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Abstract

The development of large-scale supersonic aircraft has always been challenging as numerous
problems exist in control, aerodynamics, handling, propulsion, and structural design. The
difficulty of these problems increases when designing small-scale supersonic aircraft, and
their successful development has remained elusive. In this thesis the flying and handling
qualities of a Small-scale Supersonic Uncrewed Aerial Vehicle (SSUAV) are analyzed with
the purpose to facilitate future SSUAV design and experimental testing. For this goal, the
flying qualities of an experimental Multipurpose Uncrewed Fixed-wing Advanced Supersonic
Aircraft (MUFASA) SSUAV under development at the University of Calgary are assessed.
Aerodynamic coefficient data is obtained, and a Newtonian mathematical model is created
to facilitate the simulation and evaluation of the MUFASA SSUAV. The flying qualities of
the MUFASA SSUAV are evaluated against existing crewed aircraft standards. Specifically
the Froude scaling method is used as it provides a way to quantitatively compare small-scale
vehicles to existing full-scale vehicle standards. The results obtained show that the han-
dling characteristics of the MUFASA SSUAV are acceptable at transonic cruise conditions,
however, the aircraft is laterally unstable. A continuous handling quality evaluation was pro-
posed and implemented across the SSUAV’s flight regime providing observations that were
unknown in the literature. The results highlight that the mean handling qualities of the
targeted SSUAV range from acceptable to controllable in the supersonic flight regime and
acceptable in the subsonic regime. Finally, a modified MUFASA SSUAV was compared to
other small-scale UAVs as well as full-scale supersonic aircraft where it exhibited much higher
roll-rates, leading to the conclusion that SSUAVs pose unique handling quality challenges

that need to be addressed.
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Chapter 1

Introduction

Small-scale Supersonic Uncrewed Aerial Vehicles (SSUAVSs) have the potential to revolu-
tionize high-speed research and civil transportation. Since the retirement of the Concorde
in 2003, there have been no vehicles capable of facilitating supersonic civil transportation
(Candel, 2004; Luckring et al., 2017). However, due to a desire for faster aerial transatlantic
transportation there has been renewed interest in supersonic civil transportation (Sun and
Smith, 2017). Supersonic business jets are expected to pioneer the next era in supersonic
civil transportation (Sun and Smith, 2017). To facilitate this market trend, a handful of
companies and diverse academic research teams are developing new prototype vehicles to
explore supersonic technology with examples presented in Fig. 1.1 (National Aeronautics
and Space Administration, 2022; Sheetz, 2020; Sun and Smith, 2020). However, multiple
technological hurdles exist for commercial supersonic aviation to be realized including boom
minimization, propulsion, environmental sustainability, and economic sustainability (Can-
del, 2004; Sun and Smith, 2017). In addition, the cost of developing supersonic prototypes,
let alone final vehicles, is large and exposes companies to the risk of financial failure (Reed,
2021; Sheetz, 2021). Typical commercial aircraft carry a production cost of $1500 per pound,
irrespective of development costs (Department of Defense, 2002).

A potential solution to high development costs may be found in small-scale Uncrewed



(a) Aerion AS2, adapted from (b) BOOM Overature, adapted (c) Spike S-512, adapted from
Aerion Supersonic (2021). from Boom Technology (2022). Spike Aerospace (2022).

e o¥ : £
(d) Lockheed Martin super- (e) Virgin Galactic’s Super- (f) Exosonic supersonic con-
sonic concept, adapted from sonic Concept, adapted from cept, adapted from Exosonic
Lockheed Martin (2016). Virgin Galactic (2020). (2022).

Figure 1.1: Examples of proposed supersonic transport concepts.

Aerial Vehicles (UAVs) as they can benefit commercial supersonic transportation develop-
ment due to their lower cost, rapid development cycles, and shorter times from concept to
testing (Cai et al., 2014; Hassanalian and Abdelkefi, 2017; Stocker et al., 2017). While previ-
ously only used to mimic large-scale aircraft, small-scale UAVs are now increasingly used as
low-cost technology testing platforms (Sobron et al., 2021). SSUAVs are suitable vehicles to
be used as standalone, low-cost experimental platforms for high-speed research into aerody-
namics, novel intake systems, as well as numerous other components that are critical aspects
in supersonic flight (Eckstrom and Peele, 1975). In addition to being potential high-speed
test-beds, SSUAVs have also been considered as potential platforms for diverse tasks includ-
ing rapid reconnaissance in security and disaster situations (Department of Defense, 2002;
Hildmann and Kovacs, 2019; Shakhatreh et al., 2019). Unfortunately there are no known
successful test flights of an air-breathing SSUAV in the open literature (Dalman et al., 2021;
McCrink and Gregory, 2021; Walter and Starkey, 2012).
The Multipurpose Uncrewed Fixed-wing Advanced Supersonic Aircraft (MUFASA) project

at the University of Calgary is a joint effort between the University of Calgary and Atlantis



Research Labs Inc. to develop a fixed-wing SSUAV. One of the project’s goals is to utilize
the SSUAV to perform high-speed testing of advanced propulsion and intake technologies.
Based on the project’s description (Durante et al., 2022), the MUFASA SSUAV has the po-
tential to be an inexpensive alternative to traditional high-speed aircraft research methods.
However, due to their novelty within the open literature, there are many open questions
about SSUAVSs related to aerodynamic simulation validity (Stoldt et al., 2021), optimal siz-
ing (Dalman et al., 2021), and controllability (Burnashev and Zbrutsky, 2019; Wienke, 2011).
The work presented in this thesis document is in support of the MUFASA supersonic aircraft
development, specifically to enable effective flight of such aircraft (which has not yet been
achieved).

In order to ensure successful flight of MUFASA, the vehicle must be analyzed in simulated
environments and its flying qualities determined. Aircraft flying qualities are defined as the
measurement of a vehicle’s dynamic response to a control command (Klyde et al., 2018).
Research on the flying qualities of typical crewed aircraft exists to ensure the application
of new technology enhances the operation of the aircraft to accomplish a desired mission
(Greene et al., 2014). Understanding a vehicle’s flying and handling quality behaviour is
imperative prior to control system implementation (Stevens et al., 2015). Crewed aircraft
have a well defined standard, MIL-STD-1797 (Department of Defense, 2004), that is followed
throughout their control system development (Harris and Stanford, 2018; Kim et al., 2020;
Loschke, 2003). UAVs have historically had mishaps, defined as events causing damage or
injury (Department of Defense, 2011), at one to two orders of magnitude the rate of crewed
military aircraft per 100,000 hours (Department of Defense, 2009). One potential reason for
the high UAV mishap rate is a lack of dedicated standards to evaluate UAV flying qualities
prior to experimental testing, let alone SSUAV flying qualities. As the development of a
standard for UAV flying qualities is ongoing (Klyde et al., 2020a), the work described in this
thesis document investigates whether SSUAV’s pose unique flying quality challenges that

differ in response from previously noted crewed or uncrewed vehicles. In an attempt to reach



such a goal the three main objectives of the present work are:

1. Perform a full system description of the MUFASA SSUAV by obtaining its complete

aerodynamic behaviour.

2. Evaluate the MUFASA SSUAV flying qualities against current crewed aircraft stan-

dards.

3. Compare the MUFASA SSUAV handling qualities against small-scale UAVs and full-

scale supersonic aircraft.

This thesis first provides a detailed background of crewed flying quality standards, the
current state of UAV flying qualities research, and an overview of existing SSUAV projects
in Chapter 2. An overview of the research problem and solution approach are presented in
Chapter 3. To facilitate analysis of the MUFASA SSUAV, Chapter 4 details the mathemat-
ical model formulated, while Chapter 5 describes the structure of the simulation framework
implemented. The flying and handling qualities of the MUFASA SSUAV are evaluated in
Chapter 6. A novel flying quality evaluation method and response comparison method are
proposed and evaluated. SSUAV results are then compared to other full-scale supersonic
aircraft and small-scale UAVs. A summary of the findings generated as part of this work

and suggested future areas of research for SSUAV development is provided in Chapter 7.

1.1 MUFASA Project Background

Due to the complexities associated with the development of SSUAVs, multiple MUFASA iter-
ations are under concurrent development to address different challenges. Current MUFASA
iterations are presented in Table 1.1.

The letter designation (A or B) of each MUFASA iteration (see Table 1.1) indicates
the aerodynamic profile of the UAV. For example, “MUFASA A” is the aerodynamic shape

seen in Fig. 1.2. “MUFASA A” is the initial aerodynamic shape evaluated by Dalman



Table 1.1: MUFASA project aircraft iteration scheme, adapted from Durante et al.
(2022).

Version Description

MUFASA A Aerodynamic shape evaluated for scaling and feasibility
MUFASA A.1 0.62-scale low-speed demonstrator, 2.5kg maximum
MUFASA A.2 1.0-scale, aluminum airframe, 25kg maximum
MUFASA A3 1.6-scale (approx.), composite airframe (future work)

MUFASA B Aerodynamic shape optimized for performance (future work)
MUFASA B.1 1.0-scale, carbon fibre airframe (future work)

et al. (2021) in SUAVE, a software tool developed by MacDonald et al. (2017) to analyze
unconventional aircraft configurations. MUFASA B is a new aerodynamic concept profile
optimized for minimal drag. Each numeric sub-designation in Table 1.1 refers to a different
scale or construction method of the aerodynamic profile indicated by the letter designation.
The MUFASA version used in this work is “MUFASA A.2” which was first evaluated by
Dalman et al. (2021), and is illustrated in Fig. 1.2.

MUFASA A.2, herein referred to as just MUFASA, is a 2.087m long delta-wing UAV with
a pitot-intake and a wingspan of 1.070m. The aircraft uses an aluminum spar construction
technique, is designed to weigh less than 25kg, and predicted to have a cruise range of
5km (Dalman, 2021). MUFASA has four independently operated control surfaces consisting
of a pair of elevons and vertical stabilators (Fig. 1.2). The aircraft is symmetric about its
longitudinal plane, with one control surface type on each side. The wing trailing edge elevons
provide roll and pitch control. Forward of the trailing edge and inboard of the elevons are

the vertical stabilators to provide yaw control.
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Figure 1.2: MUFASA A.2 airframe design.



Chapter 2

Literature Review

In this chapter a brief overview of the subjects relevant to this present work is provided. A
history of crewed flying quality standards is presented along with the current state of UAV
flying quality assessment methods. The current state of SSUAV projects and research, as

well as high-speed UAVs are also presented.

2.1 Flying Quality Assessment

A significant challenge facing autonomous supersonic aircraft development is formulating
a control system that is applicable throughout the flight regime including takeoff, climb,
subsonic / transonic / supersonic cruise, descent, and landing. One of the challenges is that
in each flight regime, the operating (e.g. aerodynamic) conditions vary, causing a constant
control command to illicit a different response. Furthermore, the aerodynamic conditions
experienced by an SSUAV within diverse flight regimes are not fully known and neither are
their effects on the aircraft (Nelson et al., 2022). Within the available literature, each SSUAV
research team has implemented different control systems (Burnashev and Zbrutsky, 2019;
Langston et al., 2016; Wienke, 2011), however, none have explicitly explored the unique
challenges associated with enabling a small-scale UAV to achieve supersonic flight.

Full-scale supersonic aircraft pose unique control and handling challenges due to their



varying aerodynamic behaviour with speed, and their inertial properties (Candel, 2004; Col-
lard, 1991; Mcmaster and Schenkt, 1974; Morgan, 1972; Steer and Cook, 1999; Vicroy et al.,
2018). Lateral control, defined as rotation about the longitudinal axis of the aircraft (seen in
Fig. 1.2), has proven complex in full-scale supersonic aircraft due to low roll inertia. When
compared to the pitch and yaw inertia, low roll inertia is a common trait of typical slender
supersonic delta-wing designs as employed by the aircraft presented in Fig. 1.1 (Candel,
2004; Collard, 1991; Rech and Leyman, 1980; Steer and Cook, 1999). A low roll inertia ratio
compared to pitch and yaw is not present in other aircraft such as subsonic conventional
wing or swept-wing aircraft. A comparison of conventional subsonic and supersonic aircraft

roll, pitch, and yaw inertia ratios are presented in Table 2.1.

Table 2.1: Comparison of conventional and slender aircraft inertias,
adapted from Rech and Leyman (1980).

Inertia Ratios
Roll Pitch Yaw

Supersonic delta-wing 1 7 8 %

Subsonic swept-wing 1 3-5 4-5 %@

Subsonic conventional wing 1 1 2

Aircraft Type Aircraft Shape

When comparing roll and pitch inertia ratios for delta-wing aircraft (Table 2.1) it is ob-
served that the roll inertia is roughly seven times smaller than the pitch inertia. The ratio
between roll and pitch inertia for subsonic and conventional aircraft is closer to one. A large
difference in inertia ratio indicates an aircraft is much more sensitive to motion in one axis
than another, complicating control and reducing handling qualities (Candel, 2004; Collard,
1991; Rech and Leyman, 1980; Steer and Cook, 1999). Small-scale UAVs also pose unique

control and handling quality challenges due to their low overall inertia (Foster and Bowman,

8



2005). Previous work has indicated low inertia leads to sensitivity and handling quality
degradation, particularly in the lateral plane (Mohamed et al., 2014; Panta et al., 2018).
The flying qualities of a small-scale UAV travelling at supersonic speeds with a delta-wing

profile (Table 2.1) are still not documented and remain an open research question.

2.1.1 Piloted Flying Quality History

An implemented control law can only be deemed satisfactory if a set of design requirements
or performance criteria is available (Stevens et al., 2015). The most basic performance
criteria involves evaluating an aircraft’s static and dynamic stability as positive, neutral, or
negative. Static stability is the tendency of an aircraft to return to its original equilibrium
state following a disturbance (Cook, 2012). Static stability is determined by evaluating an
aircraft’s nondimensional aerodynamic coefficients. Dynamic stability describes the transient
response of an aircraft following a disturbance (Cook, 2012). Illustrations of static and

dynamic responses are presented in Fig. 2.1.

(a) Positive static and positive (b) Positive static and neutral (c) Positive static and nega-
dynamic stability. dynamic stability. tive dynamic stability.

Figure 2.1: Examples of general static and dynamic responses.

Beyond assessing an aircraft’s qualitative static and dynamic stability, quantitative flying
quality design specifications for typical large-scale fixed-wing aircraft have been developed
which are “intended to assure flying qualities that provide adequate mission performance
and flight safety regardless of design implementation or flight control system mechanization,”
(p. 1) based on the MIL-STD-1797A standard developed by the United States Department
of Defense (1980). The specifications evaluating a fixed-wing aircraft’s flying and handling

qualities have existed since the initial release of MIL-F-8785 in the 1950s (refer to Fig. 2.2).
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Figure 2.2: Flying quality standards development since inception in 1954.

Within the available literature the terms “flying” and “handling” qualities have different
yet similar definitions. Flying qualities include analytical and empirical parameters that
are measured from the open-loop aircraft system. The open-loop aircraft system is absent
of computer or pilot control inputs, allowing for the vehicle’s inherent dynamic response
to be evaluated. Handling qualities on the other hand describe how easily and precisely a
pilot can perform a desired task. Taken together, “flying qualities criteria are measures by
which one attempts to quantify the handling qualities of an airplane,” (Klyde et al., 2018,
p. 3). Explicit flying quality specifications were initially detailed by military standard MIL-
F-8785, created by the United States Military Department of Defense in 1954. MIL-F-8785
was subsequently updated to MIL-F-8785B and MIL-F-8785C which included pilot flight
path control requirements (Weissman, 1966) and equivalent airplane definitions (Mitchell
et al., 2004), respectively. While MIL-F-8785 attempted to cover all piloted aircraft, no
specific considerations were detailed for supersonic aircraft. Therefore, when the supersonic
Concorde aircraft was developed, to facilitate its certification, the Air Registration Board of
England and the Secrétariat Général a I’Aviation Civile of France developed the Technical
Supersonic Standard (TSS) (Air Registration Board and Secrétariat Général a I’Aviation
Civile, 1969). The TSS requirements are based on evaluating the probability of a specific
flight condition or mechanical failure occurring. A comparison by Wanner and Carlson (1972)
between the TSS and military standard MIL-F-8785B indicated that the TSS and MIL-F-
8785B were equivalent in intent and goals, with MIL-F-8785B being more stringent and

broadly applicable. While the TSS is sufficient for commercial certification procedures, the
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TSS relies on statistical analysis and is overly complicated when compared to MIL-F-8785B
(Snyder, 1976). Piloted flying quality standards continued to be developed (Fig. 2.2) with
the MIL-STD-1797 standard superseding the MIL-F-8785C standard. Due to the perceived
unquantifiableness of flying qualities in the late 1990s, the first standard revision (MIL-STD-
1797A) briefly became a handbook (MIL-HDBK-1797) to be used for guidance only and not
as a specification document (Department of Defense, 1997, 2004). In ambivalence to the
new designation, industry, academia, and the Department of Defense itself still relied and
used MIL-HDBK-1797 as a standard, causing it to be reinstated as MIL-STD-1797A seven
years after it was demoted to a handbook (Department of Defense, 1997, 2004). The MIL-
STD-1797 standard has continued to be updated with the latest published revision being the
MIL-STD-1797B standard in 2006, which is a limited-distribution document only accessible
by the United States Department of Defense (Klyde et al., 2020a). Also not designated for
public release is the proposed MIL-STD-1797C standard which is a new document revision
set to include additional high-speed flying quality criteria (Mitchell et al., 2020).

Flying and handling quality standards have not been updated very frequently since the
year 2000 (Mitchell et al., 2020). Despite numerous updates to the standards described
above, multiple standardization issues with flying and handling quality evaluations still exist.
One major deficiency of current flying quality specifications is that passing (meeting) all
criteria does not necessarily indicate that the aircraft has good handling characteristics
(Mitchell et al., 1994). This deficiency is the reason why qualitative pilot feedback is still the
backbone of the Federal Aviation Administration (FAA) aircraft certification process (Klyde
et al., 2018). Another deficiency of current flying quality specifications is their reliance
on subjective decisions and qualitative feedback. Certain aspects of the MIL-STD-1797A
standard such as aircraft classification are intentionally subjective to allow applicability to a
very wide range of fixed-wing aircraft. Aircraft handling qualities are evaluated qualitatively
by pilots and quantitatively rated using the Cooper-Harper Handling Qualities Rating scale

(Cooper and Harper, 1969; Harper and Cooper, 1986). The Cooper-Harper rating allows for
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a pass/fail aircraft criteria based on the quantification of a pilot’s opinion.

As it is still not possible to precisely specify design criteria for control systems intended to
modify aircraft dynamics (Stevens et al., 2015), multiple flying quality evaluation methods
are applied in practice. Vehicle flying qualities are quantitatively evaluated by analyzing
one or all of the following qualities: an aircraft’s modal response, bandwidth frequency, time
delay, control anticipation parameter, or mission task element performance based on the
flight testing requirements. The MIL-STD-1797A standard classifies aircraft into one of four

categories (Department of Defense, 2004):
[. Small, light aircraft,
IT. Medium weight, low-to-medium manoeuvrability aircraft,
ITI. Large, heavy, low-to-medium manoeuvrability aircraft, and
IV. High-manoeuvrability aircraft.

