the heading and track angles increase. Results match with the expected as it is

seen in Figure 13.23 and Figure 13.24.
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Figure 13.24 Verification step 11
12. Aerodynamics, propulsion, and gravity blocks are set working. The aircraft starts
with a forward velocity parallel to the ground. Negative elevator command is
given. The expected result is that the pitch angle increases. In Figure 13.25 and

Figure 13.26 the pitch angle increases.
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13. Aerodynamics, propulsion, and gravity blocks are set working. The aircraft

simulation starts with a forward velocity parallel to the ground. Negative aileron

command is given. The expected result is that the roll angle increases. In Figure

13.27, the roll angle increases.
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14. Aerodynamics, propulsion, and gravity blocks are set working. The simulation
starts with a forward velocity parallel to the ground. Negative rudder command is
given. An increase in yaw angle is expected. The yaw angle increases as expected.

It can be seen in Figure 13.28 and Figure 13.29.
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15. Aerodynamics, propulsion, landing gear and gravity blocks are set working. The
aircraft simulation starts with zero initial velocity and its landing gears just above
the ground. The expected result is that the aircraft falls to the ground, bounces
from the ground, and eventually stops. Simulations are coherent with the expected

results as they are seen in Figure 13.30 and Figure 13.31.
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16. Aerodynamics, propulsion, landing gear, and gravity blocks are set working. The
aircraft starts with a forward velocity and its landing gears just above the ground.
The expected result is that the aircraft falls to the ground and bounces from the
ground. Forward velocity should decrease due to the rolling resistance. Results

are congruent with the expected behavior as they are seen in Figure 13.32, Figure

13.33 and Figure 13.34.
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Figure 13.34 Verification step 16
17. Aerodynamics, propulsion, landing gear and gravity blocks are set working. The
aircraft starts with a forward velocity on ground. Brakes are activated. Expected
result is that the aircraft slows down and stops due to the brakes. The aircraft does
indeed slow down and stop as it is seen in Figure 13.35, Figure 13.36 and Figure

13.37.
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18. Aerodynamics, propulsion, landing gear and gravity blocks are set working. The
aircraft starts with a forward velocity on the ground. One of the brakes is activated.
The expected result is that the aircraft slows down and stops due to the brake and
the aircraft maneuvers to the side with a yaw rate and change its heading and track
angle. Results agree with the expectations as they can be seen in Figure 13.38,

Figure 13.39 and Figure 13.40.
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19. Aerodynamics, propulsion, landing gear and gravity blocks are set working. The

aircraft starts with a forward velocity on ground. Steering angle input is given.

The expected result is that the aircraft maneuvers to the side with a yaw rate and

change its heading and track angle. Results are congruent with the expected

behavior as they are seen in Figure 13.41 and Figure 13.42.
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20. Aerodynamics, propulsion, landing gear and gravity blocks are set working. The
aircraft starts with a forward velocity on the ground. Throttle input is given. The
expected result is that the aircraft accelerates. Results agree with the expected

behavior as they are seen in Figure 13.43, Figure 13.44 and Figure 13.45.
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Figure 13.44 Verification step 20
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Figure 13.45 Verification step 20
13.3 APPENDIX 3 (Proof of Stability for Pitch SMC)

An example loopbreak is shown in Figure 13.46. Nichols charts for q, 8, and elevator

servo loops are shown in Figures Figure 13.47, Figure 13.48, and Figure 13.49.
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Figure 13.46 q loopbreak for pitch SMC controller
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Nichols Chart

10 T T T

From: Transfer Fcn2/q To: Transfer Fen2/q

Open-Loop Gain (dB)

_20 X A ' 1 | 1
-270 -225 -180 -135 -90 45 0 45
Open-Loop Phase (deg)
Figure 13.47 q loop for pitch SMC controller
Nichols Chart
10 From: Transfer Fcnd/theta To: Transfer Fcnd/theta

Open-Loop Gain (dB)
n

1 1 1 1 1

270 -225 -180 -135 -90 45
Open-Loop Phase (deg)

Figure 13.48 theta loop for pitch SMC controller
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Nichols Chart

From: Transfer Fcn6 To: Transfer Fcn6

10

Open-Loop Gain (dB)

20 . . " " n s
-270 -225 -180 -135 -90 45 0 45

Open-Loop Phase (deg)

Figure 13.49 Elevator servo loop for pitch SMC controller

134 APPENDIX 4 (Proof of Stability for Lateral Acceleration SMC)

Stability is checked again using the Nichols Charts. Nichols Charts for p, r, ¢, a,,, rudder

and aileron loopbreaks are shown in Figures Figure 13.50, Figure 13.51, Figure 13.52,

Figure 13.53, Figure 13.54, and Figure 13.55.

