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Abstract

Motivated by low-altitude flight near terrain, structures, or other flow-shaping boundaries, where local

lift can extend endurance but can also remove recovery margin when encountered from an unfavourable

state, this thesis investigates whether a small fixed-wing glider controller developed in simulation can

transfer to repeated real flights through uncertain local updrafts. To study this problem repeatably,

the thesis develops an indoor fixed-wing sim-to-real workflow in Imperial College London’s Brahmal

Vasudevan Multi Terrain Aerial Robotics Arena, combining Vicon motion capture state feedback, a

measured command path and latency model, a manufactured glider, a safety-bounded flight volume,

and fan-generated updrafts represented by measured but imperfect surrogates.

The controller is formulated as a viability-guided manoeuvre primitive selection. Instead of tracking

a long planned trajectory through an uncertain flow field, the glider repeatedly selects short stabilised

manoeuvre primitives every 0.10 s in flight. Each primitive is generated, replayed, and validated offline so

that online selection can use explicit evidence about entry compatibility, continuation probability, hard

failure risk, safety margin, lift exposure, and energy change. The resulting dense primitive library is then

compressed into executable tiers, exposing the trade-off between manoeuvre coverage and computation

speed. A bounded spatial lift-memory mechanism is also tested to examine whether repeated launches

can effectively explore the lift field and improve updraft exploitation.

Simulation results show that the approach is computationally practical and physically constrained

by launch energy. The final mission simulations contain 36000 runs and 384795 executed 0.10 s primitive

segments. For feasible launch speeds, approximately above 5.0m s−1, the balanced compressed library

preserves mission performance of the raw dense library while reducing the mean evaluated set from

110.1 to 7.0 candidates and completing 85.2% of selector decisions within the primitive horizon. Spatial

memory changes fewer than 10% of selections and gives little aggregate benefit in the arena.

Real flight testing confirms the main sim-to-real transfer claim under a more conservative practical

launch speed range. Above the 6.0m s−1, the still-air and single-fan cases transfer reliably, while four-fan

flights expose the remaining reality gap in multi-source updraft modelling and glider’s lateral response.

The strongest evidence comes from random fan layouts that were not included in the held-out simulation

validation during controller development: compared with open-loop flight, closed-loop success increases

from 30.0% to 86.7% in the random three-fan layout and from 20.0% to 93.3% in the random four-fan

layout. Replaying the flight results in the simulation environment shows that the simulator does not

reproduce every trajectory detail, yet the frozen controller remains viable in flight. Therefore, the thesis

demonstrates sim-to-real transfer not as one successful trajectory, but as a traceable evidence chain

from modelling and validation to repeated real flight survival through uncertain indoor lift.
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Ĝj m estimated specific energy gain for manoeuvre j

