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ABSTRACT

This research is concerned with the flight dynamic, pitch flight control and flying
qualities assessment for the reference BWB aircraft. It aims to develop the
longitudinal control laws which could satisfy the flying and handing qualities
over the whole flight envelope with added consideration of centre of gravity (CG)
variation.

In order to achieve this goal, both the longitudinal stability augmentation system
(SAS) and autopilot control laws are studied in this thesis. Using the pole
placement method, two sets of local Linear-Time-Invariant (LTI) SAS controllers
are designed from the viewpoints of flying and handing qualities assessment
and wind disturbance checking. The global gain schedule is developed with the
scheduling variable of dynamic pressure to transfer gains smoothly between
these two trim points. In addition, the poles movement of short period mode with
the varying CG position are analysed, and some approaches of control system
design to address the problem of reduced stability induced by CG variation are
discussed as well. To achieve the command control for the aircraft, outer loop
autopilot both pitch attitude hold and altitude hold are implemented by using the
root locus method.

By the existing criteria in MIL-F-8785C specifications being employed to assess
the augmented aircraft response, the SAS linear controller with automatic
changing gains effectively improve the stability characteristic for the reference
BWB aircraft over the whole envelope. Hence, the augmented aircraft equals to
a good characteristic controlled object for the outer loop or command path
design, which guarantee the satisfactory performance of command control for
the BWB aircraft.

The flight control law for the longitudinal was completed with the SAS controller
and autopilot design. In particular, the SAS was achieved with Level 1 flying and
handing qualities, meanwhile the autopilot system was applied to obtain a
satisfactory pitch attitude and altitude tracking performance.

Keywords:

SAS Control Law, Flying and Handing Qualities, Gain Scheduling, Pitch Attitude
Hold, Altitude Hold, BWB Aircraft
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1 INTRODUCTION

For many years it has been very important aspect for aeronautic designers to
realize aerodynamic efficiency improvement by suitable and realizable
approaches. In recent years, it is achieved with the development of the flying

wing concept [1].

It has been found that the flying wing is a special configuration with the
advantages of better aerodynamic and economical efficiency. It can reduce the
no-lift aerodynamic components, which is regarded as the more efficient
aerodynamic configuration. Moreover, the Russian Central Aerodynamic
Institute (TsAGI) demonstrates that this concept of the high capacity
configuration can enhance the lift drag ratio by 20%~25% and decrease the
direct operating cost by 7% ~ 8% compared with a conventional airplane at the
same capacity. In addition, it is also feasible as the next generation of the
advanced conventional aircraft [2].

In terms of civil transport airliners, one of the approaches for improving the
efficiency is to increase the passenger capacity, which would reduce the direct
operating cost per passenger and would provide relief for large airports by
reducing the number of flights [2]. Additionally, the flying wing concept could
increase the structure depth in the centre section of the aircraft which makes

the wing span increase with less weight penalties and a high lift-to-drag ratio [3].

Currently, the advanced Very Efficient Large Aircraft (VELA) of a flying wing
configuration, regarded as the future of very efficient airplanes, have not only
been studied by TsAGI since the late 1980s, but also conducted by the
collaboration between Airbus and Boeing under the International Scientific and
Technical Centre grant No.548 [2]. In addition, China has paid more attention in
this unconventional configuration and launched international collaboration
projects and studies in recent years.

1.1 Background to the GDP Work

FW-11 (Blue Bird) is a new cooperative project from 2011 to 2013 between
Cranfield University and Aviation Industry Corporation of China (AVIC) after the



previous cooperative project Flying Crane. It's the first year for the conceptual
design as the 2011 Group Design Project (GDP). The 250 seat flying wing
configuration airliner which is quite different from the conventional one was
designed for the international market in 2020.

According to the requirement which was initially investigated, the main design
aims are improved fuel consumption, comfort for passengers and environment
friendliness. In order to achieve them, several techniques such as wing design,
cabin layout, engine selection and structure design were adopted. Due to the
high lift drag ratio, reduced weight and better specific fuel consumption (SFC),
the FW-11 improves fuel consumption by about 29% compared to the A330-200.
Nevertheless, the flying wing configuration also induces some large problems
which require compromise on a variety of aspects: airfoil and interior capacity,
seats, cargo and fuel tank location, CG position and stability, etc. Hence, it is a
more challenging project than the previous one.

In terms of the GDP work (Appendix A), performance calculations including
static stability analysis, drag estimation, trim and control have been calculated
and studied for the design iteration and evaluation. The preceding work brings
an insight into flying wing transport aircraft design is as follows:

® Due to the unconventional configuration, the longitudinal static stability
margin was directly impacted by wing geometry parameters and interior
layout. It was difficult to obtain as large a stability margin as conventional
aircratft.

® According to the drag polar comparison with the flying wing and
conventional baseline, it is clear that the flying wing is a more aerodynamic
efficient concept with higher lift and lower drag. It is also needed to
compromise with the drag reduction, lateral stability and control, and rudder
design.

® Some differences were recognized in the longitudinal trim with stabilizer and
elevator between conventional baseline and flying wing aircraft. For flying
wing, the force arm and the area of longitudinal control surfaces influenced
the tailplane volume ratio, namely the control surface effectiveness. Hence,



surfaces trimming deflection was used more than conventional aircraft,
especially landing trimming deflection which increases due to the
downwash influence.

® Control surfaces of the flying wing should provide sufficient control power
and redundancy but not be excessively complicated for the control system
design. The design process is a difficult, complex but significant task and so
the systematical calculation and evaluation would be accomplished in the

next design stage.

Hence, without a wealth of advanced multidisciplinary tools and prediction
platforms, several difficulties and complexities are realised at the beginning of
the flying wing design compared with the traditional configuration. It is supposed
that this project might become much more challenging but interesting and
attractive in the following design processes.

1.2 Background to the IRP Work
1.2.1 Proposition of IRP Study Content

It is believed that the application of the flying wing design technique brings

challenges for the control system design due to a tailless profile such as:

® Insufficiency of stability margin.

® Larger or more surfaces are needed for pitch control due to smaller moment
arms.

® Three axes coupling complex control laws design.

Therefore, in order to study further on the basis of the GDP work, the IRP work
focuses on the control system design. Moreover, the longitudinal stability and
pitch control are more significant aspects for the safety of the flying wing
airplane than the lateral components. Hence, compared with the conventional
configuration, it is crucial to improve the longitudinal characteristic for flying
wing aircraft considering the occurrence of the weak stability or even instability
[2]. Based on above considerations, the longitudinal control system design was

proposed for study in this work.



1.2.2 Reference Aircraft Selection

Due to the insufficient information on the aerodynamic derivatives of the GDP
aircraft FW-11 at the conceptual design stage, further study of control system
design to that aircraft is not possible. Therefore, the Blended-Wing-Body (BWB)
[4] which is one such flying wing variation aircraft, studied by Cranfield

University was utilized as the reference aircraft model for this work.

Compared with the FW-11 and BWB aircraft, there are some similarities such

as:

® In terms of the configuration, the FW-11 consists of the subsonic wing as
conventional aircrafts and a large, apparent fuselage (Figure A-1). It is
similar to the BWB reference aircraft in this study.

® All of the main control surfaces are designed on the trailing edge of the wing.
Hence, the pitch control principles for both aircraft are almost the same.

Hence, the study of the BWB aircraft could provide a foundation for longitudinal

control laws design for similar configuration aircraft such as the FW-11.

1.3 Aim and Objectives

Over the whole flight envelope, aircraft aerodynamics change with various
altitudes and airspeeds. Moreover, it is a possible occurrence that the
longitudinal control is weak static stable or unstable due directly to the tailless
configuration in the flight. Therefore, the designed control laws need to satisfy
the flying and handing qualities over the entire envelope with added

consideration of centre of gravity (CG) variation.

For the reasons above, based on controller design at selected operating points,
this project aims to create longitudinal control laws for improving aircraft flight
gualities and implementation of control functions. It shall focus on the SAS
design, flying and handing qualities assessment over the whole flight envelope,
gain scheduling and outer loop autopilot control system design.

The objectives of this study are as follows:

® Inner Loop SAS Design



1.

2.

Aircraft model trim and linearization for the reference BWB aircraft based
on the equilibrium points over the flight envelope.

According to the flying and handing qualities constraints, apply the linear
model to design SAS to improve the system short period characteristics

at selected equilibrium points via the state space pole placement method.

® Assessment with the Entire Flight Envelope

1.

Evaluate the dynamic response with the local controller gains in the flight
envelope and assess the satisfactory flying and handing qualities.
Design SAS controller for the unsatisfactory region of the flight envelope

in order to obtain suitable system dynamics for the whole envelope.

® Gain Scheduling with the local controllers

1.

According to the current operating condition, develop a gain schedule
with suitable variable parameters to vary the gains smoothly to obtain
satisfactory flying and handing qualities.

Reassess the scheduled gains at the interpolation area using the flying

and handing qualities constraints.

® OQuter Loop Autopilot Design

Determine and design the pitch attitude hold control architecture and gains

to achieve the pitch attitude and altitude command control and tracking

function at the cruise point.

1.4 Methodology

The reference BWB aircraft platform used in this study is from the previous PhD

research by Castro [5] and Rahman [6] at Cranfield University. Hence, this

study is a continuation work with the aid of earlier efforts.

The main design principle is to search for one robust controller or a set of

controllers which could be used to improve the flight control system

characteristic with satisfactory flight qualities and performance over the whole

envelope. The methodology for the longitudinal control laws design can be

stated as follows.



1. Choose the flight qualities assessment constraints of the SAS from MIL-
F-8785C specifications.

2. Select design points for the aircraft model, trim and linearize by the small
perturbation principle.

3. Using pole placement design procedures, design SAS controller gains at
the selected equilibrium point which meet the flight qualities constraints
and has an acceptable wind disturbance response

4. Assess the whole flight envelope with these local gains. If it is
satisfactory, the outer loop control laws can be developed, otherwise
design a controller based on the linear aircraft model at an equilibrium
point in the unsatisfactory region in the entire flight envelope. (It is
necessary to schedule the gains scheme to smooth the gains variation at
the operating condition.)

5. Determine the outer loop control function and apply the control

architecture and gains to achieve the command control.

The study flow used in this thesis can be illustrated as Figurel-1 shows.



Flying and Handing Damping Ratio and
Qualities Constraints <—m CAP (MIL-8785C)

I
7

—b Selection of the design
i point (q and cg)

@ <= Aircraft Modeling and

Trim

Trim and Linearize

Procedure | | I

Inner Loop (SAS)
Control Law Design

@ Method

<(———m | Pole Placement Method

Flying and Handing

o Flying and Handing
Qualities Assess Over the | <(—m Qualities Calculation
Whole Envelop

satisfactory
\ A YES
q q Fitting Curve of Gains
Gain ScLhedullng for Inner <=—m i) Selzei T
oop Gains .
Variables
Outer Loop Controller Pitch Attitude Hold
Design S m—1i] Function Fulfillment

Figure 1-1 Study Flow Chart

1.5 Thesis Organization

Following the introduction in chapter 1, this thesis is organized in subsequent
chapters as follows:

Chapter 2: A literature review is stated in this chapter. This describes the
development of flying wing aircraft and details their advantages and drawbacks.
Meanwhile, it includes stability and control analysis of airplanes, flying and

handing qualities, and gain scheduling method development and application.

Chapter 3: The reference aircraft and the detailed criteria from MIL-F-8785C
specifications for SAS design in this study are presented. Further more, this
chapter covers the procedure of the BWB aircraft linearized mathematical

model derivation and initial controller checking.



Chapter 4: The SAS controller is assessed over the whole envelope with flying
and handing qualities constraints in Chapter 3, also with the second specific

SAS design by pole placement method, procedures and design results.

Chapter 5: Derivation of the gain schedule with variables of dynamic pressure
is achieved in order to ensure that the local controller gains are scheduled
smoothly and serially for the whole envelope with satisfactory flying and

handing qualities.

Chapter 6: The influence of short period dynamic response with respect to the

CG position variation is discussed in this chapter.

Chapter 7: On the basis of SAS, outer loop control laws of both pitch attitude

hold and altitude hold are implemented at the static stable cruise case.

Chapter 8: The last section concludes this research, summarises findings and

makes recommendations for further work on this subject.



2 LITERATURE REVIEW

2.1 Background of Flying Wing Configuration

2.1.1 Definition and Concept Development
In terms of the fixed wing aircrafts, Lippisc in 1930 defined the four different
types of aircraft shown in Figure2-1 based on their wing configurations: tailed,

tandem wing, canard and tailless aircraft or flying wings.

It is clear that the distinguishing feature between the left and right side is the
quantity of the main surface. The conventional configuration aircraft has two
main surfaces, namely one behind the other compared to the tailless/flying

wings which have one surface only [7].

tailed aircraft
aircraft with two main surfaces tailless aircraft / flying wings
{one behind the other)

[

-

tandem aircrafi

flight direction

cannard aircraft

e

Figure 2-1 Schematic Diagram of Conventional and Fly-Wing Aircraft
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Through recognizing the improved aerodynamic characteristic by only one lift
surface, the flying wing has been continuously developed from the beginning of
manned flight in the UK, US and Europe. In 1912, John Dunne of the UK flew
the first swept flying wing successfully in the world (Figure2-2.a). Not only did
he realize the advantage of wing sweep for increasing effective tail length
(counteract the premature tip stall), but also he incorporated wash out or twist at

the wing tip [8].

In Germany, the Hortern brothers of Reimar and Walter designed the first pure
jet-powered flying wing bomber named Go-229(Figure2-2.b) for the German Air
Force in World War II. The test flight was accomplished in 1945. This
configuration is more or less similar to the Northrop’s for certain aspects during

the same period [8].

