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Abstract

This thesis presents a multi-objective evolutionary algorithm design of a longitudinal
optimal controller for a large flexible transport aircraft. The algorithm uses a mixed
optimization approach based on a combination of Linear Quadratic Regulator(LQR)
control and a Multi-Objective Genetic Algorithm (MOGA) to search over a set of
possible weighting function structures and parameter values in order to satisfy a
number of conflicting design criteria. The proposed approach offers a number of
potential optimal solutions lying on or near the Pareto optimal front of competing

objectives. The approach is explained in this thesis and some results are presented.
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Chapter 1

Introduction

1.1 Motivation

Increasing demand for efficiency in the civil aerospace sector has resulted in manu-
facturers producing highly optimised aircraft with numerous features to reduce the
airframe weight. The use of modern materials along with optimised structural de-
signs has helped achieve incremental improvements in performance, but resulted in
wings with increasing aspect ratios. This increase in the slenderness of wings has
emphasised the importance of aeroservoelasticity where the interactions between the
structures, aerodynamics and flight control cannot be neglected. Consequently, it is
now critical that the flight control system not only provides good handling qualities
but also ensures the aeroelastic effects do not have a negative impact on the overall
aircraft flight dynamics and passenger comfort. Therefore, a multi-objective flight
control system design problem for the flexible aircraft arises.

Multi-objective optimal control problems have been studied in detail in the con-
trol community ([Zadeh| 1963, Lin, 1976, |Giesy, [1978| Tabak et al., [1979] and a
review [Ng| [1989]). Normally some of these objectives are conflict (e.g. overshoot
and rise time) and constrained (e.g. satisfied region for specific handling quality cri-

terion). Therefore, a trade-off relationship exists, there is no single optimal solution
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exists, rather a set of them known as Pareto optimal set. Therefore, suitable multi-
objective searching method that is able to obtain a rich set of optimal solutions
should be used in this study.

For multi-objective control problem, it is normal to translate different specifica-
tions and constraints of a different nature into a unique performance measure (e.g.
H,, H,) for measurement accuracy and computational ease. However, for flight
control systems the handling quality is an important specification which is not easy
to convert into a mathematical norm. Therefore, some time domain specification-
s should be included. To select a suitable handling quality criterion and measure
the indices accurately in a computationally easy way is one of the most important
objectives of this study.

To obtain the optimal controller, it is not enough just to use a multi-objective
searching method (e.g. MOGA). Analytical optimal control method also should
be used. A Combination of these two methods is called a ‘Mixed Optimisation’
approach. Selecting suitable methods of the study is another objective.

Normally, a good controller for the linear model will work well for the correspond-
ing non-linear model under specific condition (e.g. flight condition for aircraft). But
for a complex system, it is not safe to guarantee that. It is also important to
investigate the relationship between the linear model and the non-linear model.

To address these problem, the aim and objectives of this study are listed next.

1.2 Aim and Objectives

The aim of this research is to develop an optimal flight control system for a flexible
large aircraft and meet different design specifications simultaneously.

The objectives of this research are as follows:

a) Select suitable design specifications and translate them into appropriate math-

ematical expressions.
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b) Select a suitable multi-objective optimisation method and analytical optimal

controller design method.

c¢) Evaluate the performance of the designed controller in simulation using a non-
linear model and and analyse the relationship between control gains and per-

formance indices.

1.3 Outline of the Thesis

In summary, the thesis describes the development of multi-objective longitudinal
flight control system (FCS) using a suitable multi-objective optimisation and optimal
controller design method. The non-linear model test of the designed controller is
also presented in this thesis.

Chapter [2] presents the literature review of this research. It includes the back-
ground of the model that is used in this research, the design specifications that
the controller should meet, a review of multi-objective optimisation methods and a
review of analytical optimal controller design methods.

Chapter (3| presents the details of the model. It includes the background of the
non-linear model and the linearisation and decoupling process used in this study.
Some assumptions and simplifications are also explained.

Chapter {| describes the process of the optimal controller design. The controller
structure, the objective functions and the non-linear constraints are also defined
with mathematical expression in this chapter.

Chapter [5] is the results analysis chapter, which includes the linear and non-
linear model test results of the designed controller and the analysis. The relationship
between different objectives, gains and objectives and different solutions is analysed.
A results comparison between the linear and non-linear models is also included.

Chapter [6] summarises the findings, concluding remarks and recommendations

for future work.
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1.4 Contributions

e The MOGA and LQR mixed optimization method, which is originally pro-
posed by [Baras et al.| [1984] and developed by |Liu et al. [2002] is proposed
to design the longitudinal optimal flight control system along with the RCAH

(Rate Command Attitude Hold) controller structure.

e Translated handling qualities in the form of Gibson drop back criteria as well
as passengers comfort and control effort performance indices are proposed in

computationally tractable forms.

e An analysis of the relationships between different objectives is provided. The
relationship between different gains and objectives are also presented along
with a comparison of the linear model results and non-linear model results of

the same optimal solutions.

1.5 Dissemination of Results

Conference Paper

S. Song, J.F. Whidborne, M.M. Lone, A. Molina-Cristobal Multi-objective Optimal
Longitudinal Flight Control System Design for a Large Flexible Transport Aircraft,
2018 UKACC 12th International Conference on Control (CONTROL), Year: 2018,
Pages: 81 - 86, Adress: Sheffield, U.K.

Abstract: This paper presents a multi-objective evolutionary algorithm design of
a longitudinal optimal controller for a large flexible transport aircraft. The algorithm
uses a mized optimization approach based on a combination of Linear Quadratic
Regulator(LQR) control and a Multi-Objective Genetic Algorithm (MOGA) to search
over a set of possible weighting function structures and parameter values in order
to satisfy a number of conflicting design criteria. The proposed approach offers a

number of potential optimal solutions lying on or near the Pareto optimal front of
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competing objectives. The approach is explained in this paper and some results are

presented.

Journal Paper

S. Song, J.F. Whidborne, M.M. Lone, A. Molina-Cristobal Longitudinal Flight Con-
trol System Design for a Large Flexible Transport Aircraft using Mized Optimization

(in preparation for submission to the Chinese Journal of Aeronautics)



Chapter 2

Literature Review

This study will focus on using the multi-objective optimal design for the longitudinal
FCS design for large flexible aircraft. The literature review consists of four parts.

The review about modelling flexible aircraft comes first because the model will
be the foundation of the rest of work. The modelling methods of previous flexible
aircraft control law design works are reviewed. It also includes a review of flexible
aircraft models that are used in this study. A brief introduction of the model used
in this study is given and the reason is also explained.

After the modelling, the review of design specifications shows the possible criteria
that could be used during the controller design process. The definition and the
reason that why the chosen criteria are suitable for this study are also given.

The third and fourth parts are the reviews about optimisation methods, which
includes both multi-objective optimisation methods and the mixed optimisation
problem. The advantages and disadvantages of different methods are also listed.

The reason for using MOGA and LQR in this project is also explained.

2.1 Aircraft Modelling

The flexible aircraft model is a foundation work of this study. Compared with rigid

body aircraft models, a flexible aircraft model includes the coupling between aero-
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dynamics, structural dynamics and inertial dynamics. Figure [2.1] shows Collar’s
Triangle, a well-known representation of the relationships among aerodynamics, e-
lastic forces, inertial forces and control forces [Wright and Cooper} 2007]. Because
of the coupling between these forces, the models have increased complexity which

will be significant in the flight control design process.

Aerodynamic Forces

@ Elastic Forces

@ Inertial Forces
@"@ Control Forces

Figure 2.1: Collars Aeroelasticity Triangle [Wright and Cooper;, 2007]

Over the years, there have been many models produced for flexible aircraft, but
few of have been used as a target model for FCS design. Of those, Kubica and
Livet| [1994] and Ferreres and Puyou| [2006] model the flexible aircraft in a simplified
form by neglecting the couplings between the rigid body dynamics and the flexible
dynamics. There also are some works about non-linear modelling of the flexible
aircraft. (Cesnik and Brown| [2002] developed a non-linear, large deformation aeroe-
lastic flexible aircraft model based on the High-Altitude Long-Endurance (HALE)
aircraft. Kier and Looye| [2009] and [Palacios et al.|[2010] [2010] also published their
work about modelling flexible aircraft. These models could be used as target models
in this study, but none of them is a transport aircraft model.

The CA?LM framework has been developed by the Dynamics, Simulation and
Control Group (DSCG) at Cranfield University |[Andrews, 2010, Portapas et al.,
2016, [Dussart et al., 2017]. Considering the fidelity of the model and easy access to
it, in this study, the CA2LM framework is used as the working environment, and the

AX-1 model the design target. The details of this model are presented in Chapter
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Bl
With increased complexity and coupling in the flexible aircraft model, the design
specifications for an unaugmented aircraft are hard to meet. Thus an integral flight

control system (FCS) that can meet the specifications is required.

2.2 Design Specifications

For large commercial aircraft, there is a set of design specifications that need to be
met simultaneously. Good handling qualities will let the pilot fly this aircraft easier,
less control effort during wind disturbance for the controller will extend the lifetime
of the hardware of FCS, and most importantly, good comfort will be experienced
by the passengers. Because the design target is a commercial transport aircraft,
an ability to perform complex manoeuvres is not necessary, the longitudinal per-
formance is more important. Thus this work is focused on designing a longitudinal

FCS for AX-1 flexible aircraft.

2.2.1 Longitudinal Handling Qualities

From |Cooper and Harper Jr.| [1969], the definition of handling quality is “those
qualities or characteristics of an aircraft that govern the ease and precision with
which a pilot is able to perform the tasks required in support of an aircraft role.”
There are a number of specifications that are used to measure the longitudinal
handling qualities. Of these criteria, there are four are widely used, the two that
focus on time domain response are the C* Criterion and the Gibson Dropback
Criterion, the frequency domain criteria are Bandwidth & Phase-delay Criterion

and the CAP Criterion. Some details about these criteria are given below.
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Bandwidth & Phase-delay Criterion

This criterion considers the bandwidth frequency (wpw) and phase delay (7,) of
the pitch attitude response to a pilot control input to the aircraft. The wgy is the
highest frequency at which the responses of aircraft pitch attitude to pilot control-
force and control-deflection inputs have both 45 degrees or more of phase margin

and 6 dB or more of gain margin. Figure. shows the definition of wgy,. The

m
©
I=
©
0]
oF
]
j=))
<3}
o
©
w
©
=
o :
S A FRN
=1 o TN
2 |
a0 | . o ER— .%thase A
N N N \IZ
270 ; A
0.1 0.2 03 04 05 060708091 2 3 4 5 6 7 B 910

Frequency o rad/sec

Figure 2.2: Bandwidth Definition [Cookl, 2012]

phase delay 7, is defined as:

_<¢2w180 + 1800)
= 2.1
P (573 X 2&)180) ( )

where wygg is the frequency corresponding to -180 deg phase and ¢s,,,, is the phase
angle at twice that frequency |MIL-STD-1797A} 1997]. The two indices are located
in Figure to determine if the aircraft satisfies the criterion. This criterion can
capture the aircraft capable of operating at a large enough value of bandwidth
will have superior performance when regulating against disturbances. However, the

bandwidth & phase-delay criterion is an evolutionary development of the Neal-Smith
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Figure 2.3: Bandwidth Requirements (Category C) [MIL-STD-1797A| [1997]

criterion, which includes an internal pilot model. Thus, the two indices that are used
in this criterion are based on the transfer function describing pitch attitude response
to pitch stick forces which also includes the pilot’s dynamics. More details about

this criterion can be found in [MIL-STD-1797A|[1997] and |Cook [2012].

