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Abstract

To reduce the environmental impact of the aviation industry aircraft designers invest much
effort to develop new and improve existing technologies to create new aircraft configu-
rations. New high aspect ratio wings allow to improve aerodynamic efficiency while
reducing aircraft weight through the use of new lightweight materials. However, their
slenderness tends to introduce significant interaction between flight dynamics and aeroe-
lastics. These interactions need to be identified in order to allow future pilots to anticipate
behaviour of those aircraft. The literature review revealed a gap in the knowledge of fly-
ing and handling qualities (HQs) of large transport highly flexible wing aircraft. Hence,
this thesis presents a comparison between rigid and flexible aircraft configurations carried
out by the means of the pilot-in-the-loop simulations of flight test manoeuvres.

Firstly, the analysis of the extended equations of motion, which consider the structural
flexibility, revealed significant flexibility impact on the lateral/directional dynamics of the
aircraft. Then, the equations were integrated into the Simulation Framework for Flexible
Aircraft (SFFA) that was developed by integrating the aeroservoelastic model CA2LM
with the engineering flight simulator EFS500. The simulation campaign was performed
using the SFFA for the HARTEN aircraft model, which exhibited an unusually aft neu-
tral point position. The results of the simulation campaign revealed minor differences
in the longitudinal dynamics between the rigid and flexible aircraft. However, the lat-
eral/directional dynamics showed significant differences, especially in the change of the
Dutch roll shape from horizontal to vertical and the spiral mode from unstable to neutrally
stable. It also highlighted the ‘wing rocking’ phenomenon and the ‘wing ratcheting’ sig-
nificantly decreased roll performance. Finally, a new slalom task proved its applicability
to efficiently assess HQs and revealed a degradation of HQs for the flexible aircraft con-
figuration. The SFFA was also assessed and limiting hardware issues were indicated to
support the comparison of aircraft HQs.

For the future it is recommended to identify a set of dynamic parameters that would
allow to highlight deficiencies of flexible aircraft and to improve the SFFA allowing pilots
to fully concentrate on the task.

Keywords: Aeroservoelasticity, Aircraft Dynamics, Flexible Aircraft, Flight Dynamics,
Flying Qualities, Handling Qualities, Pilot-in-the-loop Simulation.
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Chapter 1

Introduction

Over the last few decades the society has witnessed significant achievements in aviation.
Air travel has become so affordable that the number of passengers is about to double in
the next 20 years and airlines keep introducing longest ever revenue flights, which range
for about 15000 km and last for more than 17 hours, to connect the most distant places of
our planet. This was made possible only by a continuous development and improvement
of airliner efficiency. Economic and social benefits that the aviation industry induces
globally are very appreciated and well understood [1, 2]. However, they come with a
cost of a negative environmental impact, which the aviation sector is highly criticised for.
To reduce this impact, international aviation organizations ICAO, IATA, ECAC set the
environmental targets to significantly reduce emissions from aircraft [3, 4] or, in other
words, to improve aircraft efficiency. This improvement can be achieved in two ways: 1)
by providing straighter flight paths and, thus, reducing the operational costs and emissions
due to air navigation peculiarities, and 2) by increasing aircraft efficiency by improving
its design and systems. Three domains, where aircraft efficiency could be improved the
most, are the aerodynamics, the propulsion and the structural weight. Improvements in
the propulsion system of commercial airliners have long been the main driving factor of
the efficiency increasing process, but every further improvement of an engine adds less
efficiency for a higher cost. On the other hand, it is common knowledge among designers
and engineers that increasing wing aspect ratio (AR) reduces aircraft induced drag. High
aspect ratio (HAR) unswept wings are usually seen in sailplane designs to provide very
high lift-to-drag ratios, but could not be used for large transport aircraft in the past because
of arising structural issues due to the much higher wing loading in commercial transport
aircraft. The use of HAR wings in sailplanes design provided the following advantages:

1. Less induced drag. About 40% of total drag in cruise is induced drag [5], thus
reducing it would lead to a significant reduction of total drag.

2. More equal lift distribution. Due to a longer and narrower wing it becomes similar
to elliptical distribution, which is known for its preferable properties.

3. Higher maximum lift coefficient [6].

1
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However, there are some disadvantages of using the HAR wings too:

1. Lateral static stability is reduced as the Clβwing
increases its value with increasing

AR [7] as shown in Fig. 1.1.

2. An increase in wing root bending moment due to an increased AR is an essential
problem for large transport aircraft.

3. A decrease in stall angle of attack as the effective angle of attack at the tips is higher
[6].

Figure 1.1: AR impact on lateral static stability (reproduced from Ref. [7])

With the development of composite materials and novel manufacturing technologies [8],
previous structural issues have been solved. Moreover, the use of composite materials
also allows us to reduce the overall weight of an aircraft. As the AR increases larger wing
deformations develop, which affect the flying (FQs) and handling (HQs) qualities of such
flexible aircraft. As aircraft are controlled by pilots, their perception of HQs of these new
flexible configurations is very important for further designs of airframes and flight control
systems. It is also important to assess the changes in flight dynamics when the airframe
becomes flexible.

Previous approaches to assess HQs of flexible aircraft were based mainly on the longi-
tudinal HQs [9–12]. Pilots, placed in front of an aircraft, experienced different dynamics
than the ones at the centre of gravity (CG) due to the bending of long slender fuselages.
Thus, it was important to investigate the way that the pilots’ perception of HQs was al-
tered. One of such assessments was done by Waszak et al. [13] at the NASA Langley
Visual/Motion Simulator facility for the Rockwell B-1 aircraft. It set the foundation for
the future investigations of flexible aircraft HQs. Recently, Damveld [11] and Andrews
[12] investigated the impact of the fuselage flexibility on military and commercial jets
shown in Fig. 1.2. Damveld’s investigation was based on the development of new meth-
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(a) Flexible military jet (reproduced from Ref.
[11])

(b) Flexible commercial jet (reproduced from
Ref. [12])

Figure 1.2: Recent aircraft investigated for the structural flexibility impact on HQs

(a) Helios Prototype (b) In-flight disintegration of Helios Prototype

Figure 1.3: Helios Prototype in flight and its disintegration (reproduced from Ref. [14])

ods to investigate and quantify the longitudinal HQs and was compared to the findings
of the previous research done by Waszak et al. Andrews, on the other hand, considered
not only the fuselage flexibility, but also the wing flexibility. However, the commercial
aircraft in his investigation had a relatively rigid wing. During Andrew’s project the AX-
1 model was developed - the foundational part of the Cranfield Accelerated Aeroplane
Loads Model (CA2LM).

As large aircraft were fitted with relatively rigid wings, the unmanned aerial vehicles
(UAV) were used as test beds for HAR wings technologies. Much effort was made in the
USA to develop the technologies and methodologies both to manufacture and investigate
the HAR wing UAVs. The High Altitude Long Endurance (HALE) and Helios Prototype
are the most famous examples of the HAR wing UAVs. The Helios Prototype flying wing
is shown in Fig. 1.3(a). Helios is also a well-known example of the in-flight disintegration
(shown in Fig. 1.3(b)) of a highly flexible wing.

As the manufacturing technologies advanced, the researchers started looking at HAR
flexible wing applicability to large commercial aircraft. The Subsonic Ultra Green Air-
craft Research (SUGAR) is well-known research into the applicability of HAR low swept
wings for commercial transport. Led by Boeing and NASA the aircraft concept aims
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(a) NASA/Boeing SUGAR concept (see App.
A.1)

(b) Airbus HARTEn concept (reproduced from
Ref. [15])

Figure 1.4: Examples of HAR wing commercial aircraft concepts

to reduce the CO2 emission by more than 70%. Airbus along with its academic partners
Cranfield University and the University of Bristol suggested the HARTEn concept aircraft
[15]. Both concepts consider not only HAR wings, but many other novel technologies,
which allow an increase in aircraft efficiency. These two concepts are shown in Fig. 1.4.

These new HAR wings concepts not only increase aircraft efficiency, but also intro-
duce new aircraft dynamics. As the structural issues of HAR wings were analysed in the
Helios report (Ref. [14]), the FQs or HQs analysis of such aircraft has never been done
before. As mentioned before, the longitudinal HQs due to the fuselage flexibility or due to
the relatively rigid wing flexibility were usually tested. However, the impact of high wing
deformations on FQs and HQs of a large transport aircraft is still unknown. Moreover,
the pilot-in-the-loop simulations were never done for HAR highly flexible wing aircraft.
Such simulations demonstrate the differences between rigid and flexible aircraft in terms
of flight dynamics. Moreover, the opinions collected from professional test pilots allow
us to assess and de-risk such configurations with more confidence.

1.1 Aim and objectives

The aim of this project is to investigate the differences between rigid and flexible wing
aircraft dynamics by the use of the pilot-in-the-loop flight simulation techniques. The aim
is met through the following objectives:

1. The development of extended equations of motion (EoM), which consider the struc-
tural flexibility, their analysis and implementation into the simulation framework.

2. The development of the new simulation framework, capable of the pilot-in-the-
loop real-time simulations, by integrating the aeroservoelastic framework with the
engineering flight simulator.
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3. The development of new tasks to assess HQs of new aircraft configurations using
the pilot-in-the-loop flight simulations.

4. The assessment of FQs and HQs of a new highly flexible wing aircraft configuration
during a pilot-in-the-loop flight simulation campaign.

1.2 Scope of thesis
Pilot-in-the-loop simulations of the HARTEN aircraft within the CA2LM framework and
assessment of FQs and HQs of the aircraft are the scope of this research. As the linear
structural dynamics model is used within the CA2LM framework, only the wing dihedral
change due to the structural flexibility and low frequency structural dynamics are of inter-
est in this research. The low fidelity Modified Strip Theory (MST) model along with the
Leishman unsteady aerodynamic model are used within the CA2LM framework in order
to provide real-time simulations. The CA2LM framework is utilised by test pilots through
the interface provided by the EFS500 hardware framework. Both of them integrated into
the Simulation Framework for Flexible Aircraft (SFFA) provide the pilot-in-the-loop sim-
ulation capability, which is used to test FQs and HQs of the HAR wing aircraft. The test-
ing is carried out by three professional test pilots, each of them presenting communities
of academia, commercial aviation and flight testing. The HAR wing flexibility effect is
assessed by comparing aircraft response to a pilot input between the flexible and rigid air-
craft configurations. The FQs evaluation is based on simulating standard open-loop flight
test manoeuvres. The HQs are assessed by using the newly developed closed-loop slalom
task. The scope of this research also includes the assessment of this new slalom task ap-
plicability for the HQs evaluation as well as the assessment of the SFFA. All simulations
are carried out for the Airbus HAR wing aircraft HARTEN. Bare airframe with ailerons,
elevator and rudder is tested for FQs and HQs. The qualitative rather than quantitative
assessment of FQs and HQs is the scope of this thesis due to all the limitations mentioned
above.

1.3 Thesis outline
The chapters of this thesis describe the process needed to develop a simulation frame-
work to carry out pilot-in-the-loop simulations and assessment of the flying and handling
qualities of HAR highly flexible wing aircraft.

Chapter 2 reviews the use of HAR wings within sailplanes and approaches to use
HAR wings within the commercial aviation. It also reviews the approaches to model and
simulate flexible aircraft within the research community. The HQs assessment criteria are
also reviewed along with the flight test manoeuvres.

Chapter 3 presents the derivation of the extended EoM that take into account the
structural flexibility effect. An investigation of their impact on the response of rigid and
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flexible aircraft is also provided.
Chapter 4 introduces the new simulation framework, which is needed to carry out the

real-time pilot-in-the-loop flight simulations. The review of two parts of the new simu-
lator - the aeroservoelastic framework and the engineering flight simulator - is provided
along with a discussion on the integration process. The limitations and upgrades to the
aeroservoelastic framework are also discussed and an example of its use is given.

Chapter 5 reviews the example aircraft model used in this project to assess the dif-
ferences between rigid and flexible aircraft. Its longitudinal static stability (LSS) is also
assessed in the chapter.

Chapter 6 reviews the flight simulation campaign. The structural flexibility test cases
are defined and the experience of test pilots and FQs and HQs evaluation metrics are
discussed in the chapter. The test manoeuvres carried out during the flight simulation
campaign are also defined and their execution procedures are provided. The new slalom
task developed to assess HQs of new aircraft configurations more efficiently is also intro-
duced in the chapter.

Chapter 7 presents the findings and results from the flight simulation campaign along
with a discussion. The assessment of FQs and HQs is carried out as a comparison be-
tween rigid and flexible aircraft configurations. The FQs investigation is divided into
longitudinal and lateral/directional dynamics. Then the slalom task results are presented
to assess the difference in HQs between rigid and flexible aircraft. The assessment of the
new simulation framework is presented at the end of the chapter.

Chapter 8 concludes the thesis and also suggests the future directions in the research
on HQs of highly flexible aircraft and the development of the new simulation framework.
The summary of publications in which the findings of this research have been dissemi-
nated completes this chapter.



Chapter 2

Literature review

This chapter reviews the literature on the following topics: 1) the use of high aspect
ratio wings, 2) developments of EoM for flexible aircraft, and 3) HQs criteria for aircraft
assessment.

2.1 The use of high aspect ratio wings
Benefits of HAR wings were realised decades ago [16]. Known for their high aerody-
namic efficiency they have been widely used in sailplane design to increase their per-
formance and competitiveness during gliding competitions. However, their use for large
transport aircraft was limited due to much higher wing loading leading to excessive flight
loads and consequent structural weight implications. Hence, the option to significantly
increase wing aspect ratio was never considered. When manufacturing technologies im-
proved and new materials were developed, the use of HAR wings for large transport air-
craft became possible. Engineers developed techniques to produce highly flexible wings
and many concepts of aircraft with such wings emerged. However, such aircraft oper-
ate under much higher wing loading and velocities than sailplanes. Hence, much effort is
made to investigate handling characteristics of highly flexible wing large transport aircraft
taking into consideration already known characteristics of sailplane dynamics.

2.1.1 Sailplanes
Sailplanes are the first aircraft type that come to mind when thinking about HAR wing
aircraft. For many years they served aircraft designers as a platform for testing methods to
increase aerodynamic performance. Starting from the Lilienthal hang glider in early 20th

century, sailplane designs have improved along with advances in engineering sciences.
Sailplanes are widely known for their long and slender HAR wings. Wings used to be

very low aspect ratio at the very beginning of aviation - the Lilienthal hang glider shown
in Fig. 2.1(a) had an AR of 4 [17]. Although engineers understood the importance of the
aspect ratio in reducing the induced drag and increasing the aerodynamic performance,

7



8 CHAPTER 2. LITERATURE REVIEW

(a) Lilienthal hang glider (see App. A.2) (b) eta sailplane (see App. A.3)

Figure 2.1: Examples of past and current gliders

HAR wings were not viable due to lack of suitable lightweight materials. Thus, other
ways to change the aspect ratio for different phases of flight were considered, e.g. the
use of the Fowler-type flap let the AR vary from 26.8 to 36.2 in case of the British Sigma
sailplane [17]. However, with advances in manufacturing and material engineering in the
1960s-1970s HAR wings became viable through the use of reinforced glass-fibres. This
allowed even higher AR wings to be produced. Currently, the eta sailplane shown in Fig.
2.1(b) has an AR of 51.33 (see App. A.4) and achieves a lift-to-drag ratio of 70 (see App.
A.5).

The use of HAR wings not only increases the aerodynamic efficiency, but also brings
with it some structural and control issues. Back in 1965, Jakubov noted that high per-
formance gliders exhibited low torsional rigidity of their high aspect ratio (AR=25-30)
wings [18]. Thus, the “elastic wing twisting resulted in a decrease in pitching moment
and elevator trim angles” [18]. This significantly affected the long period dynamics of
those sailplanes.

Another issue of HAR flexible wings is their time varying deformation in flight due
to changing loads, which affect their dihedral angle and lateral/directional stability. Al-
though early sailplanes had no dihedral, its positive effect on HQs was already anticipated
[17]. Later, when the dihedral effect was better understood, negative wing dihedral was
implemented within the Ku-4 Austria (1932) sailplane to compensate for the excessive
dihedral due to wing bending under flight load.

The adverse yaw, being another significant drawback of HAR wings, is an undesired
behaviour of the aircraft due to asymmetric lift distribution when the down deflected
aileron creates more lift and as a result, more induced drag [19]. The issue brings one
of the biggest challenges for a designer to minimise the adverse yaw effect by setting an
appropriate dihedral angle.

As sailplanes, due to their HAR wings, possessed many unknown flight dynamic phe-
nomena, much work was required to investigate and define their HQs. Morelli investi-
gated longitudinal motion of the sailplane through definition of the ‘stick fixed’ neutral
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point, which was estimated to be at 48% MAC [20]. He concluded that if the CG is aft
of the neutral point, the motion would be aperiodic and divergent, and in case of forward
CG, the motion would be oscillatory. Moreover, with the CG shifted forward, the period
of the motion would become shorter. For the lateral/directional dynamics it was noted
that winglets help to reduce the induced drag by minimising the wingtip vorticity and
improve aileron efficiency by minimising cross-flow, which in turn improves HQs [17].
Moreover, in the future HQs may be improved using small computer-controlled moving
surfaces [17] to provide lateral control, when the wing is highly deflected and ailerons
lose their efficiency. Such surfaces (spoilers) are in few cases used now for rolling an air-
craft during high velocity flight phases. However, this might be the only means of lateral
controls for aircraft with high wing deformations.

As discussed, different aspects of sailplanes were thoroughly investigated in the past.
Many issues due to HAR wings were discovered, investigated and solved during those
years. However, high lift-to-drag ratio, which is the outcome of using a HAR wing, is
the strongest lure for every aircraft designer and new domains for using HAR wings are
under investigation.

2.1.2 Commercial airliners
Manufacturers of commercial airliners are interested in any means to increase aircraft
efficiency as this usually leads to higher profit margins for their users, i.e. airlines. The
well-known Breguet range equation (2.1) [21, 22] identifies three areas where the aircraft
efficiency could be increased, i.e. aerodynamics, propulsion and structures.

Range =
a
g

ML
D

1
SFC

ln
(

Wi

Wf

)
(2.1)

The propulsion parameter SFC was the main driver of recent approaches to increase the
overall aircraft efficiency providing the most benefits. However, every increment in the
efficiency of the propulsion system becomes more and more costly. Moreover, the design
of engines does not depend on aircraft manufacturers as they are provided by external
suppliers. On the other hand, both aerodynamic and structural parameters, ML/D and
Wi/Wf , are defined by aircraft manufacturers and play a significant role in the overall air-
craft design. Previously considered as independent parameters they are becoming highly
interdependent when considering a more integrated design process of the future aircraft
concepts. As this thesis considers only HAR wings aircraft, a brief discussion on their
interplay is provided below.

The commercial aviation industry is currently starting to actively look into using HAR
wings to increase the aerodynamic efficiency as it is directly attributed to the design of its
airframe and, mostly, the wing. The use of new materials with higher than usual specific
stiffness and strength allows a significant increase in the wing aspect ratio with a little or
no weight penalty. This in turn allows an increase in ML/D parameter as the induced drag
reduces. Reduction of the induced drag is even more signified when flying at a constant
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Figure 2.2: AR increase during years

altitude and Mach number the overall weight of the aircraft reduces and thus the angle
of attack must be also reduced. Hence, to employ previously discussed advantages the
main aircraft manufacturers - Airbus and Boeing - are investing significant resources to
investigate the feasibility of HAR wings for commercial use. Figure 2.2 shows the trend
of AR increase from early to the latest designs of commercial aircraft. As seen from the
figure, the highest currently achieved AR is around 11, while current research is looking
into AR between 18 and 20.

The use of composite materials allows designers to increase AR while maintaining or
even reducing the mass of wings. As seen in Fig. 2.2, AR of a new Boeing 787 (B787) is
around 9.6, while AR of two decades older Boeing 777 (B777) is around 8.7. The com-
position of their structures is significantly different: an older B777-300 consists of 12%
composites and 50% aluminium, while a newer B787-800 consists of 50% composites
and 20% aluminium [23]. An increased AR and an increased use of composite materials
results in high wing deflections (see Fig. 2.3) for B787: the wingtip deflects around 3.66
m (12% of semi-span) under cruise conditions and up to 7.93 m (26% of semi-span) under
‘ultimate’ loading [23]. Such high deflections are not the case for B777, nevertheless its
wingspan is only 1 m larger (61 m) than that of the B787 (60 m). Moreover, recently
introduced Bombardier C Series aircraft possess wings with the aspect ratio of 11. How-
ever, due to a small wingspan (35.05 m) the flexibility of the wing is not as evident as in
the case of large transport aircraft. Hence, it can be said that some clear current and future
trends of the industry are:
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1. To increase wing AR in order to increase the aerodynamic efficiency by reducing
the induced drag.

2. To use more composite materials in order to reduce structural mass.

Figure 2.3: Wing deflection of Boeing 787 aircraft under ground, 1g and ultimate loading
(reproduced from Ref. [23])

Both trends will result in even more flexible wings. It means that flight dynamics
and HQs of such aircraft need to be thoroughly investigated and well understood before
they enter the market. One way of carrying out such investigation is by modelling and
investigating them using computational simulation methods and wind tunnel testing.

Some initiatives to investigate flexible wing transport aircraft have been launched in
recent years. The first one, NASA’s Subsonic Ultra Green Aircraft Research [24], tends
to explore the use of the truss braced flexible wing. Launched in 2009-2010, it aims to
investigate viability of new technologies, like hybrid propulsion or laminar flow wings.
The research has been based on the high wing T-tail configuration medium size aircraft
with the Maximum Take-Off Weight (MTOW) of 68100 kg, which is shown in Fig. 2.4(a).
Its wing AR is around 19.55 and its span is 51.6 m.

The second initiative, Airbus High Aspect Ratio Technology ENabler [15], aims to
explore the use of the HAR flexible wings mounted on a classically configured aircraft. It
was launched in 2014 among Airbus UK, Cranfield University and the University of Bris-
tol as part of the Agile Wing Integration (AWI) project. This research initiative aims to
investigate laminar flow and HAR wing technologies’ application to commercial aircraft.
Much attention has been given to explore HQs of such aircraft. The most recent proposed
model is based on the low wing T-tail configuration medium size aircraft with MTOW of
around 80000 kg, as shown in Fig. 2.4(b). Its wing AR is around 17.7 and wingspan is 50
m.

As discussed, the AR of wings is inevitably increasing within the large transport air-
craft design. The wingtip deflection of 26% semi-span [23] will soon become conven-
tional rather than an unconventional feature. Thus, flexibility effects must be taken into
account when investigating flight dynamic parameters of such aircraft. These should be
accounted for through an in-depth study of non-linear structural dynamics and flight dy-
namic EoM for flexible aircraft.
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(a) NASA SUGAR (reproduced from Ref. [24]) (b) Airbus HARTEN

Figure 2.4: Currently investigated configurations of HAR wing aircraft

2.2 Modelling flexible aircraft
The majority of aircraft models have been developed assuming the airframe to be rigid.
Thus, it is rational to model them as a mass point with inertia properties of the aircraft
assigned to that point. As wings become more flexible, inertia properties variation in time
becomes more significant. Thus, a model of a very flexible aircraft as a mass point is not
valid any more. Hence, such aircraft are modelled as sets of mass points, representing
their mass distribution, constrained in space. Corresponding changes must be made to
equations of motion, i.e. they must be amended with additional terms to account for the
structural flexibility. Moreover, the structural dynamic equations of motion have to be
improved to account for structural non-linearities in case of high structural deformations.
All these models are usually combined in modelling and simulation frameworks to inves-
tigate their impact on aircraft configurations of interest. As this thesis aims to investigate
flight dynamics rather than structural dynamics, only past developments of flight dynamic
EoM are discussed in the following sections along with flight simulation frameworks.

2.2.1 Equations of motion for flexible bodies

Equations of motion equate forces and moments acting on the body to motion parameters
of that body, i.e. rotational and translational accelerations. These are then integrated to
calculate velocities and body position and attitude in space. The classical equations of
motion have assumed a body to be rigid and modelled it as a point with particular inertia
and mass properties [25, 26]. However, in the case of a flexible structure, a body cannot
be assumed as a single point, but rather as a set of points constrained and distributed in
space, representing an elastic body.

Different approaches to model flexible bodies have been applied over the years. It was
shown in early stages of flexible body research that the motion of a “slightly deformable
body” could be defined through three separate parts: translation, rotation and vibration.
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However, Hemp [27] concluded that rotation and vibration are coupled unless both of
these motions are small.

An idea of having a supersonic transport suggested that an aircraft might be a slender
flexible body [28]. It was noted that the classical approach of modifying EoM by the use
of ‘modified derivatives’ is very inefficient as it includes only a steady state deformation
of the airframe and could not be applied over a broad range of flight conditions [28]. A
different approach was suggested, which included the motion of each point into linear
and angular momentum equations. The mean axes system was introduced to reduce the
inertial coupling between the overall motion of a body and its relative deformations [28].

As previous approaches were usually applied to small deformations, the approach to
derive equations limited by small strains rather than small deformations was taken by
Veubeke [29]. A mean rigid body motion was modelled along with a relative body mo-
tion which took into account deformations. The proposed approach minimised the mean
square of relative displacements. Nevertheless, it preserved the zero momentum condi-
tion and linearised the angular momentum condition in such a way that the relative de-
formations were represented by expansion in natural elastic vibration modes. Hamilton’s
principle [30] was used to derive the equations by using the concept of quasi-coordinates.

The interest in large spacecraft with distributed structural flexibility revived an interest
in floating reference frames [31]. The linearised Tisserand frame was suggested as the
most advantageous choice because of the following characteristics: 1) it optimally follows
a body, and 2) constraint relationship is easily evaluated. However, the rigid body motion
was still kept separate from structural motion.

The idea to separate rigid and flexible body modes was criticised by Waszak and
Schmidt [9]. They argued that this practice might be applied for relatively rigid aircraft
where the frequencies of rigid and flexible modes are significantly apart (see Fig. 2.5).
However, with the introduction of new composite materials it was argued that the fre-
quency separation would be significantly reduced. Thus, the need to change the design
practice was highlighted. A new way proposed developing flexible integrated vehicle
models initially and then simplifying these models according to the application. How-
ever, sufficiently small structural deformations were usually assumed for a new model [9]
and a set of normal vibration modes was used. The elastic and rigid body motions were
coupled through the use of generalised forces.

Much work on multi-body equations of motion was done by Udwadia [32–36]. Gen-
eral form of the explicit equations of motion, applicable to holonomic and non-holonomic
systems, was obtained. Such sets of EoM allow the decomposition of multi-body systems
into subsystems with known equations of motion and then combine them to obtain EoM
of the overall system. However, general formulation of equations of motion, introduced
by Udwadia, had not seen much success in the domain of aeronautical engineering. Thus,
the discussion on which approach is the most suitable to model a flexible aircraft con-
tinued. Meirovitch and Tuzcu criticised the mean axes system in Ref. [37], arguing that
in times when the computational power was inadequate to solve complex equations, the
concept of mean axes was appealing due to its promise of inertial decoupling of the EoM.
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Figure 2.5: Rigid body and structural dynamics frequencies for conventional and flexible
aircraft

However, it turned out to be a “blind alley” for aircraft, as EoM were still coupled through
the aerodynamic forces and the use of mean axes resulted in increased complexity [37].

Schmidt, the most prominent advocate of the mean axes system, responded with a
demonstration of “the mean-axis formulation” that “leads to useful and valid equations
of motion of a deformable body” in Ref. [38]. He argued that “a quite valid and very
useful dynamic model of relatively low dynamic order may be obtained from the mean-
axis formulation”. Although equations of motion have been investigated for many years,
the discussion on applying those equations for flexible bodies [39] or discovering more
convenient axes systems to model those equations [40] is still going on.

While different approaches to model equations of motion bring different perspectives
and insights into flight dynamics, examples of their applications are their best advocates.
Hence, many simulation frameworks were developed to show advantages of each ap-
proach and investigate dynamics of different aircraft configurations.

2.2.2 Modelling and simulation of flexible aircraft
Numerous high and low fidelity flexible aircraft simulation frameworks were developed
in the past.

A good starting point for a review of flexible aircraft simulators is the report produced
by Waszak et al. back in 1987 [13]. The Rockwell B-1B bomber, which has a high
fineness ratio and thus flexible fuselage, was modelled and this established the basis for
the future research into flexible aircraft flight dynamics and HQs. Later many researchers
(e.g. Refs. [11, 41]) compared their results against the ones from Ref. [13]. However,
the focus of this model was to explore the fuselage flexibility impact on the longitudinal
flight dynamics.
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Modelling of the Light Eagle aircraft showed that the separation of rigid body and
structural dynamics cannot be justified [42]: the same conclusion as seen in many dis-
cussions about the equations of motion. To develop the model Schoor utilised two-
dimensional strip model, which was a common choice between flexible aircraft modellers
[9, 13]. The structural model was based on the linear beam theory, thus preventing it from
being used for large wing deformations.

A whole integrated aeroelastic package ASWING was developed by Drela and pre-
sented in Ref. [43]. It made use of non-linear beams, which allowed large deformations
to be modelled. Aerodynamic model was more advanced too - it utilised the vortex lattice
method with unsteady lifting lines with wing-aligned trailing vorticity. Compressibility
effects were modelled in a traditional way via the Prandtl-Glauert compressibility factor.
Being much more advanced than the previous models, it also modelled stall and its effect
on lift and drag.

With the advance of new technologies came new requirements for surveillance air-
craft. Thus, the HALE concept was introduced. The requirements being 1) a substantial
loiter period, and 2) long range, led to configurations of HAR wings, providing very high
lift-to-drag ratios [44]. Thus, in order to produce computational models of such aircraft
it was decided to couple a finite-state airloads model with the structural model, defined
as a set of beams. The airloads model included both an inflow model and a dynamic
stall model, developed by ONERA. Results of the validation exercise in Ref. [44] indi-
cated a need to include higher order non-linear effects to predict aeroelastic effects more
accurately.

Effects of non-linearities on the flight parameters have been investigated since the
first models of flexible aircraft were introduced. On the one hand, it was shown that
both linear and non-linear geometrical models resulted in wing deflections with negligi-
ble differences for a wingtip deflection of around 25% semi-span [45]. Moreover, both
bending and twisting of the wing could be predicted “quite accurately”. The main draw-
back of applying the linear structural theory for highly deformable wings was indicated
to be its fore-shortening effect, which means that the wing becomes artificially elongated
as shown in Fig. 2.6. On the other hand, it was clear that significantly different structural
frequencies and modeshapes result from non-linear models [44–46]. These changes sig-
nificantly affect longitudinal flight dynamic modes and the trim solutions [46, 47]. For the
U-shape wing configuration those non-linearities might lead to the absence of the short
period pitching oscillation (SPPO) mode, while the phugoid mode might become unsta-
ble. Moreover, the flutter speed might change by more than 50%, as it was shown in Ref.
[45]. It was also noted in Ref. [47] that using the linear structural theory to predict air-
craft performance would lead to incorrect estimation of the flight envelope. For example,
the stall speed turned out to be higher for flexible aircraft rather than for the rigid one
[47]. It was shown in Refs. [48] and [49] that modelling stall non-linearities decreased
the flutter speeds drastically due to coupling between the low frequency stall dynamics
and structural modes. On the other hand, the linear analysis led to over-prediction of the
flutter speed - the situation that is very dangerous for flights within that speed region [49].
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Figure 2.6: Artificial wing elongation using the linear structural dynamics theory

The low frequency modes, which involved wing flexibility, were fully coupled with the
flight dynamic modes [47]. However, the coupling between high frequency wing aeroe-
lastic modes and flight dynamic modes was very little [47]. Moreover, those structural
frequencies were found to vary as a function of wingtip displacement [47]. It affected
both longitudinal modes (phugoid and SPPO) and the trim solution [47]. These results
showed that the non-linear behaviour of long flexible wings need to be well understood
and highlighted the need for a complete and consistent non-linear dynamic analysis and
simulation tools [49].

The geometrically-exact beam theory along with large motion aerofoil aerodynamic
theory resulted in a model presented by Patil and Hodges in Ref. [46]. The framework
was used to model a flexible very high aspect ratio (AR = 30) flying-wing concept.

Another framework, which tightly couples the non-linear 6 degrees of freedom (DoF)
EoM with the non-linear aeroelastic equations, was presented in Ref. [50]. It was shown
that higher-order formulations are required to capture dynamics of a flexible aircraft.
Moreover, it was shown that the longitudinal dynamics can be captured by the linearised
or, even, rigid-body solutions. However, for lateral/directional manoeuvres the non-linear
structural model is required.