The aircraft classification requirements are intentionally left vague by the military standard
to allow for the broadest level of applicability, however, this leaves them very subjective
(Meyer and Husband, 1990). Example aircraft that would fit into each classification as
detailed by the military standard are presented in Table 2.2. The MIL-STD-1797A standard
indicates that aircraft should be classified using a combination of intended aircraft use and

weight (Department of Defense, 2004).

Table 2.2: MIL-STD-1797A standard aircraft classification example and general weight
requirements (Department of Defense, 2004).

Class Example Aircraft Types Example Aircraft Weight (1bs)
| Light utility, primary trainer Cessna 172 1000-13000
II Light transport, tactical bomber U-2s 6500-130000
IIT  Heavy transport, heavy bomber, patrol SR-71 65000+
v Fighter-interceptor F-35 1000+

Each aircraft is then evaluated in one of three flight phases (Department of Defense, 2004):
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A. Nonterminal flight requiring rapid manoeuvring and precise flight-path control,

B. Nonterminal flight requiring gradual manoeuvring without precise flight-path control,

and
C. Terminal flight requiring gradual manoeuvring and accurate flight-path control.

The aircraft flight phase classification are also intentionally left vague for the broadest level

of applicability, however, example scenarios for each flight phase are presented in Table 2.3.

Table 2.3: MIL-STD-1797A standard flight phase examples (Department of
Defense, 2004).

Phase Flight Scenario Example
A Combat, reconnaissance, close formation flying, in-flight refueling
B Climb, cruise, loiter, descent
C Takeoff, approach, landing

Using the above classification and flight phases, each aircraft’s handling quality level is rated

between one and three where each level implies the following (Department of Defense, 2004):

Level 1: Satisfactory - Flying qualities clearly adequate for the mission Flight Phase. De-

sired performance is achievable with no more than minimal pilot compensation.

Level 2: Acceptable - Flying qualities adequate to accomplish the mission Flight Phase,
but some increase in pilot workload or degradation in mission effectiveness, or

both, exists.

Level 3: Controllable - Flying qualities such that the aircraft can be controlled in the
context of the mission Flight Phase, even though pilot workload is excessive or

mission effectiveness is inadequate, or both.

The aircraft’s flying qualities (i.e., damping, natural frequency, and time constant) are
numerically evaluated to determine its handling quality level. The longitudinal response is

characterized by two modes: short period, and long period (also known as phugoid). Three
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modes categorize the lateral response: roll subsidence, Dutch-Roll, and spiral divergence.
The damping ratio (¢), natural frequency (w), and time constant (") associated with each
aerodynamic modal response are determined and compared to multiple inequalities set by
the military standards to determine the flying qualities level of each mode (Department
of Defense, 2004). The time constant is computed from the damping ratio and natural

frequency using Eq. 2.1 (Saeed, 2008).

1

=

(2.1)

An example of the military specification handling level breakdown is shown in Table 2.4,
which relates the aircraft modal responses to handling level for a class III, phase C aircraft,
such as a high-speed North American XB-70 “Valkyrie” (Berry and Powers, 1970) or Lock-
heed SR-71 “Blackbird” (Cox and Jackson, 1997). Subscript sp, ph, dr, and r represent
short period, phugoid, Dutch-Roll, and roll subsidence modes, respectively. Subscript ph,
and s, represent the time for the aircraft phugoid and spiral mode to double in amplitude,
respectively. The phugoid mode time-to-double is determined via Eq. 2.2 (Stevens et al.,

2015), with the spiral mode time-to-double following an equivalent procedure.

Table 2.4: Summary of the MIL-STD-1797A flying quality require-
ments for a class III aircraft in phase C flight (Department of Defense,

2004).
Handling
Mode Level 1 Level 2 Level 3
Short Period 035 <(p <13 025<(p <20 (p>0.15
Phugoid Cph => 0.04 Cpn =0 Ton, = 9558
Car = 0.08 Car = 0.02 Car >0
Dutch-Roll Carwar > 01024 (g, > 0.05224 —
war > 0.4224 war > 0424 g, > 04524
Roll Subsidence T, <14s T.<3.0s T, <10.0s
Spiral T, > 12.0s T, > 8s T, >4s
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While these inequalities are framed as hard rules, exceptions and caveats do exist. As an
example, with regards to roll subsidence and Dutch-Roll, any damping ratio less than 0.3 is
considered too easily excitable, and if precise attitude control is required damping should be
no less than 0.7 at a minimum (Klyde et al., 2020a).

Bandwidth and phase delay analysis are another method currently used to quantify air-
craft flying qualities. The bandwidth frequency denotes the highest frequency a pilot can still
double the input gain without inducing instability, while phase delay denotes how quickly
instability occurs at frequencies above the bandwidth frequency. Restated quantitatively,
bandwidth is the frequency at which the aircraft’s phase margin is 45° or gain margin 6dB,
whichever is lower (Department of Defense, 2004). Phase delay represents how fast atti-
tude/control inputs degrade at high frequencies as represented by Eq. 2.3 (Department of
Defense, 2004), where 7, wigp-, and Pg,,, .. represent the phase delay, frequency at -180° phase
angle, and phase angle at twice the frequency at -180° phase angle, respectively. Bandwidth
analysis requires continuous closed-loop control of the aircraft to facilitate flying quality

evaluation (Klyde et al., 2018).

_ _((I)les(r + 1800)

T (D) (2wie)

Bandwidth analysis is also used to evaluate other aspects of flying qualities such as pilot-

(2.3)

induced oscillations (Mandal and Gu, 2016).

To complement the MIL-STD-1797 standard, other methods do exist. Mission Task
Element (MTE) analysis is the procedure of evaluating an aircraft’s ability to perform set
tasks deemed essential for its mission. Currently, this flying quality evaluation metric has
only been standardized for rotorcraft under standard ADS-33-PRF (presented in Fig. 2.2)

(Department of Defense, 2000). Klyde et al. (2020b) proposed integrating MTEs into current
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fixed-wing flying quality evaluations, among other things to evaluate new fly-by-wire systems,
and renaming them Handling Quality Test Elements (HQTEs). The purpose of HQTEs is
similar to MTEs, having the goal to classify the test(s) an aircraft must perform and then
compare the obtained results to the proper bandwidth requirements (Klyde et al., 2020b).
It must be noted that only the most commonly cited methods for evaluating fixed-wing
aircraft flying qualities are presented here. Standards not scoped for fixed-wing aircraft flying
qualities, or proposed methods with no follow-up publications have been omitted for brevity.
The most promising proposed closed-loop flying quality analysis methods involve combing
MTEs and bandwidth analysis (Klyde et al., 2018). Recent flying quality procedures explore
how MTEs could be applied to FAA fixed-wing certification to provide greater granularity to
how good/bad an aircraft flies (Klyde et al., 2020b). While MTEs and bandwidth analysis
show potential to be the definitive flying quality analysis metrics, further research is required.
It should be kept in mind that while achieving adequate flying quality performance does entail

minimal pilot control effort, it does not necessarily equate to adequate aircraft handling for

FAA certification (Klyde et al., 2020b).

2.1.2 UAV Flying Qualities

Despite the available standards and procedures for crewed aircraft, no flying quality stan-
dards are available for fixed-wing UAV systems (Cotting, 2010b; Mitchell et al., 2004). The
lack of flying quality criteria for UAVs is one of the most critical issues limiting UAV devel-
opment (Cotting, 2010b; Mitchell et al., 2004), as current crewed flying quality standards
have limited relevance to UAVs (Cotting, 2010a). Early research on remote piloted vehicles
explored the application of MIL-F-8785B, however, it was determined that additional flying
quality data from a range of remote piloted vehicles was required to evaluate applicability
and no resolution was obtained (Prosser and Wiler, 1976). Of all the fixed-wing flying quality
standards available for crewed aircraft since 1954 (Fig. 2.2) only the North Atlantic Treaty
Organization (NATO) STANAG 4671 is specifically scoped to include UAVs (North Atlantic
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Treaty Organization, 2019). NATO STANAG 4671 is designed to evaluate UAV airworthi-
ness to allow the operation of UAVs across NATO member states. However, the NATO
STANAG 4671 has a slightly different scope such as placing emphasis on the communication
protocols between the UAV and its ground control station, and does not provide quantitative
flying quality criteria. As noted by Klyde et al. (2018), “because of the wide variety of UAV
types (e.g. fixed-wing, rotary-wing variants, ducted-fans, airships, etc.) and vehicle size from
micro vehicles to large units such as the Global Hawk with a wingspan similar to a Boeing
737, there cannot be a one-size-fits-all set of flying quality requirements” (P. 10). UAV clas-
sification to facilitate flying quality evaluation is ongoing with preliminary work by Cotting
(2009) suggesting UAVs may be classifiable based on Reynold’s number and weight, however,
a more comprehensive review is required. The biggest challenge impeding the development
of a rigorous UAV handling quality standard is the lack of a database combining mission
data, test data, flight lessons learned and pilot/controller experiences (Greene et al., 2014;
Holmberg et al., 2008). Following a review of crewed aircraft standards, it is evident that
a UAV specific standard is required for UAV handling, likely based upon the methodology
of Mission Oriented Requirements (Cotting, 2010a; Holmberg et al., 2008; Mitchell et al.,
1994). As a result, multiple methods have been proposed to quantify UAV flying qualities,
however, widespread adoption of a rigorous UAV flying qualities standard has not been yet
realized (Cotting, 2010b; Klyde et al., 2020a).

Current UAVs are evaluated against the MIL-F-8785C or MIL-STD-1797A standard doc-
uments (Holmberg et al., 2008). Previous work has indicated the importance of modal re-
sponse characteristics, specifically natural frequency and damping ratio, in predicting an
aircraft’s handling and controllability characteristics (Stevens et al., 2015). A lower damp-
ing ratio has been found to lead to poor gust rejection in UAVs (Bertolin et al., 2022). High
frequencies combined with minimal damping can make control impossible (Stevens et al.,
2015), hence there is a need to understand UAV behaviour prior to controller development.

One limitation of the available military handling quality standards is that they were created
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before the prevalence of UAVs, and as a result only designed to evaluate crewed aircraft.
Crewed aircraft are in general larger and heavier than typical UAVs (Hassanalian and Ab-
delkefi, 2017), and thus behave differently than UAVs (Bogos and Stroe, 2012; Mohamed
et al., 2014). While much discussion exists, there are currently no equivalent recognized
standards for quantifying UAV handling qualities (Capello et al., 2012; Cotting, 2010b; Fos-
ter and Bowman, 2005; Klyde et al., 2020a; Williams, 2003). In the absence of a recognized
standard for UAV handling qualities, Froude scaling is often used to scale-up UAV parameters
for evaluation using crewed aircraft standards (Burk and Wilson, 1975; Foster and Bowman,
2005; Klyde et al., 2020a). Froude scaling is a method to scale aircraft parameters in a way
that maintains the ratio between inertial-to-gravitational and aerodynamic-to-gravitational
forces (Mettler et al., 1999; Wolowicz and Bowman, 1979). As a result, Froude scaling typ-
ically involves changing specific aircraft parameters by previously determined ratios based
on a scaling factor n (Burk and Wilson, 1975). Certain Froude scaled parameters (e.g.,
mass and moment of inertia) are also scaled using the ratio between air density at the large
scale flight condition and sea level, o (Burk and Wilson, 1975). A list of Froude scaling

relationships typically used are shown in Table 2.5.

Table 2.5: Froude scaling factors for
scaled models (n < 1), adapted from
Klyde et al. (2020a).

Property Scaling Factor
Length n
Area n?
Mass n3/o
Moment of Inertia n’/o
Linear Velocity n'/?
Time n'/?

Previous work by Klyde et al. (2020a), has indicated that Froude scaling is currently the best
way to facilitate the evaluation of a UAV’s handling characteristics using MIL-STD-1797A

prior to flight testing.
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2.2 Small-Scale Uncrewed Aerial Vehicles

As there exist multiple definitions for what constitutes a UAV (Cai et al., 2014; Franke, 2014,
2018; Gupta et al., 2013; Hassanalian and Abdelkefi, 2017) the following definition will be

used in this thesis:

An airborne vehicle which does not carry a human operator, which may be piloted
remotely, follow a pre-programmed flight path, fly autonomously, or a combina-
tion of all three. It is designed to be recoverable and carries a lethal or non-lethal
payload. Nonrecoverable vehicles and projectiles such as ballistic vehicles, cruise

missiles, and artillery projectiles are not considered UAVs. (Franke, 2014, p. 54)

Furthermore, even though UAVs have existed since at least 1917 (Mills, 2019) in the form of
a simple remote controlled vehicle, UAV classification is still an open research issue (Stans-
bury et al., 2015). Multiple classifications exist categorizing UAVs by size, weight, or energy,
leaving the definition of a small-scale UAV open to interpretation (Gupta et al., 2013; Has-
sanalian and Abdelkefi, 2017; North Atlantic Treaty Organization, 2016). Thus, to resolve
such aspects there is a tendency to use the United States Department of Defense (2002) defi-
nitions and classify a small-scale UAV as weighing less than 100kg and having a wingspan no
greater than three metres. To not conflate the design philosophies of small and micro UAVs,
vehicles with a maximum energy of less than 66J are classified as micro-scale UAVs (North
Atlantic Treaty Organization, 2016). Presented in the following sections is a summary on

the current state of the art of SSUAVs and high-speed small-scale UAVs.

2.2.1 Small-Scale Supersonic Uncrewed Aerial Vehicle Concepts

In the open literature, a handful of developmental research programs have investigated the
feasibility and implementation of an air-breathing SSUAV demonstrator. The National EX-
perimental Supersonic Transport (NEXST) program run by the Japanese Aerospace Explo-

ration Agency from 1997 until 2006 used rocket-launched supersonic gliders to investigate
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technology for supersonic aircraft (Iwamiya, 2002; Machida et al., 2007; Yoshida et al., 2002).
Due to numerous challenges, diverse concept aircraft (e.g. NEXST-2) were never flown and
eventually the research focus shifted to sonic boom minimization (Yoshida, 2009). The Drop
test for Simplified Evaluation of Non-symmetrically Distributed sonic boom (D-SEND) pro-
gram carried on the new research focus with balloon launched gliders from 2010 until 2015.
The new focus culminated in the D-SEND#2 UAV which achieved speeds greater than Mach
2 (Kawaguchi et al., 2017). Both NEXST and D-SEND programs were deemed successful
as they obtained experimental supersonic flight results (Kawaguchi et al., 2017; Murakami
et al., 2008). Images of the flight tested supersonic gliders are shown in Fig. 2.3. Both
the NEXST and D-SEND experimental vehicles were unpowered gliders, thus limiting flight

time.

‘. = (b) D-SEND#2, adapted from the Japan
(a) NEXST-1, adapted from Yoshida et al.  Aerospace Exploration Agency (2012).
(2002).

Figure 2.3: Supersonic UAV gliders (not to scale).

Limited supersonic flight time is a shortcoming that the Muroran Institute of Technology
aimed to address with their Ohwashi program, a self-powered air-breathing UAV designed
for supersonic flight testing of high-speed technologies (Mizobata et al., 2005) (Fig. 2.4a).
Multiple iterations of the UAV have been documented, however, the only known flight test
conducted reached a maximum speed of 58m/s (Mizobata et al., 2014), corresponding to a
speed of approximately Mach 0.17. As of 2019 the program was ongoing with work focusing
on redesigning the airframe and testing control options (Ueba et al., 2021; Yamazaki et al.,

2019). During the same time period as the Ohwashi program, research teams in Brazil and

20



the United States worked on similar research programs related to SSUAVs. Researchers in
Brazil proposed the Pohox SSUAV as a way to test a multi-cycle engine being developed
by Gabaldo et al. (2016) (Barbosa et al., 2014). The conceptual design called for the Po-
hox to be a Tkg SSUAV with a wingspan of 0.44m and a maximum speed of slightly below
Mach 2.0 at an altitude of 20km (Fig. 2.4b). Due to the lack of recent publications, the
Pohox program appears to have been terminated. In the United States researchers at the
University of Colorado-Boulder focused on developing the Graduate Organization Jet En-
gine Technology Team (GOJETT) to facilitate research into miniature gas-turbine engines,
sonic-boom minimization, and thrust vectoring studies (Walter and Starkey, 2012). The goal
of the GOJETT aircraft (Fig. 2.4c) was to break the Fédération Aéronautique Internationale
(FAI) World Speed record for a sub 50kg vehicle. Due to the lack of recent publications,
the GOJETT program appears to have been terminated without any successful flights docu-
mented. In contrast to the GOJETT program, researchers at the University of Washington
focused on a Research-UAV program (R-UAV) to better understand low speed behaviours
of supersonic aircraft with experimental SSUAVs (Livne and Nelson, 2012; Livne, 2017). As
of 2022 the R-UAV program is ongoing, with results being contributed to the newly intro-
duced National Aeronautics and Space Administration (NASA) Supersonic Configurations
At LOw Speed (SCALOS) Program (Nelson et al., 2022). Supersonic aircraft designs have
previously experienced difficulty with low speed and high Angle Of Attack (AOA) landing
approach flight (Bertolin et al., 2022). As a result, the SCALOS program was introduced
into the literature in 2022 seeking to better understand what design features elicit certain air-
craft responses. The SCALOS goal is to parameterize low speed supersonic aircraft handling
qualities by combining data from Computational Fluid Dynamics (CFD), water tunnel tests,
and wind tunnel tests (Magee et al., 2022). It is worth noting that while the SCALOS and
the University of Washington experimental UAVs have supersonic profiles, they are subsonic
representations of full-scale aircraft and are not designed to investigate the intricacies of

SSUAVSs at high-speed. More recently, in 2020 “Project Boom” was conceived with the goal
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of developing a transonic UAV (Jacob et al., 2021) (Fig. 2.4d). As of the time of this writing,
the project is in its early conceptual design and prototyping phases (Jacob et al., 2021). A
spin-off of Project Boom is “The Mach Initiative” which started in 2022 and is currently
working to develop a sub-25kg supersonic UAV (The Mach Initiative, 2023) (Fig. 2.4e). In
2019 the MUFASA program was initiated at the University of Calgary, Canada, as an early
conceptual design for testing novel engines and high-speed research (Fig. 2.4f). Some of the
early MUFASA work has been reported by Dalman et al. (2021) and Durante et al. (2022).
Preliminary vehicle size optimization has been performed to find the size of vehicle required
for various mission requirements (Dalman et al., 2021). The MUFASA program is ongoing,
extending prior work by others including previously proposed air-breathing SSUAV concepts
shown in Fig. 2.4. However, with no known successful test flights of an air-breathing SSUAV
in the open literature, many research questions still exist (Dalman et al., 2021; McCrink and
Gregory, 2021; Walter and Starkey, 2012), which are being addressed within the context of
the MUFASA program.