C* Criterion

The C* criterion considers a blend of normal load factor at the pilot’s location and
pitch rate as the feedback of the system. Its step response should lie within an

acceptable envelope. The definition of C* is
C* =kn.n,+ kyq (2.2)

where the k,_ and k, are the constant weighting terms that should be selected based
on the flight condition. It has been argued that at high velocities the n, would be
dominant and at slower approach velocities ¢ should dominate, the details can be

found in |Field [1993]. After the selection of k,,, and k,, the step response of C* should
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lie in an acceptable envelope that is developed based on flight mission and flight

condition. An example also can be seen in [Field |[1993]. In conclusion, C* criterion

2.5 T T
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Figure 2.4: C* Time Response Envelopes [Field, |1993]

transfers the normal feedback signal (e.g. pitch rate and normal acceleration) into
the C* signal which is the combination of n, and ¢ and if the normalised step

response lies into the envelope, the longitudinal handling quality is satisfied.

CAP Criterion

The Control Anticipation Parameter (CAP) is another widely used criterion for

longitudinal handling quality. The CAP is defined as,

W
CAP = =% (2.3)

n,/a

where wg, is the short-period frequency, n, is the normal acceleration of the pilot
position and « is the angle of attack. This index gives a good indication about the
pilot’s perception of the pitch and vertical accelerations.

The criteria examine the relationship between CAP and the short-period damp-
ing ratio (zp. Figure shows the requirement of large aircraft in the military
specifications [MIL-STD-1797A,1990]. With CAP on the y-axis and (,, on the x-

axis, locate the corresponding point. If the point is inside the satisfied region that
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Figure 2.5: Short Period Dynamic Requirements of Large Aircraft [MIL-STD-1797A|
1997]

means the aircraft satisfies the criterion.

Gibson Dropback Criterion

The Gibson Dropback Criterion is another criterion that is widely considered. This
criterion focuses on the pitch rate dynamics response and corresponding pitch angle
response under a certain pulse input. Figure[2.6]shows the short period time response
for a typical pulse input [Gibson| [1999]. It introduces the two performance indices of
Gibson DropBack criterion, which are gmax/gss and DB/qg respectively. As shown
in Figure [2.6] gmax is the maximum value of the pitch rate dynamic response under
the pulse input, gy is its steady-state value. The drop back of pitch angle is denoted

by DB in this criterion, which is the difference between the maximum pitch angle
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Figure 2.6: Generic Short Period Pitch Time Response [Gibsonl 1999]

and the steady-state pitch angle. Thus the criterion can measure the longitudinal
tracking performance of the aircraft, which is an important handling quality. The
definition and details of these performance indices are given in Chapter [4]

This criterion is whether these two indices lie in the satisfied region. However,
the original Gibson drop-back criterion is used for military combat aircraft. So the
assessment of the Gibson criterion is unlikely to be satisfied for a large transport
aircraft. Hence the original criterion has been modified. Figure shows the

modified assessment by Mooij| [1985]. Further details of the criterion can be found
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Figure 2.7: Dropback Criterion Assessment [Mooij, (1985

in Moorhouse and Woodcockl [1982].

Criterion Selection

The four criteria stated previously could be used for multi-objective control system
design. However, generally, we do not want too many similar objective functions for
the design because that will increase the complexity of the design process. Hence
we need to establish the most appropriate criterion for the study.

Firstly, the bandwidth & phase-delay criterion includes a pilot dynamics model
in the transfer function, which is not included in this study. So this criterion is not
suitable.

The CAP criterion is not suitable, this is because this criterion is focused on
the frequency domain analyses (ws, and (s,). However, the flexible large aircraft
model is a high order system which including several state variables which represent

the structural deformations. So the analyses in the frequency domain may cause
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the concern about neglecting the aeroservoelastic coupling during the FCS design
process.

For time domain analyses, the C* criterion also has limitations for multi-objective
optimisation approach. It is because that the envelope of acceptable responses is
consist of infinite points in the time series. Thus it is a functional inequality rather

than an algebraic inequality, that is

f(t) < f(t) < Ft) (2.4)

This could be converted to an algebraic inequality, but generally functional inequal-
ities are computationally expensive compared to algebraic inequalities.

Therefore, the Gibson Drop-back criterion is used in this study. It is more
concerned about the signal tracking performance and the stabilised time of the
large commercial aircraft and the performance indices are more easily presented in

time domain analyses.

2.2.2 Comfort

Beside handling qualities, passenger’s comfort is another critical factor in commercial
aircraft design process. It is hard to define the comfort precisely because there are
a lot of contributing elements (sound, temperature, smells, passenger activity, etc.
).

For easy measurement and calculation in this project, the focus is on vibrational
comfort, which is recognized to be preponderant for passenger comfort. The passen-
ger comfort standard is defined by the ISO 2631-1 standard “Mechanical vibration
and shock - Evaluation of human exposure to whole-body vibration.” The standard

proposes to compute a motion sickness index representative of the Percentage of 111
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Passengers (PIP) [ISO2631-1, |1997]

1/2

PIP = % { /0 T(%Z(t))dt} (2.5)

where a,, is the measurement of vertical acceleration (m/s?) during T second-
s weighted by the sickness filtering. The specific mathematical definition of the
objective function based on this specification is given in Section [£.2.2]

A related research has been presented by Kubica and Madelaine| [1999]. The
paper presents passengers comfort criteria based on ISO 2631-1 standard and shows
how these criteria are applied to a large capacity civil aircraft for passenger comfort
evaluation. [Puyou et al. [2004a] also used this criterion in a multi-objective flight

control law design process.

2.2.3 Control Effort

The control effort is also a well-known criterion in control system design. This
index gives a good indication of the stability of the system under certain disturbance
signals. There are two definitions of the control effort, either as the maximum control
amplitude or as the integral of a certain function of the control, which is defined by
Neustadt| [1962]. Porter and Williams [1966] developed the minimum effort problem
based on Neustadt’s work . [Ulsoy| [1989] applied this theory on the linear controller
design in 1989. |Zakian and Al-Naib [1973] also mentioned the control effort in
control system design by the method of inequalities (MOT).

In this study, the author decided to use the integral square of the control signal,

/ b u?(t)dt (2.6)

which can represent the control signal responding to a temporary disturbance [Ma-
ciejowski, |1989]. The integral square can be represented as Hs norm that is easily

computational in an algebraic calculation. The specific mathematical definition of
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the objective function based on this specification is given in Section [£.2.2]

2.2.4 Conclusion

The problem considered here is the longitudinal handling quality for large flexi-
ble aircraft. Handling quality cannot be expressed by a simple criterion or single
performance index. The details of the mathematical expression of different design

specifications are shown in Chapter [4]

2.3 Multi-objective Optimisation

To meet the specifications simultaneously, the flight control system design problem
can be posed as a multi-objective optimisation problem for FCS design arose. There-
fore, the literature in this field is reviewed to support the method used in this work.
The review in this section is largely drawn from the introduction in Multi-objective

Optimisation and Control |Liu et al., 2002]

2.3.1 Problem Formulation
Objective Functions

The general muti-objective optimisation problem is the problem of simultaneously
minimising the m objectives {f;(p) : ¢ = 1...m} of a variable vector p in a set of

possible design parameters P, that is

min{ fi(p), fori=1...m} (2.7)

PEP

In general, the problem ({2.7) has no optimal solution that could optimise all objec-
tives simultaneously. But there exist a set of solutions known as the Pareto-optimal

set [Ben-Tal, 1980].
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Practical problems are often constrained by a number of restrictions. These restric-
tions can provide a good region for design variable vector p, and prevent the results
from undesired performances.

Constraints can usually be described in terms of function inequalities of the form,

G(P) <6 j=1..n (2.8)

where g;(p) is generally a non-linear real-valued function of the design variable vector
p and ¢; is a constant value. The inequalities may also be strict (<) rather than
semi-strict (<). Equality constraints can be seen as particular cases of inequalities

constraints.

2.3.2 Multi-objective Optimisation Method

After the formulation of the multi-objective problem, it is necessary to review the
methods that can find the optimal design variable vector p.

Pareto Optimality

In most cases, the objective functions are conflict, so the reduction of one objective
function leads the increase in another. Subsequently, the result of the multi-objective
optimisation is known as the Pareto-optimal solution. A Pareto-optimal solution
has the property that it is not possible to reduce any of the objectives without
increasing at least one of the other objective functions. A point p* € p is defined as

being Pareto-optimal if and only if there exists no other point p € p such that
a)  fi(p) < fi(p*) foralli =1...m and

b)  fi(p) < f;j(p*) for at least one j

It is also known as non-dominated solution set. Figure [2.8/shows the Pareto-optimal
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Figure 2.8: Pareto Front |Liu et al., 2002]

set for two conflicting objective functions.

Weighted Sum Method

The weighted sun method converts the multi-objective problem of minimising the
objectives into a scalar one by constructing a weighted sum of all the objectives,

that is

min Z wi fi(p) (2.9)
where wy is the weighting coefficient. The problem can be solved as the single
objective problem with a general optimisation method.

Goal Attainment Method

The goal attainment method involves expressing a set of design goals, which is
associated with a set of objectives [Gembicki et al., [1975]. The problem formulation

allows the objectives to be under- or over-achieved so that the initial design goals
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can be set to be relatively imprecise by the designer. It can be formulated as,

min A
AER,peP (210)

filp) —wiA < filp*),i=1...m

where f;(p) is an objective, f;(p*) is a design goal, wy, is the weighting coefficient and
the )\ is the parameter that should be minimized. [[| The method basically transfers
the multi-objective problem into a single objective problem by just minimizing A,
so the solution that is found by this method is a feasible solution that satisfied all
the constraints, but the found solution is not guaranteed to be an Pareto-optimal
solution. Illustrative examples of control system design using goal attainment are

given in |Fleming and Pashkevich! [1986].