More recent models of flexible wing aircraft involve morphing mechanisms [51] and
more advanced aerodynamic and structural models [52–54]. Models to simulate flying
wings or flexible transport category aircraft were discussed in Refs. [55, 56].
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The discussion above indicates the presence of numerous different fidelity aeroser-
voelastic models. Each of them has its own advantages and disadvantages. To assess HQs
of an aircraft real-time aerodynamic and structural dynamic models are required. Com-
bining these models with a flight simulation environment will allow the pilot-in-the-loop
testing of new aircraft configurations.

2.3 Flight testing and handling qualities evaluation

Every new manufactured aircraft must pass the basic flight testing to show that it meets
the airworthiness requirements laid down in CS-25 specifications [57]. Their flight control
and other systems are tested in flight according to in-house manufacturer requirements.
The overall testing campaign may take a couple of weeks. However, for new configura-
tions of aircraft (such as the flexible wing aircraft within the framework of this project), an
extensive testing campaign must be planned. As this project aims to assess the HQs of the
conceptual aircraft design, the real in-flight tests cannot be carried out. Thus, the aeroser-
voelastic model integrated with the flight simulation hardware provides a capability of the
pilot-in-the-loop testing of such concepts. An important part of such a testing campaign
is the methodology used to assess the results. Having in mind that the structural flexibility
becomes more significant variable in the flight dynamics it is vital to assess the limitations
of the most popular currently used HQs evaluation methods. Hence, this section reviews
existing methodologies and their applicability within the flexible aircraft domain.

The research of HQs has been of high interest for the flight dynamics community
from the very first flights in the beginning of the 20th century. At that moment the term
‘Handling Qualities’ did not exist and all discussions and investigations of aircraft were
based on the stability and controllability. Thus, researchers derived the basic principles of
the stability derivatives of aircraft, which are still successfully used nowadays. They also
understood the importance of the aircraft-pilot system and tried to correlate the in-flight
measured characteristics with the opinions of test pilots. One of the first trials to correlate
in-flight measurements with a pilot’s opinion is attributed to H.A. Soule [58]. The testing
campaign consisted of eight monoplanes and biplanes flown to acquire the data of their
long and short period dynamics that were later used to define the longitudinal stability
of aircraft. The longitudinal oscillations were induced by deflecting an elevator - the
technique still used nowadays. Moreover, pilots’ opinions about the aircraft handling
characteristics were collected. However, at the end it was concluded that the theoretically
defined longitudinal stability characteristics had no correlation with the pilots’ opinions.

The importance of investigating the overall aircraft-pilot system rather than aircraft
independently was understood early in the research of HQs. As mentioned previously in
Ref. [58], the trial of correlating some quantifiable stability parameters with pilots’ ob-
servations was unsuccessful as points of view about desirable handling characteristics of
engineers and pilots were grounded on different experience and understanding. The base
for the research was laid down and even more discussions on the pilots’ understanding of
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HQs evolved [59, 60]. The importance of quantifying pilot’s opinion was emphasised by
Hill [61]. Lack of understanding between pilots and engineers was a problem also indi-
cated by the prominent aircraft engineer O.C. Koppen [62]. This gap appeared because
of lack of precision defining minimum stability requirements. Moreover, lack of numer-
ical criteria was indicated as a critical issue as most of the requirements were qualitative
rather than quantitative. Lack of written definitions of minimum requirements for lateral
stability was indicated as another issue. Hence, the process to define the requirements for
satisfactory FQs started. R.R. Gilruth grouped FQs requirements into three main groups
[63]:

1. Longitudinal stability and control requirements, which characterised pitch motion
and elevator controls.

2. Lateral stability and control requirements, which characterised both roll and yaw
motions and corresponding controls, i.e. rudder and ailerons.

3. Stall requirements, which characterised aircraft behaviour at stall conditions.

The aeroelasticity effects became increasingly important during the years and engi-
neers started to investigate their impact on FQs relatively early [64]. The aeroelastic
analysis of an example aircraft with a backward swept wing of AR = 9.43 was presented
in Ref. [65]. The analysis revealed the wing aerodynamic centre motion and the wing
lift-curve slope change due to the wing flexibility. It was concluded that the wing aero-
dynamic centre moved forward and the wing lift-curve slope reduced due to the wing
bending. Thus, the destabilising effect of the wing aerodynamic centre forward shift was
counteracted by the stabilising effect of the wing lift-curve slope.

The advancement of HQs analysis methods and the requirements to quantify HQs
clearly indicated the future developments of the domain. As a result, new criteria were
developed and they are reviewed in this section.

2.3.1 Control Anticipation Parameter
The Control Anticipation Parameter (CAP) is one of the first HQs evaluation criteria. It
is defined as the ratio between the instantaneous pitch acceleration q̇0 and the steady state
normal load factor nzss and represents the strength of the anticipation signal received by
the pilot [66]:

CAP =
q̇0

nzss

≈
ω2

sp

nzα
(2.2)

It is shown in Eq. 2.2 that the parameter could be approximated by the ratio between the
short period mode frequency ω2

sp and the normal load factor per unit angle of attack nzα ,
while the parameters q̇0 and nzss are those sensed by the inner ear of a human body [25].
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Knowing CAP allows the pilot to anticipate the lag between his/her control input and the
aircraft response [66–68].

CAP was first suggested by Bihrle in 1966 as it had been noted that the pilot’s ability
to perform precise flight path tasks depends on the short period dynamic characteristics
of an aircraft [66]. These characteristics might be the mode natural frequency ωsp and
its damping ζsp or associated coefficients 2ζspωsp and ω2

sp. Focusing only on the short
period dynamics CAP ignores the long period phugoid dynamics [25].

On the one hand, CAP is defined by human sensitivity to the motion. The instanta-
neous pitch acceleration q̇0 is sensed by the cristae ampullaris, which are situated in the
semi-circular canals and are responsible for sensing angular accelerations. The steady
state normal load factor nzss is sensed by otoliths, which form another part of the inner
ear for sensing linear accelerations. Hence, the ratio is a good measure of the pilot’s an-
ticipation of an aircraft response to his/her control input [25, 66] as it gives an indication
of the steady state normal load factor nzss change from the instantaneous pitch accelera-
tion q̇0 [67, 68]. The lower acceptable value of CAP is defined by the human sensitivity

and is usually around 16
deg/sec2

g
for any human [66]. The higher acceptable values of

CAP are around 50
deg/sec2

g
[66]. However, higher acceptable values are subjective as

they depend on the pilot’s understanding of the controllable aircraft and his/her preferred
control strategy. Hence, a different acceptable value for every individual exists.

On the other hand, CAP is defined by the airframe characteristics, as discussed in Ref.
[66]:

CAP =
Wc̄CmCL

+ 1
4Sc̄2ρgCmq

−Iyy

(
1+

CmCL

lt/c̄

) (2.3)

where W is weight, c̄ - mean aerodynamic chord, CmCL
- static margin derivative, S - wing

area, Cmq - damping derivative, Iyy - moment of inertia around y- axis, lt - distance from
the c1/4 of tail to c1/4 of wing.

The short period mode’s frequency depends on the previously discussed airframe pa-
rameters, as shown in Ref. [66]:

ω2
sp =

Lα
W

(
Wc̄CmCL

+ 1
4Sc̄2ρgCmq

−Iyy

)
(2.4)

where Lα = pdynSCLα .

Providing that
CmCL

lt/c̄
in Eq. 2.3 is small enough to be neglected and nα = Lα/W , then

Eq. 2.3 approximates to:

CAP ≈
ω2

sp

nα
(2.5)
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which brings a reader to Eq. 2.2 and a conclusion that the CAP connects airframe charac-
teristics, flight conditions [26, 69] and human performance characteristics.

CAP was developed during the time when rigid structure, conventional second-order-
like response aircraft formed the majority of industrial cases [70]. The short period and
long period modes formed the longitudinal dynamics of such aircraft. However, for the
modern flexible wing aircraft it is no longer the case as the structural flexibility introduced
additional modes of frequencies near the short period mode. Thus, the coupling between
the flexible body modes and the rigid body dynamic modes appears. Gautrey and Cook
have shown in Ref. [70] that even in the case of the non-conventional dynamic response
aircraft the amended CAP, called the Generic CAP, could still be applied as:

GCAP =
q̇0

nzss

≡ q̇0

nzpeak

nzpeak

nzss

=
q̇0

nzpeak

1+ exp

 −ζspπ√
1+ζ 2

sp

 (2.6)

The above equation is applicable for a reduced order model for which the response to a
unit step input is second-order-like. On the other hand, Field states that the CAP criterion
is not applicable to other than conventional response types since the ‘mathematical basis
for the criterion is no longer applicable’ [71]. Hence, the criteria should not be used
for augmented response systems, such as highly flexible aircraft that require significant
augmentation via a flight control system.

With advancements of flight control systems, CAP criterion lost its significance to
other criteria. Nevertheless, C* and C*U criteria are similar to CAP and use the same
parameters. Both of these are much more used, especially for flight control systems de-
velopment by main aircraft manufacturers [72, 73].

2.3.2 C* criterion

C* is another criterion to evaluate longitudinal HQs of aircraft and is widely used in
flight control systems (FCS) design. As in the case of CAP, the C* criterion takes into
account the normal acceleration nz. However, the pitch rate q is used instead of the pitch
acceleration q̇. These two parameters - nz and q - have been considered as the most
significant motion cues for a pilot [71, 72, 74–77]. It is assumed that at lower speeds the
pitch rate is felt by the pilot after the control input. At higher speeds even for a small
control input resulting in a very small pitch rate significant normal acceleration is felt.
Hence, normal acceleration becomes the main motion cue for a pilot.

Proposed in 1966 the C* criterion was intended to account for higher order dynamics
[71]. However, it was shown in Ref. [78] that the criterion correlated only for config-
urations with negligible control system dynamics. On the other hand, being based on
the time history envelope, the criterion overcame an issue of adequately describing HQs
of augmented response aircraft, while traditional criteria, based on the single index or
combinations of them, were inadequate [75].
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The C* criterion blended the normal acceleration nz and the pitch rate q through the
following equation [74]:

C∗ = nz +
Vco

g
q (2.7)

where Vco is the crossover velocity. Both motion cues nz and q are equally important at
the crossover velocity Vco (around 240 kt or 400 ft/s) [72, 77].

The choice of the crossover velocity has been criticised as it is an arbitrary boundary
[72] and is not based on any experimental background [75]. Moreover, the validity of the
criterion has been questioned [77, 78] as both the pitch rate and the normal acceleration
are interconnected and cannot be controlled independently.

Regardless of the criticism above, the C* criterion has been widely used within FCS
implementations. One of the biggest drawbacks of the criterion within the FCS applica-
tion is its tendency to provide neutral speed stability to an aircraft [76]. This means that
in the case of any change of the airspeed of an aircraft, there is no tendency to return to
the trim velocity.

As flight control systems became more complex, a need for a more adequate criterion
was clear. Thus, the C*U criterion was proposed.

C*U – augmentation of C* criterion

The C*U criterion was proposed to overcome the issue of airspeed stability during ma-
noeuvring. Thus, the speed stability term U has been introduced [76]:

C∗U =C∗−KVUerr (2.8)

where KV is the airspeed stability gain and Uerr - the difference between the longitudinal
airspeed and the reference speed.

The C*U was introduced as a control law rather than a handling qualities criterion.
The C*U control law provides speed stability, which means that the pitch attitude is
changed to return an aircraft to a reference airspeed [73].

Initially the C*U criterion was developed and applied for the conventional rigid air-
craft Boeing 777. However, recently it has been successfully applied to the relatively
flexible wing aircraft Boeing 787 [23] and is widely applied by other aircraft manufactur-
ers as well.

2.3.3 Gibson Dropback criterion
The Gibson Dropback criterion [69, 79] is a well-known metric to assess longitudinal
HQs and assist in the design of command and stability augmentation systems. The key
advantage of this criterion is that it is time domain based and so effects of non-linear
dynamics can be considered. Such effects cannot be captured through approaches based
on low order equivalent systems (LOES) [80]. The key parameters for evaluating the
Gibson Dropback criterion are:
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(a) Definition of qmax, qss and DB terms (b) Boundaries of satisfactory response region

Figure 2.7: Definition of the Gibson Dropback criterion

1. Pitch rate overshoot ratio
qmax

qss
.

2. Attitude dropback (DB) to steady state pitch rate ratio
DB
qss

.

The parameters qmax and DB are illustrated in Fig. 2.7(a). From the pilot’s perspective
these parameters show the controllability and stability of an aircraft:

• qmax provides information about how responsive the aircraft is to an elevator input;

• DB demonstrates aircraft’s pitch stability.

However, the criterion is based on ratios of these parameters to qss and extensive pilot
opinion gathered to outline regions of satisfactory and undesirable response characteris-
tics, as shown in Fig. 2.7(b). The boundaries used in this study are based on research
conducted on large transport aircraft in Ref. [75].

All of the above discussed criteria - CAP, C*, C*U and Gibson Dropback - are based
on the time domain analysis of aircraft response. However, criteria based on the frequency
domain analysis of aircraft response play a significant part in the analysis of HQs.

2.3.4 Bandwidth criterion
The bandwidth criterion is the most basic analysis tool of aircraft HQs in the frequency
domain. It allows the evaluation of the closed loop aircraft-pilot system in the high gain
tasks.

The bandwidth is defined in the classical control theory as “that frequency at which
the closed loop amplitude is down -3 dB from the low frequency value” [81, 82]. How-
ever, the use of the bandwidth as a HQs requirement is based on the overall stability of the
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aircraft-pilot system. For the system to be stable, the gain phase difference must be more
than −π [81]. It was shown in Ref. [81] that 45◦ margin should be added to the previous
requirement of the stable system to take into account a pilot’s time delay. This margin
represents a tracking task “of full attention, but less than maximum effort” [71, 83]. Con-
sidering the gain margin, the factor of 2 in gain is typically used to establish the crossover
frequency [82], thus leading to the gain margin of -6 dB. Thus, the complete bandwidth
definition is as defined in Ref. [82]:

“The bandwidth of the specified response to a particular control input is de-
fined as the lowest frequency for which the phase margin is at least 45◦ and
the gain margin is at least 6 dB.”

The testing experience showed that aircraft with high bandwidth should have rapid and
well damped response, while aircraft with low bandwidth would have sluggish and wal-
lowing response [67, 68].

Figure 2.8 shows the Bode diagram where both gain margin ωBWgain and phase margin
ωBWphase criteria are explained graphically. The overall bandwidth of the aircraft-pilot
system would be the lowest of those two.

The bandwidth criterion was developed as the simplest frequency based HQs analysis
tool to assess the modern flight control systems. The new control systems added com-
plexity to the unconventional HQs and the frequency domain analysis was supposed to
add valuable insight into these HQs [26]. In simple words, the bandwidth could be de-
scribed as the parameter, which defines the frequency “below which the pilot can follow
all commands, and above which he cannot” [71]. It will be shown later that many other
frequency domain criteria are based on the bandwidth theory too.

Despite its ease to use, the bandwidth criterion has some limitations. The first limita-
tion is its dependence on tasks [71], which would impose different boundaries for different
response types and, thus, requires in-flight test data, which is very expensive to get. An-
other limitation is its dependence on linearised aircraft models as the bandwidth theory
is based on the transfer functions representing the ratio between the response of aircraft
and the input of pilots. This makes the criterion valid only for a limited flight task or
flight condition. Another highly important limitation is based on the initial development
of the criterion - it was developed to investigate “unconventional HQs” that appeared due
to complex flight control systems. However, currently another variable is getting signif-
icance, i.e. an increase of the structural flexibility reduce the structural frequencies that
affect the HQs even more. Hence, the bandwidth criterion loses its theoretical reasoning
when aircraft non-linear behaviour is taken into account.

2.3.5 Neal-Smith criterion
The introduction of complex flight control systems led to the development of another - the
Neal-Smith - criterion [78, 84] as the previously used C* criterion did not show satisfac-
tory agreement with new complex FCS dynamics. Moreover, the new method considered
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Figure 2.8: Definition of the bandwidth criterion (reproduced from Ref. [82])

a closed loop system rather than an open loop system, which was the case of the C* crite-
rion. It is also based on the previously discussed bandwidth theory. A thorough procedure
of deriving the new criterion was presented in Refs. [78, 84]. The Neal-Smith criterion
takes into account three parameters of the system dynamics, particularly (as defined in
Refs. [78, 84]):

1. Bandwidth, which measures the responsiveness of an aircraft to the pilot’s input. It
is the frequency at which the closed loop Bode phase (∠|θ/θc|) equals −90◦.

2. Droop, which shows how slowly the nose settles down on target. It is measured
as the maximum excursion of closed-loop Bode amplitude (|θ/θc|) below the 0 dB
line for ωBW .

3. Closed loop resonance (|θ/θc|max), which relates the damping ratio and magnitude
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of oscillations in pitch attitude. It is defined as the magnitude of any resonant peak
in the closed loop Bode plot.

The following performance standards were determined according to pilot comments:

1. ωBWmin = 3.5 rad
sec for ∠|θ/θc| ≥ −90◦ at ω = 3.5.

2. |θ/θc| ≥ −3dB for ω ≤ ωBW .

The above results were acquired for the fighter’s missions, which required precision in
controlling the pitch attitude, e.g. tracking task during the air superiority missions.

2.3.6 Experimental Behaviour Measurement Method
The need for an objectively quantifiable method was indicated in Ref. [11]. Hence, the
experimental behaviour measurement method (EBMM) has been developed at Delft uni-
versity based on their previous work done in the pilot modelling and evaluation domain.
The EBMM was first introduced in 2009 by HJ Damveld in Ref. [11]. The development
of the method was based on the fact that previous HQs evaluation methods, particularly
Cooper-Harper Rating, were rather subjective than objective. It was shown in Ref. [11]
that EBMM meets the previous requirement of a quantifiable HQs assessment method.

EBMM is based on the quantification of the pilot behaviour. One of the possible
ways to quantify a pilot’s behaviour is to ask a pilot to reduce the error between some
parameters shown on the primary flight display (PFD), e.g. the difference between the
actual pitch attitude and the target pitch attitude. This is similar to the air-to-air refuelling
task, where the pilot has to follow some arbitrary target. By introducing some forcing
function the error varies within certain limits. This forces the pilot to counteract those
variations. Continuously increasing the bandwidth of the forcing function leads to an
increasing crossover frequency. The crossover frequency [81, 85, 86] is defined as the
frequency at which the magnitude of the open-loop dynamics crosses over 0 dB. It is a
very important parameter as this frequency determines both the performance and stability
of the system. At some point the pilot-aircraft system will reach the point from which an
increasing bandwidth will lead to a decreasing crossover frequency. This point is called
crossover-regression frequency and can be used to quantify HQs of the open-loop aircraft-
pilot system. The crossover frequency regression could be explained as a pilot’s control
strategy to optimise the performance within the boundaries of workload and stability.
During the high-bandwidth tasks, well-trained and experienced pilots will almost always
show crossover regression by nature [11].

To carry out the EBMM test four essential steps have to be taken. These steps are
shown in Fig. 2.9 and are as follows:

1. The design of forcing functions with an increasing bandwidth. The frequency range
within the forcing functions should be clearly defined. For example, the forcing
function could include the short period mode frequency or frequencies of structural
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flexible modes. In general, the frequencies should be of the phenomenon that is
intended to be tested, e.g. structural flexibility effect on HQs. The design of the
forcing function needs to be such that the crossover-regression frequency is situated
between the lowest and the highest bandwidth. Designing the power spectra of
forcing functions is an iterative process as the crossover-regression frequency of an
aircraft is not known a priori.

2. The testing phase, where test pilots perform the tracking task. The initial goal
during the task is to reduce the error between prescribed parameters. As the analysis
of the method is based on the pilot behaviour, thus the error, an aircraft’s response
and the pilot’s control inputs are recorded for the further data analysis.

3. The data analysis, which is carried out for the recorded data. The first step is done
in the time domain, when the error and control input signals are averaged for each
forcing function and each pilot. The purpose of this averaging is to reduce the
remnant and to increase the signal-to-noise ratio. Then the pilot describing func-
tions and the crossover frequencies have to be obtained by the use of the system
identification methods.

4. The analysis of the crossover frequencies is the last step. The crossover frequen-
cies are plotted along with the forcing function bandwidths for each pilot. Thus,
the crossover-regression frequency is found for each pilot from the resulting plot.
Then the average crossover frequency and error bars per forcing function bandwidth
could be calculated.

The forcing function has two goals within the EBMM, which are:

1. To force the occurrence of the crossover-regression and quantify the frequency at
which it occurs.

2. To enable system identification of the effective open-loop pilot describing function
at a wide frequency range.

To reach the goals the forcing function should meet the following requirements [11]:

1. The forcing function should be defined as a multi-sine signal due to its high signal-
to-noise ratio.

2. The separation between frequencies should be relatively small to assure the de-
tection of important properties of the pilot describing function. Thus, usually the
logarithmic spacing is used when defining the forcing function.

3. The forcing function should take the range of frequencies from below the crossover
frequency to at least one decade beyond the crossover frequency in order to deter-
mine the crossover frequency and effective time delay.
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Figure 2.9: Diagram of the experimental behaviour measurement method application (re-
produced from Ref. [11])

4. The forcing function should be random appearing to avoid the precognitive be-
haviour. This requirement is met by implementing multiple sines in the forcing
function.

5. An unambiguous monotonic relation between the independent variables and the
dependent variable - the crossover frequency - should be obtained to detect when
the pilot shows the crossover-regression. To meet the requirement, ideally there
would be only one independent variable, which magnitude would be increased until
the crossover-regression occurs. The value of that independent variable will be a
measure of HQs.
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The multi-sine function is defined as follows:

f (t) = µ f +
N

∑
i=1

Ai sin(ωit +ϕi) (2.9)

where µ f is the mean of the forcing function, N - number of sines, ωi - frequencies of
sines, Ai - amplitudes of sines and ϕi - phases of sines.

Multiple forcing functions of increasing bandwidth are used to test the open-loop
system. Increasing the bandwidth of the forcing function forces a test pilot to use a
high-bandwidth control technique. However, in the simulator environment, when there is
no stress or anxiety present, experienced pilots automatically compensate to avoid high-
bandwidth control technique. This compensation is a change in the behaviour, which is
defined as the output of a human operator in response to an input. Thus, the bandwidth
at which the compensation appears is a measure for the maximum bandwidth of the air-
craft and is a measure of HQs. It is important to notice that inexperienced pilots usually
do not show crossover-regression by nature, thus only professional test pilots should be
used at this stage. Then the system identification methods are applied to sets of data to
identify describing function of each pilot. Moreover, this method also allows researchers
to identify the crossover frequencies of each pilot.

The crossover frequency is understood to be dependent on the forcing function band-
width. Thus, plotting both the crossover frequencies and the forcing function band-
widths allows an engineer to define their interrelationship. The usual trend is that the
crossover frequency increases with the forcing function bandwidth. However, when the
pilot reaches a certain point of the forcing function bandwidth, the crossover frequency
starts to decrease. This point is defined as the crossover-regression frequency. The
crossover-regression frequencies of multiple pilots allow to evaluate HQs of a tested air-
craft.

Defining aircraft HQs by the crossover-regression frequency is a purely quantifiable
metric, which does not include any subjective opinions of pilots. Of course, different
pilots are different humans, who exhibit different behaviour. Thus, some subjectivity still
exists. However, the subjectivity is reduced by choosing test pilots with similar training
and flying experience.

2.3.7 Discussion of time domain and frequency domain handling qual-
ities criteria

The review of the main HQs criteria revealed limitations of them to be applied for the flex-
ible aircraft investigation. The first observation shows that the most of the criteria were
developed using relatively rigid aircraft. The complexity of the dynamics between rigid
and flexible aircraft is fundamentally different. Thus, applicability of these traditional
HQs criteria for assessing flexible aircraft configurations is fundamentally questionable.
Regarding the time domain criteria their applicability to assess the complex systems was
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shown through the use of C* and C*U criteria. GCAP criterion showed its applicability
for the analysis of complex flight control systems too. However, once again, it was devel-
oped for the complex control systems of relatively rigid aircraft, thus ignoring airframe
flexibility. Considering the frequency domain criteria, their applicability to investigate
complex flight control systems has been proven during decades of their use. However,
only EBMM criterion was developed taking into account the flexibility effects and showed
its applicability using the example of longitudinally flexible aircraft. Also all of the cri-
teria were developed to investigate longitudinal dynamics rather than lateral/directional
dynamics, which is of high interest for this doctoral research.

The Gibson Dropback criterion was applied for the analysis of a flexible aircraft HQs
during this project. It will be shown later in Ch. 4 that it can reveal the deficiencies of the
aircraft arising due to its wing flexibility. However, the trial to apply the EBMM technique
during the pilot-in-the-loop testing failed while one of the test pilots commented that the
aircraft oscillation due to the forcing function was similar to the turbulence as the aircraft
kept its flight path straight with little lateral oscillations. The pilot simply refused to
control the aircraft as the task seemed to be unrealistic for the large transport aircraft.

From the discussion above it is clear that some generic HQs criterion has to be de-
veloped on this occasion taking into account the structural flexibility of an aircraft wing.
However, the criterion will need to be validated by some real flight tests - the objective,
which is very problematic to achieve as there are no large flexible aircraft flying. Thus, the
classical pilot rating method will be used during this project to assess HQs of the flexible
aircraft.

2.3.8 Cooper-Harper Rating

The Cooper-Harper Rating (CHR) is the most used HQs evaluation metric. It was first
introduced in 1969 [87]. The initial idea was to merge two scales - the Cooper scale
and the Cornell Aeronautical Laboratory (CAL) scale - into one common scale [88], as
the scales used before were usually adapted to the individual investigator needs. This
prevented results to be compared if they were derived using different scales. Thus, the
CHR method overcame this issue of quantifying HQs of aircraft. The CHR method is
based on a human factors survey, created for the needs of aircraft HQs evaluation, and
concluded the lessons from earlier rating scales [89]. With time, the CHR method became
the most popular method within the flight testing community as it “is, far and away, the
most important and common HQs flight testing technique in existence” [89]. Moreover,
it is the only significant method to answer the question “Do the aircraft HQs enable the
pilot to complete his mission?” [89].

On the other hand, the CHR method has some limitations. The problem of repeatabil-
ity to acquire the CHR score has been discussed in Refs. [90, 91]. This issue is known
as the Cooper-Harper pilot rating variability. Some of the sources of this variability are
discussed in Refs. [90, 91]. First of all so called ‘intrapilot’ variability occurs when a
single pilot is not capable to assign the same score for exactly the same test case. This
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highly depends on the environment and pilot’s attitude during the testing phase. The issue
might be mitigated by additional runs to reduce the standard deviation. The ‘interpilot’
variability occurs when couple of pilots assign different scores for exactly the same test
case. Again it depends on the natural difference between pilots and their perceived work-
load [90]. The ‘interpilot’ variability might be reduced by selecting test pilots of similar
experience and training. Due to both sources of variability, the confidence of Cooper-
Harper ratings is reduced. To overcome these issues additional testing is required with
more pilots. Moreover, the test condition such as the free flight time before assigning the
score should be set the same for different pilots. Other factors, which contribute to the
variability of the CHR evaluations are as follows [90]:

• the format of questions and statements in the CHR scale decision tree;

• the pilot’s objectiveness;

• cultural and linguistic differences.

An issue of the scale’s lack of diagnostic power to assess multidimensional concepts1 was
reported in Ref. [88].

The CHR scale is shown in Fig. 2.10. The use of the scale requires the pilot to make
binary decisions to answer the questions about an aircraft flown:

1. If an aircraft is controllable, which leads to the next question or evaluation of an
aircraft as ‘impossible to fly’ (CHR 10).

2. If the adequate performance is achieved, which leads to the next question or evalu-
ation of an increased pilot workload and not adequate performance (CHR 7-9).

3. If an aircraft is satisfactory without improvement, which leads to an evaluation of
desirable performance (CHR 1-3) or adequate performance (CHR 4-6).

An aircraft performance is better if the CHR score is lower. Sometimes test pilots tend to
provide decimal ratings or half-point ratings. However, this should be avoided, because
these ratings imply a confidence that simply cannot exist given the highly subjective na-
ture of nearly every element of the CHR scale [89]. The CHR method requires the desired
and adequate performance limits of the pilot-aircraft system in the task, the definition of a
task and the flight environment. Hence, the CHR method evaluates an aircraft for a given
task rather than an aircraft itself [89].

The scale is based not only on the quantification of the aircraft performance, but on
the pilot’s comments, which come along with the score and are the most important results
of the CHR evaluation [89]. Neither CHR scores nor the pilot’s opinion should be ignored

1Multidimensional concepts are assessments that take into account multiple variables at the same in-
stance, e.g. the handling qualities of an aircraft and the pilot workload during the task. The best example of
such a multidimensionality is the NASA-TLX workload scale [92].
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Figure 2.10: Cooper-Harper Rating scale
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when discussing HQs of an aircraft as both are useless without each other when using the
CHR method.

Although there is no more important, more used and more efficient flight testing tech-
nique in aircraft HQs testing [89], the CHR method is not the only method to evaluate
HQs of an aircraft. The method was even criticised in Ref. [11] as being not properly
quantifiable, as it highly depends on the pilot’s opinion. Moreover, as all the classical
methods the CHR method was developed with testing experience of relatively rigid air-
craft, while future research is aiming to investigate very flexible aircraft. However, the
method will be used later in this project as it is well known for every test pilot. To apply
the CHR method, well defined flying task has to be developed or appropriate flight test
manoeuvres have to be chosen.

2.3.9 Flight test manoeuvres
All previous criteria are based on precisely flown tasks. Moreover, to excite flight or struc-
tural modes of interest, particular manoeuvres may be designed. Hence, it is important to
understand the background for each manoeuvre.

A flight test manoeuvre is a vital part of a flight testing procedure along with ap-
propriate rating scales or assessment criteria. More than 20 flight test manoeuvres have
been described in Ref. [93]. The manoeuvres are classified by their purposes, applicable
classes and flight categories, their operational applications. The guide on how to select
an appropriate manoeuvre for the user specified testing case is provided too. The proper
choice of a manoeuvre can be done evaluating the following five parameters:

1. Environment - conventional or high angle of attack.

2. Axes to be tested - longitudinal, lateral/directional or axial.

3. Data to be collected - quantitative or qualitative.

4. Precision of the performance - no capture, gross capture, moderate or tight control.

5. Type of a manoeuvre - individual manoeuvre, sequence of manoeuvres or freestyle
manoeuvre.

The use of the guide allows a flight test engineer to easily choose a manoeuvre and antic-
ipate what results should be obtained during the testing.

The handling qualities during tracking (HQDT) task has been seen as one of the most
suitable tasks to exhibit an aircraft to the pilot induced oscillations (PIO). The HQDT
techniques and the testing process were extensively discussed in Ref. [94]. It was stated
that the HQDT task allows a rapid evaluation of the mission effectiveness of an aircraft
relatively early in the flight test programme. The method uses the CHR scale to evaluate
an aircraft within its manoeuvre environment. The HQDT technique shows aircraft defi-
ciencies that conventional methods would not discover otherwise. The Air Force Flight
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Test Center publication ‘Handling Qualities Testing’ confidently states that the HQDT
technique is perhaps the most important HQs testing technique at the disposal of a flight
tester [89]. The HQDT technique was applied for a flexible aircraft HQs investigation in
Ref. [13]. Waszak et al. showed that increasing flexibility of an aircraft decreases its HQs
by degrading the tracking performance. The results indicated that there were fundamental
differences between the dynamics of rigid and elastic aircraft. These differences led to
increased tracking errors, degraded HQs and changes in the frequency content of the pilot
inputs [13].

2.3.10 Handling qualities evaluation
Having discussed the main HQs criteria, it is a common sense that any testing starts from
the very basic manoeuvres, i.e. stall test, SPPO, Dutch roll, etc. Only when basic aircraft
dynamic parameters are known, the previously discussed criteria should be applied. How-
ever, to evaluate different dynamic modes and stability of an aircraft some clear criterion
must be used.

