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ABSTRACT

Safety in air transport has always been of paramount importance. The very nature of
aircraft navigating through the atmosphere brings with it associated risks and dangers. Some of
these dangers are manifested in the form of adverse atmospheric disturbances. Two common
examples of these atmospheric disturbances are the microburst and the wake vortex. This thesis
explores the response and recovery performance of a General Aviation-based Model Reference
Adaptive Control (MRAC) control system when subjected to these atmospheric disturbances.
For the microburst condition, an existing 3DOF MRAC controller developed through
prior research is integrated with nonlinear aerodynamics and an envelope protection scheme that
augments the flight envelope of a Beechcraft Bonanza/CJ-144 as it encounters conditions
pursuant to a microburst condition. Through simulation, the envelope protection scheme is
shown to improve the chances of safe recovery in the event of a microburst encounter, by
limiting the amount of total kinetic energy loss as the aircraft enters the microburst.
For the wake vortex condition, an existing 6DOF MRAC controller is used as a baseline,
to which a custom-developed 3D wake vortex model is added. Nonlinear components are
incorporated into the existing linear aerodynamics, along with an envelope protection scheme.
Pilot-in-the-loop simulated flight testing is conducted to evaluate recovery performance under
three control modes: controller only, controller with pilot, and pilot only without controller. The
control modes with the controller active are shown to yield much better recovery performance in
the event of a wake vortex encounter.
Additional efforts include the complete development of a MATLAB/Simulink®-based
6DOF Aircraft Motion Visualizer and an X-Plane®-based external simulation interface, both
used as tools to aid in analysis of results and simulated flight testing.
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TABLE OF CONTENTS

Chapter

1.

INTRODUCTION .............................................................................................................. 1
1.1
1.2
1.3

1.4
2.

3DOF Flight Control Architecture ........................................................................ 14
3DOF Aircraft & Aerodynamic Modeling ........................................................... 16
Microburst Modeling ............................................................................................ 20
Envelope Protection Scheme ................................................................................ 23

THE WAKE VORTEX CONDITION ............................................................................. 25
4.1

4.2
4.3

4.4
5.

Overview of the Beechcraft CJ-144 ........................................................................ 8
6DOF Aircraft Visualizer ....................................................................................... 9
X-Plane® Simulation Interface .............................................................................. 11

THE MICROBURST CONDITION................................................................................. 14
3.1
3.2
3.3
3.4

4.

Model Reference Adaptive Control ........................................................................ 1
Advances in Adaptive Control at Wichita State University ................................... 2
Adverse Weather and General Aviation ................................................................. 3
1.3.1 Microburst Encounters ................................................................................ 3
1.3.2 Wake Vortex Encounters ............................................................................ 5
Research Objectives ................................................................................................ 6

MODELING & SIMULATION OF THE AIRCRAFT...................................................... 8
2.1
2.2
2.3

3.

Page

6DOF Flight Control Architecture ........................................................................ 25
4.1.1 Normal Control Mode ............................................................................... 25
4.1.2 Direct Control Mode ................................................................................. 27
6DOF Aircraft & Aerodynamic Modeling ........................................................... 28
Wake Vortex Modeling......................................................................................... 30
4.3.1 Wake Vortex Velocities ............................................................................ 31
4.3.2 Wake Vortex Moments ............................................................................. 36
Envelope Protection Scheme ................................................................................ 43

RESULTS ......................................................................................................................... 45
5.1
5.2

Microburst Condition ............................................................................................ 45
Wake Vortex Condition ........................................................................................ 51
5.2.1 Normal Mode 1 (Controller On Without Pilot Input) ............................... 52
5.2.2 Normal Mode 2 (Controller On With Pilot Input) .................................... 60
5.2.3 Direct Mode Without MRAC Controller Input (Pilot Only) .................... 70

vii

TABLE OF CONTENTS (continued)

Chapter
6.

Page

CONCLUSION ................................................................................................................. 79
6.1
6.2
6.3
6.4

Microburst Condition ............................................................................................ 79
Wake Vortex Condition ........................................................................................ 80
Future Work and Recommendations .................................................................... 81
Final Comments .................................................................................................... 81

REFERENCES ................................................................................................................. 83
APPENDIX ....................................................................................................................... 87

viii

LIST OF TABLES

Table

Page

1

Characteristics of the Beechcraft CJ-144 ............................................................................ 9

2

Parameters of Microburst Used In Simulation.................................................................. 22

3

Controller Performance Across a Range of Initial Airspeeds ........................................... 45

4

Census of Pilots Involved In Simulated Flight Testing .................................................... 52

ix

LIST OF FIGURES

Figure

Page

1

Block Diagram of a Generic Model Reference Adaptive Control Setup............................ 2

2

Exterior and Interior of the Beechcraft CJ-144 Fly-By-Wire Test Bed.............................. 8

3

6DOF Aircraft Simulation Visualizer in operation. .......................................................... 10

4

Existing X-Plane® Simulation Interface. .......................................................................... 12

5

Alternate X-Plane® Simulation Interface. ......................................................................... 13

6

Simplified Schematic of AFCS prior to incorporation of envelope protection scheme and
improvements to Dynamic Inverse Controller. ................................................................. 14

7

Simplified Schematic of AFCS after incorporation of envelope protection scheme and
improvements to Dynamic Inverse Controller. ................................................................. 16

8

Comparison of Linear and Nonlinear Lift Models ........................................................... 19

9

Comparison of Linear and Nonlinear Pitching Moment Models...................................... 19

10

Nonlinear Drag Coefficient Model. .................................................................................. 20

11

Typical microburst velocity profile. ................................................................................. 22

12

Schematic of the 6DOF Flight Control Architecture. ....................................................... 25

13

Schematic of the Conventional Control Setup in Direct Mode. ....................................... 28

14

Evaluation points along aircraft (denoted by red markers) used for strip theory
calculations. ...................................................................................................................... 29

15

Schematic of wake vortex model. ..................................................................................... 31

16

Graphical representation of Method A depicting separation distances between evaluation
points and lines of action of vortex cores. ........................................................................ 34

17

Positioning of the vortex bound in 3D space in Method B. .............................................. 35

x

LIST OF FIGURES (continued)

Figure

Page

18

Velocity vector map of each cross section within the vortex bound. ............................... 36

19

Graphical representation of forward and vertical velocities acting on evaluation points. 38

20

Graphical representation of forward and lateral velocities acting on evaluation points. .. 40

21

Typical wake vortex velocity profile. ............................................................................... 43

22

Progression and magnitude of simulated microburst used in this research. ..................... 46

23

Acceleration profile of aircraft showing envelope protection scheme triggered. ............. 47

24

Altitude profile comparison with envelope protection active and inactive. ..................... 48

25

Airspeed profile comparison with envelope protection active and inactive. .................... 49

26

Angle of attack profile comparison with envelope protection active and inactive. .......... 50

27

Flight path angle profile comparison with envelope protection active and inactive. ....... 51

28

Top-down view of aircraft trajectory and wake vortex trails. .......................................... 53

29

Wake vortex component velocities experienced by following aircraft (Normal Mode 1).
........................................................................................................................................... 54

30

Rolling moment coefficient imposed on following aircraft due to wake vortex (Normal
Mode 1). ............................................................................................................................ 54

31

Pitching moment coefficient imposed on following aircraft due to wake vortex (Normal
Mode 1). ............................................................................................................................ 54

32

Yawing moment coefficient imposed on following aircraft due to wake vortex (Normal
Mode 1). ............................................................................................................................ 54

33

Altitude loss experienced as a result of wake vortex disturbance (Normal Mode 1). ...... 55

34

Flight path angle alteration due to wake vortex (Normal Mode 1)................................... 55

xi

LIST OF FIGURES (continued)

Figure

Page

35

Aircraft bank angle during wake vortex encounter (Normal Mode 1). ............................ 56

36

Aircraft airspeed change during wake vortex encounter aircraft (Normal Mode 1)......... 57

37

Velocity NN Adaptation. .................................................................................................. 58

38

Pitch NN Adaptation. ........................................................................................................ 58

39

Bank NN Adaptation......................................................................................................... 58

40

Sideforce NN Adaptation. ................................................................................................. 58

41

Thrust response by controller............................................................................................ 59

42

Elevator response by controller. ....................................................................................... 59

43

Aileron response by controller. ......................................................................................... 59

44

Rudder response by controller. ......................................................................................... 59

45

Maximum Altitude Lost between Normal Modes 1 and 2. .............................................. 60

46

Maximum Bank Angle Lost between Normal Modes 1 and 2.. ....................................... 61

47

Maximum Airspeed Lost between Normal Modes 1 and 2.. ............................................ 61

48

Top-down view of aircraft trajectory and wake vortex trails. .......................................... 63

49

Wake vortex component velocities experienced by following aircraft (Normal Mode 2).
........................................................................................................................................... 64

50

Rolling moment coefficient imposed on following aircraft due to wake vortex (Normal
Mode 2). ............................................................................................................................ 64

51

Pitching moment coefficient imposed on following aircraft due to wake vortex (Normal
Mode 2). ............................................................................................................................ 64

xii

LIST OF FIGURES (continued)

Figure

Page

52

Yawing moment coefficient imposed on following aircraft due to wake vortex (Normal
Mode 2). ............................................................................................................................ 64

53

Altitude loss experienced as a result of wake vortex disturbance (Normal Mode 2). ...... 65

54

Flight path angle alteration due to wake vortex (Normal Mode 2)................................... 66

55

Aircraft bank angle during wake vortex encounter (Normal Mode 2). ............................ 66

56

Aircraft airspeed change during wake vortex encounter (Normal Mode 2). .................... 67

57

Velocity NN Adaptation. .................................................................................................. 68

58

Pitch NN Adaptation. ........................................................................................................ 68

59

Bank NN Adaptation......................................................................................................... 68

60

Sideforce NN Adaptation.................................................................................................. 68

61

Thrust response by controller............................................................................................ 69

62

Elevator response by controller. ....................................................................................... 69

63

Aileron response by controller. ......................................................................................... 69

64

Rudder response by controller. ......................................................................................... 69

65

Maximum Altitude Lost between Normal Mode 2 and Direct Mode. .............................. 70

66

Maximum Bank Angle Lost between Normal Mode 2 and Direct Mode. ........................ 71

67

Maximum Airspeed Lost between Normal Mode 2 and Direct Mode. ............................ 71

68

Top-down view of aircraft trajectory and wake vortex trails. .......................................... 73

69

Wake vortex component velocities experienced by following aircraft (Direct Mode). ... 74

70

Rolling moment coefficient imposed on following aircraft due to wake vortex (Direct
Mode). ............................................................................................................................... 74

xiii

LIST OF FIGURES (continued)

Figure

Page

71

Pitching moment coefficient imposed on following aircraft due to wake vortex (Direct
Mode). ............................................................................................................................... 74

72

Yawing moment coefficient imposed on following aircraft due to wake vortex (Direct
Mode). ............................................................................................................................... 74

73

Altitude loss experienced as a result of wake vortex disturbance (Direct Mode). ........... 75

74

Flight path angle alteration due to wake vortex (Direct Mode). ....................................... 75

75

Aircraft bank angle during wake vortex encounter (Direct Mode)................................... 76

76

Aircraft airspeed change during wake vortex encounter (Direct Mode). ......................... 77

77

Thrust response by pilot. ................................................................................................... 78

78

Elevator response by pilot. ................................................................................................ 78

79

Aileron response by pilot. ................................................................................................. 78