(¢) Golett, adapted from

(b) Pohox, adapted from Bar- Wienke (2011).

(a) Ohwashi, adapted from
bosa et al. (2014).

Sato et al. (2020).

) Project B < UA (e) The Mach Initiative’s UAV -
(d) Project Boom’s UAV con- concept, adapted from The (f) MUFASA, adapted from

cept, adapted from Jacob yro ) Tnitiative (2023).
et al. (2021). ( ) Dalman et al. (2021).

Figure 2.4: Air breathing SSUAV concept drawings (not to scale).
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2.2.2 High-Speed Small-Scale Uncrewed Aerial Vehicles

High-speed small-scale UAV proposals have previously been undertaken, with some even
facilitating test flights. Work by McCrink and Gregory (2021) investigated the feasibility
of high-speed small-scale Beyond Visual Line Of Sight (BVLOS) flight using a SkyMaster
Avanti XXL aircraft with a wingspan of 2.48m (Fig. 2.5a). Such work aimed to achieve the
FAI World Speed record for a 5kg to 50kg vehicle, the same record the GoJett team was
after (Walter and Starkey, 2012). The group was ultimately successful in setting the FAI
speed record with a speed of 147.20mph (i.e., 65.8%), or approximately Mach 0.19 (McCrink

and Gregory, 2021).

| 3.15m

-

F 0>

(a) SkyMaster Avanti XXL, adapted from Mc-

Crink and Gregory (2021). (b) HS-UAV, adapted from Hussain et al.
(2019).
‘ \\\\
i, A y

N

(¢c) Target drone concept, adapted from
Ozyetis and Alemdaroglu (2014).

(d) Trance, adapted from Guinness World
Records (2017).

Figure 2.5: High-speed small-scale UAV concepts and prototypes.
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The literature for high-speed small-scale UAVs capable of speeds above Mach 0.5 is signif-
icantly less. Two notable academic high-speed small-scale UAVs are the HS-UAV developed
by Hussain et al. (2019) and a target drone developed by Ozyetis and Alemdaroglu (2014)
shown in Figs. 2.5b and 2.5¢, respectively. The HS-UAV proposed by Hussain et al. (2019)
is a rocket launched UAV that uses a turbojet to achieve a maximum speed of Mach 0.6.
The HS-UAV has a wingspan of 1.65m and a preliminary stability analysis suggested the
vehicle is stable (Hussain et al., 2019). Work by Ozyetis and Alemdaroglu (2014) used an
optimization process leading to the 1.8m wingspan, double-delta wing planform UAV capa-
ble of cruise at Mach 0.5. Although a proof-of-concept half-scale demonstration flight was
flown, limited results have been reported in the literature (Ozyetis and Alemdaroglu, 2014).
Due to a lack of publications from these and other authors it is unclear if either the HS-UAV
or the target drone program have developed further. A notable high-speed small-scale UAV
developed outside of an academic or industrial setting is the Trance remote piloted UAV
created by N. Herbrich (personal communication, February 9, 2022) (see Fig. 2.5d). The
Trance aircraft has a wingspan of 1.04m and a takeoff weight of 7.5kg. Using a similar engine
as McCrink and Gregory (2021), Trance set the 2017 Guinness World Record for the fastest
remote-controlled jet-powered model aircraft with a speed of 749km/h, or approximately

Mach 0.61 (Guinness World Records, 2017).

2.3 Summary and Areas of Improvement

As described above, only a handful of research and developmental programs worldwide have
or are attempting to develop self-powered air-breathing SSUAVs. Such a goal remains elusive,
and there are still multiple technological hurdles that must be overcome. One such challenge
is ensuring that the aircraft’s flying qualities are sufficient enough to ensure safe control
operation needed for mission success. There are multiple standardized methods to evaluate

crewed vehicle flying qualities, however, UAV flying qualities standard development is in its
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infancy, and is at the same place as crewed standards were in the 1950’s (Cotting, 2010b).
With the further proliferation of UAVs, a UAV specific flying quality standard is needed to
reduce the high mishap rate associated with these aircraft (Department of Defense, 2009;
Greene et al., 2014). In the absence of a UAV flight database to facilitate a fixed-wing UAV
specific flying quality standard, UAVs have been evaluated against current crewed standards
by scaling via Froude scaling. Due to their novelty SSUAV’s have been largely absent from
control and flying quality reviews (Hassanalian and Abdelkefi, 2017; Michailidis et al., 2020).
A comprehensive overview of SSUAV flying qualities has yet to be addressed in the literature.
There is currently no metric to guide SSUAV design, regulate this vehicle type, or maximize

the chance of safe and successful mission success.
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Chapter 3

Research Overview

SSUAVs have the potential to revolutionize high-speed research by offering a cost-effective
way to obtain high-speed experimental data (Eckstrom and Peele, 1975; Mizobata et al.,
2014; Walter and Starkey, 2012). However, a variety of open problems related to UAV flying
qualities and SSUAV development exist. This chapter details the challenges of SSUAV
development derived from the summary provided in Chapter 2. These challenges are refined
into a concise problem statement that this thesis seeks to solve. A description of the proposed

solution is provided along with the associated assumptions and constraints.

3.1 Problem Statement

The next era in supersonic civil transportation is coming with multiple supersonic aircraft
concepts proposed for development (Sun and Smith, 2017). Unfortunately, supersonic pro-
totype aircraft are very expensive and the financial risk of development to companies is large
(Reed, 2021; Sheetz, 2021). An alternative to full-scale prototype aircraft development is an
SSUAV. Small-scale UAVs are now increasingly used as low-cost technology testing platforms
(Sobron et al., 2021), and developing an SSUAV would greatly reduce the costs of super-
sonic aircraft development. A handful of developmental research programs have investigated

the feasibility of an SSUAV demonstrator, however, only six programs (Ohwashi, MUFASA,
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SCALOS, R-UAV, Project Boom, and The Mach Initiative) are ongoing according to recent
publications (Durante et al., 2022; Jacob et al., 2021; Nelson et al., 2022; The Mach Initia-
tive, 2023; Ueba et al., 2021). One reason for the lack of a functioning SSUAV is that the
aerodynamic conditions experienced by an SSUAV and the control required remain undeter-
mined (Nelson et al., 2022). Whether SSUAVs pose unique handling quality challenges is an
open research question that requires further study. Different SSUAV control strategies have
been implemented (Burnashev and Zbrutsky, 2019; Langston et al., 2016; Ueba et al., 2021;
Wienke, 2011), however, due to the absence of a standardized performance criteria, none of
the control laws can be deemed reliably satisfactory (Stevens et al., 2015). Unfortunately,
fixed-wing UAV flying quality performance standards are nonexistent (Klyde et al., 2020a),
with UAV flying quality research still in its infancy (Cotting, 2010b; Klyde et al., 2020a).
To facilitate UAV flying quality standard development, flying quality data from multiple
aircraft types must be generated (Greene et al., 2014; Holmberg et al., 2008). In order to
facilitate the inclusion of SSUAVs in future UAV flying quality standards, SSUAV flying
quality data must be generated. A comprehensive overview of SSUAV flying qualities has
yet to be addressed in the literature and is critical for SSUAV development. Therefore, the

following problem needs to be addressed:

Develop mechanisms to assess SSUAV flying qualities and whether such

aircraft pose unique handling quality challenges.

3.2 Proposed Solution Overview

To develop a solution to the problem statement in Section 3.1, the problem is broken down

into four interrelated tasks focused on developing:
1. A flight dynamics mathematical model,

2. A flight dynamics simulation,
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3. Vehicle parameter identification, and
4. Flying quality analysis.

The first and second tasks will define the six-Degree-Of-Freedom (6-DOF) motion and simu-
lation environment that the SSUAV experiences. The third task will obtain SSUAV physical
and aerodynamic data from physical models and CFD, respectively. The fourth task will
evaluate the SSUAV flying quality data by using the Froude scaling flying quality parameters
and comparing the results to the MIL-STD-1797A standard, along with a novel modification
of the MIL-STD-1797A standard proposed in this thesis. The fourth task will also evaluate
control surface perturbation responses from the SSUAV for a novel comparison to full-scale
supersonic aircraft and small-scale UAVs. Combined together, these tasks will obtain sim-
ulated SSUAV flying quality data and determine if SSUAVs pose unique handling quality
challenges. A schematic diagram of the proposed solution is presented in Fig. 3.1. The
four tasks above are broken into smaller sub-tasks and represented by blocks shaded orange,
blue, green, and red, respectively. The contributions of this thesis work are indicated by
parallelograms in Fig. 3.1 and are elaborated in the following paragraphs. All blocks are also
used to form three interrelated groups which together aim to solve the problem statement

(Section 3.1):
e Flight Dynamics Mathematical Model,
e Flight Dynamics Simulation, and
e Results.

The first task (orange blocks in Fig. 3.1) consists of procedures that makeup the flight
dynamics mathematical model. The aircraft motion will be defined by combining coordinate
systems, kinematic and dynamic equations, aerodynamic forces, and propulsion and gravity
forces. The resulting mathematical model will be implemented into a simulation program

and into a mathematical model discretization block (Fig. 3.1) which evaluates the flying
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quality parameters of the aircraft. These aspects will be presented in Chapter 4, “Flight
Dynamics Mathematical Model”.

The second task (blue blocks in Fig. 3.1) focuses on the methods used to facilitate a flight
dynamics simulation. For this, a process will be developed to incorporate actuator motion
constraints and an environmental model to simulate the motion of the nonlinear 6-DOF
vehicle at discrete time steps. A time series of the vehicle’s state (velocity, attitude, angular
velocity, and position) will be outputted and used as an input to the handling response block
and the FlightGear real time visualization block (Fig. 3.1). These aspects will be presented
in Chapter 5, entitled: Flight Dynamics Simulation.

The third task (green blocks in Fig. 3.1) presents the vehicle parameters required. In-
formation about the engine parameters, mass, inertia, aecrodynamic coefficients, and actu-
ator dynamics will be compiled and organized for inclusion into a model for the MUFASA
SSUAV. Thus, all of these vehicles parameters will be specific to the aircraft being analyzed.
In the absence of aerodynamic coefficient data, aerodynamic coefficients will be obtained by
combing low and high fidelity CFD. The engine parameters, mass, inertia, and aerodynamic
coefficients will be used to calculate the forces used to propel and disturb the UAV. These
parameters will be supplied into the flight dynamics mathematical model blocks (Fig. 3.1).
The actuator dynamics parameters will define motion constraints used by the flight dynamics
simulation blocks. These aspects will be presented in Chapter 6, “Results”.

The final task (red blocks in Fig. 3.1) consists of flying and handling response analy-
sis mechanisms and represent the main contribution of this thesis. Vehicle flying quality
parameters are calculated from the mathematical model discretization block. A Froude scal-
ing procedure will be applied to the flying quality parameters so that the scaled MUFASA
SSUAV cruise values are comparable against the MIL-STD-1797A standard. To provide
greater flying quality performance insight, a novel evaluation criteria will be proposed. This
novel evaluation criteria will be a continuous modification of criteria set out in the MIL-

STD-1797A standard. The MIL-STD-1797A and novel developed continuous MIL-STD-
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1797A blocks (Fig. 3.1) will output the computed handling quality levels that will indicate
the SSUAV’s flying quality performance data both at cruise conditions and throughout the
SSUAV’s flight regime. A mechanism to simulate and evaluate vehicle handling response
parameters from a time series representation of the vehicle’s nonlinear state will also be
developed. The vehicle’s nonlinear state will be perturbed in the handling response block
(Fig. 3.1) and its time series state response collected. By performing this procedure on the
MUFASA SSUAV, a small-scale UAV, high-speed small-scale UAVs, and large-scale super-
sonic aircraft, a collection of response handling characteristics will be determined. This novel
comparison between full-scale supersonic aircraft, small-scale UAVs, and an SSUAV will be
used to assess whether SSUAVs pose unique handling quality challenges. These aspects will
be presented in Chapter 6, “Results”.

The aforementioned mechanisms will allow for the flying and handling quality evaluation
of the current MUFASA SSUAV, along with subsequent SSUAV iterations. The mecha-
nism procedures developed will act to guide SSUAV design, inform future standards and

regulations, and maximize the chance of safe and successful SSUAV mission success.

3.2.1 Assumptions

To reduce the problems complexity, yet still develop practical results, the proposed solution

incorporates the following assumptions:

Assumption 1: It will be assumed that the aircraft is equipped with sensors that pro-
vide accurate and precise information about the vehicle’s state (i.e.,
attitude and velocity). These sensors are assumed to provide the vehi-

cle state at the required frequency.

Assumption 2: It will be assumed that a position control algorithm ensures that com-
manded and achieved actuator deflections are identical in magnitude

and direction.
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Assumption 3:

It will be assumed that the MUFASA SSUAV is capable of achieving

supersonic flight speeds at the current weight and wingspan specified.

3.2.2 Constraints

To reduce the complexities associated with the proposed solution the following five con-

straints will be used:

Constraint 1:

Constraint 2:

Constraint 3:

The aircraft physical structure will be constrained to be perfectly rigid.
This constraint eliminates aeroelastic effects such as aerodynamic flut-
ter. A rigid airframe is a common constraint (Beard and Mclain,
2012; Stevens et al., 2015), and has been applied to supersonic air-
craft (Mcmaster and Schenkt, 1974; Moes and Iliff, 2002; Steer, 2004),
and SSUAV concepts (Langston et al., 2016; Ninomiya et al., 2018;
Wienke, 2011).

Aerodynamic coefficients will be constrained to follow the principle
of superposition via the component build-up method. The compo-
nent build-up method is a common aerodynamic coefficient constraint
(Beard and Mclain, 2012). The method is applicable from subsonic to
hypersonic flight speeds provided aerodynamic coefficients are deter-
mined at each Mach number (Stevens et al., 2015). Aircraft modelling
via the component build-up method has successfully been applied in
practice on aircraft such as the supersonic X-34 spaceplane (Pamadi
et al., 2001) and the Tupolev TU-144LL supersonic transport aircraft

(Lensi, 2000).

The aircraft flight conditions analyzed will be constrained to cruise

conditions and in the absence of environmental disturbances. Takeoff
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Constraint 4:

Constraint 5:

and landing flight regimes, along with aircraft ground aerodynamic

interactions such as ground effect, will not be considered.

Aircraft control surfaces will be considered to be rigid with actuators
that are infinitely powerful when deflected. This constraint will elimi-
nate control surface flutter which is common with high-speed aircraft

(Yang et al., 2017; Mai et al., 2019) and thus facilitate the current work.

Vehicle mass and inertia are constrained to be constant as data collec-
tion will be performed over brief time intervals of steady-level flight.
That is, fuel consumption will not be considered. Gravity will also be
held constant as magnitude variation, such as due to altitude changes,

is constrained to be negligible (Moritz, 1980).
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Chapter 4

Flight Dynamics Mathematical Model

This chapter details the dynamic formulations used to simulate, control, and analyze the
MUFASA SSUAV. As an experimental version of MUFASA capable of supersonic speeds
does not yet exist, a mathematical model using current airframe design and aerodynamic

coefficients was used to facilitate initial aircraft flying and response quality analysis.

4.1 Coordinate Systems

For the modeling process, the standard fixed flat Earth model as presented in Stevens et al.
(2015) was chosen. This model uses a North-East-Down (NED) inertial coordinate frame
where the North and East axis align with their cardinal direction namesakes while down
points in the direction of gravity with the origin at sea-level. The NED inertial coordinate
frame is represented by the three axes x;,, yin, and z;,, respectively as shown in Fig. 4.1.
As the UAV moves about the fixed flat earth model it is assigned its own coordinate system
known as the wehicle frame (denoted by subscript v). This vehicle frame of reference is
located at the UAV’s Centre of Gravity (CG), but aligned with the axis of the inertial
frame. Within this thesis the vehicle frame coordinates are represented by the axes xz,, v,,
Z,, and are used to evaluate the translational movements of the UAV. In order to account

for the UAV’s orientation, a body frame of reference (denoted by subscript b) is defined by
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the axes xy, yp, and z,. The body frame is used to account for the UAV’s orientation about
the vehicle frame. The UAV’s orientation is defined by the Euler angles for roll (¢), pitch
(0), and yaw (1)) which follow the right-hand rule for direction about each’s respective axis
and shown in Fig. 4.1 (Beard and Mclain, 2012; Duke et al., 1994; Stevens et al., 2015). The
body frame of reference moves with respect to the vehicle’s frame of reference as the vehicle

rolls, pitches, and/or yaws.

Zin (down) \

Zb

Figure 4.1: NED inertial, vehicle and body frames of reference on the MUFASA UAV.

Figure 4.1 depicts the inertial, vehicle and body coordinate frames used to define the

UAV’s location and orientation. The rotational transformation from the vehicle frame to

body
vehicle?

the body frame of reference is denoted by R presented in Eq. 4.1 (Stevens et al., 2015)
where cosine and sine of a variable are represented by ¢() and s(), respectively. The vehicle to
body rotation matrix, denoted by R is a 3-2-1 rotation system represented by intermediary

roll (¢), pitch (), and yaw (1)) rotations R,(¢), R,(6), and R, (), respectively.

A more robust rotational notation is quaternions as they are not susceptible to singu-
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larities at high angles of attack (Beard and Meclain, 2012). This robustness comes at the
cost of additional implementation and linearization complexity when compared to Euler an-
gles (Wienke, 2011). The use of quaternions was deemed unnecessary in the context of this
thesis as the MUFASA flight regime does not include high angle of attack flight or flight

manoeuvres where the aircraft might move through gimbal lock configurations.

RbOdy = R = Rx(gb)Ry(e)Rz(w)

vehicle v

1 0 0 cos(f) 0 —sin(6) cos(v) sin(¢p) 0
=10 cos(¢) sin(¢) 0 1 0 —sin(y) cos(y) 0
0 - sin(¢) cos(4)| [sin(d) 0 cos(d) 0 0o 1 (4.1)
c(¢)e(0) s(1)e(0) —s(0)

Aerodynamic forces are generated on the UAV as its airframe moves through the air
surrounding it. The velocity of the aircraft relative to the surrounding air is denoted as the
airspeed vector (V,). The magnitude of the airspeed vector is referred to as airspeed (V,),

and is defined by Eq 4.2 from Stevens et al. (2015):

Va = H‘Zn - Vw“ (42)

where V}, is the inertial translational velocity of the aircraft with respect to the body frame
and V,, is the velocity of the surrounding wind with respect to the body frame. Two other
frames of reference are introduced to relate the UAV to the airspeed vector: the stability
and the wind frames. The difference in orientation between the body frame, (xy, s, 2),
and the stability frame denoted by subscript s, (zs, ys, zs), is called the AOA represented

by «. Similarly, the difference in angle between the stability frame and the wind frame
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denoted by subscript w, (Zy, Yw, 2w), is called the sideslip angle represented by 5. A visual
representation of these coordinate frames is presented in Figure 4.2. The transformation

from the wind frame to the body frame of reference is denoted by R>9%

as shown in Eq. 4.3
(Beard and Mclain, 2012) which for simplicity is also denoted as R’. The R’ matrix is a
rotation system represented by rotations about the stability z-axis (R: (/5)) and body y-axis
(R%(«)) (Beard and Mclain, 2012).