One of the most thorough specification of FQs is provided in military specifications
MIL-F-8785C [95]. However, it specifically defines flying qualities instead of handling
qualities. Nevertheless, the document is still extensively used nowadays within the flight
test community as it provides clarity in aircraft and flight phases classification. It classifies
FQs into three levels of acceptability:

1. Those adequate for the mission.

2. Those adequate to accomplish the mission, but with some degradation in effective-
ness and/or some increase in pilot workload.

3. Those leading to a safe flight, but with excessive pilot workload and/or inadequate
effectiveness of the mission.

Hence, results of the research of aircraft FQs should be referenced to those three levels of
acceptability for the comparison with other tested aircraft as this is a widely used metric.

2.3.11 Importance of simulator motion cues on handling qualities as-
sessment

Motion cues are essential part of a realistic aircraft simulation for handling qualities as-
sessment [96–98] as well as for pilot training [99]. The usual solution for motion cueing
within the industry is the hexapod (Stewart) platform [100], which allows a 6-DoF motion
of a simulator [101]. However, adding the motion to an existing fixed-base flight simula-
tor is a very complex and expensive task. As a fixed-base flight simulation is an option
for HQs assessment, it is vital to understand the effect that the absence of the motion cues
has on pilots’ perception of a simulated aircraft.
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At early stage of the motion cueing research it was shown that the simulation of an-
gular motions is more important than that of translational motions [96, 97]. Moreover,
it was also shown that the human perception of accelerations is based on the vestibular
system, while the human visual system is tuned to perceive velocities [97, 102]. Thus,
for certain flight simulation tasks, such as a take-off, motion cues would enhance sensa-
tions of aircraft motion before simulated velocity builds up sufficiently to be noticeable
[102–104]. However, to simulate relatively constant motion patterns the visual system of
a flight simulator is enough [102].

As it was mentioned above, motion cues become more helpful when there are signifi-
cant changes in accelerations. On the one hand, it is a case of marginally stable or difficult
vehicles due to their design peculiarities [96]. On the other hand, it also could be the case
of a flexible aircraft dynamics [98]. The issue with the latter case is a phase shift between
the visual display and the simulator motion [98]. The phase shift also appears in the case
of a rigid aircraft simulation, but as manoeuvres occur in a short period of time, the phase
shift is more likely to be unnoticeable. However, as flexible aircraft usually have less
damped structural oscillations, the phase shift may lead a pilot to the motion sickness and
a reduction in perceived fidelity [98]. Moreover, the amplitude of the motion signals due
to structural oscillations becomes smaller after being processed by the simulator motion
drive algorithms [98]. Hence, scaling down of the oscillating motion signals may lead to
overly optimistic perceived HQs of a simulated aircraft [98].

A big issue regarding the simulator motion cueing is uncertainty on which motion
cues directly influence pilots’ perception and control behaviour [105]. During the simula-
tions of a helicopter Schroeder showed that yaw rotational cues had no significant effect
on hovering flight simulation, while lateral translational cues significantly improved pilot-
vehicle performance and lowered pilot-rated compensation [106]. However, as mentioned
above, motion cues help pilots, who are unfamiliar with the realistic motion cues encoun-
tered in an aircraft, to catch up immediately with that aircraft behaviour [107]. Moreover,
motion cueing also improves pilot performance for difficult control tasks as well as sub-
jective handling qualities [108]. Another important aspect to be considered regarding the
motion cues is that the cockpit of a transport aircraft is located at a significant distance
from CG. Thus, the motion cues of the simulator should be representative to the cockpit
position rather than the CG position [109].

Discussion above shows many advantages of motion-based flight simulations as well
as many uncertainties on the suitability of some motion cues for particular flight tasks.
Although motion cues help pilots to get used to aircraft dynamics and perceive their HQs
better, they may also introduce biases due to the pilot station offset from the aircraft CG
position or the phase shift between visual and motion cueing systems.



Chapter 3

Equations of motion for flexible aircraft

This chapter presents the derivation of the equations of motion for a flexible body and
assessment of their impact on the motion parameters of that body.

3.1 Derivation of equations of motion

Equations of motion equate forces and moments acting on a body to motion parameters of
that body. Primary motion parameters of any body are linear and angular accelerations,
which are calculated by the use of the Newton’s second law and the Euler’s equations
accordingly:

Forces = Mass×Linear Accelerations
Moments = Moments of Inertia×Angular Accelerations

(3.1)

Mass and its distribution within any body are known a priori, thus moments of inertia
can be calculated at any instance of time. It is clear that in case of a rigid body mass
position does not change and such a body can be approximated as a mass point with de-
fined inertia properties. For a long time it was a valid approximation as aircraft used to
be relatively rigid structures. This also simplified the definition of EoM. Thus, most flight
dynamics textbooks (e.g. Refs. [25] and [26]) present the derivation of classical EoM for
a rigid body along with the explanations due to rigid body assumptions. Such an approx-
imation is not valid any more in case of a flexible body, where masses move within the
body frame and, as a consequence, moments of inertia change constantly. Structural flex-
ibility affects linear and angular accelerations and equations defining them must account
for that effect. Thus, a set of EoM for flexible bodies had to be derived to further inves-
tigate dynamics of flexible aircraft within the framework of this project. The derivation
of EoM for flexible bodies was based on the same principles as for rigid bodies, thus the
approach used by Cook [26] was chosen as a starting point.

35
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3.1.1 Equation of accelerations

To begin derivation of the accelerations’ equation, let’s first define some arbitrary body
and its reference axes, as shown in Fig. 3.1.

Figure 3.1: Axes system for equations of motion analysis

The body is defined in a coordinate system of orthogonal axes oxyz with its origin
point o, referred to as the body axes centre (BAC). The motion of the body with respect
to some external reference frame is described through its linear and angular velocities U ,
V , W and p, q, r. Corresponding forces and moments are defined as X , Y , Z and L, M, N.

Now let’s consider some arbitrary point pi within the body frame, which position is
defined by a vector r⃗i (xi,yi,zi) from BAC. Assuming that the body is flexible the point
pi can move within the body frame and the vector r⃗i becomes dependant on time, i.e.
r⃗i = f (xi,yi,zi, t). Then accelerations and velocities of pi in some external reference
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frame can be defined as axi , ayi , azi and ui, vi, wi:

ui =U + ẋi − ryi +qzi

vi =V + ẏi − pzi + rxi

wi =W + żi −qxi + pyi

(3.2)

It is assumed at this point that the point pi has only translational and no rotational motion
within the body frame as the latter one would be negligible.

Accelerations of the point pi can now be defined as derivatives of velocities and two
terms due to the overall body’s angular motion:

axi = u̇i − rvi +qwi

ayi = v̇i − pwi + rui

azi = ẇi −qui + pvi

(3.3)

Substituting ui,vi,wi from equations (3.2) into equations (3.3) leads to the following
definition of accelerations of the point pi:

axi = U̇ − rV +qW − xi(q2 + r2)+ yi(pq− ṙ)+ zi(pr+ q̇)+ ẍi −2rẏi +2qżi

ayi = V̇ − pW + rU + xi(pq+ ṙ)− yi(p2 + r2)+ zi(qr− ṗ)+ ÿi −2pżi +2rẋi

azi = Ẇ −qU + pV + xi(pr− q̇)+ yi(qr+ ṗ)− zi(p2 +q2)+ z̈i −2qẋi +2pẏi

(3.4)

The overall accelerations of a point pi defined in equations (3.4) include terms due
to the overall body motion in space and internal motion of the point pi within the body
itself. At this stage it is important to notice that as the EoM were implemented in the MAT-
LAB/Simulink code, the vectorised form was used for all subsequently derived equations.
The terms of equations (3.4), expressed in a vectorised form, are:

1. Terms due to the overall body motion:
U̇ − rV +qW
V̇ − pW + rU
Ẇ −qU + pV

= ˙⃗v0 + ω⃗0 × v⃗0

2. Terms due to the arbitrary point pi offset from BAC:
−xi(q2 + r2)+ yi(pq− ṙ)+ zi(pr+ q̇)
xi(pq+ ṙ)− yi(p2 + r2)+ zi(qr− ṗ)
xi(pr− q̇)+ yi(qr+ ṗ)− zi(p2 +q2)

= ω⃗0 × (ω⃗0 × r⃗i)+ ˙⃗ω0 × r⃗i

3. Terms due to the arbitrary point pi internal motion:
ẍi −2rẏi +2qżi
ÿi −2pżi +2rẋi
z̈i −2qẋi +2pẏi

= ¨⃗ri +2ω⃗ × ˙⃗ri
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Hence, equations (3.4) expressed in a vectorised form are:

a⃗i = ˙⃗v0 + ω⃗0 × v⃗0 + ω⃗0 × (ω⃗0 × r⃗i)+ ˙⃗ω0 × r⃗i + ¨⃗ri +2ω⃗ × ˙⃗ri (3.5)

Equation (3.5) introduced additional terms when compared to the classical rigid body
EoM, i.e. two terms due to the internal motion of the point pi, which represents the
flexibility of the body.

Equation (3.5) can now be substituted into equations (3.1) to express forces and mo-
ments acting on the body.

3.1.2 Equation of forces
The overall forces acting on the body are calculated as the sum of forces acting on N
points pi, which form that body:

F⃗ =
N

∑
i=1

δmi⃗ai (3.6)

Substituting a⃗i with the expression from equation (3.5) results in the following ex-
pression of forces:

F⃗ = ˙⃗v0

N

∑
i=1

δmi + ω⃗0 × v⃗0

N

∑
i=1

δmi︸ ︷︷ ︸
Overall body motion force

+ ω⃗0 ×

(
ω⃗0 ×

N

∑
i=1

δmi⃗ri

)
︸ ︷︷ ︸

Centrifugal force

+ ˙⃗ω0 ×
N

∑
i=1

δmi⃗ri︸ ︷︷ ︸
Euler force

+
N

∑
i=1

δmi ¨⃗ri︸ ︷︷ ︸
Inertial force

+2ω⃗0 ×
N

∑
i=1

δmi ˙⃗ri︸ ︷︷ ︸
Coriolis force

(3.7)

The equation of forces for flexible bodies includes four additional terms, each repre-
senting some source of force, i.e. centrifugal, Euler, inertial and Coriolis. Two of them,
i.e. centrifugal and Euler forces, appear because the centre of gravity is different from
the body axes centre. Their impact on the dynamics of the body is presented later in this
chapter.

3.1.3 Equation of moments
The derivation of the equation of moments is not as straightforward as in the case of
forces’ equation. Nevertheless, the overall moments acting on the body are calculated as
the sum of moments acting at N points pi, which form that body:

M⃗ =
N

∑
i=1

δmi⃗ri × a⃗i (3.8)
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Substituting a⃗i with the expression from equation (3.5) results in the following ex-
pression of moments:

M⃗ =

Term 1︷ ︸︸ ︷
N

∑
i=1

δmi⃗ri × ˙⃗v0+

Term 2︷ ︸︸ ︷
N

∑
i=1

δmi⃗ri × (ω⃗0 × v⃗0)+

Term 3︷ ︸︸ ︷
N

∑
i=1

δmi⃗ri × (ω⃗0 × (ω⃗0 × r⃗i))

+
N

∑
i=1

δmi⃗ri ×
(

˙⃗ω0 × r⃗i

)
︸ ︷︷ ︸

Term 4

+
N

∑
i=1

δmi⃗ri × ¨⃗r︸ ︷︷ ︸
Term 5

+2
N

∑
i=1

δmi⃗ri ×
(
ω⃗0 × ˙⃗ri

)
︸ ︷︷ ︸

Term 6

(3.9)

Terms 3, 4 and 6 may be replaced with the following expressions:

• ∑N
i=1 δmi⃗ri × (ω⃗0 × (ω⃗0 × r⃗i)) = ω⃗0 × (Iω⃗0);

• ∑N
i=1 δmi⃗ri ×

(
˙⃗ω0 × r⃗i

)
= I ˙⃗ω0;

• 2∑N
i=1 δmi⃗ri ×

(
ω⃗0 × ˙⃗ri

)
= İω⃗0 + ω⃗0 ×∑N

i=1 δmi
(⃗
ri × ˙⃗ri

)
.

Substituting these expressions into equation (3.9) results in the following expression:

M⃗ =
N

∑
i=1

δmi⃗ri × ˙⃗v0 +
N

∑
i=1

δmi⃗ri × (ω⃗0 × v⃗0)+ ω⃗0 × (Iω⃗0)

+I ˙⃗ω0 +
N

∑
i=1

δmi⃗ri × ¨⃗r+ İω⃗0 + ω⃗0 ×
N

∑
i=1

δmi
(⃗
ri × ˙⃗ri

) (3.10)

Inertia matrix I and its time derivative İ are:

I =
N

∑
i=1

δmi

y2
i + z2

i −xiyi −xizi
−xiyi x2

i + z2
i −yizi

−xizi −yizi x2
i + y2

i

 İ =
N

∑
i=1

δmi

2yiẏi +2ziżi −ẋiyi − xiẏi −ẋizi − xiżi
−ẋiyi − xiẏi 2xiẋi +2ziżi −ẏizi − yiżi
−ẋizi − xiżi −ẏizi − yiżi 2xiẋi +2yiẏi



3.2 Comparison with rigid body EoM
A comparison between the extended and the classical EoM is presented in this section.
Two sets of EoM are referred to as set A and set B. Set A defines the classical EoM, which
are as follows:

F⃗ = ˙⃗v0

N

∑
i=1

δmi + ω⃗0 × v⃗0

N

∑
i=1

δmi

M⃗ = ω⃗0 × (Iω⃗0)+ I ˙⃗ω0
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Set B defines the extended EoM, which are as follows:

F⃗ = ˙⃗v0

N

∑
i=1

δmi + ω⃗0 × v⃗0

N

∑
i=1

δmi + ω⃗0 ×

(
ω⃗0 ×

N

∑
i=1

δmi⃗ri

)
+ ˙⃗ω0 ×

N

∑
i=1

δmi⃗ri +
N

∑
i=1

δmi ¨⃗ri +2ω⃗0 ×
N

∑
i=1

δmi ˙⃗ri

M⃗ =
N

∑
i=1

δmi⃗ri × ˙⃗v0 +
N

∑
i=1

δmi⃗ri × (ω⃗0 × v⃗0)+ ω⃗0 × (Iω⃗0)+ I ˙⃗ω0 +
N

∑
i=1

δmi⃗ri × ¨⃗r+ İω⃗0 + ω⃗0 ×
N

∑
i=1

δmi
(⃗
ri × ˙⃗ri

)
Both sets of equations were implemented in the CA2LM framework (see Ch. 4) for

their analysis. The comparison between EoM was carried out for flexible and rigid aircraft
cases to identify the influence of additional terms.

Tested aircraft definition

The HARTEN aircraft, which is the test case here, will be fully defined later in Ch.
5. However, a brief definition of the HARTEN configuration is provided here.
Two test cases of HARTEN structural flexibility are defined for the EoM analysis:

1. Rigid aircraft, whose structural deflections are equal to zero. Zero structural
flexibility was achieved by setting the CA2LM simulation variable ‘struc-
tural feedback’ to zero value, so that no structural deflections were propa-
gated within the simulations.

2. Flexible aircraft, which exhibits wing flexibility with its Young’s modulus
of 8× 109 Pa. The fuselage, horizontal (HTP) and vertical (VTP) tailplane
rigidity was artificially increased by setting the Young’s modulus to 6.89×
1015 Pa.

Aircraft masses were distributed in such a way that the CG was situated at 20%
MAC to represent a typical aircraft configuration.

Four cases in total were analysed, which were as follows:

1. Classical EoM applied to the rigid body.

2. Extended EoM applied to the rigid body.

3. Classical EoM applied to the flexible body.

4. Extended EoM applied to the flexible body.

The difference between 1 and 2 indicates the influence of terms, representing BAC
offset from the CG. The difference between 3 and 4 indicates the influence of terms,
representing both BAC offset from the CG and the structural flexibility impact as I and
its time derivative, and r⃗i and its time derivatives are time dependent variables. It was
expected that the difference between cases 1 and 2 should not have a significant impact
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on the aircraft response, while the difference between cases 3 and 4 would significantly
affect the body dynamics. Results of aircraft trim conditions and aircraft response to
longitudinal and lateral/directional control inputs when the flight dynamics were governed
by extended or classical EoM are presented in the following subsections.

3.2.1 Trim (static) results
The aircraft was trimmed for a level flight at 110 m/s velocity and 10000 ft altitude. The
trim angles of attack αtrim for each case are shown in Table 3.1.

Table 3.1: Trim angles of attack for each test case

Case 1 2 3 4
αtrim [◦] 3.87 3.85 5.41 5.31

As seen from the results above, higher angles of attack were determined when apply-
ing the classical EoM (cases 1 and 3). When considering the rigid body, the difference
between the extended (case 2) and classical (case 1) EoM was around 0.5%. However, in
case of the flexible body, the difference between the extended (case 4) and classical (case
3) EoM was around 1.9%. Hence, as expected, the difference between the static solutions
using extended and classical EoM is very small. This finding also suggests that additional
terms in the extended EoM, arising due to the body flexibility, should not be ignored in the
future studies of highly flexible aircraft as they become more significant with the increase
of structural flexibility1. The difference in αtrim arose due to the higher wing deformation
for the flexible aircraft and, thus, higher required angle of attack to maintain the same lift.
The explanation of the difference is elaborated later in the example given in Ch. 4.

This concludes the analysis of the classical and extended EoM for the static case,
which suggests that the difference between sets A and B is very small. The next step
is to investigate the difference of EoM for dynamic cases, which, it is believed, should
suggest more significant differences between aircraft responses governed by the classical
and extended EoM.

3.2.2 Dynamic response of aircraft
The control doublet input, shown in Figs. 3.2–3.4, was applied to the elevator, ailerons
and rudder to investigate extended equations’ effect on longitudinal and lateral/directional
dynamics of the aircraft. The response of both rigid and flexible aircraft cases is shown
also in Figs. 3.2–3.4. It was chosen to compare angular accelerations dω⃗/dt, as they are
one of primary solutions of the equations of motion and define a change of the body’s
attitude in space.

1The example of flexible aircraft provided in the case study here is hardly realistic at the moment of
writing this thesis. However, the author believes that as the aircraft structural flexibility (especially one of
the wings) will continue to increase, this case study suggests the significance of using the extended EoM.
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The aircraft response to the elevator doublet input is shown in Fig. 3.2. It is clear from
both rigid and flexible aircraft cases that longitudinal dynamics are affected very little by
the wing’s flexibility as long as the fuselage is relatively rigid. Important to emphasize
here is the fact that the classical EoM does not capture exactly the same dynamics as the
extended EoM. Moreover, they damp the response much heavier and makes it lag versus
the extended EoM.
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Figure 3.2: Comparison of EoM sets A and B for rigid and flexible body cases during
pitch doublet disturbance

Figure 3.3 presents the aircraft response to the ailerons doublet input. For this lateral
perturbation both A and B sets of EoM follow the same dynamics and magnitudes for the
rigid case. However, for the flexible case dynamics are followed, but the magnitudes of
oscillations differ. The roll acceleration is underpredicted by up to 51.4% for the classical
EoM versus the extended EoM, as seen in subfigure 3.3(b). Hence, the main finding here
is the inability of classical EoM to capture the peaks of the oscillations.

(a) Rigid (b) Flexible

Figure 3.3: Comparison of EoM sets A and B for rigid and flexible body cases during
aileron doublet disturbance

Finally, Fig. 3.4 presents the aircraft response to the rudder doublet input. This input
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is used to induce the Dutch roll mode, thus it covers both lateral and directional dynamics.
Again, the main difference is observed for the flexible aircraft case in capturing the peaks
of the oscillations. The ignorance of the flexibility terms in the classical equations leads
to higher damping when compared to the extended equations.

(a) Rigid (b) Flexible

Figure 3.4: Comparison of EoM sets A and B for rigid and flexible body cases during
rudder doublet disturbance

3.3 Summary of the chapter
The development of the extended EoM for flexible bodies has shown that new terms arise
due to the body’s structural motion in time. The comparison between the classical EoM
and the extended EoM was carried out for rigid and flexible aircraft cases to identify the
most significant terms of the extended EoM. Comparing trim results showed that for the
static flight conditions both sets of EoM predicts similar trim angles of attack. How-
ever, the error between the αtrim results acquired using the classical and extended EoM
increased with increased aircraft flexibility, thus showing the significance of using the
extended EoM. Nevertheless, the difference was very small - around 1.9% for the most
flexible aircraft case. The longitudinal response showed that terms due to the assumption
of the different CG and BAC positions made the largest difference. However, in later-
al/directional dynamics these terms were less significant, while the terms due to body’s
flexibility were of higher significance. It can be concluded that both the classical and ex-
tended EoM captured the similar dynamics. However, the classical EoM did not capture
the peaks of the oscillations and showed an increased damping for the flexible aircraft
case. These observations suggest that the extended EoM should be used when modelling
flexible aircraft and flexibility effects should not be ignored as they tend to affect the
dynamics of flexible aircraft significantly.
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Chapter 4

Flight simulation framework

This chapter introduces the newly developed Simulation Framework for Flexible Aircraft
(SFFA). As the framework is based on previously developed simulation tools - the MAT-
LAB/Simulink based CA2LM framework and the C++ based EFS500 real-time flight sim-
ulator - they must be thoroughly investigated to discover the most appropriate integration
process and limitations of each of them. Thus, the CA2LM framework is firstly reviewed
- its aerodynamic and structural dynamic models, upgrades and new developments of the
framework are discussed. Then the EFS500 flight simulator is reviewed - its current archi-
tecture and state of both software and hardware are discussed. The integration of CA2LM
and EFS500, using the Speedgoat real-time target machine, is presented at the end of the
chapter along with the a priori known limitations of the new framework.

4.1 CA2LM – MATLAB/Simulink based flight physics frame-
work

CA2LM is the flight physics framework for modelling of flexible aircraft configurations.
It consists of the following components/models:

• the Modified Strip Theory (MST) based aerodynamic model;

• the linear structural dynamic model;

• the equations of motion for a flexible body;

• the environment model.

All of them are shown in Fig. 4.1 and discussed in detail in this section.

4.1.1 Aerodynamics of the wing, horizontal and vertical tailplanes
Aerodynamics of the wing, HTP and VTP are modelled using the MST and the Leishman
unsteady aerodynamic model. Such a modelling approach combines capability of the

45
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Figure 4.1: Structural representation of the CA2LM framework

real-time pilot-in-the-loop simulations, while allowing to capture the aerodynamic effects
necessary for the aeroservoelastic analysis of an aircraft [12, 110, 111]. The modelling of
aerodynamics is further detailed in Fig. 4.2.

The Leishman unsteady aerodynamic model [112–114] is applied in the state-space
form [115]:

ẋ = Ax+Bu
y =Cx+Du

(4.1)

The matrices A, B, C and D are shown in App. A. The state vector x and input vector
u are of the following form:

x = [x1 x2 x3 . . . xn]
T

u = [u1 u2 u3 u4]
T (4.2)

Each aerodynamic node has a 15 element state vector x associated with it that takes into
account circulatory and non-circulatory terms. An input vector u consists of the angles
of attack α at each aerodynamic node, their rates of change α̇ , angles of control surfaces
ξ , η , ζ and their angular rates ξ̇ , η̇ , ζ̇ [12, 116]. The framework currently uses 58 (35 -
wing, 15 - HTP, 8 - VTP) aerodynamic nodes for unsteady aerodynamics. This results in
870 unsteady aerodynamic states.
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Figure 4.2: Aerodynamic model of the wing, HTP and VTP

The unsteady aerodynamic model is based on the Theodorsen and Wagner functions.
The Theodorsen function [117] is used to model harmonic aerofoil oscillation [12]. The
Wagner function [118] models aerodynamic forces due to a step change in incidence [12].
As the Wagner function is only applicable to incompressible flow, Leishman applied the
Prandtl-Glauert correction factor to account for the compressibility effect [114]. The
unsteady wind gusts are modelled as the Kussner function [119]. As in the case of the
Wagner function, the Kussner function applies only to incompressible flow. However,
Leishman proposed an approximation as a function of Mach number [120]. The resulting
angles of attack due to the unsteady aerodynamics and the unsteady gust are then summed
up to form the indicial angle of attack αind .

The steady aerodynamic coefficients are calculated from the pre-computed look up
tables. The viscous drag coefficient, α0, drag and pitching moment coefficients at α0
along with αind are then acquired. To take into account 3D effects, an indicial angle of
attack (αind) is added to the steady state angle of attack (α) and an effective angle of
attack (αe f f ) is calculated:

αe f f = α +αind (4.3)

Applying the resulting angle of attack to MST allows the calculation of forces, moments
and downwash circulation on a user defined wing planform [121, 122]. Even though the
original MST assumes the chordwise rather than the spanwise flow [123], the spanwise
variation of the wing loading in the CA2LM framework is accounted for by applying the
correction factor to the given local lift-curve slope [12, 122].

The MST approach allows the calculation of forces acting on aerodynamic surfaces
in the wind axis system. These are then transferred into the body axis system via the
application of the following direction cosine matrix (DCM):

DCM =

cosθi cosλi cosλi sinθi sinγi − sinλi cosγi cosλi sinθi cosγi + sinλi sinγi
cosθi sinλi sinγi sinθi sinλi + cosγi cosλi sinλi sinθi cosγi − cosλi sinγi
−sinθi cosθi sinγi cosγi cosθi


(4.4)
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Figure 4.3: Axes systems used in the CA2LM framework

where θi is the local twist angle and includes local angle of attack αi, λi is the local sweep
angle and includes local sideslip angle βi and γi is the local dihedral angle. The various
axes systems used in the model are shown in Fig. 4.3.

The aerodynamic model also estimates the wing downwash effect on the tailplane.
Downwash circulation strength (Γ) is given by [12]:

Γ = sV A(αind −αCL=0) (4.5)

where s is the span of a wing, V is the velocity, A is the coefficients matrix for the MST
approach and αCL=0 is zero lift angle of attack. Circulation is then evaluated through a
reduced order state-space model to get the indicial angle of attack for the tailplane. This
implementation of the MST approach and unsteady aerodynamics provided a satisfactory
balance between computational accuracy and cost [12].

Aerofoils used to model aerodynamic surfaces

To model the aerodynamics of the wing, HTP and VTP, two aerofoils are used:

• cambered NASA SC(2)-0610 aerofoil for the wing;

• symmetrical NASA SC(2)-0010 aerofoil for the HTP and VTP.

The use of supercritical aerofoils allows the framework to be used at high subsonic
Mach numbers. To better understand the limitations of the CA2LM framework, it is im-
portant to define the range of angles of attack at which the framework is valid. Thus, it
was defined in Ref. [116] that the CA2LM framework, previously known as AX-1, is valid
between Mach 0.05 and 0.8 for angles of attack from −10◦ to +15◦. However, extra care
should be taken when considering higher limits of Mach number as the Prandtl-Glauert
correction factor is usually considered valid up to around Mach 0.7 [124] and relatively
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Figure 4.4: Stall angles of attack for NASA SC(2)-0010/0610 aerofoils

low angles of attack [125]. The range of AoA is important to know due to the fact that
the aerodynamic stall model is absent and, as a consequence, the aircraft would not stall
even above the limit AoA. Hence, by knowing the range of valid AoA allows to consider
only reliable data.

To define the stall angle of attack at the particular condition that was used for the
further flight test campaign, both aerofoils were analysed using the XFOIL program [126,
127], which was developed to design and analyse subsonic isolated aerofoils. The XFOIL
was used as an integrated aerodynamic solver of the XFLR5 software package.

CL(α) polars of both aerofoils are presented in Fig. 4.4. It is clear from the figure
that the stall AoA for the NASA SC(2)-0610 aerofoil is around 12.5◦. Analysis was done
for M = 0.3 and Re = 30×106 flight conditions, which represent flight conditions during
the testing campaign. This being the lowest stall angle of both aerofoils, it should be
considered as a limiting AoA for the validity of simulations, i.e. all flight conditions with
α > 12.5◦ should be disregarded.

Note: The stall angles of attack calculated by the means of the XFOIL program for
particular 2D aerofoils are for the illustrative purpose only. Thus, it was considered that
the 2D aerofoil data from the main lifting surface is enough and no efforts were made to
develop and analyse an overall aircraft model for the stall AoA. The assessment of the
overall aircraft model by using high fidelity tools would give a reasonable indication of
the potential stall AoA. However, this goal was out of scope for the current thesis.

4.1.2 Aerodynamics of the fuselage and nacelles

Aerodynamics of the fuselage and nacelles are modelled following the ESDU methodol-
ogy based on empirical test data [128–131].
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For small aeroplanes (e.g. Airbus A320 or Boeing 737) their fuselage can be mod-
elled as a rigid body. However, for large aeroplanes (e.g. Airbus A340) the fuselage is
long and slender and flexibility effects become more expressed. As the previous research
on long slender aircraft [9, 11, 13] showed, the longitudinal fuselage flexibility changes
characteristics of the flight dynamics and affects a pilot’s perception of an aircraft han-
dling qualities. Hence, the fuselage flexibility is modelled too to have a fully capable
framework to model flexible aircraft. Thus, its aerodynamic model includes appropriate
changes due to flexibility [12].

The fuselage was divided into fore and aft parts to model the flexibility effect. The
forebody of the fuselage is modelled as a slender axi-symmetric body of revolution ac-
cording to Refs. [130, 131] and the normal force coefficient is calculated as follows:

CN =CNα sinα cosα +
4
π

L
D

CPLCNc (4.6)

where CNα is the normal force slope at zero angle of attack from Ref. [130], CPL -
geometric coefficient from Ref. [132] and CNc - cross-flow normal force coefficient as a
function of Mach number and angle of attack from Ref. [131]. The aftbody of the fuselage
is modelled again as a slender axi-symmetric body of revolution according to Ref. [129]
and the change in normal force is calculated as follows:

∆CN = ∆CNα sinα cosα
(

1− sin0.6 α
)
+∆CDc sin2 α (4.7)

where ∆CNα is the inviscid contribution, ∆CDc - viscous cross-flow contribution. Flexibil-
ity is considered via changes in angles of attack and sideslip for the forebody and aftbody
due to respective deformations as shown in Fig. 4.5.

Engine dynamics are modelled by a simple first order system:

TP

TPτ
=

TPmax

1+ τPs
(4.8)

where TPmax and τP are the maximum thrust and engine time constant and TPτ is the throttle
setting.

Nacelles are modelled as annular aerofoils according to [128] to calculate the aerody-
namic forces and moments. The lift force of each nacelle is expressed as follows:

Ln = qwl(an)wαn (4.9)

where q is dynamic pressure, w - width of the nacelle, l - length of the nacelle, (an)w -
lift-curve slope of the nacelle and αn - angle of attack of the nacelle. The same procedure
is applied to calculate the sideslip angle βn and the side force of the nacelle.

Forces and moments from the aerodynamic surfaces, fuselage and engines are calcu-
lated and concentrated at the aerodynamic nodes in the CA2LM framework. However,
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Figure 4.5: Sources of flexible fuselage and engine nacelle modelling methods (repro-
duced from Ref. [12])

forces and moments for the structural dynamics calculations are evaluated at the struc-
tural nodes. Therefore, the forces and moments from the aerodynamic frame must be
transferred to the structural frame. On the other hand, structural deflections have to be
transferred from the structural frame to the aerodynamic frame to account for the flexibil-
ity contribution to aerodynamic forces and moments. This transfer of forces and moments
between aerodynamic and structural frames is carried out by a 1-D interpolation between
aerodynamic and structural nodes. Higher order interpolation schemes may be applied
in the future as the wings will become more flexible and their models will be more dis-
cretised to achieve higher simulation accuracy. However, their viability to provide more
accurate real-time calculations should be investigated considering their potential of being
applied.

One could ask for the reason for different numbers of aerodynamic and structural
nodes. As it has been shown in Ref. [12] the amount of aerodynamic nodes is optimal
at around 35 nodes per wingspan. However, the amount of structural nodes differs for
different aircraft models and providers of them. Hence, it is more convenient to have in-
dependent frames and to interpolate loads and deflections between different frames rather
than change the amount of nodes for different models. Moreover, too many nodes has its
own drawback of too high computational cost. Thus, a high number of structural nodes
does not mean a high number of aerodynamic nodes or vice versa. Both aerodynamic and
structural frames are shown in Fig. 4.6.

