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ABSTRACT

The aerodynamic characteristics of an aircraft and hence
the control characteristics vary widely with altitude, speed,
and configuration of the aircraft. Ensuring the stability and
good handling qualities of the aircraft in the whole flight
envelope is a difficult and time consuming task because
aircraft parameters are subject to drastic changes. There is,
therefore, a need for a special class of a flight control
system which can automatically compensate for these
variations. Adaptive control is a very promising technique to
solve these broblems and to improve the performance
deficiencies of conventional stability systems with
preprogrammed control gains.

This thesis describes the design of an adaptive
controller for the 1longitudinal axis of the QF-106 drone
aircraft. This aircraft is presently used as a drone at White

Sands Missile Range, New Mexico, for weapons testing. The

~approach used in this thesis is based on digital control and

on a special stabilization concept which requires only four
dynamic parameters of the aircraft to control its longitudinal
axis. These four parameters can not be measured directly.
Therefore, a recursive weighted least squares algorithm is
used which delivers sufficiently fast and accurate on-line
parameter estimates. The performance of the adaptive control
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system has proven to be satisfactory using a six degree of
freedom simulation of the QF-106 drone aircraft. Its
performance was compared against the performance of a gain-

scheduling flight controller for different flight conditions.
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CHAPTER 1

INTRODUCTION

1.1 Objective

The primary objective of this thesis is the conceptual
design and performance evaluation of an adaptive flight
control system for the longitudinal axis of the QF-106 drone
aircraft. The control of the longitudinal motion was chosen
because it is the main control axis of the aircraft, the
parameter variations are strongly marked and the control
problem is easy to understand. The design principle presented
in this thesis één be used for the lateral motion in similar
manner, but the problems are more involved as a result of the

strong coupling of the roll and yaw axes of the aircraft.

1.2 Motivation

One of the first serious attempts to design a practical
adaptive control system was for an autopilot in a high
performance aircraft [1]. Unfortunately, the early enthusiasm
over adaptive control did not make up for poor computing
hardware and inadequate theory which led to a famous disaster
in a flight test run. The recollection in the aerospace
community of some of the initial failures of adaptive control
to produce reliable results led to few new applications in
this area in the sixties and early seventies. However, due to
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2
numerous significant advances over the past ten years in
digital hardware and in the theory of adaptive control, today
there is a renewed interest in the application of adaptive
control to aerospace systems.

At White Sands Missile Range, New Mexico, the Drone
Formation Control System (DFCS) uses the QF-106 aircraft as a
remotely controlled drone for weapons testing. DFCS is a
computer controlled microwave-multilateration system designed
to automatically control multiple targets in close formation.
The QF-106 drone is a supersonic aircraft capable of
achieving speeds>in excess of Mach 2.0 and altitudes of 50,000
ft above Mean Sea Level (MSL). The QF~106 drone carries an on-
board digital flight control system and an aero-data computer
to compute aero-data parameters such as Mach, airspeed and
altitude. DFCS uses Distance Measuring Equipment (DME) to
estimate with accuracy the position, velocity and altitude of
the aircraft. The DFCS system controls the position and
velocity of the aircraft by issuing the necessary autopilot
commands (uplink) to the aircraft. For DFCS to successfully
takeoff, land and fly up to six aircraft in close formation it
is required that the on-board flight control system perform
flawlessly. On many occasions, the present gain-scheduling
controller will not perform as desired for many reasons;
failures in the aero data sensors, (due to enemy fire), or

changes in engine performance, or changes in drag, weight and

—



3
mass center, (due to the dropping of external tanks or
payloads).

The control of a highly maneuverable drone such as the
QF-106 aircraft is complicated by the time variance in
aerodynamic parameters such as dynamic pressure and roll rate.
The present method of handling parameter variations is based
on gain scheduling. In this scheme, sensors are used to give
direct measurements of varying parameters, and then, these
measurements are used to "schedule" the gains in the
controller. The scheme is open loop in the sense that the
resulting contréller gains depend only on the sensor
measurements of the varying parameters. In contrast, in an
adaptive control scheme, the controller gains depend on
measurements of the system inputs and outputs. Since the
performance of the system is based on system inputs and
outputs, there is a "closed loop" interconnecting system
performance and controller gains. As a result, adaptive
control has the potential of providing a much greater degree
of robustness to uncertainties and unknown disturbances than
gain scheduled control.

In particular, due to the open loop format, gain-
scheduled control will be more sensitive to errors in sensor
measurements or sensor failures than will adaptive control.

Another disadvantage of gain-scheduling controllers is

that it takes considerable time and effort to derive the
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correct gain schedule for the whole flight envelope of the
aircraft. Also, every time a new aircraft control system is
developed, the gain scheduling controller has to be "tuned"
for the new drone. This involves many man-hours of flying time
and ,therefore, a lot of money. An adaptive controller will
not require tuning and could be easily adapted to another
aircraft of similar aerodynamic characteristics such as the

F-100 and the F-4.