Figure 4.2: Wind, stability and body frames of reference.

R = B, = RU)R3,(5)

wind

= 0 1 0

sin(a) 0 cos(a) 0 0 1 (4.3)

cos(f) cos(a) —sin(f) cos(a) — sin(av)
= sin(3) cos(f) 0

cos(f)sin(a) —sin(f)sin(a)  cos(a)
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4.2 Kinematics and Dynamics

The kinematics and dynamics of MUFASA were modelled considering the aircraft as a 6-
DOF rigid dynamic system in accordance with Newtonian practices (Beard and Mclain, 2012;
Stevens et al., 2015). While work by Guimaraes et al. (2022) indicates aeroelastic models
are better suited for supersonic vehicle design, the models are significantly more complex
and are best employed during the detailed design engineering phase. The aircraft velocity
was defined by six variables: three translational velocities (U, V', W) and three rotational
velocities (P, @, R) defined with respect to the UAV’s body frame as shown in Fig. 4.3.
The corresponding translational and rotational speed mathematical formulas are shown in

Eqgs. 4.4 and 4.5 (Stevens et al., 2015), respectively.

Figure 4.3: MUFASA axes of motion.

U P U

. 1, - _ _

% :E<Fg+FT+Faero)_ Q % (44)
W R W
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The terms m, D, F'g, Fr, and F,. in Eq. 4.4 represent the mass, the variable time deriva-

tives, and the force vectors due to gravity, thrust, and aerodynamic interactions, respectively.

-1

P L. 0 I, 0 -R Q| |l 0 I,||P
Q=10 Iy 0 (Mr 4 Maero) = | R0 —P| |0 Ly 0] |Q
R I, 0 I, —Q P 0| |L, 0 L, |R

The terms My, Moo, L, Iy, I,,, and I, in Eq. 4.5 represent the moment vectors due
to the thrust forces and the aerodynamic interactions applied to the aircraft, the aircraft’s
inertias about the xy, y,, and z, axes (Fig. 4.1), and the product of inertia about the z; and
2, axes, respectively. The mathematical formulations used to calculate My and M,e, will
be described in Section 4.3. The changing angular orientation of the vehicle with respect to
the vehicle frame is calculated from Euler angles and angular rates as represented in Eq. 4.6
from Stevens et al. (2015). In turn, the position of the vehicle, defined with respect to the
inertial NED frame, is represented by Ay, Ag, and Ap. The change in position with time is
calculated via Eq. 4.7 from Stevens et al. (2015), where R} is the rotation matrix from the
body frame to the vehicle frame. It should be noted that a vehicle’s vertical position is also
described as its altitude (h) which is represented by negative values of Ap (as the inertial

frame of reference is positioned at sea level).

¢ 1 cos(f) sin(¢)sin(f)  cos(¢)sin(6) P
0 :COS(9> 0 cos(¢) cos(f) —sin(¢p)cos(0)| |Q (4.6)
(0 0 sin(¢) cos() R
Ay U
Ap| =Ry |V (4.7)
Ap 14
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4.3 Forces and Moments

As the MUFASA airframe travels through the air it experiences forces and moments from
aerodynamic sources. Furthermore, the forces and moments influencing the aircraft are
also attributed to propulsive and gravitational forces. As this work’s focus is on flight
behaviour within open free spaces, ground aerodynamic interactions and the corresponding
aerodynamic effects were not considered.

In terms of aerodynamic aspects, complex vortex flow fields due to shock wave interac-
tions have a strong influence on control surface effectiveness and aircraft handling qualities
(Sepulveda and Smith, 2017). Body and mechanical forces are in some way dependant on
gravity and thrust forces as these act along the body frame of reference. Aerodynamic forces
occur within the wind frame and include lift, drag, and sideforce. These aerodynamic forces
are represented in the body frame by Fp,, Fp,, and Fy,, respectively. Propulsion moments
originate from thrust generation while aerodynamic moment interactions are caused by con-
trol surface deflections and wind perturbations. Moments caused by aerodynamic forces
about the roll, pitch, and yaw axis are herein represented by My,, My, and My,, respec-
tively. These generalized aerodynamic forces (Fp,, Fp,, Fy,) and corresponding moments
(Myp,, My, My,) act on the airframe and control surfaces, and are presented mathemat-
ically in Section 4.3.2. First though, the aircraft control surface deflections are defined in

Section 4.3.1.

4.3.1 Control Surfaces

Due to MUFASA’s delta-wing design, the elevon control surfaces shown in Fig. 1.2 simulta-
neously control the UAV’s pitch and roll motion. In contrast to MUFASA’s control surface
configuration, typical fixed-wing aircraft incorporate elevator and aileron control surfaces
which independently control the aircraft’s pitch and roll motion respectively. In the case

of the MUFASA aircraft it was important to decouple the elevon’s longitudinal and lateral
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aircraft dynamics. Elevon deflections are related to elevator and aileron deflections as per

Eq. 4.8 (Beard and Mclain, 2012).

5@ o 1 1 5sbe (4 8)

0 —1 1| | Gpe

Here dghe and dpie represent the deflection angle of the starboard and port elevon respectively
while 6. and ¢, represent the deflection angle of an equivalent elevator and aileron setup,
respectively. The UAV’s yaw motion is controlled by the port and starboard vertical stabila-
tors which are represented by 0ptvs, and dgpys, respectively. The sign convention adapted from
Beard and Mclain (2012) associated with the elevon and vertical stabilator control surfaces

is illustrated in Fig. 4.4.

S
( — \\\Z—i-épte

(a) Elevon deflection. Both the starboard and
port elevons follow the same sign convention.

(b) Vertical Stabilator deflection.

Figure 4.4: MUFASA’s control surface sign convention.

For simplicity when computing the aerodynamic forces in Section 4.3.2, the vertical
stabilator deflection angles are represented as a rudder deflection angle (¢,.). The relationship
between the vertical stabilators and the rudder is represented by Eq. 4.9, a novel formulation
proposed in this thesis document. The corresponding forces and moments generated by these

control surfaces are computed using aerodynamic coefficients as described in Section 4.3.2.

5ptvs + 0, sbvs

5, =
2

(4.9)
The actuators of the aerodynamic control surfaces are modelled as a second-order transfer
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function using Eq. 4.10 (Prasad B. and Pradeep, 2007):

2
Optrs _ (100) (4.10)

Optvsy 42 42 (@) (100)s + (100)?

where subscript d represents the desired variable value. The maximum deflection angle
and deflection rate specific to MUFASA A.2 aerodynamic control surfaces are provided in

Section 6.2.

4.3.2 Aerodynamic Forces and Moments

To mathematically represent the forces (e.g., F,, Fr, and Fye,) and moments (e.g., My and
M,ero) that the SSUAV will experience during flight (Egs. 4.4 and 4.5) a free body diagram
of the MUFASA UAV showing the associated parameters that need to be considered is

presented in Fig. 4.5.

Figure 4.5: MUFASA free body diagram.
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The aerodynamic forces (F,, Fy,, Fp,) and moments (My,, My, My,) are computed from
nondimensional aerodynamic coefficients as denoted by Egs. 4.11 and 4.12 (Stevens et al.,

2015). Aerodynamic forces are computed via Eq. 4.11:

Fp, —Cp

_ 1

Faero = Fyb = ép‘/fSRZ, Cy (411)
Fr, —Cp,

where p, S, Cr, Cp and Cy represent the air density, aircraft planform area, and the nondi-
mensional aerodynamic coefficient of lift, drag, and sideforce force, respectively. In turn,
the moments due to the control surface deflections and wind perturbations about the body

frame are computed via Eq. 4.12:

M, C

1
MMb = 5)0‘/@2scmean Om (412)
MNb On

where ¢ean, Ci, Cy and C,, represent the Mean Aerodynamic Chord (MAC) (see Fig. 4.5),
and the nondimensional aerodynamic coefficient of roll, pitch, and yaw moment, respectively.
Each of the corresponding three forces (Fy,, Fp,, Fy,) and moments (My,, My, My,) occur
at one of three locations: i) the aircraft’s CG, ii) the aircraft’s Engine Centre (EC), or
iii) the aircraft’s Aerodynamic Coefficient Centre (ACC). The location of the CG, EC, and
ACC with respect to the aircraft’s body frame for the MUFASA UAV are represented by
positional vectors Tca, Trc, and Tacc, respectively (Fig. 4.5). It must be noted that all
such positional vectors originate at the tip of the aircraft’s nose. The summation of all
aerodynamic moments and forces are consolidated into M., and computed via Eq. 4.13

(Stevens et al., 2015) where x denotes a cross-product operation.
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+ Frero X (Fog — Tacc) (4.13)

Each of the six nondimensional aerodynamic coefficients (OD) in Egs. 4.11 and 4.12 are
a function of the aircraft’s aerodynamic shape, airspeed velocity, angular rates, and control
surface deflections. These dependencies are mathematically represented via the component

build-up method as described in Beard and Mclain (2012) and denoted by Eqs. 4.14 to 4.19:

Cy, = Cpy + Cpoa+Cry C;“‘Z“Q +C, e (4.14)
Cp = Cp, + Cp_,a® + CDQ";%Q +Cp,, 02 + Cr (4.15)
O = Chg + Copct + ch(;“%;Q + g, 0 (4.16)
Cy = Cy, + Cy, B+ Cy, C;“‘Z“P + Oy, C;“Z“R +Cy, 0a+ Cy, 0, (4.17)
C=Ciy + Ci B+ Cly C;“Z“P + O, c;evan +Cly 00+ Ciy 6, (4.18)
Cpp = Chy + Coy B+ Crpy C;énp + CnRC;%“R + . 00+ Cy 6, (4.19)

where each of the six nondimensional aerodynamic coefficients is a function of its nominal
value indicated by a subscript zero (CD ), and a collection of partial derivatives indicated
0

by their respective subscript (C ) (Beard and Mclain, 2012). As a result, each of the

six aerodynamic coefficients is treated as the sum of its partial derivatives with respect to
certain variable combinations of interest. Such combinations and the corresponding variables
of interest have been determined by previous work (Beard and Mclain, 2012; Grauer and
Morelli, 2015; Tyan et al., 2018). However, for such a method to be applicable to the
MUFASA aircraft the mathematical representation of the drag component build-up method

(Eq. 4.15) has been modified from Beard and Mclain (2012). Drag is a significant parameter
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when evaluating supersonic aircraft (Morgan, 1972), and a significant limiting factor for
SSUAVs due to limited thrust generation options (Dalman et al., 2021). Due to nonlinearity
observed the drag coefficient with respect to AOA (Cp_,) and elevator deflection (C’Dég) were
set as a function of AOA squared (a?) and elevator deflection squared (§2), respectively to
better model drag due to manoeuvres. The drag coefficient is also set as a function of the

aircraft’s skin friction coefficient (Cr) as indicated via Eq. 4.20.

0.455
(log (Re))*™

) —0.58 Sucet

= (14 0.15M7 s (4.20)

The terms Re, M, and Sy in Eq. 4.20 represent the Reynolds number, Mach number, and
the aircraft’s wetted surface area, respectively. As indicated by Dalman (2021), the source of
Eq. 4.20 is unknown, however, it sees common use in industry. The skin friction coefficient
is used to account for viscous effects not considered in the inviscid CFD method used to

compute the required aerodynamic coefficients (Mavriplis et al., 2022).

4.3.3 Nondimensional Aerodynamic Coefficients

All of the 30 required aerodynamic coefficients needed to calculate forces and moments
were acquired through the use of two open-source software programs, OpenVSP and SU2.
Previous work has shown that both of these software are applicable and compatible for
evaluating supersonic aircraft (Guillermo-Monedero, 2020; MacDonald et al., 2017; Tyan
et al., 2018).

OpenVSP is a vortex-lattice method based software tool which provides aerodynamic
coefficient data within the aircraft’s linear regime of flight (Mavriplis et al., 2022) via a
submodule called VSPAERO (Tyan et al., 2018). An aircraft’s linear regime is defined as
the flight region where aerodynamic coefficient partial derivatives are linear and excludes
nonlinear effects such as aerodynamic stall (Mavriplis et al., 2022). SU2 is an open-source

software suite for computational fluid dynamics analysis and design (Economon et al., 2016),
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which has proven pivotal in high-speed aircraft design (Viviani et al., 2021). Compressible
Euler finite volume CFD run in SU2 has been used to compute results across the flight regime
of both supersonic aircraft and SSUAVs (Economon et al., 2016; Palacios et al., 2013; Stoldt
et al., 2021). Previous work by Stoldt et al. (2021) and Dalman et al. (2021) has verified the
use of SU2 compressible Euler for the aerodynamic analysis of supersonic delta-wing aircraft.
Stoldt et al. (2021) determined SU2 is capable of modelling delta-wing aerodynamic vortices
with an average disagreement from experiments of less than 4%. Meanwhile, Dalman et al.
(2021) determined that SU2 compressible Euler is capable of modelling a delta-wing aircraft
with a relative coefficient of drag error of 3.3% compared to Reynolds-averaged Navier-Stokes
CFEFD. Note, SU2 (version 6.2.0) defines a positive sideslip angle as opposite to the convention
presented in Fig. 4.2, necessitating a correction be applied to all sideslip coefficients (CDﬁ).
While OpenVSP is capable of generating all the required aerodynamic coefficients, unlike
SU2, it is not considered a high-fidelity solver and has larger relative error when compared
to experiments (Dalman et al., 2021; MacDonald et al., 2017; Stoldt et al., 2021; Tyan et al.,
2018). Due to its lower fidelity, OpenVSP is only used to obtain aerodynamic coefficients

not readily outputted by SU2 (Tyan et al., 2018). The complete list of which of MUFASA’s

aerodynamic coefficients were determined by which program is presented in Table 4.1.

Table 4.1: Aerodynamic analysis software tools used to determine
the aerodynamic coefficients of interest.

Program Coefficients Determined

Cy Ch C,, Cy C C, Cy,.
O VSP Q Q Q P P P R R
pen Cow Crn Cp, Cumy Oy, Cp. Chu,
SUo Chi Cpy Cmg Ov  Cu  Cu Ci, Cop,
Cm o CY@ Cl 8 Cn 8 CY& r Cl 5r Cn or

OpenVSP was used to generate surface meshes required to run SU2 compressible Euler
finite volume CFD. Two meshes were generated, a mesh along the UAV’s surface (Fig. 4.6a)
and another rectangular domain mesh (Fig. 4.6b) that bounds the simulation centred about

the UAV (Fig. 4.6).
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Figure 4.6: MUFASA surface mesh and domain.

An image of the OpenVSP UAV surface mesh used for aerodynamic coefficient generation is
presented in Fig. 4.6a. Note that approximate mesh sizing values are normalized against the
UAV’s MAC. The domain mesh (Fig. 4.6b) was designed relative to MUFASA as per body
length (L) scaling factors in Table 4.2. The software tool Gmsh (Geuzaine and Remacle,
2009) was then used to connect the two mesh surfaces and generate a full-volume mesh. This
full-volume mesh consists of twenty-three million elements and is used by SU2 to model the

environment surrounding the UAV.

Table 4.2: Far-field mesh size scaling parameters based
on the aircraft geometry evaluated.

Dimension UAV Axis Body Length Scaling Factor

Length Tp 8.0
Width UYp 4.1
Height 2p 6.6

4.3.4 Propulsion Forces and Moments

The thrust force is determined based on the engine model. As the physical design of a
supersonic MUFASA UAV is ongoing, at the time of this writing the engine data for ther-

modynamic modelling is unavailable. However, in order to incorporate engine behaviour
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as a function of speed and altitude, the thrust force and thrust coefficient are calculated
using Eqs. 4.21 and 4.22 (Stengel, 2015), respectively which represent theoretical behaviour

associated with a turbojet.

1
_ 1
Fr = OTS,OVCLZQ 0 (4.21)
0
Cr = (ko + k1 V,?) op (4.22)

The thrust coefficient (Cr) in Eq. 4.22 is a function of the maximum-throttle coefficient (kq),

velocity dependence coefficient (k;), and throttle setting (d7). The maximum-throttle coeffi-

cient and velocity dependence coefficient are back-calculated based on the engine maximum

static thrust. The throttle setting ranges from 0-1, representing no thrust to full throttle.

The engine dynamics are modelled as a first-order system as seen in Eq. 4.23 (Gryte, 2015).
or 1

6r, (02)s+1 (423)

The moment due to thrust is determined by the location of the engine in the body
coordinate frame as per Eq. 4.24 (see Fig. 4.5). This equation allows for future simulation

of internally or externally mounted engine configurations.

MT = FT X (fEC — 77(3(;) (424)

4.3.5 Gravitational Forces

The SSUAV mass was treated as a point mass located at the aircraft’s CG. As mentioned in
Constraint 5 in Chapter 3, gravity (g) and the aircraft mass (m) were modelled as constants.

The force due to gravity in the body frame requires a rotation from the vehicle frame (R?),
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and is represented by Eq. 4.25 (Stevens et al., 2015).

0
F,=R| 0 (4.25)

mg
4.4 Mathematical Model Summary

Combining Sections 4.1 through to 4.3, a high level representation of the nonlinear UAV
mathematics is represented by Eqs. 4.6, 4.7, 4.26, and 4.27. Complete aerodynamic forces
and moments used in Eqs. 4.26 and 4.27 are compiled and computed via Eqs. 4.28 and 4.29.

The aircraft’s state is defined by its state vector (z) which represents the aircraft’s ve-
locity, angular rates, orientation angles, and position (shown below). The aircraft’s control
surfaces and throttle are defined by its control input vector (u) which represents the aileron,
elevator, port vertical stabilator, and starboard vertical stabilator deflection angles, along
with the throttle setting (shown below). This nonlinear mathematical model can now be

incorporated into a program to facilitate 6-DOF simulations.
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4.5 Mathematical Model Discretization

To facilitate the flying quality parameter identification, the continuous nonlinear mathemat-
ical model shown in Eqs. 4.6, 4.7, 4.26, and 4.27 was evaluated at multiple flight conditions
and discretized into multiple flight states. The flight states were initialized using trim con-
ditions and then linearized to obtain a state-space representation of the MUFASA SSUAV.
The linear state-space model was then used to identify flying quality parameters. These

procedures are detailed in the following subsections.