Method of Inequalities (MOI)

It is difficult to determine a large set of Pareto-optimal solutions and choosing the
solution which is the best design. To overcome this difficulty, the design problem
can be formulated as the Method of Inequalities (MOI) problem. This formulation
was proposed by Zakian and Al-Naib| [1973], further details can be found in [Patel
and Munro| [1982], [Maciejowski| [1989] and [Whidborne and Liu| [1993)].

This method uses a set of algebraic inequalities which need to be satisfied during
the design process to limit the solution search space. The problem can be formulated

as: find p such that inequalities
filp) <e¢ for i=1,2,...m (2.11)

are satisfied, where ¢; are real numbers, p € P is a real vector chosen from a set of
possible design parameters and f;(p) are real functions of p. This method indeed

reduces the workload by searching for a feasible solution, but the solution is generally

!Note that there is a typographical error in this equation in Multi-objective Optimisation and
Control (|Liu et al.l [2002]).
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not a Pareto-optimal solution.

(Q-parametrization

()-parametrization (sometimes referred to as “Youla Parameterization”) is recog-
nised by Boyd and Barratt| [1991]. This method is proposed to solve the convex
optimisation problems, many multi-objective control problems can be posed as con-
vex optimisation problems. |Ahmed and Whidborne [2007] used this method to solve
H, and time domain specifications problem. Puyou et al.| [2004b] used this method
to design the initial controller for the multi-objective problem of flexible aircraft
flight control law problem.

However, @)-parametrization did not use in this study. This is because this
method will normally give a high-order optimal controller. As considering the cou-
pling between rigid body dynamics and flexible dynamics in the aircraft model
(which did not consider in [Puyou et al.| [2004b]), the model that used in this s-
tudy is a high-order system (detail in Chapter . It will be really complicated to

design a high-order optimal controller for this system.

Nonsmooth Optimisation

Apkarian and Noll [2006] developed nonsmooth optimazations techniques to solve
H,, synthesis problems under additional structural constraints on the controller.
The approach avoids the use of Lyapunov variables and therefore leads to moderate
size optimazation programs even for very large systems. Burke et al|[2006] devel-
oped a new MATLAB package called HIFOO, which aimed at solving fixed-order
stabilization and local optimization problems based on the research. |Gumussoy et al.
and Arzelier et al.| updated the HIFOO toolbox into version 2.0 and 3.0, and the
toolbox is capable to solve Hy/H ., mixed problems.

This method is efficient to design a H,, controller for linear system when the

order of the controller is fixed to be less than that of the open-loop plant, a typical
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requirement is embedded aerospace control systems. However, this method is easily
to find the local minima instead of the globe one. So this method did not use in

this study.

2.3.3 Multi Objective Genetic Algorithms (MOGA)
Method Selection

Comparing the three main optimisation methods, some conclusions can be made,

1. The weighted sum method can only produce one optimal solution when the

problem is convex.

2. The weighted sum method will miss some local minimum because of the con-
stant slope in Pareto front which is decided by the constant weighting coeffi-

cilents.

3. As explained in Section [2.3.2] the goal attainment method can find a feasible

solution to the problem but it cannot be guaranteed as an optimal solution.

Therefore, the Pareto optimal solution is the ideal result of the problem. In this

study, the author is looking for a method which can satisfy these terms.
1. Can find a set of Pareto-optimal solutions.

2. Will not miss local minimum solutions in a non-convex problem because of

the complexity of previous set time domain specifications.
3. Can show the conflicts among different objectives.

Thus, a method named Multi-objective Genetic Algorithms (MOGA) is used in this

work.
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Genetic Algorithms (GAs) are searching procedures based on the evolutionary pro-
cess in nature. Mostly they are used for solving single objective problems like the
other search algorithms. However, there are also some multi-objective schemes pro-
posed by [Schaffer, Wienke et al.| [1992]. Fonseca and Fleming| [1995] have proposed
an approach named Multi-objective Genetic Algorithms (MOGA) , which is an ex-
tension of an idea of (Goldberg| [1989).

The philosophy of MOGA is to find a set of simultaneous solutions and the
designer can select the most suitable one from the set. The idea behind MOGA is
to develop a population of Pareto-optimal or near Parato-optimal solutions which
are non-dominated and which satisfy a set of inequalities. An individual j with
a set of objective functions f/ = (ff, ..., f7) is said to be non-dominated if for a
population of N individuals, there are no other individuals £k = 1,..., N, k # j such

that,

a) fF<f/foralli=1...m and

b)  fk < f/ for at least one i
Combined with the constraints, the problem can be stated as: find a set of M
admissible points p’,j = 1... M such that

fl<ej=1...Mi=1,....n (2.12)

and such that f/(j = 1... M) are non-dominated.
Further detail of MOGA can be found in |[Fonseca and Fleming| [1993blal (1994].
MATLAB Toolbox

In MATLAB Global Optimization Toolbox, there is a function named gamultiobj,

which can find a set of non-dominated solutions which may be close to the Pareto
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front of multiple fitness functions using the genetic algorithm(GA). It allows the user
to define the fitness functions and linear and non-linear constraints, the searching
space of the design parameters. It will find a set of non-dominated solutions which
may be close to the Pareto front based on these settings. Thus, this function is used
in this work.

This algorithm is based on the work of Deb| [2001]. It should be mentioned
that this algorithm is using NSGA-II procedure [Deb et al., [2002] to sort the non-
dominated solutions, which considered the crowding distance of these non-dominated

solutions.

2.3.4 Application to Flight Control

There have been a number of other multi-objective optimization based flight control
studies. For example, Tabak et al|[1979] designed a multi-objective lateral FCS
based on both fighter aircraft and large manned lifting re-entry vehicle models. The
Method of Inequalities (MOI) [Zakian and Al-Naib| [1973] has been used to design
a longitudinal FCS focused on the ride qualities of a Short Take Off and Landing
(STOL) aircraft [Crossley and Dahshan) [1982]. More specifically, there have been
several multi-objective optimization approaches applied to flexible aircraft. These
include a multi-objective method based on eigenstructure assignment [Livet et al.|
1995] and Q-parameterization closed-loop shaping approaches |Ferreres and Puyou,

2006}, Puyou et al., 2004a].

2.4 Mixed Optimisation Problem

Traditionally, controller designers using design methods based on either analytical
optimisation or parameter optimisation. Both of them have advantages and disad-
vantages.

Generally, the analytical optimisation method (e.g. Hoo , LQR) are robustly
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stable, provide a global optimum and can deal with relatively large multi-variable
problems. However, usually they are single objective, not very flexible, provide high
order controllers and the closed loop performance is non-explicit.

In the other hand, the parameter optimisation methods are generally multi-
objective (e.g. MOGA) and flexible, provide simple controllers and have explicitly
closed-loop performance. However, they are often non-convex resulting in local
minima, not implicitly robustly stable, can only deal with small problems and may
have difficulty in stabilising the system.

Therefore, a combination of analytical optimisation methods and the parame-
ter optimisation methods is proposed, called mized optimisation which is able to

overcome some limitations of using just one approach [Whidborne et al., |1995b].

2.4.1 Previous Work

Many of the methods proposed for multi-objective control design rely either on a di-
rect search of the controller parameters |[Kreisselmeier and Steinhauser} [1983, Tabak
et all 1979, Zakian and Al-Naibj [1973] or a @-parametrization of the controller
[Boyd et al., |1990] |[Ferreres and Puyoul, [2006] |[Puyou et al. [2004a] that maintains
convexity of the system performance indices. The former suffers from the problem
of multiple local minima and a high dimension search space (except for simple SISO
controllers), whilst the latter results in high dimension, complex controllers. An al-
ternative approach, dubbed mized optimization [Whidborne et al., [1996] overcomes
some of these limitations by using a numerical method to search for the parameters
of the weighting functions required by analytical approaches such as LQR and H .-
optimal control. The earliest mixed optimization appears to be Baras et al. [1984]
who developed a Computer-Aided Control Systems Design (CACSD) package, DE-
LIGHT.LQG, that used tuning algorithms for the weights of an LQG problem to
satisfy a number of engineering specifications. Other early efforts for linear quadrat-

ic control include [Haessig), 1995, Paddison et al., 1994, (Whidborne et al.,[1995a]. An
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Ho-based approach using the MOI has been proposed by |Postlethwaite et al. [1994],
Whidborne et al. [1994]; this was extended to utilize the MOGA as the searching
algorithm [Dakev et al., [1997]. The MOGA has also been combined with LMIs for
mixed optimization |Molina-Cristébal et al., 2006] and applied for robust controller

design for aircraft lateral dynamics [Giacoman-Zarzar et al., [2008].

2.4.2 Analytical Control Method Selection

For flexible aircraft model, an important characteristic of it is the linear model
will be high order because it includes not only rigid body dynamics but also the
aero-structural dynamics (details in Chapter . Therefore the Linear Quadratic
Regulator (LQR) theory is selected as the analytical optimisation method in this
work. This is because of the simple structure of LQR controllers (full-state feedback
controller) and their relatively simple computation make them a good candidate for
high order system control (see McKernan et al.| [2007] for example). Furthermore,
for an /-input, n-state system model with the Q and R weighting matrices set to
be diagonal, the number of tuning parameters is £ + n — 1, where as direct tuning

of the feedback gain matrix will hence ¢ x n parameters.

2.4.3 Linear Quadratic Regulator(LQR) Problem

For a linear state-space system:
x(t) = Ax(t) + Bu(t) (2.13)
To get an optimal controller, the quadratic cost function that should be minimized

is

J = /Ooo(x(t)TQx(t) +u(t) Ru(t))dt (2.14)
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using a state feedback controller K such that

u(t) = —Kx(t) (2.15)

where Q is positive semi-definite and R is positive define control weighting matrices,
normally chosen to be diagonal. Thus the problem is to find an optimal constant
feedback controller Ky such that (2.14)) is minimized.

The controller K that minimizes J is well-known and is given by

Ko, =R 'B'P (2.16)

where P = PT > 0 is found by solving

AP +PA -PBR'B'P+Q =0. (2.17)

In this study, the Q and R matrices are constrained to be diagonal positive

matrices

Q = diag(q1, - - -, qn) and R = diag(1,7ry,...,70-1). (2.18)

The matrix P is an n X n symmetric matrix (n is the number of state variables) and
is positive semi-definite (i.e. x' Px > 0 for all x # 0). A positive definite (or semi-
definite) matrix has all eigenvalues positive (non-negative). Equations of the form
are known as Algebraic Riccati Equations (ARE) and can be solved using
numerical methods [Macirjowski, [1989].

If p parameterizes the weighting matrices Q and R, then represents a
mixed optimization problem which overcomes some of the limitations of the direct
approach (see Whidborne et al.| [1994]). It also should be mentioned that Boyd and

Barratt| [1991] proposed a method to solve the multi-criterion LQR problem based
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on weighted sum method.