Certainly, in the US, it is believed that Northrop played a significant role in the
contribution to the flying wings design. At its early design time, a flying wing YB-
49 in Figure2-2.c was a prototype heavy jet bomber after World War Il. This
airplane was intended for service for the US Air Force, however, the YB-49

never entered into production.

With the development of FBW (Fly-by-Wire) control system, the B2 “stealth”
(designed by Northrop Bomber in 1988 Figure2-2.d), which is a long-range, low-
observable, heavy bomber capable of penetrating sophisticated and dense air-
defence shields [9]. By virtue of the fly-by-wire control system which provides
stability augmentation, trimming, computation data of CG position and weight,
FSC warnings, etc., the B-2 is able to achieve Level 1 flying qualities over its

whole flight envelope [10].

Nowadays, due to the excellent performance in the slow-to-medium speed
range of the flying wing configuration, it is still a practical concept for aircraft
designers and there has been continuous interest in applying it to a tactical
transport aircraft design. Boeing has been continuing to engage in paper
projects for a tailless transport aircraft, which is sized as the Lockheed C-130
Hercules but with better range and 1/3 more load [11]. Many companies, such

as Boeing, McDonnell Douglas and de Havilland, have also studied the flying-
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wing configuration airliner, but none have been entered into practical application

[1].

{a) Dunne's flying wing (b) Go-229

(C) YB-49 (d) B2

Figure 2-2 Dunne’s Flying Wing, Go-229, YB-49 and B2 Bomber

2.1.2 Blended Wing Body Aircraft

The BWB is an alternative airplane configuration incorporating features from a
futuristic fuselage and the flying wing. These are well integrated for improving

the aerodynamic performance.

This hybrid design combines high-lift wings with a wide airfoil-shaped body,
which results in increased lift and reduced drag of the whole aircraft. This shape
not only provides the advantages in aerodynamic and fuel efficiencies of a pure
flying wing design over a fuselage-and-wing configuration, but also creates
larger interior space in the centre portion of the aircraft [3].

Figure 2-3(a) shows the X-48 BWB (developed by Boeing and NASA from the
late 1990s), which is an experimental Unmanned Aerial Vehicle (UAV) for
investigation of BWB aircrafts characteristics. In addition, in Figure2-3(b) (a
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proposed transport airplane), the BWB is also recognised as the most promising

aircraft configuration for the future civil transport market [10].

(a) X-48 BWB (k) BWE transpart aircarft (proposed)

Figure 2-3 BWB Aircrafts

2.1.3 Problems of the Flying Wing

Due to its tailless configuration, the BWB is aerodynamically efficient with a
higher lift to drag ratio among the fixed flying wing. Moreover, it contributes to

structural weight which generates the better fuel efficiency and lower emissions.

However, inherent design challenges of control system design need to be dealt
with .Firstly, owing to the lack of a horizontal stabilizer, the centre of gravity
would be more likely to be situated behind the aerodynamic center, which
generates a nose-up pitching moment leading to longitudinal instability. In
addition, the lever arm between control surfaces and the aerodynamic centre
(ac) is smaller in comparison with a tailed airplane. To compromise with these,
more or bigger area elevators or other control surfaces offering effective pitch
control to compensate for the nonexistent stabilizer are required [1][2].

Further difficulties come from the problem of balancing the thickness of the
aerofoil with the inner space for the payload, fuel tank, flight systems, and even
engines. Furthermore, because the wing is integrated with the fuselage, there is
a lack of surfaces to design the emergency escape exit except the passenger
boarding gate. Hence, the emergency egress is also another main problem for
the commercial flying wing transport aircraft [1][3].
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2.2 Stability and Control

The stability of an aircraft is its ability to recover to the initial steady motion after
a disturbance on the condition of no movement of the controls by the pilot [12].
There are three axes concepts of longitudinal, lateral and directional stability.

This thesis only focuses on the longitudinal stability.

In the flight dynamics analysis, there are two kinds of stability that will be

present as follows.

2.2.1 Static Stability

Static stability defines the aircraft initial tendency to return to equilibrium
following some disturbance from equilibrium. An aircraft would display three

different types tendency [13] as Figure 2-4 shows respectively.

P equilibrium encountered at any point tendency to continue in displacement
tendency to return to equilibrium R L
of displacement direction

PN N
N ’ . J )
¢ ) 0
. .
L} [ .
] . ’
A ’ . ’ A .
S sa’

Equilibrium Equilibrium Equilibrium

(a) positive static stability (b) neutral static stability (c) negative static stability

Figure 2-4 Positive, Neutral and Negative Static Stability

In terms of the aircraft longitudinal static stability, it is described that the aircraft
can produce a restoring nose down pitching moment (C, ) as the increasing
nose up angle of attack &, namely the coefficient of pitch moment due to angle
of attack need to be negative for static stability. Because longitudinal stability
depends on the angle of attack which has a linear correlation with the overall lift
coefficient (C,), it could be defined with respect to the negative value dC, /dC, .
This phenomenon is due to the position relationship between the aircraft centre
of gravity (CG) and aerodynamic centre (AC). The airplane is statically stable if
the CG position lies in front of the ac. Furthermore, in terms of control fixed
static stability, the distance between AC and CG is called the control fixed static

margin as K, the slope of the C,, and C,. If the K, is positive, the greater its
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value the greater the degree of stability processed by the statically stable
aircraft [14].

It is clear that a stable aircraft could benefit pilots as the aircrafts would possess
the tendency to recover to straight and level flight. Nevertheless, the
manoeuvrability (trade-off for stability) should be simultaneously taken into
account. Much stability margin means the pilot conquer a greater return
tendency to change the attitude. Therefore, in the design process, both of them
should be balanced to design the various levels of stability, which enables to
obtain a satisfactory level for keeping normal flight without strenuous effort for
pilot [10].

2.2.2 Dynamic Stability

While static stability is defined as the original tendency when disturbed from
equilibrium, dynamic stability is explained by the resulting motion with time
which is more complex than the static stability. Figure 2-5 illustrates positive,
neutral and negative dynamic tendency with the amplitude of the system

oscillation decreasing, constant and increasing.

damped oscillation undamped oscillation divergment oscillation

A

[

time time time

displacement
displacement
displacement

(a) positive dynamic (b) neutral dynamic (c) negative dynamic
(positive static) (positive static) (positive static)

Figure 2-5 Positive, Neutral and Negative Dynamic Stability

In any system, positive static stability is a necessary but not sufficient condition
for the positive dynamic stability. If static stability is positive, however, dynamic
stability could be positive, neutral or negative. If static stability is neutral or

negative, dynamic stability will be the same as the static stability.
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Damping is the definitive parameter to effect the disturbance reduction.

According to the different value of the damping ratio ¢, the system responses,

shown in Figure 2-6, are divided into three cases as follows:

1) under-damping (0< ¢ <1)
2) critically damping (£ =1)
3) over-damping (¢ >1)
1.0 - . . : !
(=15
0.5
S
= 0.0 (=1.0 \
5 ¢=0.5 — (=00
-0.5 —  (=0.5
¢=0.0 — (=10
(=15
1.9 2 2 6 8 12 14

Figure 2-6 Dependence of System Responses on the Value of ¢

A short period mode damping ratio of 0.7 is the ideal value for traditional second
order control system as Cook stated [15]. This gives a satisfactory stability

margin and results in the shortest mode settling time following a disturbance.

In aircraft control laws design, the dynamic response stability of attitude,
velocity and acceleration, in both short period and phugoid mode, are all
important criteria for flying and handing qualities [5]. Hence, dynamic response
analysis and evaluation should be understood on the basis of static stability

assessment.
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2.3 Flying and Handing Qualities

2.3.1 Overview

Due to the increasing frequency of aircraft crashes in the early 1900s,
aeronautical engineers became aware of the importance of certain principals of
aircraft design [16]. These could construct the relationship between flying
qualities and stability theory. Thus, the further step, employs mathematical

theory to engineering practice, would not be difficult [7].

Nowadays, flying and handing qualities play a significant and necessary role in
control system design for manned aircraft [17]. Cook describes: “The flying and
handing qualities are properties that govern the ease and precision with which it
responds to pilot commands in the execution of the flight task” [15]. In order to
ensure the accomplishment of desired mission safely and successfully with the
minimum amount of workload for the pilot, the control system needs to satisfy

the corresponding specification and standards.

2.3.1.1 Civil Requirements
At present, civil requirements, for both FARs-25 (JARs-25 is similar) and CS-25,

are relevant to conventional aircraft. A comprehensive suite of safety and
performance requirement is a series of necessary documents with which any
commercial transport aircraft must comply for the grant of airworthiness
certificate. It is much more appropriate that these specifications apply to civil
transport aircrafts as Boeing and Airbus series. However, there are few items to
guantify the flying and handing qualities in both documents and so more
quantitative criteria have been developed in military requirements [18].

2.3.1.2 Military Requirements

MIL-F-8785C is the best know specification and was first produced in 1954. The
latest issue is the MIL-F-8785C which was released in 1980. This is the
beginning of modern flying and handing qualities specification in that the
desired aircraft dynamic responses were specified for the first time [5].

Moreover, all military services agreed upon a unifying standard. In this
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document, the airplane dynamic responses of longitudinal and lateral mode

were guantified with frequency and damping ratio requirements [19].

With the development of control technology such as the Active Control
Technology (ACT) and Fly-by-Wire (FBW) control system, the MIL-STD-1797
was issued in 1987. It considers the high gain use, high authority augmentation,
and reflection of intended mission into the document. In 1997, an updated issue
of MIL-STD-1787B was published to completely deal with the flying qualities

problems of new generation aircraft [5].

2.3.2 Longitudinal Short Term Small Amplitude Criteria

There are plenty of criteria the have been applied to assist control system
designers for ensuring the satisfying dynamic response, including mainly CAP
criterion, bandwidth criterion, the Neal-Smith criterion and Gibson’s drop-back

criterion [20].

2.3.2.1 Control Anticipation Parameter (CAP) Criterion

The CAP criterion was developed to predict the precision that a pilot could
expect in controlling an aircraft’s flight path. Nevertheless, it is required to obtain
a lower order equivalent system to apply this criterion for highly augmented
aircraft. Although the normal acceleration response is determined by the
aerodynamic property, the CAP criterion aims to assess the transient peak
magnitude of angular pitching acceleration which is mainly decided by the short
period dynamics after the pitch control input. Therefore, it is significant and
universally used to evaluate acceptability of the short period mode feature
according to aerodynamic properties and the different operating conditions [21].

2.3.2.2 Bandwidth Criterion

Bandwidth criterion is one of the pilot-in-loop methods for which the pilot model
is just a gain. This criterion requests the bandwidth frequency where the phase
margin is 45° or where the gain margin is 6db when operated in a closed pilot-

in-loop compensatory pitch attitude tracking task [17].
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2.3.2.3 Neal-Smith Criterion

The Neal-Smith criterion is a frequency domain criterion that attempts to rectify
the short comings of time domain criteria, particularly for the pitch tracking task
which has emerged as an essential measure of pilot handing opinion [8]. Three
definitions of handling parameters used in the closed loop tracking performance
assessment are minimum bandwidth (3.5rad/s), -3db droop and closed loop
resonance [22]. This method presents as a two-dimensional plot lead and lag
compensation versus pilot-in-loop resonance, which illustrates the tendency of

resonance, even PIO.

2.3.2.4 Gibson’s Dropback Criterion

The Gibson’s dropback criterion aims to design a command and stability
augmentation system (CSAS) which could endow an aircraft with satisfactory
handing qualities [22]. This criterion is described as limiting values with pitch
rate overshoot ratio versus the ratio of attitude dropback to steady pitch rate. It
IS an acceptable value when it lies in the range between 1.0 and 3.0 [23].
Unfortunately, since the flight path or attitude system have zero steady-state
pitch rate response to a step control input, Mitchell [5] demonstrates that the
restriction of this criterion is that the measure of pitch rate overshoot is not
suitable in the assessment of these systems.

2.3.2.5 Summary

Table 2-1 summaries the comparison between the criteria stated above.
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Table 2-1 Comparison of Criteria

o Analysis _ o
Criterion Evaluation objectives Model
method
CAP Time _ _ Short term response
Short period dynamics _
Criterion Domain transfer function
. Adequate stability Closed pilot-in-loop
Bandwidth | Frequency ) ] )
o . margin and attitude compensatory ( gain)
Criterion domain ) ]
tracking equivalent CSAS
Closed pilot-in-loop
Neal-Smith | Frequency | Tracking performance compensatory (lead
Criterion domain handing qualities and lag ) equivalent
CSAC
Gibson’s -
Time o _ Short term response
Dropback Precision tracking . for functi
: ransfer function
Criterion domain

2.3.3 The Cooper-Harper Rating Scale

With the purpose of aircraft flying and handing qualities assessment, plenty of
methods are available for the control system designers. Cooper and Harper
developed the pilot opinion rating scale in 1969 which is called the Cooper-
Harper rating scale, Figure 2-7 [24]. The aviation industry has long relied on this
evaluation tool for the assessment of flying and handling qualities during flight
or simulation tests. It defines the flight task that the pilot needs to perform. The
significant contribution of this measurement tool is that it provides a
standardized scale that can be used to compare the handing qualities across
aircraft [19]. In addition, it also helps test pilots articulate specific types of
aircraft handling problems. Hence, this tool could help pilots assess the qualities

more clearly rather than express them in terms of their opinions.
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In order to obtain a meaningful and simple interpretation between piloting and
analytical domains, the MIL-F-8785C definitions of three flying quality levels are
equivalent to the different Cooper-Harper rating scale as Table 2-2 shows [15].