80

Rudder response by pilot. ................................................................................................. 78

xiv

LIST OF ABBREVIATIONS

3D

Three Dimensional

3DOF

Three Degrees-of-Freedom

6DOF

Six Degrees-of-Freedom

ABC

Adaptive Bias Controller

AFCS

Advanced Flight Control System

ANN

Artificial Neural Network

CG

Center of Gravity

FAA

Federal Aviation Administration

GA

General Aviation

MRAC

Model Reference Adaptive Control

PID

Proportional Integral Derivative

SATS

Small Aircraft Transportation System

xv

LIST OF SYMBOLS

Surface area of wing element used in strip theory calculations (wake vortex)
Acceleration limit calculated through envelope protection (microburst)
Maximum longitudinal velocity of microburst
Maximum vertical velocity of microburst
Equivalent wingspan of vortex-generating aircraft
Coefficient of Drag
Coefficient of Lift
Coefficient of Rolling Moment
Coefficient of Pitching Moment
Coefficient of Yawing Moment
Coefficient of Side Force
Angle of aileron deflection
Angle of elevator deflection
Scalar value of gear deflection
Angle of rudder deflection
Scalar value of thrust input
Side Force
Development length scale (microburst)
Rolling moment (wake vortex)
Pitching moment
Yawing moment

xvi

LIST OF SYMBOLS (continued)
̅

Dynamic pressure
Core radius of wake vortex
Separation distance between evaluation point and wake vortex
Wing surface area
Forward velocity

̇

Forward acceleration
Velocity of vortex-generating aircraft
True airspeed
Lateral velocity
̇

Lateral acceleration
Weight of vortex-generating aircraft
Vertical velocity
̇

Vertical acceleration
Longitudinal axis
Lateral axis
Vertical axis

Greek Symbols
Angle of Attack
Angle of Attack due to wake vortex
Angle of Sideslip
Angle of Sideslip due to wake vortex

xvii

LIST OF SYMBOLS (continued)

Circulation strength of wake vortex
Flight path angle
Pitch angle
Mathematical constant pi
Density at altitude of vortex-generating aircraft
Bank angle
Yaw angle

xviii

CHAPTER 1
1
INTRODUCTION
INTRODUCTION
For as long as aircraft have existed, the notion of flight control has also always been
present. Without the ability to effectively assert control over an aircraft, it is almost impossible
for the airplane to serve as an efficient tool and an effective means of transport. For as long as
engineers have been able to effectively control aircraft, engineers have also had to design their
aircraft around the very medium that keeps these aircraft aloft - that is, the air, the atmosphere,
and the atmospheric disturbances that exist within.
Two of these atmospheric disturbances that are a cause for concern to General Aviation
(GA), and indeed to all aircraft in general, are microburst and wake vortex encounters. Because
GA aircraft are smaller than commercial transports, these atmospheric disturbances often strike
with greater severity in their impact. With more than 223,000 GA aircraft based in the United
States, flying over 25 million hours into and out of 5,000 public airports in 2012 [1], it is
imperative that research into methods of increasing safety for GA aircraft when experiencing
these atmospheric disturbances is given due attention. One of these methods is the use of Model
Reference Adaptive Control (MRAC) to react and respond to variations and disturbances in the
atmosphere. Through implementing adaptive flight control techniques in GA aircraft, it is
postulated in this thesis that the severity of the impacts of these disturbances may be mitigated.
1.1

Model Reference Adaptive Control
Much research has been conducted lately in applying MRAC to aircraft control systems.

MRAC systems have been shown to excel at retaining control in adverse flight conditions, such
as in conditions where that can lead to loss of control (Bosworth and Hayes [2]), or in conditions
where there is damage to the aircraft (Nguyen et al. [3]). The MRAC used as part of this research
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(Kim and Calise [4], Lemon et al. [5]) combines feedback linearization and artificial neural
networks (ANN) for adaptation. The basic architecture of a generic MRAC setup is shown in
Figure 1.
𝑢𝑎𝑐𝑡
𝑢𝑐𝑚𝑑

𝑢̇ 𝑑𝑒𝑠

𝑢̇ 𝑐𝑚𝑑

Inverse
Controller

PID

𝑢̇ 𝑎𝑑𝑑

𝑦𝑐𝑚𝑑
Plant

𝑆𝑡𝑎𝑡𝑒𝑠

ANN

Figure 1. Block Diagram of a Generic Model Reference Adaptive Control Setup.
The first network, an inverse controller, is trained offline to perform feedback
linearization. The second network, an adaptive bias controller, is trained online to compensate
for errors in the model inverse. It is this second network that is also able to adapt to changes in
the plant (loss of control, aircraft damage, etc.), and still maintain good control during such
conditions. Kim and Calise [4] demonstrated the potency of the MRAC in such situations, and
the reader is asked to refer to [4] for further details. Specifically, a version of the MRAC
customized for GA, as documented in Lemon et al. [5], developed in-house at Wichita State
University (WSU), forms the basis of the microburst and wake vortex models built in this
research. A brief history of adaptive control at WSU is presented in Chapter 1.2.
1.2

Advances in Adaptive Control at Wichita State University
WSU has been conducting research into adaptive control techniques (Steck et al. [6],

Hinson et al. [7]) for many years. This research originated as a decoupled adaptive control
system comprising of a linear compensator and an Artificial Neural Network (ANN) (Steck at al.
[8]), and was simulated with a generic delta-winged configuration. Since 2001, WSU has
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partnered with Beechcraft Corporation to further develop such Advanced Flight Control System
(AFCS) algorithms for general aviation applications. For purposes of modeling, simulation, and
flight testing, these algorithms are applied to the Beechcraft CJ-144 Small Aircraft
Transportation System (SATS) fly-by-wire test bed, a modified derivative of the Beechcraft F33C Bonanza. The AFCS progressed to include an MRAC dynamic inverse controller (Pesonen
et al. [9]), as detailed in Chapter 1.2. In more recent years, a simplified adaptation method was
developed at WSU called the Adaptive Bias Corrector (ABC) (Steck et al. [10]) The ABC was
an ANN that included only the bias term of the neural network. Over the course of this time,
piloted simulation was also conducted to test the flying qualities and qualitative performance of
the AFCS (Steck et al. [11]). In 2009, an updated aerodynamic model of the Beechcraft Bonanza
was incorporated into the AFCS (Lemon et al. [5]), and a new predictive inverse controller was
added. In addition, WSU has also evaluated the performance of the controller in response to
atmospheric turbulence [12]. To further the research efforts in this aspect, this thesis will
consider the effects of microburst and wake vortex conditions. The microburst and wake vortex
models presented in this research, as well as results from simulation, are based upon the version
of the controller developed by Lemon et al. [5].
1.3

Adverse Weather and General Aviation

1.3.1 Microburst Encounters
A microburst may be qualitatively described by a column of air that flows downward,
followed by the flow of air radiating outwards as the air approaches the ground. A typical
microburst encounter, for the purposes of the research presented here, is defined by an aircraft
entering, traveling through, and crossing the microburst through its centerline. Thus, a
microburst encounter is characterized by a gradual increase in headwind as the aircraft enters the
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microburst, followed by a ‘down force’ on the aircraft caused by the downward-moving column
of air, and finally, followed by a sudden increase in tailwind as the aircraft passes through the
center of the microburst (Wolfson [13], Wilson et al. [14], Hjelmfelt [15]).
In the event of a microburst encounter, it has been shown that maintaining the application
of a certain minimum amount of thrust can ultimately lead to an increased chance of positive
recovery post-microburst. Previous research by Rokhsaz et al. [16] has shown that a key cause of
accidents stemming from microburst encounters is the lack of sufficient airspeed as the aircraft
passes through the center of the microburst.
Based on the above description of a microburst encounter, it is clear that a pilot who is
unaware that the aircraft may be flying into a microburst condition is put in a precarious
situation. As the aircraft enters the microburst, the pilot would notice a gradual increase in
indicated airspeed. An instinctive reaction to this would be to reduce the amount of thrust
applied, so as to bring the aircraft back down to the desired airspeed. The danger arises when the
aircraft begins to cross the center of the microburst, where there is a sudden change from
headwind to tailwind. Because of the prior reduction in thrust, the aircraft now faces a condition
where there may be insufficient ground speed to safely recover from the tailwind. A stall
condition arises and altitude loss may follow. While this may not pose a danger at higher
altitudes (since a sudden shift in wind speed does not occur as strongly at higher altitudes), it
may pose a significant danger at lower altitudes, such as during the approach and landing phases
of flight.
Previous research by Rokhsaz et al. [16] has shown that limiting the maximum amount of
ground deceleration an aircraft can go through as it enters the microburst can increase its chances
of recovery. By augmenting the flight envelope as above, a certain minimum amount of thrust is
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always applied during the encounter, consequently limiting the decrease in ground speed as the
aircraft flies through the microburst. When the headwind changes to a tailwind upon exit, the
aircraft then has sufficient ground speed and sufficient thrust still being applied to reduce the
chances of encountering a stall condition and minimize the amount of altitude lost during the
encounter. Both of these would consequently increase the chances of safe recovery.
1.3.2 Wake Vortex Encounters
Wake vortex encounters have been historically known to pose great dangers to aircraft.
These effects are compounded at takeoff and landing, where aircraft usually have landing gear
and flaps extended. These “gear down” and “flaps down” conditions often increase the strength
of the vortex that is being generated. Aircraft flying behind these vortex-generating aircraft are
susceptible to abrupt changes in flight conditions as a direct result of these wake vortices. Often,
the onset of these changes are sudden and unexpected, and occur before the flight crew is able to
counteract the disturbance. Aircraft are most often put into sudden and unexpected roll
conditions. These roll conditions may be severe enough that the aircraft is placed in an inverted
orientation for a period of time.
Qualitatively, a typical wake vortex, as generated by the wing of an aircraft, may be
described as two rotating columns of air, separated by a distance approximately similar to the
wingspan of the vortex-generating aircraft. These columns rotate in inward but opposite
directions, and follow a trail that is carved out by the vortex-generating aircraft’s flight path.
They weaken and diminish in severity over time, and due to mutually induced velocities, also
sink with time. Even so, these rotating columns of air exert forces and have significant effects on
aircraft flying behind the vortex-generating aircraft (Rossow [17], Cliffone and Orloff [18]). The
danger lies in the fact that these effects usually build up very slowly when the following aircraft
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first enters the outside edge of the vortex. Yet, when the following aircraft enters the region of
the core radius, these effects increase suddenly and significantly, and are sometimes enough to
roll the aircraft into an inverted orientation. Because this change is extremely sudden, pilots are
often unable to sufficiently react before the roll occurs.
Based on the above description of a wake vortex encounter, it is clear that a pilot who is
unaware that the aircraft may be flying into a wake vortex condition is placing the aircraft and
crew/passengers within in a dangerous situation. In addition to studying the response of the
MRAC to microbursts, this research also explores how the MRAC responds to wake vortex
encounters.
1.4

Research Objectives
Previous research, as highlighted in the literature review, has shown the effectiveness of

an MRAC in responding to changes in the plant, such as in the cases of loss of control and
structural damage. The benefits of an adaptive flight control system in such conditions have been
clearly demonstrated. The ability of an MRAC controller in responding to and recovering from
adverse atmospheric disturbances, however, has not been widely studied.
This research aims to study the effects of two common atmospheric disturbances, the
microburst and the wake vortex, on the response given by an MRAC controller. To achieve this
objective, the following key undertakings are pursued:
1.

Development of microburst and wake vortex atmospheric models.

2.

Incorporation of atmospheric models into the MRAC Controller.

3.

Development of non-linear aircraft and aerodynamic models to accommodate
flight into the stall regime.
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4.

Development of a flight simulation interface and accompanying aircraft
visualization tools to facilitate pilot-in-the-loop controller evaluation

5.

Controller-in-the-loop evaluation of the response to the microburst and wake
vortex conditions

6.