2.5 Conclusion

In conclusion, in this work, it is proposed that MOGA is mixed with LQR control
to solve the design problem of a multi-objective optimal controller for the longitu-
dinal dynamics of a large flexible transport aircraft with the respect of the design

specifications.



Chapter 3

System Modelling

In this study, the AX-1 model is used as the target design model. This model is
under the CA2LM framework, a simulation environment for coupled aerodynamics
and structural dynamics analysis. Developed as a Simulink tool, it is versatile and
suited for the analysis of flight dynamics, flight loads and handling qualities. This
framework has been developed by the Dynamics Simulation & Control group in

Cranfield University [Portapas et all 2016, 2017].

3.1 AX-1 model

The AX-1 model is a non-linear generic large flexible transport aircraft model based
on the CA2LM framework. This model was initially developed for the evaluation
of handling qualities of large flexible aircraft |[Andrews, [2010|. It also provides the
capability for flight control law design of user-defined airframe configurations. The
AX-1 configuration is shown in Figure [3.1 This CA2LM non-linear framework pro-
vides a simulation environment for time domain simulation based on large flexible
transport aircraft. The user can define time domain signals to represent inputs such
as elevator deflections. The outputs of the AX-1 model are aircraft rigid body state
variables such as aircraft position in the Earth axis, its angular and translational ve-

locities and attitude in the body axis. The Simulink environment and the developer

29
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Figure 3.1: AX-1 Aircraft Model [Portapas et al., [2017]

of the model also enable users to select their own desired output. Internal structural
loads such as bending moments and torsion, the forces acting on the aircraft and the
acceleration in body axis can also be output. The core of the framework consists of
the aerodynamics, structural dynamics, gravity and equations of motion blocks.
The gust/turbulence block provides an environment for modelling atmospheric
disturbances and allows the implementation of continuous turbulence and discrete
gusts. The non-aerodynamic loading block allows the specification of additional
mass properties. Fuel, cargo and passenger loadings can be specified in detail and
this information is used to calculate aircraft mass, inertia and centre of gravity. The

overall structure of the CA2LM framework is shown in Figure [3.2]

3.2 Trim and Linearisation

Most FCSs consist of a set of flight control laws for different flight conditions and

flight missions. In this study, the aircraft is considered at the cruise flight condition
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Figure 3.2: CA2LM framework Structure [Portapas et al. [2017]

with an airspeed of 180 m/s and altitude of 6069m (20,000ft). The MATLAB trim
command is used to trim the model in this flight condition.

The CA2LM framework provides a non-linear model in the Simulink environ-
ment. To design flight control laws, it is necessary to linearise the non-linear model
at a chosen flight condition. In this study, the MATLAB linmod routine is used to
linearise the model.

Before designing control law based on the linear model, it is necessary to test if

the linear model has a similar dynamic response as the non-linear model.

3.2.1 Reduced Order Non-linear Model

The original AX-1 model includes unsteady aerodynamics, actuator dynamics, and
some integrator blocks, these blocks increase the number of state variables. The
state variables number of the original AX-1 model is 1662, which makes the trim

condition a large vector and hard to find a precise trim point. Furthermore, full
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state feedback is used for the control (LQR). This means that it would be very hard
to measure or estimate such a high order state for the controller implementation.
In addition, designing the gains/weighting function parameters is difficult for such
a high order. Therefore, a reduced-order non-linear model is required for the trim
and linearisation process.

To obtain a proper trim model (reduced-order model), the full-order model
should reduce more than 1600 undesired statevaribles (transport delay, actuator
dynamics, integrator etc) in the Simulink model. This process affects the simulation

modelling accuracy of the reduced-order model.

Table 3.1: Full-order Non-linear Model State Variables

Category Amount
Rigid Body State Variables 12
Structural Displacements 12
Structural Velocities 12
Wind Model State Variables 16
Actuator Dynamics 18
Gust Model Integrator 116
Turbulence Time Delay 192

Indicial Downwash State Variables 414
Unsteady Aerodynamics Integrator 870
Total State Variables 1662

Table B.1] shows the full-order non-linear model state variables. The reduced
order model just keeps the rigid body state variables, the structural displacements

and the structural velocities, giving 36 state variables in total.

3.2.2 Trim and Linearisation

The trim condition is found using the trim command in MATLAB and the linear
model is obtained by the linmod routine at flight condition 180m/s and 6069m
(20,000ft) altitude based on the trim model (reduced-order model).

The trim condition is shown in Table 3.2 and is validated in the reduced-order

model by simulating the model with zero inputs and examining the state variables
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Table 3.2: Reduced-order Non-linear Model Trim Condition

Category State Variables/Trim Value
Velocities u v A% units
179.9026 -0.0374 5.9262 (m/s)
Angular Velocities p q r units
0 0 0 (rad/s)
Euler angles 10) 0 Y units
0 0.0329 0 (rad)
Structural Displacements m o N3 M4
0 3.4905 -3.5811 0
U UG Ui UE
0 0.4812 -0.7858 0
9 1o i 2
0.7953 0 -0.0764 0
Structural Velocities i 7o 73 M4
0 0 0 0
15 M6 N7 s
0 0 0 0
79 710 11 712
0 0 0 0

responses. The linearised model is obtained by the linmod routine shown in the

next section.

3.2.3 Linear State-Space Model

The linearised state-space model is a 33rd order system. There are 9 state variables

that are the same as a rigid body aircraft, velocities (u,v,w), angular velocities

(p,q,7r) and Euler angles (¢,60,1). The displacement state variables (XY, Z) are

not included because they do not have a strong link to the flight dynamics. The re-

maining 24 state variables capture 12 different aeroelastic modes with state variables

consisting of the structural displacements and corresponding velocities.
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The linearised model is constructed in the state-space form as:

= + u (3.1)
X, A. A, Xe B.

where A, and A, are the rigid body and aeroelastic modes motion matrices respec-
tively, Ao and A, represent the coupling characteristics between them, B, and B,
matrices are the contribution of control input to rigid body and aeroelastic modes.
The rigid body state variables and aeroelastic state variables are also partitioned

into two vectors named x, and X,.
The rigid body state vector consists of the classical flight dynamics state variables

as:

Xr = [q707u7w7v7pa T, ¢a w] (32)

The flexible modes are represented by generalized modal deflections vector (1) and
modal velocities vector (1). There are 12 different modes in total, and are shown in
Figure The critical part in representing the areoelastic component of the system
is to specify generalized coordinates [Yusuf et al., |2017]. In this study, the elastic
deformation is obtained from the known mode shapes, that can be validated from
Ground Vibration Tests (GVT). Therefore, the function of deformation of structure

about time can be obtained as:

d(z,y,2,t) = ®(z,y, 2)n(l) (3.3)

where @ is mode shape matrix, which can transit mode displacement (1) to struc-
tural deformation (d).

The generalised modal deflection vector is hence calculated from:

n(t) = o (z,y,2)d(z,y, 2,t) (3.4)
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Figure 3.3: Mode Shapes

Furthermore, the mode shape matrix ® is a transition matrix rather than a function

of time. So the structure velocity and acceleration can also be defined as:

d(z,y,2,t) = ®(x,y,2)n(?)

_ (3.5)
d(z,y,z,t) = O(x,y, 2)n(t)
Therefore, the aeroelastic state vector can be represented as:
Xe — [771,...,7’]12,?;]1,...,?;]12]. (36)

Thus, in the state-space model, the structural deformation, velocity and acceleration

can be represented. The linear model state variables are summarised in Table
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Table 3.3: Linear State-space Model State Variables

Category State Variables
Rigid Body State Variables ¢, 8, u,w,v,p,r, ¢, ¢
Structural Displacements M,y -5 12
Structural Velocities M,y -5 112

3.2.4 Longitudinal /Lateral Mode Decoupling

In common with most classical fixed wing aircraft, the lateral and longitudinal dy-
namics can be decoupled and the flight control laws designed separately. In this
work, the focus is the longitudinal flight dynamics. So it is necessary to decouple
the linear model to longitudinal linear model.

For the rigid body state variables, there are four longitudinal state variables in

classical flight dynamics (g, 8, u,w) [Cook, 2007], so

Xrlong = [qa 07 u, ’U)] (37)

For the aeroelastic state vector, the aeroelastic modes can be divided into symmetric
and asymmetric sets. Only the symmetric aeroelastic modes affect the longitudinal
responses of the aircraft. So the longitudinal model state vector should contain just
these symmetric aeroelastic modes.

From Figure [3.3] the symmetric modes are modes 1,3,6,7,9,12. So the symmet-
ric aeroelastic mode structural displacements are 7,73, 7, 77,79 and 72 and the

corresponding structural velocities are 1y, 13, 16, )7, 179 and 17);5. Denoting them as,

Tllong = [7717 N3, Me, N7, M9, 7712] (38)
Niong = 111, 1135 765 717, 19, T12] (3.9)

Xelong = [nlong7 T.]long} (310)
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We define the state-space longitudinal dynamics model as

Xrlong Arlong Aerlong Xrlong Brlong

= + 5o (3.11)

Xelong Arelong Aelong Xelong Belong

where ¢, is the longitudinal model input,this being the deflection of the elevator.
The decoupled state variables are listed in Table[3.4] There are 16 state variables
in this model in total. The details of this decoupled linear model are given in

Appendix [A]

Table 3.4: Longitudinal Linear State-space Model State Variables

Category State Variables
Rigid Body State Variables q,0,u,w
Structural Displacements 1,13, 76, 17, N9, N12
Structural Velocities 1,13, M6 117, 19, 712

3.2.5 Comparison between Linear and Non-linear Model

The purpose of linearising the model is to simplify the complex model to a simi-
lar performance simple model by using small perturbation theory. Therefore, it is
important to examine that if the simplified model and original model have similar
performance under same flight condition and same input.

Additionally, as explained previously in Section for longitudinal FCS, the
pilot will more concentrate on short period performance which can be captured by

the pitch rate (g(deg/s)) and normal acceleration (a,(m/s*)) responses.

Pitch Rate Response

Figure shows the comparison of 1°/3°/5° elevator deflection input pitch rate
dynamics response between original AX-1 model (full-order non-linear model), trim

model (reduced-order non-linear model) and the linearised longitudinal model.
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Figure 3.4: Pitch Rate Responses Comparison

It can be seen that the responses do not perfectly match. The full-order non-

linear model response has a lag and larger undershoot compared with the linear

model and reduced-order non-linear model. With larger deflection, the difference

between them will also be larger.
Figure [3.5]and Figure [3.6]shows the difference between them. It can be seen that

the difference between reduced-order non-linear model and the linear model is less
The maximum

than the differences between the full-order model and the others.

error exists about 0.5 second after the input because of the lag of the full-order

non-linear model.