Demand on the Pilot
Aircraft in Selected Task or Filat
Adequacy for Selected Characteristics  Required Operation Rating
Task or Required Operation *
Excellant- Pilot compen sation ot 2 Factar i
Highly desirable  for desired performance
Hood- i ;
- - S, Filot compensation not a factar
Negligit:le far desir\e?:l peHormnance .
deficiencies
Fair-Some e 5 s
mildly unple ssant r-.-1m|r!'| ald pfllotdcnl_n p;nsaﬁtlon 2
I T requirad for desired peforman e
Mikor but 3 ;
i Dresired peHormance requires
ahhohing f & 4
dEfitisigies moderate pilot compensation
Iz it Ma | Defidencies hod erately f
saki sfactory without warrant  — objectionable 2::;321:;:”?:::?;: r:r?;;:ﬁfn
i prosee m ent? i p rovee m Enk deficiencies P P
ey
objectionable Adequate performance requires | g
but talerable extensive pilot compensation
defiziencies
Adequate performance hot
Major attainable with mexdmum 7
defiziencies tolerable pilot compensation.
Is adequate Cantrollability not in question.
petformance Dreficiencies
attainable with a require — Mejor Considerable pilot compensation | g
tolerable pilat ifin pr Foe et deficiencies is required for control
waorkload?
Major Intense pilot compensation is a
deficiencies required to retain control
I= it Improvement | | hsjor Control will be lost during some 10
satrollable ? ENL LY deficiencies  portion of required oparation
Filat e : L ; : :
decizians #[Dafinition of required operation involwes designation of flight phase
and/or subphases with accempanying conditions.

Figure 2-7 Cooper-Harper Rating Scale

Table 2-2 Equivalence of Cooper-Harper Rating Scale with Flying Quality Levels

level

Flying Level 1 Level 2 Level 3 Below level 3

qualities

Cooper-Harper
rating scale
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2.4 Gain Scheduling

2.4.1 Introduction

When developing controllers for aircraft by using a linear mathematical model at
different trim flight conditions, the gains would be demanded to implement the
controller’'s function as some form of scheduling over the wide flight envelope.
Nowadays, gain scheduling is a popular and important technique that can be

used in the flight control system design [25].

The idea of the gain scheduling approach is to control nonlinear systems by
using a series of linear controllers which offers satisfactory control performance
at each selected design point. In comparison to the classical control method,
gain scheduling control can provide control over the whole envelope rather than

only being valid around the neighbourhood of a design point [26].

Figure 2-8 shows the basic control structure by gain schedule. On the basis of a
linearized aircraft model and corresponding controllers at the different design
cases, the scheduling variables are input measured parameters to change the
appropriate linear controller for the aircraft control system. The Mach number
and altitude could be the various combinations with different linear controller

parameters.
. operating
gaim P condition
schedule
controller
parameters
set points Y control
> signal aircraft output
controller > >~
. model

Figure 2-8 Basic Control Structure by Gain Schedule
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This method has wide and successful engineering application. In the aerospace
field, gain scheduling is regarded as a most common systematic method to
address the nonlinearity of aircraft dynamics during the entire flight envelope.

In order to tackle difficulties of controlling the new generation jet airplanes, the
advent of the guided missile and expended flight envelope, gain scheduling
started in earnest toward the end of World War II. In the mid 1950s, this
approach was used mainly for military applications, including missile guidance
and autopilots of the B-52. Due to extensive implementation costs, the
widespread application of the gain scheduling did not start to arise until the
advent of digital computation [25]. In resent years, mainly based on the
following reasons, there have been an increasing number of published studies
and references in this field [27]:
1. A suite of control design methods and tools on simple linear model could
be used by designers.
2. Flight control clearance and certification procedures are usually on the
basis of linear methods.
3. Even if the model information is limited to a few trim cases and
corresponding linearization models, gain scheduling could still be used.
4. The controller gains can be quickly changed in response to changes in

the aircraft dynamics.

2.4.2 Application in Flight Control

It is well known that the aircraft aerodynamics and control effectiveness of the
control surfaces vary according to altitude, Mach number or dynamic pressure.
Therefore, gain scheduling aims to eliminate these effects [28].

Taking the B-52 autopilot for example, the compensation for the changing
control surface effectiveness incorporates an airspeed-based mechanism which
is used to vary the gains of the position feedback transducer of the servo
actuator. The scheduled loop gain can maintain the appropriate closed-loop
system bandwidth, which avoids the more complicated approach of scheduling
many different gains. Later, the mechanism for scheduling by airspeed replaced
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by dynamic pressure which was introduced to maintain reasonably constant
gains [28].

In recent years, the approach of gain scheduling has been considered as a
standard approach to develop Linear-Time-Invariant (LTI) controllers for Linear-
Time-Varying (LTV) or nonlinear systems (approximated by LPV system) in

control theory [18].

With varying levels of success, LPV control synthesis techniques not only have
already been used in high-performance airplanes as representative as the F14,
F16, F18, and the VAAV Harrier, but also as turbofan engines, air/fuel
regulation, missiles and recent reconfigurable controllers respectively [29].

2.4.3 Design Procedure

According to reference [26], the procedure for designing a gain scheduled
controller for a nonlinear model can be defined as follows:

1. The most common method is to linearize the aircraft model at a set of
equilibrium cases over the whole flight envelope.

2. Design a series of linear controllers and gains to be used to stabilize the
system at each operating points by the corresponding linear model.

3. Choose suitable scheduling variable parameters and schedule each
controller gains to create a global controller with the parameter changing
according to the current value of the scheduling variables.

4. Evaluate the flying and handing qualities by linear and non-linear

analysis and extensive simulation.

2.4.4 Summary

Gain scheduling has been described as the process of designing controllers to
suit each design condition and reconstructing the resultant set of gains into a
single continuous controller. It is one such control technology that is particularly
suitable for overcoming nonlinearities in aircraft flight control system design.

In spite of a great deal of effort and the contributions which have been made to
gain scheduling studies in the last decades, some restrictions still remain.
These include constraints on the maximum changing rates of scheduling
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parameters, the guarantee of the stability and performance, etc. Hence, a
number of methods have been proposed recently including Dynamic State-
Feedback Gain Scheduling (DGS) [25], linear matrix inequality based

constructions of H_optimal controllers [28], etc.

The gain scheduling method has universal applications in practical engineering
areas and researches. Moreover, it still brings practical advantages such as
simplicity, generality, low computational complexity and ease of implementation.
Therefore, this conventional technology contains a significant practical meaning

in several areas of engineering.

2.5 Conclusion

From the preceding comments in the literature review, a great deal has been
studied in the background of tailless configuration aircraft and content which is

related to control system design.

Firstly, it is required to learn the historical background and characteristics of the
flying wing concept, particularly the advantages and drawbacks, which may also
occur for BWB aircraft. In spite of the challenges that exist today, the BWB is
still considered as the most promising configuration for the future of advanced
transport aircraft. Consequently, with the development of modern airplane
design concepts and flight control systems, research in flying and handing
gualities drives numerous studies to improve aircraft performance based on
stability and control analysis. Nowadays, tailless aircraft such as the B2 and
some tailless Unmanned Aerial Vehicles (UAV) demonstrate that this
configuration of airplane can be flown and controlled adequately. In specific
control methods, the conventional gain scheduling gives an insight to one of the
practical engineering approaches which could be used to solve nonlinear

control problems.

Finally, it is not until the tools and hardware of control system design for the
BWB transport aircraft are constructed and the substantial problems are
successfully eliminated, that this kind of efficient aircraft can be realised for

future transport market.
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3 SAS CONTROL LAWS DESIGN

Most high performance commercial and military aircrafts require some form of
stability augmentation. Some of present military aircrafts are actually static
unstable so that these airplanes would be impossible to fly without the
control system. In terms of the control system design, the SAS feeds back
certain signals of aircraft response to servomechanisms which drive the
aerodynamic control surfaces. In this way the aerodynamic derivatives which
are used to produce a damping and frequency effect on the motion could be
changed [30].

In this chapter, the background and general data of the reference aircraft will be
introduced initially. It is followed by the flying and handing quality constraints to
this SAS design. On the basis of the model trim and linearization, the initial SAS
controller C; will be described with the flying and handing qualities assessment

and wind disturbance simulation.

3.1 Introduction of the Reference BWB Aircraft

The reference BWB aircraft is based on the EU’s VELA project which is the first
step to develop the large transport aircraft in a long term strategy. It aims to
deal with the demand of large and efficient airliner, furthermore, to take
advantage of this strategy to contribute to strength of the European aerospace
industry in the international market for the next 30 to 50 years [3].

The technical objective of the VELA is to establish methods, design procedures
mainly including aerodynamic, structures, stability and control and
multidisciplinary tools for the unconventional configuration as BWB. In addition,
it creates a technological reserve that could be utilized for the future advanced
aircraft research as well [3] [10].

Based on the previous research results, a series of BWB configurations have
been developed for validation [3]. In this thesis, all the geometry and
aerodynamic data used for longitudinal control laws design study are obtained
from the Canfield University PhD work [5] [6] of Castro and Rahman.
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The layout of the BWB aircraft is shown in Figure 3-1. For longitudinal control,
all flaps (elevators and ailerons) are deflected as a whole elevator without the
consideration of control surfaces allocation. The maximum flap deflection range
+30° is assumed for all flaps [6].

X
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i D D D ~ 65
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s 4P 3P2p 1P {S 25 35 4S5 58
| | L1 FE_E i |
Elevator  Aileron Elevator Aileron  Elevator
| 80.0m N

Figure 3-1 Layout of the Reference BWB Aircraft

The general parameters of the BWB aircraft are demonstrated in Table 3-1 [6].
More specific aircraft data including geometric properties, mass, aerodynamic
derivatives are referred to the Appendix A in reference 6.
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Table 3-1 Basic Parameters of the Reference Aircraft

Approach case Cruise case
Mach number 0.23 0.85
Altitude (m) Sea level 10059
Mass (kg) 322,599 371,280
Reference area (m?) 841.70
Mean aerodynamic chord (m) 12.31
CG range(m) 29.4~34.4
Aerodynamic centre (m) 31.6

3.2 Flying and Handing Quality Constraints

It is essential to ensure the flying and handing qualities limitation as the
requirements for the control laws design exploration according to the aircrafts
classification, flight phase categories and qualities levels in MIL_F 8785C

specifications [31]. In Table 3-2, these basic parameters of the reference BWB

aircraft are defined.
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Table 3-2 Basic Parameters of the Reference Aircraft

Specification Reference BWB o
_ _ Description
Requirements Aircraft
Classification Class III Heavy transport
Flying qualities clearly
Flying Qualities Levels Level 1 adequate for the
mission flight phase
_ Cruise / Taking-off and
Flight Phase Category Category B/C .
Landing phase

Many existing criteria could be applied for assessment of the longitudinal flying
and handing qualities. The purpose of a pitch SAS is to provide satisfactory
damping and natural frequency for the short period oscillation (SPO) mode [30].
Hence, in this study, the criteria in MIL-F-8785C specifications applied in the

SAS controller design are as follows:
® Damping ratio limitation

® Control Anticipation Parameter (CAP) criteria

3.2.1 Damping Ratio limits

In terms of longitudinal dynamic response time, the SPO and phugoid mode
could be considered separately. In MIL-F-8785C specifications, acceptable
limits on the stability of SPO are quantified by the range of damping ratio with
respect to flight phase categories and qualities levels as Table 3-3 shows. For

the phugoid mode damping ratio limits, these are quantified in Table 3-4 [31].

28



Table 3-3 MIL-8785¢ Short Period Mode Requirements

Category A(rapid manoeuvring) Category B

Category C(take-off and landing) (gradual manoeuvring)
Level 1 0.35-1.3 Level 1 0.3-2.0
Level 2 0.25-2.0 Level 2 0.2-2.0
Level 3 0.15 Level 3 0.1

Table 3-4 MIL-8785¢c Phugoid Mode Requirements

Flight Qualities Levels Minimum Damping Ratio
1 0.04
2 0
3 Unstable, period 7, > 55s
Ideal frequency o, , <0.1w,

It is explicit that the limits of short period damping ratio are a range constraints
which provide relatively large regions for designers. Cook demonstrated that the
ideal damping ratio of SPO mode is 0.7, which could provide a satisfactory
margin of stability and results in the shortest settling time after a disturbance
[15]. Moreover, if this value is more than 1.0, the system will enter into the over-
damping state and the settling time will tend to be longer. Hence, the ideal
damping ratio range is considered as0.7 < ¢ <1 in this study. For phugoid mode,
damping ratio limits are relaxed due directly to the long period which provides a

long time to pilots to control the aircraft.
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3.2.2 CAP Criteria

Clearly, a good longitudinal short term second order system, particularly the
damping and frequency of the SPO mode, could provide the good satisfactory
handing cues.

CAP quantifies suitable SPO mode characteristics appropriate to the
aerodynamic properties and operating condition. It could be clarified according

to natural frequency (a, ) and the value of normal load factor per unit angle of

attack (N ,) by equation (3-1) [15].

. 2

N.(=) N, (3-1)

where:
s =M, Z,-M,(Z,+U,) (3-2)
Na=—Zer/g (3-3)

CAP is evaluated graphically by parameters @,, and N, using reduced second

order aircraft model for the step response of SPO mode. Taking flight phase A
for example, the level 1 to level 3 limits in the CAP criteria of MIL-F-8785C
specifications are described in Figure 3-2 [31].
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Figure 3-2 CAP Requirements — Category A Flight Phase

3.3 Aircraft Model Trim and Linearization

3.3.1 Aircraft Model Trim

A trim state defines the initial condition which the dynamics of interest may be
studied. Trimming aims to bring the forces and moments acting on the aircraft
into equilibrium so that the three axes forces and moments are all zero. It is
convenient to use the MATLAB trim utility for solving the equation of motion for

a steady level flight. At this condition, all the state derivatives are assumed zero
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excluding position derivatives. Consequently, the longitudinal equation of

motion at above constraints is expressed by equation (3-4) [4].