4.5.1 Model Trimming

Trim conditions provide simulations with initial input conditions, aid in determining the
limits of the flight regime, and allow for easy comparison between different model implemen-
tations (De Marco et al., 2007). A trim condition, or steady-state operating point, includes
state and control variables that do not change with time. When searching for a trim condi-
tion the UAV’s state vector (excluding the UAV’s NED position) and control input vector
derivatives were first initialized to zero. Motion constraints were applied to the control in-
puts to ensure the trim condition was realizable. The trim condition was specified by setting
a desired airspeed, altitude, and climb angle (7). Airspeed and altitude were set based on
the trim point desired. In this work the climb angle was set to zero, effectively trimming the
aircraft for steady-state straight-and-level flight. The climb angle is computed using Eq. 4.30
(Stevens et al., 2015), and is the angle relating an aircraft’s vertical and horizontal velocity

in the vehicle frame.

v = atan2 (—AD, A%+ A%) (4.30)

With the initial conditions and trim condition specified the MUFASA aircraft was trimmed
using the MATLAB operating point optimization function findop (MathWorks, 2021c). Mul-

tiple trim conditions were generated throughout the SSUAV’s flight regime to facilitate anal-
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ysis in Chapter 6.

4.5.2 Model Linearization

In order to apply classical linear control and evaluation methods a linear model of the non-
linear mathematical model of the aircraft was calculated (Beard and Mclain, 2012; Sebbane,
2015). A numerical linearization approach was used at a time step of 0.001s (Stevens et al.,
2015; Wienke, 2011). The MATLAB linearize function was used to linearize the Simulink
model block-by-block for an exact discretization in the time domain at the trim point spec-
ified. The linearize function obtains a linear equation using a Taylor series expansion. The
partial derivatives of the resulting Jacobian’s were resolved using the forward difference
quotient (MathWorks, 2021b). The result was a nominal generic state-space matrix repre-
sentation of the form seen in Eq. 4.31 (Stevens et al., 2015), where A represents the state

matrix while B represents the input matrix.

r = AZ + Bu (4.31)

State and input matrices were obtained for multiple trimmed operating conditions through-
out the SSUAV’s flight regime. An example state and input matrix describing MUFASA
during steady-state, straight-and-level flight at a speed of 3507, altitude of 4km, and climb
angle of zero is shown below. The flight speed and altitude are MUFASA’s approximate
cruise conditions. The columns of the state and input matrices correspond to the state and
control input vectors presented in Section 4.4. With regards to units within the state vector,
base SI units were used, so for example all angles are measured in radians and all linear

speeds in meters-per-second.
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0.2302 0 —5.3200 0 0 —9.8088
0 5.8447 0 —348.4194 9.8088 0
—13.9148 0 340.6196 0 0 —0.1531
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0 0 1 0 0 0
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0 0 0 0 —5.4632 0
0.9999 0 0 0 0 —350
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—156.9727 0 268.0861 268.0861 0
0 —722.0763 0 0 0
18557.7717 0 18.5602  18.5602 0
0 —8028.7151 0 0 0
1808.5112 0 1859.5868 1859.5868 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0 -

w
OSOOOOOOOOOO

.0002 7
0
.0015

o o O
[e=]

.0163

oo

OO0 OOOoOoOCOO
[=lelelelele)e)elololoio]

[=Xeleleles]

4.5.3 Flying Quality Parameters

The response characteristic of each flying quality parameter, short period, phugoid, roll
subsidence, Dutch-Roll, and spiral, were determined by manipulating the state matrix A and
isolating longitudinal and lateral responses. A similarity matrix J was used to rearrange the
state matrix into longitudinal and lateral modal responses, represented by Ajong and Ap,g,
respectively. The formulation used to calculate the longitudinal and lateral state matrices is

presented in Eq. 4.32 (Stevens et al., 2015).
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The eigenvalues of the longitudinal (Ajye) and lateral (Ajn) state matrices were computed

and assigned to their respective flying quality response.

The eigenvalues and the flying

qualities they represent are presented in Fig. 4.7 for MUFASA at a trim condition speed of

507, and an altitude of 4km.
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Figure 4.7: Flying quality parameter identification. Poles obtained for MUFASA during
flight at a speed of 507, and an altitude of 4km.

Longitudinal eigenvalues generally are two complex conjugate pairs, with the more negative

real pair being the short period mode and the more positive real pair being the phugoid

mode (labelled in Fig. 4.7). Complex conjugate pairs indicate an oscillatory modal response

o4



of the mode they are associated to. If one longitudinal eigenvalue complex conjugate pair
does not exist and both poles instead lie on the real axis, then that mode is critically damped
and exhibits non-oscillatory behaviour. If both poles exist on the real axis in the left half
plane, then the mode is stable and the more negative pole is used to calculate the modal
properties. If both poles exist on the real axis, one in the left half plane and one in the right
half plane, then the mode is unstable and the unstable positive pole is used to calculate the
modal properties (Campos and Marques, 2021; Cook, 2012). All lateral eigenvalues occur on
the real axis and are critically damped but for one complex conjugate pair which represents
the Dutch-Roll mode (labelled in Fig. 4.7). The one eigenvalue at the origin is related to the
yaw angle and does not represent any specific mode. Finally, the most negative and positive
remaining lateral eigenvalues represent the roll subsidence and spiral mode respectively.
With all eigenvalues determined and assigned to their respective modal parameter, the
flying qualities (natural frequency and damping ratio) of each eigenvalue were calculated.
From the natural frequency and damping ratio the time constant and time-to-double was
calculated for each mode using Eqgs. 2.1 and 2.2, respectively. This procedure was applied
to multiple steady-state conditions throughout MUFASA’s flight regime to assess its flying

qualities.
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Chapter 5

Flight Dynamics Simulation

The mathematical model was implemented into the MATLAB & Simulink environment to
facilitate simulations and data collection. The mathematical model simulation allows for
analysis of MUFASA’s flying qualities at trim conditions throughout its flight regime. The
simulation structure is also generalized so the control perturbation response of different
fixed-wing aircraft can be recorded and compared to facilitate comparative vehicle handling

characteristics.

5.1 Simulation Structure

The simulation structure presented in Fig. 5.1 was developed to allow for the evaluation of
fixed-wing aircraft (including supersonic and subsonic vehicles). By specifying the desired
control inputs the vehicle’s state was computed throughout its flight regime (shaded red
hexagons in Fig. 5.1). All aircraft constants such as mass, inertia, motion constraints, and
MAC are stored in a general Constants file (Fig. 5.1) which is distributed around the Simulink
model. Tables 5.1, 6.2, and 6.3 provide a list of parameters used by the simulation to describe
the environment and the MUFASA aircraft.

Aerodynamic coefficients listed in Table 4.1 are fed into Simulink as a constant 30-by-16 array

organized by Mach number as presented in Appendix A, Tables A.1 to Table A.3. Inputting
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Figure 5.1: MUFASA Simulink simulation implementation.

Table 5.1: Simulation parameters.

Parameter Value
Gravity (3) 9.81
Initial Longitude (°) -157.93
Initial Latitude (°) 21.32
Initial State Vector (various) T
Initial Controls Vector (various) u

a file full of constant aircraft parameters and an aerodynamic coefficient array (shaded green
ovals in Fig. 5.1) allows for various fixed-wing aircraft to be quickly simulated without
requiring any changes to the base simulation framework. The simulation set up allows for an
easier interface with the Flight Dynamics Model Exchange Standard (American Institute of
Aeronautics and Astronautics, 2016) for vehicle simulation validation cases. The five main
structural components of the Simulink model are presented as blue boxes in Fig. 5.1. Each

of these five components and the information they transfer are described in the following
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subsections.

5.1.1 Actuator Dynamics

Five actuators are used to control the SSUAV: four control surface actuators (i.e., two elevons
and two vertical stabilators) to control the aircraft’s attitude (Fig 1.2), and one motor to
control the engine thrust. The actuator dynamics block (Fig. 5.1) receives the desired control
inputs in the form of a desired control vector, %4, and outputs a control vector, u, that is
physically realizable. The actuator model takes into account the physical motor constraints
by limiting the deflection rates and maximum deflection angles as specified in the Constants
file. The aerodynamic control surface and engine model dynamics are modelled via Eqs. 4.10
and 4.23, respectively. MUFASA’s actuator deflection and rate limitations are provided in
Section 6.2. It is important to note, while the commanded signals use elevator and aileron
deflections, motion constraints have been applied to the elevon control surfaces of the delta-
wing UAV. This switching requires the pitch and roll controls be continually mapped between

the general aileron/elevator and elevon representations using Eq. 4.8.

5.1.2 Environmental Modelling

An environmental model was developed to calculate the aerodynamic forces and moments
experienced by an aircraft in the Earth’s atmosphere. Based on the aircraft’s state, z,
physical constants such as atmospheric air density, temperature (t), and speed of sound
(a) at various altitudes were calculated using the COESA Atmospheric model (MathWorks,
2021a; National Oceanic and Atmospheric Administration et al., 1976). Mach and Reynolds
number changes associated with a vehicle’s altitude variation were calculated using Eqs. 5.1

(Anderson, 2011) and 5.2 (National Oceanic and Atmospheric Administration et al., 1976).

Va
M=
a

(5.1)
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PVaCmean

e = 5 mgi % 10—

(5.2)

In this work atmospheric wind disturbances were set to zero, meaning the aircraft was
effectively flying through a calm atmosphere. To facilitate future disturbance testing on the
aircraft, an environmental wind model was implemented by combining a Dryden Turbulence
model (Liepmann, 1952) with wind gust and shear models (Department of Defense, 1980)
allowing for the creation of custom atmospheric conditions. The disturbances were incor-
porated into the simulation using a linear field approximation as the gust wavelength was
constrained to be at least ten times larger than the UAV wingspan (Etele, 2006). The z, y,
and z component of the wind velocity vector were aligned with positive components of the
inertial coordinate frame.

The environmental model outputs the airspeed using Eq. 4.2, along with the required
aerodynamic parameters such as AOA and sideslip angle. The aerodynamic parameters,

as well as the generated angular rates are used as inputs to the aerodynamic forces block

(Fig. 5.1).

5.1.3 Aerodynamic Forces

Aerodynamic coefficients are computed using environmental flight conditions from the envi-
ronmental modelling block (Fig. 5.1), control surface deflections from the actuator dynamics
block (Fig. 5.1), and aerodynamic coefficient inputs (Eqgs. 4.8 to 4.20). Based on the air-
craft’s Mach Number the aerodynamic coefficients are obtained from lookup tables generated
via CFD data. Such lookup tables are presented in Appendix A. If the needed coefficient
value is not defined in the lookup table a linear interpolation process is used between the
corresponding lookup table values. Interpolations are linearly computed in alignment with
common practice (Stevens et al., 2015). Skin friction drag is then accounted for by consid-

ering the aircraft’s Reynolds number per Eq. 4.20. The aerodynamic coefficients are then
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used to calculate forces and moments in the aircraft’s body frame via Eqgs. 4.28 and 4.29.
These aerodynamic forces and moments are used in the model kinematics and dynamics

block (Fig. 5.1).

5.1.4 Model Kinematics and Dynamics

The Model Kinematics and Dynamics block (Fig. 5.1) is used to calculate the aircraft’s
change in state with respect to time represented by Eqs. 4.6, 4.7, 4.26, and 4.27. First the
propulsion forces and moments (Eqgs. 4.21 to 4.24) and gravitational forces (Eq. 4.25) are
calculated using vehicle constants (i.e. engine constants, gravity, mass), aerodynamic param-
eters such as AOA and sideslip, and thrust input (i.e. d7). The calculated propulsion forces
and moments are added with the body forces and moments calculated by the Aerodynamic
Forces block in Fig. 5.1. The aircraft’s change in state is then computed using Eqs. 4.4
to 4.7. The new state of the aircraft is calculated by integrating the change in state over the

0.001s simulation time step via the Simulink integrator block (MathWorks, 2021d).

5.1.5 FlightGear

FlightGear Flight Simulator is used in the current work to both aid in debugging and visualize
simulation results. Visualization software such as FlightGear assist with visual verification
of manoeuvre correctness (Sagliano, 2021). FlightGear was chosen over other software tools
such as XPlane and Microsoft AirSim which are not open source and at the time of this
writing do not support fixed-wing aircraft (Craighead et al., 2007). FlightGear uses the
JSBSim simulation environment (Berndt, 2004), however, this functionality is overridden in
the current application such that all aircraft dynamics are computed in MATLAB/Simulink.
Following the procedure presented by Sagliano (2021), the aircraft state vector is transferred
to FlightGear from Simulink. A set pace block is used in Simulink (MathWorks, 2021e) to
ensure that the simulation and FlightGear run together in real time. A visualization of the

MUFASA UAYV in flight within the Flight Gear software environment is presented in Fig. 5.2.
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To ease the analysis, the aircraft scene is overlaid with FlightGear’s heads up display with

variables transferred from Simulink pointed out.

0.00 g

Figure 5.2: FlightGear visualization of the MUFASA model.
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Chapter 6

Results

The flying and handling qualities of the MUFASA SSUAV are analyzed in this chapter.
First the verification of the mathematical model developed is presented in Section 6.1. The
constant parameters used to model the MUFASA SSUAV are presented in Section 6.2. Using
Froude scaling, MUFASA is evaluated in Sections 6.3 and 6.4 using the MIL-STD-1797A
standard to determine its quantitative flying and handling qualities. Based on the results
obtained in Sections 6.3 and 6.4, MUFASA’s stability is analyzed and discussed in Section 6.5.
The qualitative handling qualities of the MUFASA SSUAV are compared to a range of full-
scale and small-scale aircraft in Section 6.6. Sections 6.3 to 6.6 present results followed by a

discussion of their relevance.

6.1 Model Verification

Verification of the mathematical model presented in Chapter 4 is presented in this section.
Previous simulation verification work by Jackson et al. (2015) has highlighted that modelling
even simple vehicles is challenging. Differences in interpretation of the scenario and initial
conditions lead to equivalent simulations grouping together, but rarely agreeing with specific
numbers (Jackson et al., 2015). To address such challenges three verification procedures were

performed. Firstly, a mesh convergence study was performed as described in Section 6.1.1 to
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verify the MUFASA CFD results. Secondly, the MUFASA model was subjected to an elevon
deflection to evaluate its transient aircraft response as described in Section 6.1.2. Lastly, the
flying quality parameters of an F-4 aircraft were calculated using the methodology described

in Section 4.5 and compared against results from Heffley and Jewell (1972) and Roskam
(2001) in Section 6.1.3.

6.1.1 CFD Case Verification

To verify the aerodynamic coefficient CFD results, a mesh convergence study was performed
using the coefficient of drag (Ashton and Skaperdas, 2019) in accordance with the procedure
laid out by Ega and Hoekstra (2014). Results were obtained at a cruise flight condition (Mach
1.05) with a zero AOA and zero sideslip angle, using scalable full-volume meshes (discussed
in Section 4.3.3) ranging from four to twenty-four million elements. The processed mesh
convergence data is presented in Fig. 6.1, with each mesh’s grid spacing being normalized

about the twenty-three million element mesh grid spacing.

0.04 T T T T T
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Figure 6.1: MUFASA UAV coefficient of drag mesh convergence study at Mach 1.05,
based on the procedure by Ega and Hoekstra (2014).
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Error bars in Fig. 6.1 represent the drag coefficient uncertainty for mesh results in the
asymptotic range. The asymptotic range in the figure is the region where the mesh results
provide a positive order of convergence that facilitates the estimation of a final coefficient of
drag value (Ega and Hoekstra, 2014). As observed in the figure, the results of the twenty-
three million element mesh for the drag coefficient exist within the uncertainty range of the
asymptotic mesh elements. The verified twenty-three million element mesh was then used

to obtain the remainder of the aerodynamic coefficients computed using SU2.

6.1.2 Transient Aircraft Response to Elevon Deflection

The mathematical model aircraft simulation based on Eqs. 4.6, 4.7, 4.26, and 4.27 was evalu-
ated by comparing the transient aircraft response against documented generalized fixed-wing
aircraft response tendencies identified by Berry and Powers (1970) and Katz (1999). This
generalized response evaluation method was pursued as finding a modelled aircraft with as-
sociated experimental data using the same combination of vehicle parameters as used in this
thesis (Constants and Aerodynamic Coefficients in Fig. 5.1) proved difficult due to literature
cases having incomplete or different initial conditions or vehicle parameters. This observation
is inline with conclusions by Jackson et al. (2015) who noted the non-trivial time required
to reconcile vehicle models into a simulation and how they often lead to poor agreement
without extensive adjustments to the initial conditions. Multiple runs were performed, and
an example of this comparison method is presented in Fig. 6.2. An aerodynamically stable
MUFASA model was trimmed for steady-state straight-and-level flight at 3502 (Mach 1.08)
and at an altitude of 4km. At this trim state both elevons are negatively deflected. At 0.5s
the port elevon was set to a deflection angle of zero (lowered), exposing only the starboard
elevon to the airflow. Elevon deflection with time is presented in Fig. 6.2a, while a diagram
of the final state is shown in Fig. 6.2d.

Intuitively a starboard elevon deflection should lead to a coupled longitudinal and lateral re-

sponse causing a deviation in all aerodynamic forces and moments. As expected, positive roll
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Figure 6.2: MUFASA aerodynamic body frame force and moment changes with respect
to time in response to a single elevon deflection.

and yaw moments are observed (Fig. 6.2¢) along with a sideforce due to the single starboard
elevon deflection (Fig. 6.2b). Lowering of the port elevon reduces the control surface area
rear of the CG exposed to the flow, thus reducing the pitching moment from its trimmed
value (Fig. 6.2¢) and also reducing the lifting force (Fig. 6.2b). The roll moment returning to
zero following the initial deflection indicates that aerodynamic damping effects are present
and that a constant equilibrium roll-rate was achieved. This equilibrium roll response aligns
with the behaviour expected of a generic fixed-wing aircraft roll mode in subsonic or super-
sonic flight (Berry and Powers, 1970; Department of Defense, 1997; Weinacht and Sturek,
1996). The initial reactions at 0.5s are followed by an excitation of pitch and yaw moments
(Fig. 6.2¢) as the aircraft begins to transition from predominately rolling motion to a deep

spin motion due to the influence of other aerodynamic variables such as coupling and aero-
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dynamic damping (Katz, 1999). This simulation case indicates that control surfaces do not
have absolute control, and that other aerodynamic influences such as damping can predomi-
nately influence the aircraft behaviour. The model’s representation of the MUFASA SSUAV
cannot yet be compared to experimental data as the MUFASA airframe is still in devel-
opment. The model will be indirectly verified in Section 6.1.3, however, in the absence of
flight data, it is concluded that the model is setup and functioning properly as the simulated
aircraft behaviour aligns with generalized fixed-wing aircraft tendencies identified by Berry

and Powers (1970) and Katz (1999).