Pilot-in-the-loop evaluation of the response to the wake vortex condition

This thesis is organized as follows: Chapter 2 discusses the modeling of the aircraft and
the development of the flight simulation interface; Chapter 3 covers work related to the
microburst condition, discussing development of the 3 Degrees-of-Freedom (3DOF)
aerodynamic model, as well as the microburst atmospheric model; Chapter 4 covers work related
to the wake vortex condition, discussing development of the 6 Degrees-of-Freedom (6DOF)
aerodynamic model, as well as the development of the wake vortex atmospheric model; Chapter
5 presents the results from controller-in-the-loop testing of the microburst condition, and results
from controller- and pilot-in-the-loop testing of the wake vortex condition; finally, Chapter 6
concludes with a summary of the findings in this research, as well as recommendations for future
work.
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2

2.1

CHAPTER 2
MODELING & SIMULATION OF THE AIRCRAFT
MODELING & SIMULATION OF THE AIRCRAFT

Overview of the Beechcraft CJ-144
The Beechcraft CJ-144 is a piston engine aircraft, with a conventional wing and

horizontal and vertical tails, modified to incorporate a fly-by-wire control system. The left-seat
controls are linked to this fly-by-wire system, while the right-seat controls are linked to the
conventional mechanical control system, and are used to override the fly-by-wire system if
needed. The fly-by-wire system is configured with an “EZ-fly” logic that allows command of
decoupled flight controls. An input to the joystick, rudder pedals, or throttle lever thus
commands flight path angle, bank angle, side force, and airspeed, respectively. An illustration of
the aircraft and its cockpit is presented in Figure 2. The CJ-144 described is modeled within the
MATLAB/Simulink® environment.

Figure 2. Exterior and Interior of the Beechcraft CJ-144 Fly-By-Wire Test Bed.
(Photos Courtesy of Beechcraft Corporation)
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The general properties of the Beechcraft F33C Bonanza [19], upon which the Beechcraft
CJ-144 is based, are presented in Table 1.
TABLE 1
CHARACTERISTICS OF THE BEECHCRAFT CJ-144

2.2

Property

Value

Length

26 ft 8 in

Height

8 ft 3 in

Wingspan

32 ft 10 in

Maximum Takeoff Weight

3,400 lb

Power Loading

11.9 lb/hp

Maximum Range (average)

450 nm

Maximum Cruise Speed (typical)

167 knots

Clean Stall Speed (typical)

63 knots

6DOF Aircraft Visualizer
To facilitate quick analysis of aircraft responses, a three dimensional (3D) aircraft motion

visualizer was developed within the MATLAB/Simulink® environment. The visualizer was
capable of displaying aircraft translations along the
the

earth-fixed axes, and rotations about

body-fixed axes. The visualizer is shown in Figure 3.
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Figure 3. 6DOF Aircraft Motion Visualizer in operation.
In brief, the visualizer works as follows:
1.

A geometry file of an aircraft is generated through user inputs of the aircraft’s
basic characteristics. These inputs include root & tip chord, root thickness,
dihedral, sweep, semi-length, incidence, number of elements representing the
assembly, and the positions of the entire wing/stabilizer assemblies with respect to
the aircraft’s Center of Gravity (CG). A custom-written program is utilized to turn
these inputs into a set of geometry coordinates in 3D. Capabilities are also
available to input a detailed set of vertices to represent the fuselage.

2.

With the aircraft geometry generated, the geometry file is initialized once at the
start of the simulation.
10

3.

In runtime, position data (
deflections (

4.

), orientation data (

), and control surface

) are fed into the visualizer program.

Control surface deflections are first applied through rotations about the control
hinge lines. The vertices making up the complete aircraft’s geometry are then
oriented about the Euler angles. Finally the vertices are translated along the earthfixed axes.

5.

Internal MATLAB® commands are next used to fill the spaces between the
vertices to convert them into solid surfaces.

6.

The resulting image is then presented to the user on screen.

7.

Steps 3 through 5 are repeated at a preset time interval and the screen image is
updated at preset frame rates, resulting in a sequential animation of the aircraft’s
response.

The visualizer was capable of being run online and in realtime, while the simulation was being
run. It could also read flight data from a pre-saved data file, and replay the aircraft’s motion
offline and after the fact.
As a parallel feature, the geometry initialization script was also designed to generate a
series of coordinates of evaluation points along the wing, horizontal stabilizer, and vertical
stabilizer. These evaluation points were used in subsequent strip theory analysis to determine the
rolling, pitching, and yawing moments imposed on the aircraft. These moments stemmed from
the differing velocities experienced at each evaluation point.
2.3

X-Plane® Simulation Interface
Prior efforts had already been made to interface the MRAC controller within the

MATLAB/Simulink® environment with Laminar Research’s X-Plane® Flight Simulation
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Software. This interfacing allowed for pilot-in-the-loop interaction with the controller. These
efforts replaced the aircraft plant within MATLAB/Simulink® with the X-Plane® aircraft model
itself. This setup had its own benefits. Since X-Plane® models aircraft using elemental analysis
techniques, the aircraft dynamics would have its own intricacies and would differ from the
MATLAB/Simulink® aircraft model. It was thus a suitable means of testing if the ABC could
adapt to and compensate for these modeling differences. The ability to test the controller’s
response to simulated aircraft failures was also possible. A schematic of the existing interface is
shown in Figure 4.

Joystick

𝑖𝑛𝑝𝑢𝑡

X-Plane®

𝑢

MRAC Controller

𝑑𝑇 𝑑𝑒

(MATLAB/Simulink®)

𝑑𝑎 𝑑𝑟

Aircraft Dynamics/
Visualizer
(X-Plane®)

𝑥 𝑦𝑧
𝜑𝜃 𝜓

Figure 4. Existing X-Plane® Simulation Interface.
These internal unknowns, however, were also a disadvantage. For the wake vortex
condition, as an example, the modeling processes used within X-Plane® to simulate a vortex are
unknown. Results from pilot-in-the-loop testing would be difficult to replicate, since there was
no ability to position and intercept a vortex at specific locations and intercept angles.
An alternate X-Plane® interface was thus developed. This alternate interface retained the
aircraft plant in MATLAB/Simulink®, and used X-Plane® purely as a visualization tool. The XPlane® physics model was disabled, and only orientation, position, and instrumentation data were
sent to X-Plane®. In effect, this functioned much like the 6DOF Aircraft Visualizer discussed
above. X-Plane® was used as a visualization tool. With full control over X-Plane® and the
elimination of modeling uncertainties, displaying the exact outputs from MATLAB/Simulink®,
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pilot-in-the-loop simulation could be conducted and exact scenarios could be replicated to
facilitate confirmation of results. A schematic of the alternate interface is shown in Figure 5.

Joystick

𝑖𝑛𝑝𝑢𝑡

MRAC
Controller
(MATLAB/Simulink®)

𝑑𝑇 𝑑𝑒

Aircraft Dynamics

𝑑𝑎 𝑑𝑟

®

(MATLAB/Simulink )

𝑥 𝑦𝑧

Visualizer

𝜑𝜃 𝜓

(X-Plane®)

Figure 5. Alternate X-Plane® Simulation Interface.
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3.1

CHAPTER 3
THE MICROBURST CONDITION
THE MICROBURST CONDITION

3DOF Flight Control Architecture
Much work has been previously devoted to the development of the flight control

architecture. The reader is encouraged to refer to the Kim and Calise [4] and Lemon et al. [5] for
detailed literature and specifics. A brief outline of the control architecture is discussed below.
Figure 6 illustrates a simple schematic of the existing AFCS for the longitudinal 3DOF
controller, prior to the improvements incorporated as part of this research.
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𝛾𝑑𝑒𝑠
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𝑉𝑎𝑐𝑡
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𝑑𝑒

𝛾𝑎𝑐𝑡
𝛾
𝑆𝑡𝑎𝑡𝑒𝑠

𝛾𝑎𝑑𝑑

Pitch
ANN

Figure 6. Simplified Schematic of AFCS prior to incorporation of envelope protection scheme
and improvements to Dynamic Inverse Controller.
In a conventional setup, the pilot commands an elevator deflection and a throttle setting.
Consequently, an elevator deflection that leads to a change in pitch would also lead to a change
in airspeed, if the throttle setting is left unchanged. Conversely, a change in throttle setting would
lead to a change in pitch, due to the changes in lift due to thrust.
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In the AFCS setup above, the controls are decoupled, and the pilot instead commands a
flight path angle and an airspeed. A single input to the joystick alone would then result in not
only a change in elevator, but an accompanying change in thrust setting, as the controller
attempts to maintain the commanded airspeed. Conversely, if only the commanded airspeed is
changed, the controller accompanies the change in thrust setting with a change in elevator
deflection, in an attempt to maintain level flight.
The PID controllers translate the tracking error into accelerations that are fed into the
dynamic inverse controller, which then determines the required thrust setting and elevator
deflection angle. The acceleration response of the nonlinear aircraft is then fed into the velocity
and pitch ANNs. The ANNs serve to compensate for any differences between the desired and
actual aircraft accelerations. These differences may stem from a variety of sources, such as
modeling errors in the inverse controller or partial system failures. In case of control saturation,
ANN training is halted, so as to prevent windup.
Previous research by Lemon et al. [5] has led to improvements in the performance of the
existing inverse controller. This updated inverse controller utilizes all three longitudinal
equations of motion for wings-level flight through predictor and corrector elements. The
predictor elements use the equations of motion using the states from the current time step, in
order to predict the angle of attack. The predicted angle of attack is then used by the corrector
element to calculate the desired thrust setting and elevator deflection. This predictive inverse
controller is thus a more accurate inverse of the system, enabling the controller to more closely
track the command inputs. The end result is a response that better meets the specified rise time
and damping ratio.
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This predictive inverse controller is incorporated into the AFCS for purposes of this
research, as prior research into the microburst envelope protection scheme had not yet
incorporated the predictive inverse controller discussed here.
A schematic of the updated AFCS, incorporating an envelope protection scheme
(discussed in Chapter 3.4), and the improvements to the flight control architecture, is presented
below in Figure 7.
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Figure 7. Simplified Schematic of AFCS after incorporation of envelope protection scheme and
improvements to Dynamic Inverse Controller.
3.2

3DOF Aircraft & Aerodynamic Modeling
The nature of the flight regime in which aircraft operate during the approach and landing

phases of flight would typically be close to the aircraft stall speed. In the event of a microburst
encounter, the aircraft may in fact be brought well below the stall speed range. It follows that a
simple linear aerodynamic model would not suffice in providing an accurate response when
brought close to the stall speed regime. As such, a nonlinear aerodynamic model that takes into
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account the effects of stall on lift, drag, and moment was devised and incorporated into the
existing model.
Beechcraft supplies proprietary data for a functional linear lift, drag, and moment model.
These models generate values for the lift, drag, and moment coefficients based on the specified
aircraft properties, flight conditions, thrust applied, etc.. This model, however, does not account
for the nonlinearities present as the aircraft approaches the stall regime. The governing equations
for the lift, drag, and moment models are presented in equations (3.1) to (3.6) [20]. The
equations for the linear condition are presented in equations (3.1) to (3.3), as follows:

̇

̂̇

̂

̇

(

)

(

(

)

(3.1)

̂̇

(

̂

(3.2)

)
(3.3)

)

To compensate for the effects of nonlinearity, nonlinear lift, drag, and moment
components were integrated into the existing linear models. This was done by adding 2 nd and 3rd
order terms into the existing governing equations. This is shown in equations (3.4) to (3.6):
( )
̂̇

()

( )
(3.4)

̂
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)
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(
̇

)
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̂

(3.5)

(
(

)

(

)

(

)

(3.6)

)

Where

And

In equations (3.1) to (3.6), the coefficients themselves are functions of angle of attack,
thrust, gear, and flap positions. The numerical coefficients are evaluated on-the-fly, as the
simulation is run. The 3 Degree-of-Freedom nonlinear equations of motion are implemented and
evaluated via the Aerospace Blockset within the MATLAB/Simulink ® environment.
Figure 8 to Figure 10 show the lift, pitching moment, and drag coefficients for the zero
thrust, gear up, and flaps up condition.
Validation of these models was then performed. A Beech Bonanza was modeled in the
aircraft simulation software, X-Plane®, through which nonlinear aerodynamic data was extracted
(Rokhsaz et al. [16]). This was done by analyzing performance data output from X-Plane®,
through a series of simulated flight test scenarios. The linear Beechcraft models (equations (3.1)
to (3.3)) were then adapted into the nonlinear models (equations (3.4) to (3.6)), through tuning
the models to resemble the nonlinear aerodynamic data output by X-Plane® This resulted in a set
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of functions for nonlinear lift, pitching moment, and drag models. A comparison of the resulting
linear and nonlinear models is illustrated below.