Hres m terminal specific energy reserve above the floor

reference

H(xf )−
Hfloor

Hfloor m specific energy reference at the floor boundary

∆H+
ℓ m positive useful updraft specific energy gain

Ib kgm2 body-axis inertia matrix of the manufactured glider

I frozen controller interface tuple

J(z) glider sizing objective function

J (θaero) regularised objective for aerodynamic calibration

Jsim post-run simulation score for complete mission rollout

Jfail failure penalty term

Jroute route outcome reward

JH,f terminal specific energy reserve reward

xix



List of Symbols

j manoeuvre candidate index

j⋆ selected manoeuvre candidate

jmedoid
g representative medoid candidate for group g

k(·, ·) Gaussian process covariance kernel

K kernel covariance matrix

Ky effective training covariance matrix

Kj local feedback gain for manoeuvre candidate j

L(c) candidate list retrieved for state class c

LB compressed manoeuvre library with budget B

Lτ set of candidates supported by current timing model

lb m boom length

lt m tail arm

ℓi,b body-axis lift direction of aerodynamic strip i

M number of measurement samples

m kg glider mass

Mj(x) governor-score mission progress term

Mb Nm total body-axis aerodynamic moment

Mi,b Nm body-axis aerodynamic moment from strip i

Mres Nm residual correction to total body-axis moment

N0.20(p) neighbourhood of stored spatial memory cells near

query position p

NC number of sizing constraints

Nf Fourier order used for fan f

Nj(c) number of simulated flight samples for candidate j

from entry class c

Ns number of aerodynamic strips for the panelwise model

n number of samples, throws, or trials

nmatch number of accepted matched transition events

pE(e) randomised environment distribution

p̂hardj (c) estimated hard failure probability for candidate j

from class c

PW wing-tip deflection penalty

PH horizontal-tail tip deflection penalty

xx



List of Symbols

P95 95th percentile of an empirical distribution

P99 99th percentile of an empirical distribution

p m arena-frame glider position [x, y, z]⊤

pi m arena-frame centre position of aerodynamic strip i

pV,k m raw Vicon position measurement at sample k

p⋆ m known calibration point used for Vicon alignment

qi Pa dynamic pressure at aerodynamic strip i

qs Pa dynamic pressure at the sizing speed

Qj stage state weighting matrix for candidate j

Qf,j terminal state weighting matrix for candidate j

rf m horizontal distance from a point to fan f

ri m distance from sample i to its assigned fan

rring,f m annular radius of fan f

ri,b m body-frame location of aerodynamic strip i relative to

the glider centre of gravity

Rregime
j poorly calibrated angle of attack regime penalty

Rj command weighting matrix for candidate j

S m2 wing planform area

Si m2 area of aerodynamic strip i

Sj(x) governor score for admissible candidate j

si,b body-axis span direction of aerodynamic strip i

Tℓ s useful local-lift dwell time

T̂ℓ,j s estimated useful lift dwell time for candidate j

Tj s finite execution horizon of manoeuvre candidate j

TV,ℓ s Vicon capture-to-report latency

Tf s low-pass state-filter delay

Tx s state-feedback delay

Tmax s maximum allowed runtime threshold

t0 s initial time of a mission segment

tf s terminal time of a mission segment

t10 s control surface response time to 10 percent motion

t50 s control surface response time to 50 percent motion

xxi



List of Symbols

t90 s control surface response time to 90 percent motion

Tτ timing and latency model used by the controller

T(η) Euler angular rate kinematic transformation matrix

ub ms−1 body-axis forward velocity component

vb ms−1 body-axis starboard velocity component

wb ms−1 body-axis downward velocity component

ucmd normalised aggregate controller output before

executable command mapping

ui robust updraft-fitting normalised residual

U allowable executable command set

Vi,b ms−1 body-axis relative airflow at strip i

V⊥
i,b ms−1 body-axis relative airflow at strip i after removing the

spanwise component

V validated manoeuvre candidate set

Vs ms−1 representative sizing speed

Vsink ms−1 sink rate

W ms−1 arena frame wind velocity

w ms−1 vertical-flow velocity

we ms−1 vertical-flow field for environment instance e

wHAG ms−1 harmonic annular Gaussian mean updraft surrogate

wHAG−GP ms−1 residual annular Gaussian process updraft surrogate

wres ms−1 residual between measured and residual annular

Gaussian process updraft surrogate vertical velocity

w̄ ms−1 measured mean vertical velocity

z local sizing decision vector

x m arena-frame longitudinal coordinate

y m arena-frame lateral coordinate

z m arena-frame vertical coordinate

x 15-state vector used by the controller

x0 initial state of a flight segment

xf terminal state of a flight segment

xref
j reference state for manoeuvre candidate j

Xsafe admissible flight volume for controller evaluation

xxii



List of Symbols

Xlaunch launch gate initial condition set

y system-identification output vector

zfan,k m height of measurement plane k above the fan outlet

zj behaviour and evidence feature vector

A(x) admissible manoeuvre candidate set

Ashield(x) shielded admissible manoeuvre candidate set

mi control effectiveness vector of aerodynamic strip i

ni,b body-axis surface normal of aerodynamic strip i

P set of active manoeuvre families

p̄hard hard-failure probability acceptance threshold

P̄route route-probability acceptance threshold

Ai aspect ratio of aerodynamic strip i

CY side-force coefficient

Cl rolling-moment coefficient

Cm pitching-moment coefficient

Cn yawing-moment coefficient

Cmq pitch damping derivative with respect to

nondimensional pitch rate

kD flat-plate strip-model post-stall drag gain

q̄ Pa dynamic pressure at the glider centre of gravity

RL Nm roll equation intermediate moment term

RM Nm pitch equation intermediate moment term

RN Nm yaw equation intermediate moment term

V ms−1 airspeed magnitude at the glider centre of gravity

Vs,i ms−1 spanwise component of local relative airflow at

aerodynamic strip i

Xb N total body-axis axial force component

Yb N total body-axis side force component

Zb N total body-axis normal force component

Lb Nm body-axis rolling moment component

Mb Nm body-axis pitching moment component

Nb Nm body-axis yawing moment component

xxiii



List of Symbols

Rh(α) post-stall radial basis function centred at angle of

attack αh

Watt attached-flow residual blending weight

Wtr transition residual blending weight

Wpost post-stall residual blending weight

Xi,b N body-axis axial force component from aerodynamic

strip i

Yi,b N body-axis side-force component from aerodynamic

strip i

Zi,b N body-axis normal-force component from aerodynamic

strip i

Li,b Nm body-axis rolling moment component from

aerodynamic strip i

Mi,b Nm body-axis pitching moment component from

aerodynamic strip i

Ni,b Nm body-axis yawing moment component from

aerodynamic strip i

XLD,res N longitudinal post-stall lift-drag residual axial force

ZLD,res N longitudinal post-stall lift-drag residual normal force

Cres
L post-stall lift residual coefficient

Cres
D post-stall drag residual coefficient

Wx,i,b ms−1 body-axis wind axial velocity component at

aerodynamic strip i

Wy,i,b ms−1 body-axis wind lateral velocity component at

aerodynamic strip i

Wz,i,b ms−1 body-axis wind vertical velocity component at

aerodynamic strip i

Greek Letters

Symbol Units Description Formula

αi rad local angle of attack of aerodynamic strip i

αi,eff rad effective angle of attack including zero-lift offset and

control incidence of aerodynamic strip i

α0,i rad zero-lift angle of attack offset of aerodynamic strip i

αq recency weight for spatial memory cell q

A aspect ratio

β rad sideslip angle

xxiv



List of Symbols

β lateral residual variable

δ rad realised control surface state vector

δcmd rad commanded surface target after command mapping

δa rad aileron surface state

δe rad elevator surface state

δr rad rudder surface state

δring,f m annular thickness parameter for fan f

ϵa rad calibrated roll, pitch, and yaw alignment offset

ϵℓ observed lift memory residual vector

ϵP allowed continuation-probability reduction for the

memory shield

ϵm allowed path-margin reduction for the memory shield

η rad attitude vector [ϕ, θ, ψ]⊤

η harmonic penalty exponent or local spanwise

coordinate, according to context

Γ ◦ wing dihedral angle

Γ(·) acceptance predicate for held-out transition validation

γ control effectiveness scale vector

γ harmonic annular Gaussian updraft surrogate

regularisation hyperparameter vector

κf spatial width scale for fan f

κσ inflation scale applied to the updraft fluctuation field

λi mapping from local surface deflection to strip

incidence change of aerodynamic strip i

λℓ relative weight on lift exploitation

λridge harmonic-annular-Gaussian ridge regularisation weight

λcap harmonic-annular-Gaussian soft-cap regularisation

weight

ℓd Gaussian process ARD length scale for feature

dimension d

µf active fan mask for fan f

µres ms−1 Gaussian process predictive residual mean

µ∗ ms−1 Gaussian process predictive mean at a query point

ν executable aggregate command vector

νa executable aggregate aileron command

xxv



List of Symbols

νe executable aggregate elevator command

νr executable aggregate rudder command

ρ kgm−3 air density

ρ(·) robust loss function

ρj manoeuvre-candidate primitive family label

σ sample standard deviation

σi ms−1 local fluctuation scale

σi smooth stall activation of aerodynamic strip i

σHAG−GP ms−1 total fluctuation field of the residual annular Gaussian

process updraft surrogate

σres ms−1 Gaussian process predictive residual standard

deviation

σc ms−1 Gaussian process signal standard deviation

σw ms−1 Gaussian process white-noise standard deviation

θf rad azimuth angle about fan f

θaero aerodynamic residual and control surface effectiveness

parameter vector

θm pitch moment residual parameter block

θlat lateral directional residual parameter block

θδ control surface effectiveness scale parameters

θp glider property randomisation parameters

θτ timing and latency randomisation parameters

Θg closed-loop governor tuning vector

Θring stacked harmonic annular Gaussian updraft surrogate

parameter vector over all fans

τδ s first-order control surface response time constant

τroll s estimated roll response time constant

ϕ rad roll angle

θ rad pitch angle

ψ rad yaw angle

ϕi raw Gaussian process input feature vector

ϕ̃i standardised Gaussian process input feature vector

χ(x) state classification map

Πj complete manoeuvre candidate object

xxvi



List of Symbols

ωb rad s−1 body angular rate vector [pb, qb, rb]
⊤

ωf inverse-distance blending weight

∆I kg2m4 determinant-like inertia denominator for the retained

Ixz rotational dynamics

δs,+ rad positive physical deflection limit for control surface s

δs,− rad negative physical deflection limit for control surface s

γa aileron aerodynamic effectiveness scale factor

γe elevator aerodynamic effectiveness scale factor

γr rudder aerodynamic effectiveness scale factor

δi rad local control surface deflection contribution at

aerodynamic strip i

αh rad post-stall radial basis function angle of attack centre

∆αRBF rad post-stall radial basis function angle of attack width

Superscripts

Symbol Description

(·)⋆ optimal, selected, calibrated, or reference value

(·)att attached flow quantity

(·)cmd commanded quantity

(·)cons conservative timing or uncertainty case

(·)cont continuation route probability or quantity

(·)flight quantity measured from flight data

(·)hard hard failure probability or count

(·)post post-stall quantity

(·)ref reference quantity for a local manoeuvre candidate

(·)sim quantity produced by model replay or simulation

(·)term terminal route probability or quantity

(·)tr transition regime quantity

Subscripts

Symbol Description

(·)att attached flow quantity

(·)b glider body-frame quantity

xxvii



List of Symbols

(·)w arena-frame quantity

(·)V raw Vicon measurement quantity

(·)CG quantity evaluated at the centre of gravity

(·)a aileron components

(·)e elevator components

(·)r rudder components

(·)f fan-indexed quantity

(·)i measurement sample or aerodynamic strip indexed quantity

(·)j manoeuvre candidate indexed quantity

(·)k discrete time sample or measurement plane indexed quantity

(·)n finite-horizon simulated flight step

(·)post post-stall quantity

(·)s flight record, simulated flight, or sizing speed indexed quantity

(·)launch launch gate quantity

(·)safe admissible safety volume quantity

(·)ring annular component of the updraft model

(·)res residual correction or residual model quantity

(·)tr transition regime quantity

(·)ℓ lift related quantity

(·)τ timing or latency related quantity

(·)δ control surface or surface effectiveness related quantity

Abbreviations

Symbol Description

1D one-dimensional

2D two-dimensional

3D three-dimensional

6-DoF six degrees of freedom

AG annular Gaussian

ARD automatic relevance determination

CAD computer-aided design

CG centre of gravity

xxviii



COTS commercial off-the-shelf

DoF degrees of freedom

GP Gaussian process

HAG harmonic annular Gaussian

HAG-GP harmonic annular Gaussian with Gaussian process residual correction

IPOPT Interior Point OPTimiser

LDV laser Doppler velocimetry

LQR linear quadratic regulator

MAC mean aerodynamic chord

MDO multidisciplinary optimisation

PCHIP piecewise cubic Hermite interpolating polynomial

PIV particle image velocimetry

PPM pulse-position modulation

RBF radial basis function

RC radio control

RL reinforcement learning

ROS Robot Operating System

ROM reduced-order modelling

SAE sum of absolute errors

SO(3) three-dimensional rotation group

UAV unmanned aerial vehicle

WRMSE weighted root mean square error

XPS extruded polystyrene

xxix



1 Introduction

Consider a small fixed-wing unmanned aircraft assigned to low-altitude sensing in confined outdoor

airspace. It may be mapping terrain or reconstructing a site in 3D [1], [2], monitoring vegetation and

coastlines [3], surveying damage after a natural disaster [4], or inspecting infrastructure and terrain

boundaries such as bridges, railways, ridgelines, cliffs, valleys, and forest edges [5]. Despite their different

objectives, these missions share one flight control difficulty: the aircraft must collect useful data while

remaining inside a narrow region shaped by terrain, sensing geometry, and safety limits.

In such places, the aircraft is flying along the boundary between information and risk. Buildings,

rooflines, street canyons, bridge decks, slopes, cliffs, and uneven ground can shape the surrounding

air into wakes, shear layers, gusts, and local updrafts [6], [7]. For a small fixed-wing vehicle, this flow

can be useful and dangerous simultaneously. A lift region may help it reduce energy loss and extend

endurance [8], [9]. However, when encountered from the wrong flight state, such a region may erode the

recovery margin before the aircraft can return to a safe state.

This thesis studies that trade-off through a controlled indoor setting. A small glider is flown through

uncertain lift field inside Imperial College London’s Brahmal Vasudevan Multi Terrain Aerial Robotics

Arena 1. The arena is far smaller and cleaner than the outdoor environments that motivate the work,

introducing the challenge of recovering the essential flight control difficulty while isolating its sources:

state measurement and sensing, aircraft design limitations, command path latency, controller design,

and the mismatch between model and reality during controller development.

Accordingly, the above discussion leads to two linked tasks for the present study:

1. Build the experimental workflow: a fixed-wing aircraft, an indoor representation of uncertain lift,

an executable command path, and a safety-bounded flight volume in the Flight Arena.

2. Design a control algorithm, together with its development and validation method, for the mission

enabled by the experimental workflow: flying a fixed-wing aircraft through the uncertain lift

field despite the mismatch between the vehicle model, command latency, sensing feedback, and

environment surrogate used during controller development and those encountered in real flight.

The remainder of the thesis follows the evidence chain shown in Fig. 1.1: the problem is motivated

by related work, realised in the Flight Arena, modelled to form the simulation environment, tested

through controller development, and finally judged using real flight and corresponding simulation replay.

Fig. 1.1. Thesis roadmap from research gap to experimental results.

1 To avoid repetition, this thesis uses the informal shortened form “Flight Arena” when referring to this facility.
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2 Background and Related Work

This chapter reviews the literature needed to formulate the thesis problem. It first defines sim-to-real

transfer for fixed-wing flight under aerodynamic forcing, then narrows the discussion to controlled

environment modelling, small glider design, manoeuvre primitive control, and the resulting research gap.

2.1 Sim-to-Real Transfer Under Aerodynamic Forcing

Sim-to-real 2 transfer refers to using models, controllers, or policies developed in simulation on physical

hardware [10]. The main difficulty of sim-to-real is the reality gap: the mismatch between simulated

and real dynamics, sensing, actuation, timing, and environmental interaction [11], [12]. In robotics,

this gap has been addressed through system identification [13], [14], domain and dynamics randomisa-

tion [15], [16], [17], adaptive randomisation [18], [19], and real-to-sim-to-real loops [20], [21], [22].

Aerial sim-to-real work has extended these methods to both multirotor and fixed-wing vehicles.

Studies of agile multirotor racing have used large-scale simulation, randomisation, and systematic testing

to transfer learned perception and control policies to reality [23], [24]. Fixed-wing examples are fewer,

but recent work shows that high-fidelity modelling and parameter randomisation can improve transfer in

pitch control and attitude regulation [25], [26]. These studies support simulation as a useful development

tool and show that success of transfer should be assessed using measurable validation tasks.