1.3 Methodology

The overallhautopilot design effort consisted of four
major tasks. The first task consisted of the implementation of
a six degree of freedom (6-DOF) FORTRAN simulation program of
the QF-106 aircraft on a personal computer for design and
evaluation of the adaptive controller. This simulation
algorithm provides aircraft rotational and translational
motion with six degrees of freedom; an atmospheric
representation, mathematical models of aerodynamic, gravity
and engine forces and moments on the vehicle. It also
simulates an adaptive and a conventional flight control
system. Chapter 2 provides an overview of the simulator.
Appendix A provides a detailed software description of the QF~
106 simulation program.

The second task consisted of the design and evaluation

of the system identification models for the longitudinal




5
control axis of the aircraft (pitch and throttle axes). This
task required the use of a linear analysis computer program
named PC-MATLAB ([15]. The name MATLAB stands for Matrix
Laboratory. PC-MATLAB runs on IBM and other MS-DOS personal
computers. It is an interactive program uniquely designed for
numerical linear algebra and matrix computation that allow the
user to develop complex linear models. Built-in system
identification tools such as the ARX function were used
extensively to define the correct model for the longitudinal
axis of the aircraft. The ARX function uses the recursive
least squares (ﬁLS) approximation algorithm for parameter
estimation. Once the correct model was identified, a FORTRAN
version of the system identification model was integrated into
the QF-106 simulation program. Chapter 2 provides an overview
of the RLS system identification algorithm used. Chapter 3
describes the discrete model used to represent the dynamics of
the longitudinal axis of the drone aircraft.

The third task was the design of the actual adaptive
controller. Two different adaptive control algorithms were
considered during the regulator design; a minimum variance
control algorithm and a pole-placement controller. The
objective of the minimum variance controller is to bring the
predicted system output to a desired value in finite time so
the control errors are minimum. The basic objective of the

pole-placement controller is to control the position of the
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closed loop poles of the system, and by doing this, control
the stability and transient response of the system. Early
simulator results showed that the minimum variance control
algorithm was too "active" to be used for aircraft control.
That is, the amount of control effort required to minimize the
control error was excessive and totally unacceptable for drone
control. On the other hand, the pole-placement controller,
although slightly noisier than a conventional controller, has
an improved performance. Chapter 3 provides a detailed
description of the adaptive pole-placement control algorithm.

The fourth and final task involved the performance
evaluation of the adaptive flight control system. This was
accomplished by comparing the simulator results of the
adaptive flight control system against those of a conventional
gain-scheduling controller. Our 6-DOF simulation capability
was an excellent tool for control system design and
verification. Chapter 4 summarizes the performance evaluation
of the adaptive flight control system for different flight

conditions.




CHAPTER 2

PRELIMINARIES

2.1 Adaptive Control

This section provides an overview of adaptive control
with an emphasis on self tuning control. Its objective is to
provide an overview of some of the basic control concepts that
were used in the design of the adaptive flight control system
for the Qf-106 drone aircraft. Section 2.1 is organized as
follows: Subsection 2.1.1 lists several definitions of
adaptive control collected from different authors. Subsection
2.1.2 considers different Classifications of adaptive control
schemes and introduces two main approaches: the model
reference adaptive control systems and the self-tuning
regulators. Subsection 2.1.3 discusses the most important
concept in adaptive control, system identification. Finally,
Subsection 2.1.4 discusses the pole-placement self tuning
controllers. Emphasis is placed in the description of the
pPole-placement controller since this control scheme was the
one selected for the design of the adaptive flight control

system.

2.1.1 Definitions
Several definitions have been proposed for adaptive
control. None of the definitions are general enough to include
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all of the work done by researchers in this area. There is no
universally accepted definition at bresent. However, the
following two definitions attempt to delineate the most

important aspects of adaptive control.

(1) An adaptive control system must provide continuous
information about the pPresent state of the plant, that is,
it must identify the process; it must compare Present system
performance with the desired or optimum performance and make
a decision to adapt the system so as to tend toward optimum
performance; and finally, it must initiate a proper
modification so as to drive the system toward the optimum.
These three functions are inherent in an adaptive system

[3].

(2) An adaptive control system "learns" as time evolves,
adapting its behavior in response to changes in the dynamics
of the process under control, changes in the environment,

or to refiect new knowledge of the system [5].

Although it is realized that there is, at present, no
universally acceptable definition, in this thesis, it is
Presumed that adaptive control is a special type of nonlinear
feedback control where the regulator parameters are

continually being updated to reflect changes in system
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performance. Therefore, gain scheduling is not regarded as an
adaptive controlier since the regulator parameters are
determined by a schedule without any feedback from the

mmeasured performance.

2.1.2 Classification

There are two principal approaches to adaptive control,
namely, model reference adaptive controil (MRAC) and self
tuning regqulators (STR) . MRAC was originally developed by
Wittaker and his co-workers at MIT in 1958 (6] for designing
adaptive autopilofs. In MRAC the aim is to make the output of
an unknown plant approach asymptotically the output of a given
reference model, which is part of the control system, as shown
in Figure 2.1. The control strategy can be thought of as
consisting of two loops. The inner loop is an ordinary control
loop consisting of the plant and regqulator. The parameters of
the regulator are adjusted by the outer loop in such a way
that the error between the ideal (model) output and the actual
output is minimized. The main problem of this control system
is to determine the adaptation mechanism such that not only
the error is brought to zero but also the resulting system is
stable. If stability is not guaranteed, the adaptive systenm is

not of practical utility.
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