As explained in Table [3.1] for trim flight condition, the state variables of wind,

gust, and turbulence should be zero. So the difference is basically caused by indicial

downwash state variables and unsteady aerodynamics integrators. The lag between

full-order model and the others is mainly because of the unsteady aerodynamics

integrators. The actuator dynamics do not affect the responses very much.
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Figure 3.6: Pitch Rate Error between Different Input

Normal Acceleration Response

Figure

shows the comparison of 1°/3°/5° elevator deflection input normal acceler-

ation dynamics response between original AX-1 model(full-order non-linear model),
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trim model (reduced-order non-linear model) and the linearised model.

Comparison between Nonlinear and Linear Model
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Figure 3.7: Normal Acceleration Responses Comparison

The normal acceleration responses also do not perfectly match. The full-order
non-linear model responses still have a lag and larger overshoot compared with the
linear model and the reduced-order non-linear model. The linear model has a larger
undershoot. The steady-state values have relatively large differences between the
linear and two non-linear models. This is because the input is a step input, the
non-linear models included the non-linearities that can trim again at the new flight
condition (zero pitch rate), which the linear model cannot. With larger deflection,
the difference between them will also be larger.

Figures [3.8 and show the difference between them. It can be seen that the
maximum error of normal acceleration also existed at the beginning because of the
lag in the full-order non-linear model. The difference between the linear model and
the reduced order non-linear model is much smaller than the error between them

and the full-order non-linear model.
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Comparison between Nonlinear and Linear Model
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Figure 3.9: Normal Acceleration Error between Different Input
Summary

In conclusion, the difference between the original AX-1 model(full-order non-linear)

and the simplified model (linearised model) that is used to design the control law is
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mainly caused by the reduced order non-linear model for trim. The 1inmod routine
is relatively accurate.

However, even the linear model and the full-order non-linear model cannot per-
fectly match each other, it still the most accurate linear model that the author can

find so far. So the control law design is based on this linearised model.

3.2.6 Wind Disturbance Modelling

In this study, two design criteria related to the wind disturbance during flight (i.e.
passenger comfort and control effort). Modelling the relationship between wind
disturbance and output is hence important for this work.

From [Nelson| [1998], the original rigid body longitudinal linear model with wind

disturbance can be represented as:

i Ag ] —Mq 0 M, Mw_ | Aq ]
Ab 1 0 0 0 Ad
At - 0 —g X, X, Au
_AU'J_ | o 0 Z, Zw_ _Aw_
-M5 M5T- -—Mu —M,, —Mq-
0 o || as o o o ||
+ + w, | (3.12)
X5 Xs, Adr —X, —X, O
| Zs  Zsy | | —Zu —Zw 0] v
which can be written as
x = Ax + Bu + Fw (3.13)

where the F is wind dynamics matrix and w is the wind disturbance vector. It is
can be seen that F is essential —A excluding the 6 row because this model does not
include 0 in wind disturbance input.

Because this work is focused on the short period dynamics response, the wind
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disturbance vector just included the wind velocity component in the z-direction and
vorticity about the y-axis, and the AX-1 non-linear model does not have an input
for vorticity disturbance, thus w = (w;), the control input is u = d.. The state
variable vector is x = (q, 0, u, w,n1, 13, M6, N7, Mos M2, 115 135 N6 775 7o, 7’712)T.

As denoting the longitudinal structural displacement as 1y, and the structural
velocities as 1), previously, and A matrix wind disturbance corresponding columns
(w) are Ay, and Ay, (rigid part and rigid elastic coupling part respectively). Thus

the wind disturbance model can be formulated as,

Xrlong Arlong Aerlong Xylong A
Br —Lwr
T]long = nlong + 66 + Wt (3 14)
. Arelong Aelong . Be _Awre
T]long n long




Chapter 4

Controller Design Process

After modelling the system, the controller can be designed. |Zakian's [1986] paper
about performance criteria is used as the theory reference in this chapter. A satisfac-
tory design requires consideration of a set of performance indices that are required
to meet a set of certification specifications. Thus it is natural to place the problem
in a multi-objective setting. The chosen design approach is a mixed optimization
consisting of LQR control synthesis combined with a MOGA that searches for the
weighting matrix parameters. In this chapter, the mixed optimization process is
described. The details of the controller structure, performance objective functions

and non-linear constraints are also formulated.

4.1 Controller Structure

As explained in Section[2.4] the LQR is selected as the analytical optimisation design
method in this study. According to the LQR theory, the original controller structure
should be the full-state feedback controller structure.

However, the original LQR controller structure will bring undesired response
because of the feedback of 6, which will not eliminate to zero during the Gibson
Drop-Back test. From a handling qualities perspective, pilots prefer pitch command.

However, feedback of 6 can increase the stability of the control system.

44
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Therefore, a Rate Command Attitude Hold (RCAH) [McCuish and Caldwell,
1996| flight control system is used in this study. This kind of structure is designed
because transport aircraft pilots prefer command of pitch rate, so it is used with a

structure shown in Figure [4.1]

— 1 / S kg q
r A j W 56 Along | Blong —_
- + I + /7 _ C ‘ 0 X
kq
ky k

Figure 4.1: Controller Structure

The plant is represented by the longitudinal state-space model that is defined in
Chapter 3| where Ajq,g and By, are defined in (3.11)) and are,

Arlong Aerlong Brlong
A‘lOTLg = Blong = . (4.1)
Arelong Aelong Belong

Because LQR does not explicitly include input and output behaviour, we have to
adopt the controller structure that will give proper input/output behaviours for dif-
ferent performance indices measurement. The RCAH controller structure provides a
structure that with the input as pitch rate reference. The outputs are determined by
different output matrices. In this study, the LQR theory requires full-state feedback
and the comfort criterion requires the normal acceleration output. However, as ex-
plained previously, 8 cannot be feedback directly for the RCAH controller structure.
Rather than feedback 6 directly, feedback pitch rate, ¢, is fed back with integral

action as part of a PI controller, since § = ¢, the stabilizing effect of 6 feedback from
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the LQR is maintained. The corresponding output matrix then can be defined as

Cq
C=|a, (4.2)
Cx
where ¢, = [1,0,...,0], the a, is the normal velocity corresponding row of the open

loop A matrix, and Cz = [0, 0, I4].

Thus the LQR optimal controller, K, is partitioned so that K = [k,, kg, l~<} with
k, acting on the pitch rate error signal and kg on the pitch rate error integral signal
as the PI controller. The remaining state variables, X = (u, w, Moy, f]long)T, are fed
back through k.

A feed-forward gain, ky, is included in the controller structure. This gain corrects
the reference input, ¢,, so that the output equals the reference input at steady state
but only in the short term. Thus the pitch, @, is removed from the state variables

to give a reduced order model with state X = (¢, %x)T and controller k = kg, K]. If

(A, B) represents the reduced order model matrix pair, then ky = ky(k,, — 1) where

b = (¢)(A —BK)'B) - (4.3)

and ¢, = [1,0,...,0].
The longitudinal dynamics system is single input, hence R is a scalar and is set

to 10000. Hence, from ([2.18]), the vector of design parameters is

p=(q1,... L qn) T (4.4)

A good choice of the design objective functions, f;, is critical to allow the correct
trade-offs between competing criteria. The performance indices used are defined

next.
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4.2 Performance Objective Functions

4.2.1 Gibson Drop-Back Criterion
Definition

As explained in Section 2.2} one of the main objective is satisfactory longitudinal
handling qualities. Here, two objective functions based on the Gibson Drop-Back
criterion |Gibson, [1982] are used. Gibson Drop-Back is based on the response of a
low order model that excludes the phugoid mode to a pulse elevator input [Field
et al 2000]. Figure shows a typical Gibson drop-back response along with the

terms of the Gibson drop-back criteria.
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Figure 4.2: Definition of quayx, ¢ss and DB terms

The open-loop test uses a 5° elevator deflection pulse input as the test input

which is typical for flight test. The closed-loop reference is pitch rate command, g,,
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and the response is obtained from the system model with a reduced order model
that has the phugoid mode removed. This is done by removing the lowest frequency
complex mode pair from the Jordan canonical form of the closed-loop system.
Satisfactory handling qualities based on Gibson drop-back can be assessed by
two terms, ¢max/qss and DB/ g, where the ¢y is the maximum value of pitch rate,
gss 1s the steady state value of pitch rate for the certain elevator input and DB is
the drop-back of the pitch altitude €, between the maximum value and the steady
state value of 6 [Gibson) [1982]. The model is linear, hence the input magnitude is

unity and the Gibson Drop-back input is

1 fort e [ty t1),
q-(t) = (4.5)
0 for ¢ elsewhere.

To evaluate ¢nax, gss and DB, we take t; = 0 and we need to calculate t; and t,.
This is done based on the convergence of the modal responses.

Let Ai,..., A\, be the eigenvalues of the closed-loop system, then if « is the
spectral abscissa defined by

a = max {Re(\;)} (4.6)

(2

then let tix = —10/a be the time such that the modal responses have decayed to
nearly zero. Then t; =ty and ty = 2t.

Because of the requirement of the measurement of Gibson Drop-Back criterion,
the longitudinal phugoid mode should be removed during the measuring process of
the performance indices. This is done by removing the lowest frequency complex

mode pair from the Jordan canonical form of the closed-loop system.
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Maximum Pitch Rate

This is the first Gibson criterion index, to measure the ratio between the maximum
pitch rate and the state pitch rate. This index can display the overshoot of the pitch
rate response and measure the signal tracking performance of the system.

The formulation of this objective is,

fl - Qmax/QSSa (47)

where the maximum pitch rate is the maximum value of the pitch rate response,
Qmax = mtaXQ(t) (48)

and the ¢4 is the steady state value of pitch rate response,

(ss = Q(tl) (49)
where t; is the steady state time of pitch rate, which shown in Figure [4.2

Drop Back

The second index of the Gibson Drop-back criterion is the ratio between the pitch

angle drop-back and the steady state pitch rate,
f2 = DB/qs (4.10)

This index shows the integral of the negative pitch rate, which is the combination of
overshoot and convergence time. Additionally, the overshoot is also incorporated in
the previous objective, so with the same value of f;, the less value of f; means the

system has shorter convergence time. The pitch angle drop-back is the difference
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between 0,,,,, and 0,

DB = Oy — Oss (4.11)

with the maximum value of 0 for the Gibson drop-back response
[ max 6(t) (4.12)
and 60, is the steady-state value of 6,
bss = 0(t2) (4.13)

where t5 is two times the steady state time of pitch rate, which is shown in Figure

4.2

Rise Time

This objective function measures the response speed of the system and ensures the
bandwidth is maintained and the system is not over-damped. The rise time is the
time ittakes for the response to rise from 10% to 90% of the steady-state response,

which is defined as

fs =1t = t0.9ge — 0.16s- (4.14)
Q(t)/QSs
(1):8 I 2 —
T
’ — t

tr

Figure 4.3: Definition of Rise Time

where, 14, = mint such that ¢(t) = 0.1¢ss, to.94. = mint such that ¢(t) =
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0.9¢,s, and the g, is the steady state value of pitch rate, as shown in Figure the

rise time thus shows the response speed of the closed loop system.