(X +T)Im+ @V —qW)lm—gsné
(Z+T,)Im+(qU —pV)Im+ gcosé
MIL, —pr(l, 1)1, ~(p*=r*) 11, (3-4)
qCcosg—rsing

Usin@ -V cos@sing — W cosé cosg

> Qe TR
[l

In this study, the aircraft trimming is realised by the MATLAB program <
TRIM_LINMOD_HQUALITY_BWB .m> which is presented in Rahman’s PhD
thesis [6]. The reference aircraft can be trimmed over the whole envelope
(Chapter 4.1) at the required equilibrium conditions including true airspeed,
altitude, CG position and flight path angle.

3.3.2 Aircraft Model Linearization

For a rigid symmetric aircraft, the general equations of motion are constructed
based on Newton’s second motion law. The principle and procedures can be
found in plenty of textbooks. By using small perturbation method and further
decoupling the equation into longitudinal and later motion at a trim condition, an
aircraft could be described as a classical example of a linear dynamic system
[15].

In order to use matrix method for equations of motions solving, state equations
of the Linear-Time-Invariant (LTI) multi-variable system form is written in

equation (3-5).

x(¢) = Ax(t) + Bu()
y(t) = Cx(t) + Du()

(3-5)
where: 4 —State matrix (nxn)
B —Input matrix (nxm)

C —Output matrix (»xn)

D —Direct matrix (»xm)
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x(t) —column vector of n state variables
u(t) —column vector of m input variables

y(¢t) —column vector of n output variables

In terms of longitudinal state space equation (without the engine control) with

variables of u,0,4,0 in body axes system, the coefficients of state matrix

A (aerodynamic stability derivatives) and B (control derivatives) can be written

as the concise form in equation (3-6) [15]; moreover, the output equation is
shown as equation (3-7) [15]. The calculation for all the coefficients can be

found in reference 15 Appendix 2. The following work will be developed on the

basis of these state space equations.

u Xy Xy ‘xq Xg u xé;
v"v T - N Zs 5
q m, m, q mg q mé'e
6/ |lo o o 1 8] |0 |
ul [L 0 0 Ofu 0
w 0O 1 0 O|w| |O
= + |0,
q O 0 1 Oj|g¢g 0
] [0 0 O 1|¢ 0

(3-6)

(3-7)

According to the relation between aandw in equation (3-8), equation (3-7) is

given by equation (3-9) to deal with the inclusion of « (feedback signal in SAS)

in longitudinal decoupled state matrix [15].

w
o=lana=—
Yo
u X, X,V x, X, |u X5
al |z, vy z, z, vy zylvy|a| |25 1ve 5
= + €
e
q m, my, m, m, q ms
] | 0 O 0 1 |@ 0
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3.4 SAS controller ¢, at initial Point P,

Assuming the state vector x(¢) is used for negative feedback to achieve the
stability augmentation and v, (¢) is the input demand variable vector, the control

law could be written as:

u(t) = v (1) - Kx(t) (3-10)

K is the feedback gain matrix.

Thus, by substituting equation (3-10) into equation (3-5) the closed loop of
augmented aircraft is

i(t) =[ A— BK)x(t) + B, (1)

y(t) =[C - DK]x(t) + Dv,.(¢) (3-11)

Obviously, a new state matrix 4,, = 4—BK is the augmented aircraft matrix

with improved flying qualities.

In terms of signal feedback influence to the system dynamic response, the SAS
feedbacks are angle of attack and pitch rate in order to improve the natural
frequency and damping respectively. The basic SAS architecture is shown in
Figure 3-3 [15].

\

Response
Aircraft
dynamics a (S )

\

q(S)

Figure 3-3 Basic SAS Architecture
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3.4.1 Controller Gains of C;

Based on the Rahman’s work [6], the control law of stability augmentation
system (SAS) at trim point £ in Table 3-5 was designed. Consequently, it is
supposed that this controller C; as the initial controller for checking the flying

and handing quality requirements at £, and the whole envelope.

Table 3-5 Trim Point £, Condition

Aircraft / Flight _
_ _ Value/Status Units
Configuration
CG Position 30.4 m
Altitude 1500 m
Airspeed 100 m/s
Flight Condition Straight and level flight
Flight Phase Category Category C

The reduced short period dynamics at this design point is [6]

o4 —-0.5960 0.9874 |« - 0.1304
HEl [o] e
q -1.1816 -0.2007 || ¢ —-1.7745
The feedback gains K are [6]
Kcl = [KO(_C1 Kq_cl] =[-0.55 -1.41] (3-13)

Based on equation (3-11), (3-12) and (3-13), the transfer function could be

given as follows:

a(s) _ -01365 (s+1247)
- deg/de

d,(s)  (s* +3295s + 3519 (deg/deg) (3-14)

q(s) _ -1.6757 (s+05724) (degls/deq) 15

5.(s)  (s?+3295s + 3519)
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3.4.2 Flying and Handing Qualities Assessment

As the SAS controller C, engaged in, the SPO reduced second order system
variables « and g was considerably improved with a small settling time (2.5s for
aand 3s for ¢) in Figure 3-4. The specific damping and CAP of the SPO mode

are improved as Table 3-6 and Figure 3-5 shows. It can be seen that both the

damping and CAP are satisfactory with the MIL-F-8785C specifications

constraints.

-0.5

a(deg)

-1.5

-0.5

q(deg/s)

AOA step response

AOA

AOA with feedback

Time (sec)

pitch rate response

14

-1.5

pitch rate
pitch rate with feedback

8 10
Time (sec)

12

14 16

Figure 3-4 SPO Mode Responses on Reduced Second Order System

Table 3-6 Dynamic Response Comparison

Open loop without feedback

Closed loop with feedback

g,

CAP

g,

CAP

0.38

1.11

0.18

0.88

1.87

0.53
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CAP Criteria Requirements - Category C Flight Phase
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Figure 3-5 CAP of C, in Category C

3.4.3 Check ¢, with Full Order System Model

In terms of the open loop full order system with SPO mode and phugoid mode,
namely the state space equation (3-6), the resulting state and control matrix
coefficients can be calculated by aerodynamic derivatives in reference 6
Appendix A. Thus, the closed loop system is given in equation (3-16) according
to equation (3-11).

0] [ 00045016 -12.712 -23699 -9.6055 Ju] [ -2.5002
G| | -000067807 -0.71241 079399 -001998L|er| | -01365|

g|7| 00022233 -19931 -2558 0 || 16757 > (3-16)
0 0 0 1 0 0 0

Thus, transfer functions of each output variables (u,a,q,6) with respect to
elevator deflection are presented as follows.

q(s) -1.6757 s(s+ 0.5648) (s- 0.01597)
5.(s) (s> +0.002839s+0.00814) (s + 3.263s + 3.417)

(deg/s/deq) (3-17)
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a(s) _ -0.1365(s+12.29) (s* - 0.004702s+ 0.008265)

=— 5 (deg/deg)
J.(s) (s*+0.002839s+0.00814)(s* +3.263s+3.417)
u(s) -0.043634 (s-14.7) (s+1.204) (s + 0.1926)
=— 5 (m/s/deg)
5.(s) (s*+0.002839s +0.00814) (s* +3.263s + 3.417)
6(s) _ 2 -1.6757 (s+ 0.56482) (s-0.01597) (deg/deg)
5.(s) (s*+0.002839s+0.00814) (s* +3.263s+3.417)
Pitch rate response
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Figure 3-6 Output Variables Response for 1° Step Elevator Command

Thus,

(3-18)

(3-19)

(3-20)

the short period damping and natural frequency are o, =0.64

and w,, =1.33rad/s, while for phugoid, the above parameters are 6, = 0.08 and

w,, = 0.1 rad/s. All of them meet the requirements in Section 3.2. Obviously, as

Figure 3-6 shows, the short period mode response of angle of attack « and

pitch rate g are faster than the aircraft without augmentation. Meanwhile, the

phugoid dynamic response of airspeed is stable and slow but oscillatory.
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Compared with the pitch rate response of the reduced second order system, the
full order system response is influenced by the positive (right half plane) zero.
Hence, in order to improve the phugoid dynamics, the other control law could be
implemented. For example, in Chapter 7 the autopilot of pitch attitude hold will

be designed to control the variables 8.

3.5 Wind Disturbance Simulation

In Chapter 3.4, the aircraft dynamics have been analyzed on the vehicle
response to a deterministic pilot control input (step). Nevertheless, the
atmosphere rarely is calm but usually is characterized by winds, gusts, and
turbulence. Hence, it is also realistic to take the effects of external influence into
account on the aircraft response dynamics [32]. In this section, both the discrete
sharp-edged gust and the time-varying wind perturbation are considered.

3.5.1 Aircraft Model Modification
3.5.1.1 Assumptions

In this research, the aircraft is in steady level flight at the time that the gust is
encountered with no action taken by the pilot. To simplify this analysis in body
axes, the aircraft is considered as a point mass in order to neglect the gradient
of turbulence. Moreover, it is also assumed that the forward speed and the

altitude of the aircraft are unchanged during the passage into the turbulence.

3.5.1.2 Equations of Motion in Turbulence

In order to study the influence of atmospheric disturbances on aircraft motions,

the equations of motion should be modified initially.

Generally, the effect to an aircraft when it enters the up-gust (positive) is the
variation of relative airflow, which induces changes in direction of the resulting
velocity and further impacts an upward acceleration. Therefore, the influenced
forces and moments related to the relative equations of motions are shown in
equation (3-21) [33].
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u x, x, X, X, [u Xs 0 |
T RN L (3-21)
q m, m, m, m,|q ms —m, || W,

6] lo o o 1]6l |0 o |

Compared with equation (3-6), there are two added coefficients in the control

matrix which are calculated by equation (3-22) and (3-23).

z, =C,alm where m =

B ’ 1 V.S (3-22)
2 0
C,alh.,—hy)lI where I L
m,, =C olheg —ho)/ 1 where [ =-_—— )
: ; OV S (3-23)

At this design point, the open loop equations of motion could be modified as
equation (3-24) shows [6].

0.0045016 -0.11568 -20.174 -9.6055|[u | [-25002 O

_|-0066448 -063733 96.667 -1953L |w| | -13.376 0587614,

~| 00022233 -001093 019526 0 |q| | -16757 0.12856 {wj (3-24)
0 0 1 o e 0 0

SIS

3.5.2 Vertical Wind Gust Perturbation
3.5.2.1 Turbulence Simulink Model

Matlab simulation approach is used to test the aircraft dynamic responses with
the designed controllers when it encounters a turbulent vertical up-gust. This

gust is represented using parameters v, =6m/s and a scale of

L =12.5¢ =150m (acting time is L/v,=15s) [34]. The simulink mathematical

model is illustrated in Figure 3-7.
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Scoped

Figure 3-7 Matlab Simulink Model for Wind Disturbance Simulation (up-gust)

3.5.2.2 Aircraft Responses

In Figure 3-8, it is seen that an up-wind gust disturbs the aircraft by increasing
its angle of attack. This increased angle of attack increases lift and drag which
cause the aircraft to climb and decelerate. At this static stability point, the
increased lift produces the aircraft pitch nose-down moment to decrease the
angle of attack and to recover its original value [35]. By the aid of SAS, both «

and ¢ are recovered within 4s and the phugoid mode is convergent with a small

elevator deflection.
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Figure 3-8 Response of Up-wind Gust

3.5.3 Vertical Time-Varying Wind Perturbation
3.5.3.1 Turbulence Model

In general, atmospheric turbulence consists of a random continuous variation in
the condition of atmosphere. The Dryden turbulence model is considered valid
for use in describing isotropic turbulence as found in natural phenomena,
providing the scale of turbulence is appropriate. It is convenient to utilize the
Dryden wind turbulence model block of MATLAB to generate an atmospheric

turbulence.

Figure 3-9 shows the aircraft response at £, (100m/s, 1500m) with SAS when it

encounters the turbulence which is the mathematical representation in the MIL-
F-8785C specifications.
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3.5.3.2 Aircraft Responses

Due to the continuous turbulence, the responses of aircraft fluctuate within

small amplitudes. Moreover, during the 50s, this system is continuously stable
with no divergence.

Vina (M1 8)

v(m/s)

a(deg)

q(deg/s)

O(deg)

8, (deg)

Time(s)

Figure 3-9 Response of Vertical Turbulence

3.6 Summary

The SAS controller C, has been presented and assessed with the damping and
CAP criteria at £ . On the basis of wind disturbance model of the discrete
sharp-edged gust and the time-vary wind perturbation, C, is checked with the
realistic atmosphere perturbation. It is found that SAS controller C, was applied

to obtain the Level 1 flying and handing qualities and good performance after
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wind disturbance. Then the controller C, is going to be assessed over the whole

envelope in the following chapter.
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4 ASSESSMENT OVER WHOLE FLIGHT ENVELOPE

The initial SAS controller C; has been evaluated in Chapter 3. Due to the

responsive change in aircraft dynamics with the flight condition, it is necessary
to check the controller over the flight envelope with the flying and handing

qualities. Therefore, the satisfactory region F, (F, c F') of C, will be developed

on the basis of flight envelope F exploration. Next, the second controller C,

will be designed which could satisfy the region F,. Thus, these two controllers

C, and C, could provide the satisfactory flying and handing qualities over the

entire envelope.

4.1 Flight Envelope Exploration

It is a complicated task to explore the accurate flight envelope accurately,
because sufficient aircraft aerodynamic data and engine performance data
should be provided in detail. Therefore, a simple method is applied for envelope
exploration in order to acquire the operating points and flying qualities
assessment in the following work.