4.1.3 Structural dynamics

Once the aerodynamic loading has been transferred to the structural frame, airframe de-
formations can be calculated. The structural dynamics in the CA2LM framework are
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Figure 4.6: Aerodynamic and structural frames in the CA2LM framework

modelled in the modal form, which means that the overall deformation of the structure
depends on the sum of modeshapes. Thus, aerodynamic forces and moments Faero are
firstly converted into modal forces Fi using the resulting modeshape matrix (Θm):

Fi = ΘT
mFaero (4.10)

Then, the structural equation of motion is applied to solve for modal accelerations (ẍ),
velocities (ẋ) and displacements (x):

ẍi =
Fi

mi
−2ζiωni ẋi −ω2

ni
xi (4.11)

where mi is the modal mass, ωni is the modal natural frequency, ζi is the modal damping
ratio and i represents the mode of interest.

Finally, the transition from the modal domain to structural domain is done to get the
structural deformations. Linear and angular deformations at each node are obtained by
solving the following equations:

d = Θmx

ḋ = Θmẋ

d̈ = Θmẍ

(4.12)

This is the implementation of the linear structural dynamics model. Widely accepted
opinion states that wingtip deflections of less than 10% of semi-span can be treated as lin-
ear deformations. Thus, the CA2LM framework is valid for small deformations. However,
large wing deformations are of interest in this research. Hence, one could argue that such
a structural dynamics model is invalid for modelling large deformations as a nonlinear
structural model should be used. Nonetheless, Patil and Hodges showed in Ref. [45] that
the linear structural model predicts deformations with the same accuracy as the nonlinear
structural model for the static case. For dynamic loading case the linear structural model
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could not capture same dynamics of the structure as the nonlinear one. Due to this limi-
tation current version of the CA2LM framework should be used only for investigations of
low frequency phenomena that consider pilot-structure interaction.

Another important point to notice is that out-of-plane bending, in-plane bending and
torsion of each structural node are modelled within the CA2LM framework. However,
the experience of the pilot-in-the-loop simulations has shown that both in-plane bending
and torsion of the most deformed aircraft component, i.e. the wing, are of negligible
magnitude and insignificantly affect flying and handling qualities of flexible aircraft.

The modeshape data are essential for the analysis due to the way the framework is
programmed. Thus, the modal data in the CA2LM framework are generated by an external
structural solver – NASTRAN. The modal data are computed by the use of the NASTRAN
103 modal solver. Modal frequencies, modal masses and the modeshape matrix are the
outputs from the solver.

The CA2LM framework considers only the first 12 flexible modes as it aims to analyse
flight dynamics phenomena that typically have low frequencies. The modeshape matrix
is independent of time for the relatively rigid aeroplane models currently implemented
in the framework. It is important to notice that only small deflections are modelled for
such aircraft. Hence, it is assumed that the properties of each beam vary linearly. How-
ever, recent developments in highly flexible HALE-like aircraft have introduced wingtip
deflections of more than 25% of the wing semi-span. Static deflections of highly flexible
wings can still be modelled correctly using the linear theory as it was published in Ref.
[45]. Nevertheless, for the future implementations of highly flexible aeroplanes nonlinear
approach to model structural deformations should be considered.

4.1.4 Environment and gravity models

The gravitational constant is calculated according to WGS-84 model [133] and applied to
calculate forces and moments at the CG position for solving equations of motion. Addi-
tionally it is applied to calculate forces and moments of each structural node to solve the
structural equation of motion. The following equation is used to calculate the gravitational
constant:

g = ge
1+ ksin2ϕ√
1− e2sin2ϕ

(4.13)

where k =
bgp

age
− 1, a and b - semi-major and semi-minor axes of the ellipsoid, ge and

gp - theoretical gravity at the equator and poles, e - the first ellipsoidal eccentricity, ϕ -
geodetic latitude. Then the gravity above the ellipsoid gh is calculated by

gh = g
[

1− 2
a

(
1+ f +m−2 f sin2ϕ

)
h+

3
a2 h2

]
(4.14)
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where m =
ω2a2b

GM
, ω - angular velocity of the Earth, GM - Earth’s gravitational constant,

f - ellipsoidal flattening, h - geodetic height.
Atmospheric properties such as air density and temperature are modelled as Interna-

tional Standard Atmosphere (ISA) properties following the methodology provided in Ref.
[134].

4.1.5 Equations of motion

Equations of motion are a vital part of the framework as they equate the forces and mo-
ments to motion variables. However, the traditional equations of motion for a rigid body
should be changed with the ones for a flexible body. The development of equations of
motion for a flexible aircraft is discussed in Ch. 3.

4.1.6 The use of the CA2LM framework

Having the aerodynamic and structural models reviewed, the example of applying the
CA2LM framework to solve real problems is provided below.

Example
Capabilities of the CA2LM framework are presented in this example. The first ex-
ample focuses on handling qualities analysis following the Gibson Dropback crite-
rion (as published in Ref. [135]). The second example demonstrates the capability
of performing failure case assessments (as published in Ref. [136]). Both studies
are based on the AX-1 model which is representative of a large transport aircraft.

The AX-1 model
The aircraft model, to which the testing was previously done, is the AX-1 model.
It represents a large transport aircraft with relatively rigid wing. The model with
its specifications is shown in Fig. 4.7. To analyse the structural flexibility effect on
handling qualities of the aircraft, three cases were considered:

1. Original stiffness of the wing K.

2. 15% lower stiffness of the wing K −15%.

3. 30% lower stiffness of the wing K −30%.
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Figure 4.7: The AX-1 aircraft model and its main specifications (reproduced from
Ref. [135])

Time domain handling qualities analysis
For this study, the AX-1 model was trimmed at an altitude of 10,000 f t and the DB
criterion was evaluated at several airspeeds and airframe stiffnesses. As the AX-1
airframe is relatively stiff, it was decided to reduce the stiffness by 15% and 30%.
The assessment was carried out by specifying a five second elevator pulse input of
5◦. Figure 4.8 shows the variation of longitudinal handling qualities with varying
airspeed and structural stiffness. It should be noted that no stability augmentation
system has been implemented and consequently the majority of the cases are not in
the satisfactory region.
The trends observed in Fig. 4.8 can be explained by considering the effects arising
due to the deformation of a flexible wing in comparison with a stiffer tailplane. In
comparison to a rigid wing, a wing with lower stiffness deforms more significantly
due to change in angle of attack caused by the elevator deflection. This deforma-
tion leads to a loss in overall wing lift due to a reduction in effective wingspan
and results in a relatively higher pitching moment contribution from the tailplane.
Therefore, the difference between the aircraft’s maximum pitch attitude and the
steady state attitude increases as wing stiffness is reduced. Hence, there is an in-
crease in DB as structural stiffness is reduced. No significant effects were observed
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for qmax.
Time histories of minimum, maximum and inflection points in Fig. 4.8 are plotted
in App. B. This is the input data for the Gibson DB criterion analysis. The response
of flexible configurations shows that a steady state after the elevator input is not
reached after a considerable amount of time. This observation might lead to a
conclusion that the Gibson DB criterion should not be used for handling qualities
analysis with complex models containing nonlinear structural deflections.
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Figure 4.8: Effect of airspeed on the longitudinal HQs of AX-1 model

Aileron soft failure simulation
A control surface failure scenario is one of many extreme cases that need to be
considered for flight loads evaluation. Here a soft aileron failure is simulated where
the port aileron actuator fails whilst the starboard aileron remains at the original
trim setting. The main results obtained from the simulation are shown in Fig. 4.9.
The port aileron is forced to undergo a limit cycle oscillation at a constant frequency
of 1.16 Hz, which corresponds to the first wing structural bending mode. The
amplitude of this oscillation is set to ±15◦.
The frequency content of the roll rate and yaw rate signals show that the failure
has excited a low frequency lateral-directional mode corresponding to periods of
T p = 10.24 s and Tr = 10.92 s in roll and yaw respectively. These correspond
to the usual frequencies of the aircrafts Dutch roll mode. The load factor ng only
exhibits large transients when the aileron failure is initiated.



4.1. CA2LM – MATLAB/SIMULINK BASED FLIGHT PHYSICS FRAMEWORK 57

Figure 4.9: Ailerons deflection ξ , angular rate, load factor n, wing root bending
moment Mroot and wing root torsion Troot and roll, pitch and yaw rates at aileron
excitation frequency of 1.1634 Hz

Figure 4.10 shows the frequency content of the wing root bending moment Mroot
at different aileron excitation frequencies. At a frequency of 1.245 Hz, slightly
higher than the frequency of the first structural mode of the wing (1.1634 Hz),
the first aeroelastic mode appears and a resulting resonance is observed. Upon
magnification (bottom right subfigure) another two peaks can be observed at 2.5
Hz and 3 Hz. These correspond to aeroelastic modes associated with wing flexible
modes numbers 5 and 11. At the frequency of 0.9 Hz Mroot is higher than at the
frequency of 1.1 Hz, which can be explained by the fact that the forcing function
frequency is getting closer to rigid body frequencies.
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Figure 4.10: Wing root bending moment Mroot at different aileron excitation fre-
quencies

The main advantage of the CA2LM framework is its suitability for the real-time pilot-
in-the-loop simulations. This will be discussed later, after the EFS500 flight simulator and
CA2LM integration with EFS500 will be reviewed. However, the CA2LM framework can
be fully utilised to simulate and analyse an aircraft without the pilot as control inputs can
be defined by the user. Such a case is presented and discussed in the example above.

4.1.7 Upgrades to the CA2LM framework
A wide range of possible applications of CA2LM is a significant advantage of this frame-
work. However, one of the biggest limitations of the framework was the difficulty to
implement new aircraft configurations. Due to its Simulink blocks based architecture,
the framework had many stages of layers (‘sub-systems’ in Simulink terminology) with
many ‘hard-coded’ values. Thus, any change in the size of the structural model led to a
complex process of changing many variables in numerous different places. Hence, it was
decided to change the Simulink blocks based architecture into Simulink functions based
architecture, which allowed to significantly reduce the number of layers from 14 to 3.
Moreover, this conversion allowed to condense equations into scripts instead of having
each term of an equation as a separate Simulink block. The change of the ‘hard-coded’
variables into variables, which are initialised in the very beginning before running the
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Simulink model, allows to rapidly implement new aircraft configurations. These changes
cleared the framework and made it easier to modify, especially when implementing new
aircraft models.

Another significant modification to the CA2LM framework was development of the
new trim routine. Any testing of aircraft usually starts from an aircraft being in an equilib-
rium (or trim) state. Thus, a set of control parameters, defining the trim state of an aircraft,
has to be found. The trim routine was based on the MATLAB in-built ‘trim’ function in
the previous version of the framework. However, being a purely mathematical operation,
it used to solve the trim problem with some control settings, which being mathematically
correct sometimes were physically unrealistic, e.g. engine throttle setting of 110%, while
the obvious maximum value is 100%. The main cause for this was the function’s sensitiv-
ity to initial conditions, which were set by the user. Thus, a more manageable trim routine
was developed to overcome the issue.

The new trim routine, developed for the CA2LM framework and shown in Fig. 4.11,
overcomes the issue by setting the maximum limits for the range of control settings.
Moreover, it does not require precise initial control settings. As it is based on multi-
ple iterations of the simulation with different control settings, it provides a realistic set
of controls without precise initial conditions as minimum and maximum inputs are used
during the first loop. The new trim routine is as follows:

1. Initial conditions are set for all aircraft controls to zero values. Only the throt-
tle control variable is assigned with some “reasonable” number to provide a flight
condition.

2. Three control variables are then varied in a loop. The model is run for a period
of time for forces and moments to become stable1 for each setting of a variable.
When the forces and moments become stable, their values are recorded and the
next setting is applied to the model. Control variables, which are changed during
the trimming process, are:

tailplane setting iH ;

throttle setting τ;

rudder setting ζ .

3. When forces and/or moments for each setting of a control variable have been recorded,
each control variable is then interpolated against the governing force or moment to
be zero. These forces and moments are:

vertical force Z for iH ;

longitudinal force X for τ;

1Due to aeroelastic coupling and unsteady aerodynamics it takes a certain amount of time for a steady
loading and deformation of the structure to establish. The amount of time depends on the structural flexi-
bility and flight conditions.
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yawing moment N for ζ .

It is then assumed that with the defined control setting an aircraft would be in an
equilibrium state regarding corresponding forces or moments.

4. In current implementation only three parameters, i.e. Z, X and N, are taken into
consideration when trimming an aircraft. The ailerons are not considered as air-
craft, modelled within the CA2LM framework, are usually symmetrical. However,
omitting three parameters, i.e. Y , L and M, from the trimming procedure introduces
errors when considering an equilibrium flight. Thus, the procedure is then repeated
six times to minimize the error between the resulting force or moment value and its
zero value.

Figure 4.11: New trim routine of the CA2LM framework



4.2. EFS500 FLIGHT SIMULATOR 61

4.1.8 Limitations of the CA2LM framework
Even though certain steps, discussed above, were taken to overcome the limitations of the
CA2LM framework, there are still many of them. The major ones are:

1. Absence of the aerodynamic stall model, which obliges the user to disregard results
for flight conditions when the angle of attack is above 12.5◦.

2. Linear structural model, which prevents the user from investigating flexibility effect
on flight dynamics in high frequency dynamic events.

Despite these limitations the ultimate goal is to integrate the CA2LM framework with
the EFS500 flight simulator hardware to provide the environment for the pilot-in-the-loop
testing capability. Hence, the next section provides an overview of the EFS500 flight
simulator.

4.2 EFS500 flight simulator
The target simulator for the integration of the CA2LM framework is the engineering flight
simulator EFS500. The EFS500 provides a platform for the pilot to interface with the
CA2LM framework and constitutes another important part of a new simulation frame-
work. It is an engineering flight simulator designed to demonstrate aircraft stability and
control along with aircraft performance in real time, which is achieved by:

1. Modelling only the rigid body dynamics excluding any structural dynamics.

2. Aerodynamic and flight dynamic coefficients being modelled by simple empirical
formulations.

Its hardware architecture and software are presented in the following subsections.

4.2.1 Hardware
The EFS500 simulator comprises the following elements [137]:

• Cockpit environment, which provides a generic single seat cockpit layout with a
central stick, sidestick, rudder pedals and throttle lever. The flap selector, gear
switch and other additional switches are also included in the cockpit, which is
shown in Fig. 4.12.

• Artificial loading system, which allows force feedback response to the central stick
and rudder pedals.

• Computer system, which consists of eight computers that provide flight dynamics
model, cockpit displays, avionics, instructor operating station and image generation
capability.
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• Sound generation system, which generates environmental and warning sounds.

• Image generation system, which is comprises three projectors and a spherical screen,
which provides a field of view of 140◦×40◦ as shown in Fig. 4.13.

Computers in the simulator are connected into a segregated Ethernet network and
communicate broadcasting information from each node sequentially. The communication
sequence is controlled by the I/O system node operating at a frequency of 50Hz. The
overall system architecture is shown in Fig. 4.14.

Each of the eight computers performs the following tasks:

1. The I/O system computer is based on a Raspberry Pi system to interface between
the control inputs of the simulator hardware (i.e. control stick, right-hand stick,
pedals, throttle) and the computer system. It has 32 analogue/digital input channels
and four analogue/digital output channels. Moreover, this computer synchronises
the computer system to broadcast packets of data at a frequency of 50 Hz.

2. The flight dynamics computer provides equations of motion, an aerodynamic model,
engine models, flight control laws, dynamics of targets and the weather model.
Moreover, it renders the primary flight display (PFD) as seen in Fig. 4.15(a).

3. The navigation and avionics computer computes navigation equations for the air-
craft sensors, manages radio and flight control unit (FCU) panels and generates
aircraft sounds. Moreover, it renders the electronic horizontal situation indicator
(EHSI) as seen in Fig. 4.15(b).

4. The instructor operating station provides an interface of commanding different
flight conditions and data recording via the touch screen GUI. It provides a capa-
bility of rapid repositioning of an aircraft on the map, plots simulator output data,
allows failures of different aircraft systems, controls autopilot and flight plan.

5-7. The image generation (IG) computers are equipped with high performance nVidia
graphics cards. They provide an OpenFlight visual database and render it in re-
sponse to the data received from other computers, i.e. aircraft position, its attitude,
weather conditions, time of day. Moreover, the head-up display may be displayed
by IG computers.

8. The MATLAB computer provides an interface for the rapid implementation and
testing of control laws.

All computers are connected into a local network by the 16-channel Ethernet switch.
As the flight dynamics software runs at 50 Hz, so every other computer has to run at the
same frequency. It is very important not to exceed 20 ms frame time when performing
computations, thus the time margin is included in each computer.
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Figure 4.12: Cockpit environment of the EFS500 flight simulator
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Figure 4.13: Overall setup of the EFS500 flight simulator

Figure 4.14: EFS500 simulator network (reproduced from Ref. [138])
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(a) PFD (b) EHSI

Figure 4.15: PFD and EHSI displays in EFS500 flight simulator cockpit

4.2.2 Software

The simulator runs custom coded software developed mostly in the C programming lan-
guage. The code is distributed within the computers, allowing rapid modifications of the
code and recompilation of the applications. Although most of simulator’s software is
written in the C programming language, image generation computers use the C++ pro-
gramming language to interface with the OpenSceneGraph graphics library. All the nodes
use the ‘gcc’ compiler for both C and C++ applications.

The simulator software is intended to be as modular as possible and the modification
of the aircraft model only affects particular nodes. Details of each node function are
presented in Table 4.1. Some of the nodes, like the instructor operating station, the I/O
system or the image generation node, are not affected by changes in the aircraft model.

Only one application is executed per node as part of the original network design of
the simulator. The flight dynamics computer (Node 2) process flow is shown in Fig. 4.16.

It is important to notice that the application is idle while the network data is being
transferred. This architecture of the process flow relies on the network transaction time,
which is supposed to be notably smaller than the total available slot time, i.e. less than 20
ms. In case smaller time steps or higher number of nodes in the architecture are required,
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Table 4.1: Computer node function and aircraft model dependency

Node Name Function A/C dependent
1 I/O system Acquires data from cockpit and enables

load system
No

2 Flight dynam-
ics

Computes flight dynamics and renders
PFD

Yes

3 Navigation &
avionics

Computes avionics and renders EHSI Yes

4 Instructor sta-
tion

Runs instructor software enabling simula-
tion control

No

5 IG left Renders left area of the 3D environment No
6 IG centre Renders central area of the 3D environ-

ment
No

7 IG right Renders right area of the 3D environment No
8 MATLAB Rapid implementation and testing of

flight control laws
N/A

the time spent in network transactions may significantly reduce the time available for
calculations.

Figure 4.16: Flight dynamics computer (Node 2) process flow

Knowing the details of the EFS500 flight simulator allows the integration of the
CA2LM framework with the simulator. The CA2LM framework is slower than the real
time, thus it needs some means to be sped-up. The speedgoat real-time machine is used
for that purpose, which is discussed in the next section.

4.3 Integration of the CA2LM framework with the EFS500
To allow the interaction between the CA2LM framework, developed in MATLAB/Simulink
environment, and the EFS500 flight simulator, developed in C/C++ programming lan-
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guages, both architectures must be compatible. There are two main areas that need to be
compatible between the CA2LM framework and the EFS500 flight simulator:

1. Timing, as both systems need to run in real time in order to perform the pilot-in-the-
loop simulations. The EFS500 flight simulator is running in real time by default,
but the CA2LM framework is much slower than the real time. To increase the
simulation speed, the Speedgoat real-time target machine is used.

2. Data interfaces, as the information exchange between the two systems must be
compatible. The Simulink Real-Time software needs to be capable of sending
enough information for the EFS500 flight simulator to work, while the simulator
should feed the the real-time device with the expected control inputs.

The simulation timing requirement imposes the need for the CA2LM framework to run
in real time. At the current level of implemented aircraft model complexity, the CA2LM
framework is capable of performing 100 iterations per second on a standard i7-4770 desk-
top computer. Considering that the time step used in the framework is 0.001 s (1000 Hz),
the CA2LM framework needs to be sped-up by a factor of 10. In order to obtain the
required performance improvement, it was decided to use the Speedgoat real-time target
machine, whose specifications are presented in Table 4.2.

Table 4.2: Speedgoat real-time target machine specifications

Element Model
CPU Intel i7-6700K
RAM 8192MB
Storage 60GB SSD
Ethernet 2 + 1 Gigabit
OS FreeDOS / Simulink Real-Time kernel

The implementation of the CA2LM framework in the Speedgoat device required some
changes in the model. Firstly, the data interface between the EFS500 and the CA2LM
framework needed to be compatible and compliant with the real-time requirement. An
option would be to synchronise both systems, with the CA2LM framework executing the
simulation time step when the simulator network has finished the data transaction. As the
CA2LM framework, with the current aircraft model implemented, executed the simula-
tion at 1000 Hz and the EFS500 ran at 50 Hz, a synchronised system was not suitable.
It was decided to use an asynchronous system instead, with both the simulator system
and the CA2LM framework running freely and exchanging information asynchronously.
The aeroservoelastic framework integration is therefore independent of its simulation fre-
quency.

Since the PFD computer was originally responsible for flight dynamics calculations,
it was decided that it will also be responsible for interfacing with the CA2LM frame-
work (see Fig. 4.17). The primary data interface to the Speedgoat real-time machine is
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Figure 4.17: EFS500 simulator network with the Speedgoat real-time machine

Figure 4.18: Interface between the PFD computer and the Speedgoat real-time machine

the Ethernet port. The architecture of the EFS500 network requires that no other data,
except for the simulation data, is sent using the simulator network. Therefore, communi-
cation between the PFD computer and the real-time machine is done using a secondary
Ethernet network independent of the main simulator network. The resultant architecture,
presented in Fig. 4.18, comprises two separate networks with the PFD computer acting as
the gateway between them. To allow this architecture, a secondary Ethernet port has been
installed in the PFD computer.

Communication in the secondary network uses user datagram protocol (UDP) packets.
In order to enable full control of the simulation, three packets have been defined:

• Flight dynamics output packet, which is used for the Speedgoat machine to send
the most recent set of computed data to the flight model computer. This contains
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position, attitude, translational and angular velocities of an aircraft along with flight
conditions data. The information could be potentially sent at 1000 Hz, but it is sub-
sampled and sent at 50 Hz, matching the frequency of the EFS500 simulator.

• Simulation data packet, which contains the simulation information that is generated
in other simulator nodes. It includes control status, simulation status and ground
altitude, which is computed in the Node 2 computer.

• Simulation control packet, which contains simulation modifiers, such as simulation
start/stop flag, aircraft repositioning flag or simulation restore flag.

UDP interfaces in the real-time machine and the PFD computer are configured as non-
blocking, always using the most recent value to allow systems to run asynchronously.

The Speedgoat real-time target machine requires the CA2LM framework to be loaded
into the target machine at each simulation. Two changes to the CA2LM framework have
been made to allow the compilation of the framework for the real-time target machine.
The changes are following:

1. Disabling (or ‘commenting out’ in MATLAB/Simulink terminology) Level-2 S-Functions,
which are used to generate visualisation of the airframe flight and structural dy-
namics during the simulation. Level-2 S-Functions can be compiled into real-time
machines as long as C or Fortran code is provided, but the visualisation code within
the CA2LM framework is not available in those languages. Since the visualisa-
tion functions are redundant for the real-time simulations, the functions are simply
disabled when targeting the Speedgoat real-time machine.

2. Break of algebraic loops, which introduce issues additionally to the previously dis-
cussed ones. Simulink is capable of solving algebraic loops in a discretised model
when running in normal mode, but they need to be removed before compiling the
model for a real-time machine. Algebraic loops can also slow down the simulation.
Hence, the ‘unit delay’ blocks were added to break algebraic loops.

After making these modifications and specifying the required configuration in the
‘Model Configuration Dialogue’ window, the model is compiled and loaded into the real-
time device. The report from the device indicates that the computation time for each time
step is 0.7 ms, or approximately 70% of the available time. Hence, as the model runs in
real time it can be integrated into the EFS500 simulator.

To comply with the UDP interface, Speedgoat real-time machine network configura-
tion blocks were added along with the following 3 UDP interfaces:

• UDP receiver for simulator data, connected to a packet decoder (‘Byte Unpack’)
to provide simulation parameters.

• UDP receiver for simulator control, connected to a packet decoder (‘Byte Unpack’)
to extract the simulation commands such as stop or reposition.
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• UDP sender for output data, preceded by a ‘Byte Pack’ element to send the output
of the simulation to the PFD computer.

To ensure smooth integration of the CA2LM framework with the EFS500 simulator
the number of modifications has been kept to a minimum. Following the description in
Table 4.1, the only nodes that should be modified regarding the model are Nodes 2 and
3, featuring flight dynamics, avionics and screens rendering. However, only the flight dy-
namics code running in the Node 2 computer was modified, encapsulating all the changes
in the simulator into one single computer.

Additionally to installing an Ethernet port to communicate to the Speedgoat real-time
target machine, the following changes were made on the Node 2 computer code to allow
the integration of the CA2LM framework:

1. The original flight dynamics code was circumvented in the EFS500 simulator.

2. The bypass was implemented to allow the data from the CA2LM framework to be
used instead of the original flight dynamics code.

4.4 Summary of the chapter
The flight simulation framework, used during the flight testing campaign, was reviewed
in this chapter.

The CA2LM framework was reviewed in detail through the discussion of the aerody-
namic, the structural dynamic, environment and gravity models. The equations of motion,
governing the flexible aircraft, were discussed previously in Ch. 3. As the simulator pro-
vides the capability to model and test flexible aircraft, its applicability was demonstrated
using two examples - HQs testing using the Gibson Dropback criterion and wing struc-
tural loading estimation using the aileron soft failure scenario. Despite its limitations with
respect to the angle of attack and linear structural model, it is still a useful framework for
the investigation of flexible aircraft handling qualities.

The EFS500 flight simulator, which provides the interface between the pilot and the
CA2LM framework, was discussed in detail too. Its composition of eight computers,
visualisation system and the cockpit environment was reviewed. A thorough review of
its suitability for testing an aircraft will be provided in Ch. 7 in the form of the SFFA
analysis after the testing campaign.

Finally, the CA2LM framework and the EFS500 flight simulator integration process
was reviewed. The speedgoat real-time machine is used to speed up the CA2LM frame-
work to achieve the real-time simulation of the flexible aircraft. The speedgoat real-time
target machine, which only runs the Simulink model, sends/gets data to/from the ‘Flight
dynamics’ computer of the EFS500 simulator, to which it is connected.

As discussed in this chapter, the recently developed flight simulation framework aims
to test HQs of flexible aircraft. Thus, the next chapter reviews a tested flexible aircraft.



Chapter 5

HARTEN

High Aspect Ratio Technology ENabler (HARTEN) is the test case for defining differ-
ences in handling characteristics between relatively rigid and highly flexible wing aircraft.
The HARTEN model was developed during the AWI project workshop in July 2017. The
aerodynamic data, dimensions of the aircraft and its flight envelope were provided by the
Future Projects Office of Airbus UK. The detailed structural NASTRAN model of the
HARTEN aircraft was provided by the University of Bristol.

HARTEN represents a medium size transport aircraft and is shown in Fig. 5.1. The
main feature differentiating HARTEN from other similar aircraft is its high aspect ratio
flexible wing. The T-tail with engines at the back configuration has been previously seen
in many aircraft families such as Boeing 727, Fokker 70/100, MD 80/90 or Bombardier
CRJ [139]. Main advantages of the T-tail configuration are: 1) the end-plate effect, allow-
ing to reduce the size of the VTP, and 2) the HTP clearance from the disturbed flow from
the wing [6]. Moreover, the use of the T-tail configuration allows aft-fuselage mounted
engines configuration, which eliminates wing-engine interference and allows a shorter
landing gear [6]. However, wings of above mentioned aircraft have aspect ratios lower
than 10 and have been manufactured using traditional methods and materials. Hence, they
are relatively rigid structures exhibiting only small deformations.

Figure 5.1: HARTEN - Airbus UK proposed medium size flexible wing transport aircraft
concept
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When considering weights of aircraft, HARTEN compares to the Airbus A321 or
Boeing 737 series aircraft. For the interest of the reader comparison of main parame-
ters of HARTEN and similar size aircraft, i.e. Airbus A321-251N and Boeing 737-10,
is presented in Table 5.1. Data for A321-251N, B737-10 and HARTEN were extracted
from type-certificate data sheets [140, 141], internal communication report [142] and pub-
licly available online data. The HAR wing is the main difference between HARTEN and
A321/B737 configurations, the other differences being the engines position and the em-
pennage configuration.

Table 5.1: HARTEN comparison to similar size aircraft

Parameter Airbus A321-251N Boeing 737-10 HARTEN
Wing

Span [m] 35.8 35.9 50.0
Area [m] 128.0 127.0 141.1
MAC [m] 4.2 4.0 3.1
AR [–] 10.0 10.2 17.7

Fuselage
Length [m] 44.5 43.8 43.9
Diameter [m] 4.0 3.8 4.0

Mass
MTOW [kg] 89000 92000 93500
MLW [kg] 77300 N/D 84200
MZFW [kg] 73300 N/D 78700
Fuel capacity [kg] 18510 20650 16600

Performance
Mcr [–] 0.78 0.79 0.75
Range [nm] 3500 3300 2500

This chapter further defines the HARTEN aircraft model used for the flight testing
campaign. Its dimensions and masses are given along with the flight envelope and the
CG range for the test. Relatively rigid and highly flexible airframe configurations, used
in the flight testing campaign, are defined in this chapter as well. The static longitudinal
stability of both rigid and flexible configurations is defined as a function of the neutral
point position with respect to the mean aerodynamic chord.

5.1 HARTEN definition

The HARTEN aircraft was modelled within the CA2LM framework following the file
“C5 v2 wing.tux xml” provided by Airbus UK on 09/08/2017. The structural definition
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of HARTEN was provided as a set of the following NASTRAN input files by the Univer-
sity of Bristol on 12/07/2017:

1. “harus cbeam.dat”, which defines beam elements of the aircraft model.

2. “harus conm2.dat”, which defines concentrated masses at grid points.

3. “harus grid.dat”, which defines grid points of the aircraft model.

4. “harus mat.dat”, which defines properties of materials, used to model the aircraft.
It is the file where Young’s modulus is defined and changed to alter the structural
flexibility of the aircraft.

5. “harus pbeam.dat”, which defines the properties of the previously defined beam
elements.

6. “harus rbe2.dat”, which defines the rigid bodies with independent DoF and depen-
dent DoF.

Each definition above is taken from Ref. [143].
HARTEN was modelled to have the overall mass of 79167 kg for the flight testing

campaign. This is an assumed mass of the HARTEN aircraft after the mission has been
flown and the aircraft is approaching its final destination for landing. The nose of the
aircraft is the coordinate reference point (datum) for longitudinal positions. The cabin
floor level is the coordinate reference point (datum) for vertical positions.

5.1.1 Wing, horizontal and vertical tailplanes
HARTEN is a traditionally configured low-wing T-tail aircraft model. The wing of the
aircraft is placed at 23.0 m from the horizontal datum. The VTP is situated at 42.9 m and
the HTP at 43.9 m. The structural beam of the wing is at 24.7 m, which is 39.1% from the
wing leading edge at the wing root and 42.0% from the wing leading edge at the position
of MAC.

Main parameters of the HARTEN aircraft lifting surfaces are presented in Table 5.2.
Two parameters that are not presented in the table, but are very important for the further
stability studies of HARTEN, are volume ratios of HTP and VTP, VHTP and VVTP. They
allow rapid estimation of the longitudinal and directional static stability of the aircraft and
are derived from data in Table 5.2.

VHTP is around 1.55, depending on the CG position. This is a larger value than tradi-
tional similar size transport aircraft have. According to Cook [26] VHTP is usually around
0.5–1.3. However, Raymer [6] provides VHTP value of 1 as typical for jet transports.
Raymer also notes that due to aft-mounted engines the tail arm reduces by around 5%.
Moreover, due to the all-moving HTP the VHTP may be reduced by 10–15% and T-tail
configuration allows to reduce it by another 5% [6]. Thus, VHTP of around 0.85 would be



74 CHAPTER 5. HARTEN

Table 5.2: Definition of the wing, HTP and VTP of the HARTEN aircraft

Parameter Wing HTP VTP
Area [m2] 141.1 32.9 59.1
Span [m] 50.0 11.2 5.9
MAC [m] 3.1 3.1 5.0
λc/4 [◦] 0.5 31.0 37.5
AR [–] 17.7 3.8 2.3
TR [–] 0.3 0.4 1.0
Mass [kg] 20121 917 830

appropriate selection for the HARTEN model. However, it is about 82% larger and the
effect of this will be discussed later in this chapter.