(a) locomotion [16]. (b) navigation [20]. (c) manipulation [21]. (d) perception [22]. (e) agile flight [23].

Fig. 2.1. Representative sim-to-real transfer examples in robotics and aerial autonomy.

When the surrounding flow is dynamically coupled to the vehicle, the reality gap should also include

the aerodynamic forcing. Fixed-wing studies in wind and turbulence demonstrated that small aircraft

are sensitive to non-uniform flow and gusts [27], [28]. Research on flow and dispersion in urban areas,

including wind around buildings, further shows that structures can create shear layers, recirculation

zones, and vertical motion [29], [30], [31]. Recent work on WindSeer also frames the need for sparse 3D

wind prediction for small UAV operation in complex terrain [32]. For small fixed-wing vehicles, such

spatially varying flow disturbances change the relative airflow at the lifting surfaces, affecting vehicle’s

energy state, flight path, control authority, and recoverability [33]. A simulator with an accurate aircraft

model may still produce misleading behaviour if the flow field is poorly represented.

Beyond treating wind as a disturbance to be predicted or tolerated, autonomous soaring provides the

closest fixed-wing precedent for exploiting useful lift as a partially observable environmental resource [8].

Early field-tested studies demonstrated that a small motorised sailplane could estimate and exploit

thermal structure in flight [9], [34]. Subsequent work on atmospheric flow field modelling [35], biologically

inspired soaring strategies [36], and thermalling control under limited flow observations [37] has advanced

the representation, estimation, and use of uncertain lift fields. Recent orographic soaring experiments

further show that fixed-wing MAVs can hover using local rising flow, while also revealing practical

limitations in convergence to the lift region, circling behaviour, and roll stability [38], [39].

2 Simulation-to-reality, sometimes also written as “sim2real” for brevity in paper titles, literature, and codebases.
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Chapter 2 Background and Related Work

Fig. 2.2. Representative simulation-to-flight progression in autonomous thermal soaring research,
illustrated through Allen’s NASA Dryden studies as an early flight-tested example [9], [34], [40].

The present thesis does not attempt to reproduce nature thermals, orographic lift, or urban canyons

directly. Instead, it uses indoor updrafts to study a narrower sim-to-real problem: can feedback-stabilised

glider manoeuvre primitives be selected and transferred consistently across repeated launches when

vehicle dynamics, implementation timing, and aerodynamic forcing differ between simulation and reality?

2.2 Environment Design, Characterisation, and Updraft Surrogates

A controlled sim-to-real study requires an environment that is repeatable enough for comparison, mea-

surable enough for model construction, and variable enough across space to expose transfer degradation.

Outdoor thermals [35], [41], terrain-induced lift [38], [39], and wind around buildings [29], [31] are

relevant to low altitude fixed-wing operation and endurance extension, but they are difficult to localise

or reproduce [42]. Heat-driven indoor thermals are also poorly matched to the present facility because

their length scales and heat input are impractical for the available volume [43], [44]. Hence, mechanically

generated updrafts are used in this thesis as controlled laboratory forcing fields.

Within this controlled setting, measurements are mainly required to build a useful updraft surrogate

from finite samples. They must capture the dominant vertical velocity structure, resolve variations over

the glider scale, and provide local fluctuation estimates [45]. Particle image velocimetry (PIV) [46] and

laser Doppler velocimetry (LDV) [47] offer high-fidelity flow information, but their requirements for

optical access, seeding, illumination, and setup effort can limit coverage in indoor test environments [48].

Pointwise anemometry with spatial scanning provides a lower-dimensional flow characterisation [49],

but can still produce practical mean field maps and local fluctuation estimates when probe orientation,

sampling duration, repeatability, and uncertainty are reported carefully [50], [51], [52].

To use measured samples in simulation, the finite flow data must be converted into updraft surrogates.

This motivates the modelling framework developed in Chapter 4. Analytic Gaussian plume models

provide compact descriptions for early guidance and energy exchange studies [53], [54]. Rotorcraft

induced-flow and outwash theory offer physical intuition for induced velocity, source strength, and

ground or boundary interaction effects [55], [56], [57]. Data-driven surrogate models, including Gaussian

processes (GPs) [58], radial basis functions (RBFs) [59], and other response-surface methods [60], can

interpolate measured data and, in some cases, provide uncertainty estimates. These models support

validation and robustness studies, but should not be treated as exact descriptions of the physical flow,

since finite measurements may miss temporal fluctuations, lateral velocities, or local wind shear.

2.3 Small Gliders and Control-Oriented Modelling

Small fixed-wing gliders are a natural benchmark for lift-aware studies, since their sink rate, recoverability,

and terminal energy depend directly on aerodynamic energy exchange [61]. In the present thesis, the

vehicle is also part of the closed-loop system: geometry, wing loading, control surface authority, structural

tolerance, and mass budget determine the attainable flight envelope, the available recovery margin, and

the modelling assumptions that can be used for controller design [33].

This coupling between airframe design and control is especially restrictive in a confined indoor

3
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arena with spatially varying inflow. Reducing wing loading and mass improves low-speed operation

and reduces impact energy, but it also makes the aircraft more sensitive to inflow and less structurally

tolerant. Increasing mass or wing loading can improve disturbance tolerance, but requires more space

for turning and recovery. The representative platforms in Fig. 2.3 and Table 2.1 illustrate the relevant

compromise and support the lightweight foam and carbon construction adopted for the present glider.

(a) ChiChi [62]. (b) CeePee [63]. (c) Feather2 [64]. (d) FireFly 2.0 [65]. (e) Cory’s glider [66].

Fig. 2.3. Representative small fixed-wing gliders in related work and hobby literature.

Table 2.1 Key characteristics of the representative small fixed-wing gliders shown in Fig. 2.3.

Parameter Symbol Unit ChiChic CeePee [63] Feather2 [64]
FireFly

2.0 [65]

Cory’s

glider [66]

Primary
materials

- -
balsa, plywood,
heat-shrink film

balsa, CFRP
tube, XPS foam

XPS foam,
CFRP tube

Depron [67],
CFRP tube

Control
surface(s)

- -
ailerons,

ruddervators
ailerons,

rudder, elevator
rudder,
elevator

elevons elevator

Mass m g 115 – 130 200 43 – 50 80 – 100 77

Wing span b m 0.600 0.750 0.736 0.812 0.813

Mean chord c̄ m 0.098 0.115 0.099 0.168 0.098

Wing area S m2 0.0585 0.0860 0.0729 0.1368 0.0797

Aspect ratio A - 6.15 6.54 7.43 4.82 8.30

Wing loading W S−1 Nm−2 19.3 – 21.8 22.8 5.79 – 6.73 5.74 – 7.17 9.48

The dimensions and wing loadings in Table 2.1 also indicate the aerodynamic regime where such

vehicles operate. For small fixed-wing gliders, the combination of short chord and low flight speed

typically places the Reynolds number in the range between 104 and 105. In this regime, lift, drag, and

stall behaviour are highly sensitive to laminar separation, surface roughness, aerofoil thickness, and

manufacturing error [68], [69], [70].

Designing a small glider for this setting involves coupled trade-offs among aerodynamic efficiency,

structural weight and stiffness, trim and stability, control authority, manufacturability, and mission per-

formance [71]. These trade-offs may be explored through iterative design built on existing configurations,

multidisciplinary design optimisation (MDO), or a combination of both [72] [73]. Open-source MDO

frameworks such as OpenMDAO [74], SUAVE [75], and GPkit [76] support this type of design study.

In this thesis, AeroSandbox [77] is selected as a lightweight differentiable framework for customised

constraints and rapid iteration, giving a transparent and repeatable glider design workflow in Chapter 5.

The same low-Reynolds-number sensitivity discussed above also shapes the vehicle model used later

for control. Since the relevant aerofoil geometry and Reynolds number range are not experimentally

validated for the as-built aircraft, the aerodynamic model should not rely on a precise aerofoil database.

Instead, it must remain numerically robust over the expected operating envelope while supporting trim,

local linearisation, and repeated closed-loop simulation [78], [79].

Quasi-steady flat-plate aerodynamic models provide a practical solution to this requirement. For

thin lifting surfaces, they give a compact representation that remains usable over a wider incidence range

than conventional aerofoil models [80], [81]. Previous studies on small fixed-wing perching have shown
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that averaged high-incidence lift and drag behaviour can be estimated using flat-plate models, although

individual manoeuvres remain affected by unsteady vortex dynamics and repeatability limits [66], [82].

However, since the flat-plate model only provides the nominal force structure, system identification

is introduced to calibrate its parameters using flight test data. It estimates aerodynamic derivatives,

damping terms, and control surface effectiveness from measured input-output time histories, and assesses

predictive quality on a separate validation dataset [83], [84], [85].

The indoor updrafts add a separate modelling demand through the aerodynamic loading imposed

on the lifting surfaces. As discussed in Section 2.2, the forcing field is spatially non-uniform and is

represented by finite measured surrogates in simulation. If the vertical velocity varies significantly

over the wing span, representing the flow only at the centre of gravity may miss asymmetric changes

in local relative airflow and the resulting roll, pitch, and yaw moments. This leads to the panel-wise

aerodynamic model in Chapter 6, where each panel is evaluated using its own local relative velocity.

2.4 Guidance and Control with Manoeuvre Primitives

Conventional fixed-wing control architectures separate reference generation from stabilisation. Cascaded

PID controllers [86], linear quadratic regulators (LQR) [87], robust control [88], and model predictive

control (MPC) [89] are standard tools for stabilising aircraft around trim conditions or tracking feasible

references [90]. Path-following methods then convert geometric errors into course, bank, altitude, or

flight path angle commands, [27], [91], [92]. This separation is effective when the aircraft has enough

space to follow smooth references and when those references remain inside the attainable flight envelope.

For the present indoor problem, the same decomposition is restrictive. The useful safety volume

is small relative to the turn radius and recovery distances of a fixed-wing glider, and the glider may

encounter strong local aerodynamic forcing while already close to the wall, height, speed, or actuator

limits. Hence, the guidance problem is better posed as the selection of short, recoverable manoeuvres [93].