Nichols Chart
From: Transfer Fcn2/p To: Transfer Fen2/p

Open-Loop Gain (dB)
(4]

20 . . . : . .
270 -225 -180 -135 -90 45 0 45
Open-Loop Phase (deg)

Figure 13.50 p loop for lateral SMC controller
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Nichols Chart

From: Transfer Fecn13/r To: Transfer Fen13/r

10

o

Open-Loop Gain (dB)
= &

-15

1 1 1

1

1 1

-20
-270 -225 -180 -135 -90 -45 0
Open-Loop Phase (deg)
Figure 13.51 r loop for lateral SMC controller
Nichols Chart
10 From: Transfer Fcnd/phi To: Transfer Fcnd/phi

45

o

Open-Loop Gain (dB)
a &

_20 1 1 1 1

-270 -225 -180 -135 -90 -45 0

Open-Loop Phase (deg)

Figure 13.52 phi loop for lateral SMC controller
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Nichols Chart

From: Transfer Fcn11/ay To: Transfer Fen11/ay

T T T

45

) )
=
=
a i
<]
o
<
=
o i
O
15 .
-20 L L 1 L 1 A
-270 -225 -180 -135 -90 45 0
Open-Loop Phase (deg)
Figure 13.53 ay loop for lateral SMC controller
Nichols Chart
10 From: Transfer Fcn6/rudder To: Transfer Fen6/rudder

Open-Loop Gain (dB)
n

-20 Il 1 1 I 1 1

-270 -225 -180 -135 -90 -45 0
Open-Loop Phase (deg)

Figure 13.54 Rudder servo loop for lateral SMC controller
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Nichols Chart

From: Transfer Fcn15/aileron To: Transfer Fen15/aileron

10

o
+

Open-Loop Gain (dB)
o &

15

20 . . ) ) .
-270 -225 -180 -135 -90 45 0 45

Open-Loop Phase (deg)

Figure 13.55 Aileron servo loop for lateral SMC controller

13.5 APPENDIX 5 (Proof of Stability for pitch angle PID controller)

Nichols charts for proof of stability of pitch PID controller are included in Figures Figure
13.56, Figure 13.57, and Figure 13.58. These charts are obtained by loopbreaks of q, 8, and
elevator signals.

Nichols Chart

From: Transfer Fcn2/q To: Transfer Fen2/q

10

o
T

Open-Loop Gain (dB)
3 &

15

20 ) L ) ) ) .
-270 -225 -180 -135 -90 45 0 45

Open-Loop Phase (deg)

Figure 13.56 q loop for pitch PID controller
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Open-Loop Gain (dB)

Nichols Chart
From: Transfer Fcnd/theta To: Transfer Fcnd/theta

10 T T T T T
o)
=
£
Q
o
o
-
C
2 .10
O
-15
-20 ' L 1 ' 1
-270 -225 -180 -135 -90 45 0 4
Open-Loop Phase (deg)

Figure 13.57 theta loop for pitch PID controller

Nichols Chart

From: Transfer Fcn6 To: Transfer Fcn6

5

10 T T T T T T

_20 1 1 1 1 1 1
-270 -225 -180 -135 -90 -45 0

Open-Loop Phase (deg)

Figure 13.58 Elevator servo loop for pitch PID controller
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13.6

APPENDIX 6 (Proof of Stability for Lateral PID Controller)

Nichols charts for proof of stability of pitch PID controller are included in Figures Figure

13.59, Figure 13.60, Figure 13.61, Figure 13.62, Figure 13.63, and Figure 13.64. These charts

are obtained by loopbreaks of p, r, ¢, a,,, rudder and aileron signals.

Open-Loop Gain (dB)
(1]

Open-Loop Gain (dB)

Nichols Chart

10 From: Transfer Fcn2/p To: Transfer Fen2/p

20 A . A A A .
-270 -225 -180 -135 -90 45 0 45
Open-Loop Phase (deg)
Figure 13.59 p loop for lateral PID controller
Nichols Chart
10 From: Transfer Fcn13/r To: Transfer Fen13/r
5 =
or T
St
10
15
-20
-270 -225 -180 -135 -90 -45 0 45

Open-Loop Phase (deg)
Figure 13.60 r loop for lateral PID controller
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Open-Loop Gain (dB)

Open-Loop Gain (dB)

Nichols Chart
From: Transfer Fcnd/phi To: Transfer Fcnd/phi

10 T T
5 - e
0 T + .................................................................. o
5t E
101 .
15 F -
_20 ' ' 1 1 1 1
-270 -225 -180 -135 -90 -45 0 45
Open-Loop Phase (deg)
Figure 13.61 phi loop for lateral PID controller
Nichols Chart
From: Transfer Fcn11/ay To: Transfer Fcn11/ay
b soesesessnsnssnssssasasanne + ...................................................................... o
-20 1 ' L 1 L i
-270 -225 -180 -135 -90 45 0 45
Open-Loop Phase (deg)