VVTP is around 0.15, depending on the CG position. Raymer [6] provides VVTP value
of 0.09 as typical for jet transports. Due to the end-plate effect of the T-tail configuration,
the VVTP could be reduced by about 5%. Hence, the current VVTP is about 67% larger
when compared to similar aircraft designs.

Control surfaces

HARTEN is controlled by means of the traditional control surfaces - the ailerons, the
elevator and the rudder. Their specifications are presented in Table 5.3. The HARTEN
aircraft is also equipped with the all-moving HTP that has a range of ±10◦.

Table 5.3: Definition of primary control surfaces of the HARTEN aircraft

Parameter Aileron Elevator Rudder
cctrl/c [–] 0.45 0.6 0.5
η position [–] 0.72-0.97 0.10-0.90 0.00-1.00
Range [◦] ±25◦ ±30◦ ±30◦

Actuator dynam-
ics

−1.77s+399
s2 +48.2s+399

−8.42s+2046
s2 +102.87s+2046

12.6s2 −1185s+27350
s3 +77.7s2 +3331s+27350

Raymer [6] provides with usual values of elevator and rudder chordwise positions for
jet transports, correspondingly ce/c = 0.25 and cr/c = 0.32. The elevator and rudder of
HARTEN are thus oversized by 140% and 56% correspondingly. This oversize of the
elevator and the rudder suggests the actions taken by the aircraft designers to compensate
for too large HTP and VTP. This also suggests that the design procedure should be altered
to avoid such conservative designs and mass penalties in the future.
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5.1.2 Fuselage and engines
Dimensions of HARTEN fuselage and engines are shown in Fig. 5.2. The fuselage mass
was 50419 kg, distributed along eleven nodes (N1–N11 as in Fig. 5.2). This distribution
of the aircraft mass into eleven nodes is the default feature of the CA2LM framework
in order to provide capabilities to change the CG position and model fuselage flexibility
effects. The engine mass was 3440 kg each. Engines were placed at 38.3 m from the
datum and 1.8 m above the datum.

Figure 5.2: Dimensions of the HARTEN fuselage and engines

5.2 Definition of HARTEN configurations for testing
Configurations, defined in this section, were used for all the following tests of the HARTEN
aircraft.

5.2.1 Mass configurations
The CG position of HARTEN was altered by redistributing the masses of the fuselage
nodes. The following CG positions were defined for various test cases and are shown in
Fig. 5.2:

1. CG1 at 0% of MAC, which corresponded to 23.339 m from the datum.

2. CG2 at 20% of MAC, which corresponded to 23.967 m from the datum.

3. CG3 at 40% of MAC, which corresponded to 24.595 m from the datum.

4. CG4 at 60% of MAC, which corresponded to 25.223 m from the datum.

Mass distribution for the above defined CG cases is presented in Table 5.4.
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Table 5.4: Mass distribution along the fuselage for CG1-4 test cases

Node N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 N11
xdatum 0 4 8 12 16 20 24.66 29 33 38.32 43.913
CG1 200 350 500 2900 10000 23319 10000 2100 500 350 200
CG2 200 350 500 2530 5000 23319 15000 2470 500 350 200
CG3 200 350 500 1400 3000 23319 14000 6600 500 350 200
CG4 200 350 500 1500 2000 23319 10000 7500 3500 1350 200

5.2.2 Flexibility configurations

Two significantly different wing structural flexibility configurations were defined to iden-
tify differences in handling characteristics between rigid and flexible wing aircraft. These
configurations were: 1) rigid (R), with the corresponding wing Young’s modulus of
8×1010 Pa, and 2) flexible (F), with the corresponding wing Young’s modulus of 8×109

Pa. Other parts of the HARTEN aircraft were modelled as relatively rigid and their
Young’s modulus was equal to 6.89× 1015 Pa. To show the difference between rigid
and flexible wings, the aircraft was trimmed for one flight condition at 10000 ft and 110
m/s flight velocity. Figure 5.3 shows the difference between rigid and flexible wing de-
formations and data from the figure along with the dihedral angle variations are shown in
Table 5.5. The wing flexibility was expressed as the ratio of the wing vertical deformation
∆z to the wing semi-span b/2, which is an industrially accepted standard. The validity
of modelling large wing deformations using the linear structural model was discussed in
Ch. 4. The most significant issue, however, for such a large deformation as seen in the
figure is the artificial wing elongation that increases its length by approximately 11.5%
for the discussed case. This large deformation of the wing increased its effective dihedral
angle γ . It will be shown in Ch. 7 that this change significantly changes lateral/directional
dynamics of the aircraft. Hence, this very large deformation of the wing provides insight
into handling characteristics of the aircraft.

Table 5.5: Rigid and flexible wing vertical deformations with respect to reference
``````````````̀Parameter

A/C config
Reference Rigid Flexible

∆z
b/2

[–] N/A 6.2% 49.4%

∆γ [◦] N/A 3.5 26.3
γ [◦] 2.5 6.0 28.8
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Figure 5.3: Rigid and flexible wing deformations at the trim state

5.2.3 Flight conditions

The HARTEN aircraft was trimmed for a set of different flight conditions to examine the
flight envelope of both the aircraft and the CA2LM framework. Trim sets are presented in
Table 5.6. As seen in the table, not every mass configuration and/or flexibility configura-
tion could be trimmed using the CA2LM trim routine. The successfully trimmed sets of
data were used to define the longitudinal static stability and for the flight testing campaign
as the initial flight conditions.

5.3 Longitudinal static stability

The longitudinal static stability of the HARTEN aircraft was investigated by the use of
the CA2LM framework alone. A set of flight trim conditions, presented in the previous
section, was used to define the LSS, which is usually defined by the neutral point position
hn and the static margin Kn. The neutral point hn is defined as such a position of the

CG, where Cmα = 0. To define hn the
diH
dCL

gradients were acquired for each CG position.

The same procedure was repeated for different altitudes to investigate altitude effect on
the LSS. These data are presented in App. C. Final results, derived from the ones in the
appendix, are shown in Fig. 5.4.

The difference between
diH
dCL

gradients of rigid and flexible configurations at the same

CG position shows higher HTP deflection needed to compensate a change in AoA or flight
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Table 5.6: Flight testing envelope
``````````````̀Altitude, ft

EAS, m/s
110 150 190 230

5,000 CG1(R,F)
CG2(R,F)
CG3(R,F)
CG4(R,F)

CG1(R,F)
CG2(R,F)
CG3(R,F)
CG4(R,F)

CG1(R,F)
CG2(R,F)
CG3(R,F)
CG4(R,F)

CG1(R,F)
CG2(R,F)
CG3(R,F)
CG4(R,F)

10,000 CG1(R,F)
CG2(R,F)
CG3(R,F)
CG4(R,F)

CG1(R,F)
CG2(R,F)
CG3(R,F)
CG4(R,F)

CG1(R,F)
CG2(R,F)
CG3(R,F)
CG4(R,F)

CG1(R,F)
CG2(R,F)
CG3(R,F)
CG4(−,F)

15,000 CG1(R,F)
CG2(R,F)
CG3(R,F)
CG4(R,F)

CG1(R,F)
CG2(R,F)
CG3(R,F)
CG4(R,F)

CG1(R,F)
CG2(R,F)
CG3(R,F)
CG4(R,F)

CG1(R,F)
CG2(R,F)
CG3(−,F)
CG4(−,F)

20,000 CG1(−,−)
CG2(−,−)
CG3(−,−)
CG4(−,−)

CG1(R,−)
CG2(R,−)
CG3(R,F)
CG4(R,F)

CG1(R,F)
CG2(R,F)
CG3(R,F)
CG4(R,F)

CG1(R,F)
CG2(R,F)
CG3(R,F)
CG4(−,F)
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Figure 5.4:
diH
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dependency on CG for different altitudes: rigid (—) and flexible (– –)
cases
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velocity for flexible configuration. Due to reduced effective wingspan in the flexible wing
case the loss of lift is counteracted by an increasing AoA to provide the same amount of
lift. Thus, HTP has to be deflected more to increase angle of attack. This also affects
trimmed flight conditions, i.e. the initial AoA and the pitch attitude are higher for flexible
configuration aircraft.

The horizontal offset of the neutral point hn is more than 10% aft for the flexible
wing configuration compared to the rigid one. As the neutral point coincides with the
aerodynamic centre position of the aircraft [25, 144], such an aft displacement of hn is
expected for the flexible wing aircraft. As the wing becomes deformed, it requires higher
AoA to produce the same amount of lift. As mentioned before, higher AoA is achieved
by increased pitch attitude, which is achieved by higher iH angle. This means that the lift
produced by the tail is larger, while the lift from the wing stays the same, when comparing
flexible and rigid wing cases. Hence, the relative influence of the tail increases and the
aerodynamic centre of the aircraft moves back.

The usual position of the neutral point hn is around 40% MAC for traditional jet
transport aircraft. However, as seen in Fig. 5.4, hn is around 92% MAC for the rigid and
108% MAC for the flexible cases of the HARTEN aircraft. These unusually high values
are the first indication of too large HTP, which was discussed earlier in this chapter in
terms of VHTP coefficient. Too large HTP, leading to excessive longitudinal stability, also
requires larger elevator for the aircraft to be controlled. This suggests that the reduction
of HTP size should be considered. It would also allow to reduce some mass, which is
always one of the design objectives.

On the other hand, high hn values give wider range of the static margin Kn. This
provides more freedom to distribute the payload along the aircraft, which might be an
appealing feature for the potential users of such an aircraft.
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Chapter 6

Flight simulation campaign

This chapter reviews the flight simulation campaign, organised to assess and compare FQs
and HQs of the rigid and flexible HARTEN aircraft configurations. The newly developed
SFFA was used to perform this simulation campaign. Firstly, the flight conditions and air-
craft configurations are defined. Then a brief review of test pilots’ experience is provided
and the metrics, used to evaluate FQs and HQs, are defined. The chapter ends with the
review of test manoeuvres and an introduction of a new slalom task. Two main objectives
of the flight simulation campaign were:

1. To assess the change in FQs and HQs between rigid and flexible aircraft.

2. To assess software and hardware of the SFFA.

Notes on the flight simulator configuration for the
campaign

1. The fixed-base flight simulator was used for the current research due to:

• its operational and physical availability for the simulation campaign;

• its advantages, discussed in subsection 2.3.11, allowing to reduce the
level of ambiguity of evaluating HQs of a novel aircraft concept.

2. The pilots experienced dynamics at the aircraft CG position, rather than at
the cockpit position. This choice was justified by the fact that the simulated
aircraft fuselage was rigid and there were no motion cues within the simula-
tor. Hence, the pilots would see the same dynamics on the screen regardless
of their positioning.
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6.1 Preparation for the test campaign
Preparation for the test campaign consisted of the following steps:

1) test cases definition;

2) selection of test pilots;

3) selection of flying and handling qualities evaluation metrics.

6.1.1 Aircraft structural flexibility configurations
To meet the first objective of the flight test campaign two test cases of the aircraft struc-
tural flexibility were defined as follows:

• R - HARTEN rigid configuration with Young’s modulus of the wing equal to 8×
1010 Pa;

• F - HARTEN flexible configuration with Young’s modulus of the wing equal to
8×109 Pa.

Such choice of the rigid configuration Young’s modulus was based on the usual values of
aluminium alloys [145]. The Young’s modulus of the flexible configuration was reduced
by the power of ten to provide significant increase in the wingtip deflection. This choice
also allowed avoidance of an additional test case of 2.5g manoeuvre, which usually pro-
vides ultimate structural load testing condition, as this would be difficult to achieve with-
out motion cues and load indication for a pilot within the SFFA. The Young’s modulus
for all other parts was 6.89× 1015 Pa. Modal damping ζi = 3% (see equation 4.11) was
chosen to represent industrially acceptable value for both configurations. All tests were
done with the aircraft CG position at 20% MAC1. The aircraft was flown in clean config-
uration, i.e. no slats and no flaps were used as they are not modelled within the CA2LM
framework. Both rigid and flexible aircraft configurations were tested for the same test
manoeuvres to find out an impact of an increased airframe flexibility to their handling
qualities.

The aircraft was exposed to the same initial flight conditions at the beginning of each
test. The initial trimmed flight conditions were as follows:

• altitude - 10000 ft;

• EAS - 110 m/s or 204 kt;
1Such CG position was chosen after discussion with some Airbus A321 (similar size and purpose air-

craft) line pilots, who emphasized aircraft’s tendency to be ’nose heavy’ in the final stages of flights and
also mentioned usual CG positions in the range of 20%–30% for A321 depending on a flight length. Similar
CG position (25%) was also used in the recent NASA research [146] and could be inferred from the usual
pilot training material [147].
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• AoA - 3.8◦ for the rigid aircraft configuration;

• AoA - 5.3◦ for the flexible aircraft configuration.

Each test was flown by all or some of the pilots according to their experience and esti-
mated contribution to each test.

6.1.2 Test pilots
Three test pilots, all with wide flying experience, participated in the test campaign. Short
reviews of their experience are presented below.

(1) - Pilot 1 was a microlight aircraft test pilot with more than 1500 flight hours in
more than 90 different types and sizes of aircraft. He holds a PhD degree in Aerospace
Engineering from the University of Southampton, where he investigated airworthiness
evaluation techniques. The pilot is a professor, a Chartered Engineer and an expert wit-
ness in legal cases related to air accidents. The pilot largely contributed with advice,
assessments and expertise from the perspectives of aeronautical engineering and flight
testing.

(2) - Pilot 2 was an active test pilot with more than 12000 flight hours in more than
100 different types and sizes of aircraft. The pilot attended the Empire Test Pilot School
and the USAF Test Pilot School. For many years the pilot served the Royal Air Force as
a pilot, a flying instructor, an experimental/research test pilot before being appointed as
the chief test pilot here at Cranfield University. The pilot holds an Airline transport pilot
licence (ATPL) licence with type rating instructor/examiner and synthetic flight instruc-
tor/examiner for the Jetstream 31/32 and the Full Flight Simulator (FFS) ratings. The
pilot largely contributed with advice, assessments and expertise from the perspectives of
flight testing and piloting techniques and flight simulator testing.

(3) - Pilot 3 was an active commercial aircraft pilot with more than 7000 flight hours in
total, 3000 of which were pilot-in-command hours on Airbus A320/321 and Boeing 787.
His experience covers more than 25 types of aircraft. The pilot got his test pilot experience
at Calspan (US), International Test Pilots School (ITPS, Canada) and National Test Pilot
School (NTPS, US). The pilot has also accumulated more than 300 hours performing the
FFS testing for CAE - one of the biggest providers of flight simulators. The pilot largely
contributed with advice, assessments and expertise from the perspectives of potential user
of such an aircraft in commercial aviation and flight simulators testing.

Pilots, according to their experiences, were asked to fly different test cases of the
HARTEN aircraft and different manoeuvres. All three pilots had particular strengths due
to their background: Pilot 1 was very knowledgeable in the fields of aeronautical engi-
neering and airworthiness, Pilot 2 possessed wide flight testing experience and Pilot 3 had
wide experience in commercial flying and flight simulators testing. This choice of pilots
allowed to cover the test campaign from academic, commercial flying and flight testing
points of view. As the objectives of test campaign were to test the new configurations of
aircraft and to assess the SFFA, it was decided that three highly experienced pilots were
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enough for the campaign. Moreover, all of them had flight testing background and expe-
rience, which was of the highest importance for the simulation campaign. Experience of
selected pilots also allowed them to comply with the flight simulation requirements set
by the author. Their capabilities allowed the collection of high value data during the test
campaign and evaluate it via classical metrics.

6.1.3 Flying and handling qualities evaluation metrics

Traditional metrics, most widely used in research community, were used to evaluate the
flying and handling qualities of new aircraft configurations. Tests 1-7 were evaluated ac-
cording to MIL-F-8785C requirements [95] and CS 25 requirements [57]. Even though
MIL-F-8785C requirements were developed for military aircraft, they have been the ones
mostly used within the research community. Moreover, they provide quantitative dis-
tinction between good and bad FQs. CS 25 requirements, in contrast to MIL-F-8785C,
provide only qualitative requirements, e.g. the only CS 25 requirements for an aircraft
dynamic stability are that the SPPO must be heavily damped and the Dutch roll must
be positively damped and controllable with primary controls, while MIL-F-8785C pro-
vide particular quantitative requirements. The HARTEN aircraft qualified as class II
(medium transport) aircraft and the initial flight conditions fell within flight phase cat-
egory A (≥ 1.2VS and 10000 ft altitude) according to MIL-F-8785C. MIL-F-8785C re-
quirements covered all tests, except the steady heading sideslip (SHSS) and slalom task.
The aircraft were then assigned Level 1, Level 2 or Level 3 flying qualities, where Level 1
stands for the best ones, according to the demonstrated performance in the particular test.

The slalom task was evaluated using the CHR scale. Each pilot was asked to attribute
CHR score along with comments explaining that particular score. Initial objective was to
attribute the CHR scores for longitudinal and lateral/directional HQs separately. However,
Pilot 3 refused to assess the HQs due to “lack of experience in flight testing”.

Pilot comments were also recorded as one of the most valuable outcomes of the simu-
lation campaign. The SFFA was exclusively assessed according to pilot comments, while
FQs and HQs assessment included both comments and quantitative parameters to validate
the comments.

The evaluation metrics discussed above were applied to the most widely used test
manoeuvres to assess the main longitudinal and lateral/directional modes of the tested
aircraft. The following section briefly reviews each test manoeuvre with further explana-
tions of the purpose of each manoeuvre and how the manoeuvre was executed.

6.2 Test manoeuvres

The following set of static/dynamic modes was chosen to assess flying and handling qual-
ities of rigid and flexible aircraft configurations:
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ST - Stall to define the aircraft stall speed and the reason for the stall, i.e. if it is aerody-
namically driven stall or the elevator deflection limited stall.

SP - SPPO mode to assess the aircraft’s longitudinal response to pilot’s input.

PH - Phugoid mode to evaluate the long term longitudinal dynamics of the aircraft.

SH - SHSS to assess the aileron and rudder efficiency.

RM - Roll mode to define the roll performance of the aircraft.

SM - Spiral mode to define the aircraft stability during turns.

DR - Dutch roll mode to define the aircraft dynamics in response to sideslip.

SL - Slalom task to assess the overall performance of the aircraft and identify deficien-
cies of the simulator.

Each of the modes along with the techniques, used to induce them, are described below.

6.2.1 Stall conditions test
Definition. — The stall conditions test aims to determine the stall speed, the cause of
the stall and the aircraft’s behaviour during and after the stall. It is the simplest and the
most primary test in assessing handling characteristics of any aircraft. The stall speed,
which defines one of the most important speeds of the aircraft - the approach speed - is
defined during the test. Moreover, the angle of attack at the stall speed allows an engineer
to find out if the stall is primarily driven by the aerodynamic stall or by some other limiting
factors, e.g. the elevator deflection ∆η limit. The latter being the case means that the
main aerodynamic surface, i.e. the wing, is not utilised at its full efficiency at low speed,
which is achieved just before the aerodynamic stall. Moreover, an aircraft’s behaviour
changes depending on the cause of the stall: the behaviour is hardly predictable in case
of aerodynamic stall. However, if the aerodynamic stall is not achieved due to lack of the
elevator authority, the aircraft exhibits ∆η limited stall, in which case full control of the
aircraft in all three axes is usually maintained. Thus, it is highly important to understand
this behaviour as the stall prevention and the post-stall recovery procedure will depend on
it [148, 149].

Execution. — The test starts with an aircraft at the initial flight conditions. The stall
test is performed by increasing the angle of attack of an aircraft. Firstly, the throttle is set
to idle, i.e. zero thrust value is assumed in the simulation. Secondly, the control column
is deflected aft to increase the angle of attack and decrease the velocity of an aircraft.
The control column is deflected at such a pace to maintain the velocity decrease of 1
kt/s. At certain velocity VS the angle of attack reaches its aerodynamic stall angle or ∆η
limited angle and cannot be increased any more. This velocity VS is then assumed to be
the aerodynamic stall speed or ∆η limited stall speed.



86 CHAPTER 6. FLIGHT SIMULATION CAMPAIGN

6.2.2 Short period pitching oscillation mode test

Definition. — The SPPO mode test aims to assess the short term longitudinal aircraft
response to the pilot’s elevator input or any other aircraft disturbance from an equilibrium
state. The SPPO is the most important dynamic mode of all. Whenever the aircraft is
disturbed from its pitch equilibrium point, the mode is excited. It manifests itself as an
oscillation, in which principal variables are the pitch rate and the angle of attack [150].
The typical period of the mode is between 1 s and 2 s or a little more [148], translating
into frequencies of less than 0.5 Hz and up to 1-2 Hz. These frequencies coincide with
the region of the human pilot natural frequencies, thus undesirable coupling between an
aircraft and a pilot may arise. Hence, it is vital for the SPPO mode to be well damped.

Execution. — The test starts with the simulation of the datum flight conditions, which
is defined above. Two test methods were applied to estimate parameters of both damped
and undamped SPPO modes:

1. An elevator doublet input excites the mode and provides damping ζsp and frequency
ωdsp . This input is the most common one used to excite the mode [149], as it excites
the SPPO mode while suppressing the phugoid mode. Although the input is easy to
implement it does not contain much spectral power [151].

2. A sinusoidal signal pump (SSSP, or frequency sweep) provides the undamped natu-
ral frequency ωnsp . The relative damping is not available as the input is continuously
forced by the pilot to cover a wide range of possible mode frequencies. This tech-
nique provides a broad spectral range as a range of frequencies are excited [151].
The frequency at which the pilot’s control column input is out of phase with the
aircraft’s pitch attitude defines ωnsp .

6.2.3 Phugoid mode test

Definition. — The phugoid mode test aims to assess the long term longitudinal aircraft
response to the pilot’s elevator input or any other aircraft disturbance from an equilibrium
state. The phugoid mode is a lightly damped low frequency oscillation in speed and
height, where the exchange between potential and kinetic energy takes place [149]. The
principal variables of the mode are the pitch attitude and the speed [150]. The angle of
attack should remain substantially constant during the oscillation. The typical period of
the mode is in the range of 40 s to 100 s [148]. The damping appears mostly due to the
rate of change of drag of the aircraft with speed change. The phugoid manifests itself as a
trimming problem, which does contribute to an increased pilot workload [152]. However,
as it is a gentle, slow and easily controlled longitudinal mode it is of little interest for
handling qualities [148]. Nevertheless, it has to be well investigated to understand its
influence on other dynamic modes.
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Execution. — The test starts with the simulation of the datum flight conditions, which
is defined above. Then the mode is excited by a small, but long elevator input.

6.2.4 Steady heading sideslip test

Definition. — The aim of the SHSS test is to assess the lateral/directional control char-
acteristics of the aircraft and effectiveness of corresponding controls. The SHSS test is
the primary test for the lateral/directional qualities’ investigation. It allows a pilot to as-
sess the efficiency of corresponding control surfaces, i.e. ailerons and rudder. Moreover,
it allows a pilot to estimate the aircraft’s roll and yaw dynamics. The goal during the
SHSS test is to compensate the sideslip, introduced by rudder input, by aileron input so
that constant heading of an aircraft is maintained during the test. By assessing the in-
puts’ magnitude and the sideslip and bank angles the pilot develops the perception of the
aircraft’s lateral/directional controllability. As will be shown later in the discussion, it is
more a qualitative rather than a quantitative test.

Execution. — The test begins with a trimmed flight exposed to initial conditions, as dis-
cussed above. Firstly, a pilot makes rudder input to create the sideslip. Then the sideslip
is compensated by rolling the aircraft. Capability to maintain steady heading means equal
authority of ailerons and rudder for that particular case. The test is done continuously
increasing the rudder deflection until ailerons reach their maximum deflection and cannot
provide the rolling moment to compensate the moment from the rudder.

6.2.5 Roll mode test

Definition. — The roll mode test aims to assess an aircraft response to a pilot’s lateral
stick input. The roll mode is a non-oscillatory mode that “manifests itself as an exponen-
tial lag characteristic in rolling motion”[26]. It is a very important characteristic for a pilot
as it defines the roll performance of an aircraft in terms of the time required to accelerate
to and reach a steady state roll rate. As the roll mode appears to a pilot as “a lag in roll
response to controls”[26], it is defined by the time constant τr, which is “typically around
1 s or less”[26]. τr is defined as the time to reach 63.2% of the steady state roll rate after
initiating the roll manoeuvre. The time constant for the current case example (flight phase
category A, class II aircraft) should be less than 1.4 s for Level 1 handling qualities [95].

Execution. — The test begins with a trimmed flight exposed to initial conditions, as
discussed above. A pilot then banks an aircraft to angle of ±30◦. Then a pilot makes
lateral stick input to roll the aircraft to an opposite bank angle of approximately the same
magnitude.
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6.2.6 Spiral mode test

Definition. — The spiral mode test aims to assess the aircraft’s tendency to converge/di-
verge during the roll manoeuvre. The spiral mode is non-oscillatory mode and manifests
itself as an exponential convergence or divergence in roll attitude [26]. It is the lateral
static stability mode [26] and if unstable will produce a divergent spiral descent. The time
constant T2 of the mode is usually as large as 100 s [26]. The spiral mode is a long period
mode, thus it has a little effect on handling qualities of an aircraft [149]. Hence, it does
not cause any further problems even when it is unstable as long as time to double ampli-
tude T2 is more than 20 s [148]. However, in case of the unstable mode the aircraft tends
to slowly diverge into a spiral dive when disturbed from a straight and level flight. In case
when T2 is lower than the Dutch roll period, the spiral mode will require more attention
during precise manoeuvring tasks. This mode may become even more dangerous when
external visual cues are poor or absent. Investigation of the mode allows an engineer to
assess the balance between the size of the VTP and sufficiency of the wing dihedral angle
[148].

Execution. — The test begins with a trimmed flight exposed to initial conditions, as
defined above. Then an aircraft is rolled to 15◦ bank angle by ailerons or rudder input.
When stabilised at 15◦ bank angle all control inputs are removed and aircraft’s behaviour
is investigated. In case of stable spiral mode, the aircraft will reduce the bank angle and
eventually return to wings level flight. In case of neutral spiral mode stability, the aircraft
will maintain the bank angle. In case of unstable spiral mode, the aircraft will increase
the bank angle and enter the spiral dive.

6.2.7 Dutch roll mode test

Definition. — The Dutch roll mode test aims to assess the aircraft’s tendency to roll-
yaw coupling when yawing. The Dutch roll mode is an oscillation with a tightly coupled
rolling and yawing motion with small damping [149]. The principal variables are the
sideslip angle and the yaw rate [150]. The mode is the directional equivalent of the SPPO
mode. One characteristic of the motion is that the sinusoidal changes in sideslip cause
a change in the rolling motion. The phase shift between the cause and the effect means
that the forward going wing is low and the wingtips describe an elliptical path. The key

parameter to evaluate the mode is the ratio of bank angle to sideslip angle
∆Φ
∆β

[149]. Low

ratio is usually more acceptable for a pilot as the yaw dominates the mode.

Execution. — The test starts with a trimmed flight exposed to initial conditions, as
defined above. A pilot excites the mode by the rudder doublet input. The ratio between
bank and sideslip angles is then assessed by a pilot, visually observing aircraft motion on
the screen, and by the test engineer, analysing data recordings, for comparison.
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6.2.8 Slalom task for the HQs assessment

Definition. — The slalom task aims to assess an aircraft’s capability to perform a real
life high gain task. It helps to assess the aircraft’s capabilities in challenging situations,
such as flight path corrections during the final approach stage. Those complex situations
require the aircraft to perform well longitudinally, laterally and directionally. Thus, most
of the aircraft deficiencies, if any, manifest themselves during the test, when the pilot
performs this closed loop high gain task. At the end of the task a pilot assigns CHR
scores for longitudinal and lateral/directional handling qualities of an aircraft.

Execution. — The test begins with a trimmed flight exposed to initial condition, as
defined above. Then a pilot flies an aircraft through a series of flying spheres. Depending
on which sphere (smaller or bigger) is flown through, the desired or adequate levels of
performance are attributed to an aircraft-pilot combination. However, if the pilot misses
both of the spheres, the aircraft is defined as uncontrollable.

Example of the slalom task
The offset landing manoeuvre together with the slalom manoeuvre (see Ref. [153]
for the explanation of both manoeuvres) were chosen as the base to develop the
slalom task. The hypothetical situation was developed with respect to ILS approach
procedure. To apply the task at different altitudes and places of the scenery, the
target airway was defined by the coloured spheres. The task was also amended
with the additional capability allowing to assign CHR scores. This was achieved
by placing two spheres at the same point in space and defining their diameters
according to the performance level to be achieved, i.e. adequate or desired.

Hypothetical situation
Let’s assume that the aircraft is on the glideslope for landing at some arbitrary run-
way RWY. The aircraft is descending through the cloud on the centreline of RWY.
The cloud base is at 200 ft AGL, which is in accordance with CAT 1 ILS minimum.
Out of the cloud the pilot notices that the aircraft is off the RWY centreline by 2.5◦,
which corresponds to full vertical needle deflection of the ILS indicator. This gives
a lateral offset of 432 ft or 0.071 nm. Distance from 200 ft AGL to the touchdown
point is approximately 3816 ft or 0.628 nm on a standard 3.0◦ glideslope.

Distances between circles
Lateral distance between circles was chosen to be 0.071 nm. However, the longi-
tudinal distance was increased to 1.2 nm, because of the high flight velocity as the
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aircraft was flown in the clean configuration. The circles and distances are given in
Fig. 6.1.

Figure 6.1: Definition of the slalom task

Sizing of circles
Figure 6.1 also presents two sets of circles, i.e. outer orange and inner blue. They
define adequate (orange circles) and desired (blue circles) performance of aircraft-
pilot couple for the CHR evaluation. If both circles are missed the aircraft is as-
sumed to be uncontrollable. The sizes of adequate and desired circles were chosen
according to sizes of runways, i.e. the desired circle had a diameter of 20 m, which
is usually the width of a touchdown zone, and the adequate circle had diameter of
80 m, which is the width of the widest runways at large aerodromes.

Other assumptions
The test was carried out at 10000 ft altitude and the aircraft was flown in clean con-
figuration. Thus, no attempt to land was performed. This reduced the workload of
pilots and should have positively affected CHR scores. However, it still supported
HQs evaluation, especially allowing to distinguish between three main groups, i.e.
desired, adequate and uncontrollable.

The overall test campaign is summarised in Table 6.1 in the test matrix form. Each
test code consists of: 1) test name (first two letters), 2) pilot number, and 3) structural
stiffness case, e.g. SP(1)R is the short period pitching oscillation mode (SP) test carried
out by Pilot 1 (1) for the rigid (R) case aircraft.

The findings of the testing campaign will be presented in the next chapter.
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Table 6.1: Test matrix

Tests Pilot 1 Pilot 2 Pilot 3
Stall conditions ST(1)R

ST(1)F
ST(2)R
ST(2)F

Nil

Longitudinal
modes

Short period
pitching oscilla-
tion

SP(1)R
SP(1)F

SP(2)R
SP(2)F

Nil

Phugoid PH(1)R
PH(1)F

PH(2)R
PH(2)F

Nil

Lateral/directional
modes

Steady heading
sideslip

SH(1)R
SH(1)F

SH(2)R
SH(2)F

Nil

Roll mode /
Roll performance

RM(1)F RM(2)R
RM(2)F

Nil

Spiral SM(1)R SM(2)R
SM(2)F

Nil

Dutch roll DR(1)R DR(2)R
DR(2)F

Nil

Slalom task Nil SL(2)R
SL(2)F

SL(3)R
SL(3)F
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Chapter 7

Flight simulation results

Findings and results of the flight simulation campaign are presented in this chapter. The
chapter is split in two parts according to the simulation campaign objectives to indicate
the differences between rigid and flexible aircraft and to assess the SFFA. The first part
presents the comparison of flight dynamics between the rigid and flexible aircraft con-
figurations through simulating a series of longitudinal and lateral/directional modes. The
second part presents the assessment of the simulation framework based on the comments
from the pilots.

7.1 Comparison between rigid and flexible aircraft dy-
namics

7.1.1 Stall performance
Two stall cases were tested during the campaign. The first case exhibited η limited stall
before reaching the aerodynamic stall angle of attack. During the second case trial, the
aerodynamic stall angle of attack of 12.5◦ was exceeded due to absence of the aerody-
namic stall model within the simulation framework. However, the artificial limit of 15◦,
set within the CA2LM framework, was reached and the stall settled around this value.