Manoeuvre-based methods have a long history in robotics and aerospace applications. Sequential

composition [94], manoeuvre automata [95], LQR-Trees [96], and funnel libraries [97] decompose

nonlinear control problems into locally valid manoeuvre primitives, each with admissible entry regions

and expected exit conditions. Fixed-wing perching studies are particularly relevant because they

combine reduced-order high-incidence aerodynamic modelling, time-varying feedback, and experimental

validation of short aggressive manoeuvres [66], [82]. Therefore, a manoeuvre primitive is treated here

as a short section of flight controlled by its own local feedback law, with defined entry conditions, a

nominal reference and command profile, a finite time horizon, exit checks, and outcome metrics. In this

setting, LQR is used as a local stabiliser for individual primitives, where each primitive has its own

reference state, nominal command, linearisation, and performance objective [96].

Once control is framed as choosing between candidate manoeuvres, constraints must be checked

before execution. Reference and command governors provide established methods for modifying or

rejecting proposed commands before constraint violation occurs [98], [99]. Viability theory [100] and

set invariance [101] treat safety as a state space property, identifying admissible states, recoverable

regions, and trajectories that preserve constraints. In this thesis, the same logic is applied to manoeuvre

primitives: a candidate primitive is rejected if its entry conditions are not satisfied, or if its predicted

execution violates the safety volume, actuator limits, flight envelope, or recovery requirements.

The primitive library is the finite set of candidate manoeuvres made available to this governor. Its

size creates a coverage problem: adding primitives can enlarge the reachable behaviour set, but each new

primitive requires its own entry checks, uncertainty tests, exit criteria, and rejection conditions before

it can be used [66], [96]. Related motion-planning work shows that richer primitive sets can improve

coverage or motion quality, but also increase validation and computational burden [97], [102]. Instead of

assuming that increasing the library size automatically improves sim-to-real transfer, this thesis treats

library design as a trade-off between behavioural coverage and robustness of individual primitives.
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Chapter 2 Background and Related Work

With the primitive library and viability governor defined, one guidance question remains: which

locally promising lift region should be targeted next, and which primitive objective should be proposed

to reach it? This problem is partially observed because the aircraft cannot measure the full lift field

during one flight. Partially Observable Markov Decision Processes (POMDPs) [103], [104], belief-space

planning [105], [106], informative planning [109], [110], and reinforcement learning (RL) [111], [112], [113]

provide general tools for action selection under incomplete information. In autonomous soaring research,

related ideas appear in heuristic thermalling [114], online updraft estimation [34], stochastic decision

making [115], and RL-based lift exploitation [116], [117], [118]. As discussed in Chapter 6, these ideas

are implemented here through a spatial lift belief, which is updated after each launch and suggests the

next lift-seeking target, viability governor then decides whether the candidate primitive can be executed

safely. The resulting control architecture is evaluated in Chapter 7 through primitive acceptance,

rejection, degradation, and improvement across repeated launches in the presence of the reality gap.

Primitive selection defines the guidance logic, but closed-loop behaviour also depends on the sensing,

computation, and command path linking the aircraft and controller [119], [120], [121]. Indoor flight

experiments commonly use motion capture systems for repeatable state estimation, but calibration,

marker visibility, update timing, and communication delay must be managed carefully [122], [123], [124].

Networked and off-board control studies further show that delay and packet timing can degrade stability

and tracking performance [125], [126]. These implementation effects are quantified in Chapter 3.

2.5 Research Gap and Thesis Positioning

Taken together, the reviewed literature places this thesis at the intersection of several established but

only partly connected lines of research. Robotics sim-to-real studies provide mature tools for transfer

evaluation [10], [12], system identification [13], [14], and randomisation [15], [17], but most examples do

not treat external aerodynamic forcing as a dominant source of mismatch between simulation and reality.

Research on fixed-wing wind-aware guidance [27], [28] and airflow around buildings [29], [31] explains

why spatial wind variation around obstacles and structures should be represented in the control problem.

Autonomous thermalling [8], [35] and orographic soaring [38], [39] show that fixed-wing aircraft can

exploit useful lift even when the surrounding flow field is partially observable. Fixed-wing perching

studies [66], [82], together with LQR-Trees [96] and funnel library methods [97], illustrate how short

feedback-stabilised manoeuvres can be associated with admissible entry regions and safety constraints.

What remains missing is a fixed-wing sim-to-real transfer setting that treats the uncertain flow field as

part of the reality gap, instead of separating the vehicle, controller, experimental setup, and aerodynamic

environment into independent problems.

This gap cannot be closed by a guidance and control method alone. Recent fixed-wing research plat-

forms and autopilot software provide reusable aircraft designs, simulation tools, and controller interfaces,

but not the full experimental setting required for sim-to-real transfer [127], [128]. Robotics testbed and

benchmarking studies further show that experiments are easier to reproduce when they use common

interfaces, recorded data, shared procedures, and clearly defined hardware requirements [129], [130], [131].

For fixed-wing sim-to-real transfer studies, the missing element is a reusable, reproducible, and extensible

workflow for indoor aerial robotics laboratories that use motion capture, a setup increasingly common

in universities and research institutions [132], [133], [134]. This workflow must specify the test volume,

state measurement, sensing and command latency, aircraft design and hardware, test environment design

and characterisation, and the data needed to rerun each flight in simulation.

Accordingly, this thesis addresses these gaps in two coupled parts. It first develops the required

experimental workflow, then proposes a viability-guided primitive selection algorithm for lift-aware

guidance and control of a small fixed-wing glider in uncertain indoor updrafts. The algorithm is

evaluated through the same workflow to test whether it can transfer from simulation to flight despite a

reality gap caused by a combined mismatch in the vehicle, sensing, command path, and flow field.
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3 Experimental Platform and System Architecture

Building on the research gap, this chapter turns the required experimental workflow into a concrete

infrastructure for an indoor aerial robotics arena instrumented with a motion capture system. It defines

the physical test setup, computation and state measurement architecture, command interface, and

end-to-end system latency, providing the experimental basis used throughout the rest of the thesis.

3.1 Experimental Platform

The flight experiments were conducted in

Imperial College London’s Flight Arena,

an indoor test space with dimensions of

10.0× 6.2× 5.5m. The Flight Arena is

equipped with 16 Vicon Vantage cameras

connected through a Power over Ether-

net network that supplies camera power

and transfers data to the Vicon synchro-

nisation hardware and host PC [135]. Vi-

con Tracker software provides real-time 6-

DoF rigid-body measurements with mil-

limetre accuracy from at least three re-

flective markers fixed in a known geome-

try on each tracked object [122], [123]. Fig. 3.1. Flight Arena with Vicon motion capture system.

Within this facility, flight tests were limited to an 8.0× 4.8× 3.5m volume protected by the recovery

net and floor padding, which defined the arena frame (world frame) coordinate system shown in

Fig. 3.1. The test vehicle is a small fixed-wing glider, whose design and manufacture are presented in

Chapter 5. For controller development in Chapter 6, a smaller operational region inside the arena frame,

x ∈ [1.2, 6.6]m, y ∈ [0.0, 4.4]m, and z ∈ [0.4, 3.5]m, is used so that the reflective markers mounted on

the glider, shown later in Fig. 3.5 and Fig. 3.6, remain visible to at least 75% of the Vicon cameras.

3.1.1 Updraft Generation and Measurement Setup

To create repeatable indoor updraft environments for flow characterisation, modelling, and subsequent

controller studies, experiments were carried out using either a single Clarke CAMAX30 axial drum

fan [136] or four fans. The single-fan case provided an isolated baseline for updraft field characterisation

and sensitivity tests, while the four-fan case produced a multi-source updraft for evaluating surrogate

reconstruction quality and subsequent controller performance in a more spatially complex flow.

The updraft field was sampled

on a locally refined Cartesian grid

using a BENETECH GM8903 hot-

wire anemometer mounted on a

height-indexed rigid support [137].

Ambient temperature was held be-

tween 18.5 ◦C and 20.0 ◦C to min-

imise temperature-induced sensor

drift [138], while the probe orien-

tation was kept fixed to reduce er-

rors caused by lateral flow in shear

or swirl regions [49]. This setup

provided a consistent basis for the

dataset introduced in Chapter 4.

(a) Measurement grid. (b) Probe arrangement.

Fig. 3.2. Fan-generated updraft measurement setup.
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3.2 Sensing, Computation, and Command Architecture

Sensing, computation, and command transmission determine how the state is measured, where the

controller runs, what delays are introduced, and whether each experiment can be replayed in simulation.

Since the full airframe design is introduced in Chapter 5, this section treats the test vehicle only through

four servo channels relevant to the actuation link: left aileron, right aileron, elevator, and rudder.

3.2.1 Computation and State Measurement Architecture

Table 3.1 compares computa-

tion architectures by integra-

tion difficulty, real-time perfor-

mance, onboard size, weight,

and power (SWaP) burden, re-

liability, modularity, and extra

cost relative to the available in-

frastructure. The ground com-

puter is selected to keep the

glider mechanically simple by

handling control, logging, and

safety supervision off-board.

Table 3.2 scores state es-

timators by integration, accu-

racy, robustness, real-time per-

formance, setup ease, and ad-

ditional cost. Here, robustness

refers to sensitivity to test con-

ditions, and setup ease covers

calibration and maintenance

effort. Vicon motion capture

system is chosen since it pro-

vides fast and accurate 6-DoF

tracking without adding sen-

sors, wiring, or processing load

to glider, supporting the off-

board control selected above.

Table 3.1 Computation architecture decision matrix.