Figure 8. Comparison of Linear and Nonlinear Figure 9. Comparison of Linear and Nonlinear
Lift Models
Pitching Moment Models.
In order to prevent the drag coefficient from decreasing beyond

(since equation

(3.6) is a function of equation (3.4)), a function was built into the drag model such that there
would be a constant peak drag beyond the angle of attack associated with
illustrated in Figure 10.
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. This is

Figure 10. Nonlinear Drag Coefficient Model.
3.3

Microburst Modeling
A microburst model was previously generated by Rokhsaz et al. [16], within the

MATLAB/Simulink® environment. This model formed the basis of the perturbations in airflow
that were applied to the aircraft during the simulation.
The data used in constructing this model is presented in Proctor et al. [21]. This
document contained a reconstruction of the microburst encountered by a DC-9 in Charlotte, NC,
in July 1994. The encounter resulted in a crash and a significant number of fatalities. The
sequence of events leading up to the crash is documented there, and the document also includes
properties of the microburst itself, including data on wind speed as a function of position. This
was used by Rokhsaz et al. [16] as a basis for constructing the microburst model.
The reader is also encouraged to refer to [21], [22], and [23] for greater detail on the
modeling of the microburst. Nonetheless, a concise outline is presented below.
Proctor et al. [21] provides a picture of the development and progression of the Charlotte
microburst. It is indicated that the approach started in a headwind of 5 m/s (9.7 knots), which
subsequently increased, over a distance of around 1,600m (5,250 ft), to approximately 18 m/s (35
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knots). The headwind then switched to a tailwind of around 15 m/s (29 knots), over a distance of
approximately 1,300m (4,265 ft). At the same time, the aircraft experienced a maximum
downdraft of approximately 7 m/s (1,400 ft/min) as it passed through the center of the
microburst.
This information and characterization of wind direction behavior provided a basis for a
mathematical model used to simulate the microburst. The following assumptions and
requirements were specified for the model:
1.

Mathematical simplicity with the fewest possible number of parameters,

2.

Spatially stationary downdraft and change in headwind, and

3.

Continuity of at least two derivatives to prevent discontinuities in acceleration.

The headwind/tailwind and downdraft were devised as two separate models. The effects
of these two models were summed to provide the overall perturbations typically caused by an
actual microburst encounter.
The parameters used to characterize the simulated microburst are ,
where

is the development length of the microburst,

the microburst, and

, and

,

is the maximum forward velocity of

is the maximum vertical velocity of the microburst. The resulting

component velocities of the microburst are calculated according to equations (3.7) and (3.8):
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(
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)
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(
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)
)]

}

(3.7)

)]

}

(3.8)

These functions are not intended to match the profile of the Charlotte microburst in its
entirety, but instead serve as a functional model of a microburst whose characteristics may be
adjusted to different intensities and strengths by varying the above three parameters.
A profile of a typical microburst generated based on to equations (3.7) and (3.8) is
illustrated in Figure 11.

Horizontal Component
Maximum Headwind Ampu

Vertical Component

Maximum Downdraft Ampw

Development Length L

Figure 11. Typical microburst velocity profile.
It is important to note that the Charlotte microburst was a very severe case. A more
practical set of characteristics was defined by the FAA for simulator training purposes [22],
while yet another set was suggested in [23]. Based on the above, a set of values were chosen that
embodied the properties of microbursts specified in [21] to [23]. The chosen values of the
simulated microburst’s characteristics are presented in Table 2.
TABLE 2
PARAMETERS OF MICROBURST USED IN SIMULATION
Parameter

Value
±15 knots
±500 ft/min
4,000 ft
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3.4

Envelope Protection Scheme
The mechanics of a microburst have been described in Chapter 1.3. As the aircraft enters

a microburst, the airspeed increases. A typical instinctive reaction of both a pilot as well as the
AFCS would be to reduce the amount of thrust applied in order to return the aircraft to the
commanded airspeed. During this time, however, the ground speed rapidly decreases. As the
aircraft crosses the center, the wind switches to a tailwind. The indicated airspeed hence falls
below the commanded airspeed. An instinctive reaction of both a pilot as well as an AFCS would
be to apply more thrust, up to the point where saturation is reached. At the point of saturation,
the aircraft may still not have enough thrust to bring the airspeed out of the stall regime.
It thus follows that any response and recovery scheme has to rely upon recognizing the
microburst in its development phase and then reacting accordingly before the shift in wind
direction occurs. Rokhsaz et al [16] determined that a highly successful method of response and
recovery to a microburst encounter entailed limiting the aircraft’s ground deceleration in relation
to its airspeed. A simple formula was derived there to define the maximum allowable inertial
deceleration, as shown in equation (3.9).
(

)

(3.9)

This serves as a functional deceleration limit and prevents the aircraft from decelerating
too much at low airspeeds typical of approach [19], while placing no practical limit on the
aircraft’s maneuverability at higher airspeeds. The logic behind this protection scheme inherently
centers around preventing too much of a loss in the aircraft’s kinetic energy. As the aircraft
enters the microburst, if the pilot keeps the airspeed constant, the ground speed, and hence the
kinetic energy, decreases. When the aircraft crosses the center of the microburst, this kinetic
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energy has to be recovered rapidly so that the airspeed may be quickly brought up and out of the
stall regime. The problem arises since thrust is physically limited and the aircraft can only be
accelerated so much before thrust saturation is reached. This is the inherent problem that the
protection scheme addresses, that is the amount of kinetic energy lost as the aircraft enters the
microburst is reduced, as compared to the case where there is no protection scheme in place.
Some additional advantages of this scheme include:
1.

Preventing the aircraft from ‘falling behind’ when turning downwind in an
approach pattern,

2.

Allowing unlimited accelerations and large decelerations at higher speeds,

3.

Ease of application

The scheme defined above is incorporated into the Beechcraft CJ-144 simulation of
interest in this research, and has shown to exhibit an improved recovery profile over the nonaugmented case.
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4

4.1

CHAPTER 4
THE WAKE VORTEX CONDITION
THE WAKE VORTEX CONDITION

6DOF Flight Control Architecture
Much effort has been previously devoted to the development of the 6DOF flight control

architecture for the following aircraft. The reader is encouraged to refer to Kim and Calise [4]
and Lemon et al. [5] for detailed literature and specifics. A brief outline of this control
architecture is discussed below. Figure 12 provides a schematic of the 6DOF controller.
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Figure 12. Schematic of the 6DOF Flight Control Architecture.
4.1.1 Normal Control Mode
In a conventional control system, an input to the controls results in a direct change in the
deflection of the control surfaces. The pilot directly commands an elevator deflection, an aileron
25

deflection, a rudder deflection, and a throttle setting. Taking the longitudinal axis, for example, if
the pilot were to move the yoke or joystick in the pitch axis, that input would not only lead to a
change in the aircraft’s pitch angle, but would also lead to a change in airspeed, if the throttle
setting is left unchanged. Conversely, a change in throttle setting would lead to a change in pitch,
due to the changes in lift due to thrust. This conventional control scheme is generally referred to
as direct control, or direct mode.
In the AFCS setup above, the controls are decoupled, and the pilot instead commands a
flight path angle, a bank angle, an amount of sideforce, and an airspeed. Considering the
longitudinal axis once again, a single input commanding flight path angle alone would then
result in not only a change in pitch, but an accompanying change in thrust setting, as the
controller attempts to maintain the commanded airspeed. Conversely, if only the commanded
airspeed is changed, the controller accompanies the change in thrust setting with a change in
elevator deflection, in an attempt to maintain level flight. This mode of operation is referred to
within the simulation as Normal Mode.
The PID controllers translate the pilot inputs into accelerations that are fed into the
dynamic inverse controller, which then determines the required elevator, aileron, and rudder
deflection angles, as well as the required thrust setting. The response of the aircraft is then fed
into the pitch, bank, sideforce, and velocity ANNs. The ANNs serve to compensate for any
differences between the desired and actual aircraft accelerations. These differences may stem
from a variety of sources, such as modeling errors or uncertainties in the inverse controller or
partial system failures. In case of control saturation, ANN training is halted, so as to prevent
windup.
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Because a wake vortex encounter can put the aircraft into sideways and inverted
orientations, a provision had to be made to deactivate learning within the sideforce ANN during
such orientations. This is because the inverse controller and the sideforce ANN will not be able
to keep the aircraft coordinated (zero sideforce) when in such orientations. When the aircraft is
placed into bank angles greater than 40 degrees, learning is halted within the sideforce ANN.
When the aircraft’s bank angle returns to within these limits, and after a short delay, learning
resumes. This is discussed further in Chapter 4.4.
4.1.2 Direct Control Mode
One of the test scenarios involved a pilot-in-the-loop simulated flight into the wake
vortex, without any controller assistance. This mode of operation turns off the MRAC controller,
and conventional control rules apply. While the flight controls would have previously
commanded flight path angle, bank angle, sideforce, and airspeed, the flight controls would now
directly command the elevator, ailerons, rudder, and throttle setting. This mode of operation is
referred to within the simulation as Direct Mode. No assistance from the controller is given
during Direct Mode operation, and the pilot is effectively flying the aircraft as he or she would
fly an aircraft equipped with a conventional control system, where the flight controls directly
engage the control surfaces.
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A mechanism was designed into the MRAC controller, such that the aircraft could be
placed into either Normal Mode or Direct Mode by turning a switch. A simplified schematic of
the Direct Mode system is shown in Figure 13.

𝑑𝑇
𝑑𝑒
𝐷𝑖𝑟𝑒𝑐𝑡 𝑃𝑖𝑙𝑜𝑡 𝐼𝑛𝑝𝑢𝑡
𝑑𝑎

Nonlinear
Aircraft

𝑆𝑡𝑎𝑡𝑒𝑠

(with Wake
Vortex Model)

𝑑𝑟

Figure 13. Schematic of the Conventional Control Setup in Direct Mode.
4.2

6DOF Aircraft & Aerodynamic Modeling
To properly simulate the effects of the wake vortex on the following aircraft, it was

necessary to expand upon the existing aircraft dynamics model. Prior efforts had modeled the
aircraft as a single point-mass with a standard aerodynamic derivative force and moment model.
This was a sufficient modeling technique for past work. However, a wake vortex imposes
multiple localized effects at various points on the aircraft. Such effects include localized stalling
on wings and stabilizers. As a result, a three-dimensional (3D) ‘multiple point-mass’ geometry
model had to be created. This allowed for strip theory calculations, to determine quantities such
as lifting forces and moments imposed on the following aircraft due to the wake vortex. The
development of this geometry model tied in with the development of the 6DOF aircraft visualizer
(refer to Chapter 2.2). Both systems share the same geometry models, and details on the
development of these geometry models have been presented there.
With a 3D geometry of the aircraft, the coordinates of various points along the wing,
horizontal tail, and vertical tail were extracted. The wing was divided into 10 elements, from
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wingtip to wingtip, with the evaluation points being the lateral and vertical midpoint of each
element at 25% of the chord (0.25c). The same was done for the horizontal tail, which was
divided into 4 elements, and the vertical tail, which was divided into 2 elements. Figure 14

Body-Fixed z-axis

shows the evaluation points superimposed on the geometry of the aircraft.