4.2.2 Wind Disturbance Criteria
Controller Structure

Besides the handling qualities, the performance of the aircraft under wind distur-
bance is also considered in this study. Because these performance indices are mea-
sured under the wind disturbance, the reference input of pitch rate should be zero.
The closed loop system is an LQR full-state feedback system. The equivalent con-

troller structure of Figure [4.1]is shown in Figure [4.4] where

Ay
Btur = |: F Blong :| Ctur = I (415>
16
w Along | Btur Y
u Ctur 0 X
K

Figure 4.4: Equivalent Controller Structure (Wind Disturbance)

Control Effort

However, with different wind disturbance input, the control effort will be different
in each case. It is hard to find a typical input of wind disturbance to represent this
set of input. Therefore, it is reasonable to measure the system characteristic rather
than the dynamics response. Control effort means the effort of the controller to keep

the aircraft stable when the aircraft hits wind disturbance. This can be measured
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by
/Oo u?(t)dt (4.16)

in the time domain, where u is the feedback control signal of the LQR closed loop

system in (2.15). For computational ease, (4.16]) is replaced by the norm.

|lull, = /000 u?(t)dt (4.17)

For computational efficiency, rather than calculating the norm of the specific
time response, the Hy norm of the SISO system is calculated with w as input and

control signal u as output.

From (3.12)) and (3.13)), the linear system can be represented as:

X = AC1X + FW,
(4.18)
y=u=-Kx
where
Ag=A-BK (4.19)

This linear system is named T,. So this index measures the H, norm of the system

because the output of this system is the control effort,

Ja=[|Tull, (4.20)
Ay | F
W “K| 0 Y

Figure 4.5: Equivalent Controller Structure (Control Effort)

Thus the equivalent controller structure is shown in Figure [£.5] After defining

the two corresponding closed loop SISO systems, this norm can be calculated by



CHAPTER 4. CONTROLLER DESIGN PROCESS 53

MATLAB command norm for Hy norm, the command will convert system into state-
space form and then uses the same algorithm as covar.

For a general state-space model, H, given by

x = Ax + Bu,
(4.21)

y =Cx

the controllability Gramian S is obtained by solving the Lyapunov equation,
AS +SAT + BB = 0. (4.22)
The index can be calculated as,
|H]|, = CSC”. (4.23)
The detail of the algorithm can be seen in [Vargal [1992].

Comfort

Passenger comfort during wind disturbance is also important for a transport aircraft.

The following comfort criteria based on the ISO 2631-1 standard

1/2

PIP = % [ /0 T(aﬁ(t))dt] (4.24)

where PIP means Percentage of Il Passengers. For computational speed considera-

tion, here we define the comfort measure using Hy norm as,

loull = | [~ t@u2en] " (1.25)

Similar to control effort, this criterion is also needed to be measured under wind

disturbance input. Thus the equivalent controller structure in Figure also can
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be used in this case.

To measure the comfort characteristic of the system, the corresponding state-
space linear system have the same equations of motion as control effort measuring
linear system . But the output should be changed to normal acceleration a,,.

The state-space system T, is,

X = Agx + Fw,
(4.26)

Y =Gy =W = AcwX

where the a., is the normal velocity corresponding row of closed loop A matrix.

Therefore, this index is determined from the Hy norm of T, .

fs = ITa, |2 (4.27)
A, | F
W Ay | O Y

Figure 4.6: Equivalent Controller Structure (Comfort)

The system can be represented as in Figure [4.6] The calculation process is the

same as Control Effort performance index.

4.3 Non-linear Constraints

Because MOGA is a numerical searching algorithm, it will search for optimal nu-
merical solutions based on the objective functions included previously. To avoid
undesired results, some constraints that the system needs to meet should also be
defined. These non-linear constraints will narrow the MOGA algorithm search space

to get more reasonable solutions.
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In particular, a constraint on the maximum controller gain to prevent actuator
saturation should be defined. In addition, the flight control law should not overly
alter the phugoid mode as this may cause problems with the outer loop autopilot

control loops and the calculation of the low-order model required for the calculation

of f1 and fz.

4.3.1 Gain Constraint

It is important to limit the gains to a reasonable region so the controller can be
implemented in practice. In this case, the gains are limited in [—1,1]. This gives
the constraint

1Kl <1. (4.28)

4.3.2 Phugoid Mode Constraint

The phugoid mode is the lowest frequency complex mode pair obtained from the
Jordan canonical form of the closed-loop system. For handling quality evaluation,
the phugoid mode response is not important. This is because it is comparatively
slow compared to the short period mode and does not affect the handling quality.

Here, the phugoid mode damping ratio, (phy, is constrained

Ciphn) < 0.5 (4.29)

In addition, the phugoid closed-loop poles should not move too far from the open-

loop poles, so the mode natural frequency change is also constrained as,

6wn(phu) S 0.01. (4.30)

where dwy,(pny) is the change of the phugoid mode frequency.

The frequency can be obtained from the closed loop system by transforming the
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system into Jordan canonical form. The lowest frequency complex mode pair is the
phugoid mode, and the corresponding frequency is the closed loop phugoid mode
frequency wy(phu,)- The open loop phugoid mode frequency is wy, (phu,)

The change is absolute difference between open loop phugoid mode frequency

and closed loop phugoid mode frequency, which can be defined as

5wn(phu) - |Wn(phuc) - wn(phu0)|' (431)

4.4 Conclusion

This chapter formulated the mixed optimization procedure. The corresponding con-
troller structure, objective functions and non-linear searching constraints are also
defined. The control problem solution procedure in this study is working based on

these. The result analyses are shown in next chapter.



Chapter 5

Results Analysis

5.1 Linear Results

The gamultiobj MOGA from the MATLAB Global Optimization Toolbox was used
to search for possible solutions of the LQR control weighting. Note that to get a
rich enough set of results, the algorithm cannot be run just a single time. The
algorithm will find more non-dominated solutions by starting the algorithm run
with the non-dominated solutions found by the previous run as the seed. The size
of the population will also affect the region of non-dominated solutions. In this
chapter, the final presented result is obtained after 7 runs of the algorithm, the seed
of the last 6 runs is the non-dominated solutions found by the previous run.

Figure [5.1]shows the progress of the optimal solution searching process. It shows
the non-dominated solutions’ trade-off relationship between fi (¢max/¢ss) and fs
(Rise Time) after the 1st, 3rd, 5th and 7th runs. It should be mentioned after
the 5th run, the population size is increased from 200 to 500, so the corresponding
non-dominated solutions number also increased from 70 to 175.

From the figure, it is clear that with the increasing number of runs, the non-
dominated solutions set becomes richer, both increasing in size and range and con-

verges towards the Pareto-optimal front.

o7
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Tradeoff Relationship (1st run)
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Figure 5.1: Tradeoff between fi (¢max/¢ss) and f5 (Rise Time)

The algorithm took approximately 45 minutes to evaluate 102 generations for the

7th run. The final generation’s population size is 500 and has 175 non-dominated

members. The set of solutions that found by the algorithm is denoted as S, where

S C P, where P is the set of all possible solutions defined in Chapter The

cardinality of S is 500.

Figure [5.2] is a trade-off diagram that shows the relations between the different

objectives. The set of non-dominated solutions is represented by the blue lines and

the dominated set of solutions by the grey. In this case, the non-dominated set of

solutions is denoted by §,,, the cardinality of this set is 175, and the dominated set of

solutions is denoted by S, the cardinality of this set is 325. Note that S;US, = S.

From the figure, it is clear that the entire set of non-dominated solutions &,, can
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of / =
1 (Uax/fss) f, (DBlgg,) f5 (ControlEffort) f, (Comfort)

Figure 5.2: Multi-objective Trade-off Diagram

be divided into 3 subsets, denoting them as &7, S and S3, where S;US, US3 = S,,.
Figure [5.3| shows the subsets of non-dominated solutions in different colours,
where the blue lines represents Sy, green lines S; and red lines Ss.
The conflict between fo(DB/q¢s) and f3 (Control Effort) are basically between
S; and S3. However within all the subsets, fi (¢max/Gs), fo (DB/gs), f3 (Control
Effort) and f; (Comfort) have strong links, and inside subsets S; and Ss, all of the
other objectives are competing with f5 (Rise Time). However, the subset Sy does

not have strong competition between f5 and the other objectives.

o4 / = ===
— — —— —
s i——o —
0.2 /’ = /\
0.1 — —
of / —7//—/7
1 (nax/Yss) f, (DB/gg,) f5 (ControlEffort) f, (Comfort) f5 (RiseTime)

Figure 5.3: Multi-objective Trade-off Diagram (non-diminated solutions)

The near-Pareto front between f; and f5 is shown in Figure[5.4] The black points
represent all the found solutions in S, and the blue circles are the non-dominated
members, S,.

The trade-off relationship between overshoot and rise time is a typical conflict

relationship in control systems design. The trade-off between them should be a
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Tradeoff Relationship
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Figure 5.4: Tradeoff between fi (gmax/¢ss) and f5 (Rise Time)

Pareto-front. However, in Figure [5.4] the trade-off plot shows two different ‘slope’
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relationships, which represent the two subsets of solutions that mentioned previously,
S1 and S3. There also is a transition region which is the other subset S,. Figure [5.5
shows the link between different subsets and the trade-off between f; and f;.

It is necessary to investigate the reason for this ‘separation’. As explained in
Chapter [ the controller used in this study is based on LQR theory and RCAH
controller structure. Therefore, although the other gains are also important, the £,
is still the dominant one in this structure. Figure shows the variation of %, in
the trade-off relationship in non-dominated solutions between f; and f5. The dark

blue represents higher values of k, and light blue represents the lower ones.

Tradeoff Relationship
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Figure 5.6: Tradeoff between f; and f5

Figure [5.7) displays the detailed region f; € [1.8,2.8], f5 € [0.1,0.4], which shows
the relationships among fi, f5 and k, are more clearly. The tradeoft plot actually
consists of two different ‘slope’ relationships. The gain k, is decreasing with the
increase of rise time and the decrease of ¢uax/gss in each subset of solutions. There-
fore, k, is not the reason that caused the ‘separation’. Apart from k,, the other

gains also influence the performance of the closed-loop system.
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After examination, the reason is due to the gains on the structure deformation

feedback. Figure [5.8] shows the variation of k, in the trade-off relationship in non-
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dominated solutions between f; and f5, where ky = [k, Ky, ks Ky Ko s ko] 15 the
gain vector about the structure deformation feedbacks (n) and k,, = ||ky]/1.