Architecture
Integra-

tion

Real-

time

Low

SWaP

Relia-

bility

Modu-

larity

Low

cost
Score

Weight 10% 20% 30% 20% 10% 10% 100%

Ground Computer 8 9 10 4 9 10 8.3

Onboard HW 5 7 3 6 5 5 5.0

Onboard LW 3 4 9 9 7 7 7.0

Split Compute 9 9 8 7 3 7 7.5

Table 3.2 State estimator decision matrix.

Estimator
Integra-

tion

Accu-

racy

Robust-

ness

Real-

time

Setup

ease

Low

cost
Score

Weight 10% 30% 20% 20% 10% 10% 100%

IMU 9 3 8 10 9 7 7.0

UWB 7 6 7 7 5 4 6.2

UWB + IMU 8 7 8 8 5 3 6.9

Vicon 9 10 9 9 4 10 8.9

Vicon + IMU 7 10 10 10 3 7 8.7

Camera + IMU 7 6 5 6 7 6 6.0

LiDAR + IMU 6 8 8 7 6 5 7.1

Optical Flow 7 3 5 8 8 6 5.6

3.2.2 Command Interface Selection

With the ground computer and Vicon motion capture system selected, a compatible command interface

is needed to carry control commands to the onboard actuators. It should be inexpensive, lightweight,

simple to integrate, stable, durable, reproducible, and extensible to future aircraft or actuator changes.

These requirements leave two practical routes. In direct servo command path (Fig. 3.3a), an

onboard microcontroller receives commands over Wi-Fi and directly generates servo PWM signals 3. In

commercial off-the-shelf (COTS) radio control (RC) command chain (Fig. 3.3b), the microcontroller

sends a PPM signal 4 to a transmitter [139] via its trainer port, the transmitter then relays the commands

through the radio link to an onboard receiver [140], which outputs separate servo PWM signals.

3 Pulse-width modulation (PWM) represents a command by varying the width of repeated pulses. For standard RC
servos, the pulse width sets the demanded servo position.

4 Pulse-position modulation (PPM) encodes multiple RC channel commands as a sequence of pulses within a repeating
timing frame, allowing several channels to be carried on a single signal line.
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As discussed in Section 2.4, previous studies have shown that implementation timing affects closed-

loop control [120], but stage-by-stage latency measurements of command paths are rarely reported. To

address this gap, a repeatable electrical timing test was designed for two candidate routes, each driven by

a sequence of step changes in the four control surface commands. For a given run, the ground computer

logged the scheduled command and dispatch time, while the Arduino Nano 33 IoT [141] recorded the

board receive and update times for the same command sequence. A logic analyser [142] was connected

to the relevant pulse lines to captured the first electrical output change after each command step 5.

(a) Direct servo command path. The logic
analyser records the servo PWM pulses directly
produced by the Arduino Nano 33 IoT, which
define the final electrical command endpoint.

(b) COTS RC transmitter-receiver command chain. The logic
analyser records the reference pulse, trainer-side PPM signal,
and receiver-side servo PWM pulses. The receiver PWM
transition is used as the final electrical command endpoint.

Fig. 3.3. Electrical command latency test setups for the two candidate interfaces.

Five timing runs were processed for each command interface. Each run lasted 59.0 s and contained

2952 command updates for four control surfaces. The command logs and pulse traces were then aligned

offline to compute the electrical delay at each stage of the command path and the final endpoint latency.

Table 3.3 Stage-by-stage electrical timing comparison for the two command interfaces.

Path segment Unit
Direct servo COTS RC

median P95
6 P99

6 σ median P95
6 P99

6 σ

Ground command to dispatch ms 0.25 0.99 4.03 0.89 0.16 0.51 1.17 0.34

Ground dispatch to board receive ms
22.9 32.4 34.1 5.68 6.83 7.38 7.63 0.74

over Wi-Fi via micro USB

Board receive to firmware update ms
0.20 0.23 0.30 0.02 11.6 16.8 17.1 5.08

servo PWM updated trainer PPM updated

Firmware update to electrical output ms
16.2 28.0 30.5 6.99 3.01 20.1 20.1 7.83

next servo PWM pulse next trainer PPM frame

Electrical output to receiver output ms
- - - - 6.89 33.6 45.6 12.8

- receiver PWM updated

Ground command to final endpoint ms 40.4 55.0 58.3 9.46 33.9 57.8 64.8 11.6

Table 3.3 shows that the direct servo path has slightly higher median ground computer command to

electrical command endpoint latency, but lower P95, P99, and standard deviation. Based on latency

5 The analyser records digital voltage signals over time. In these tests, it was sampled at 4MHz, corresponding to a
0.25µs interval, so the start, end, and width of millisecond-scale command pulses can be measured across several channels.

6 P95 and P99 are the delay values below which 95% and 99% of matched events fall. They describe rare high-latency
cases, which matter because the controller must remain stable beyond the typical delay.
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alone, it would be preferable for fast closed-loop control. However, the interface also had to support

repeatable flight tests, safe intervention, practical integration, and future extension. During the latency

test, the COTS RC path ran for 35 – 50min, compared with 7 – 15min for the direct servo setup, while

preserving transmitter pilot override as a safety fallback, remaining compatible with standard RC servos

without modification, and reducing custom onboard integration work. The direct servo route also heavily

depends on local Wi-Fi configuration, making exact reproduction across laboratories less reliable.

Therefore, the COTS RC path is adopted as the experimental command interface used in this thesis

and, together with the previously selected sensing and computation architecture, forms the final flight

test system illustrated in Fig. 3.4. The system was completed with DOMAN S0020 micro servos [143],

chosen for low mass and sufficient torque, with limited positioning precision accepted as the trade-off.

Fig. 3.4. Selected flight test sensing, computation, and command architecture.

Hardware specifications, detailed timing methods, and per-run statistics are given in Appendix B.1.

3.3 State Processing and Closed-Loop Timing

The sensing and command architecture above forms an off-board feedback loop, but only the electrical

command timing has been characterised. This section then describes state construction and completes

the latency model used for controller design by combining the sensing, filtering, and actuator delays.

3.3.1 Vicon-Based State Processing and Filtering

Vicon system was configured to stream rigid-body pose at

200Hz [135]. For consistency during flight analysis and re-

play, all processed poses are aligned with the arena frame

shown in Fig. 3.1, with airframe body axes following the

flight dynamics convention in Fig. 3.5. At discrete Vicon

sample k, the raw position, pV,k = [xV,k, yV,k, zV,k]
⊤, and

attitude, ηV,k = [ϕV,k, θV,k, ψV,k]
⊤, are converted using

offsets calibrated by holding the glider at a known point

p⋆ in the arena frame with zero roll, pitch, and yaw: Fig. 3.5. Airframe rigid-body tracking.

pk = pV,k + p⋆ − p̄V , ηk = wrapπ ( diag(1, −1, −1)ηV,k + ϵa ) , (3.1)

where p̄V is the mean raw position recorded while the glider is held at p⋆, ϵa = [ ϵϕ, ϵθ, ϵψ ]
⊤ contains

the calibrated roll, pitch, and yaw alignment, and wrapπ(·) maps each angle to the interval [−π, π).
The transformed position pk = [xk, yk, zk]

⊤ and attitude ηk = [ϕk, θk, ψk]
⊤ in (3.1) form the first

two blocks of the 15-state vector used by the flight controller described in Chapter 6:

xk =
[
p⊤
k , η⊤

k , v⊤
b,k, ω⊤

b,k, δ⊤k
]⊤
. (3.2)
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The remaining blocks are derived as follows. The body-axis velocity vb,k = [ub,k, vb,k, wb,k]
⊤ is obtained

by finite differencing adjacent transformed positions, applying an 8Hz one-pole low-pass filter, and

rotating the result into the body frame. The body angular rate ωb,k = [pb,k, qb,k, rb,k]
⊤ is estimated

from successive attitude matrices using an SO(3) rotation-delta observer [144], avoiding jumps when

Euler angles wrap around ±π, then filtered with the same 8Hz low-pass filter. The control surface state

δk = [δa,k, δe,k, δr,k]
⊤ is propagated from command history using the response model introduced below.

The state processing procedures and associated algorithms are detailed in Appendix B.2.

3.3.2 Control Surface Response and Implementation Timing

The control interface in Fig. 3.4 receives three normalised commands, ucmd
k = [ucmd

a,k , u
cmd
e,k , u

cmd
r,k ]⊤, for

aileron, elevator, and rudder action. Before execution in both simulation and reality, each command is

rounded to the nearest value in {−1.0, −0.8, . . . , 0.8, 1.0}, reducing sensitivity to small changes that

cannot be reproduced reliably due to servo deadband, linkage looseness, and imperfect centering.

To measure the control surface response latency, reflec-

tive markers were temporarily attached to the individual

surfaces and tracked by Vicon system, while repeated

step commands were sent through the selected COTS RC

command chain. Since the marker-loaded surfaces tend

to oscillate after abrupt step commands, each measured

response was scaled between its initial average position

and final settled position. The times to reach 10% and

50% of normalised surface movement were then extracted. Fig. 3.6. Control surface tracking.

This latency test was repeated five times, producing 800 valid command to control surface events.

Vicon capture to report latency was also measured in the same runs from the logged difference between

each Vicon frame time and the host time when the corresponding pose became available.

Table 3.4 Adopted sensing, filtering, and actuator timing statistics.