Body-Fixed
y-axis
Body-Fixed
x-axis

Figure 14. Evaluation points along aircraft (denoted by red markers) used for strip theory
calculations.
The process involved in determining the coordinates of these points takes into account
various characteristics, including (but not limited to) dihedral, sweep, incidence, airfoil
thickness, taper, and relative locations of the lifting surfaces with respect to the aircraft’s CG. As
such, it is a highly accurate representation of the actual aircraft’s geometry.
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4.3

Wake Vortex Modeling
To obtain a plausible response from the controller, a wake vortex model was created from

the ground up within the MATLAB/Simulink® environment. The goal of the design was to allow
for a sufficiently accurate model while maintaining computational efficiency. To achieve this,
two key requirements were placed on the design, as listed below:
1.

Model had to account for flow within the viscous core.

2.

Model could not have discontinuities transitioning between the outside and inside
of core region.

To maintain computational efficiency, certain assumptions were also made. These are as
follows:
1.

Constant vortex strength; vortex does not decay with time.

2.

Constant vortex diameter; vortex does not ‘expand’ after generation.

3.

Constant vortex altitude; vortex does not sink with time.

This effectively resulted in a ‘statically-positioned’ vortex. Because the primary goal of
this research was to analyze the behavior of the following aircraft as it crossed the vortex at a
particular angle, these assumptions do not adversely affect the results obtained. Indeed, this setup
allowed for greater control over intercept conditions and also allowed the aircraft to intercept a
‘full-strength’ vortex (since its strength never diminishes).
A number of wake vortex circulation/velocity models were considered, including the
Hallock-Burnham, Lamb, Combined-Rankine, and Hoffman-Joubert (Hinton and Tatnall [24]).
The first two models allowed for modeling the velocities inside and outside of the core region
using a single, continuous equation, while the latter two had separate models for velocity profiles
inside and outside of the core region. Eventually, a continuous Gaussian model was selected.
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A workflow of the vortex generation process is outlined in Figure 15.
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Figure 15. Schematic of wake vortex model.
4.3.1 Wake Vortex Velocities
Two different approaches were experimented with in determining the wake vortex
velocities.
The first method (Method A) involved calculating the velocities of the wake vortex
online, as the simulation was being run, for each of the 17 evaluation points along the aircraft.
This would yield the exact values of the velocities for each evaluation point.
The second method (Method B) involved pre-generating a vortex map offline, containing
the velocity vectors of the vortex at specified grid points (between 1 to 5 feet apart). In
simulation, the vortex model would compare the location of the following aircraft to the position
of the vortex in 3D space. If the following aircraft was determined to fall within the bounds of
the wake vortex effective region, the vortex velocities would be extracted and interpolated from
the pre-generated map. Both methods had their own pro et contra.

31

Method A had the following characteristics:
1.

Less computationally intensive

2.

Ability to change vortex parameters on-the-fly

3.

Inability to position vortex at certain intercept angles (limitation of how the
velocities are calculated)

Method B had the following characteristics:
1.

Long look-up times in simulation.

2.

Vortex map had to be regenerated when changing vortex parameters

3.

Ability to position the vortex at any location and orientation

Based on the above, it was determined that the advantages of Method A outweighed
those of Method B, and Method A was used in evaluating the performance of the controller. The
development of both velocity models is presented below.
4.3.1.1 Method A (Online Vortex Calculations)
The vortex was first initialized in three dimensional (3D) space, and its circulation
strength was calculated. This value was determined based on the weight, velocity, and equivalent
span of the vortex-generating aircraft, as well the density at the vortex-generating aircraft’s
altitude. This is described in equation (4.1).

(4.1)

Next, at each longitudinal ( ) position, based on the lateral ( ) and vertical ( ) separation
distances between the evaluation points along the aircraft and the vortex cores, a separation
radius ( ) was calculated. This radius would vary at each timestep, since the following aircraft is
always moving relative to the statically-positioned wake vortex. A set of wake vortex velocities
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was then generated. This was done according to equation (4.2) for each evaluation point, , along
the wing, horizontal stabilizer, and vertical stabilizer.

( )

In the above,

[

(

)]

(4.2)

denotes the core radius of the wake vortex, and this is taken to be 5% of

the span of the vortex-generating aircraft. A total of 17 velocity magnitudes were calculated at
each timestep. 10 of these represented the wake vortex velocity at each of the 10 evaluation
points along the wing, four represented those along the horizontal stabilizer, and two represented
those along the vertical stabilizer. The last magnitude represented the wake vortex velocity at the
CG. The velocity magnitudes calculated were then separated into their

,

, and

components, based on the position of the aircraft with respect to the core of the wake vortex.
Method A is graphically represented in Figure 16.
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Earth-Fixed z-axis (ft)

Left Core

Right Core

Vortex velocities
perpetually present
and evaluated for any
point in simulated
environment.

𝑟𝑖 𝑙𝑒𝑓𝑡
𝑟𝑖 𝑟𝑖𝑔ℎ𝑡
Evaluation
Point, i

Earth-Fixed
x-axis (ft)

Earth-Fixed y-axis (ft)

Figure 16. Graphical representation of Method A depicting separation distances between
evaluation points and lines of action of vortex cores.
4.3.1.2 Method B (Offline Vortex Calculations)
A bound (map) for the effective region of the wake vortex was first determined. This
bound was dependent on the intensity of the wake vortex, but on average, was sized at 4,000 feet
laterally, and 2,000 feet vertically. For this region, the vortex velocities were determined at 1 to 5
foot intervals. At the highest resolution, the result was a velocity map with 8,000,000 velocity
vectors. The process used to arrive at these velocities was very similar to that used in
Method A. The circulation of the vortex was first determined, according to equation (4.1), as
before.
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For each lateral and vertical point in the map, the separation radius between that point
and the centers of the vortex cores were determined. Knowing these radii, and the circulation
value, the velocity at that point was then calculated according to equation (4.2).
This was repeated for each point in the map, and the eventual result was a complete
velocity map with data points spaced at pre-defined equidistant intervals. This map would be
positioned in 3D space in runtime, to simulate the effects of the wake vortex. This is illustrated
in Figure 17.

Vortex Bound
Region

Earth-Fixed z-axis (ft)

Vortex velocities only
present when
evaluation points are
inside vortex bound.

Evaluation
Point, i

No vortex velocities are present
outside of vortex bound.

Earth-Fixed
x-axis (ft)

Earth-Fixed y-axis (ft)

Figure 17. Positioning of the vortex bound in 3D space in Method B.
In runtime, the aircraft position would be compared against the bound of the map. If the
aircraft was determined to fall within this bound, the position of the aircraft within the map
would be used to extract and interpolate for the velocities at that position. As with Method A,
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this was done for 17 evaluation points along the aircraft. Knowing the orientation of the aircraft,
the velocity magnitudes were then decomposed into their , , and

components. Each cross

section of the vortex bound has a velocity profile as illustrated in Figure 18.

Red >> Left Core
Green >> Right Core
As viewed from aft

Figure 18. Velocity vector map of each cross section within the vortex bound.
4.3.2 Wake Vortex Moments
As described above, 17 velocity vectors were calculated at each timestep. 16 vectors
pertained to the velocities at the evaluation points along the wing, horizontal, and vertical
stabilizers. The remaining point pertained to the velocity at the CG. While this one vector was
summed into the aircraft airspeed at the CG, the other 16 vectors were used in determining the
rolling, pitching, and yawing moments imposed on the aircraft by the wake vortex. This
calculation also accounted for localized stalling at various points on the wing, using a stall model
developed in Rafi et al. [25].
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4.3.2.1 Wing and Horizontal Stabilizer
For the rolling and pitching moment generated by the wing and horizontal stabilizer
solely due to the wake vortex, the moment equations are represented by equations (4.3) and (4.4):

(

)

(4.3)

(4.4)

The force imposed on each element of the wing as a result of the wake vortex,

, was

determined as a function of the increment in the local lift coefficient due to the wake vortex, the
area of the particular wing or horizontal stabilizer element, , and the dynamic pressure,
according to equation (4.5):

(

)

̅

(

)

̅

(4.5)

The angle of attack imposed on each element of the wing and horizontal stabilizer solely
due to the wake vortex,

, was calculated as the inverse tangent of the vertical and

longitudinal body-fixed velocities, according to equation (4.6):

(
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)

(4.6)

Equation (4.6) operated on the assumption that the angle of attack of the aircraft,

, is

small. Graphically, the components in equation (4.6) may be visualized as shown in Figure 19.
𝑢𝑤𝑣

𝑢𝑏𝑜𝑑𝑦

𝛼

𝑤𝑏𝑜𝑑𝑦

Evaluation Point, i
𝛼𝑤𝑣

𝑤𝑤𝑣

Side view

Figure 19. Graphical representation of forward and vertical velocities acting on evaluation
points.
This process was repeated for each remaining element along the wing and horizontal
stabilizer, resulting in a series of

and

values. Summing all values together and

streamlining the above, the total moment was obtained by equations (4.7) and (4.8):

∑

∑

∑

̅

∑

(4.7)

̅

(4.8)

In coefficient form, the moments are expressed by equations (4.9) and (4.10):

̅

ℎ

ℎ

̅
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̅

∑( )(

)

(4.9)

∑( )(
̅

)

(4.10)

Where, for the wing only,

(

)

( )

( )

( )

(4.11)

And,

Equation (4.11) above allowed for the use of a non-linear lift model, incorporating a stall
profile, as developed in Rafi et al. [25]. The reader is encouraged to refer to Chapter 3.2 for
details on the derivation of Equation (4.11). A non-linear lift model was critical for obtaining
plausible responses from the plant, as the wake vortex placed the aircraft in flight conditions with
acute angles of attack, past aerodynamic stall.
4.3.2.2 Vertical Stabilizer
The process detailed above is very similar for the vertical stabilizer. This set of
calculations required using the corresponding axes for the moment arms and using the lift curve
slope of the aerodynamic surface in question.
For rolling and yawing moment generated by the vertical stabilizer solely due to the wake
vortex, the moment equations are represented by equations (4.12) and (4.13):

(

)

(4.12)

(4.13)
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The force

was determined as a function of the increment in the local lift coefficient

due to the wake vortex, the area of the particular vertical stabilizer element, , and the dynamic
pressure, according to equation (4.14):

(

)

̅

(

)

̅

(4.14)

The “angle of sideslip” imposed on each element of the vertical stabilizer solely due to
the wake vortex,

, was calculated as the inverse tangent of the lateral and longitudinal body-

fixed velocities, according to equation (4.15):

(

)

(4.15)

Graphically, the components in equation (4.15) may be visualized as shown in Figure 20.
𝑣𝑏𝑜𝑑𝑦

𝑣𝑤𝑣

𝑢𝑤𝑣

𝛽

𝑢𝑏𝑜𝑑𝑦
𝛽𝑤𝑣

Top view

Evaluation Point, i

Figure 20. Graphical representation of forward and lateral velocities acting on evaluation points.
This process was repeated for each remaining element along the vertical stabilizer,
resulting in a series of

and

values. Summing all values together and streamlining the

above, the total moment was obtained by equations (4.16) and (4.17):
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∑

∑

∑

̅

∑

̅

(4.16)

(4.17)

In coefficient form, the moments are expressed by equations (4.18) and (4.19):