Time histories of four tests are provided in Apps. D.1–D.4. Main parameters of the
flight phase approaching stall conditions and the stall itself are extracted in Fig. 7.1. Table
7.1 presents flight parameters at the stall point.

Tests ST(1)R and ST(1)F were flown with the elevator deflection limited to ±15.7◦,
while tests ST(2)R and ST(2)F were flown with the elevator deflection limited to ±30.0◦.
Both cases showed difference in the stall speed VS and rate of descent RoD, i.e. ST(1)
cases exhibited higher VS, but lower RoD as angles of attack were lower, while ST(2)
cases exhibited lower VS and higher RoD as angles of attack were higher.

Pilot 1 described the stall as a “fairly stable mush1” as he maintained the “full control

1A partly or nearly stalled condition.

93
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Figure 7.1: Main parameters of the stall condition for each test case

Table 7.1: Main parameters of the stall conditions

Test VS [kt] RoD [ft/min] AoA [◦] Θ [◦] γ [◦]
ST(1)R 154 1400 10.5 5.5 -5.0
ST(1)F 160 1600 11.2 5.5 -5.7
ST(2)R 136 1600 15.0 9.1 -5.9
ST(2)F 148 1700 15.0 8.9 -6.1

over the aircraft in all three axes” during ST(1)R test. The aircraft reached a maximum
pitch attitude of about 5.5◦ at the corresponding AoA of 10.5◦. As this was elevator
limited flight condition, the aerodynamic stall angle was not reached. Thus, such a case
represents too small authority of the elevator. The authority of the elevator was increased
for ST(2)R as mentioned above. This showed an increase in maximum AoA. However, as
there was no aerodynamic stall model, the aerodynamic stall condition was not reached.
The plateau seen at about AoA= 15◦ appeared due to internal limits of the CA2LM frame-
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work, which were discussed in Ch. 4. For the rigid aircraft case “little rolling excursions”
and its tendency to phugoid at the stall condition (see Fig. 7.2) were noticed by Pilot 1.
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Figure 7.2: Phugoid at the η limited stall condition during ST(1)R test
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Figure 7.3: Dutch rolling of the aircraft as witnessed by the pilot during ST(1)F test

ST(1)F and ST(2)F tests revealed an interesting phenomenon - the ‘wing rocking’,
which was induced at the flight phase of maximum AoA. This phenomenon is understood
as a lateral/directional instability and is usually observed at high angles of attack for low
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AR wing aircraft2 [154, 155]. It is “triggered by flow asymmetries, developed by negative
roll damping, and sustained by nonlinear aerodynamic roll damping” [154]. The ‘wing
rocking’ manifested itself as an oscillation of the aircraft around its longitudinal axis at
high AoA and disappeared when the AoA was reduced. Due to an increased wing dihedral
angle this oscillation also coupled with the directional dynamics and induced the Dutch
roll mode. Pilot 1 commented that the aircraft was “Dutch rolling on its own” as seen in
Fig. 7.3. Nevertheless, the control of the aircraft was never lost by any of the pilots during
this and further tests.

Comparison between the rigid and the flexible aircraft showed an increase by 4%-9%
in VS and 6%-14% in RoD. An increase in AoA was about 7% during ST(1) test cases,
while the artificial limit of AoA was reached in both cases of ST(2). Allowing higher α
by increasing η range resulted in lower stall velocities. However, the flight path angle γ
and RoD increased.

The discussion above showed an importance of an aerodynamic stall model. The
missing model did not allow to fully assess one of the most important and critical speeds
- the stall speed VS. However, it was shown that the elevator effectiveness can be assessed
by this test.

The stall performance test, being the very basic test of an aircraft handling charac-
teristics, revealed differences between the rigid and the flexible aircraft configurations –
both VS and RoD were higher for flexible aircraft, as well as the flight path angle γ . The
‘wing rocking’ phenomenon due to an increased wing dihedral angle was revealed during
the test at high AoA. Also the rigid aircraft tendency to phugoid was revealed.

7.1.2 Longitudinal dynamics

The SPPO and phugoid modes were simulated to define the longitudinal dynamics of the
aircraft.

SPPO mode

Two techniques were applied to assess the SPPO parameters – the pitch doublet (PD)
input and the frequency sweep (FS) input. Time histories of five tests are provided in
Apps. E.1–E.5. Main parameters of the SPPO mode are presented in Table 7.2. The
parameters in Table 7.2 were extracted from Fig. 7.5 and Fig. 7.6.

2Although the HARTEN is considered as a high AR wing aircraft, but due to the wing’s flexibility,
especially under high loading at the maximum AoA, the effective wingspan is significantly reduced. This
makes the HARTEN to be considered as a low AR aircraft in terms of aerodynamic phenomenon, such as
the ‘wing rocking’.
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Table 7.2: SPPO mode parameters

Test Method Tsp [s] ωdsp [Hz] ωnsp [Hz] ζsp [-]
SP(1)R-PD PD 3.9 0.26 0.28 0.37
SP(1)R-FS FS 1.6 N/A 0.63 N/A
SP(1)F PD 3.7 0.27 0.28 0.30
SP(2)R PD 3.9 0.26 0.28 0.39
SP(2)F-FS FS 1.8 N/A 0.56 N/A
SP(2)F-PD PD 3.7 0.27 0.29 0.33

Definition of damping ζ and natural frequency ωn

The damping of the oscillations was calculated using the logarithmic decrement
method [156]:

ζ =
∆√

∆2 +4π2
, where ∆ =

1
n

ln
(

yi − y f

yi+n − y f

)
yi is the amplitude of the first peak, n - number of peaks taken into account and y f
- steady value of the signal after the oscillation was damped out. These parameters
are visualised in Fig. 7.4.
The natural frequency of the damped oscillation ωn was then calculated by the
following equation [156]:

ωn =
ωd√
1−ζ 2

, where ωd =
1
Td

and Td =
t(yi+n)− t(yi)

n
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Figure 7.5: Main parameters of the SPPO mode tests using pitch doublet input
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Figure 7.6: Main parameters of the SPPO mode tests using frequency sweep input

Parameters of the SPPO mode from Table 7.2 were compared against the flying qual-
ities requirements, as stated in MIL-F-8785C [95], i.e. the SPPO damping ζsp and the
SPPO frequency ωnsp and acceleration sensitivity n/α . Results are provided in Table 7.3.

As seen from different requirements (e.g. CS 25 and FAR 25) the damping is the main
parameter of concern of the short period mode. CS 25 requirements [57] state that “any
short period oscillation . . . must be heavily damped”. However, no numbers are given to
determine how well the oscillation should be damped. This leaves the only possibility to
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Table 7.3: SPPO mode levels of flying qualities according to Ref. [95]

Test
ζsp criterion ωnsp & n/α criterion

ζsp [-] Level ωnsp [rad/s] n/α [g/rad] Level
SP(1)R (PD) 0.37 1 1.76 4.7 1
SP(1)R (FS) N/A N/A 3.96 9.7 1
SP(1)F 0.30 2 1.76 8.8 1
SP(2)R 0.39 1 1.76 6.8 1
SP(2)F-FS N/A N/A 3.52 13.9 1
SP(2)F-PD 0.33 2 1.82 15.4 2

assess damping against MIL-F-8785C requirements, as was done in Table 7.3. Results
show that the relatively rigid aircraft exhibited higher damping than the flexible one and
Pilot 1 assessed both configurations as heavily damped or “deadbeat”. The rigid aircraft
met Level 1 requirements, while the flexible aircraft met Level 2 requirements. As stated
in TABLE IV of Ref. [95], the damping ratio for Level 1 flying qualities should be
between 0.35 and 1.30. Thus, the HARTEN aircraft lies within the lower limit of the
requirement for Level 1 / Level 2 qualities.

The frequency and acceleration sensitivity analysis showed mostly Level 1 flying
qualities, except for the SP(2)F-PD test case, where Level 2 qualities were obtained. The
largest difference in ωnsp appeared between the pitch doublet and the frequency sweep
testing techniques. As seen from Tables 7.2 and 7.3, the natural frequencies acquired
using the frequency sweep technique were twice higher than using the classical doublet
input. Pilot 1 noted that two different periods were “not what one would expect to see”.
For comparison ωnsp of B747 was extracted from data in Ref. [157] and was about 0.7-0.8
Hz. Considering it as a realistic test case, one could conclude that the frequency sweep
technique leads to more realistic results (0.56-0.63 Hz for HARTEN). However, no sig-
nificant differences were noticed between rigid and flexible aircraft frequencies using the
frequency sweep technique. Pilot 2 also evaluated the flexible aircraft as “qualitatively
similar to rigid”. On the other hand, the acceleration sensitivity showed significant dif-
ferences between the two configurations. n/α was about twice larger for the flexible
configuration using the pitch doublet input. As the wing of the aircraft becomes more
flexible, it tends to deflect more under the same increase of the angle of attack. This
means that the structural nodes of the wing develop larger structural accelerations, which
in turn result in higher overall body acceleration. The differences in n/α magnitudes
of SP(1) and SP(2) test cases are attributed to the maximum elevator deflection angle,
which was discussed in Ch. 5. The overall comparison of damping, natural frequency
and acceleration sensitivity parameters showed that flying qualities degrade from Level 1
in case of the rigid aircraft to Level 2 in case of the flexible aircraft. Tests were biased
by the different experience of Pilots 1 and 2. For example, the more experienced Pilot 2
managed to keep the altitude constant during the test, while the less experienced Pilot 1
let the aircraft drift down. However, it is assumed that the drift down of 1000 ft did not
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significantly affect the testing conditions.
From the data above it is clear that the wing flexibility negligibly affects period and

frequency of the SPPO mode. However, the flexibility effect was more significantly ex-
pressed on the damping of the mode. The natural frequency and acceleration sensitivity
analysis showed higher n/α values for the flexible configuration. ζsp and n/α parame-
ters were mostly affected by the inertia changes in vertical plane, which appeared due to
increased wing deformations.

Phugoid mode

Phugoid is another longitudinal mode. Traditionally, its importance to aircraft handling
qualities is low. However, the HARTEN aircraft tendency to phugoid was noticed by
Pilots 1 and 2 during the previous two tests. According to pilots, the phugoid was the
dominant longitudinal mode. Thus, it cannot be neglected and must be well investigated.

Time histories of the phugoid mode tests are provided in Apps. E.6–E.9. Main pa-
rameters of the phugoid mode are presented in Table 7.4 and Fig. 7.7.

Table 7.4: Phugoid mode parameters

Test Tph [s] ωdph [Hz] ωnph [Hz] ζph [-]
PH(1)R 49.7 0.020 0.020 0.031
PH(1)F 55.8 0.018 0.018 0.038
PH(2)R 52.1 0.019 0.019 0.023
PH(2)F 55.5 0.018 0.018 0.029

The drift of altitude from the trim condition of 10000 ft to around 6500 ft at the end
of the test was present in PH(1)R test case, as seen in Fig. 7.7. This was induced by the
prolonged elevator input η , which was twice longer for PH(1)R test case compared to
other cases. Moreover, initial ‘nose-down’ manoeuvre is not the traditional way to induce
the mode. And as it was a prolonged manoeuvre, the flight path line was set to be with
a descent angle. Hence, the oscillation appeared along the descending flight path. The
elevator input made by Pilot 1 for PH(1)F case was similar to the inputs of Pilot 2 and,
thus, the oscillation was along the horizontal flight path.

The data analysis shows that there is no significant difference between the rigid and
the flexible aircraft configurations regarding period of the mode. Period of around 50-55
s was within the range defined in Ch. 6. However, the damping of the mode increased by
more than 20% for the flexible aircraft. Nonetheless, the damping was very low in both
cases - around 2-3% - that was noticed by both pilots. Pilot 1 even noticed during PH(1)R
test that the aircraft “started phugoiding without me making an input” - the tendency,
which is the outcome of the low damping. ζph in the range between 0% and 4% results in
Level 2 flying qualities [95].
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Figure 7.7: Main parameters of the phugoid mode tests using pulse input

Summary of longitudinal dynamics

Rigid aircraft exhibited Level 1 flying qualities regarding the SPPO mode requirements,
while the flexible aircraft exhibited Level 2 qualities. Considering the phugoid mode
requirements, both rigid and flexible aircraft exhibited Level 2 qualities. The low damping
of the phugoid mode and high damping of the SPPO mode made the phugoid dominant
longitudinal mode, which was also acknowledged by Pilots 1 and 2.

7.1.3 Lateral/directional dynamics

The lateral/directional dynamics of the HARTEN aircraft were assessed through a series
of simulations, which are reviewed below.

Steady heading sideslip

The SHSS test allowed to evaluate the authority of ailerons and rudder. Time histories of
SHSS tests are provided in Apps. F.1–F.4. However, only test data generated by Pilot 2
are discussed here to compare dynamics of rigid and flexible aircraft. SH(1) tests were
flown with much lower precision, hence it was decided to omit these tests from the further
discussion. Main parameters of the SHSS tests are presented in Table 7.5 and Fig. 7.8.

The SHSS was the most difficult test to fly due to the simulator hardware issues,
discussed later in the next section. The absence of the slip indicator, too stiff sidestick and
too large free play of the pedals were the most significant deficiencies of the simulator,
which stopped the pilots from adequately controlling the aircraft in lateral/directional
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Figure 7.8: Trends (linear fits) of main SHSS test parameters. The shaded areas represent
95% confidence intervals

Table 7.5: Main parameters of the SHSS tests

Test dΦ/dβ dξ/dβ dζ/dβ
SH(2)R 1.69±0.19 −0.41±0.19 5.21±0.08
SH(2)F 0.33±1.37 −3.65±0.68 2.08±0.47

planes. Nonetheless, the test revealed the differences between rigid and flexible aircraft
and they are discussed below.

CS 25.177 states that “in straight, steady, sideslips over the range of sideslip angles ap-
propriate to the operation of the aeroplane, the aileron and rudder control movements and
forces must be substantially proportional to the angle of sideslip in a stable sense” [57].
The SHSS test showed the compliance of the HARTEN aircraft with this requirement.
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Data points in Fig. 7.8 represent steady heading conditions (
dΨ
dt

= ±0.5◦/s, represent-

ing half value of the smallest heading reading unit, and
d2Ψ
dt2 = ±0.01◦/s2, essentially

assuring no change in heading) with sideslip induced and maintained by ailerons and the

rudder.
dζ
dβ

must be positive and
dξ
dβ

must be negative for an aircraft to exhibit lateral/di-

rectional stability [149]. Common practice also states that
dΦ
dβ

must be positive in case

of lateral/directional stability. Both rigid and flexible aircraft configurations met these re-

quirements as seen in Fig. 7.8 and Table 7.5. However,
dΦ
dβ

reduced significantly for the

flexible case as “dihedral effect was much stronger” according to Pilot 2.
dξ
dβ

was more

negative for the flexible case, meaning that larger ailerons deflection was needed to coun-
teract the sideslip. This does not surprise knowing that the wing was highly deformed and
thus the ailerons were less efficient for controlling the bank angle as the flexible aircraft
exhibited “very strong lateral stability”. The same conclusion could be drawn from the
rudder data - less rudder deflection was needed to create the same sideslip in the flexible
aircraft case, which was also noted by Pilot 2 as “much rudder authority”. It is interesting
to notice the asymmetry in the case of flexible aircraft, i.e. zero line crossing points of
Φ(β ), ξ (β ) and ζ (β ) shifted to positive β values. This asymmetry also supports obser-
vations from both test pilots, who were flying the flexible configuration, that the aircraft
seemed to be left wing heavy. However, the reasons for this asymmetry to appear were
not revealed and it needs further investigation of the components of SFFA. During the
SH(2)R test the pilot noted (see Fig. F.11) that “Clβ was low and Cnβ was moderate to
low”.

The statistical analysis of data and their fitting shows higher dispersion of data points
for the flexible wing aircraft configuration. The precision of the measurements is rela-

tively low, with only exception being
dζ
dβ

measurement for the rigid aircraft configuration.

This lack of precision is an outcome of previously discussed simulator related issues that
deteriorate pilots’ capabilities of precise aircraft handling. Although this set of data is
of low fidelity, it still provides useful insights into differences between rigid and flexible
aircraft dynamics.

As this test was highly biased by deficiencies of the simulator hardware, i.e. inceptors
for the lateral/directional dynamics, the issues will be discussed in the next section.

Roll mode and roll performance

The roll mode test allowed to evaluate the roll dynamics of the aircraft. The roll perfor-
mance test was also carried out together with the roll mode test and revealed differences in
lateral dynamics between rigid and flexible aircraft. Time histories of the roll mode tests
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are provided in Apps. F.5–F.7. The main parameters of the roll mode tests are presented
in Table 7.6 and Fig. 7.9.

Table 7.6: Roll mode parameters

Test Roll Φdatum [◦] ξ [◦] pmax
[◦/s]

τr [s] τ±30◦

RM(1)F L → R -49.5 -10.9 15.9 0.4 9.0
RM(2)R L → R -30.8 -25.0 30.8 0.5 2.4
RM(2)F L → R -34.5 -25.0 23.4 0.6 5.0
RM(1)F R → L 32.1 10.9 -29.8 0.5 Nil
RM(2)R R → L 32.2 25.0 -32.8 0.5 2.0
RM(2)F R → L 27.9 25.0 -29.8 0.5 5.5

The roll mode time constant was around 0.4-0.5 s for both rigid and flexible aircraft.
An aircraft that exhibits τr of lower than 1.4 s qualifies for Level 1 flying qualities ac-
cording to MIL-F-8785C [95]. However, this applied only to rigid aircraft case. The
roll performance parameter τ±30◦ , defined by the time needed to roll the aircraft between
two bank angles with opposite signs, showed significant differences between flexible and
rigid aircraft. τ±30◦ times for all test cases were defined between ±30◦ bank angles. Data
from test RM(1)F were ignored for the roll performance test due to the reduced aileron
angle limit and thus biased the overall results. The comparison of RM(2)R and RM(2)F
tests showed a tendency for τ±30◦ to increase more than twice for the flexible aircraft,
while τr change was negligible. The reason for such a change between rigid and flexible
aircraft lateral dynamics was the ‘wing ratcheting’ phenomenon induced by the increased
flexibility and, thus, dihedral of the wing. Both test pilots noted that the ‘wing ratcheting’
introduced the unpredictability of the aircraft response to an aileron input through the
“nonlinear roll” (see Fig. F.21) and “roll pause in the process” (see Fig. F.31). Thus, the
‘wing ratcheting’ is unwanted feature of the aircraft lateral dynamics as it manifests itself
as a pause in the developing bank angle Φ (see Fig. 7.9) while the aileron is still deflected
and a continuous increase in bank angle is expected. The phenomenon is seen in Fig.
7.9 for RM(1)F and RM(2)F cases as the roll rate p did not stabilise at some particular
value, but rather oscillated between zero and maximum values. As the aircraft oscillated
around some average value, thus τr may be defined. However, the ‘wing ratcheting’ phe-
nomenon distorted the evaluation of lateral dynamics by the use of classical method and
only roll performance analysis allowed to identify the difference between the rigid and
flexible aircraft.

The roll mode and performance test showed that τr could not properly define the flexi-
ble aircraft roll performance as the time constant for both aircraft configurations was very
similar. However, τ±30◦ showed significant difference between both configurations. Thus,
τ±30◦ should be considered as a more appropriate parameter to define the roll dynamics
of flexible aircraft.
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Figure 7.9: Main parameters for roll mode
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From the engineering point of view it is clear from roll tests that the ailerons lose their
efficiency due to high wing deformations. Thus, other means of lateral controls should
be considered. One of possible solutions for the issue is the use of spoilers rather than
ailerons to control the roll - the option that was implemented in Jaguar attack aircraft
(according to Pilot 2, who was a test pilot of Jaguars). Hence, this option of lateral
controls should also be investigated for very flexible wing aircraft.

Spiral mode

The spiral mode test allowed to evaluate the bank angle stability of the aircraft. Time
histories of the spiral mode tests are provided in Apps. F.8–F.10. Main parameters of the
spiral mode tests are presented in Table 7.7 and Fig. 7.10.

Table 7.7: Spiral mode parameters

Test T2le f t [s] T2right [s] Level
SM(1)R 30.1 N/A 1
SM(2)R 32.8 34.4 1
SM(2)F ∞ ∞ 1

The spiral mode was divergent and its time-to-double amplitude T2 was between 30 s
and 35 s depending on the direction of roll for the rigid aircraft. This value is above 12 s
required by MIL-F-8785C [95] to meet Level 1 flying qualities requirements. The spiral
mode investigation was initiated at around ±15◦ bank angles. The rigid aircraft reached
±0.6−0.8◦/s roll rate both for left and right spirals. It is interesting to notice that p was
higher for the left spiral, thus T2 was smaller too.

The flexible aircraft exhibited neutral spiral mode stability or the mode was even
slightly convergent. However, the time-to-double/half-amplitude parameter was not ap-
plicable to this case. As T2 → ∞ or the mode was convergent Level 1 flying qualities were
assigned. Such stability of the spiral mode is a clear evidence of the flexibility effect on
wing dihedral, i.e. highly increased wing dihedral transformed the wing into stabilising
surface. The roll rate oscillation of around ±1◦/s seen in Fig. 7.10 showed an average
value of 0◦/s.

Slight roll rate oscillation of the rigid aircraft was attributed to the high aspect ratio
unswept wing configuration. As seen in Fig. 7.11 the oscillation happened due to coupling
between roll rate p and sideslip β . The frequency of both p and β oscillations for rigid
and flexible aircraft was around 0.24-0.25 Hz. From Fig. 7.10(b) it is seen that the spiral
was entered by the rudder input for the SM(1)R case and by the ailerons input for the
SM(2) cases. Comparison of SM(1)R and SM(2)R cases showed higher oscillations of p
and β (see Figs. 7.11(a) and 7.11(b)) when the rudder was used to enter the mode. This
leads to a concluding remark that Clζ is more significant than Cnξ for the rigid aircraft,
which is the influence of a HAR wing. Comparison of rigid and flexible aircraft showed
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Figure 7.11: Coupling between the roll rate p and sideslip β

an increase in Clβ for flexible aircraft, which was the effect of increased dihedral due to
the wing flexibility.
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Figure 7.12: Main parameters for Dutch roll mode

Dutch roll mode

The Dutch roll mode test allowed to evaluate the lateral/directional dynamics of the air-
craft. Time histories of the Dutch roll mode tests are provided in Apps. F.11–F.13. Main
parameters of the Dutch roll mode tests are presented in Table 7.8 and Fig. 7.12.

Table 7.8: Dutch roll parameters

Test TDR [s] ωdDR [Hz] ζDR [-] ωnDR [Hz]
∆Φ
∆β

[-]

DR(1)R 4.37 0.23 0.06 0.23 2/3
DR(2)R 4.37 0.23 0.06 0.23 2/3
DR(2)F 4.22 0.24 0.02 0.24 9/4
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Figure 7.13: Comparison of Φ and β parameters during Dutch roll mode
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The Dutch roll mode was an intrusive dynamic mode in all previous lateral/directional
manoeuvres as noted by test pilots. However, this test allowed to quantify the Dutch roll
mode in terms of significant parameters, i.e. damping ζDR, natural frequency ωnDR and
their product ζDRωnDR according to MIL-F-8785C. Damping of 0.02 for the flexible air-
craft and 0.06 for the rigid aircraft put both aircraft configurations under Level 2 require-
ments. This was also noted by Pilot 1 as a “slightly poorly damped Dutch roll”. For the
current case to meet Level 1 flying qualities, damping should be higher than 0.19. ωnDR

should be higher than 0.06 Hz for Level 1 - the only requirement that the current aircraft
exceeded with 0.23-0.24 Hz natural frequency. ζDRωnDR values reached 0.014 Hz for the
rigid case and 0.005 Hz for the flexible case, which put the rigid aircraft to Level 2 and the
flexible aircraft to Level 3. Zero damping is required to meet Level 3 requirements. Data
analysis showed that flexibility did not significantly affect the Dutch roll mode frequency.

Figure 7.13 shows another important parameter of the mode - bank angle to sideslip

ratio
∆Φ
∆β

. This parameter allows the pilot to anticipate the behaviour of the aircraft.

Usually, the ratio should be 2/3, which would impose the motion of the aircraft nose or
wingtip to be of a horizontal ellipse. This, being the classical aircraft response, was also
the case for the rigid aircraft. However, for the flexible aircraft 9/4 ratio was recorded,
which was not the classical response and, as it was noted by Pilot 2, “a pilot would hate
it”. This was the case due to increased wing dihedral, which magnified Clβ .

Summary of lateral/directional dynamics

Lateral/directional dynamics of the aircraft were the ones most affected by the increased
flexibility of the wing. The roll performance test revealed the ‘wing ratcheting’ phe-
nomenon that the flexible aircraft experienced. The spiral mode test showed the neutral
stability of the flexible aircraft versus the instability for the rigid aircraft, which is the
classical aircraft response. The most significant finding, besides the ‘wing ratcheting’
phenomenon, was a complete change in the Dutch roll dynamics, which altered the mo-
tion of the aircraft wingtip from the classical horizontal to the vertical ellipse. All of these
changes in dynamics within the flexible aircraft domain were attributed to an increase in
the wing dihedral angle.

7.1.4 Slalom task

The slalom test allowed to evaluate the overall dynamic behaviour of the aircraft. Time
histories of the slalom tests are provided in Apps. G.1–G.4. CHR scores of the aircraft
assigned during the slalom task are presented in Table 7.9.
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Table 7.9: CHR scores during the slalom task

Test SL(2)R SL(2)F SL(3)R SL(3)F
CHR score long - 2

lat/dir - 5
long - 4
lat/dir - 7

overall - 8 overall - 10

It is vital to discuss the initial pilots’ thoughts and insights about the task before begin-
ning more thorough investigation of the slalom test. Pilot 1 refused to fly the task arguing
that the deficiencies of SFFA would not allow him to concentrate on assessing the aircraft
and thus there was no purpose in flying the task. Pilot 3 assigned overall CHR scores
rather than differentiating them between longitudinal and lateral directional. As Pilot 3
had the least experience in handling qualities testing it was an understandable choice by
the pilot. Only Pilot 2 agreed both to fly the task and to assign separate CHR scores for
longitudinal and lateral/directional handling qualities of the aircraft.

Overall, the rigid aircraft configuration was assigned better CHR scores than the flex-
ible one. Pilot 3 evaluated that the flexible aircraft was not controllable (CHR-10), while
the rigid aircraft was controllable, but did not reach adequate performance (8). However,
these scores were assigned to overall handling qualities of the aircraft. Assigning CHR
scores for longitudinal and lateral/directional handling qualities separately, Pilot 2 eval-
uated the longitudinal HQs, as seen in Table 7.9, better than the lateral/directional ones.
Longitudinal HQs were assessed as desired (2) for the rigid aircraft and adequate (4) for
the flexible aircraft. However, lateral/directional HQs were evaluated as only adequate
(5) for the rigid case and inadequate (7) for the flexible case. Contrary to Pilot 3 opinion,
the controllability of the aircraft was not in question for Pilot 2 as seen from the assigned
CHR scores and their definitions from Fig. 2.10. Important to notice here is the fact that
Pilot 3 performed exclusively only the slalom task and no other tests, thus the pilot had
less structured preparation for the slalom task and less exposure to the deficiencies of the
aircraft, which would otherwise be experienced in all previously discussed tests. Such a
pilot’s exposure to unknown aircraft acted as a surprise factor in the test. Pilot 2 experi-
enced all the deficiencies during the previous tests, thus was more used to the aircraft and
it led to higher evaluation of aircraft controllability. Nonetheless, initial assessment of the
aircraft as in the case of Pilot 3 is a very important one, as any line pilot from any airline
would experience the aircraft with similar preparation as Pilot 3 did without significant
initial preparation. According to Pilot 3 assessment of the aircraft HQs, they might cause
significant issues for line pilots.

The slalom test revealed most deficiencies of the HARTEN aircraft that were dis-
cussed previously. The most significant ones turned out to be the adverse yaw, leading
to the Dutch roll, and the ‘wing ratcheting’, leading to the unpredictability of the roll dy-
namics. Figure 7.14 shows approximations of the roll rate p and the yaw rate r response
to the aileron input during slalom tests, as Ref. [158] states that for the adverse yaw the
positive aileron deflection should result in a negative roll and a positive yaw. p(ξ ) slopes
are negative for both rigid and flexible cases. However, r(ξ ) slopes are positive for the
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rigid cases, which means that the aircraft tends to turn in opposite direction and is the
evidence of the adverse yaw phenomenon. Comparison of the rigid and flexible aircraft
configurations revealed that the increased effective dihedral of the wing due to increased
flexibility reduced the adverse yaw effect. Also the roll rate reduced more than twice due
to reduced aileron efficiency of the deformed wing. According to Pilot 2 the “combina-
tion of adverse yaw and Dutch roll” made the “bank angle control most challenging” in
the rigid case. Pilot 3 concluded that the “nose was pitching up and down and yawing
left and right - it was hard to know what input to make”. The flexible aircraft exhibited
less adverse yaw, but much of the ‘wing rocking’, which was experienced and reported
by Pilot 3: “A lot of roll oscillations for any lateral control input”.
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Figure 7.14: Adverse yaw during slalom tests

In summary, the most important outcome from the slalom test is its availability to
reveal the dynamics of the tested aircraft. It allowed to expose the pilots along with the
aircraft to such flight conditions that the aircraft tendency to phugoid and to Dutch roll
was revealed. The ‘wing rocking’ phenomenon was also noticed along with the poor roll
performance due to the ‘wing ratcheting’. Moreover, the task also allowed to reveal the
deficiencies of the aircraft and the simulator, i.e. too stiff sidestick, lack of friction to
throttle inceptor, absence of the slip indicator and motion cues.
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7.2 Assessment of SFFA
The testing campaign revealed some deficiencies of the Simulation Framework for Flex-
ible Aircraft. Most of them can only be defined qualitatively rather than quantitatively.
These are briefly discussed in this section.

7.2.1 Software

The simulation framework and its limitations were discussed in Ch. 4. However, some of
them were signified and new ones were revealed during the testing campaign. The lack of
an aerodynamic stall model, no indications of slipping and engine power were the ones
noticed during the campaign.

Absence of aerodynamic stall model

The stall test showed one of the most significant limitation of SFFA - the absence of
the aerodynamic stall model. Behaviour during the stall must be well understood and
investigated for every new configuration of aircraft as the stall is the most critical state of
flight and could lead to very dangerous dynamics afterwards. Even more important is the
post-stall behaviour of an aircraft. This investigation of the aircraft behaviour cannot be
achieved without the proper stall model. Current stall tests showed the rates of descent
of 1400-1700 ft/min. Any aerospace engineer would understand that these values are
relatively low as the actual RoD values during the stall are much higher, e.g. from 3000
ft/min (Pitts S-2C case) up to 11000 ft/min (AF447 flight case from Ref. [159]). On
the other hand, SFFA allows the assessment of the HTP effectiveness and, in case of the
elevator limited stall, it allows to assess the sizing of the HTP. Thus, the absence of the
stall model in the CA2LM framework prevents it from being used to investigate the pre-
and post-stall behaviour of new aircraft configurations, but allows the assessment of the
HTP size.

Missing slip indication

The lateral/directional tests revealed the importance of the slip indicator. The most critical
test was the steady heading sideslip, where pilots could not estimate whether the sideslip
was kept constant or not. Only outside visual references allowed them to assess the trajec-
tory of their flight. Even though the slip indicator does not provide any quantitative data,
it allows the pilot to assess the aircraft sidewise response to his/her control input. This
understanding of the aircraft dynamics is vital for every pilot as then he/she correlates the
control input to aircraft response and the slip indicator acts as a reference.

As shown in Fig. 7.15 the slip indicator is programmed within the primary flight
display of the EFS500. However, the required data was not transmitted from the CA2LM
framework to the EFS500 and thus there was no indication of slipping on the PFD.
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(a) With indications (EFS500 case) (b) Without indications (SFFA case)

Figure 7.15: Slip and throttle indications on the PFD

Missing engine power indication

The engine power indicators were programmed within the PFD in the EFS500 . However,
the engines data flow from the CA2LM framework was not integrated into the SFFA and
thus there was no information on engine power settings for the pilots (see Fig. 7.15).
This issue along with the lack of friction of the throttle lever made it hard for the pilots to
control the thrust and to find the throttle setting for the trim condition.