Quantity Symbol Unit median P95 P99 max σ

Vicon capture to report latency TV,ℓ ms 14.9 16.9 17.9 36.9 0.92

8Hz low-pass state filter delay Tf ms 20.0 - - - -

Surface initial-response t10 ms 72.8 107.3 119.6 137.0 32.0

Surface half-response t50 ms 107.6 130.8 140.5 150.8 16.4

For simulation environment in Chapter 6, the median and conservative timing cases are defined to

evaluate controller robustness to latency mismatch before flight testing. In both cases, the delay in state

feedback is treated separately from actuator response [145]. The Vicon-based state feedback delays are

T̃x = T̃V,ℓ + Tf = 34.9ms , T cons
x = TP95

V,ℓ + Tf = 36.9ms . (3.3)

The measured surface response is modelled using the median initial-response delay, t̃10, followed by

first-order motion toward the aggregate surface command from d samples earlier, denoted δcmd
k−d:

δk+1 = δk +
[
1− exp (−∆tk/τδ)

]
(δcmd
k−d − δk) , d∆tk ≈ t̃10 , (3.4)

where the time constant τδ is chosen so that the first-order response reaches exactly 50% at t50:

τ̃δ =
t̃50 − t̃10

ln 2
= 50.5ms , τ consδ =

tmax
50 − t̃10

ln 2
= 112.5ms . (3.5)

The full response extraction procedure and per-run timing tables are provided in Appendix B.3.
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4 Updraft Characterisation and Modelling

In this thesis, the dominant contributor to the reality gap is the indoor updraft, which strongly affects

the glider’s vertical energy exchange. This chapter characterises the measured fan-generated flow and

introduces the modelling framework used later for controller development in simulation.

4.1 Updraft Measurement and Dataset

Using the artificial updraft and measurement setup

introduced in Section 3.1.1, the local vertical ve-

locity w(t) was characterised for both fan config-

urations, with the quasi-steady mean w̄ used for

modelling. For each configuration, w̄(xi, yi, zfan,k)

was recorded on seven horizontal planes at zfan ∈
{0.20, 0.35, 0.50, 0.75, 1.10, 1.60, 2.20}m above the

fan outlet plane. Measurements were taken at 195

grid points on each plane, giving 1365 spatial loca-

tions per configuration across the seven planes.

Fig. 4.1. Time-lapse composite of anemometer
measurements of the fan-generated updraft.

Representative mean-field maps at zfan,2 = 0.35m and zfan,6 = 1.60m are shown in Fig. 4.2 and 4.3,

while annotated mean-field maps for all horizontal planes in both layouts are provided in Appendix C.2.

(a) 0.35m above fan outlet plane. (b) 1.60m above fan outlet plane.

Fig. 4.2. Spatial distribution of mean vertical velocity at representative heights (single fan).

(a) 0.35m above fan outlet plane. (b) 1.60m above fan outlet plane.

Fig. 4.3. Spatial distribution of mean vertical velocity at representative heights (four fans).

In addition to the mean-field maps, temporal variability was assessed at six representative points

spanning the near-outlet, off-outlet, and far-field regions. Each record consisted of 15 samples at 1Hz,

with duplicate runs to check repeatability. In the single-fan case, fan outlet height and speed were varied

for sensitivity tests, while the four-fan case was measured only at the nominal operating condition.

4.2 Experimental Updraft Field Characterisation

The fan field shows strong height dependence and multi-source interaction. In single-fan case (Fig. 4.2),

the peak occurs on an asymmetric annular ring, that spreads and weakens with height. The peak

decreasing from 4.86m/s at zfan,2 = 0.35m to 3.16m s−1 at zfan,6 = 1.60m. In the four-fan case (Fig. 4.3),
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four distinct asymmetric cores are observed at low altitude, which weaken and overlap with height. The

local peaks reduce from 4.02 – 5.80m s−1 at zfan,2 = 0.35m to 2.04 – 2.60m s−1 at zfan,6 = 1.60m, while

the overlap raises the background lift in the central region.

Ground effect is then evaluated by varying the fan outlet height across low (0.245m), baseline

(0.330m), and high (0.425m) configurations. As shown in Fig. 4.4a, the effect is strongest near-core,

where rising outlet height increases the lower-profile updraft and delays its decay with height, consistent

with rotor-induced ground effect behaviour [56], [146]. The off-core response in Fig. 4.4b is weaker and

less monotonic, showing local redistribution rather than a uniform change across the field. Fig. 4.4

further shows that the fluctuation level is spatially non-uniform: near-core point 1 exhibit σ = 0.26 –

0.41m s−1 over zfan = 0.20 – 1.60m, while off-core point 4 show smaller absolute fluctuations, about

0.09 – 0.30m s−1, but larger relative variability as the mean velocity is low 7. Overall, the baseline outlet

height was adopted as a compromise between updraft strength and reduced sensitivity to ground effects.

(a) Point 1 (near-core) at (x, y) = (4.60, 2.40) m. (b) Point 4 (off-core) at (x, y) = (3.80, 1.60) m.

Fig. 4.4. Vertical velocity profiles at representative sampling points for three fan outlet plane heights
(single fan). The solid line shows the mean, semi-transparent markers show the 15 samples (1Hz over
15 s) at each measurement height, and shaded bands show ±1σ.

Fan speed sensitivity is also examined at 8800 rpm and 960 rpm. The higher speed was adopted, since

the lower one led to occasionally blade-guard contact, likely due to insufficient centrifugal stiffening.

In the four-fan configuration, plume overlap produces non-zero mean velocity and measurable variance

at points between the individual cores, as shown in Fig. 4.5. The largest absolute fluctuations occur

in the near-core and interaction region. For example, at zfan,2 = 0.35m, point 1 give w̄ = 3.47m s−1

with σ = 0.87m s−1, while the point 4 gives w̄ = 0.69m s−1 with σ = 0.15m s−1. These measurements

clearly show that the uncertainty is highly non-uniform and varies with both height and position.

(a) Point 1 (near-core) at (x, y) = (4.60, 2.40) m. (b) Point 4 (interaction) at (x, y) = (3.80, 1.60) m.

Fig. 4.5. Vertical velocity profiles at representative sampling points (four fans). The solid line shows
the mean, semi-transparent markers show the 15 samples (1Hz over 15 s) at each measurement height,
and shaded bands show ±1σ.

The complete set of corresponding profiles for all six sampling points is provided in Appendix C.3.

7 Since these records span only 15 s at 1Hz, the reported σ only represent local short horizon fluctuation levels.
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In conclusion, the measurements show that the updraft field is non-axisymmetric, height-dependent,

and subject to spatially varying uncertainty. It is also sensitive to outlet height and fan speed, as

observed from the single-fan sensitivity sweeps, while the four-fan case is additionally affected by plume

overlap and redistribution under multi-source interaction.

4.3 Updraft Modelling Framework

These observed features motivate the simulation surrogates developed in this section, which are designed

to preserve the measured field structure while retaining a representation of spatial uncertainty.

For a configuration with F fans, with fan centres (xf , yf ) for f = 1, . . . , F , the horizontal distance

and azimuth angle of an arbitrary point (x, y, z) relative to fan f are

rf (x, y) =
√
(x− xf )2 + (y − yf )2 , θf (x, y) = atan2(y − yf , x− xf ) . (4.1)

Each sampling point (xi, yi) is then assigned to its nearest fan f , with relative radius ri:

fi = arg min
f∈{1,...,F}

rf (xi, yi) , ri = rfi (xi, yi) . (4.2)

At measurement height zfan,k, the fluctuation scale is mapped from six representative time-series

measurements in Section 4.1. For each fan, these data define an empirical radial fluctuation profile,

σf (rf , zfan,k). The fluctuation assigned to sample i is then obtained by inverse-distance blending:

σi =
F∑
f=1

ωf σf (rf , zfan,k) , ωf =
(rf + ϵ)−p∑F
g=1(rg + ϵ)−p

. (4.3)

The corresponding fluctuation field plots at all measurement heights are given in Appendix D.1.

4.3.1 Error Metrics for Model Fitting

Model performance is quantified by comparing the fitted updraft field with the measured mean vertical

velocity. For each sample (xi, yi) at height zfan,k, the pointwise error is defined as

ei(zfan,k) = wAG(xi, yi, zfan,k) − w̄(xi, yi, zfan,k) . (4.4)

Two complementary error measures are used. To summarise the overall mismatch, the per-height

sum of absolute errors (SAE) [147] and its aggregate over all heights are computed:

SAE(zfan,k) =
∑
i

|ei(zfan,k)| , SAEtotal =
∑
k

∑
i

|ei(zfan,k)| . (4.5)

To account for measurement variability, weighted root mean square error (WRMSE) [147] is also used:

WRMSE(zfan,k) =

√√√√√√
∑

i

(
ei(zfan,k)
σi(zfan,k)

)2
∑

i

(
1

σi(zfan,k)

)2 , WRMSEtotal =

√√√√√√
∑

k

∑
i

(
ei(zfan,k)
σi(zfan,k)

)2
∑

k

∑
i

(
1

σi(zfan,k)

)2 . (4.6)

Since the reference data are time-averaged, the reported SAE and WRMSE quantify only how closely

each model reproduces the measured mean field, and do not represent the unsteady flow experienced by

the real glider [148]. Therefore, they are used mainly for relative comparison between models.

4.3.2 Harmonic Annular Gaussian Surrogate

As discussed in Section 4.2, the fan-generated updraft exhibits two dominant structural features: a

ring-shaped peak and clear azimuthal asymmetry. A control-oriented surrogate should therefore preserve
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the compact annular structure of the mean field while remaining flexible enough to represent the

observed directional variation. Inspired by the harmonic inflow representations in rotorcraft induced-flow

modelling [56] and motivated by the common use of Gaussian plume fits in soaring simulation [53], a

harmonic annular Gaussian model is designed to represent the measured field:

wHAG(x, y ; z) =

F∑
f=1

[
w0,f (z) + Aring,f (θf (x, y); z) exp

(
−
(
rf (x, y)− rring,f (z)

δring,f (z)

)2)]
, (4.7)

where w0 is the background vertical velocity, rring and δring are the ring radius and thickness, and Aring

is the azimuth-dependent ring strength, written as a constant term plus an N -th order Fourier series:

Aring,f (θf (x, y); z) = a0,f (z) +

Nf∑
n=1

(
an,f (z) cos(n θf ) + bn,f (z) sin(n θf )

)
. (4.8)

For fan f , the corresponding parameter block of the model in (4.4) is given by

θring,f (z) =
[
w0,f (z), rring,f (z), δring,f (z), a0,f (z), {an,f (z), bn,f (z)}

Nf

n=1

]⊤
, (4.9)

and the full parameter vector used for fitting is obtained by stacking the parameter blocks for all fans:

Θring(z) =
[
θ⊤
ring,1(z), . . . , θ

⊤
ring,F (z)

]⊤
. (4.10)

At each measurement height zfan,k, Θring(zfan,k) is estimated by solving a least-squares optimisation

problem with robust loss function ρ (·) [149]. To reduce sensitivity to local minima and improve the

chance of reaching a good solution, the optimisation is initialised from multiple starting points [150]:

minimise
Θring(zfan,k)

M∑
i=1

ρfi(ui) + R(Θring(zfan,k), γ) ,

subject to a0,f (zfan,k) ≥ 0 , δring,f (zfan,k) ∈ [ 0.12, 1 ] ,

w0,f (zfan,k) ∈ [ w̄min(zfan,k)− 1, w̄max(zfan,k) + 1 ] .