Figure 13.62 ay loop for lateral PID controller
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Nichols Chart

From: Transfer Fcn6/rudder To: Transfer Fcn6/rudder

10

T T T T T T

Open-Loop Gain (dB)
n

-20 L ' '] | 1 1
-270 -225 -180 -135 -90 -45 0 45
Open-Loop Phase (deg)
Figure 13.63 rudder servo loop for lateral PID controller
Nichols Chart
10 From: Transfer Fcn15/aileron To: Transfer Fcn15/aileron

Open-Loop Gain (dB)

-15

_20 1 1 1 1 1 1

-270 -225 -180 -135 -90 45 0
Open-Loop Phase (deg)

Figure 13.64 aileron servo loop for lateral PID controller
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13.7 APPENDIX 7 (Variations of longitudinal two tires on the ground

poles)

Variations of poles can be seen in Figures Figure

#1
-169.458
-169.45805
-169.4581
30 40 50 60
TAS (m/s)
#3
1
0.5
0
30 40 50 60
TAS (m/s)

Figure 13.65 Poles of longitudinal 2 tires on the ground aircraft

#5

-0.01

-0.015 1

-0.02
30

40 50
TAS (m/s)
#7

60

Figure 13.66 Longitudinal poles of 2 tires on the ground aircraft

40 50
TAS (m/s)

60

13.65 and Figure 13.66.

#2

-34.83

-34.831

-34.832

-34.833

-34.834

30

40 50
TAS (m/s)
#4

60

-1.5

30

40 50
TAS (m/s)

#6

60

40 50
TAS (m/s)
48

60
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13.8

APPENDIX 8 (Variations of lateral two tires on the ground poles)

Variations of poles can be seen in Figure 13.67.

#1
-169.842
-169.8425 1
-169.843
30 40 50 60
TAS (m/s)
#3 & #4 real
7.5 ' '
81
30 40 50 60
TAS (m/s)
#5 & #6 real
-0.25¢
-0.3¢1
-0.35¢
-04¢ I I
30 40 50 60
TAS (m/s)

#2
-20.5¢
-21
30 40 50 60
TAS (m/s)
#3 & #4 imagina
14.8 - ginary
14.7 ¢
14.6 : :
30 40 50 60
TAS (m/s)
#5 & #6 imaginary
1.2F f i
1 L
0.8} , ,
30 40 50 60

TAS (m/s)

Figure 13.67 Lateral poles of 2 tires on the ground aircraft

207



13.9
poles)

APPENDIX 9 (Variations of longitudinal three tires on the ground

Variations of poles can be seen in Figures Figure 13.68 and Figure 13.69.

#1
-168.313
-168.314
-168.315 1
-168.316 1
10 20 30
TAS (m/s)
#2 & #3 imaginary
47.422 |
4742 ¢
47.418
47.416
0 10 20 30
TAS (m/s)

#2 & #3 real
-51.948 1
-51.95 1
-51.952 1
-51.954 | . !
10 20 30
TAS (m/s)
#4
-35.48
-35.49 1
3557+
-35.51
0 10 20 30
TAS (m/s)

Figure 13.68 Longitudinal poles of 3 tires on the ground aircraft

#5 & #6 real
-0.92
-0.94
-0.96
-0.98
-1
0 10 20 30
TAS (m/s)
#7
0
-0.005
-0.01
0 10 20 30
TAS (m/s)

4.56

4557

4.54 1

453}

4521

#5 & #6 imaginary

10 20 30
TAS (m/s)
#8
10 20 30
TAS (m/s)

Figure 13.69 Longitudinal poles of 3 tires on the ground aircraft
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13.10 APPENDIX 10 (Variations of lateral three tires on the ground poles)

Variations of poles can be seen in Figure 13.70.

#1 #2
168.74 157
-168.745 1
. . 20 . .
10 15 20 25 10 15 20 25
TAS (m/s) TAS (m/s)
#3 & #4 real #3 & #4 imaginary
-10°f f s 1 1457 | |
14
-15 : ; ; ;
10 15 20 25 10 15 20 25
TAS (m/s) TAS (m/s)
#5 #6
-1F 1 -0.35¢
-04r¢
2t ] -0.45¢
0.5}
10 15 20 25 10 15 20 25
TAS (m/s) TAS (m/s)

Figure 13.70 Lateral poles of 3 tires on the ground aircraft
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