∑( )(

̅

∑( )(

̅

)

)

(4.18)

(4.19)

The completed set of wake vortex moments was then built up as the sum of the delta
moment coefficients generated by the wing, horizontal stabilizer, and vertical stabilizer for the
rolling, pitching, and yawing moments respectively. This is described in equations (4.20) to
(4.22):

(4.20)

ℎ

ℎ

(4.21)

(4.22)

All three major aerodynamic surfaces contributed to the rolling moment coefficient,
while only the wing and horizontal stabilizer contributed to the pitching moment coefficient.
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Finally, yawing moment coefficient was dependent only on the vertical stabilizer. The above
values were then summed into the aircraft’s total moment coefficient buildups, as in equations
(4.23) to (4.25):
̂

̂

̇

̂̇

(4.23)

̂

̂

̂

(4.24)

(4.25)

The entire procedure documented above is repeated at every timestep. Figure 21
illustrates the vertical velocities that an evaluation point on the following aircraft would
experience if it were to approach, intercept, and emerge from the vortex at a 15 degree angle
with respect to the wake vortex trail. This demonstrates the ‘static’ scenario, and was merely
used as a method to validate the directions and magnitudes of the velocities generated by the
wake vortex model in various approach angles and directions.
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Left Vortex Core

Right Vortex Core

Cumulative
Velocity

Figure 21. Typical wake vortex velocity profile.
As can be seen above, an evaluation point on the following aircraft would experience
only a slight velocity disturbance as it is first approaches the vortex. As it nears the region of the
core radius, the velocities increase sharply and abruptly. Crossing the vortex, the velocities
diminish just as quickly. This sudden change in velocity, and the accompanying forces and
moments imposed on the aircraft, can put the aircraft into an upset condition.
4.4

Envelope Protection Scheme
As described in the Chapter 4.3, a wake vortex imposes upon the aircraft large

magnitudes of velocities. These velocities translate into rolling, pitching, and yawing moments,
each with varying intensities dependent upon the angle at which the following aircraft intercepts
the wake vortex. Typically, the rolling moment imposed is of greatest magnitude, and can often
place the following aircraft into configurations with bank angles greater than ±90 degrees. In
such a scenario, the force of weight which is normally experienced along the vertical body axis
becomes applied along the lateral body axis. The inverse controller is thus made to try to coordinate the aircraft sideforce, a configuration for which it was not designed. During
development, it was found that, in some rare situations, this could lead to wind-up of the ANN
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and undesirable rudder commands from the inverse controller. Typically, these situations were
triggered by wake vortices generated from extremely large aircraft, and by large vortex intercept
angles not usually encountered in a real-world situation.
To account for this, a protection scheme was developed to augment the ANN’s sideforce
output and the inverse controller’s rudder deflection output. Under regular flight configurations,
the ANN and inverse controller would function and maintain control as per their normal
directives. When a wake vortex is encountered, and the aircraft is placed into an irregular flight
condition, the ANN’s sideforce output would be halted, and the inverse controller’s rudder
command would be negated. These augmented directives would be applied for approximately 10
seconds, after which the ANN and inverse controller would be permitted to return to their normal
directives. The logic and criteria used to trigger the augmented directives were applied according
to equation (4.26):

(

)

{

(4.26)

The idea behind this stems from the notion that, in a sudden and uncommanded roll, the
actual bank angle will differ significantly from the commanded bank angle. A pilot would
typically be commanding zero bank angle when flying straight and level, and a wake vortex may
suddenly roll the aircraft excessively. In these scenarios, the actual and commanded bank angles
will have a large delta, signifying that the roll is undesired and uncommanded. This is used as the
criteria for triggering the augmented directives.
In tests, this roll departure augmentation system was shown to be very effective at
contributing towards safe recovery of the aircraft during a wake vortex encounter.
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CHAPTER 5
5
RESULTS
RESULTS
5.1

Microburst Condition
The scope of the microburst condition was limited to 3 Degrees-of-Freedom, so only

longitudinal motion was considered. All results presented here were generated from simulations
run within the MATLAB/Simulink® environment. The scope of this research was focused
primarily on the implementation of the microburst model, the nonlinear aerodynamic model, and
the predictive dynamic inverse controller into the existing simulation.
Multiple simulations were run with varying microburst intensities and varying flight
conditions, and a summary of the controller’s performance over a range of test cases is presented
in Table 3. All cases were run with an initial altitude of 2,300 ft.
TABLE 3
CONTROLLER PERFORMANCE ACROSS A RANGE OF INITIAL AIRSPEEDS

Initial Airspeed
(kts [ft/s])

Maximum Altitude Lost (ft)

Maximum Airspeed Lost (ft/s)

Scheme
Inactive

Scheme Active

Scheme
Inactive

Scheme Active

68 [114.7]

No Recovery

115

26.2

24.7

69 [116.5]

No Recovery

115

26.5

25.0

70 [118.1]

125

115

27.1

25.1

75 [126.6]

110

105

27.6

26.6

80 [135.0]

102

100

28.0

27.5

Aircraft are most likely to encounter microburst conditions while close to the ground, during
approach and landing phases where airspeeds would be low and close to the stall range. As such,
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the case of interest was the scenario with the lowest possible initial aircraft velocity, for which
the envelope protection system could still achieve safe recovery (initial airspeed of 68 knots).
The results for this scenario are shown in the following plots. The microburst profile encountered
in this particular scenario is shown in Figure 22.

Microburst Intercept

Figure 22. Progression and magnitude of simulated microburst used in this research.
As seen above, the microburst model generated a perturbation of moderate severity [13],
with a headwind that peaked in intensity at 25 ft/s, which then gradually changed to a tailwind of
the same magnitude. At the same time, a downdraft with magnitude of 8 ft/s (note that this is
positive downward) gradually built up, and then gradually disappeared as the aircraft passed the
center of the microburst. The profile of the microburst was symmetrical about its center.
Figure 23 to Figure 27 below show the flight profile of the aircraft as it encountered the
microburst with and without the envelope protection scheme activated. The simulation runs were
conducted with an initial velocity of 68 knots (114 ft/s) at 2,300 ft. This was the lowest speed at
which the envelope protection scheme was still able to recover the aircraft from the microburst
encounter. It is also worth noting that 68 knots (114 ft/s) is close to the Beech Bonanza’s clean
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stall speed of 63 knots (106 ft/s) [19]. Figure 23 shows the envelope protection scheme being
triggered.

Figure 23. Acceleration profile of aircraft showing envelope protection scheme triggered.
The blue line represents the

acceleration input to the inverse controller, while the red line

represents the maximum allowable deceleration (lower limit on acceleration), as calculated by
equation (3.9). This deceleration limit constantly changes, as it is a function of the aircraft’s
airspeed. An algorithm continuously checked the aircraft’s actual acceleration against this limit.
If the actual acceleration fell below the deceleration limit, a thrust input was commanded to halt
the deceleration. In Figure 23, the envelope protection scheme was triggered twice, once between
28 sec and 42 sec, and again between 52 sec and 99 sec. During these two time periods, the
controller commanded a thrust input such that the actual acceleration (blue line) would follow
that defined by the deceleration limit (red line).
Figure 24 shows that with the scheme inactive, the aircraft progressively lost altitude and
was unable to recover once the microburst was encountered. With the scheme active, the thrust
setting was kept above a certain minimum throughout the encounter, and enough thrust and
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airspeed was available as the aircraft crossed the center of the microburst to avert a stall and keep
altitude loss to a minimum.

Limiter Off Scenario
Aircraft Collided With Ground

Figure 24. Altitude profile comparison with envelope protection active and inactive.
In Figure 25, beginning at approximately 28 sec (prior to the microburst centerline, as the
aircraft was beginning to encounter the headwind), one can see the increase in airspeed that came
up to 77 knots (130 ft/s). This was a direct effect of the envelope protection scheme attempting to
keep the aircraft above the minimum allowable deceleration limit. It was this critical addition of
a ‘buffer’ in airspeed that significantly improved the aircraft’s chances of recovery past the
centerline.
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Aircraft Collided
With Ground

Figure 25. Airspeed profile comparison with envelope protection active and inactive.
Figure 25 also shows that, with the scheme active, the aircraft was kept in a stable flight
condition such that the controller was able to return the aircraft’s airspeed to the commanded
value of 68 knots (114 ft/s).
With the scheme inactive, the controller attempted to maintain altitude, but was
unsuccessful due to a lack of ground speed prior to crossing the microburst. As a result, the
controller commanded a high thrust setting in an attempt to accelerate through. Recovery,
however, was not achieved, and simulation results showed that the aircraft collided with the
ground shortly before 140 sec.

49

Figure 26 and Figure 27 below illustrate why the above is so.

Aircraft Collided
With Ground

Figure 26. Angle of attack profile comparison with envelope protection active and inactive.
With the envelope protection scheme active, the aircraft’s angle of attack did not reach
far past the stall angle of attack. With the thrust kept above a minimum, sufficient ground speed
was available, altitude recovery was possible, and the controller did not need to continually
increase pitch in an effort to stop the descent. The airspeed available allowed swift recovery in
altitude, and the controller was able to reduce pitch and return the aircraft to level flight
conditions.
With the scheme inactive, the lack of a ‘buffer’ in the available airspeed caused the
controller to continually pitch the aircraft up in an effort to regain altitude. Instead of gaining
altitude, however, the aircraft lost altitude due to stall. Though airspeed was subsequently
regained as a result of this loss in altitude (coupled with a higher thrust setting), the high angle of
attack (past stall) impeded recovery. This loss in altitude can be seen in a plot of the flight path
angle, as shown in Figure 27.
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Aircraft Collided
With Ground

Figure 27. Flight path angle profile comparison with envelope protection active and inactive.
The situation was compounded and effectively caused a ‘vicious cycle’ to take place. The
aircraft pitched up and reached far past the stall angle of attack. In spite of the high angle of
attack, the aircraft did not climb. The insufficient ground speed also caused the aircraft to
progressively lose altitude, as seen by the large negative flight path angle. This caused the
aircraft to pitch up in angle of attack yet again, in a continued effort by the controller to regain
altitude. The aircraft was never able to exit the stall and recovery was never achieved.
5.2

Wake Vortex Condition
Three scenarios were used to evaluate the effectiveness of the MRAC controller. The first

scenario involved flying the aircraft into the wake vortex with the controller active but without
any pilot input. The second scenario involved repeating the above, but with the pilot in the loop.
Finally, the third scenario involved a pilot flying the aircraft into the wake vortex without the
controller active. All three scenarios were set up as follows:
1.

Initial Altitude of 2,300 ft

2.

Initial Airspeed of 80 knots

3.

Wake Vortex Altitude of 2,300 ft
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4.

Wake Vortex Intercept Angle of 30 degrees

The settings above were chosen to simulate an approach phase of flight, where both
vortex-generating and following aircraft would be flying slow and close to the ground. These
represent conditions where a wake vortex would be most likely to occur in a real-world
environment.
The first scenario required no pilot input. Tests for the second and third scenarios were
conducted with the assistance of certified pilots. Each dataset is comprised of one flight with the
controller engaged in Normal Mode, and another flight with the controller disengaged in Direct
Mode. A census of the pilots involved in simulated flight testing is presented in Table 4:
TABLE 4
CENSUS OF PILOTS INVOLVED IN SIMULATED FLIGHT TESTING
Pilot

Highest Rating

Hours Logged

1

Instrument Pilot

120

2

Airline Transport Pilot

6600

3

Instrument Pilot

370

4

Private Pilot

135

5

Private Pilot

80

5.2.1 Normal Mode 1 (Controller On Without Pilot Input)
The first set of results describes the controller’s response to the wake vortex encounter
without any pilot intervention. The controller was allowed to react on its own and no pilot input
was given to the controls.
Figure 28 shows a top-down view of the following aircraft’s trajectory in comparison
with the time of occurrence of the wake vortex. The blue line indicates the path traversed by the
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following aircraft, while the dotted red and green lines respectively indicate the location of the
centers of the left and right cores of the wake vortex trail. In this scenario, the aircraft intercepted
the wake vortex at a 30 degree angle, at 14.7 sec and 15.9 sec for the left and right cores,
respectively. Its course was accordingly altered by the wake vortex once it passed the
disturbance. Note that Figure 28 is presented as a function of time, and not as a function of the
distance

along the earth axes. Figure 28 is thus not a geometric representation of the following

aircraft’s trajectory.