The reference BWB aircraft installs three engines of the RR TRENT 500, static
trust is 287KN each [6]. The engine performance data with respect to Mach
number and altitude is simulated from the MATLAB engine modal established
by Rahman [6] and especially estimated at the high altitude and Mach number
condition. All the relative data and graphs are illustrated in Appendix B.

In Figure 4-1, there are three boundaries of the flight envelope being calculated
[36].

® Right boundary(without structure load limitation)

Right boundary is limited by the maximum speed with respect to engine
performance. The apparent approach used for this boundary is that graphing
cross points of required trust and engine provided trust.

® [Left boundary

In terms of left boundary, it is ensured by the stall airspeed according to the
variation of aircraft altitude.
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® Ceiling
11000m is selected which is referred to the cruise altitude of 10059m [4].

Flight Envelope
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Figure 4-1 BWB Aircraft Flight Envelope

In order to assess the flying qualities over the entire flight envelope, a set of trim
points are ensured which can cover the whole flight envelope by interval of
altitude of 500m and airspeed of 20m/s as Figure 4-2 shows. The trimmed and
reduced order linear aircraft dynamics models for the SAS design then can be

derived at the corresponding points.
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Figure 4-2 Operating Points in F
4.2 Flying and Handing Qualities Assessment with C,

Using the damping ratio and CAP criterion mentioned in Section 3.2, the
damping increases from left to right in 7, while the CAP could satisfy the whole
envelope with the level 1 quality in Category C flight phase. The satisfactory
damping area is the hatched area in F; in Figure 4-3. Moreover, the open loop
CAP of A and closed loop CAP of £, and boundary points 4,B,C,D in the
flight envelope as examples are described in the Figure 4-4.
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Figure 4-4 CAP Assessment for the Whole Envelope of C;
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4.3 SAS Control Laws Design C, at the Second Point P,

4.3.1 Controller Gains of C,

For the aim of obtaining the expected response to cover the whole flight

envelope, the second design point £, in Table 3-7 is chosen for SAS design.

Table 3-7 Trim Point P, Condition

Aircraft / Flight .
_ _ Value/Status Units
Configuration
CG Position 30.4 m
Altitude 6000 m
Airspeed 220 m/s
Flight Condition Straight and level flight
Flight Phase Category Category B

The reduced second order system is shown below [6].
o -0.8938 1 o| |—0.1941
= + 0, (4-1)
q -3.623 -0.2827| ¢g —-5.4877

The transfer functions are as follows:

o -0.19075(s+ 27.76)

~ = deg/de
5, (s*+1.156s+3.704) (deg/deg) (4-2)
g -5.2418(s+0.7526)
- = deg/s/de
5, (s® +1.156s+3.704) (deg/s/deg) (4-3)

Using the pole placement method (program in Appendix D.4) on the basis of the
reduced second order system, the anticipation damping ratio and frequency are
selected as 0.8 for cruise and 2.5 to increase CAP respectively.
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(4-2)

CAP
0.30

2.48

Closed loop with feedback
0.79

CAP
0.18

[K, .. K,c]=[-0.03-0.50]

CAP Criteria Requirements - Category B Flight Phase

1.96

K,

Open loop without feedback
0.29

A comparison of the open loop damping ratio and CAP with the closed loop
condition is shown in Table 4-1 and Figure 4-5. The AOA and pitch rate step
Table 4-1 Damping and CAP Comparison with Open Loop and Close Loop

response of reduced order system are illustrated in Figure 4-6.

4.3.2 Flying and Handing Qualities Assessment with C,

Thus, feedback gains are derived as
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Figure 4-6 1° Step Response of Open Loop and Closed Loop

It is clear that the damping and CAP has been improved whilst the response of

aand g are stabilized faster than before.

4.3.3 Check with Full Order System Model

For this case, the closed control matrix and transfer functions for each output

variables (u,a,q,8) with respect to elevator deflection are shown below [6]. The

system dynamic responses are demonstrated in Figure 4-7.

07 [-00019232 -88821 -16752 -9.7613 [u] [-1.9365
Q| |-9247e-005 -083808 099148 -0.0031969 |a| | -0.10419 ws)
g|7| 00011902 -36342 -0.28269 0 g || -5.4877 [
0 0 0 0 0 0 0
a(s) -5.4877(s+0.7617) s+ 0.0009963)
5.(5) (& +0.005647s+0.002254) (& + 39185+ 6.109)  Jeg/s/deq) o
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a(s)  -0.19419(s+28.3) (s° +0.001343s+0.001304)
5.(s) (s> +0.005647s+0.002254) (s> +3.918s + 6.109)

(deg/deg) (4-7)

u(s)  -0.033796 (s- 48.94) (s+1.453) (s+0.2948)

= m/s/de
5.(s) (s® +0.005647s +0.002254) (s? +3.918s + 6.109) ( 9 (4-8)
0) _ -54877(s+0.7617)(+0.0009963) (deg/deg)
0.(s) (s*+0.005647s+0.002254)(s* +3.918s+ 6.109) (4-9)
Pitch rate response
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Figure 4-7 1° Step Response of Augmented System

According to the above transfer functions, at this condition, the damping ratio
and natural frequency of the SPO mode are §, =0.79 and w,, = 2.47rad [ s, while
for phugoid, these parameters are 6, =0.06 and w,, =0.047rad /s . All of them

meet the requirements in Section 3.2.
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4.3.4 Wind Disturbance Simulation
In this section, the effect of external atmospheric influence is also to be taken
into account on the aircraft response dynamics with C, employed. The wind

models are the same as both the discrete sharp-edged gust and the time-vary
wind perturbation in Section 3.5. The aircraft responses of both winds are
illustrated in Figure 4-8 and Figure 4-9 respectively.

10
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Time(s)

Figure 4-8 Response of Up-wind Gust

As good performance as the results in Subsection 3.5.3.1, by the aid of SAS C,,
both o and ¢ are recovered within 4s and the phugoid mode is convergent with

a small elevator deflection.
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Figure 4-9 Response of Vertical Turbulence

Due to the continuous turbulence, the responses of aircraft fluctuate within
small amplitudes. Moreover, during the 50s, this system is continuously stable
with no divergence.

4.4 Flying and Handing Qualities Assessment with C,

Following the method in Chapter 4.2, the satisfactory damping region is the
dashed area F, in Figure 4-10. It is the same as the controller C, that the CAP
could satisfy the whole envelope with the level 1 quality in Category B flight
phase. The open loop CAP of P, and closed loop CAP of P, and boundary

points 4, B,C,D in the flight envelope as examples are described in the Figure
4-11.

54



flight envelope

0.7

Airspeed(m/s, TAS)

©
IS
o
2
<
@
j=2}
£
5 - N
&
8 €
*
I I
I I I
I I I
” ” T H
I I I I I
I I I I I
I I I I I
I I I I I
1 1 1 1 1
o =) o o o o
S] S] S S S] S]
S =] S S =] S
I S @ © ¥ «
- —

(Wspniyy

Figure 4-10 Damping Assessment for the Whole Envelope of C,

-====lewel 2-CatB []

Level 1-Cat B []

CAP Criteria Requirements - Category B Flight Phase

[ —

(93s/peys) Aousnbaly pouad Loys

No(U/rad)
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4.5 Summary

In Chapter 3 and Chapter 4, two linear controllers have been developed at each
design point. Then these are assessed over the set of operating points in the
explored entire envelope F by the certain damping range and the level 1 CAP

flying and handing qualities in MIL-F-8785C specifications.

The whole envelope F has been divided into two subsets F,(C,) and F,(C,)

with overlapped area F,,(light blue area) in Figure 4-12. Hence, the linear SAS

controllers could satisfy the entire envelope. Consequently, the gain scheduling

will be applied to smoothly transfer gains from C, to C, in the following chapter.
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Figure 4-12 Damping Assessment for the Whole Envelope of C; and C,
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5 GAIN SCHEDULING

In the previous chapters, the SAS control laws have been designed at two
operating design points which can provide satisfactory flying and handing
qualities in both regions F (C,) and F,(C,). Consequently, in this chapter, a
gain scheduling technique is used to vary the gains according to suitable
variables, which aims to obtain the satisfactory flying and handing qualities at

each operation condition in £ .

Initially, the scheduling variables selection is a significant aspect to be
accomplished which determines the change of gains and performance of

aircraft. In the first section, the selection of the variable dynamic pressure (Q)

will be discussed. On the basis of this variable being determined, the gain

schedule could be developed according to the variation of Q. Finally, three

operating points are chosen to be validated in the interpolation area and the

satisfactory results will be obtained in the last section.

5.1 Scheduling Variables Selection

In terms of the gain scheduling design process, the first step is to select the
scheduling variable parameters. On one hand, these variables can determine
the operating area which the system is currently in; on the other hand, they are
able to determine the appropriate linear controller. A simply qualitative principle
was proved that the scheduling variables should be slowly changing and
governing the nonlinearities of system [37]. To apply gain scheduling method
into flight control system, there are several common scheduling variables that
could be chosen, such as airspeed, Mach number, dynamic pressure, altitude,

angle of attack or their various combinations.

In aerospace engineering, it is well-known that many airplanes, like the F-16
fighting Falcon, are nonlinear dynamical systems, but they could be well
approximated as a LTI system at a constant altitude. Hence, by viewing the

aircraft as a collection of LTI behaviours corresponding to different altitude
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levels and using the altitude variable as a scheduling, an approximation of the

global controller can be obtained [38].

In many situations, it is known how the aircraft dynamics change with its
operating point. It might be possible to model the system in such a way that the

operating point is parameterized by one or more scheduling variables [39].

In this study, it is found that the damping ratios in whole flight envelope, the

significant dynamic response parameter of the SPO mode, are approximated as

. 1
equal at a constant dynamic pressure Q (QZEWZ , NIm?, represents the

altitude and airspeed) and CG position over the whole flight envelope. Moreover,

the damping varies monotonously with Q variation as well. Thus, gain

coefficients of controllers would be programmed as a function of dynamic

pressure and performed using Q as the sole scheduling input for the SAS

design [26].

5.2 SAS Gain Scheduling Scheme

In order to smooth controller gains from one controller to the other, a strategy of
gain scheduling is needed to be designed. The gains of linear controllers in

each condition in F could be described as follows:
K, =[K, in ] (5-1)
For controller C;andC,, the gains are as shown in Table 5-1.

Table 5-1 Condition of C; and C,

Altitude Airspeed Dynamic pressure
Ki
(m) (m/s, TAS) (10° N/m?)
C, K., =[-055 -1.4]] 1500 100 5.30
C, K., =[-0.03 -0.50] 6000 220 1.60
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Initially, the satisfactory region of the controllers in the flight envelope should be

divided by the variable of Qat P, and P,in Figure 5-1.
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Figure 5-1 Definition of F,,F,, and F},

The relationship between the new regions of F,,, F,, F,, and previous regions of

F, ,F, ,F,, could be described as follows:

O(F)<0O(K,) » Fuch (5-2)
Q(FKl) < Q(Fki) < Q(Kcz) J F1,2 C Fy (5-3)
O(F,)20(K,,) . F,cF, (5-4)
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Thus, the gain schedule could be developed by the linear fitted curve in F,, and

kept constant at F,, and F,, respectively as equation (5-5) and (5-6). The

scheduling scheme is shown in Figure 5-2.

ai

qi

e (Quirearn < O(K 1))

by * Quirerant =K 1)) =055 (O(K 1) < Qiearsr < QK )
K, (Quirears > O(K2))

K, a (Quireran < QK )

bq * (Qaircraft - Q(KC1)) -141 (Q(KC1) < Qaircmﬁ < Q(Kcz))
Kq_CZ (Qaircmft > Q(Ka))

where: b, =4.86x10°,b, =850x107°,0,, = 0.53x10*,0,, =1.6x10".

Ki

Gain Schedule

Qdp(NIM"2)

x 10

Figure 5-2 SAS Gain Scheduling Scheme
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5.3 Flying and Handing Qualities Assessment in F,

It is necessary to evaluate the scheduled gains influence on the flying and

handing qualities in interpolation region F, . Three operation points in F,, are

selected at different dynamic pressure in Figure 5-3 and described in Table 5-2.
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Figure 5-3 Assessment points in F,
Table 5-2 Description of Assessment points in F),
Airspeed Eynamlc
Altitude(m) ressure K,(P) K, (P)
(m/s, TAS) (10*, N/M?)
P, 2000 120 0.73 -0.45 -1.24
P, 6000 180 1.07 -0.29 -0.95
Py 10000 260 1.40 -0.13 -0.67
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Consequently, the aircraft augmented by K,(F) and K (P,) will be assessed

with flying and handing quality constraints in Section 3.2. In addition, the
comparison of damping and CAP between open loop and closed loop for each
point are illustrated in Table 5-3. It is clear that both damping and CAP have
been increased to the ideal value at each assessment point. More specific

process and results are shown in Appendix C.

Table 5-3 Comparison of Damping and CAP

CAP | Open loop without feedback Closed loop with feedback
¢,
¢, @, CAP g, @, CAP
Pli
P, 0.37 1.30 0.19 0.90 2.12 0.51
P, 0.30 1.57 0.18 0.91 2.36 0.42
P, 0.24 1.82 0.18 0.85 2.4 0.32
5.4 Summary

In order to transfer gains smoothly between trim points of £, and ~,, a global

gain schedule has been designed with the scheduling variable of dynamic
pressure. With the flying and handing qualities assessment at three points in the
interpolation area, it is valid that this gain scheduling scheme could provide
suitable gains to the SAS controller with the variation of the flight operating
condition. Therefore, the inner loop SAS control laws design is completed with

satisfactory flying and handing qualities.
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6 EFFECT OF CG POSITION VARIATION

6.1 Introduction

In previous chapters, the SAS controller with automatic gain adjustment in
terms of dynamic pressure has been developed over the whole envelope.
Practically, not only does the aircraft dynamics change according to the altitude
and airspeed (dynamic pressure), but also varies according to the CG variation.