No longitudinal trimmer

Lack of longitudinal trimmer was a major issue during the flight test campaign. Pilots
had to tailor their speed instead of using a longitudinal trimmer. This biased the tests of
longitudinal modes as well as made it more difficult to keep the vertical attitude during
the lateral/directional tests.

The sidestick that was built into the EFS500 is shown in Fig. 7.16. As seen in the
figure the sidestick has no physical trim switch as is the case for all Airbus aircraft. The
trim condition is achieved by the auto-trim function and the trim setting of the HTP is
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managed by the flight computer in real aircraft and full flight simulators of Airbus air-
craft. However, the CA2LM framework does not model the auto-trim function, thus the
aircraft can only be trimmed by tailoring the speed. Nonetheless, the trim switch should
be installed within the SFFA to relieve the effort of pilots to keep the aircraft in a steady
flight. The trim switch would be effortless to implement within the CA2LM framework
as the HTP setting angle is one of the trim variables in the trim routine, thus being a direct
input to the flight model.

Figure 7.16: The sidestick of the EFS500

7.2.2 Hardware

Sidestick stiffness

The steady heading sideslip test revealed multiple other deficiencies of the SFFA. All pi-
lots reported that sidestick (see Fig. 7.16) was too stiff in lateral motion and pilots were
forced to act as almost a “binary system” (according to Pilot 1), i.e. an input was 0 or 1
without possibility to choose intermediate options. The same was noticed by the profes-
sional line pilot of Airbus A320/A350, thus supporting the significance of the issue. Too
stiff sidestick induced nonlinear behaviour, while the Airbus A320 full flight simulators
make use of a linear sidestick loading. This nonlinear behaviour of the sidestick due to too
much stiffness prevented the pilots from concentrating on the flying tasks and forced them
to give much effort in trying to set some specific sidestick deflection. Pilot 1 described
it as “a very uncomfortable condition” as he needed an input of “about 8 pounds right
stick to hold it at about 1 mm” deflection to counteract the sideslip. He also noted that
“hard gearing combined with high forces on the ailerons made it very hard to balance”
the aircraft.
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Loose throttle lever

The throttle lever, if not set to its foremost position, would slide aft and thus mislead the
pilots. Different thrust setting for the same flight conditions was also the consequence of
this issue. As mentioned previously, along with the absence of engine power indication,
the pilots did not have any reliable reference for engine settings.

Pedals free play

Pedals’ free play was another issue associated with inceptors. It was especially significant
for the steady heading sideslip test as only minor rudder inputs were required by pilots.
However, test pilots were used to realistic cockpit environments where even small control
input produces some aircraft response. It was not the case of the SFFA rudder controls,
where small pilot input did not produce any response. This was one of the main issues
which prevented the pilots from achieving steady heading sideslip flights, the other one
being too large rudder, which was discussed previously.

Central and side sticks

The central stick intervened in the pilot’s abilities to choose the inceptor. As the aircraft
lateral and longitudinal motions during the test campaign were controlled by sidestick,
the presence of the central stick distracted the pilot’s attention and sometimes they tried
to control the aircraft through the central stick rather than the sidestick.

Motion cues

Another significant deficiency of the simulator is the absence of motion cues. “Feeling
no motion cues” resulted in aggressive and unnatural flying according to Pilot 3. This
affected the pilot’s perception of the aircraft. As mentioned previously the simulator
was developed for the engineering and research purposes, thus there was never a goal to
implement motion cues.

7.3 Summary of the chapter

7.3.1 Summary of longitudinal and lateral/directional FQs and HQs
The differences between the rigid and flexible aircraft dynamics were investigated dur-
ing the pilot-in-the-loop flight simulation campaign. Standard flight test techniques were
applied to induce longitudinal and lateral/directional dynamics of the aircraft. The stall
conditions were assessed at the beginning. The flight controls limited stall was investi-
gated as there was no aerodynamic stall model within the simulation framework. The
comparison between rigid and flexible aircraft showed an increase in the stall speed by
4%-9% and in the rate of descent by 6%-14%. An increase in angle of attack was around
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7%. The longitudinal dynamics of both configurations were assessed by exciting the short
period and the phugoid modes by a pitch doublet input. Both modes were assessed against
CS 25 and MIL-F-8785C requirements. The rigid aircraft exhibited higher SPPO mode
damping than the flexible one. Thus, the rigid aircraft met Level 1 and the flexible aircraft
met Level 2 requirements regarding the damping of SPPO. The frequency criterion did not
show any significant difference between the rigid and the flexible configurations, which
was also backed up by the pilot’s comment that the flexible aircraft was “qualitatively
similar to rigid”. However, the acceleration sensitivity criterion revealed significant dif-
ference between the two configurations, i.e. n/α parameter was around two times larger
for the flexible aircraft than for the rigid one. The overall assessment of the SPPO mode
showed that the flying qualities tend to degrade from Level 1 for the rigid aircraft to Level
2 for the flexible aircraft. The assessment of the phugoid mode showed that there was an
insignificant difference between the periods of the mode. However, the damping showed
much higher difference - it increased by more than 20% for the flexible aircraft. The
overall damping of both rigid and flexible airframes met Level 2 requirements.

The investigation of the lateral/directional dynamics revealed more significant dif-
ferences between rigid and flexible aircraft dynamics. The steady heading sideslip test
showed reduced lateral/directional stability of the flexible aircraft in terms of the dΦ/dβ
parameter as the “dihedral effect was much stronger”. Larger aileron deflections were
needed to counteract the sideslip as the flexible wing was largely deformed and the
ailerons lost a significant part of their efficiency as the flexible aircraft exhibited a “very
strong lateral stability”. On the other hand, less rudder deflection was needed in case of
the flexible aircraft to produce the same amount of sideslip as in the rigid aircraft case,
thus leading to “much rudder authority”. One of the pilots also concluded that “Clβ was
low and Cnβ was moderate to low”. The roll mode test showed the time constant τr of
approximately 0.4 s for both rigid and flexible aircraft, which met Level 1 requirements.
However, the ‘wing ratcheting’ phenomenon, experienced during the test of the flexible
aircraft, was very unpleasant for pilots as it was challenging to anticipate the behaviour
of the aircraft as it introduced the “nonlinear roll” response. Thus, the roll performance
parameter τ±30◦ , which considers the time required for the aircraft to bank from −30◦ to
+30◦, was introduced and revealed significant change due to the increased wing flexibil-
ity: while the rigid aircraft required 2-2.5 s to bank, the flexible aircraft required 5-5.5
s. The investigation of the spiral mode revealed the positive side of the increased di-
hedral effect as the mode, which is usually unstable for classical aircraft, was neutrally
stable or even slightly stable for the flexible aircraft. Both rigid and flexible aircraft met
Level 1 requirements as the T2 time constant was 30-35 s for the rigid aircraft and infinite
for the flexible aircraft. The Dutch roll mode assessment took into account frequency,
damping and their product parameters. Both aircraft configurations met Level 2 require-
ments when the damping was considered and Level 1 requirements when the frequency
was considered. However, the rigid aircraft met Level 2 and the flexible aircraft met only
Level 3 requirements, when assessing the aircraft response with respect to the product of
the damping and the frequency. One of the most significant findings of the Dutch roll
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mode test was the principal change in the dynamics of the mode between the rigid and
the flexible aircraft - ∆Φ/∆β for the rigid case was 2/3, while for the flexible case it was
9/4. Thus, the rigid aircraft exhibited a classical horizontal oval motion during the mode,
while the flexible aircraft exhibited the vertical oval motion. Such dynamics were eval-
uated as hard to predict by pilots. However, this opinion was considered to be largely
biased by pilots’ experience only on classical rigid aircraft. Hence, the lateral/directional
tests showed significant changes in the dynamics of the flexible aircraft when high wing
deformations are taken into account.

The slalom task was used to assess the difference between the rigid and the flexible
aircraft handling qualities and Cooper-Harper Rating scores were assigned during the sim-
ulations. Overall, HQs of the flexible aircraft were assessed worse than those of the rigid
aircraft and the lateral/directional HQs were assessed worse than the longitudinal. The
longitudinal HQs of the rigid aircraft were assessed as good with negligible deficiencies,
while of the flexible aircraft were assessed as with minor deficiencies. Lateral/directional
HQs were evaluated with moderate deficiencies for the rigid case and with major defi-
ciencies for the flexible case. The ‘wing rocking’ was present during the simulation of
the flexible aircraft along with “a lot of roll oscillations for any lateral control input”. The
assigned CHR scores highly depended on a pilot’s previous flight test experience and the
preparation for the flight simulation campaign with the SFFA and the HARTEN aircraft.
All the limitations and deficiencies of the SFFA biased the assessment of HQs of aircraft.
However, differences between relatively rigid and flexible aircraft, which were identified
by pilots previously, could still be identified using the slalom task. Hence, as this simu-
lation campaign was also a first trial of the slalom task, an important conclusion is that
the task may be successfully used to reveal deficiencies and assess HQs of new aircraft
configurations.

7.3.2 Discussion of SFFA

All of the issues discussed above affected the pilots’ perception and abilities to assess
the handling qualities. Some of the issues are relatively easy to solve, i.e. data from the
CA2LM framework just needs to be transferred to the EFS500 in case of slipping and
engine setting indications. Other issues are more complex. Firstly, the aerodynamic stall
model should be developed and implemented within the CA2LM framework. It would
require additional computational power and thus may slow down the simulation. A thor-
ough analysis of possible stall models and finding the best way to integrate it with the
current unsteady aerodynamic model are required to improve the SFFA. Secondly, the
current configurations of inceptors caused many issues. The sidestick stiffness, especially
in the lateral direction, should be reduced to represent a realistic Airbus cockpit environ-
ment. On the other hand the throttle lever friction should be increased to stop the lever
from moving by its own from the position set by a pilot. Pedals free play should also be
reduced so that every rudder input results in a change of directional equilibrium. It would
also allow to reduce the bias, especially when trying to compensate the rudder input by



120 CHAPTER 7. FLIGHT SIMULATION RESULTS

ailerons. Isolating one of the two control sticks during tests would allow to remove pi-
lot’s distraction, which was discussed above. Although it is a minor issue, it would make
easier to allocate attention for pilots. Finally, possible options of motion cues should be
considered in the future versions of the simulator. It would possibly require redevelop-
ment of the EFS500 architecture, but would allow to bring the simulator to a more realistic
environment.



Chapter 8

Conclusions and further work

A review of available literature indicated a knowledge gap in the field of handling quali-
ties of large flexible aircraft. It also indicated a demand for flexible aircraft pilot-in-the-
loop simulation and testing capabilities. Thus, an investigation of the structural flexibility
impact on the aircraft handling characteristics has been presented in this thesis. The
investigation was carried out by simulating the high aspect ratio flexible wing aircraft
HARTEN within the Simulation Framework for Flexible Aircraft (SFFA) and performing
the pilot-in-the-loop flight simulation campaign with three professional test pilots. Al-
though the SFFA was developed specifically for this simulation campaign, it provides a
baseline capability to simulate future conceptual aircraft models. Hence, the flight simu-
lation campaign also allowed a critical assessment of the SFFA and highlighted its main
deficiencies. The findings of the simulation campaign and the overall thesis project are
summarised in this section. Further research directions are provided at the end of the
chapter along with the list of already published articles and papers.

8.1 Conclusions
The investigation of the extended EoM showed notable impact of the additional terms to
the dynamics of a flexible aircraft:

• The trim state investigation showed little change between αtrim estimated by the
classical EoM and the extended EoM. The difference between both EoM cases for
the rigid aircraft was around 0.5% and for the flexible aircraft around 1.9%, which
suggests that the extended EoM should be used when considering flexible aircraft.

• The lateral/directional dynamics investigation showed significant changes between
the classical EoM and the extended EoM, especially when considering the flexible
aircraft. The roll acceleration was underpredicted by up to 51.4% by the classical
EoM due to higher oscillation damping when the structural motion is not taken into
account.

121
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The integration of the extended EoM into the CA2LM framework, its upgrades and further
integration with the EFS500 flight simulator led to the development of the Simulation
Framework for Flexible Aircraft SFFA:

• A detailed review of the CA2LM framework demonstrated its capability to simulate
any flexible or rigid aircraft. The absence of the aerodynamic stall model and the
nonlinear structural dynamics model were indicated as the main limiting factors of
the framework.

• The development of the SFFA required an integration of the CA2LM framework
with the EFS500 flight simulator. The algebraic loops, present in the CA2LM
framework, were overcome by using the ‘unit delay’ blocks in order to accom-
plish the integration. The Speedgoat real-time machine was also incorporated into
the loop to allow the CA2LM framework to run in real time.

Two versions of the HARTEN aircraft, i.e. the rigid and the flexible, were then pro-
grammed into the SFFA and a brief investigation of the aircraft was performed:

• The HARTEN aircraft exhibited unusually aft neutral point position of 90%-95%
for the rigid configuration and 103%-111% for the flexible configuration. The anal-
ysis showed that the potential reason for such a case was the oversize of the HTP,
which was also confirmed by comparing its volume ratio to the classical values.

• The oversize of the HTP and the VTP also potentially led to the oversize of the
corresponding control surfaces, i.e. the elevator and the rudder. Both points indicate
potential deficiencies in the design procedure, used to size the empennage, which
also lead to mass penalties.

The HARTEN aircraft was then presented to three professional test pilots, who performed
the pilot-in-the-loop assessment of the aircraft, the comparison between FQs and HQs
of its rigid and flexible configurations. The most significant findings of this simulation
campaign are:

• The stall speed is higher for the flexible aircraft as the loss of the lift due to the
wing bending must be compensated by the higher flight velocity. It was shown that
VS increased by around 4%-9%.

• The damping of the longitudinal dynamic modes decreased for the flexible aircraft
due to increased structural motion, which degraded FQs and HQs. However, the
frequency of the longitudinal modes was not affected by the increased wing flexi-
bility as the fuselage was kept rigid.

• The longitudinal/directional modes were significantly affected by the highly in-
creased wing dihedral angle for the more flexible wing. The roll mode investiga-
tion provided evidence of the roll time constant τr inapplicability for the flexible
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wing aircraft assessment as the aircraft was subject to the ‘wing ratcheting’ phe-
nomenon. Hence, the other time constant τ±30◦ , which defines the time needed to
bank an aircraft from −30◦ to +30◦, was proposed as a potential solution for flexi-
ble configurations. The spiral mode, unstable for the rigid aircraft, exhibited neutral
stability in case of the flexible aircraft. The Dutch roll mode showed the classical
yaw dominated motion for the rigid aircraft. However, the roll dominated motion of
the mode appeared for the flexible aircraft, which is a significant change of aircraft
dynamics. The flexible aircraft also exhibited significantly decreased damping of
the Dutch roll oscillation.

• The slalom task revealed the degradation of the flexible aircraft HQs compared to
the rigid aircraft.

The slalom task also provided evidence of being a potentially more efficient way to assess
the handling qualities as it revealed both the ‘wing ratcheting’ and the ‘wing rocking’
phenomena. The SFFA was also assessed during the simulation campaign:

• The simulation campaign provided evidence of the SFFA capability to assess the
FQs and HQs of new aircraft configurations. The SFFA was evaluated positively by
the pilots as a baseline capability for the potential use for assessing future aircraft
concepts.

• The absence of the aerodynamic stall model prevented a realistic aircraft behaviour
at high angles of attack and full assessment of its stall characteristics.

• The absence of the slip and the engine power indications made it hard for the pilots
to define the setting of the aircraft configuration.

• The aircraft control settings were also significantly affected by too stiff sidestick,
too loose throttle lever and too large pedals free play.

• The absence of the motion cues resulted in potentially more aggressive and unnat-
ural flying.

8.2 Further work

8.2.1 Handling qualities of flexible aircraft
The research of the large wing deformations on handling qualities of aircraft was initiated
in this thesis. However, mainly due to the previously discussed limitations of the CA2LM
framework, only qualitative rather than quantitative assessment could be made. Moreover,
pilots’ opinion on HQs was biased by the deficiencies of the EFS500 flight simulator.
Thus, after the improvements to SFFA, the investigation of HQs of flexible aircraft could
be expanded.
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Firstly, appropriate flight dynamic parameters should be identified to quantify the lat-
eral/directional dynamics. As it was noticed, the roll time constant τr showed acceptable
values for the flexible case. However, due to the ‘wing ratcheting’ phenomenon, the pilots
assessed the roll dynamics as hardly predictable. Thus, the need for new parameters of
roll and yaw dynamics assessment is clear.

Secondly, the correlation of pilots’ opinion with the flight dynamic parameters should
be made for the lateral/directional dynamics. The Gibson Dropback criterion along with
the boundaries from the flight tests provided by Mooij, correlates pilots’ opinion and
flight dynamic parameters for the longitudinal dynamics. Similar correlation should be
done for both lateral and directional dynamics as they are highly affected by the aircraft
wing flexibility.

EBMM, discussed in the literature review, showed its applicability to quantify the
longitudinal dynamics. The investigation of its applicability for the lateral/directional
dynamics should be carried out. It could be used as a potential parameter to define the
lateral/directional dynamics of a flexible aircraft.

Finally, the application boundaries of the slalom task should be defined, as the task
looks promising HQs evaluation technique. It was successfully tested during the flight
simulation campaign. However, its suitability for small/medium/large aircraft should be
investigated along with proposing the guidance on choosing the sizing parameters of the
task elements.

8.2.2 Simulation Framework for Flexible Aircraft

As discussed in this thesis, limitations and deficiencies of the SFFA limit pilots’ capabil-
ities to assess HQs of tested aircraft. In order to have the framework that would allow
simulating flexible aircraft and their dynamics the following upgrades should be done for
SFFA.

Firstly, the nonlinear structural dynamics model should be implemented in the CA2LM
framework. The absence of it prevents the framework of being used to quantify any
kind of aircraft dynamics arising due to its structural flexibility. It was discussed in the
literature review that the linear structural model, currently implemented in the CA2LM
framework, cannot capture the same dynamics as the nonlinear model. Thus, as the ex-
tended EoM take into account structural deformations directly, flight dynamic effects due
to structural flexibility cannot be captured too. Hence, the implementation of the nonlinear
structural model is the vital task in order to carry out the research of the flexible aircraft in
the future. Although the application of the nonlinear structural dynamics model is of the
highest significance, the higher order interpolation schemes for transferring forces and
moments between aerodynamic and structural frames should be also considered. Their
influence on the resultant aeroelastic behaviour should also be evaluated.

Secondly, the aerodynamic stall model should be developed for the CA2LM frame-
work. Absence of it prevents an aircraft to be tested at the flight envelope part of low
velocities. However, this part of the flight envelope is vital as many of critical velocities
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are defined according to it. Hence, the implementation of the aerodynamic stall model
should be among the highest priority tasks.

Another issue of the CA2LM framework is its inability to rapidly change aerofoils.
Usually the implementation of new aircraft configurations means implementation of new
aerofoils. However, considering the complexity of the aerodynamic model and amount
of data required for it, the tool to generate all the required aerodynamic data for aerofoils
should be developed within the CA2LM framework. It is not the highest priority task, but
it is required in order to increase the versatility of the framework.

Another component of the SFFA - the EFS500 flight simulator - needs many improve-
ments too. However, they are related more to pilots’ convenience to fly rather than aircraft
dynamics modelling and are not as significant as improvements discussed above. Many
of them are already programmed in the flight simulator and only need changes of the
CA2LM-EFS500 interface file. Hence, the slip and thrust data should be transferred from
the CA2LM framework to the EFS500 system and displayed on the EFIS screen.

The discussion of the flight simulation campaign revealed many deficiencies of the
EFS500 hardware. The throttle lever friction should be increased, so that the inceptor
would maintain its set position and a pilot would not need to concentrate on keeping the
thrust setting by hand. Secondly, the sidestick should be relaxed, as it was noted during
the campaign that it was very stiff and effectively forced the pilot to operate as a binary
system. Finally, the free play of pedals should be reduced so that the rudder could be
controlled more precisely.

8.3 Contribution to knowledge

This thesis contributed to knowledge in the following aspects:

1. The assessment of flying and handling qualities of the flexible aircraft by carrying
out the pilot-in-the-loop simulations for the rigid and flexible aircraft. The com-
parison between the two revealed significant differences in the lateral/directional
dynamics.

2. The development of the Simulation Framework for Flexible Aircraft. It is a new
element of the initial aircraft design process that allows pilot-in-the-loop testing of
new rigid/flexible aircraft configurations. Changes made to the CA2LM framework
also allow rapid implementation of any fixed-wing aircraft configuration.

3. The derivation and investigation of the extended flight dynamic equations of mo-
tion for flexible aircraft. It was shown that significant differences in the lateral/di-
rectional aircraft dynamics appear when the structural flexibility is taken into con-
sideration within the extended EoM. It showed an increasing importance of the
extended EoM for modelling higher flexibility aircraft.
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4. A study of the SFFA framework. The pilot-in-the-loop simulation campaign and
comments from pilots revealed many software and hardware deficiencies and lim-
itations. They also provided insights into their impact on pilots’ capabilities to
assess simulated aircraft. Knowing these deficiencies and limitations allows to im-
prove the SFFA.

5. The development of the slalom task. The new task allows an efficient rapid longi-
tudinal and lateral/directional handling qualities testing.

8.4 Dissemination of results

8.4.1 Technical presentations
Modelling framework for flight dynamics of flexible aircraft
Airbus DiPaRT 2016 Meeting
The Centre for Modelling & Simulation (CFMS), Bristol, November 2016

Development and analysis of equations of motion for a flexible aircraft
XIII conference “Aviation 2017”
Antanas Gustaitis’ Aviation Institute, Vilnius, Lithuania, April 2017

Pilot-in-the-loop simulation of flexible aircraft in MATLAB/Simulink: implementa-
tion & coding peculiarities
Airbus DiPaRT 2017 Meeting
The Centre for Modelling & Simulation (CFMS), Bristol, November 2017

8.4.2 Conference papers
Modelling framework for handling qualities analysis of flexible aircraft
AIAA Modeling and Simulation Technologies Conference, January 2017
Accurate prediction of interactions between aeroelasticity effects, flight control and flight
dynamics are critical for the evaluation of handling qualities for future aircraft concepts.
A simulation framework for such analyses, known as CA2LM, is presented in this pa-
per together with the modelling techniques and methods used to develop the framework.
Aerodynamic surfaces were modelled using the Modified Strip Theory (MST) approach
and a state-space representation of the Leishman-Beddoes unsteady aerodynamics model.
A modal approach allows the analysis of structural flexibility and each mode’s influence
on structural deflections. The derivation of equations of motion that provide a new ap-
proach to modelling flexible aircraft is presented. This takes into account the variations
in mass and inertia properties due to structural deformations. The AX-1 generic large
transport aircraft model is analysed as an example of the CA2LM framework capabili-
ties. Results show that according to the Gibson Dropback Criterion longitudinal handling
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qualities of the AX-1 with no flight control system are unsatisfactory. The analysis of
the structural stiffness influence shows that increasing flexibility of an aircraft structure
deteriorates the longitudinal handling qualities. The short-period damping ratio is within
Level 2 acceptability requirements. In contrast, the short-period frequency and acceler-
ation sensitivity graph shows that the AX-1 model handling qualities are within Level 1
acceptability requirements. Finally, steps towards the future development of the CA2LM
framework are listed.

Pilot-in-the-loop simulation of flexible aircraft in MATLAB/Simulink: implementa-
tion and coding peculiarities
AIAA Modeling and Simulation Technologies Conference, January 2018
Integration of flight dynamic models, developed in the MATLAB/Simulink environment,
with an engineering flight simulation platform allows rapid pilot-in-the-loop evaluation
of new aircraft concepts at early stages of design. This paper aims to provide an overview
of the integration activities needed to develop an engineering flight simulator capable of
providing means to assess future concept aircraft, such as high aspect ratio wing configu-
rations, where aeroelastic effects have a significant impact on rigid body flight dynamics.
Details of the approach used to integrate an aeroelastic simulation framework with an en-
gineering flight simulator are presented. The challenges of obtaining a real-time simula-
tion capability and coding peculiarities of this approach are discussed. The paper expands
on the discussion of integration and coding, and provides an example that demonstrates
capabilities of such a framework for handling qualities assessment of a high aspect ratio
wing aircraft.

Co-authored conference papers

Comparison of reduced order aerodynamic models and RANS simulations for whole
aircraft aerodynamics
AIAA Atmospheric Flight Mechanics Conference, January 2018

Method to assess lateral handling qualities of aircraft with wingtip morphing
AIAA Atmospheric Flight Mechanics Conference, January 2018

8.4.3 Journal articles

Modelling framework for flight dynamics of flexible aircraft
Aviation, October 2016
The flight dynamics and handling qualities of any flexible aircraft can be analysed within
the Cranfield Aircraft Accelerated Loads Model (CA2LM) framework. The modelling
techniques and methods used to develop the framework are presented. The aerodynamic
surfaces were modelled using the Modified Strip Theory (MST) and a state-space repre-
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sentation to model unsteady aerodynamics. With a modal approach, the structural flexi-
bility and each mode’s influence on the structure deflections are analysed. To supplement
the general overview of the framework equations of motion, models of atmosphere, grav-
ity, fuselage and engines are introduced. The AX-1 general transport aircraft model is
analysed as an example of the CA2LM framework capabilities. The results showed that,
according to the Gibson Dropback criterion, the aircraft with no control system lacks the
stability and its longitudinal handling qualities are unsatisfactory. Finally, the steps for
future developments of the CA2LM framework are listed within conclusions.

Co-authored journal article

Verification of a reduced order aeroservoelastic framework through RANS simula-
tions (submitted on 17 April 2018)
CEAS Aeronautical Journal
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Appendix A

Data of SUGAR, eta sailplane and
Lilienthal hang glider

A.1 The Subsonic Ultra Green Aircraft Research, or SUGAR,
Freeze design concept

The Subsonic Ultra Green Aircraft Research, or SUGAR, Freeze design concept picture
was taken from the following web page accessed on 21/06/2018.

Figure A.1: NASA/Boeing SUGAR concept aircraft
(Source: https://www1.grc.nasa.gov/wp-content/uploads/SUGAR-Final2-1.jpg)

143



144APPENDIX A. DATA OF SUGAR, ETA SAILPLANE AND LILIENTHAL HANG GLIDER

A.2 Lilienthal hang glider
The Lilienthal hang glider picture was taken from the following web page accessed on
12/10/2018.

Figure A.2: Lilienthal hang glider
(Source: https://airandspace.si.edu/multimedia-gallery/lilienthal-gliderjpg)
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A.3 eta sailplane on final
The eta sailplane picture showing high wing deformation was taken from the following
web page accessed on 12/10/2018.

Figure A.3: eta sailplane on final
(Source: https://www.leichtwerk.de/fileadmin/media/archiv/eta-aircraft/eta/...
...images/galerie/marzinzik10.jpg)
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A.4 Aspect ratio of eta sailplane
The aspect ratio data of the eta sailplane was taken from the following web page accessed
on 12/10/2018.

Figure A.4: Aspect ratio of eta sailplane
(Source: https://www.leichtwerk.de/fileadmin/media/archiv/eta-aircraft/eta/...
...de/projekt eta/index.html)
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A.5 Aerodynamic efficiency of eta sailplane
The aerodynamic efficiency data of the eta sailplane was taken from the following web
page accessed on 12/10/2018.

Figure A.5: Aerodynamic efficiency of eta sailplane
(Source: https://www.leichtwerk.de/fileadmin/media/archiv/eta-aircraft/eta/...
...de/flugerprobung/leistung.html)
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Appendix A

Unsteady aerodynamic state-space
model matrices

The state matrix A is represented as:

A=



−2V β2b1
caero 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 −2V β2b2
caero 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 −1
Tα 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 −1
Tq 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 −1
TαM b3

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 −1
TαM b4

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0
−2V β2b5

caero 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 −1

TqM
0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

0 0 0 0 0 0 0 0 −
(

2V
caero

)2
β 4b1b2

−2V(b1+b2)β2
caero 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 −1
Tξ

0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 −1
Tξ̇

0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 −2V β2b3
caero 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 −1
TξM

0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1
Tξ̇M



The output matrix C is represented as:

C =



2V β2A1b1
caero

2V β2A2b2
caero 0 0 0 0 0 0

(
2V

caero

)2
β 4b1b2

2V β2(A1b1+A2b2)
caero 0 0 0 0 0

0 0 0 0 0 0 − 2V β2b5
16caero

0 0 0 0 0
V β2b6
caero 0 0

0 0 − 4
Tα M 0 0 0 0 0 0 0 − 2(1−xe)

TξM
0 0 0 0

0 0 0 0 A3
b3TαM M

A4
b4TαM M 0 0 0 0 0 0 0 (1−xe)(2+xe)

2TξM
M 0


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Non-circulatory time constants [113] in A and C matrices are:

Tα =
caerok1

a(1−M+πβM2(A1b1 +A2b2))

Tq =
2caerok2

a(1−M+2πβM2(A1b1 +A2b2))

TαM =
caero(A3b4 +A4b3)

ab3b4(1−M)

TqM =
7caero

a(15(1−M)+3πβM2b5)

Tξ =
caero(1− xe)

a((1−M)+ F10
β M2(A1b1 +A2b2))

Tξ̇ =
caero(1− xe)

2

2a((1−M)(1− xe)+
F11
π β 2M2(A1b1 +A2b2))

TξM =
caero(1− xe)(2+ xe)

a(3(1−M)+2b3M2β (F4 +F10))

Tξ̇M
=

caero((1+ xe)
3 +4−12xe − 3

2(1− xe)
2)

a(9(1−M)(1− xe)+6b3M2β (F1 −F8 −F4(
1
2 + xe)+

F11
2 ))

The input matrix B and the feedthrough matrix D are represented as:

B =



1 caero
2V 0 0

1 caero
2V 0 0

1 0 0 0
0 1 0 0
1 0 0 0
1 0 0 0
0 caero

V 0 0
0 caero

V 0 0
0 0 0 0
0 0 F10

π 0
0 0 1 0

0 0 0 caero exp1−xe
2V

0 0 − F4+F10
2πβ

caero(2F1−2F8+F11−F4(1+2xe))
8V πβ

0 0 1 0
0 0 0 1



D =


0 0 0 0
0 0 0 0
4
M 0 2(1−xe)

M 0
− 1

M 0 − (1−xe)(2+xe)
2M 0


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Figure B.1: Time histories of pitch rate q and pitch angle θ for minimum, maximum and
inflection points of Fig. 4.8



Appendix C

Data for the static margin definition of
HARTEN
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Figure C.1: iH(CL) variability with CG change at 5000 ft
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Figure C.2: iH(CL) variability with CG change at 10000 ft
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Figure C.3: iH(CL) variability with CG change at 15000 ft
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D.1 Stall conditions test, pilot 1, rigid A/C – ST(1)R

Date: 24/01/2018 Time start:  Time stop: 16:00 

 

Test No: ST(1)R Test hardware: EFS500 + Speedgoat 

Test pilot: (1) Model version: HARTEN_v1 (R) 

 

Task: Stall test (ST) 

Manoeuvre: Pitch up 

 

Instrumentation:  

Relevant files: {D_SIM/D_STRUCT}.DAT @ 24/01/2018 16:00; DSCN9509.MOV; GOPR4015.MP4 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

V (EAS) Observations 

157 kt STALL EVIDENCED BY FULL BACK STICK, A/C FULLY CONTROLLABLE OTHERWISE IN ALL AXES. 

1 kt/sec VERY SLIGHT ROLLING EXCURSIONS. 

 A/C RESPONDED EASILY TO STANDARD STALL RECOVERY ACTIONS. 

 ALTHOUGH LARGE PITCHING MOTION WITH POWER REQUIRED FURTHER PITCH INPUTS TO 

 COMPENSATE. 

  

  

  

  

  

  

  

  

 

Notes: 

Nil 

Notes (from audio recording): 

“Fairly stable mush” 

“Low speed phugoid” 

Figure D.1: Test card (ST(1)R)
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Figure D.2: Time histories of altitude and velocities
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Figure D.3: Time histories of longitudinal parameters
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Figure D.5: Time histories of directional parameters
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D.2 Stall conditions test, pilot 1, flexible A/C – ST(1)F

Date: 24/01/2018 Time start:  Time stop: 17:13 

 

Test No: ST(1)F Test hardware: EFS500 + Speedgoat 

Test pilot: (1) Model version: HARTEN_v1 (F) 

 

Task: Stall test (ST) 

Manoeuvre: Pitch up 

 

Instrumentation:  

Relevant files: {D_SIM/D_STRUCT}.DAT @ 24/01/2018 17:13; DSCN9518.MOV; GOPR4024.MP4 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

V (EAS) Observations 

165 kt STALL EVIDENCED BY FULL BACK STICK. 