Thus considering both Figures[5.8 and [5.5] the conclusion is clear, the variation
of the gains for structure deformation (k;) caused the ‘separation’, and the gains

improved the system performance in handling quality.

Gibson Pitch Attitude Dropback Assessment
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Figure 5.9: Gibson Pitch Attitude Dropback Assessment

Figures and show the Gibson drop back criterion in a Gibson Drop-back
assessment diagram for the non-dominated solutions. The open-loop
system () is also shown in the figures. Based on these two plots, two conclusions
can be made. First, with increasing the gains for structure deformation, the closed-
loop system can obtain much better performance in Gibson drop-back criterion.
Second, with similar k,, lower k, can improve the performance in Gibson drop-back
criterion. In summary, this controller can ‘use’ the deformation of the structure to
obtain better handling qualities by feeding back the structure deformations (1) in
the linear model.

Figure shows the Gibson drop-back criteria pitch rate responses for three
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Gibson Pitch Attitude Dropback Assessment
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solutions: the open loop response (—), the solution p; € &; (- - -) which has a low

value of the k,, and solution py € S3 (— - —) which has relatively high value of k.

Both of p; and ps have the lowest k, from their subset. Solution p; (- - -) has

a better rise time than the open loop and the other closed loop solutions. It also
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decreased the overshoot and undershoot compared with the open loop system.

The corresponding Q value of solution p; is given by

Q; = diag(]0.0122,0.8839,1.1651,0.1500, 0.0779, 1.4083, 0.2588, 0.1661,

6.8086, 0.4926, 0.0620, 30.6912, 0.9043, 0.7295, 0.2446, 0.0451] 7).
The control vector is
K = [ky, ko, ku, kw, ks By s kg s Ky s kg, Kig s Ky Ky Bng s Kig s kg, King, K] (5.1)
with the value

K, = [-0.5915, —0.1515,0.0005, —0.0020, 0.0006, —0.0005, 0.0016,

0.0010,0.0010, —0.0050, 0,0, 0,0, 0,0, 7.8534]
corresponding to the performance vector

T
f = | fi(max/qss) fo(DB/qs) f3(Control Effort) f,(Comfort) ﬁ(RiseTime)]

with the value

T
fi = 12.2431 1.4198 0.9002 0.5069 0.1915]

For the solution ps (—-—-), the overshoot and undershoot are significantly smaller
than the open loop response and the other closed loop responses. The settling time
is much shorter than the other two responses, but the rise time is larger.

Solution p, has Q value

Q. = diag([0.0189,0.0408, 1.7576, 1.1817,76.6584, 0.4051, 1.4938, 0.7815,
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7.4946,0.1538,0.5072, 0.8937, 40.1041, 0.4792, 20.2176, 2.3372] 7).

and control vector

K, = [—0.3659, —0.2043, —0.0038, —0.0357, 0.0747, —0.1492, 0.0121,

0.1668, 0.0006, —0.0090, 0, 0, 0, —0.0006, 0, —0.0007, 9.0059]

corresponding to the performance vector

T
f, = [1.2076 0.1955 3.5647 5.5287 0.6039
Next, the objectives f3 and f; are investigated.
10 Normal Acceleration Impulse Response
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Figure 5.12: Normal Acceleration Impulse Response

Figure shows the normal acceleration responses of the open loop and so-
lutions p; and ps with impulse input of w; (defined in Section |3.2.6)) disturbance.
Solution p; has a similar response to the open loop, but the initial value and un-

dershoot are much less than the response of solution ps. This is because when the
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Singular Values (dB)
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aircraft hits wind disturbance, the structure will deform because of the flexibility,

with high value of k,, the control system will be more ‘sensitive’ to the deforma-

tions. However, a ‘sensitive’ FCS will bring aggressive input and that will decrease

the value of passengers’ comfort.

Control Input (deg)
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Control Input Impulse Response
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Figure 5.14: Control Input Impulse Response
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Singular Value Plot: p 1
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Figure[5.13|shows the singular value plots about the normal acceleration response

under w, input of the three different systems. It is clear that larger k, will give

larger amplitude. Figure |5.14] shows the corresponding control input with the same

Control Effort
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Figure 5.16: Control Input Impulse Response
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w; impulse disturbance. The ‘sensitive’ FCS p, gives much larger control effort
than p;. Figure shows the singular value plots about the closed-loop elevator
deflection responses under w; input of the two closed loop systems. It also shows
that larger k, will give a larger amplitude of the singular values.

To investigate the relationships among fs, fi, k, and &, scatter plots about them

should be displayed.

Tradeoff Relationship
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Figure 5.17: Control Input Impulse Response

From Figures and [5.17] it is clear that with lower k;,, the closed loop system
can achieve better comfort and low control effort, and with similar &, lower k, will

provide better performance for the closed loop in f3 and fj.

5.2 Non-linear Simulation Results

Because the linear model is an approximation of the simplified non-linear model
trimmed at a certain flight condition using small perturbation theory, the dynamic

responses will be different between them. More importantly, in this study the model
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is a flexible model, which will have a more significant difference between the linear
and non-linear models (see Section [3.2.5)). So it is necessary to test the designed

control law in the non-linear model with same flight condition.

5.2.1 Pitch Rate Response
Solution p;

The first test is using the control law of solution py, which has a low k, = 0.0097.

Comparison between Nonlinear and Linear Model
T T T T

25 T T T T T T
***** Reduced-order Nonlinear Model
Linear Model
2r — — — Full-order Nonlinear Model 1
Reference Input
15r

PitchRate(deg/s)
[y

0.5 | 1

_05 1 1 1 1 1 1 1 1 1 1
Time(s)

Figure 5.18: Pitch Rate Comparison : Case 1

Figure [5.18shows the comparison between the linear model, reduced-order non-
linear model and full-order non-linear model with the same unit step input. The
difference between the linear and non-linear responses are not significant. The full-
order non-linear model has a lag and slightly larger overshoot and undershoot. This
is because of the effect for the reduced state variables in non-linear model, which is
explained in Section [3.2.5]

Figure shows the corresponding control signal input(elevator deflection) time
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Comparison between Nonlinear and Linear Model
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Figure 5.19: Control Input Comparison : Case 1

series for different models. It is clear that the full-order non-linear model’s deflection
has a lag compared with the other two for the same reason as pitch rate response
that was explained previously.

The elevator deflections for reduced-order non-linear and linear model have small
differences, resulting from the differences between the structure deformation modal
state variables, 1),,,, 15 shown in Figure , which is defined in (3.8]). However,
the difference of control input in Figure is small because k, is small in p;. It
should be mentioned that the responses of 1y, for non-linear models are close.

However, in Figure the differences between the linear model and non-linear
models are very large. This is because the linear model is linearised at a specific
flight condition using small perturbation theory (see Section. It is fairly accurate
for the rigid body flight dynamics parameters (i.e. w,w,q, ). However, for the
flexibility state variables, 1),,,, the dynamic relationship among themselves and
between them and rigid body flight dynamics parameters will change a lot when the

structure deformation changes. Thus the flexible parts of state-space model (3.11)
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is not accurate when the aircraft doing continuously pitch.

***** Reduced-order Nonlinear Model
Linear Model
— — — Full-order Nonlinear Model

Stuctural Defelection Modal States

Time(s)

Figure 5.20: Structure Deformation Comparison : Case 1

Solution p-

As solution p; works well in the non-linear model, solution p, with high value of k,
should also be tested, the corresponding k, = 1.0847.

Figure 5.21] shows the comparison between the linear and non-linear models
with the same unit step reference input in the previous section. It can be seen that
the non-linear model responses have much larger overshoot and undershoot than
the linear model response. The full-order non-linear model response still has a lag
compared with the others.

In Figure[5.21] it is clear that the full-order non-linear model has a small response
with zero reference input. This is because the full-order non-linear model did not
actually ‘trim’ at the trim point as explained in Section and the high value
of k, magnified the after-trim oscillation of the non-linear model. So the elevator

deflection is not actually zero for ‘zero reference input’. It is more clear in Figure
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Comparison between Nonlinear and Linear Model
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Figure 5.21: Pitch Rate Comparison : Case 2

which shows the differences of control input among different models. From
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Figure 5.22: Control Input Comparison : Case 2

Figure [5.22] it can be seen that the differences between the linear and non-linear
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model responses are large. This is just because of the high value of k,. As explained
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Figure 5.23: Structure Deformation Comparison : Case 2

previously, the 1y, responses have enormous differences between linear and non-
linear models (Figure . Thus with the high value of k;, M)y, the control input
will have a large magnified difference between them.

But on the other hand, high k, also provided high damping for n,,,. Thus the
oscillation of 1, in solution py is smaller than solution p;. Therefore, the good
matching between linear and non-linear models and the damping of 1y, is another
pair of trade-off indices. It is worth finding a solution that can give the system a

good balance between them.

Solution p3

From Figure [5.9] it can be seen that the solutions that satisfied the Gibson Drop-
back criterion always have a high value of k,. The light red solutions that are far
away from the satisfied region have low values of k,. The solutions between these

two groups of solutions are named as ‘transfer solutions’ which belongs to S;. To
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avoid the bad effect from high k,, we use the solution ps for case 3, where the

k, = 0.1191. The corresponding Q values are

Q3 = diag(]0.0386,2.7875,4.9276, 3.0350, 11.8728, 1.0355, 0.5411, 3.2366,

4.5060, 0.1754,2.6874, 0.7662, 17.7977,0.4439, 10.3163, 0.5921] 7).

The control vector is

K; = [—0.7859, —0.2650, 0, —0.0144, —0.274, 0.0259,

0.0078,0.0536, 0.0004, —0.0038, 0, 0,0, 0,0, 0, 0, 8.5599]

corresponding to the performance vector

f3 = (2.3523 1.3558 2.2315 3.2090 0.2283

Figure [5.24] shows the comparison between the linear and non-linear models with
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Figure 5.24: Pitch Rate Comparison : Case 3
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Comparison between Nonlinear and Linear Model
T T T T

T T T T T T

***** Reduced-order Nonlinear Model
Linear Model 4
— — — Full-order Nonlinear Model

Elevetor Deflection(deg/s)
o

_7 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11

Time(s)

Figure 5.25: Control Input Comparison : Case 3

the same unit step reference input in solution p3. The corresponding control inputs
and the structure state variables, ., response are shown in Figure and Figure
[5.26] respectively. It shown that the matching between different models is not good
enough for the solution that is k,, = 0.1191. Thus a lower k, solution should be

tested.