A CG position more aft than in usual concepts is much sought-after by industry
as it could improve the manoeuvrability, reduce trim drag in cruise and give a
greater flexibility with regard to load charge. It also allows for the installation of a
smaller elevator and a smaller horizontal trim plane [40]. But the natural aircraft
with this reduced stability does not necessarily meet the flying and handing
qualities for certification. Hence, the control system has to be developed which
not only satisfies the handing qualities requirements over the flight envelope,

but also is robust to mass and CG position variation.

Taking the F-16 for example, high manoeuvrability is provided by allowing
the CG to move from the stable CG region to the unstable but relaxed static
stable CG region. However, this aircraft can not fly unless the control
augmentation system is used. The control system could improve the dynamic
characteristics of the F-16. Therefore, it would remain stable, even though CG

lies on the unstable region [41].

For the present civil aircraft, due to the variable weight of aircraft such as fuel,
luggage, passengers, CG position will not stay the same all the time. In order to
grantee the aircraft safety, the static margin is designed stable enough with the
minimum static margin as 10% [42]. Therefore, for the natural static stable
aircrafts, the controller could be designed compromising the forward with

backwards CG position.

However, for the tailless configuration aircraft, it is hard to arrange a static
margin to be the same as a conventional aircraft. The reference BWB aircraft is
very sensitive to CG displacement. It affects trimming the aircraft as well as

controlling it. Its static margin changes from 18.1%¢ to-22.5%c (Table 6-1) with
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the CG moving back. During the cruise phase, the margin is only 1.9%c (Table

6-2). Thus, the influence of CG position variation must be considered for flight

control system design to prevent or at least minimize unstable motions [4].

Table 6-1 Static Margin with CG Variation

CG
o 294 30.4 314 324 334 34.4
Position(m)
C., 5.4868 5.4868 5.4868 5.4868 5.4868 5.4868
C.. -0.9950 | -0.5493 | -0.1036 0.3422 0.7879 1.2336
Cma = = = = = =
K, = “C 18.1%c 10%c 1.9%c -6.2%c | -14.4%c | -22.5%c
Table 6-2 Control Fixed Static Margin
X X
h, == heg = —=" K, =hy=heg
C C
Cruise Phase 1.188 1.169 1.9%
Approach Phase 1.1598 1.1448 1.5%

6.2 Poles of SPO with CG Position Variation

The developed SAS in the previous chapters aims to provide satisfactory

damping and natural frequency for the SPO mode. The phugoid mode is largely

unaffected by SAS feedbacks, hence, in this section, only the short period mode

poles are discussed as a function of CG position.

The open loop poles of SPO with the CG position variation from 29.4m to 34.4m

are displayed in Figure 6-1 and 6-2 for equilibrium points £ (100m/s, 1500m)
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and P, (220m/s, 6000m) respectively. Both figures illustrate that for CG position
between 29.4m and 31.4m, the SPO poles are complex-conjugate with damping
ration ¢ > 0.3 without the SAS controller engaged in. The SPO then becomes

aperiodic and include unstable poles when the CG positions more aft than
31.4m.

Root Locus
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Figure 6-1 Open Loop Poles of SPO with CG Variation at P,

65



Root Locus
3 ~—> T T = T

~0.81 4 0.7. . 056 038 ~ 02
s : - 4Ce=294m
20089 /L 0 el W |
3 S o0 N Cg=30.4m
/ ! Vv . -
095 ’ . DN |

- P 2
" Cg=32.4m Cg=33.4m Cg=34.4m

Imaginary Axis
o
T
- AAwA S
5
N
13
o
=

N N N RN /
PN N s N / ~ /
081 07° 056 038 _ 02

Real Axis

Figure 6-2 Open Loop Poles of SPO with CG Variation at P,

Compared with the open loop poles of SPO, Figure 6-3 and Figure 6-4 presents

the movement trend of the closed loop poles.

In terms of the SAS controller C, at operating point £, (taking-off and landing
phase), the damping ratio has been increased from 0.85 to 0.95 before the CG
position at 31.4m, whereas the unstable poles exist at the CG more aft 33.4m.
At the stable CG range, it complies with the FAR requirement that the SPO of

the aircraft during take-off and landing has to be “heavily damped” [43].
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Figure 6-3 Closed Loop Poles of SPO with CG Variation at P,

Meanwhile, the SAS controller C, at operating point P, (cruise phase),

damping ration is also improved from 0.7 to 0.95 as CG moves before 31.4m.

When the CG lies more aft 32.4m, the SPO enters to the unstable motion.
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Figure 6-4 Closed Loop Poles of SPO with CG Variation at P,

Even though the SAS controllers can not cover the whole range of CG position,
according to the display in Table 6-2, the static margin at approach and cruise
are all positive value. It means that the CG position lies in front of the ac at the
normal flight condition. Hence, the designed SAS is regarded as the reasonable

and satisfactory control system as a function of CG position variation.

6.3 Approaches of Control System Design with CG Variation

The location of CG position affects the stability and control of the aircraft. In
control system design, some approaches could be used to take the influence of

CG position variation into account.

The view of the robust control laws design is to provide a satisfactory
performance on a large range of CG position including the aft positions without

the CG measurement.
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Such as a polytopic design technique [40][44] which has been used by
Feuersanger in these papers for both longitudinal and lateral control laws
design of the future aircraft concept VELA over a wide range of CG positions.
The polytopic technique they used is to synthesize a state feedback controller
satisfying simultaneously for different models modal and 1/O specification (pole

placement in a region of the complex plane, H_and positivity constrains on

transfer functions). The controller is valid for a large range of CG position and
the results is a multi-objective synthesis with guaranteed minimal flying and
handing qualities, minimization of actuator activity and quasi-global-stability in

the presence of saturation on the actuator rate output.

In addition, as well as the study [45] of David, the H_ synthesis is performed to

get a robust controller which satisfies the handing qualities in spite of mass and
CG variation. Moreover, the high order controller will be reduced without losing
performance and then be put in a classical form. This method keeps the
simplicity of classical architectures while using modern technique advantages of

analysis.

Besides, the control system also could be designed utilizing the CG position in-
flight measurement. The reference 46 presents that an attitude control system is
developed to guarantee the consistent performance with varying CG locations
by the in-flight estimation of CG position. A synthesis method based on in-flight
CG position estimation could be used effectively and directly in the attitude
controller design. It could reduce the design complexity and make the process

easy and clear in implementation.

6.4 Summary

The poles movement of SPO induced by varying CG position are analysed. It
could be seen that the stability is reduced with the CG moving back. However,
the most of poles of SPO have been moved to the left of s-plane with the SAS
controller engaged. Actually, it is hard to apply this conventional design

approach for the good performance over the wide CG variation range. Thus,
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some advanced methods to eliminate this CG variation influence for control

system are discussed as well.
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7/ OUTER LOOP CONTROLLER DESIGN

7.1 Introduction

From Chapter 3 to Chapter 5, the inner loop SAS design which is to improve the
short period mode dynamics has been accomplished with the automatic
adjustment of inner loop feedback gains. Consequently, outer feedback control
loop will be closed around the pitch SAS to provide autopilot function. The SAS
are conventionally designed separately for the longitudinal and lateral dynamics.

Thus, autopilots design would be separated into these two for the SAS design.

For longitudinal autopilots, it can be stabilized and controlled including the pitch
attitude, height, Mach number, etc. of an aircraft. In this thesis, both pitch
attitude hold and altitude hold will be implemented on the basis of the reference

BWB aircraft with the designed SAS at the operating point of P, .

Most of the flying quality specifications do not apply directly to autopilot design.
In the case of autopilot modes, the autopilot control system must be designed to
satisfy specifications on steady-state error, with less emphasis on dynamic
response [30]. Hence, both the pitch attitude and height response are analyzed
in time domain with the settling time and steady-state error.

7.2 Pitch Attitude Hold Autopilot

Automatic longitudinal control of an aircraft is implemented by means of pitch
attitude commands. Due to the control of pitch attitude alone is of limited
usefulness, this autopilot is not often required as a stand alone controller [47].
However, other longitudinal autopilots formulate their output in terms of pitch
attitude demand. This autopilot is used in the inner loop of other autopilots, such
as altitude hold and automatic landing. Therefore, the pitch attitude control will

be designed initially in this section.

The basic architecture of a pitch attitude hold control system is shown in Figure

7-1 [47] as the proportional gain K, acting on pitch attitude error. The shaded

area is the SAS control law which has been accomplished above.
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Figure 7-1 Pitch Attitude Hold Autopilot Architecture

The pitch feedback gain is designed using the model defined in Chapter 4.3,
which the inner feedback loop is closed. The transfer function, equation (7-1),
for pitch attitude with respect to elevator deflection at P, is obtained as the
same as equation (4-9). Thus, the root locus plot is constructed and given in

Figure 7-2.

6(s) -5.4877(s+0.7617) (s+ 0.0009963)
5.(s)  (s* +0.005647s+0.002254) (s +3.918s+ 6.100)

(deg/deq) (7-1)
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Figure 7-2 Root Locus Plot Pitch Attitude to Elevator
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The effect of the K, increase improves the frequency and decreases the
damping of short period, whilst the two real poles of phugoid give rise to two
legs. One of them moves to the origin with increasing gain and will introduce an
increasingly sluggish response. Considering the above restrictions, the result
K, with the compromise and iteration is chosen as

K, =-055 (7-2)

The relation between input variables of elevator and pitch attitude control
command is shown in equation (7-3), Thus, the equations of motion of equation
(4-5) and transfer function with respect to pitch attitude control command
become equation (7-4) and (7-5) respectively with SAS and K, engaged [6].

56 :_[O O O KH] +K960 (7‘3)

TR Q<

»] [-0001767 -9.1162 -17.872 -10.846 |[v] [1.0864
¢|_|-000010079 -087916 0.89602 -0.0832 | er| | 01049L|

g|7| 00012112 -36272 -28085 -2883 ||q| | 2883 |° (79
0 0 0 1 0 0 0

6(s) _ - 2.883(s+ 0.7488) (s+0.0007195)
6.(s) (s+0.2775)(s+0.00722)(s +3.495s+ 7.712)

(deg/deq) (7-5)

The uncompensated pitch attitude response to 1° step attitude demand is
shown in Figure 7-3.
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Figure 7-3 Pitch Attitude Response to 1° Step Attitude Demand

The obvious response is the slow fall back to the steady condition of about 10%
of the demand which is caused by the phugoid related terms marked by * in
equation (7-6). The numerator zero (s+0.007195) is the phase advance term
with a very long time constant (an approximate differentiator) which produces
the initial peak. The denominator pole (s+0.0072) is the phase lag term which
produces the long decay. It is clear that the response is unsatisfactory for pitch
attitude hold. Hence, a compensation filter is needed to design in this case.

6(s) - 2.883 (s +0.7488)(s +0.0007195)"
6.(s)  (s+0.2775)(s+0.00722)" (s +3.495s5 +7.712)

(deg/deq) (7-6)

In order to eliminate the unsatisfactory response, the command path filter is

chosen as the lag-lead transfer function in equation (7-7).
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_ (s+0.7488)

F(s)
(s+0.00722)

(7-7)

The compensated response to a 1° step attitude command is shown in Figure

7-4. The settling time is 16s with almost zero steady-state error.

a(deg)

Time(s)

Figure 7-4 Compensated Response to 1° Step Attitude Command

7.3 Altitude Hold Controller Design

Altitude hold is a significant pilot-relief mode which allows an aircraft to be held
at a certain altitude in order to meet aircraft-traffic control requirements [30]. In
this section, the pitch attitude hold pilot and augmented aircraft is used as the
basic block on which the altitude hold auto pilot is designed. The classical

height hold autopilot architecture is shown in Figure 7-5 [47].
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The control law could be written:
6. =(h.—h)K, -hK, . (7-8)
where:
h=-w+V,0=-V,a+V,0 (7-9)

Taking the variables % into account by equation (7-9), the equation (7-4) could

be augmented as the state equation (7-10) shows [6].

v | [-0.001767 -9.1162 -17.872 -10.846 0 |[v ] [ 1.0864 |

¢ | |-0.00010079 -0.87916 0.89602 -0.10832 O ||« | | 0.10491

g |=| 00012112 -3.6272 -2.8985 -2883 0| |q (+| 2883 |6, (7-10)
) 0 0 1 0 0|6 0

Al L O -220 0 220 Of|lh| | O |

7.3.1 Design of the Height Rate Loop Feedback Gain
Solution of equation 7-10 that provides the response transfer function of height

rate response to pitch attitude command:

h(s) - 23(s+ 4.557) (s- 4.514) (s- 0.00116)
6.(s) (s+0.2775)(s+0.007219) (s* + 3.494s+ 7.712)

(m/s/deg) (7-11)
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A root locus plot of the transfer function (7-11) is constructed in Figure 7-6. With

the increase of the K

wio » the damping of the SPO mode is decreased and this

mode becomes unstable at gainK, , =0.045. The phugoid heave mode pole

hdot
moves to the right to become much slower whilst the surge mode becomes
faster. Considering the SPO mode stability, the gain is needed to smaller than
0.045. For phugoid, it is significant to avoid the excessive lag to prevent long

settling times after a disturbance. Hence the suitable gain is chosen as:

Khdnt = 001 (7_12)
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Figure 7-6 Root Locus Altitude to Pitch Attitude Command
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7.3.2 Design of the Height Loop Feedback Gain

With the height rate feedback loop closed, the height loop gain could be
designed. According to Figure 7-5 and equation (7-3), the inner loop control law
could be given in equation (7-13). Thus, the equations of motion of equation (7-

10) may be rewritten in equation (7-14) with respect to height rate command [6].