1 kt/sec IMMEDIATE RESPONSE TO RELAXATION OF BACK STICK PRESSURE, 

Idle power BUT THEN ENTERED PHUGOID. 

 SUBSEQUENTLY ENTERED SOME UNDEMANDED MOTION DOCUMENTED ON VIDEO. 

  

  

  

  

  

  

  

  

  

 

Notes: 

Twing rocking = 5 sec 

Notes (from audio recording): 

“It’s Dutch rolling on its own” 

“Wing rocking superimposed on the phugoid” 

Figure D.6: Test card (ST(1)F)



162 APPENDIX D. STALL SIMULATION DATA

0 50 100 150 200 250 300 350 400 450 500
100

200

300

400

E
A

S
 [k

t]

0 50 100 150 200 250 300 350 400 450 500
-1

0

1

V
V

 [f
t/m

in
]

104

0 50 100 150 200 250 300 350 400 450 500

Time [s]

0.5

1

1.5

A
lti

tu
de

 [f
t]

104

Figure D.7: Time histories of altitude and velocities
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D.3 Stall conditions test, pilot 2, rigid A/C – ST(2)R

Date: 09/02/2018 Time start:  Time stop: 10:19 

 

Test No: ST(2)R Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (R) 

 

Task: Stall test (ST) 

Manoeuvre: Pitch up 

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 10:19; DSCN9578.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

V (EAS) Observations 

134 kt Idle thrust – easy to maintain wings level during slowdown. At 1 kt/sec. Pull force required. 

 Full back control at 134 kt. Not stalled – normal roll response with full back control. 

 1800 ft/min descent 

 Too loose throttle 

  

  

  

  

  

  

  

  

  

 

Notes: 

Nil 

Notes (from audio recording): 

“Looks left wing heavy” 

“Stabilised at about 8 deg pitch attitude and 135 kt” 

Figure D.11: Test card (ST(2)R)
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Figure D.12: Time histories of altitude and velocities
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Figure D.13: Time histories of longitudinal parameters
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Figure D.14: Time histories of lateral parameters
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Figure D.15: Time histories of directional parameters
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D.4 Stall conditions test, pilot 2, flexible A/C – ST(2)F

Date: 09/02/2018 Time start:  Time stop: 14:02 

 

Test No: ST(2)F Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (F) 

 

Task: Stall test (ST) 

Manoeuvre: Pitch up 

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 14:02; DSCN9590.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

V (EAS) Observations 

145 kt FULL BACK STICK – CONTROL LIMITED 

 NO STALL – 1600 FT/MIN DESCENT 

 LEFT WING ‘HEAVY’ 

 SLIGHT RIGHT STICK DEFLECTION 

 SMALL LATERAL STICK INPUTS EXCITE DUTCH ROLL LIKE BEHAVIOUR 

  

  

  

  

  

  

  

  

 

Notes: 

Nil 

Notes (from audio recording): 

Nil 

Figure D.16: Test card (ST(2)F)
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Figure D.17: Time histories of altitude and velocities



D.4. STALL CONDITIONS TEST, PILOT 2, FLEXIBLE A/C – ST(2)F 173

0 50 100 150
-50

0

50

 [
°]

0 50 100 150
0

10

20

 [
°]

0 50 100 150
-20

0

20

 [
°]

0 50 100 150

Time [s]

-10

0

10

q 
[°

/s
]

Figure D.18: Time histories of longitudinal parameters
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D.4. STALL CONDITIONS TEST, PILOT 2, FLEXIBLE A/C – ST(2)F 175

0 50 100 150
-10

0

10

 [
°]

0 50 100 150
-10

0

10

 [
°]

0 50 100 150
-20

0

20

 [
°]

0 50 100 150

Time [s]

-5

0

5

r 
[°

/s
]

Figure D.20: Time histories of directional parameters
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E.1 SPPO mode, pilot 1, rigid A/C – SP(1)R

Date: 24/01/2018 Time start:  Time stop: 16:10 

 

Test No: SP(1)R Test hardware: EFS500 + Speedgoat 

Test pilot: (1) Model version: HARTEN_v1 (R) 

 

Task: Longitudinal dynamic modes (SP) 

Manoeuvre: Pitch doublet 

 

Instrumentation:  

Relevant files: {D_SIM/D_STRUCT}.DAT @ 24/01/2018 16:10; DSCN9510.MOV; GOPR4016.MP4 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

 

SPPO / Pitch doublet 

Stick movement: 

Ndamp: 1.5    Tdamp: 7 sec 

 

 

Notes: 

Freq sweep period = 2 sec; heavily damped 

 

 

Notes (from audio recording): 

Nil 

Figure E.1: Test card (SP(1)R)
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Figure E.2: Time histories of altitude and velocities



180 APPENDIX E. LONGITUDINAL MODES SIMULATION DATA

0 50 100 150 200 250 300 350
-20

0

20

 [
°]

0 50 100 150 200 250 300 350
-20

0

20

 [
°]

0 50 100 150 200 250 300 350
-20

0

20

 [
°]

0 50 100 150 200 250 300 350

Time [s]

-20

0

20

q 
[°

/s
]

Figure E.3: Time histories of longitudinal parameters
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Figure E.4: Time histories of lateral parameters
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Figure E.5: Time histories of directional parameters
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E.2 SPPO mode, pilot 1, flexible A/C – SP(1)F

Date: 24/01/2018 Time start:  Time stop: 17:17 

 

Test No: SP(1)F Test hardware: EFS500 + Speedgoat 

Test pilot: (1) Model version: HARTEN_v1 (F) 

 

Task: Longitudinal dynamic modes (SP) 

Manoeuvre: Pitch doublet 

 

Instrumentation:  

Relevant files: {D_SIM/D_STRUCT}.DAT @ 24/01/2018 17:17; DSCN9519.MOV; GOPR4025.MP4 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

 

SPPO / Pitch doublet 

Stick movement: 

Ndamp: 1    Tdamp: 6 sec 

 

 

Notes: 

Nil 

 

 

Notes (from audio recording): 

“Deadbeat” – about damping 

Figure E.6: Test card (SP(1)F)
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Figure E.7: Time histories of altitude and velocities
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Figure E.8: Time histories of longitudinal parameters
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Figure E.9: Time histories of lateral parameters
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Figure E.10: Time histories of directional parameters
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E.3 SPPO mode, pilot 2, rigid A/C – SP(2)R

Date: 09/02/2018 Time start:  Time stop: 10:24 

 

Test No: SP(2)R Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (R) 

 

Task: Longitudinal dynamic modes 

Manoeuvre: Pitch doublet + frequency sweep 

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 10:24; DSCN9579.MOV; DSCN9580.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

 

SPPO / Pitch doublet 

Stick movement: 

Ndamp: 1 deg/sec   Tdamp: 1.5 sec (well damped) 

 

Notes: 

Frequency sweep; limited bandwidth; 0 to 1 Hz 

 

Notes (from audio recording): 

Nil 

Figure E.11: Test card (SP(2)R)
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Figure E.12: Time histories of altitude and velocities
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Figure E.13: Time histories of longitudinal parameters
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Figure E.14: Time histories of lateral parameters
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Figure E.15: Time histories of directional parameters
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E.4 SPPO mode, pilot 2, flexible A/C, frequency sweep
input – SP(2)F-FS

Date: 09/02/2018 Time start:  Time stop: 14:14 

 

Test No: SP(2)F-FS Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (F) 

 

Task: Longitudinal dynamic modes SP(2)F 

Manoeuvre: Pitch doublet 

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 14:14; DSCN9593.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

 

SPPO / Pitch doublet 

Stick movement: 

Ndamp:     Tdamp:  

 

Notes: 

Frequency sweep – qualitatively similar to rigid 

Notes (from audio recording): 

 

Figure E.16: Test card (SP(2)F-FS)
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Figure E.17: Time histories of altitude and velocities
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Figure E.18: Time histories of longitudinal parameters
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Figure E.19: Time histories of lateral parameters
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Figure E.20: Time histories of directional parameters
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E.5 SPPO mode, pilot 2, flexible A/C, elevator doublet
input – SP(2)F-PD

Date: 09/02/2018 Time start:  Time stop: 14:06 

 

Test No: SP(2)F-PD Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (F) 

 

Task: Longitudinal dynamic modes SP(2)F 

Manoeuvre: Pitch doublet 

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 14:06; DSCN9591.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

 

SPPO / Pitch doublet 

Stick movement: 

Ndamp: Slightly slower than rigid Tdamp: Damping reduced over rigid; 3 or 4 pitch overshoots 

 

Notes: 

Nil 

Notes (from audio recording): 

Nil 

Figure E.21: Test card (SP(2)F-PD)
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Figure E.22: Time histories of altitude and velocities
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Figure E.23: Time histories of longitudinal parameters



E.5. SPPO MODE, PILOT 2, FLEXIBLE A/C, ELEVATOR DOUBLET INPUT – SP(2)F-PD201

0 5 10 15 20 25 30 35 40 45 50
-0.1

-0.05

0

0.05

 [
°]

0 5 10 15 20 25 30 35 40 45 50
-5

0

5

 [
°]

0 5 10 15 20 25 30 35 40 45 50

Time [s]

-2

0

2

p 
[°

/s
]

Figure E.24: Time histories of lateral parameters
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Figure E.25: Time histories of directional parameters
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E.6 Phugoid mode, pilot 1, rigid A/C – PH(1)R

Date: 24/01/2018 Time start:  Time stop: 16:19 

 

Test No: PH(1)R Test hardware: EFS500 + Speedgoat 

Test pilot: (1) Model version: HARTEN_v1 (R) 

 

Task: Longitudinal dynamic modes (PH) 

Manoeuvre: Pitch doublet 

 

Instrumentation:  

Relevant files: {D_SIM/D_STRUCT}.DAT @ 24/01/2018 16:19; DSCN9511.MOV; GOPR4017.MP4 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

Phugoid 

T Alt V (EAS) T Alt V (EAS) 

0  230 100 7200 220 

10 8600  110 7180 221 

20  194 120 7200 211 

30 8900 190    

40 8300 220    

50 7940 224    

60 8000 214    

70 8180 194    

80 8000 199    

90  218    

 

Notes: 

Subsequently entered combined phugoid / spiral dive. This responded initially to standard recovery, but then 

entered a secondary divergence. 

 

Notes (from audio recording): 

“Lack of pitch trimmer” 

“It started phugoiding already without me making an input” 

“Phugoid imposed on to the divergent spiral dive – clearly not an acceptable characteristic” 

Figure E.26: Test card (PH(1)R)
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Figure E.27: Time histories of altitude and velocities
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Figure E.28: Time histories of longitudinal parameters
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Figure E.29: Time histories of lateral parameters
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Figure E.30: Time histories of directional parameters
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E.7 Phugoid mode, pilot 1, flexible A/C – PH(1)F

Date: 24/01/2018 Time start:  Time stop: 17:22 

 

Test No: PH(1)F Test hardware: EFS500 + Speedgoat 

Test pilot: (1) Model version: HARTEN_v1 (F) 

 

Task: Longitudinal dynamic modes (PH) 

Manoeuvre: Pitch doublet 

 

Instrumentation:  

Relevant files: {D_SIM/D_STRUCT}.DAT @ 24/01/2018 17:22; DSCN9520.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

 

Phugoid 

T Alt V (EAS) T Alt V (EAS) 

0 10700 190    

30 9960 238    

55 10900 196    

1:25 10300 237    

1:50 11080 204 10 right bank   

2:20 10400 241    

2:50 11080 217 20 right bank   

      

      

      

 

Notes: 

Nil 

 

Notes (from audio recording): 

Nil 

Figure E.31: Test card (PH(1)F)
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Figure E.32: Time histories of altitude and velocities
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Figure E.33: Time histories of longitudinal parameters
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Figure E.34: Time histories of lateral parameters
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Figure E.35: Time histories of directional parameters
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E.8 Phugoid mode, pilot 2, rigid A/C – PH(2)R

Date: 09/02/2018 Time start:  Time stop: 10:37 

 

Test No: PH(2)R Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (R) 

 

Task: Longitudinal dynamic modes 

Manoeuvre: Pitch doublet 

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 10:37; DSCN9581.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

Phugoid 

T Alt V (EAS) T Alt V (EAS) 

  213    

  196    

  231  Moderate LSS  

  199  Near neutral  

  229  Phugoid Stability 

  201  Very slightly Convergent 

  226    

  203 20   

  225    

  205    

 

Notes: 

Nil 

 

Notes (from audio recording): 

Nil 

Figure E.36: Test card (PH(2)R)
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Figure E.37: Time histories of altitude and velocities
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Figure E.38: Time histories of longitudinal parameters
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Figure E.39: Time histories of lateral parameters
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Figure E.40: Time histories of directional parameters



218 APPENDIX E. LONGITUDINAL MODES SIMULATION DATA

E.9 Phugoid mode, pilot 2, flexible A/C – PH(2)F

Date: 09/02/2018 Time start:  Time stop: 14:18 

 

Test No: PH(2)F Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (F) 

 

Task: Longitudinal dynamic modes (PH) 

Manoeuvre: Pitch doublet 

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 14:18; DSCN9594.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

 

Phugoid 

T Alt V (EAS) T Alt V (EAS) 

0  200    

28  227    

56  201    

88  226    

115  203    

140  223    

      

      

      

      

 

Notes: 

Low damping 

Notes (from audio recording): 

Nil 

Figure E.41: Test card (PH(2)F)
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Figure E.42: Time histories of altitude and velocities
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Figure E.43: Time histories of longitudinal parameters
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Figure E.44: Time histories of lateral parameters
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224 APPENDIX F. LATERAL/DIRECTIONAL MODES SIMULATION DATA

F.1 Steady heading sideslip, pilot 1, rigid A/C – SH(1)R

Date: 24/01/2018 Time start:  Time stop: 16:41 

 

Test No: SH(1)R Test hardware: EFS500 + Speedgoat 

Test pilot: (1) Model version: HARTEN_v1 (R) 

 

Task: Lateral / directional modes (SHSS) (SH) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_SIM/D_STRUCT}.DAT @ 24/01/2018 16:41; DSCN9514.MOV; GOPR4020.MP4 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

SHSS 

Unable to fly test due to controls imbalance. Full rudder needed 2-3 mm lateral stick, which in reality was in the free 

play and could not be held accurately. 

Notes:  

Nil 

 

Notes (from audio recording): 

“This is a very uncomfortable condition to hold as probably about 30 lbs pressure from my left toe and about 8 lbs 

right stick to hold it at about 1 mm” 

Figure F.1: Test card (SH(1)R)
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Figure F.2: Time histories of altitude and velocities
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Figure F.3: Time histories of longitudinal parameters
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Figure F.4: Time histories of lateral parameters
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Figure F.5: Time histories of directional parameters
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F.2 Steady heading sideslip, pilot 1, flexible A/C – SH(1)F

Date: 24/01/2018 Time start:  Time stop: 17:31 

 

Test No: SH(1)F Test hardware: EFS500 + Speedgoat 

Test pilot: (1) Model version: HARTEN_v1 (F) 

 

Task: Lateral / directional modes (SHSS) (SH) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_SIM/D_STRUCT}.DAT @ 24/01/2018 17:31; DSCN9522.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

SHSS 

Rudder Aileron Pitch Notes 

0    

1/3 left    

2/3 left    

Full left    

Release    

1/3 right    

2/3 right    

Full right    

Release    

 

Notes:  

Nil 

 

Notes (from audio recording): 

“Hard of gearing combined with a high forces on the ailerons makes it very hard to balance it” 

Figure F.6: Test card (SH(1)F)
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Figure F.7: Time histories of altitude and velocities
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Figure F.8: Time histories of longitudinal parameters
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Figure F.9: Time histories of lateral parameters
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Figure F.10: Time histories of directional parameters
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F.3 Steady heading sideslip, pilot 2, rigid A/C – SH(2)R

Date: 09/02/2018 Time start:  Time stop: 10:49 

 

Test No: SH(2)R Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (R) 

 

Task: Lateral / directional modes (SHSS, roll mode) (SH) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 10:49; DSCN9582.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

SHSS 

Rudder Aileron Pitch Notes 

0 0   

1/3 left Slight right N/A 5 lbs left foot and 1 lb stick 

2/3 left Slight right N/A  

Full left Slight right N/A 2-3 deg bank for steady heading 

Release   10 deg heading change on release 

1/3 right Slight left N/A  

2/3 right Slight left N/A  

Full right Slight left N/A 2-3 deg bank 

Release   10 deg heading change on release 

 

Notes:  

CLβ low CNβ – moderate-low 

 

Notes (from audio recording): 

“phi/beta ratio 1/5” – after releasing left rudder 

Figure F.11: Test card (SH(2)R)
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Figure F.12: Time histories of altitude and velocities
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Figure F.13: Time histories of longitudinal parameters
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Figure F.14: Time histories of lateral parameters
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Figure F.15: Time histories of directional parameters
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F.4 Steady heading sideslip, pilot 2, flexible A/C – SH(2)F

Date: 09/02/2018 Time start:  Time stop: 14:27 

 

Test No: SH(2)F Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (F) 

 

Task: Lateral / directional modes (SHSS) (SH) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 14:27; DSCN9595.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

SHSS 

Rudder Aileron Pitch Notes 

0    

1/3 left    

2/3 left    

Full left    

Release    

1/3 right   5 lbs push on foot; 1 lb left stick force 

2/3 right    

Full right   Not enough stick 

Release    

 

Notes:  

Much rudder authority 

Dihedral effect much stronger 

Very strong lateral stability 

Notes (from audio recording): 

Nil 

Figure F.16: Test card (SH(2)F)
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Figure F.17: Time histories of altitude and velocities
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Figure F.18: Time histories of longitudinal parameters
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Figure F.19: Time histories of lateral parameters
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Figure F.20: Time histories of directional parameters
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F.5 Roll mode, pilot 1, flexible A/C – RM(1)F

Date: 24/01/2018 Time start:  Time stop: 17:36 

 

Test No: RM(1)F Test hardware: EFS500 + Speedgoat 

Test pilot: (1) Model version: HARTEN_v1 (F) 

 

Task: Lateral / directional modes (roll mode) (RM) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_SIM/D_STRUCT}.DAT @ 24/01/2018 17:36; DSCN9523.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

 

Roll 30 left  30 right (full aileron) 

Time:    Time const:    Rudder:     

Roll 30 right  30 left (full aileron) 

Time:    Time const:    Rudder:     

 

Notes:  

Twing rocking = 3.5 sec 

 

Notes (from audio recording): 

“Nonlinear roll due to intrusion of wing rocking” 

“Undamped roll oscillation” 

“The peak roll rate due to this oscillation is slightly greater than the maximum achievable roll rate available from use 

of the ailerons” 

Figure F.21: Test card (RM(1)F)
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Figure F.22: Time histories of altitude and velocities
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Figure F.23: Time histories of longitudinal parameters
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Figure F.24: Time histories of lateral parameters
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Figure F.25: Time histories of directional parameters
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F.6 Roll mode, pilot 2, rigid A/C – RM(2)R

Date: 09/02/2018 Time start:  Time stop: 10:59 

 

Test No: RM(2)R Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (R) 

 

Task: Lateral / directional modes (SHSS, roll mode) (SH) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 10:59; DSCN9584.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

 

Roll 30 left  30 right (full aileron) 

Time: 2 sec   Time const: < 1 sec   Rudder:  Nil   

Roll 30 right  30 left (full aileron) 

Time: 2 sec   Time const: < 1 sec   Rudder:  Nil   

 

Notes:  

Very small adverse yaw 

 

Notes (from audio recording): 

“Not much Dutch roll” 

Figure F.26: Test card (RM(2)R)
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Figure F.27: Time histories of altitude and velocities
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Figure F.28: Time histories of longitudinal parameters
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Figure F.29: Time histories of lateral parameters
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Figure F.30: Time histories of directional parameters
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F.7 Roll mode, pilot 2, flexible A/C – RM(2)F

Date: 09/02/2018 Time start:  Time stop: 14:31 

 

Test No: RM(2)F Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (F) 

 

Task: Lateral / directional modes (roll mode) (RM) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 14:31; DSCN9596.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

 

Roll 30 left  30 right (full aileron) 

Time: 5 sec   Time const:    Rudder:     

Roll 30 right  30 left (full aileron) 

Time: 4 sec   Time const:    Rudder:     

 

Notes:  

Issues due to roll stop; adverse yaw + sideslip; 

Spoilers should be considered for roll control 

Notes (from audio recording): 

“Roll pause in the process” 

Figure F.31: Test card (RM(2)F)
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Figure F.32: Time histories of altitude and velocities
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Figure F.33: Time histories of longitudinal parameters
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Figure F.34: Time histories of lateral parameters
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Figure F.35: Time histories of directional parameters
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F.8 Spiral mode, pilot 1, rigid A/C – SM(1)R

Date: 24/01/2018 Time start:  Time stop: 16:49 

 

Test No: SM(1)R Test hardware: EFS500 

Test pilot: (1) Model version: HARTEN_v1 (R) 

 

Task: Lateral / directional modes (spiral mode) (SM) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_SIM/D_STRUCT}.DAT @ 24/01/2018 16:49; DSCN9515.MOV; GOPR4021.MP4 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

Spiral mode 

15° left: T2 = 25 sec;             

Notes:               

15° right: T2 = 32 sec;             

Notes:               

 

Notes: 

A/C from spiral mode continued into spiral dive 

Insufficient control after recovery from spiral dive 

Notes (from audio recording): 

“Insufficient elevator authority” – about recovery from a dive 

Figure F.36: Test card (SM(1)R)
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Figure F.37: Time histories of altitude and velocities
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Figure F.38: Time histories of longitudinal parameters
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Figure F.39: Time histories of lateral parameters
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Figure F.40: Time histories of directional parameters
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F.9 Spiral mode, pilot 2, rigid A/C – SM(2)R

Date: 09/02/2018 Time start:  Time stop: 11:07 

 

Test No: SM(2)R Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (R) 

 

Task: Lateral / directional modes (spiral mode) (SM) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 11:07; DSCN9585.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

Spiral mode 

15° left: T2 = 30 sec; 22 sec with speed constant          

Notes:               

15° right: T2 = 35 sec; 25 sec with speed constant         

Notes:               

 

Notes: 

Directional stability is higher – confirms SHSS results 

Unstable within acceptable tolerance 

 

Notes (from audio recording): 

Nil 

 

Figure F.41: Test card (SM(2)R)
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Figure F.42: Time histories of altitude and velocities
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Figure F.43: Time histories of longitudinal parameters
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Figure F.44: Time histories of lateral parameters
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Figure F.45: Time histories of directional parameters
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F.10 Spiral mode, pilot 2, flexible A/C – SM(2)F

Date: 09/02/2018 Time start:  Time stop: 14:39 

 

Test No: SM(2)F Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (F) 

 

Task: Lateral / directional modes (spiral mode) (SM) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 14:39; DSCN9597.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

Spiral mode 

15° left: NEUTRAL TO SLIGHTLY STABLE           

Notes:               

15° right: NEUTRAL TO SLIGHTLY STABLE          

Notes:               

 

Notes: 

Nil 

 

Notes (from audio recording): 

“Dutch roll ±1 deg at 18 deg left” 

Figure F.46: Test card (SM(2)F)
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Figure F.47: Time histories of altitude and velocities
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Figure F.48: Time histories of longitudinal parameters
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Figure F.49: Time histories of lateral parameters
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Figure F.50: Time histories of directional parameters
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F.11 Dutch roll, pilot 1, rigid A/C – DR(1)R

Date: 24/01/2018 Time start:  Time stop: 17:01 

 

Test No: DR(1)R Test hardware: EFS500 + Speedgoat 

Test pilot: (1) Model version: HARTEN_v1 (R) 

 

Task: Lateral / directional modes (Dutch roll mode) (DR) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_SIM/D_STRUCT}.DAT @ 24/01/2018 17:01; DSCN9517.MOV; GOPR4023.MP4 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

Rudder doublet 

Tdamp: 28 sec   Ndamp: 7   

Notes:               

 

Forced Dutch roll 

F:     

Shape: 3/1 yaw/roll  

 

 

Notes: 

Characteristics are OK; might be improved by a yaw damper 

 

Notes (from audio recording): 

“This stick is a bit like flying badly adjusted F-16” 

“That is not actually particularly problematic characteristics… not brilliant, but the Dutch roll is not intruding on 

anything else” 

“Slightly poorly damped Dutch roll” 

Figure F.51: Test card (DR(1)R)
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Figure F.52: Time histories of altitude and velocities
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Figure F.53: Time histories of longitudinal parameters
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Figure F.54: Time histories of lateral parameters
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Figure F.55: Time histories of directional parameters
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F.12 Dutch roll, pilot 2, rigid A/C – DR(2)R

Date: 09/02/2018 Time start:  Time stop: 11:16 

 

Test No: DR(2)R Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (R) 

 

Task: Lateral / directional modes (Dutch roll mode) (DR) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 11:16; DSCN9586.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

Rudder doublet 

Tdamp:    Ndamp:    

Notes:               

 

Forced Dutch roll 

F: 4 sec period; 6 cycles to damp 

Shape:    

 

Notes: 

Poor damping 

Most intrusive mode 

 

Notes (from audio recording): 

Nil 

Figure F.56: Test card (DR(2)R)
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Figure F.57: Time histories of altitude and velocities
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Figure F.58: Time histories of longitudinal parameters
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Figure F.59: Time histories of lateral parameters
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Figure F.60: Time histories of directional parameters
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F.13 Dutch roll, pilot 2, flexible A/C – DR(2)F

Date: 09/02/2018 Time start:  Time stop: 14:43 

 

Test No: DR(2)F Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (F) 

 

Task: Lateral / directional modes (Dutch roll mode) (DR) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 14:43; DSCN9598.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

Rudder doublet 

Tdamp: 4 sec   Ndamp: very low  

Notes:               

 

Forced Dutch roll 

F: 4 sec   

Shape: 3/1 phi/beta  

 

Notes: 

A lot more roll, but same 4 sec; undamped; 

Phi/beta ratio 3/1  unpredictable, trigger to PIO  too much dihedral 

 

Notes (from audio recording): 

“Instead of 1/3 it is 3/1 phi/beta ratio – it is a huge change” 

“Effectively undamped” 

Figure F.61: Test card (DR(2)F)



F.13. DUTCH ROLL, PILOT 2, FLEXIBLE A/C – DR(2)F 285

0 20 40 60 80 100 120 140 160 180
200

210

220

E
A

S
 [k

t]

0 20 40 60 80 100 120 140 160 180
-1000

0

1000

V
V

 [f
t/m

in
]

0 20 40 60 80 100 120 140 160 180

Time [s]

9600

9800

10000

A
lti

tu
de

 [f
t]

Figure F.62: Time histories of altitude and velocities
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Figure F.63: Time histories of longitudinal parameters
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Figure F.64: Time histories of lateral parameters
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Figure F.65: Time histories of directional parameters
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G.1 Slalom task, pilot 2, rigid A/C – SL(2)R

Date: 09/02/2018 Time start:  Time stop: 11:31 

 

Test No: SL(2)R Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (R) 

 

Task: Slalom flying task (SL) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 11:31; DSCN9587.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

Run Long CHR Lat/dir CHR Comments 

1 2 5 LAT/DIR CHANGING BECAUSE OF ADVERSE YAW EXCITING DUTCH ROLL. 

2   LOW DUTCH ROLL FREQUENCY (POOR DIRECTIONAL STATIC STABILITY) 

3   MEANS A/C SLOW TO STABILISE AFTER ROLL REVERSAL MANOEUVRE. 

4   LOW PREDICTABILITY 

5    

6    

7    

8    

9    

10    

    

 

Notes: 

Very long forward fuselage destabilising – increase fin area to get rid of Dutch roll. 

Notes (from audio recording): 

“Pitch is not that difficult, bank angle control is most challenging” 

“Combination of adverse yaw and Dutch roll that makes it hard” 

Figure G.1: Test card (SL(2)R)
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Figure G.2: Time histories of altitude and velocities



292 APPENDIX G. SLALOM TASK SIMULATION DATA

0 50 100 150 200 250
-20

0

20

 [
°]

0 50 100 150 200 250
0

5

10

 [
°]

0 50 100 150 200 250
-20

0

20

 [
°]

0 50 100 150 200 250

Time [s]

-10

0

10

q 
[°

/s
]

Figure G.3: Time histories of longitudinal parameters
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Figure G.4: Time histories of lateral parameters
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Figure G.5: Time histories of directional parameters
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G.2 Slalom task, pilot 2, flexible A/C – SL(2)F

Date: 09/02/2018 Time start:  Time stop: 15:05 

 

Test No: SL(2)F Test hardware: EFS500 + Speedgoat 

Test pilot: (2) Model version: HARTEN_v1 (F) 

 

Task: Slalom flying task (SL) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_LOADS/D_SIM/D_STRUCT}.DAT @ 09/02/2018 15:05; DSCN9600.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

Run Long CHR Lat/dir CHR Comments 

1 4 7 DUTCH ROLL VERY INTRUSIVE 

2    

3    

4    

5    

6    

7    

8    

9    

10    

    

 

Notes: 

Nil 

Notes (from audio recording): 

“How easy it is to naturally PIO” 

Figure G.6: Test card (SL(2)F)
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Figure G.7: Time histories of altitude and velocities
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Figure G.8: Time histories of longitudinal parameters
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Figure G.9: Time histories of lateral parameters



G.2. SLALOM TASK, PILOT 2, FLEXIBLE A/C – SL(2)F 299

0 50 100 150 200 250 300 350
-50

0

50

 [
°]

0 50 100 150 200 250 300 350
-50

0

50

 [
°]

0 50 100 150 200 250 300 350
-200

0

200

 [
°]

0 50 100 150 200 250 300 350

Time [s]

-50

0

50

r 
[°

/s
]

Figure G.10: Time histories of directional parameters
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G.3 Slalom task, pilot 3, rigid A/C – SL(3)R

Date: 02/02/2018 Time start:  Time stop: 14:29 

 

Test No: SL(3)R Test hardware: EFS500 + Speedgoat 

Test pilot: (3) Model version: HARTEN_v1 (R) 

 

Task: Slalom flying task (SL) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_SIM/D_STRUCT}.DAT @ 02/02/2018 14:29; DSCN9534.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

Run Long CHR Lat/dir CHR Comments 

1 8 8 Nil 

2    

3    

4    

5    

6    

7    

8    

9    

10    

    

 

Notes: 

Nil 

Notes (from audio recording): 

“Oscillating left and right” – after roll input 

“I cannot put the nose where I want” – about lateral control 

“Nose is pitching up and down and yawing left and right – it is hard to know what input to make” 

“Sidestick is quite stiff” 

Figure G.11: Test card (SL(3)R)
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Figure G.12: Time histories of altitude and velocities
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Figure G.13: Time histories of longitudinal parameters
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Figure G.14: Time histories of lateral parameters
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Figure G.15: Time histories of directional parameters
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G.4 Slalom task, pilot 3, flexible A/C – SL(3)F

Date: 02/02/2018 Time start:  Time stop: 14:46 

 

Test No: SL(3)F Test hardware: EFS500 + Speedgoat 

Test pilot: (3) Model version: HARTEN_v1 (F) 

 

Task: Slalom flying task (SL) 

Manoeuvre:  

 

Instrumentation:  

Relevant files: {D_SIM/D_STRUCT}.DAT @ 02/02/2018 14:46; DSCN9534.MOV 

 

Flight velocity: 110 m/s     Flight altitude: 10000 ft     

Aircraft weight:  79 t      Aircraft CG: 20% MAC      

Run Long CHR Lat/dir CHR Comments 

1 10 10 Nil 

2    

3    

4    

5    

6    

7    

8    

9    

10    

    

 

Notes: 

Nil 

Notes (from audio recording): 

“A little bit unpredictable” – when aircraft rolls 

“Feeling no motion cues” – about flying to aggressive, unnaturally 

“A lot of roll oscillations for any lateral control input” 

“Oscillating way to much” – about pitch oscillations 

Figure G.16: Test card (SL(3)F)
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Figure G.17: Time histories of altitude and velocities
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Figure G.18: Time histories of longitudinal parameters
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Figure G.19: Time histories of lateral parameters
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Figure G.20: Time histories of directional parameters
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