Left Core

Right Core

Aircraft Trajectory

Left Core

Right Core

Figure 28. Top-down view of aircraft trajectory and wake vortex trails.
The location of the following aircraft with respect to the wake vortex trail determined the
magnitude and direction in which the wake vortex velocities acted, and as such, the actual
velocities imposed on the following aircraft differed from the ‘static’ velocity profile illustrated
in Figure 21. In this specific scenario, the wake vortex velocities at the following aircraft’s
location are shown in Figure 29 (shown for the CG location only, where negative values indicate
an upward velocity and positive values indicate a downward velocity). The rolling moment
generated as a result of this specific wake vortex is shown in Figure 30, where a negative value
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indicates a left-wing-down roll while a positive value indicates a right-wing-down roll. The
pitching and yawing moments due to the wake vortex are shown in Figure 31 and Figure 32.

Figure 29. Wake vortex component velocities
experienced by following aircraft (Normal
Mode 1).

Figure 30. Rolling moment coefficient
imposed on following aircraft due to wake
vortex (Normal Mode 1).

Figure 31. Pitching moment coefficient
imposed on following aircraft due to wake
vortex (Normal Mode 1).

Figure 32. Yawing moment coefficient
imposed on following aircraft due to wake
vortex (Normal Mode 1).

The left core of the vortex-generating aircraft, which is a mid-sized regional/business jet,
caused the following aircraft to experience a vertical velocity of approximately -40 ft/s on the
upward rotation and 50 ft/s on the downward rotation. Because this velocity augmented the
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trajectory of the following aircraft, causing it to lose a certain amount of altitude, the aircraft
dropped below the right core. Thus, the wind velocities experienced by the following aircraft due
to the right core are less in magnitude. This altitude loss is seen in Figure 33, and its flight path
angle is shown in Figure 34.

Figure 33. Altitude loss experienced as a result of wake vortex disturbance (Normal Mode 1).

Figure 34. Flight path angle alteration due to wake vortex (Normal Mode 1).
The following aircraft initially cruised at 2,300 ft, and lost approximately 300 ft of
altitude as it encountered the downward rotations of the left and right cores of the wake vortex.
At the same time, the following aircraft also experienced a slight left roll as it initially
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encountered the upward rotation of the left core. Once it entered the region of the core radius,
and the vertical velocities of the left core abruptly increased, the roll moment experienced by the
aircraft caused it to roll right by approximately 105 degrees. This is shown in Figure 35.

Figure 35. Aircraft bank angle during wake vortex encounter (Normal Mode 1).
As the aircraft crossed the right core of the vortex, aileron input was given by the controller, and
this then rolled the aircraft in the opposite (left) direction, returning it to near wings-level flight
approximately 5 seconds after encountering the right core. The wake vortex also brought about
an abrupt loss of airspeed, followed by a gradual increase as the loss of altitude progressed, as
shown in Figure 36. This loss of airspeed can potentially prove to be dangerous, should the
airspeed be brought close to or below the stall range.
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Figure 36. Aircraft airspeed change during wake vortex encounter aircraft (Normal Mode 1).
Through this entire encounter, the controller reacted accordingly using inputs to the thrust
setting, elevator, aileron, and rudder (Figure 41 to Figure 44). The adaptations from the Velocity,
Pitch, Roll, and Sideforce Neural Networks are shown in Figure 37 to Figure 40. In each
network, it can be seen that the adaptations are rapidly returned to zero, indicating that the
networks had adapted to and countered the disturbance.
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Figure 37. Velocity NN Adaptation.

Figure 38. Pitch NN Adaptation.

Figure 39. Bank NN Adaptation.

Figure 40. Sideforce NN Adaptation.

The resulting control inputs and deflections are shown in Figure 41 to Figure 44. In each case,
the control surface deflections acted to oppose the disturbance and return the aircraft to the
commanded configuration. The elevator deflected rapidly upward to react to the sudden decrease
in flight path angle. The ailerons deflected to roll the aircraft in the opposite direction of the
bank, and the thrust setting was first increased to compensate for the initial loss in airspeed, and
then rapidly reduced to eliminate the build-up of airspeed during the descent.
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Figure 41. Thrust response by controller.

Figure 42. Elevator response by controller.

Figure 43. Aileron response by controller.

Figure 44. Rudder response by controller.

It may also be seen that envelope protection scheme was activated between 16 and 27
seconds. This occurred during the period where bank angle exceeded 40 degrees, and remained
for an additional 10 seconds before the envelope protection scheme was deactivated. During this
period, the sideforce ANN was deactivated and a rudder deflection of zero was commanded. It is
worth noting too, that the control surfaces did not reach their saturation limits throughout the
entire encounter.
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5.2.2 Normal Mode 2 (Controller On With Pilot Input)
The second scenario tested involved having the pilot in the loop, actively responding to
and recovering from the wake vortex encounter with the controller’s assistance. Three
performance indices were used to evaluate performance and make comparisons. These were the
maximum altitude lost, maximum bank angle induced, and maximum airspeed lost.
With the controller assisting the pilot, the differences in performance were marginal
when compared to the controller-only response. Comparisons of these performance indices are
shown in Figure 45 to Figure 47.

Figure 45. Maximum Altitude Lost between Normal Modes 1 and 2.
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Figure 46. Maximum Bank Angle Lost between Normal Modes 1 and 2.

Figure 47. Maximum Airspeed Lost between Normal Modes 1 and 2.
In general, altitude loss was slightly less, and this may be attributed to the pilots
responding to the nose-down attitude by commanding a positive flight path angle. The controller
reacting on its own commanded a zero flight path angle. The former caused a quicker recovery in
altitude, and this corresponded to less altitude loss.
The amount of bank angle induced was also observed to be very slightly less with the
pilot in the loop. As before, the controller reacting on its own commanded a zero bank angle.
With the pilots’ inputs, active commands were given to the controller to counter the roll due to
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the wake vortex. The latter caused a quicker recovery in bank angle, and this corresponded to
less bank angle induced.
The airspeed response did not vary much between the first and second scenarios. In
Normal Mode 1, the power lever was set to command 80 knots through the encounter. In Normal
Mode 2, most pilots did not find it necessary to adjust the power lever, and 80 knots was also
commanded throughout. Differences were caused by small variations in the recovery maneuvers
performed by each individual pilot. Responses by the controller were therefore very similar, and
consequently, the total amount of airspeed lost was also very similar.
To maintain conciseness, only the detailed recovery profile responses for one dataset are
presented. This dataset provided a good overall representation of all the responses observed.
As with Normal Mode 1, the aircraft intercepted the wake vortex at a 30 degree angle, at
approximately 14 sec and 16 sec for the left and right cores, respectively. Because the pilot had a
role in recovery, the course of the aircraft post-vortex differed slightly from that of the first
scenario. This did not alter the usefulness of the observed results, as the research is concerned
primarily with the initial encounter with the wake vortex - the aircraft intercepted the wake
vortex at the core in each encounter.
Figure 48 shows a top-down view of the following aircraft’s trajectory in comparison
with the time of occurrence of the wake vortex. The blue line indicates the path traversed by the
following aircraft, while the dotted red and green lines respectively indicate the location of the
centers of the left and right cores of the wake vortex trail.
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Left Core

Right Core

Aircraft Trajectory
Left Core

Right Core

Figure 48. Top-down view of aircraft trajectory and wake vortex trails.
The wake vortex velocities experienced were similar to those in Normal Mode 1, since the
controller was flying the aircraft towards the wake vortex along the same flight path. A vertical
velocity of approximately -37 ft/s on the upward rotation and 48 ft/s on the downward rotation
was experienced (compared to -40 ft/s on the upward rotation and 50 ft/s on the downward
rotation for the controller-only scenario), and the induced rolling, pitching, and yawing moment
coefficients were likewise very similar. These are illustrated in Figure 49 to Figure 52.
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Figure 49. Wake vortex component velocities
experienced by following aircraft (Normal
Mode 2).

Figure 50. Rolling moment coefficient
imposed on following aircraft due to wake
vortex (Normal Mode 2).

Figure 51. Pitching moment coefficient
imposed on following aircraft due to wake
vortex (Normal Mode 2).

Figure 52. Yawing moment coefficient
imposed on following aircraft due to wake
vortex (Normal Mode 2).

As with the controller-only scenario, due to the immediate altitude loss after encountering
the left core, the aircraft did not intercept the right core at its strongest point, and the velocities
imposed on the following aircraft by the right core were thus less in magnitude. The total amount
of altitude lost in this particular dataset, as shown in Figure 53, did not differ by much when
compared to the controller-only response. However, the subsequent level-off altitude was lower
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with the pilot in control. This was because the controller-only response commanded zero flight
path angle throughout to return the aircraft to level flight - the post-vortex climb would thus have
lasted longer and more altitude would have been regained. With the pilot in control, a tendency
was observed to immediately “level off” after the post-vortex climb. To achieve this, a negative
flight path angle was typically commanded by pushing the stick forward (an instinctive reaction
to an acute nose-up configuration), shortening the climb and causing the aircraft to level off at a
lower final altitude.

Figure 53. Altitude loss experienced as a result of wake vortex disturbance (Normal Mode 2).
Figure 54 and Figure 55 show the significant differences in the command input between the first
and second scenarios (see Figure 34 and Figure 35). While the command inputs for flight path
angle, bank angle, and sideforce remain at zero in Normal Mode 1, the pilots were observed to
actively provide command inputs in Normal Mode 2. The drastic amounts of command input are
seen in Figure 54 and Figure 55. Flight path angle command was saturated at ±7 degrees in
various instances, and bank angle command was saturated at ±60 degrees when the vortex was
encountered. This attests to the severity of the encounter, and the subsequent effort required to
recover from the encounter.
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Figure 54. Flight path angle alteration due to wake vortex (Normal Mode 2).

Figure 55. Aircraft bank angle during wake vortex encounter (Normal Mode 2).
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Figure 56. Aircraft airspeed change during wake vortex encounter (Normal Mode 2).
As with Normal Mode 1, the controller reacted accordingly using inputs to the thrust
setting, elevator, aileron, and rudder. The adaptations from the Velocity, Pitch, Roll, and
Sideforce Neural Networks are shown in Figure 57 to Figure 60, and in each network, it can be
seen that the adaptations are again rapidly returned to zero, indicating that the networks had
adapted to and countered the disturbance.
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Figure 57. Velocity NN Adaptation.

Figure 58. Pitch NN Adaptation.

Figure 59. Bank NN Adaptation.

Figure 60. Sideforce NN Adaptation.

The control inputs and deflections are shown in Figure 61 to Figure 64. In each case, the
control surface deflections acted to oppose the disturbance and return the aircraft to the
commanded configuration. The elevator deflected rapidly upward to react to the sudden loss in
altitude. The ailerons deflected to roll the aircraft in the opposite direction of the roll, and the
thrust setting was first increased to compensate for the initial loss in airspeed, and then rapidly
reduced to eliminate the build-up of airspeed during the descent.
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Figure 61. Thrust response by controller.

Figure 62. Elevator response by controller.

Figure 63. Aileron response by controller.