6.1.3 Flying Quality Parameter Verification

The aircraft mathematical model and flying quality evaluation procedure (Chapter 4) were
verified together by comparing their results against flying quality parameters obtained by
Heffley and Jewell (1972) and Roskam (2001). The verification case provided by Heffley
and Jewell (1972) involved the inertial and aerodynamic data of a McDonnell Douglas F-4
aircraft flying at a Mach number of 0.9 and altitude of 35000ft (i.e., 10668m). The flight
parameters were used as inputs to the mathematical model (Chapter 4) to generate predicted
flying qualities of the F-4 aircraft via the Discrete model (Section 4.5). The flying qualities
of the F-4 aircraft at these flight conditions were also previously calculated by Roskam
(2001) via DAR Corporation’s Advanced Aircraft Analysis software program. Though no
direct citations are shared between Heffley and Jewell (1972) and Roskam (2001), they both
present the same F-4 inertial and aerodynamic data within rounding error. The flying quality
parameters of the F-4 aircraft as stated by Heffley and Jewell (1972), and calculated by the
Advanced Aircraft Analysis software (Roskam, 2001) and the Discrete model (Section 4.5)
are presented in Table 6.1.

As presented in Table 6.1, neither the Advanced Aircraft Analysis software (Roskam,
2001), nor the Discrete model predict flying quality parameters identical to results from

Heffley and Jewell (1972). The differing flying quality parameter values between analysis
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methods are likely due to differences in setup of the scenario or initial trim conditions,
however neither can be confirmed without knowing how the Advanced Aircraft Analysis
software functioned. The Discrete model developed is assessed to provide comparable results
as, but for Dutch-Roll natural frequency, it provides similar results to one, or both of the
other methods.

Table 6.1: F-4 aircraft flying quality parameter comparison between HefHley and Jewell
(1972), Roskam (2001), and the Discrete model procedure presented in Section 4.5.

F-4 Parameters Heffley and Jewell (1972) Roskam (2001) Discrete Model

Wep N/A N/A 8.998
Cop N/A N/A 0.461
Wph N/A N/A 0.048
Con N/A N/A 0.972
T, 15.200 N/A 14.774
War 2.366 2.396 3.731
Car 0.049 0.048 0.047
T, N/A 77.022 73.025
T, 0.445 0.748 0.414

6.2 MUFASA SSUAYV Physical Overview

The parameters used to simulate MUFASA in this thesis are detailed in this section. An
overview of the physical characteristics of MUFASA are presented in Table 6.2. MUFASA’s
physical dimensions are derived from work by Dalman (2021). MUFASA’s mass is set to
20kg to allow for regulatory classification as a small remotely piloted vehicle according to
Transport Canada (2022). The MUFASA A.2 components of inertia are scaled from MU-
FASA A.1 as construction of MUFASA A.1 has been completed and the inertia measured.
The UAV inertia was determined by employing bifilar pendulum testing following procedures
outlined by Jardin and Mueller (2007) and Miller (1930). Key physical dimensions of the
SSUAV are presented in Figs. 6.3 and 6.4. The main MUFASA wing is a NACA64-(0.3)05
A=0.5 airfoil, while the vertical stabilators are NACA 0012 airfoils. MUFASA’s CG, ACC
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and EC exist on the aircraft centre line, with longitudinal location denoted in Table 6.2 and
Fig. 6.3.
Table 6.2: MUFASA physical characteristics.

Parameter MUFASA A.2
Length (m) 2.087
Mean Aerodynamic Chord (m) 0.595
Span (m) 1.070
Mass (kg) 20
L (kg m?) 0.210
yy (kg m?) 1.022
I, (kg m2) 1.206
I, (kg m?) 0.014
Planform Area (m?) 0.628
Wetted Area (m?) 2.236

1.451m |
1.167m iNACA 0012 35°

0.700m ' 0.420m ' 0.285m
Figure 6.3: MUFASA side profile key dimensions.

6.2.1 MUFASA Aerodynamic Overview

The coefficients used to calculate aerodynamic forces and moments were acquired following
the methods stated in Section 4.3.3. In addition to numerical aerodynamic coefficients, data
about the fluid flow was generated by SU2 for every Mach number analyzed. Using flow
data allowed for identification of the high-speed shock structure surrounding the MUFASA
airframe and identification of aerodynamic coupling. An example Mach number contour for
the UAV at nominal conditions, AOA and sideslip angle of zero, at a speed of Mach 1.1 is

presented in Fig. 6.5 using the ParaView visualization program (Ahrens et al., 2005). As
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Figure 6.4: MUFASA top profile key dimensions.

expected for high-speed flight, multiple shocks are observed occurring along the UAV air-
frame. The expansion fan/shock interaction observed behind the vertical stabilators suggests
these control surfaces are aerodynamically coupled. This observation suggests that control
surface constraints are present in the aircraft and will be discussed further in Section 6.2.2.
The detached bow shock observed in Fig. 6.5 is likely due to the use of a blunt nose model
without a pitot intake (Anderson, 1999, 2011).

In an effort to capture how MUFASA’s aerodynamic coefficients change with speed the
coefficient collection process described in Section 4.3.3 was repeated across a range of Mach
numbers between 0.01 and 2.1. Aerodynamic coefficients were computed at the following
sixteen Mach numbers: 0.01, 0.1, 0.3, 0.5, 0.7, 0.8, 0.9, 0.95, 1.05, 1.1, 1.2, 1.3, 1.5, 1.7,
1.9, and 2.1. The obtained coefficients were rotated from the CFD coordinate frame (seen
in Fig. 6.5) to the body coordinate frame (seen in Fig. 4.1) and organized into a lookup
table based on Mach number. The goal for the aerodynamic lookup table is to quantify
the aircraft’s aerodynamic behaviour across its entire flight regime. This lookup table is
incorporated into the simulator developed in Chapter 5. A complete list of all MUFASA A.2

aerodynamic coefficients obtained are provided in Appendix A, Tables A.1 to A.3. Review of

69



1.8e+00

e |

Figure 6.5: MUFASA Mach number contour at Mach 1.1 freestream conditions.

the aerodynamic coefficients obtained indicate that MUFASA is aerodynamically unstable.

Further analysis is provided in Section 6.5.

6.2.2 MUFASA Actuator Overview

Physical hardware necessitates that input constraints be applied to the simulation input
vector. MUFASA has four control surfaces, two vertical stabilators and two elevons, as
highlighted in Fig. 1.2. All of the control surfaces are capable of moving independently of
each other. Each elevon and vertical stabilator has a planform area of 0.023m? and 0.105m?,
respectively. The control surfaces are constrained to be rigid, with infinitely powerful actu-
ators, meaning they will not deflect unintentionally. Actuator motion constraints are based
off of the physical constraints of the Futaba BLS172SV and BLS175SV servos earmarked
for use in MUFASA A.2. The maximum deflection angle from nominal for the vertical sta-
bilators is +5° to avoid interference with MUFASA’s fuselage. To avoid interference with
the wing, the maximum deflection angle from nominal for the elevons is plus 34° and mi-

nus 44° following the sign convention presented in Fig. 4.4. Following procedures outlined by
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Beard and Mclain (2012), the elevon control surfaces were constrained to move in elevator
and aileron combinations as related by Eq. 4.8. Additionally, the vertical stabilators were
constrained to move in unison. The expansion fan/shock interaction observed trailing the
vertical stabilators in Fig. 6.5 indicates that at high-speeds coupling exists between these
vertical control surfaces. To avoid running CFD for every vertical stabilator port/starboard
deflection state, the vertical stabilators were constrained to always maintain the same angle.
This constraint, coupled with Eq. 4.9, implies that dptvs = Osbvs = 0y

Engine constraints are based off of the physical constraints of the KingTech K-160G2
engine earmarked for initial use in MUFASA A.2. Static testing indicated the KingTech
engine maximum throttle ramp rate was 162. Previous work by Dalman (2021) has indicated
the theoretical maximum flight regime for the MUFASA A.2 UAV is under 6km altitude and
up to a Mach number of 0.99. As these estimates are preliminary, the MUFASA flight regime
considered for this work will be up to an altitude of 10km and a Mach number of 1.5. These
bounds allow for a factor of safety should future MUFASA UAV iterations achieve a larger
flight regime. In order to facilitate analysis of the MUFASA SSUAV throughout the flight
regime detailed it is assumed an equivalent engine exists capable of a maximum thrust output
of 5000N. This 5000N engine is employed in the MUFASA model simulated and equates to
engine constants ko and k; (from Eq. 4.22) of 0 and 6500 (%)2, respectively. A summary of

MUFASA’s actuator characteristics is presented in Table 6.3.

6.3 Flying Qualities

Quantification of MUFASA’s cruise flying qualities are presented and discussed in this sec-
tion. To facilitate the evaluation of MUFASA with the military flying quality specifications
MIL-STD-1797A, MUFASA was scaled using Froude scaling. The damping and natural fre-
quency of MUFASA’s aerodynamic modes were first computed from a steady-state trimmed

and linearized state-space representation following the discrete modelling procedures pro-
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Table 6.3: MUFASA actuator characteristics.

Parameter MUFASA A.2
Motor Constant ko (unitless) 0
Motor Constant k; (%)2 6500
Maximum Elevon Deflection (°) 34
Minimum Elevon Deflection (°) -44
Maximum Elevon Deflection Rate (24) 3.27
Maximum Vertical Stabilator Deflection (°) 5
Minimum Vertical Stabilator Deflection (°) -5
Maximum Vertical Stabilator Deflection Rate (%) 3.27
Minimum Throttle Setting (unitless) 0
Maximum Throttle Setting (unitless) 1
Maximum Throttle Ramp Rate (%) 0.16

vided in Section 4.5. Due to similarities in flight speeds and delta-wing design, MUFASA
and its response frequencies were scaled to the size of a Lockheed SR-71 “Blackbird” air-
craft. The SR-71 was chosen for comparison since it has a similar planform, is designed to
maximize speed with limited manoeuvrability (Berry and Powers, 1970; Cox and Jackson,
1997), and has published mass and aerodynamic coefficient data (Moes and Iliff, 2002). A

visual comparison of the two aircraft is presented in Fig. 6.6.

S D et -

(a) Scaled MUFASA (b) SR-71, adapted from Goins (1964)

Figure 6.6: Proportionally scaled MUFASA and SR-71.

The Froude scaling number was determined by averaging the ratio between each aircraft’s
wingspan (b) and mean aerodynamic chord as presented in Eq. 6.1 (Klyde et al., 2020a). In
Eq. 6.1 subscript 1 and 2 denote whether the property belongs to the first or second aircraft

being compared. The SR-71 wingspan and mean aerodynamic chord are 17.28m and 11.49m,
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respectively (Moes and lliff, 2002), yielding a scaling factor of n = 17.5754.

Cmeanq b_1
¢ bo
po fom B (6.1)

Work by Berry and Powers (1970), Berry (1978), and Cox and Jackson (1997), has de-
termined that high-speed aircraft are best classified as class III aircraft in phase C flight
according to the MIL-STD-1797A standard. As previously mentioned, according to the
MIL-STD-1797A standard a class III aircraft is large, heavy, and has low-to-medium ma-
neuverability while phase C flight denotes terminal flight phases where accurate flight-path
control is required (Department of Defense, 2004). The supersonic SR-71 and scaled-up MU-
FASA SSUAV are evaluated against the MIL-STD-1797A class III, phase C requirements.
The handling quality levels of the scaled-up MUFASA SSUAV were determined for each of
the five flight modes (i.e., short period, phugoid, Dutch-Roll, roll subsidence, spiral) based
on Table 2.4. MUFASA’s cruise conditions are set as 3502 (Mach 1.08) at 4.0km altitude.
MUFASA’s scaled flying quality parameters at cruise, along with associated handling quality
level, are presented in Table 6.4. Also included are the SR-71 flying and handling qualities
evaluated at the same cruise conditions as MUFASA.

Table 6.4: MUFASA SSUAV cruise flying and handling qualities when scaled to
the size of an SR-71.

Flying Scaled MUFASA SR-71
Name . . .
Quality Value Handling Value Handling
Parameter Level Level
Short period Cop 0.294 2 0.931 1
Phugoid Ton, 16.261 s N/A 7.772 s N/A
Car 1 0.186
Dutch-Roll War 11231224 1 2.341124 1
Carar 11.232%2d 0.43624
Roll subsidence T, NaN s N/A 0.507 s 1
Spiral T, 651.61 s 1 69.898 s 1

When compared to the MIL-STD-1797A standard, MUFASA at cruise conditions obtains

satisfactory (level 1) handling qualities for Dutch-Roll and spiral modal responses. Short
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period damping is rated as acceptable (level 2) while the phugoid response does not meet
any of the military specification requirements. MUFASA’s roll subsidence time constant is
Not a Number (NaN), denoting an unstable roll response. Because the MIL-STD-1797A
standard does not specify how to treat modes not meeting any requirements, the phugoid
and roll subsidence handling is set to N/A. The unstable roll response is discussed further
in Section 6.5. MUFASA obtains equivalent or worse flying and handling qualities than
calculated using the same method for the SR-71. The SR-71 results were calculated because
the open-loop flying and handling qualities of the aircraft and its predecessor the YF-12 are
confidential (Berry, 1978; Meyer et al., 1964). All of the SR-71’s flying quality parameters
obtain satisfactory (level 1) handling qualities but for the phugoid mode which does not

meet any handling requirements.

6.4 Flight Regime Flying Qualities

While supersonic cruise performance often drives optimization, acceptable transonic and
subsonic flying qualities must also be accomplished (Luckring et al., 2017). This section
analyzes the flying qualities of the scaled MUFASA SSUAV throughout it’s flight regime.
An alternative short period analysis of the scaled MUFASA’s response was performed by
comparing the short period natural frequency against the load factor sensitivity parameter
(Department of Defense, 2004). Load factor sensitivity (Z) denotes the forces experienced

by an aircraft due to a change in AOA, and is defined by Eq. 6.2 (Klyde et al., 2020a):

-5 (3)

—- is the largest absolute stable zero in the transfer function describing the relationship

where 7

2
between the pitch angle and elevator deflection. The short period natural frequency and load
factor sensitivity were computed throughout MUFASA’s proposed flight regime at intervals of

257 and 1km speed and altitude, respectively. The resulting flying quality data was overlaid
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with the handling quality level requirements detailed by MIL-STD-1797A (Department of

Defense, 2004) and is presented in Fig. 6.7.
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Figure 6.7: Scaled MUFASA longitudinal short period flying qualities evaluated against
the MIL-STD-1797A standard class III, phase C requirements.

The majority of MUFASA’s subsonic flight is within the bounds defining satisfactory (level 1)
flying qualities. Acceptable (level 2) flying qualities are observed at Mach numbers below
Mach 0.2 and above Mach 1.0. MUFASA’s longitudinal short period natural frequency can
be lowered in Fig. 6.7 by moving the CG of the airframe rearward (Foster and Bowman,
2005).

By performing the trim, linearization and scaling operation at multiple operating points
throughout the flight regime a surface detailing handling quality levels was generated. Han-
dling qualities level are evaluated as whole numbers, either level 1, 2 or 3 as shown in
Table 2.4. The current discrete handling quality evaluation does not provide an indication
to designers how close to optimal an aircraft is, whether it is solidly level 1 or barely level 1

for example. An alternative proposed in this thesis is the implementation of a continuous
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flying quality evaluation metric based off the original MIL-STD-1797A standard. The pro-
posed novel evaluation metric is presented in Table 2.4. The goal of continuous flying quality
requirements is to generate smooth transitions between handling quality levels, allowing for
the evaluation of how close to satisfactory (level 1) handling qualities an aircraft is. This
new requirement is shown in Table 6.5 and evaluates handling quality performance on a
continuous scale by linearly interpolating between the level ratings. Additionally a fourth
handling level is added to quantify handling that is not satisfactory enough to be considered

level 1, 2 or 3. Level 4 handling represents unstable or uncontrollable flight.

Table 6.5: Adapted flying quality requirements for a class III aircraft in phase C flight.

Handling
Mode Level 1 Level 2 Level 3 Level 4
Short Period Gsp = 0.825 Gsp = 0.35 Gsp = 0.25 Gsp < 0.15
Gsp = 0.825 Gop = 1.3 Gop = 2 Gop > 2
Phugoid Con > 0.04 Cpn = 0.04 Cph =0
Ton, > 9558 Ton, <9558
Car > 0.08 Car = 0.08 Car = 0.02 Car <0
Dutch-Roll Carwar > 0.10%24 (qwg = 0.10%24 (qwge = 0.052¢ (gwq, < 0.05%24
war > 0.4724 war > 0.4724 war > 0.4724 war < 0.4724
Roll Subsidence T.=00s T, =14s T.=30s T,.>10.0s
T.<0.0s
Spiral T, >12.0s Ty, =120 s Ty, =8s Ty, <4s

As employed by Ammar et al. (2017), the handling qualities of the aircraft are plotted
not just at cruise, but throughout the entire flight regime. The continuous handling qualities
of the five modes were evaluated to provide a holistic view of the aircraft handling at points
throughout the flight regime. The handling quality level of each modal parameter (short
period, phugoid, Dutch-Roll, roll subsidence, and spiral) were averaged together and a mean
handling quality level of the aircraft at each flight regime state determined. An overview of
the scaled MUFASA SSUAV flying qualities throughout its outlined flight regime is presented
in Fig. 6.8. This figure highlights at what conditions MUFASA handles best, and is a flying

quality based tool for future flight trajectory optimization. The surface was generated using
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velocity and altitude increments of 1% and 50m, respectively. Any area in Fig. 6.8 not
covered in colour indicates a flight condition where insufficient lift is generated to produce

steady-state cruise flight.
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Figure 6.8: Scaled MUFASA flight regime mean handling quality level with a potential
flight trajectory overlaid.

Figure 6.8 indicates MUFASA is most easily flown just above Mach 1.0, which is ideal as
this is the designed cruise speed. Handling qualities of the MUFASA SSUAV do not degrade
to near controllable (level 3) on average except at Mach numbers between 0.7 and 0.9, and at
values above Mach 1.3. Based on MUFASA’s handling qualities a potential flight trajectory
from takeoff to cruise is overlaid in Fig. 6.8. The reason for flying quality variations observed
are discussed in subsequent figures. How rapid changes in handling quality levels relate to the
Mach numbers the aerodynamic coefficients were evaluated at was investigated via Fig. 6.9.
Figure 6.9 overlays vertical lines on Fig. 6.8, indicating where aerodynamic coefficients were
numerically determined via CFD, and interpolated between. The effect of dynamic pressure

on flying quality changes were evaluated via Fig. 6.10. In Fig. 6.10 dynamic pressure contour
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lines are overlaid on the mean flying qualities. The dynamic pressure values are presented

in units of pascals.
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Figure 6.9: Scaled MUFASA flight regime mean handling qualities with aerodynamic
coefficient evaluation Mach numbers overlaid.

Even though the goal of a continuous handling quality standard was to remove abrupt
handling reclassification, as seen in Fig. 6.8, abrupt handling quality level transitions still
occur. These transitions do exist with respect to the MUFASA model physics, as they
correlate to behaviour observed in separate time response simulations. Sample non-linear
time response simulations were run and the results were inline with the identified handling
levels. Three potential causes of abrupt handling quality level transitions are discussed
below.