(4.11)

Here, M is the total number of measurements, ui denotes the normalised residual, and R(·, ·) is a

regularisation term introduced to limit overfitting of the Fourier coefficients [151].

The normalised residual in (4.10) is constructed such that the denominator introduces variance-aware

weighting, so samples with larger measured fluctuations have lower weight in the fit:

ui =
wHAG(xi, yi; zfan,k, Θring(zfan,k))− w̄i

fscale, fi σi(zfan,k)
. (4.12)

The regularisation term in (4.10) with hyperparameters γ = (λridge, λcap, κ, η, N) is defined as

R(Θring(zfan,k), γ) =
F∑
f=1

Nf∑
n=1

nηf
{
λridge,f∥[an,f , bn,f ]⊤∥22

+ λcap,f

[
max

(
0, ∥[an,f , bn,f ]⊤∥2 − κf a0,f

) ]2}
,

(4.13)

which combines: (i) an L2 term that penalises large harmonic coefficients [151], and (ii) a soft “cap”

that activates only when the harmonic magnitude exceeds a fixed fraction of a0 [152]. Both penalties are

weighted by nη to filter out higher-order harmonics that are not clearly present in the measurements [153].

Accordingly, three aspects of the fitting setup are evaluated to select the configuration that minimises

total SAE and WRMSE across all measurement heights: (i) the robust loss function ρ (·) in (4.10),

including soft-L1 [154], Huber [148], and Cauchy [155]; (ii) the corresponding scale parameter fscale in
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(4.11); and (iii) the regularisation hyperparameters γ in (4.12).

The selected configurations use the same robust loss, soft-L1, but different scale and regularisation

settings. For single-fan fit, fscale = 1.5 and γ = (0.05, 0.20, 0.70, 1.5, 2). For four-fan case, the left pair

of fans uses fscale = 1.5 while the right pair uses fscale = 1, with same γ = (0.03, 0.10, 0.80, 1.5, 2) 8. The

weaker harmonic penalties in four-fan fit allow stronger azimuthal correction, while the fan-dependent

robust scale indicates that the right-side flow exhibits larger fluctuations.

(a) single-fan case. (b) four-fan case.

Fig. 4.6. Fitted mean updraft map of the harmonic annular Gaussian updraft surrogate at a single
measurement plane 0.35 m above the fan outlet plane.

Finally, to obtain an uncertainty-aware continuous model for simulation, {Θring(zfan,k)}7k=1 and σi are

interpolated over height, z, using shape-preserving piecewise cubic Hermite interpolation (PCHIP) [156].

Near and above the highest measured plane, extrapolation is blended to a separate upper-plane PCHIP

fitted only through zfan,5, zfan,6, and zfan,7. Below the lowest measured plane, the parameters are fixed

to their values at zfan,1 to reduce sensitivity to unsteadiness near the outlet [157].

(a) single-fan case. (b) four-fan case.

Fig. 4.7. 3D rendering of the harmonic annular Gaussian updraft surrogate mean vertical velocity field.

4.3.3 Residual Correction Using Gaussian Process Regression

Although the harmonic annular Gaussian model captures the dominant non-axisymmetric ring-shaped

structure, small local discrepancies remain, especially where plume interaction and measurement noise

are not fully captured by the parametric fit. To model these residual errors, a Gaussian process

(GP) regressor is introduced as a residual corrector to refine the harmonic annular Gaussian updraft

representation [158], [159]. GP regression is a non-parametric Bayesian method that treats the unknown

mapping g(·) as a random function whose values at any finite set of inputs are jointly Gaussian [58].

In the present case, the GP is trained on the residual dataset with M measurement points,

D = {(xi, yi, zi, wres,i, σi)}Mi=1 , zi ∈ {zfan,k}7k=1 , wres,i = w̄i − wHAG,i . (4.14)

Using polar inputs, standardised by the sample mean µd and standard deviation sd [159],

ϕi = [ ri, cos θi, sin θi, zi ]
⊤, ϕ̃i,d =

ϕi,d − µd
sd

, d ∈ {1, 2, 3, 4}, (4.15)

8 Since N = 2, both selected harmonic annular Gaussian models include a second-order azimuthal Fourier correction.
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the GP observation model for the residual field with sample-wise regularisation is then written as [160]

wres,i = g(ϕ̃i) + εi , g(·) ∼ GP (0, k(·, ·)) , εi ∼ N (0, αi) , (4.16)

where αi = max(αscale σ
2
i , 10

−8) is the sample-dependent observation noise variance with a minimum

floor for numerical robustness. In the final selected model, the single-fan case uses αscale = 1.2, while the

four-fan selects αscale = 1.0, indicating that the single-fan fit favours slightly stronger variance inflation.

The covariance between GP function values at two inputs is determined by the kernel function

k(·, ·) [58]. For training inputs {ϕ̃i}Mi=1, the effective training covariance is

Ky = K+V , Kij = k(ϕ̃i, ϕ̃j), V = diag(α1, . . . , αM ). (4.17)

Kernel type, including radial basis function (RBF) [59], Matérn kernels with ν ∈ {3/2, 5/2} [161],
and rational quadratic [160], is selected using grouped cross-validation [162], [163]: samples are split by

measurement plane zfan,k, with three planes held out from training for validation, and the choice is made

by minimising the validation WRMSE. This procedure selected a Matérn-3/2 kernel for single-fan and a

Matérn-5/2 kernel for four-fan case [161], both with Automatic Relevance Determination (ARD) length

scales [164] and an added white noise term to prevent overfitting by forcing exact interpolation [165]:

k(ϕ̃, ϕ̃′) = σ2c kν(q) + σ2wδϕ̃ϕ̃′ , kν(q) =

(1 +
√
3 q) exp(−

√
3 q) , ν = 3/2 ,(

1 +
√
5 q + 5q2/3

)
exp(−

√
5 q) , ν = 5/2 ,

(4.18)

where q =
√∑4

d=1(ϕ̃d − ϕ̃′d)2/ℓ2d is ARD-scaled distance, δϕ̃ϕ̃′ equals 1 when ϕ̃ = ϕ̃′ and 0 otherwise.

The kernel hyperparameters, θ = (σc, ℓ1, ℓ2, ℓ3, ℓ4, σw) ≡ (σc, ℓr, ℓcos θ, ℓsin θ, ℓz, σw), are estimated

by maximising the GP log marginal likelihood [160],

θ∗ = argmax
θ

log p

[
−1

2
w⊤

resK
−1
y wres −

1

2
log|Ky| −

M

2
log(2π)

]
, (4.19)

with a multi-start procedure to reduce sensitivity to local minima [150].

After training, the GP surrogate is evaluated on each measured grid to produce maps of the predictive

mean and standard deviation [160]. For a query input ϕ̃∗, the predictive residual mean and variance are

µres,∗ = k⊤
∗ K

−1
y wres , σ2res,∗ = k∗∗ − k⊤

∗ K
−1
y k∗ , (4.20)

where wres = [wres,1, . . . , wres,M ]⊤, k∗ = [k(ϕ̃∗, ϕ̃1), . . . , k(ϕ̃∗, ϕ̃M )]⊤, and k∗∗ = k(ϕ̃∗, ϕ̃∗).

The final harmonic annular Gaussian model with GP residual correction 9 is then obtained by

wHAG−GP(x, y, z) = wHAG + µres , σHAG−GP(x, y, z) =
√
σ2i + σ2res . (4.21)

The training procedure described above yields θ∗ = (2.29, 0.716, 0.659, 3.70, 0.371, 10−6) for the

single-fan configuration and θ∗ = (0.789, 0.486, 100, 0.681, 1.96, 0.640) for the four-fan case. Relative to

the single-fan case, the four-fan fit selects a smaller σc and a much larger white-noise level, σw, consistent

with increased unresolved variability arising from multi-fan interactions [166]. The ARD length scales,

{ℓd}4d=1, further suggest that the residual field in the four-fan case is more radially localised, more

anisotropic between the two angular feature directions, and shows little variation with height.

This observation is supported by the total fluctuation field shown in Fig. 4.9. The field is dominated

by the empirical fluctuation term, σi, while a much smaller σres mainly reflects model uncertainty, and

remains nearly height-invariant. In the single-fan case, σHAG−GP remains concentrated around the

fan-centred region, whereas in the four-fan case it is more spatially distributed and consistently higher.

9 For simplicity, this model is called the residual annular Gaussian process surrogate in the remainder of the thesis.
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(a) single-fan case. (b) four-fan case.

Fig. 4.8. Fitted mean updraft map of the residual annular Gaussian process surrogate at a single
measurement plane 0.35 m above the fan outlet plane.

(a) single-fan case. (b) four-fan case.

Fig. 4.9. Total fluctuation field, σHAG−GP, of the residual annular Gaussian process surrogate at a
measurement plane 0.35 m above the fan outlet plane. The grey dotted rings indicate the annular
regions used to assign the empirical fluctuation level, σi, as described at the beginning of Section 4.3.

(a) single-fan case. (b) four-fan case.

Fig. 4.10. 3D rendering of the residual annular Gaussian process surrogate mean vertical velocity field.