Figure 64. Rudder response by controller.

As before, the roll departure augmentation scheme was once again activated, this time
between 15 and 31 seconds. This occurred during the period where bank angle exceeded 40
degrees, and remained for an additional 10 seconds after the trigger conditions ended, before
normal directives were resumed. During this period, the sideforce ANN output was augmented
and the rudder deflection returned to zero.
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5.2.3 Direct Mode Without MRAC Controller Input (Pilot Only)
The third scenario tested involved having the pilot responding to and recovering from the
wake vortex encounter without any controller assistance. The aircraft operated in Direct Mode
with conventional, coupled controls only. For comparison, the same barplot data shown in the
second scenario is presented again, along with the data from scenario three. As before, the
performance indices used to evaluate performance and make comparisons were the maximum
altitude lost, maximum bank angle induced, and maximum airspeed lost.
Without the controller active, the performance during and after the wake vortex
encounter is significantly different from that of Normal Mode 2. Comparisons of these
performance indices are shown in Figure 65 to Figure 67.

Figure 65. Maximum Altitude Lost between Normal Mode 2 and Direct Mode.

70

Figure 66. Maximum Bank Angle Lost between Normal Mode 2 and Direct Mode.

Figure 67. Maximum Airspeed Lost between Normal Mode 2 and Direct Mode.
For the majority of pilots, altitude loss was shown to be greater without the controller
active. In cases where Direct Mode yielded poorer performance, the amount of altitude lost
ranged from as little as 180 ft more, to as much as 320 ft more, when compared to Normal Mode
2. While 180 ft of lost altitude may not seem very much, this may not be the case if one
considers an aircraft on approach to land. When a following aircraft descends below 500 ft and
encounters such a wake vortex, unexpectedly losing several hundred feet of altitude may send
the aircraft into the ground, causing potentially life-threatening injuries or accidents.
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The greater amount of altitude lost in Direct Mode may also be, in part, due to the
significantly greater amount of bank angle induced as part of the wake vortex encounter. From
Figure 66, a much greater bank angle was induced in Direct Mode immediately following the
wake vortex encounter, when compared to Normal Mode 2. The differences ranged from as little
as 10 degrees more, to as much as 270 degrees more. Looking at dataset 4, in particular, the
amount of bank angle induced in Direct Mode was 360 degrees. This was a case where the
aircraft was sent into a completely inverted orientation, before continuing the roll in the same
direction to regain wings-level flight. By comparison, in Normal Mode, the greatest amount of
bank angle induced was approximately 100 degrees. Without swift action to recover to a wingslevel configuration, such drastic bank angles could result in an accelerated descent and
subsequent collision with the ground.
In most cases, the amount of airspeed lost in Direct Mode immediately following the
wake vortex encounter did not vary significant between Normal Mode 2 and Direct Mode. This
airspeed loss was characterized by a sharp momentary dip in the airspeed. Once the aircraft
started to lose altitude, the losses in airspeed were recovered, and in many cases, the aircraft
gained excessive amounts of airspeed. It is fair to say that the amount of altitude loss and bank
angle induced pose a greater threat to the aircraft than that caused by the momentary airspeed
loss.
The aircraft states and responses for the Direct Mode recovery profile, for the same pilot
flights shown for Normal Mode 2, are presented. As with the first two scenarios, the aircraft
intercepted the wake vortex at a 30 degree angle, at approximately 14 sec and 16 sec for the left
and right cores, respectively. Because the controller was inactive and the pilot was flying with a
conventional control system, the trajectory of the aircraft post-vortex differed from that of the
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first two scenarios. This did not alter the usefulness of the observed results, as the research is
concerned primarily with the initial encounter with the wake vortex. In all scenarios, the aircraft
intercepted the wake vortex at the core.
Figure 68 shows a top-down view of the following aircraft’s trajectory in comparison
with the time of occurrence of the wake vortex. The blue line indicates the path traversed by the
following aircraft, while the dotted red and green lines respectively indicate the location of the
centers of the left and right cores of the wake vortex trail. The reader is once again reminded that
Figure 68 is presented as a function of time, and not as a function of the distance

along the

earth axes. Figure 68 is thus not a geometric representation of the following aircraft’s trajectory.

Left Core

Right Core

Aircraft Trajectory
Left Core

Right Core

Figure 68. Top-down view of aircraft trajectory and wake vortex trails.
The wake vortex velocities experienced were similar to those in Normal Modes 1 and 2. A
vertical velocity of approximately -45 ft/s on the upward rotation and 55 ft/s on the downward
rotation was experienced, and the induced rolling, pitching, and yawing moment coefficients
were very similar to that encountered in the first two scenarios. These are illustrated in Figure 69
to Figure 72.
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Figure 69. Wake vortex component velocities
experienced by following aircraft (Direct
Mode).

Figure 70. Rolling moment coefficient
imposed on following aircraft due to wake
vortex (Direct Mode).

Figure 71. Pitching moment coefficient
imposed on following aircraft due to wake
vortex (Direct Mode).

Figure 72. Yawing moment coefficient
imposed on following aircraft due to wake
vortex (Direct Mode).

Plots of altitude and flight path angle are presented in Figure 73 and Figure 74.
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Figure 73. Altitude loss experienced as a result of wake vortex disturbance (Direct Mode).
Not only was the lowest altitude reached greater with Direct Mode, flying the aircraft with
conventional controls also brought with it the challenge of maintaining a constant altitude before
the encounter, all without controller assistance. This is seen in the oscillations in the altitude and
flight path angle traces prior to 15 seconds.

Figure 74. Flight path angle alteration due to wake vortex (Direct Mode).
The amount of bank angle induced, and the sudden and abrupt change in bank angle, may
be seen in Figure 75. Due to the upward rotation of the left vortex, the aircraft had naturally
banked to the left by approximately 10 degrees, immediately before entering the left core. This
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left bank was usually compensated for by a pilot-initiated right roll input. This proved to be a
dangerous course of action. Immediately upon entering the left core, the aircraft banked sharply
and abruptly to the right, reaching a peak of 150 degrees. The preceding pilot-commanded right
roll input exacerbates the amount of bank angle induced following the wake vortex encounter.

Figure 75. Aircraft bank angle during wake vortex encounter (Direct Mode).
The sharp right bank was then followed by a sharp left bank to 70 degrees, as the pilot had
overcompensated for the right bank by commanding a full left aileron deflection. The
progression of airspeed change may be seen in Figure 76. The wake vortex caused an initial
abrupt loss of airspeed to 120 ft/s (71 knots), followed by an excessive buildup of airspeed as the
aircraft lost its altitude.
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Figure 76. Aircraft airspeed change during wake vortex encounter (Direct Mode).
The control inputs given by the pilot may be seen in Figure 77 to Figure 80. Observing the
responses in pitch and roll, one can see that the pilot is actively fighting against the
uncommanded roll and altitude loss brought about by the encounter, and drastic inputs are given
to the ailerons and elevator, even reaching deflection limits on multiple occasions.
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Figure 77. Thrust response by pilot.

Figure 78. Elevator response by pilot.

Figure 79. Aileron response by pilot.

Figure 80. Rudder response by pilot.
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CHAPTER 6
6
CONCLUSION
CONCLUSION
The following briefly discusses the work undertaken and findings obtained as part of this
research.
6.1

Microburst Condition
A microburst response and recovery scheme, based on limiting the maximum allowable

inertial deceleration of the aircraft, was incorporated into a 3DOF MRAC control system applied
to the Beechcraft CJ-144 aircraft. It was determined that the existing linear aerodynamic model
could not provide a realistic response due to the aircraft operating around the stall regime of
flight, and thus, a nonlinear aerodynamic model was developed and incorporated into the
existing simulation.
The response of the envelope protection scheme to microbursts was evaluated through
simulation within the MATLAB/Simulink® environment. The differences in the aircraft’s
performance and flight profile between the augmented and non-augmented cases were shown to
be highly pronounced. With the envelope protection scheme inactive in the non-augmented case,
it was shown that the aircraft was unable to recover under certain flight conditions. With the
envelope protection scheme active in the augmented case, it was shown that the envelope
protection scheme was capable of preventing the aircraft from entering stall and was successful
at minimizing the amount of altitude loss as the aircraft recovered from the microburst
encounter, validating the potential operational usefulness of such a scheme.
During the approach and landing phases of flight, when aircraft operate within close
proximity of the ground, the benefits of having such a system in place are clearly seen. The
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ability to assist with recovery, thereby reducing the chances that a potential accident may occur,
are clearly demonstrated.
6.2

Wake Vortex Condition
A wake vortex model was developed and incorporated into a 6DOF MRAC control

system. The model provided for forward, lateral, & vertical velocities, and rolling, pitching, &
yawing moment perturbations. A roll departure augmentation system was also developed to halt
neural network training in the event of adverse yaw conditions, to prevent wind-up of the
network in unusual orientations common in a wake vortex encounter.
Three scenarios were used to evaluate the performance of the MRAC controller in the
event of a wake vortex encounter. The first scenario (Normal Mode 1) involved the MRAC
controller responding to the wake vortex with no pilot intervention. The second scenario (Normal
Mode 2) placed the pilot in the loop, responding to and recovering from the wake vortex with the
MRAC controller’s assistance. The third scenario (Direct Mode) involved the pilot responding to
the wake vortex with a conventional control setup, without any controller assistance. Scenarios 2
and 3 were conducted with the help of several certified pilots.
It was shown that Normal Modes 1 and 2 yielded much better recovery performance
during and after the wake vortex encounter. The amount of altitude lost ranged from 100 ft to
320 ft more in Direct Mode than in Normal Mode. Likewise, the amount of bank angle induced
reached as much as 240 degrees more in Direct Mode than in Normal Mode. These differences
are significant when an aircraft is in critical phases of flight, such as approach and landing. An
unexpected loss of several hundred feet of altitude, as well as a sudden loss of airspeed and an
abrupt shift into an inverted flight configuration are all factors that could cause an aircraft to
collide with the ground, causing potentially life-threatening injuries or accidents.
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The recovery profile of the aircraft with the controller active minimized the potential
dangers brought about by these three factors. The recovery profile also remained composed and
controlled, and the aircraft regained altitude, airspeed, and a wings-level configuration swiftly
and with ease. The benefits of having such a system in place in a general aviation setup are well
demonstrated by the case studies evaluated in this research.
6.3

Future Work and Recommendations
While the greatest proof of success comes through implementation and results obtained

through actual flight testing, it would be unsafe to evaluate the performance of the controller by
seeking out microburst and wake vortex conditions in an actual aircraft.
Consequently, it is suggested that more simulated flight tests be conducted with a broader
range of pilots. The simulated flight tests may also be extended to non-pilots, in line with the
notion of the EZ-Fly system making it easier and more accessible for those with little flight
experience to fly. A larger dataset would provide for a better understanding of the intricacies in
the responses from individual pilot groups. For example, pilots with more experience may have
different responses than pilots with less experience.
For the microburst condition, the 3DOF model may also be extended to a 6DOF model.
This would allow for the evaluation of not only pitch and velocity changes, but also changes in
the lateral and directional axes for sideways airflow. For the wake vortex condition, a
diminishing, non-constant, velocity model could be considered.
6.4

Final Comments
Through this research, it has been demonstrated that the utilization of an adaptive control

system in response to adverse atmospheric conditions has greatly improved the chances of
recovery post-encounter. With reduced aircraft separations, tighter airspace constraints, and more
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aircraft in the air, aircraft are positioned closer to each other than in the past. Safety is of
paramount importance in aviation, and having such a system implemented in reality may bring
with it multiple benefits. As an aid to piloting, it is hoped that such advances in flight control
would serve to complement good airmanship and present itself as a welcome addition to aircraft
of the future.
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