Firstly, abrupt handling quality changes due solely to a change in Mach number are at-
tributed to minor coefficient variation at each analysis point. In the interest of minimizing
computation time 30 aerodynamic coefficients were evaluated at 13 Mach numbers between

Mach 0.01 and 1.5. Linear interpolation was used to generate 30 aerodynamic coefficients
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Figure 6.10: Scaled MUFASA flight regime mean handling qualities with dynamic pres-
sure contour lines overlaid.

between each analyzed Mach number. The abrupt transitions at Mach numbers 0.7, 0.9,
1.05, 1.1, and 1.3 are caused by the phugoid mode changing from a satisfactory (level 1)
to unstable (level 4) handling level, or vice-versa. This instability is caused by the phugoid
eigenvalues having a non-oscillatory unstable configuration, which is a known phenomenon
(Campos and Marques, 2021; Cook, 2012) and was presented in Section 4.5.3. Reviewing
the MUFASA A.2 aerodynamic coefficients presented in Figs. A.1 to A.6 in Appendix A, no
obvious coefficient discontinuities exist at Mach numbers 0.7, 0.9, 1.05, 1.1, or 1.3. The only
discontinuities originating from the CFD results exist at/around Mach 1. It is well known
that aerodynamic coefficient discontinuities exist around Mach 1 both in CFD and experi-
mental data (Aprovitola et al., 2021; Rech and Leyman, 1980). The abrupt transitions at
Mach numbers 0.7, 0.9, 1.05, 1.1, and 1.3 are thus attributed to slight aerodynamic coefficient
changes at the Mach numbers evaluated. The phugoid mode in particular is influenced by
all longitudinal (lift, drag, and pitch) aerodynamic coefficients (Cook, 2012) meaning small

variations between the coefficients (Cr, Cp, and C,,) are capable of leading to rapid phugoid
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response changes. Where the aerodynamic coefficients were obtained appears to lead to the
abrupt vertical handling quality level transitions seen in Fig. 6.9.

Secondly, abrupt handling quality level transitions observed in Fig. 6.8 are attributed to the
fact that not all parameters could be made continuous via Table 6.5. As seen in Table 2.4
and 6.5, parameters such as the phugoid mode experience a transition between level 2 and
level 3 as the flying quality parameter being evaluated changes from damping ratio to time-to-
double. Additionally, there is a transition once a flying quality parameter becomes unstable,
generally characterized by a damping ratio of zero or less. The only modes to quantify
acceptable levels of instability are the phugoid and spiral mode time-to-double.

Finally, changes in dynamic pressure were overlaid in Fig. 6.10 to evaluate if a relationship
existed between dynamic pressure and SSUAV handling qualities. Non-vertical abrupt han-
dling quality level transitions are highlighted in Fig. 6.10 and colour coded to the flying
quality mode they are attributed to. The Dutch-Roll abrupt handling quality level transi-
tion is caused by unstable Dutch-Roll and roll subsidence flying quality parameters. When
the Dutch-Roll handling is satisfactory (level 1), roll subsidence is unstable (level 4), and
vice-versa. This coupled instability indicates MUFASA is laterally unstable and is discussed
further in Section 6.5. Meanwhile, the phugoid mode shifts abruptly between satisfactory
(level 1) and unstable (level 4) at multiple non-vertical points throughout MUFASA’s flight
regime. The cause of these abrupt phugoid shifts is attributed to the eigenvalues exhibit-
ing an unstable non-oscillatory behaviour. The non-vertical abrupt handling quality level
transitions do not coincide well with the slope of the dynamic pressure contour lines, thus,
changing dynamic pressure is not a dominating affect on the aircraft’s behaviour and flying
quality parameters.

In summary, abrupt handling quality transitions do appear in non-linear time response sim-
ulations and are attributed to slight aerodynamic coefficient changes between coefficients at

analyzed Mach numbers, and a lack of specifications to quantify instability.
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6.5 Aerodynamic Stability

Flying quality analysis indicates the MUFASA SSUAV exhibits lateral instability. As men-
tioned with regards to Fig. 6.10, the Dutch-roll and roll subsidence modes exhibit coupled
instability, where one of them exhibits unstable (level 4) handling quality behaviour while
the other exhibits satisfactory (level 1) handling quality behaviour. The reason for this in-
stability, along with MUFASA’s unstable flying quality roll subsidence response in Table 6.4,
is discussed in this section.

In conjunction with flying and handling qualities, aerodynamic stability was another
method used to evaluate the MUFASA SSUAV. Vehicle aerodynamic static stability is de-
termined based off of the sign (£) of its aerodynamic coefficients (Department of Defense,
1990). Reviewing the MUFASA aerodynamic coefficients in Appendix A obtained via the
procedure presented in Section 4.3.3, the following aerodynamic coefficients have a sign
which indicates an unstable aerodynamic response: C,,, Cy,, Cy; , and Cj,. Of the four

coefficients, the unstable directional stability coefficient (C,,,) is the most impactful to the

ng
overall aircraft behaviour, causing any amount of sideslip to induce an unstable deviation
from the desired flight direction. Perturbation simulations of MUFASA were performed to
evaluate MUFASA’s dynamic response. MUFASA was initially set at steady-state, straight-
and-level flight. Multiple simulations were run where a perturbation was applied to the
aircraft, originating from either an actuator deflection or environmental wind gust. MU-
FASA exhibited negative feedback behaviour to longitudinal perturbations and returned to
its original flight trajectory (or close to). MUFASA exhibited positive feedback behaviour to
lateral perturbations, resulting in an uncontrolled departure from the initial flying condition
that grew exponentially. These simulations confirm MUFASA is aerodynamically unstable
in the lateral plane based on the aerodynamic coefficients obtained. The MUFASA A aero-
dynamic profile is not an aerodynamically stable shape. Future work focusing on aircraft

design should consider the stability and flying quality analysis presented in this work when

designing the MUFASA B aerodynamic profile.
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To facilitate MUFASA’s representation of all SSUAVs for the remainder of this thesis’
analysis it was assumed that MUFASA was redesigned to be aerodynamically stable and
mimic the flight behaviour of an SR-71. This stability assumption was facilitated by at-
tributing the aerodynamic behaviour of an SR-71 aircraft to the MUFASA aircraft. Thus
the modified MUFASA A.2 (herein referred to as MUFASA-M) has the physical parameters
of MUFASA A.2 (Tables 6.2 and 6.3) and the aerodynamic coefficients of the SR-71 obtained
experimentally by Moes and Iliff (2002). This assumption means that MUFASA-M results
are obtained using SR-71 aerodynamic coefficient data from Moes and Iliff (2002), and not
the aerodynamic coefficients presented in Appendix A.

An abridged version of the analysis presented in Sections 6.3 and 6.4 is presented below
for the MUFASA-M SSUAV. The flying and handling qualities of MUFASA-M at its cruise
conditions of 3502 (Mach 1.08) at 4.0km altitude are presented in Table 6.6. MUFASA-M
obtains satisfactory (level 1) handling qualities for every modal response at cruise.

Table 6.6: MUFASA-M SSUAV cruise flying and handling
qualities when scaled to the size of an SR-71.

Flying Quality Value Handling

Name Parameter Level
Short period Csp 0.483 1
Phugoid Cph 0.067 1

Car 0.108
Dutch-Roll War 9.99312d 1
Cartwar 1.078%2d

Roll subsidence T, 0.139 s 1
Spiral 15, 148.78 s 1

Flight regime flying qualities were also calculated for MUFASA-M following the procedure
outlined in Section 6.4. MUFASA-M’s mean handling quality level throughout its flight
regime is presented in Fig. 6.11.

As per Fig. 6.11, MUFASA-M is most easily flown between Mach 0.8 and 1.05, or above
Mach 1.3. Overall MUFASA-M obtains satisfactory (level 1) handling qualities, only drop-

ping to controllable (level 3) around Mach 0.8 above 4km altitude. A potential flight trajec-
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Figure 6.11: Scaled MUFASA-M flight regime mean handling quality level with potential
trajectory overlaid.

tory from takeoff to cruise is presented in Fig. 6.11 and plotted along regions with the most
optimal flying qualities. Abrupt handling quality level transitions are still present through-
out this version of MUFASA’s flight regime. The Mach numbers at which aerodynamic
coefficients were obtained, along with the source of non-vertical abrupt handling quality
level transitions, are overlaid in Fig. 6.12.

Similar to in Fig. 6.9, the vertical abrupt handling quality level transitions in Fig. 6.12 are
correlated with where aerodynamic coefficients were evaluated at. Vertical abrupt handling
quality level transitions align with aerodynamic coefficients computed at Mach 1.05 and
Mach 1.3 at all altitudes. Another vertical abrupt handling quality level transition exists at
Mach 0.9 and Mach 1, but only above 3km altitude. All vertical abrupt handling quality level
transitions are attributed to the phugoid mode shifting between satisfactory (level 1) and
unstable (level 4) due eigenvalues exhibiting unstable non-oscillatory behaviour. Non-vertical

abrupt handling quality level transitions are attributed to one of three modes: phugoid, short
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Figure 6.12: Scaled MUFASA-M flight regime mean handling qualities with aerodynamic
coefficient evaluation Mach numbers overlaid.

period, or Dutch-Roll. The phugoid mode abruptly shifts between satisfactory (level 1)
and unstable (level 3) at four non-vertical points: high altitude and low speed, just above
Mach 0.9 at altitudes above 3km, at Mach 0.8 above 4km altitude, and a low altitude at
Mach 1.255. The short period mode is unstable (level 4) below roughly Mach 0.8. This
instability aligns with observations that the SR-71 was unstable longitudinally at subsonic
speeds (Meyer et al., 1964; Moes and Iliff, 2002). Finally the Dutch-Roll mode abruptly
transitions to acceptable (level 2) behaviour above 4km altitude at subsonic conditions.
Inline with observations of Fig. 6.10, MUFASA-M’s non-vertical abrupt handling quality
level transitions do not correlate to changes in dynamic pressure and are instead attributed
to variations of their respective modal responses mentioned above.

One limitation of the MIL-STD-1797A standard was observed when comparing MUFASA-
M’s cruise parameters to the flying quality requirements. As per Table 2.4, satisfactory

(level 1) roll subsidence is characterized by a time constant less than or equal to 1.4s. The
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scaled-up MUFASA-M roll subsidence time constant in Table 6.6 is equal to 0.139s, an order
of magnitude smaller. It is presumed this deviation is not raised as an issue by the military
specification because the standard was designed with crewed aircraft in mind (Mohamed
et al., 2014). Thus, there was little incentive to bound the roll subsidence time constant as
significantly fast responses were deemed unlikely in a crewed configuration. With regards
to the un-scaled MUFASA-M roll subsidence time constant, it is even faster at a value of
0.033s. As noted by Bogos and Stroe (2012), small aircraft generally respond significantly
faster than full-scale crewed aircraft. The impact of this faster response will be explored in

Section 6.6.

6.6 Handling Qualities Time Response Comparison

In the absence of a UAV handling qualities standard, the response characteristics between six
un-scaled aircraft were evaluated to contextualize SSUAV handling. While the MIL-STD-
1797A standard and its predecessors are good resources for quantifying UAV flying qualities,
they are not able to guarantee an aircraft’s handling qualities (Klyde et al., 2020b). Certain
inequalities in Table 2.4, such as roll subsidence time constant, are not fully bounded. The
response characteristics of MUFASA were compared to those of the SR-71, D-21, Simba
(also known as MUFASA A.1), Trance, and Skywalker X8. These aircraft are presented in
Fig. 6.13.

MUFASA-M was used in-place of MUFASA to represent the general performance expected
of a stable delta-wing SSUAV. The SR-71 and D-21 represent the performance of previously
flown supersonic aircraft. The SR-71 was a Mach 3 crewed reconnaissance aircraft, while the
D-21 was a large-scale Mach 3 reconnaissance UAV (Geisler et al., 2007). The aerodynamic
and inertial data needed to model the SR-71 was obtained from Moes and Iliff (2002).
The D-21 was modelled using physical parameters obtained from Bradley et al. (1963) and

Geisler et al. (2007). Aerodynamic coefficients for the D-21 could not be located within the
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(b) SR-71, adapted from (c) D-21, adapted from
Goins (1964). Bradley et al. (1963).

‘ (f) Trance, adapted from N.
(d) Simba (e) Skywalker X8 Herbrich (personal communi-
cation, February 9, 2022).

Figure 6.13: Drawings of aircraft modeled in the handling comparison study (not to scale).

public literature. Due to the similarity in shape and mission profile, the D-21 model utilizes
the aerodynamic coefficients of the SR-71. Simba and Trance represent the performance
of high-speed subsonic UAVs. Simba (also known as MUFASA A.1) is a high-speed, low-
cost, scaled demonstrator of the MUFASA A aerodynamic profile. Because the MUFASA A
aerodynamic profile is laterally unstable, so too is the Simba aircraft. To compare the vehicle
response differences with aircraft scaling the Simba aerodynamic coefficients were modified.
The modified Simba (herein referred to as Simba-M) uses the same assumption mentioned
in Section 6.5, using SR-71 aerodynamic coefficients to simulate the UAV. Simba-M’s mass
and inertia were measured experimentally. The inertia was determined by employing bifilar
pendulum testing following procedures outlined by Jardin and Mueller (2007) and Miller
(1930). Trance is currently the fastest remote-controlled jet-powered model aircraft according
to Guinness World Records (2017). With a top speed of 749km /h, Trance is currently the
closest aircraft flown in size, speed, and capability to an SSUAV. The physical parameters
of the Trance aircraft were determined from information provided by N. Herbrich (personal

communication, February 9, 2022). Trance is 1.30m long with a wingspan of 1.04m. The
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airfoil is a NACA 65006. The total wetted area of Trance is 0.65m?. The UAV weighs
7.5kg and uses a Behotec JB180 engine to generate 180N of thrust. The inertial values were
estimated from a computer assisted design model generated of Trance based on discussions
with the creator and publicly available images of the aircraft. Aerodynamic coefficients
for Trance were evaluated using the procedure detailed in Section 4.3.3. Trance physical
parameters and aerodynamic coefficients are provided in Appendix B. Finally, Skywalker X8
represents the performance of a standard small-scale subsonic UAV. The aerodynamic and
inertial data needed to model the Skywalker X8 was taken from the publication by Gryte
et al. (2018).

Each of these vehicles was simulated within MATLAB and Simulink throughout their
respective flight regime. The aircraft were trimmed and linearized to obtain eigenvalues
defining the aircrafts damping ratio and natural frequency. The sensitivity of each handling
quality mode was indicated by the time constant of that mode. Natural frequency (ex-
citability) and damping ratio (resistance to excitation) were combined using Eq. 2.1 (Saeed,
2008) to calculate the time constant. As stable time constants are generally small, the
inverse of time constant is presented to provide visual context on the speed of a mode’s
response. To contextualize these inverse time constants the results from Trance, the SR-71,
and MUFASA-M are overlaid in Fig. 6.14.

Inverse modal response times increase with Mach number as presented in Fig. 6.14. For
MUFASA-M, the roll subsidence mode is the fastest throughout the Mach sweep, indicating
it is the most excitable. MUFASA-M and Trance UAVs experience significantly faster time
constants than the crewed SR-71. The most drastic difference between the full-scale and
small-scale aircraft are seen when comparing the roll subsidence and short period mode
time constants. Due to the similarity in physical (i.e., length, wingspan, mass, and inertia)
and aerodynamic (i.e., delta-wing shape) properties between Trance and MUFASA-M their
time constants follow a similar increase with Mach number. Due to MUFASA-M’s greater

flight speeds, it achieves shorter modal time constants than Trance. This result supports
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Figure 6.14: MUFASA-M, Trance, and SR-71 inverse time constant modal response
comparison.
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the notion that MUFASA-M and possibly all SSUAV’s are unique in that they combine the
handling quality challenges from both small-scale UAVs and supersonic delta-wing aircraft.
MUFASA-M’s modal time constants follow the trends of small-scale UAVs, however, a greater
top speed due to its supersonic cruise conditions means MUFASA-M’s time constants are
significantly faster than achieved by a small-scale UAV or a supersonic aircraft.

To further evaluate the response characteristics of each airframe, the response to a per-
turbation at cruise conditions was observed. Each aircraft was set to its designed cruise
conditions as outlined in Table 6.7. An equal elevon control surface perturbation was ap-
plied to each airframe and the vehicle’s responses recorded. Aircraft attitude rate response
to a 0.1° aileron (Fig. 6.15a) and elevator (Fig. 6.16a) deflection are presented in Figs. 6.15b
and 6.16b, respectively. From the state derivative vector (z) the vehicle’s roll and pitch

attitude acceleration rate is presented in Figs. 6.17a and 6.17b, respectively.
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Table 6.7: Cruise conditions of various aircraft.

Aircraft Cruise Airspeed (£) Cruise Altitude (km)

MUFASA 350 4.0
SR-71 885 29.0
D-21 885 27.0
Simba 59 0.5
Skywalker X8 18 0.5
Trance 160 0.5
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(a) Aileron perturbation profile. (b) Aircraft roll-rate.

Figure 6.15: Aircraft response following a 0.1° aileron deflection at 2s.

With regard to Fig. 6.15, MUFASA-M reacts the fastest of all the aircraft in roll, and
with the highest magnitude. The high roll acceleration in Fig. 6.17a following the control
surface deflection aligns with previous observations that MUFASA-M has a very small roll
subsidence time constant. MUFASA-M’s roll-rate reaction is at least twice the other small-
scale UAVs, and its reaction is an order of magnitude faster than that achieved by the SR-71
and D-21 supersonic aircraft. The Skywalker X8 small-scale UAV response lies between
the high-speed UAVs and full-scale supersonic aircraft. The response of similarly classified
aircraft (i.e., SSUAV, high-speed UAV, small-scale UAV, full-scale supersonic aircraft) thus

group together in the roll-rate (Fig. 6.15b) and acceleration (Fig. 6.17a) response figures.
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Figure 6.16: Aircraft response following a 0.1° elevator deflection at 2s.
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Figure 6.17: Aircraft attitude acceleration response following a 0.1° deflection at 2s.

Roll response hypersensitivity is a known issue with small-scale fixed-wing UAVs due to
their low roll inertia (I,,) (Mohamed et al., 2014; Panta et al., 2018). Small-scale UAV

wings are generally made out of foam or a lightweight balsa/aluminum spar construction
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(Keane et al., 2017). Small-scale UAVs concentrate the majority of their mass around the
centerline because the inertia advantages of placing components within the wings often do
not outweigh the associated weight penalty of the increased structural requirements (Keane
et al., 2017). Roll inertia is significantly increased by either adding mass or shifting mass
away from the centreline (Mohamed et al., 2014). Adding mass to a small-scale aircraft would
require a greater wingspan to maintain lift. Shifted mass is more effective the further from the
centreline it is, also incentivizing a larger wingspan. Both ways to increase inertia provide
a conundrum as they deviate from the design criteria of a small-scale aircraft. Without
increasing roll axis inertia, the Fig. 6.15b and Fig. 6.17a results highlight potential future
control challenges posed by SSUAVs. If a 0.1° equivalent aileron deflection causes at roughly
26; roll-rate, extreme care must be taken implementing a rigid control surface, or a very fast
robust controller must be developed.