Solution py

In case 4, k, is selected as a quite small number which equals to 0.0121, p, also
belongs to Ss. Figure [5.27] shows the comparison between the linear and non-linear

model with same unit step input in solution p4. The Q values of p4 are

Q. = diag(]0.0286,0.5158,7.0612, 3.8083, 0.3672, 5.7773,0.4607, 1.4920,

6.3461, 1.0830, 0.6380, 2.2306, 0.6256, 0.4098, 26.3464, 0.4438]").
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Comparison between Nonlinear and Linear Model
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Figure 5.26: Structure Deformation Comparison : Case 3

The control vector

K, = [0.4898, —0.2400, 0.0007, —0.0015, 0.0023, —0.0002,

0.0031, 0.0026, 0.0007, —0.0031, 0, 0, 0, 0,0, 0, 0,9.0060]

corresponding to the performance vector is

T
f1=12.2371 14171 0.9242 0.9416 0.2094

The corresponding control input and the structure state variables, ny,,,, responses

are shown in Figure and respectively.

With the comparison between solution p; and solution py4, especially the dif-
ference between Figure and [5.27, even the difference of £, between these two
cases is just 0.0024, the matching between linear and non-linear models still have a

difference that cannot be neglected.
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Comparison between Nonlinear and Linear Model
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Thus it can be concluded that k, plays a really important role for flexible sys-

tem. The linear model cannot behave like non-linear models in the response of the
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Comparison between Nonlinear and Linear Model
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Figure 5.29: Structure Deformation Comparison : Case 4

structure state variables. Therefore, feeding back 1), will make the FCS sensitive,
the performance of linear and non-linear model will have a large difference. This
is because the k;, will magnify the difference of structure state variables response

between linear and non-linear models.

5.2.2 Comfort and Control Effort

This study is a multi-objective study, except handling quality performance, the per-
formances under disturbance should also be tested in non-linear models. This section

shows these performances of the four non-dominated solutions stated previously.

Open Loop Response

Before the closed-loop test, the differences in the open-loop response between full-
order non-linear, reduced non-linear model and linear model should be examined.

Figure shows the normal acceleration responses for the three models.
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Comparison between Different Model
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Figure 5.30: Normal Acceleration Comparison : Open Loop

The input is a pulse input of vertical velocity disturbance,

10m/s fort € [1,1.1]

0 else where

It is clear the differences between them are large.

As explained previously (see Section , the full-order non-linear model can
not perfectly trim with the reduced-order model trim condition, that caused the
differences of the initial values. There also is a lag between the inputs, this is
because the full-order non-linear model has time delay blocks (see Table after
wind disturbance inputs for considering the gust penetration effect that different
nodes of aircraft will hit the wind disturbance at the different time. The response
between linear model and reduced non-linear model is also very large.

The corresponding elevator deflections and n,,,, response are shown in Figure

5.31}  The structure deformations my,,, have relatively small differences between
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Comparison between Different Model
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Figure 5.31: Structure Deformation Comparison : Open Loop

the two non-linear models, the response for the reduced order model basic remains
same value, the full-order non-linear model have some oscillations but will trim to
the same point as full order model. However, the linear model has large difference
compared with the other two. This is because the dynamics relationship for n,,,
in the linear model is constant, that makes the linear model much more ‘sensitive’

than the others.

Closed Loop Test

Because the linear test of these comfort and control effort criteria have been tested
in Section [5.1} and the full-order non-linear model’s open-loop responses are very
different with the other models, the closed loop non-linear test in this study use the
reduced order non-linear model.

Figure shows the normal acceleration responses for different solutions. The
corresponding elevator deflections for different solutions are shown in Figure [5.33],

the 1,,,, responses are shown in Figure



CHAPTER 5. RESULTS ANALYSIS 82

Comparison between Different Control Law
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Comparison between Different Control Law

06 T T T T T T T
***** Case 1

051 Case 2| |
— — —Case 3

04r Case 4| |

Elevetor Deflection(deg)

0 1 2 3 4 5 6 7 8 9 10 11
Time(s)

Figure 5.33: Elevator Deflection Comparison : Different Control Laws

From these figures, it is clear that the vertical wind disturbance did not give

much influence to structure (Figure [5.34)). The py solution control law has the
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Comparison between Different Control Law
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largest elevator deflection and the normal acceleration response also yhas the largest
amplitude. This is mainly because of the high value of £, in solution p,.

To compare the comfort and control effort criteria more accurately, rather than
showing the time response, the Hy norm of the time responses is used, which is also
used as the objective functions (see Chapter |4]) to show the performances.

6 Comparison between Different Control Laws

T T 1
- [ Jcase2
[ case 3
5 I Case 4 |
] I Case 1

Normal Acceleration Comfort Elevator Deflection Control Effort k” kq

Figure 5.35: Comparison : Different Control Laws



CHAPTER 5. RESULTS ANALYSIS 84

Figure shows the bar chart of different time response norms (normal acceler-
ation and elevator deflection), objective indices (comfort and control effort) and the
values of k, and k. It is clear that the time response norms gives the same trend as
the corresponding objective indices (normal acceleration with comfort and elevator
deflection with control effort). Therefore, although the time response of the linear
model and non-linear model do not match well, the linear indices are still reliable
for at least these four cases.

However some concerns remain. A more accurate linear model which can capture
the time response of non-linear model is still needed. Considering the limit of time,

it is recommended as one of the future works.



Chapter 6

Conclusions and Future Work

6.1 Summary

The process of an RCAH flight controller design for a large flexible transport air-
craft using a multi-objective mixed optimization (MOGA and LQR combination)
approach is shown in this thesis.

A variety of objective criteria are used along with an LQR optimal controller.
The approach allows trade-off studies to be conducted in order to assist the designer
making the right choice of design parameters. The approach is flexible in its choice
of criteria, in this case, these criteria included handling qualities with the respect
of Gibson drop back criterion and rise time, passenger comfort and control effort
indices that measure rejection of disturbances.

Several observations are made. For the linear system, the optimal control laws
that are obtained by the proposed method work well. The Pareto-front of the non-
dominated solutions in rise time and overshoot shows the ‘separation’. It is shown
that this ‘separation’ is caused by the gains on the structure deformation feedback
(ky). The variation of the gain on the pitch rate feedback (k,) changes the rise
time and overshoot of non-dominated solutions with similar k,. It is also shown

that higher k, and lower £, provides better handling qualities with the respect to

85
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the Gibson Drop-back criterion. On the other hand, lower k, and lower k, provides
better control effort and passenger comfort performance.

For the non-linear system simulation tests, because of the limits the model and
the linearisation process, the optimal control laws obtained based on the linear model
did not always work well on the corresponding non-linear model. With low £,, the
match between linear and non-linear model is acceptable, but the differences are
large with the high value of k,,.

The responses of longitudinal structure deformation state variables (1,,,,) be-
tween the linear and the non-linear model have very large differences for the simu-
lation test. Although LQR is able to provide robust control laws, the control laws
that obtained in this study do not work well on the non-linear model because of the

large differences of 1,

6.2 Achievements

In summary, this research basically meets the aim and objectives that are set at the

beginning.

1. A rich group of design specifications have been reviewed (especially for han-
dling quality), using Gibson Drop-back criterion and rise time as the handling
quality specifications and using an Hs norm to represent the passengers’ com-

fort and control effort criterion.

2. A mixed optimisation design method is proposed which is a the combination

of LQR and MOGA, and uses an RCAH controller structure.

3. The performance of the designed controller has been evaluated on the non-
linear model. The analyses of the trade-off among different objectives, the re-
lationship between control law and objectives, control law and different models

(the linear and non-linear models) are all represented.
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6.3 Challenges and Limitations

To sum up, the proposed control system design method works well on the linear
system, and because of the gap between the linear model and the non-linear model,
not all of the control laws work well on the non-linear model. There are some

challenges during the research and the proposed method also has some limitations.

Challenges

1. The first challenge is translating the Gibson Drop-back criterion into mathe-
matical expressions. As explained before, for control problem, it is usually to
convert objectives into a unique performance measure (e.g. Hs norm for pas-
sengers’ comfort and control effort). However, the Gibson Drop-back criterion
is using some specific indices on the time response (¢maz, ¢ss and DB), which
are hard to convert into mathematical norms. On the other hand, ideally,
these indices are actually measured on the system without the phugoid mode.
Unlike the rigid body model, the longitudinal model that used in this research
has not four but eight modes. It is a challenge to find the phugoid mode for

the closed-loop system and remove it during the design process.

Therefore, the lowest frequency mode of the closed-loop linear system has
been removed during the design process, and the performance indices are all
measured based on the reduced-order linear system. This makes the design
process more efficient and more accurate. And this is also one of the reasons

to use RCAH controller structure in this study.

2. The second challenge is about constraints. Essentially, both LQR and MOGA
are numerical methods, they are not that ‘smart’ to understand the real desired
solution of the designer. Thus it is important to set suitable constraints for
them, not only the linear constraints (e.g. searching space for MOGA) but

also non-linear ones.
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The constraint for the closed-loop phugoid mode prevents the algorithm to put
too much effort to increase the damping of the phugoid mode, which is not
necessary for a flight control system. The gains constraint limits the absolute
value of gains that makes the control law possible to implement on the non-
linear model. There also is a linear constraint to limit the searching space for
MOGA, and this constraint helps MOGA to find enough rich set of optimal

solutions within the desired region.

With these suitable constraints, the algorithm can actually give the designer

desired solutions.

Limitations

1. The performances of the control laws on non-linear model are not always good
enough. This is because of the gap between the linear model and the non-linear
models. The flexible aircraft model that used in this study is very complex
and highly non-linear. It is hard to use traditional way (trim and linearise)
to get a reliable linear model for the original system. And the whole design
approach is actually based on the linear model. That creates the gap between
the performance of the control law on the linear model and the non-linear
models. However, this design approach is good enough if the linear model is

accurate enough.

2. This study just contains one flight condition. For a completed flight control
system, it is necessary to expand the validation of the whole flight envelope of

this aircraft.

3. Similar to the gap between the linear and non-linear models, there must be
a gap between the simulation and the real aircraft. It is infeasible to do the
flight test on the real aircraft because the model is a large commercial jet.

But it is possible to validate it on a flight simulator. This validation does not
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contain in this study also because of the limit of time.

Therefore, the recommendations for future work are listed next.

6.4 Recommendations for Further Work

There are three main recommendations for further work,

1. Linear model of the non-linear system: The linearisation process of this study
is based on the reduced order simplified the non-linear model, that caused
some problem when implementing the controller into the original non-linear
model. The reason for this has not been determined. Hence the full-order
non-linear model linearisation should be investigated to get a more accurate

linear model for the controller design process.

2. Full flight envelope: This work can be considered as a template of one trim
condition point inside the flight envelope of the AX-1 model. Using LPV
models or gain-scheduling theory to expand the FCS usable range to the full

flight envelope is an area for further work.

3. Further validation: Further work is needed to validate the controller designs
using a flight simulator, this can be done through the CA2LM framework by

using the flight simulator in Cranfield University.



Appendix A

AX-1 Open-loop State-space
Model
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AX-1 OPEN-LOOP STATE-SPACE MODEL

APPENDIX A.
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