-

o
6. =-[0 -K, 0 VK, Oq|+h, (7-13)

9
_h_

v] [ -0001767 -9.1063 -17.872 -13013 07[v] [1.0864 ]

&| | -0.00010079 -0.8782 089602 -0.31753 0| |a| | 0.10491

g|=| 00012112 -3601 -28985 -8632L O ||q|+| 2883 |i, (7-14)

0 0 0 1 0 olle 0

i 0 - 220 0 21936 0| | A 0

Solution of equation (7-14) provides the response transfer function of height
response to height rate command as:

h(s) - 23(s+ 4.557) (s- 4.514) (s- 0.00116)
h (s) s(s+0.506) (s+0.002864) (s* +3.27s+12.76)

(m/m/s) (7-15)

A root locus plot of this transfer function (7-15) is illustrated in Figure 7-7.
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From Figure 7-7 it is demonstrated that as height feedback gain is increased the

phugoid becomes unstable at K, =0.0425. By the adjustment of gain, K, is

selected below, whilst the SPO mode has an adequate margin of stability.

K, =0.003

(7-16)

The system response to 200m height command shows in Figure 7-8. It is clear

that the settling time is 17s with almost zero steady-state error.
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Figure 7-8 Aircraft Response to 200m Height Command
7.4 Summary

In order to achieve the command control for the aircraft, outer loop autopilot

both pitch attitude hold and altitude hold are implemented by the
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method. It is found that the designed autopilot control laws could provide a

satisfactory pitch attitude and altitude tracking performance.
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8 CONCLUSION

On the basis of the above chapters, the study methods and results has been
presented. This chapter will summarize this research work and conclude the
main findings. Moreover, it recommends some guidelines for the further study

on this subject.

8.1 Conclusions

This thesis presents the longitudinal control laws design for the reference BWB
aircraft. Not only was the inner SAS controller developed for the whole envelope,
but also the outer autopilot control laws have been implemented. More
specifically, two sets of linear SAS feedback controllers was designed by means
of pole placement method at equilibrium points, and then the resulting family of
linear controllers were implemented as a single controller whose parameters
are changed by monitoring the scheduling variables of dynamic pressure Q.
Based on the existing SAS, both pitch attitude and altitude hold auto pilot
control functions were achieved in order to realize command control

characteristics. The overall conclusions are detailed as follows:

8.1.1 Inner Loop Control Laws Design

The most critical aspect of longitudinal flight control laws design is concerned
with the inner loops which govern the control of essential aircraft stability
characteristics. In this thesis, following procedures have been implemented to

develop the inner loop control laws.
® SAS controller design

The SAS is to endow the aircraft with stability characteristics conductive to
satisfactory flying and handing qualities. According to the damping ratio and
CAP criteria in MIL-F-8785C specifications which restrict the system stability
characteristics, the AOA and pitch rate feedback are engaged in the two sets of
linear SAS feedback controllers by pole placement approach based on the
reduced order linear model. It is valid that the AOA feedback could improve the

frequency of system while the pitch rate feedback is considerably useful for
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increasing damping. Since it is essential to check the system with full order
system, aircraft responses of the long period mode and further the wind

disturbance are verified for the designed controllers.
® Assessment over the whole envelope

In order to make the controller satisfy the flying and handing qualities over the
whole envelop, two controller gains are fixed and assessed in the entire
envelope with the damping ratio and CAP criteria. With the restriction of

damping ration for two controllers, the flight envelope is divided into regions F;
and F, . In both of two areas, the damping and CAP can satisfy the requirements
in  MIL-F-8785C specifications as the corresponding controllers C,
and C,engaged in. Therefore, F; and F, could cover the whole flight envelope

together with the satisfactory flying and handing qualities.

® Gain scheduling

The designed gain schedule is a segmented but continuous function of dynamic
pressure which is selected to schedule these two sets of controller gains. By the
assessment of three trim points in the interpolation region, it is found that this
scheduling scheme provides continuous and automatic gains change with
respect to the scheduling variable. Moreover, the desired flying and handing
qualities and performance are achieved by the augmented aircraft in the flight

envelope assuming certain values of scheduling parameterQ.

® Influence induced by the varying CG position

The varying CG position generates a significant influence to the aircraft stability
characteristics for the reference BWB aircraft. With the CG movement towards
the back, the damping ratio increases (static stable condition) and the poles of
SPO are going to exist in the right part of s-plane gradually. For the SAS
controller in this study, it is difficult to cover the whole CG range by the
traditional design approach. However, it is still satisfactory at the cruise and

approach phase.
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8.1.2 Outer Loop Control Laws Design

Since the flight control law is designed for a specific aircraft application, the
control architecture tends to be unique. However, most of these control systems
have some functional similarity and differ only in detail, which includes
command path, forward path and feedback path. Through the completion of
pitch attitude hole and altitude hold autopilot design, it is found that the effect of
these could be valid and summarised as follows:

® The command path: shape the response with respect to control command
without influencing the closed loop stability.

® The forward path: effect both closed loop stability and provide some control
response shaping simultaneously.

® The feedback path: improve the required closed loop stability characteristics.

Moreover, it is also found that the root locus is helpful and convenient for the
selection of controller gains. The suitable gains could be seen obviously as the
pole and zero of system movement with the varying gains, so that the time of

adjustment of gains will be reduced.

8.1.3 Application to the FW-11

Although the GDP work was concerned with the FW-11 flying wing aircraft, the
work in this thesis has significant relevance to that aircraft. Due to the
similarities discussed in subsection 1.2.2 between two aircraft, the methodology
proposed here should be directly applicable to the design of the longitudinal
SAS and autopilot control of pitch attitude and altitude hold for the FW-11.

8.2 Further Research

The completed work allowed the aims and objectives to be realised. But the
control laws design for the reference BWB aircraft is a multidisciplinary design
problem, which includes aerodynamics, flight dynamics, control theory (linear
and nonlinear), flying and handing qualities assessment, etc. Hence, it is hard
for a researcher to copy with all fields with equal efficacy. In spite of a humble
effort has been made in a limited time frame, following suggestions are

presented with regards to future work on this subject.
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® Aircraft model

In this thesis, it is convenient to simplify the longitudinal movement of aircraft by
the small perturbation equation of motion without actuators and nonlinearities.
But these aspects exist in practical application which would induce the system
lag and nonlinear influence to the response of aircraft. Hence, in order to make
the control system applicable to the realistic aircraft, it is necessary to consider
these effects at least by simulation testing. Nonlinear and high order controllers

design will make the system more complex than before.
® Flying and handing qualities

The damping ratio and CAP criteria are selected as SAS design constraints. It is
suggested to restrict an ideal range of them for the certain aircraft on the basis
of MIL-F-8785C specifications which offer a general range for all the aircrafts.
This research restricts the damping ratio only which represents the dynamic
stability of aircraft. It is deserved to take the CAP value restriction or other
criteria which are suitable for the BWB aircraft control laws design.

® Control allocation

In order to enhance the productivity of control surfaces for the tailless aircratft,
redundant suits of control surfaces would become more common. In this study,
all of the flaps for pitch control are simplified as an elevator. For further work,
some sort of control allocation scheme needs to be developed to decide how to
utilize these control effectors.

® Gain scheduling

Classical gain-scheduling approaches employed to handle the nonlinear
property of the aircraft has been successfully used in this thesis and other
engineering applications. Nevertheless, it may result in some problems, one of
which is that it can not guarantee global robustness and stability in transitions of
different flight conditions. Hence, advanced method of gain scheduling such as

LPV control is a significant field to research for designers.

® Control law design
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Generally, lateral control laws and other autopilot function (speed/mach hold,
heading hold, roll attitude hold, etc.) would be developed in future work.
Furthermore, designing the robust controller is also an interesting aspect to be
researched, which could satisfy the flying and handing qualities over the entire
envelope and whole range of CG variation without gain scheduling. Thus the
flying and qualities degradation induced by the sensor failures of scheduling

variables and influence by CG variation could be avoided.
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APPENDICES
Appendix A GDP work

A.1l Introduction

From April to September, the flying wing civil aircraft (FW-11, 248 seats for all
economic) was designed, which could achieve the range of 7772nm and 16-
hours whole flight time. The layout and geometry data of the FW-11 are as
Figure A-1 and Table A-1 illustrated.
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Figure A-1 Three-View Drawing of FW-11
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Table A-1 Geometry Data of FW-11

Gross area (m?) 647 Taper ratio 0.11
Wing loading Leading edge sweep
272 39
(kg/m?) angle (deg)
) Quarter chord sweep
Aspect ratio 6.33 34.3
angle (deg)
Mean aerodynamic
Root chord (m) 25.2 12.28
chord (m)
Tip chord (m) 2.0 Dihedral angle (deg) 2.0

In terms of design processes, in order to check the validation of the collected
aircraft data, some estimation methods were used initially. Then the
requirement, namely the design diver, was determined according to the market
and strategy analysis. Consequently, a baseline aircraft which is a conventional
configuration for design approaches study and comparison with the fly wing was
obtained. Finally, it was developed that the flying-wing configuration aircraft of
Blue Bird (FW-11). It is not only a quiet, comfortable and eco-friendly airliner,
but also could save 29% fuel consumption than the A330-200 due to the higher
lift drag ratio.

A.2 Specific Work

A.2.1 Stability and Control
Referring to the reference [48], ESDU 70011[49], 76015 [50] and 77012 [51],

the aerodynamic Centre Estimation of the A330, baseline and FW-11 aircraft

are shown as Table A-2.
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Table A-2 Aerodynamic Centre Estimation Results

AC CGrange
A330 61%(ma=0.82) 37%(aft)
Baseline 47.8%c 23.1%¢c ~ 34.3%c
FW-11 38.2%c 30.68%c¢ ~37.09%c

As Table A-3 shows, the FW-11 is static stable but the static margin is not as

large as the conventional configuration aircraft.

Table A-3 Three Axes Static Stability

Stability
Static Margin Roll (CI_p) Yaw (Cn_p)
Aircraft
A330 24%
Baseline 13.5%c¢ ~24.7%c -0.5853 2.029
FW-11 1.11%c¢ ~7.52%¢ -0.072 0.0378

A.2.2 Trim for Control Surfaces Productivity Evaluation

a) Longitudinal Moment Trim

The approach which is used for pitch trimming is presented by Figure A-2 and

equation A-1 [15]. Due to the landing phase and CG forward cases are more
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serious than others, only the condition of CG forward during cruise and landing
phase is taken into account.

My+L,(heg—hy)c—Ll, +7,2z.=0 (A-1)
where:
M ,— Zero-lift moment
L, — Lift of wing-body
L, — Lift of tailplane
[,— Tail arm
7,— Engine thrust
z,— Normal coordinate of engine thrust line

Lift

M _engine

Figure A-2 Trim Moment of FW-11

The trimming results are illustrated by Figure A-3 and Figure A-4 for the
baseline and FW-11 aircraft respectively.
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Figure A-4 Longitudinal Trim (CG forward) for FW-11
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It is found that the conventional aircraft of baseline is capable for trim by
stabilizers. In term of the FW-11, it also has the enough trim capability at cruise
phase, but in landing phase, the elevator trim deflection is needed more due to

the flap extension and downwash influence.
b) Directional Trim [52]

Because of the tailless configuration, the directional trim is necessarily

considered as well.

The split drag rudder productivity is as Figure A-5 shows. In addition, both the
one engine failure and cross-wing landing case are calculated for control

surfaces effectiveness evaluation.

rudder productivity
0.18
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Figure A-5 Split Drag Rudder Productivity

® One engine failure taking-off

The directional moment balance at one engine failure is obtained by equation
(A-2).

(T+D,)-L,=C> -6, -qbs (A-2)
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where: T —One engine thrust

D, —Drag of wind milling
L, —Distance between fuselage axes and engine position

The split drag rudder deflection at one engine failure is demonstrated in Table
A-4.

Table A-4 Rudder Deflection at One Engine Failure Taking Off

Condition1: one engine failure taking off

T (N) CD_engin 5" (deg)
173000 0.0007 7.85
where: C,, ,,..,,—Drag coefficient of wind milling

0, —Split drag rudder deflection
® Cross-wind landing

The directional moment balance at cross-wind landing case is presented in
equation (A-3) and (A-3).