With regards to Fig. 6.16, MUFASA-M’s pitch rate is between the response of small-scale
UAVs and full-scale supersonic aircraft. However, viewing pitch acceleration (Fig. 6.17b)
MUFASA-M’s response magnitude is larger than full-scale aircraft and more inline with
small-scale UAVs. The Skywalker X8 and Trance pitch-rate magnitude exceed that of
MUFASA-M likely due to a weaker opposing restoring force at their respective cruise speeds.
The highest magnitude pitch-rate observed in Fig. 6.16b is significantly lower than the high-
est roll-rate observed in Fig. 6.15b. This difference in pitch-rate and roll-rate control surface
effectiveness adds another layer of nuance because all of these aircraft rely on elevon control
surfaces which mix the inputs of elevator and aileron commands into one deflection angle for
each elevon. When performing a pure elevator deflection, any small deviation between the
elevons will cause a rapid, unexpected rolling motion.

MUFASA-M’s longitudinal and lateral response characteristics are further compared
across aircraft types by normalizing the aircraft’s pitch and roll rates. The aircraft’s roll-rate
responses were normalized using Eq. 6.3 (Stevens et al., 2015), where m represents a nor-

malized variable. A similar procedure was performed for pitch-rate by switching the roll-rate
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variable for pitch-rate. These normalized plots are presented in Fig. 6.18.
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Figure 6.18: Normalized aircraft attitude rate response following a 0.1° deflection at 2s.

The normalized MUFASA-M SSUAV roll-rate in Fig. 6.18a falls between the response of

small-scale high-speed UAVs and full-scale supersonic aircraft. It should be noted that the

behaviour of the Skywalker X8 UAV following its initial 0.5s response is an outlier among

the aircraft as it’s roll-rate does not return to zero. Recent work by Reinhardt et al. (2022)

indicates updates to the Skywalker X8 model developed by Gryte et al. (2018) are required

due to unspecified issues observed. As the Skywalker X8 data was obtained from external

sources commenting on why this behaviour occurs is outside the scope of this work.

The normalized MUFASA-M SSUAYV pitch-rate in Fig. 6.18b follows a similar response to all

of the full-scale supersonic aircraft. The small-scale UAVs have a larger normalized pitch rate

response than the supersonic aircraft. The Skywalker X8 is once again an outlier which could
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be caused by either an issue with coefficients obtained (Reinhardt et al., 2022) or because
of its blended-wing-body design making it quite different than the highly-swept delta-wings
characterizing the other aircraft. Two interesting results are extrapolated from these figures.
Firstly, the MUFASA-M SSUAV behaves more similarly in roll-rate to small-scale UAVs
than large-scale aircraft, even though all aircraft behave similarly in pitch-rate. Secondly,
even when normalized, there still exists a order of magnitude difference between roll-rate and
pitch-rate response magnitudes. Knowing this behaviour, future work can explore potential

control system and physical design mitigation strategies.
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Chapter 7

Conclusions

SSUAVs are envisioned as cost effective tools to aid in supersonic aircraft technology devel-
opment (Eckstrom and Peele, 1975). These SSUAVs have the potential to be low cost, fast
to produce, and safer than full-scale experimental aircraft. Multiple challenges still exist
before SSUAVs take flight. A comprehensive overview of SSUAV flying qualities, along with
a UAV standard to evaluate them, is critical for further development (Klyde et al., 2020a).

This thesis obtained SSUAV aerodynamic and flying quality data by modelling the MU-
FASA SSUAV concept. Aerodynamic coefficient data was coupled with inertial data to
generate a 6-DOF nonlinear Newtonian flight mechanics model. Model implementation was
kept modular to support future design revisions and analysis of additional aircraft. The MU-
FASA SSUAV was compared against the MIL-STD-1797A standard for full-scale aircraft via
Froude scaling, and exhibited mostly acceptable (level 2) performance at the analyzed cruise
conditions of 4km altitude and 3507%. MUFASA’s flying quality parameters were evaluated
against a proposed continuous modification of MIL-STD-1797A. This evaluation was per-
formed across MUFASA’s flight regime to generate a handling quality level surface that is a
new tool for flying quality based flight trajectory optimization. Though the proposed modi-
fication to MIL-STD-1797A was designed to yield a continuous handling quality evaluation,

abrupt transitions were still present. These abrupt handling quality level transitions are
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attributed to slight aerodynamic coefficient changes occurring where data was collected and
a lack of specifications to quantify instability.

It was determined that the MUFASA-M SSUAV, and possibly most SSUAV designs,
are unique in that they combine handling quality challenges from both small-scale UAVs
and supersonic delta-wing aircraft. When comparing each aircraft at its cruise conditions,
MUFASA achieved a roll-rate a least twice as fast as small-scale UAVs, and an order of
magnitude faster than full-scale supersonic aircraft. MUFASA exhibited roll-rate behaviour
more similar to small-scale UAVs then full-scale supersonic aircraft when normalized. While
the flying quality modal time constants of small-scale UAVs and MUFASA were similar,
MUFASA’s greater maximum speed meant that significantly shorter response times were
achieved. With regards to pitch-rate, MUFASA’s performance was inbetween that of small-
scale UAVs and full-scale supersonic aircraft. Thus, when normalized MUFASA exhibits
roll behaviour inline with a small-scale UAV, but pitch behaviour inline with a full-scale
supersonic aircraft. Taken together, the MUFASA-M SSUAV poses unique handling quality

challenges that combine elements of small-scale UAVs and large-scale supersonic aircraft.

7.1 Recommendations and Future Work

Due to the novelty of SSUAV development and UAV flying quality standards, multiple
directions of future work exist for each. Recommendations for future UAV flying quality
standard development are presented in Section 7.1.1. Next steps for SSUAV development,
including the future of the MUFASA UAV are presented in Section 7.1.2.

7.1.1 UAV Flying Qualities

A lack of UAV flying quality data has been cited as a current roadblock in the development
of a UAV specific flying quality standard (Holmberg et al., 2008; Klyde et al., 2020a). While

this thesis work has contributed SSUAV data to the conversation, it has been limited to the
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application of crewed standards to a single SSUAV. The flying quality evaluation of more
SSUAVs and high-speed UAVs would provide additional data points to confirm if MUFASA
or MUFASA-M are reasonably representative of all delta-wing SSUAV concepts. A further
review and modelling of unique hobbyist UAV creations would provide an exciting wealth of
UAV flying quality data.

How model parameters and initial conditions influence a UAV’s flying and handling
qualities, and to what extent, is a potential future area of research. A sensitivity analysis
comparing the impact of changing UAV model parameters (such as mass location, inertia,
and aerodynamic coefficients) or initial conditions (velocity, AOA, sideslip, and altitude)
on flying qualities could highlight parameters or flight states that dominate an aircraft’s
behaviour.

This work has been limited to flying quality damping, natural frequency and time re-
sponse parameters. Aircraft bandwidth coupled with MTE analysis is becoming a more
popular way to evaluate flying and handling qualities (Klyde et al., 2018). While no specific
standards exist yet for UAVs, a bandwidth evaluation should be performed on MUFASA.
To facilitate a bandwidth flying quality evaluation a preliminary closed-loop control system

will need to be implemented.

7.1.2 SSUAYV Development

Experimental validation of the aerodynamic coefficients and the modelling approach pre-
sented in this thesis can be achieved by future flights of the Simba and MUFASA air-
craft. This experimental data could then also contribute to flying quality standardization
for SSUAVs.

With regards to MUFASA’s development, design, modelling, and evaluation improve-
ments can be explored. The MUFASA A aerodynamic profile is laterally unstable. MUFASA
must be redesigned in its next aerodynamic iteration (MUFASA B.1) to be aerodynamically

stable with regards to sideslip. Directional stability could be improved by increasing MU-
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FASA’s tail volume coefficient (Boisseau, 1955; Ciliberti et al., 2017) or via the addition of
forebody strakes to the fuselage (Shah and Granda, 1998). This design process should be
performed following delta-wing design best practices (Merlin, 2009; Morgan, 1972) and with
consideration of the flying and handling quality procedures detailed in this thesis. A possible
addition to the aircraft’s modelling is the inclusion of flexible airframe equations. As there is
no experimental data to compare to, the constraint of a rigid airframe may not be valid for
small-scale UAVs as suggested by Guimaraes et al. (2022). Preliminary work by Guimaraes
et al. (2022) and Mai et al. (2019) indicates aeroelastic effects would not be negligible in
SSUAV designs or during supersonic flight. Their preliminary work suggests that corrections
via aeroelastic filtering might need to be performed once MUFASA’s aeroelastic behaviour
becomes available. Additionally a control surface sizing and flutter analysis could determine
if the sensitivities with respect to roll-rate observed in this work will cause instability in real
world flight testing. The results of this sensitivity analysis could highlight further control
requirements or inform the design process moving forward. The SSUAV design process must
maintain a balance between controllability, manufacturing, and aerodynamic performance.
It may be that SSUAVs require specific design considerations, such as an additional set of
control surfaces, to apply and facilitate satisfactory lateral roll control.

Further research into SSUAV roll-rate sensitivity should be undertaken via aerodynamic
design or mass distribution. Work could examine methods to reduce directional instabil-
ity via aerodynamic changes like the addition of chines (Mcmaster and Schenkt, 1974), or
implementation of a gull-wing design (Morgan, 1972). Alternatively, roll inertia could be
increased by distributing UAV mass in the y, axis away from the aircraft centreline. This
weight redistribution could be accomplished by employing a lower mass propulsion system,
such as the proposed Atlantis Intake System (Wilson et al., 2015), and redistributing the
weight saved to the wingtips. Additionally, the flying and handling quality feasibility of
various vehicle scales could be evaluated. Response results in Section 6.6 often saw the

MUFASA-M SSUAV exhibiting behaviours similar to small-scale UAVs or full-scale aircraft
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depending on whether the perturbation occurred in pitch or roll. An aircraft scale opti-
mization based on flying qualities could add to the mechanical aircraft scale optimization
performed by Dalman (2021). Finally, a control system should be implemented to evaluate
the feasibility of controlling the optimized aerodynamic configuration and size. This control
system should be capable of controlling the UAV not just at one point, but throughout its

flight regime.
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Appendix A

MUFASA A Aerodynamic

Coeftlicients

Tables A.1 to A.3 provide the aerodynamic coefficients describing the behaviour of the MU-
FASA A SSUAV aerodynamic profile. The nominal and partial derivatives of each aerody-
namic coefficient from Tables A.1 to A.3 are grouped together and presented in Figs. A.1

to A.6 to aid in discontinuity visualization as discussed in Section 6.4.

121



Table A.1: MUFASA A.2 control surface dependant partial derivative coefficients.

Mach  Cy, G, Cn, Oy, C,  Co  Cy Cp,  Cun,
0.01 -0.0375 0.1224 0.0292 0.2908 0.0075 -0.2224 0.3084 0.00047 -0.1876
0.10  -0.0376 0.1227 0.0293 0.2658 0.0083 -0.1806 0.3092 0.00047 -0.1883
0.30  -0.0387 0.1248 0.0302 0.2608 0.0082 -0.1729 0.3158 0.00049 -0.1938
050 -0.0410 0.1206 0.0323 0.2643 0.0072 -0.1749 0.3310 0.00053 -0.2066
0.70  -0.0456 0.1300 0.0364 0.2752 0.0043 -0.1837 0.3615 0.00062 -0.2333
0.80 -0.0496 0.1472 0.0401 0.2834 0.0006 -0.1893 0.3889 0.00070 -0.2580
0.90 -0.0561 0.1611 0.0461 0.3330 -0.0145 -0.2322 0.4379 0.00085 -0.3041
0.95 -0.0614 0.1738 0.0509 0.3784 0.0114 -0.2897 0.4856 0.00101 -0.3505
1.05  -0.1009 0.2208 0.0984 0.3476 0.0030 -0.2793 0.5378 0.00227 -0.4559
110 -0.0987 0.1949 0.0877 0.3349 0.0018 -0.2711 0.3977 0.00211 -0.3400
120 -0.0717 0.1800 0.0669 0.3178 0.0090 -0.2578 0.3689 0.00186 -0.3195
130 -0.0251 0.1680 0.0236 0.2961 0.0156 -0.2392 0.3161 0.00169 -0.2746
150  -0.0121 0.1258 0.0113 0.2461 0.0229 -0.1920 0.2216 0.00129 -0.2021
170 -0.0120 0.1019 0.0137 0.2195 0.0262 -0.1659 0.1776 0.00110 -0.1566
1.90  -0.0096 0.0877 0.0115 0.1987 0.0271 -0.1467 0.1529 0.00098 -0.1318
2.10  -0.0030 0.0774 0.0042 0.1800 0.0270 -0.1309 0.1344 0.00087 -0.1161

Table A.2: MUFASA A.2 angular rate dependant partial derivative coefficients.

Mach pr Clp Cnp CLQ CDQ CmQ CYR CIR CnR

0.01  0.1198 -0.5597 -0.0467 3.7186 0.0072 -1.7877 1.2264 -0.0071 -0.4329
0.10  0.1202 -0.5604 -0.0468 3.7264 0.0072 -1.7930 1.2276 -0.0073 -0.4335
0.30 0.1236 -0.5661 -0.0483 3.7921 0.0075 -1.8376 1.2383 -0.0081 -0.4382
0.50  0.1311 -0.5784 -0.0514 3.9403 0.0081 -1.9401 1.2619 -0.0101 -0.4489
0.70  0.1442 -0.6001 -0.0569 4.2230 0.0094 -2.1426 1.3048 -0.0136 -0.4689
0.80  0.1541 -0.6163 -0.0609 4.4612 0.0105 -2.3206 1.3393 -0.0162 -0.4855
0.90 0.1674 -0.6388 -0.0662 4.8493 0.0125 -2.6252 1.3914 -0.0195 -0.5118
0.95 0.1758 -0.6536 -0.0693 5.1821 0.0143 -2.9010 1.4320 -0.0203 -0.5335
1.05  0.2537 -0.7359 -0.1048 6.0044 0.0014 -4.0335 1.1167 -0.0914 -0.6368
1.10  0.3089 -0.7745 -0.1204 7.7174 0.0024 -5.0442 1.1731 -0.0820 -0.6757
1.20  0.3240 -0.8641 -0.1367 4.8215 0.0010 -3.3313 1.2558 -0.0687 -0.7480
1.30  0.2044 -0.8928 -0.0787 4.4164 0.0010 -3.1970 1.3022 -0.0098 -0.7960
1.50  0.3039 -0.9131 -0.1166 4.0250 0.0009 -2.9592 1.4691 0.0241 -0.9340
1.70  0.3093 -0.9065 -0.1224 3.4597 0.0009 -2.7606 1.5988 0.0726 -1.0770
1.90  0.2555 -1.1740 0.0096 3.0290 0.0008 -2.5557 1.6628 0.0760 -1.1079
2.10  0.2555 -0.9886 -0.0964 2.6881 0.0006 -2.3262 1.4820 0.0689 -1.0418
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Figure A.1: MUFASA lift aerodynamic coefficients.
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Figure A.2: MUFASA drag aerodynamic coefficients.
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Figure A.3: MUFASA pitch aerodynamic coefficients.
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Figure A.4: MUFASA sideforce aerodynamic coefficients.
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Figure A.6: MUFASA yaw aerodynamic coefficients.
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Appendix B

Trance Constants

Information provided by N. Herbrich (personal communication, February 9, 2022) was used
to inform and approximate the Trance parameters presented in Table B.1. Trance’s actuator
characteristics were assumed similar to MUFASA’s (Table 6.3) but for the motor constant

ki which was set to 226(%)2.

Table B.1: Trance modelled characteristics.

Parameter Trance
Length (m) 1.03
Mean Aerodynamic Chord (m) 0.817
Span (m) 1.04
Mass (kg) 7.5
Ly (kg m?) 0.238
yy (kg m?) 0.612
I, (kg mQ) 0.842
I, (kg m?) 0.005
Planform Area (m?) 0.65
Wetted Area (m?) 1.506
rég (m) [0.900 0 0]
rToe (m) 0.861 0 0
riq (m) {1.200 0 OJ

Tables B.2 to Table B.5 provide the aerodynamic coefficients describing the Trance high-

speed UAV. All aerodynamic coefficients were obtained via the procedure detailed in Sec-
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tion 4.3.3. An aerodynamic model was generated using information provided by N. Herbrich
(personal communication, February 9, 2022) and scaling of publicly available images of the
aircraft.

Table B.2: Trance control surface dependant partial derivative coefficients.

Mach  Cy, G, Cn, Oy, C,  Cu  Cn Cp,  Cuy

0.10  -0.0103 0.0845 0.0039 0.1374 -0.0190 -0.0599 0.3298 0.000479 -0.0985
0.30  -0.0108 0.0864 0.0041 0.1410 -0.0201 -0.0617 0.3386 0.000501 -0.1028
0.50  -0.0121 0.0908 0.0046 0.1498 -0.0225 -0.0661 0.3597 0.000557 -0.1133
0.70  -0.0150 0.1005 0.0059 0.1689 -0.0278 -0.0761 0.4079 0.000693 -0.1387

Table B.3: Trance angular rate dependant partial derivative coefficients.

Mach CYP Clp Cnp CLQ CDQ CmQ CYR CZR C

nR

0.10  0.011301 -0.2530 -0.0024 1.4442 0.0017 -0.4245 0.3288 -0.0525 -0.0836
0.30  0.012781 -0.2555 -0.0028 1.4770 0.0018 -0.4364 0.3351 -0.0546 -0.0854
0.50  0.016192 -0.2605 -0.0037 1.5534 0.0020 -0.4648 0.3493 -0.0595 -0.0897
0.70  0.022762 -0.2679 -0.0055 1.7123 0.0024 -0.5270 0.3755 -0.0685 -0.0977

Table B.4: Trance nominal partial derivative coeffi-
cients.

Mach CLO CDO Cyo Clo Cmo Cno

0.10  0.0081 0.0007 0 0 -0.0032 0
0.30  0.0085 0.0004 0 0 -0.0034 0
0.50  0.0096 0.0004 0 0 -0.0040 0
0.70  0.0117 0.0007 0 0 -0.0051 0

Table B.5: Trance AOA and sideslip dependant partial
derivative coefficients.

Mach OLa CDa2 Oma Cy Cl C,

5 8 ng
0.10  2.0949 0.0160 -0.0048 -0.2423 0 0.0566
0.30  2.1199 0.0164 -0.0090 -0.2425 0 0.0567
0.50  2.1973 0.0183 -0.0238 -0.2511 0 0.0591
0.70  2.3458 0.0222 -0.0532 -0.2710 0 0.0650
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