. V'w
_snt ¥ (A-3)
p V
C
5r —_ C’lﬁ ﬂ (A-4)
nd,

where: V' —Velocity of aircraft
V,,—Velocity of Cross-wind
C,;—Yaw moment due to side slide angle

C,; —Yaw moment due to rudder

The split drag rudder deflection at crosswind landing case demonstrates in
Table A-5.
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Table A-5 Rudder Deflection at Cross-Wind Landing

Condition 2:cross wind landing

0, (deg)

10.8

v, (mls)

10.3

V (m/s)

68.54

Moreover, according to the different sideslip angle, the directional trim curve by

split drag rudder is obtained as Figure A-6 shows.
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Figure A-6 Split Drag Rudder Deflection to Sideslip Angle

A.2.3 Drag Estimation

104



The drag feature of the baseline and FW-11 aircraft have been estimated in
cruise for payload range calculation and aerodynamic optimization according to

reference [53].
C,=C,, +KC? (A-5)
Cp= CDf +Cpp +Cppy +Cppp (A'6)

where: C,— Coefficient of drag

C,,— Coefficient of zero-lift drag

K —Drag factor due to lift

C,, —Zero lift incompressible drag coefficient

C,,, —Wave drag duo to the volume of the aircraft
C,,»—Wave drag due to lift coefficient

C,,,—Vortex drag due to lift

drag polar

16

—— Baseline
FW-11

Figure A-7 Drag Polar (Baseline and FW-11)
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Table A-6 Aerodynamic Performance Parameters (Baseline and FW-11)

Baseline FW-11
Cp, 0.0167 0.00848
K 0.0487 0.0535
K o ( Maximum
175 23.471
lift drag ratio)

According to the drag polar in Figure A-7 and aerodynamic performance
parameters in Table A-6, it is found that the flying wing configuration is a more
aerodynamic efficient (higher lift and lower drag) concept compared with the
conventional aircraft.
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Appendix B Flight Envelope Exploration and Calculation

Table B-1 Thrust of Three RR TRENT 500 (N)

Mach
Altitude 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
(m)
0 738735.5 | 654620.1 | 585686.4 | 530123.3 | 483306.9 | 446046.4 | 418727.2
2000 727715.4 | 653772.4 | 591581.8 | 541104.9 | 499760 |469396.8 | 445121.7 | 424969.4 | 407437.4
4000 690108.1 | 625913.8 | 580869.9 | 542915.9 | 509585.7 | 484000.5 | 463154.6 | 445661.1 | 428707
6000 561532.2 | 527128.6 | 497948.9 | 469616.9 | 448699.5 | 432554.6 | 418603.3 | 408439.1 | 405268.5
8000 446216.7 | 420103.1 | 397936.2 | 381472.1 | 369133.6 | 358919.8 | 351290.5 | 343820.8 | 341162.1
10000 319622.5 | 306604.2 | 298413.4 | 292738.2 | 290396.1 | 288777.7 | 287142.9 | 287118.1 | 288172.2
12000 250719.2 | 249822 | 247658.2 | 250230.4 | 250787.5 | 257897.2
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Table B-2 Required Thrust

Airspeed (m/s)
55.6 111 166.7 222.2 281
Altitude (m)

0 27735.46 110543.1 249320 442969.6 707424.4
2000 22777.04 90780.74 204747.7 363777.5 580954.3
4000 18545.4 73915.01 166708.6 296193 473021.5
6000 14936.4 59530.87 134266.4 249520.7 416001.4
8000 11891.16 47393.68 106892.1 211745.9 373020.9
10000 9344.021 37241.76 83995.39 171535.1 320512.6
12000 7036.883 28046.37 63256.04 144683 282635.2
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Figure B-1 Graphing of Maximum Airspeed Seeking

109




Appendix C Assessment Results at Three Points in F,

The previous assessment methods are used continuously so that only results

are presented in following section.

C.1.1 Assessment Results at P,

Assess P, (120m/s, 2000m) with controller gains K (P,,) =[-0.45-1.24] and the

augmented state equation and transfer functions of each variable (u,a,q,6)

with respect to elevator deflection as equation (C-1) to (C-5) show [6].

p 00020671 -1213 -21.333 -9.688 |u [-24238

G| | 00004539 -0.78631 079499 -0.01248| cr| | -0.15499

g|7| 00019306 -25351 -30797 0 |q|'|-23033 [ (G
6

0 0 1 0 0 0
q(s) _ - 2.3033s(s5+ 0.6246) (s- 0.00888) (deg/s/deg)
8.(s) (s*+0.003201s+ 0.005764)(s* + 3.861s+ 4.447) (C-2)
o(s) _ -0.15499 (s+14.89) (s* - 0.002329s+ 0.005646) (deg/deq)
5.(s) (s*+0.003201s+ 0.005764) (s* + 3.861s+ 4.447) (C-3)
u(s) _ -0.042301(s-18.73) (s+1.33) (s+ 0.2229) (m/sideg)
8.(s) (s*+0.003201s+ 0.005764) (s* + 3.861s+ 4.447) (C-4)
0(s) _ - 2.3033(s+ 0.6246) (s- 0.00888) (deg/deq)
5.(s) (s*+0.003201s+ 0.005764)(s* + 3.861s+ 4.447) (C-5)

An improvement of the damping and CAP are demonstrated in Table C-1.
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Table C-1 Damping and CAP Comparison with Open Loop and Close Loop

Open loop without feedback Closed loop with feedback

¢ @, CAP ¢, @, CAP

0.37 1.30 0.19 0.90 2.12 0.51

The damping and CAP in Phugoid mode areé, =0.02 and w,, = 0.07 rad/s.

From the Figure C-1 to C-5, the short period response, full order system

response, CAP and wind disturbance response will be illustrated.

AOA step response
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o
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8 N T f
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S
: pitch rate
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Figure C-1 Short Period Response on Reduced Second Order System
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Figure C-5 Response of Wind Turbulence
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the augmented state equation and transfer functions of each variable
(u,,q,0) with respect to elevator deflection as equation (C-6) to (C-10) show

Assess P, (180m/s, 6000m) with controller gains K(P,,)

C.1.2 Assessment Results at

[6].



i -0.00023841 -10.913 -21.243 -9.7336 |u] [-2.2445
@| | -0.00018174 -0.76398 0.84271 -0.0057683 cr ,| -0.15649
g|7| 00013692 -33281 -35607 O g7 -3500 [ (C6)
0 0 0 1 0 0 0
q(s) _ -3.509s(s+0.619) (s- 0.002337) (deg/sldeq)
5.(s) (s*+0.00426s+0.002889)(s* +4.321s+5.532) (C-7)
a(s) _ -0.15649 (s+22.45) (s* - 0.0001522s+0.002354) (deg/deq)
5.(s) (s? +0.00426s+0.002889) (s> +4.321s+5.532) (C-8)
u(s) _  -0.03917(s-31.17) (s+1.294) (s+0.2302) (m/sideq)
8.(s) (s® +0.00426s+0.002889) (s* +4.321s+5.532) (C-9)
6(s) _ -3.509 (s+0.619) (s- 0.002337) (deg/deq)
J.(s) (s*+0.00426s+0.002889)(s’ +4.321s+5.532) (C-10)

An improvement of the damping and CAP are demonstrated in Table C-2.

Table C-2 Damping and CAP Comparison with Open Loop and Close Loop

Open loop without feedback Closed loop with feedback

¢, a, CAP ¢, a, CAP

0.30 1.57 0.18 0.91 2.36 0.42

The damping and CAP in Phugoid mode ared, =0.04 and w,, = 0.054rad/s.

From the Figure C-6 to C-10, the short period response, full order system

response, CAP and wind disturbance response will be illustrated.
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C.1.3 Assessment Results at P,

Assess P, (260m/s, 10000m) with K(P,;) =[-0.13-0.67] and the augmented

state equation and transfer functions with respect to u,«,q,6 as equation (C-

11) to (C-15) show [6].

0] [ -000023841 -10913 -21.243 -97336 Ju] [ -2.2445

&| | -000018174 -0.76398 0.84271 -0.0057683| or| | -0.15649

g|7| 00013692 -33281 -35607 O o |T| -3500 [ (C11)
0 0 0 1 0 0 0
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q(s) - 4.7871s(s+ 0.5795) (s + 0.0001104)

(deg/s/deq)

5.(s) (s? +0.004596s+0.001654) (s> +4.113s+5.777) (C-12)
o(s) _ -0.14747 (s+32.49) (s> + 0.0007471s+ 0.001036) (deg/deq)
8.(s)  (s®+0.004596s+ 0.001654) (s + 4.113s+5.777) (C-13)
u(s) _ -0.035657 (s-51.23) (s+1.158) (s+0.2214) (m/sideq)
8.(s) (s* +0.004596s+ 0.001654) (s* +4.113s+5.777) (C-14)
6(s) _ - 4.7871(s+ 0.5795) (s+ 0.0001104) (deg/deq)
8.(s) (s* +0.004596s+0.001654)(s* + 4.113s+5.777) (C-15)

An improvement of the damping and CAP are demonstrated in Table C-3.

Table C-3 Damping and CAP Comparison with Open Loop and Close Loop

Open loop without feedback Closed loop with feedback

g, a, CAP g, @, CAP

0.24 1.82 0.18 0.85 2.4 0.32

The damping and CAP in Phugoid mode are ¢, =0.057 and ,, = 0.04rad/s.

From the Figure C-11 to C-15, the short period response, full order system

response, CAP and wind disturbance response will be illustrated.
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Figure C-11 Short Period Response on Reduced Second Order System
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Figure C-12 Output Variables Response for 1° Step Elevator Command
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CAP Criteria Requirements - Category B Flight Phase
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Figure C-13 CAP of P, in Category B
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Figure C-14 Response of Up-wind Gust
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Figure C-15 Response of Wind Turbulence
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Appendix D MATLAB Program

Al=[Zw 1; Mw * (Zg+U1) Mq];

Bl=[Zde/U1 ; Mde];

Cl=eye(2);

D1=[0 ;0];

[b,a]=ss2tf(A1,B1,C1,D1);

h1=tf(b(1,:),a);

zpk(hl);

h2=tf(b(2,:),a);

zpk(h2);

% calculate the new matrix after increasing the alpha and pitch rate feedback
K_alf=-0.55;

K _g=-1.41,

A_new=A1-B1*[K_alf K_q[];

all=A new(l1,1);

al2=A_new(1,2);

a21=A _new(2,1);

a22=A_new(2,2);
[bl,al]=ss2tf(A_new,B1,C1,D1);

hl new=tf(b1(1,:),al);%alpha to elevator
zpk(h1l_new);

h2_new=tf(b1(2,:),al);%pitch rate to elevator
zpk(h2_new);

%calculate the frequency , damping and CAP
Wn=(all*a22-a12*a21)"0.5
Dsp=-(all+a22)/2/Wn

CAP2 =Wn"2/Nalf
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Az =[A_lon(1,1), A _lon(1,2)*U1, A lon(1,3), A _lon(1,4);
A _lon(2,1)/U1, A lon(2,2), A _lon(2,3)/Ul, A lon(2,4)/U1,
A lon(3,1), A _lon(3,2)*Ul, A lon(3,3), A lon(3,4);
A_lon(4,1:4)];

Bz=[B_lon(1,1);B lon(2,1)/U1;B_lon(3,1);B_lon(4,1)];

Cz=[1000,0100,0010;0001];

Dz=[0;0;0;0];

K_alfz=-0.13; % gain of alpha feedback

K_gz=-0.67; % gain of pitch feedback

Kz=[0 K_alfz K_qgz 0];

Az_new=Az-Bz*Kz,

[numz_new,denz_new]=ss2tf(Az_new,Bz,Cz,Dz);

%pitch rate to elevator

g2dez_new=tf(numz_new(3,:),denz_new);

zpk(g2dez_new)

figure(1)

subplot(4,1,1)

step(g2dez_new,[0:0.01:12])

title('Pitch rate response’)

%alpha to elevator

alpha2dez_new=tf(numz_new(2,:),denz_new);

zpk(alpha2dez_new)

figure(1)

subplot(4,1,2)

step(alpha2dez_new,[0:0.01:12])

title("AOA response’)

% v to elevator

v2dez_new=tf(humz_new(1,:),denz_new);

zpk(v2dez_new)
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figure(1)

subplot(4,1,3)

step(v2dez_new,[0:0.01:200])

title("Airspeed response’)

%theta to elevator
theta2dez_new=tf(numz_new(4,:),denz_new);
zpk(theta2dez_new)

figure(1)

subplot(4,1,4)
step(theta2dez_new,[0:0.01:200])

title('Attitude response’)

A =[A lon(1,1), A _lon(1,2), A lon(1,3), A_lon(1,4);
A_lon(2,1), A _lon(2,2), A lon(2,3), A_lon(2,4);
A _lon(3,1), A lon(3,2), A lon(3,3), A _lon(3,4);
A_lon(4,1:4)];

Cl_alpha=5.382;

B=[B_lon(1,1);B_lon(2,1);B_lon(3,1);B_lon(4,1)];

B_wind=[0 ;Cl_alpha*Ul*rho*S/2/m;Cl_alpha*(31.6-30.4)*rho*U1*S*c/2/lyyb;
0] ;

B1=[0 B_lon(1,1);
Cl_alpha*U1*rho*S/2/m B_lon(2,1);
Cl_alpha*(31.6-30.4)*rho*U1*S*c/2/lyyb B_lon(3,1);
0 B _lon(4,1)];

C=[1000;0100;0010;000 1J;

D1=[00;0 0;00;007;

D=[0;0;0;0];
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% Get out the coefficient with variables from the polynomial

function coef=ssym2poly(f,var)

%Get the f coefficient of var, the result is evaluated to coef

%f can be the polynomial with multi-variable

%var is the fixed variable, X

%Use function poly_degree() to acquire the highest power

if nargin==1, var=sym('x’); end

degree=poly_degree(f,var); temp_f=f;

coef(degree+1)=subs(temp_f,var,0);

for n=1:degree
temp_f=simple((temp_f-coef(degree+2-n))/var);
coef(degree+1-n)=subs(temp_f,var,0);

end

function degree=poly_degree(f,var)
%feedback the highest power of var in f,evaluate it to degree
if nargin==1

var=sym('x");

end

temp=f;

n=0;

while 1

if diff(temp,var)==0

break

end

n=n+1,

temp=diff(temp,var);

end
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degree=n;

syms K K1 K2 S ds ws d1 d2 Kalf Kq

%input the equivalent second modal
A=input('system equivalent second modal A metrix’);
B=input('system equivalent second modal B metrix’);
% feedback gains

K=[K1 K2];

1=[1 0;0 1J;

%characteristic equation after feedback
E=S*I-A-B*K;

%acquire the eigenvalue

h=det(E);

delta_s_aug=vpa(ssym2poly(h,S))

%input the expect damping ratio and frequency

ds =input('expect damping ratio =");

ws =input('expect nature frequency =');

%construct the equation of K1 and K2
dl=vpa(delta_s aug(1,2)-2*ds*ws)
d2=vpa(delta_s_aug(1,3)- ws"2)

%solve the K1 and K2

k=solve('0.17658*K1 + 3.9966*K2 - 2.15525''4.037284032*K1
3.1548405546*K2 - 3.24724376''K1','K2)):;

Kalf=k.K1

Ko=k.K2
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