4.4 Model Comparison and Selection

Alongside the harmonic annular Gaussian and residual annular GP surrogates, two simpler baselines are

constructed: an axisymmetric annular Gaussian model, obtained by removing the Fourier series terms

from (4.7), and an axisymmetric Gaussian plume, formed by further removing the ring radius term

from (4.6). These four candidate updraft surrogates are evaluated using SAE and WRMSE metrics to

compare their reconstruction quality and support the choice of surrogates used in controller development.

The fitted updraft maps for these two simpler baseline models are not shown in the main text for

brevity. The complete set across all seven measurement planes is provided in Appendices D.2 to D.5.

For the single-fan configuration, Table 4.1 and Fig. 4.11 show a clear progression in fit quality

from the Gaussian plume to the axisymmetric annular Gaussian, harmonic annular Gaussian, and

residual annular GP surrogates, indicating that both the ring-shaped peak and azimuthal asymmetry

are important features of the measured field. Once this dominant structure is captured, the remaining

mismatch is weak, smooth, and spatially coherent, making it well-suited to residual GP correction.

For the four-fan case, the residual annular GP again yields the lowest SAE and WRMSE, but by a
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much smaller margin, as shown in Table 4.1 and Fig. 4.12. This is consistent with the stronger and less

coherent residual field left by plume interaction, fan-to-fan asymmetry, and height-dependent merging.

Table 4.1 Aggregate error metrics (SAE and WRMSE) for evaluated updraft models.

Setup
Error

metric
Unit

Axisymmetric

Gaussian plume

Axisymmetric

annular Gaussian

Harmonic

annular Gaussian

Residual annular

Gaussian process

Single-
fan

SAE ms−1 128 100 76.1 6.14

WRMSE ms−1 0.210 0.152 0.120 0.00607

Four-
fan

SAE ms−1 509 414 338 255

WRMSE ms−1 0.419 0.367 0.321 0.241

(a) sum of absolute errors (SAE). (b) weighted root mean square error (WRMSE).

Fig. 4.11. Per-height error metrics for the evaluated updraft models (single fan).

(a) sum of absolute errors (SAE). (b) weighted root mean square error (WRMSE).

Fig. 4.12. Per-height error metrics for the evaluated updraft models (four fans).

Although the residual annular GP gives the most accurate reconstruction of the measured mean

field, it remains an in-sample reconstruction rather than a complete description of the underlying

unsteady flow. This mainly arises from two limitations. First, the physical updraft is time-varying,

while the reconstructed mean field is fitted to time-averaged measurements at a finite set of spatial

points. The residual correction is flexible enough to reduce interpolation error, but an improved fit

does not necessarily imply better physical generalisation, it may also reflect overfitting to the available

data [160], [165]. Second, temporal fluctuation is sampled more sparsely. The local fluctuation levels

used in the model are estimated from short time-series records at only six representative locations, and

then mapped across the rest of the field by blending in (4.3). Therefore, the resulting total fluctuation

field in (4.21) is an approximate simulation uncertainty map, and may differ substantially from reality.

Instead of collecting additional data or adopting more accurate measurement methods to refine a

single updraft model, the subsequent controller study in Chapter 6 adopts a more practical simulation

strategy based on the principle of domain randomisation in robotics sim-to-real transfer [10], [12], [15].

The residual annular GP is selected as the most detailed measured surrogate, while its strength, spatial

scale, centre location, number of active fans, and uncertainty level are randomised during simulation.

According, controller design and validation are carried out across imperfect but physically related

updraft families, reducing dependence on a single fitted reconstruction that may overfit the available

measurements, while allowing reality to be treated as another variation of the simulated cases.
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5 Glider Design and Optimisation

With the experimental apparatus, system architecture, and fan-generated updraft established in Chap-

ters 3 and 4, the next requirement is the physical vehicle that must operate within this controlled setting.

This chapter introduces the glider used as the experimental control plant. Its design supports one of the

thesis objectives: a reproducible and extensible workflow for indoor fixed-wing sim-to-real experiments.

5.1 Design Requirements and Sizing Methodology

The glider needs to operate within the confined usable motion capture volume of the Flight Arena

defined in Section 3.1, carry the selected onboard components of the control interface shown in Fig. 3.4,

and remain controllable when flying through the aggressive local updrafts characterised in the previous

chapter. Together, these requirements framed the task as a sizing problem: the airframe should have

a low sink rate, moderate roll response, adequate longitudinal trim authority, sufficient directional

stability, enough structural stiffness to survive failed launches, wall contact, and abnormal landings, and

be repairable after minor damage. It also needed to be modular enough for future studies or applications

to adapt the payload, airframe components, or operating assumptions without redesigning the airframe.

Building on the small fixed-wing glider design and construction review in Section 2.3, the material

and modelling choices were made to keep the aircraft light, stiff, repairable, and easy to modify. Small

glider construction commonly falls between plywood structures with thin covering and carbon-fibre tube

airframes with foam lifting surfaces. The former can be very light, allow carefully shaped airfoils, but is

more vulnerable to impact damage, much difficult to repair, and harder to modularise. Hence, the present

design adopted the latter architecture: a 4mm outer diameter, 2mm inner diameter unidirectional (UD)

carbon-fibre tube [167] was used as the fuselage, and 4mm outer-diameter, 3mm inner-diameter tubes

were added as wing spars. Depron [67], a lightweight extruded polystyrene foam sheet, was used with

6mm and 3mm thicknesses for the wing and tails respectively. The lifting surface joints and avionics

supports were 3D-printed from PLA-CF [168] and PAHT-CF [169]. Detailed 3D-printed parts design,

adhesive reinforcement, and manufacturing are discussed in Section 5.3.

The glider sizing workflow was designed to support rapid iteration through a design-manufacture-

measure loop, allowing manufacturing constraints and early flight test observations that were not fully

captured in the initial design considerations to feed back into later airframe iterations. AeroSandbox [77]

was used as the open-source Python MDO framework for this sizing study. It enabled the geometry,

mass model, trim conditions, stability checks, simple stiffness estimates, and handling constraints to be

coupled in a single differentiable constrained optimisation problem. Aerodynamic loads and coefficients

were evaluated using AeroSandbox’s AeroBuildup analysis [170], a low-order component buildup method

that estimates aircraft forces, moments, induced drag, neutral point, and stability derivatives. Through

AeroSandbox’s backend, CasADi [171] supplied automatic differentiation for the coupled model, and

Interior Point OPTimiser (IPOPT) [172] solved the resulting constrained nonlinear programme.

The preliminary sizing model implemented in AeroSandbox was intentionally simplified so that the

main design parameters could be selected quickly during the iterative workflow. The lifting surfaces were

modelled using thin, symmetric NACA 0002 aerofoils as finite thickness surrogates for the nearly flat

Depron lifting surfaces, avoiding numerical difficulties associated with zero thickness flat-plate models

while preserving the intended thin plate behaviour at low Reynolds number [69], [78], [173]. The mass

model combined the materials discussed above, the onboard avionics selected in Section 3.2.2, and an

additional glue allowance to account for adhesive mass and small manufacturing variations.

5.2 Optimisation Formulation and Design Selection

With the materials selected and a simplified glider model defined, the sizing optimisation problem could

be formulated to select the main geometric and trim parameters. Robustness and sensitivity checks
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were then used to examine the design response to geometric parameter changes during manufacturing.

5.2.1 Sizing Problem Formulation

The sizing problem first separated fixed platform choices from optimisation variables, holding weakly

constrained secondary parameters constant so that the optimiser could focus on dominant design drivers.

All lifting surfaces were kept rectangular, unswept, and uncambered since rectangular flat plates are

easier to manufacture and repair, while wing sweep is mainly used to manage high-speed compressibility

effects [72]. The wing dihedral angle was fixed at Γ = 10◦ as a practical choice for passive lateral

stability [174]. The horizontal and vertical tails used fixed aspect ratios, AH = 4 and AV = 2,

consistent with common preliminary empennage sizing ranges [71]. Control surface geometry was also

fixed: the ailerons occupied 30%– 85% of the wing semispan with a 30% chord fraction, the elevator

used a 30% horizontal tail chord fraction, and the rudder used a 35% vertical tail chord fraction, to

preserve a manufacturable actuator layout and sufficient control authority for low-speed flight[61].

The optimisation problem was then formulated around the variables that directly affected flight

performance, airframe layout, and trim. The decision vector contained the main sizing and trim variables,

z = [αtrim, δa,trim, δe,trim, δr,trim, by, c, lt, bH , hV ]
⊤ ∈ B , (5.1)

where by = b cos Γ is the projected wing span for canted span b, c is the wing chord, lt is the tail arm,

bH is the horizontal tail span, hV is the vertical tail height, and B is the bound set on these variables.

In the optimiser, each candidate airframe was evaluated under the same representative flight

conditions, chosen to reflect operation within the confined usable volume of the indoor Flight Arena.

The level-flight sizing point used 6.5m s−1, while a lower-speed turning check at 4.0m s−1 evaluated

whether the aircraft could generate sufficient roll response within the available space. This check used a

50◦ bank target, a 0.2 s roll entry time window, and a 0.2m wall clearance allowance.

The objective function then balanced the main design trade-offs as

J(z) =
Vsink

1.00m s−1
+ 0.05

m

0.10 kg
+ 0.25

τroll
0.45 s

+ 2.15PW + 0.08PH + 0.01
δ2e,trim + 0.30δ2r,trim + 0.15δ2a,trim

(10.0◦)2
.

(5.2)

Here, PW and PH are the dimensionless tip deflection penalties for the wing and horizontal tail. Each

half of the lifting surface was treated as a root-fixed cantilever beam under a distributed load [175]:

P =
spκ(δ − δallow)

δallow
, spκ(x) = κ−1 ln(1 + exp(κx)) , δ =

λℓ4

8EI
, δallow = 0.08ℓ . (5.3)

The roll response term, τroll, was estimated from the standard linear roll-damping relation [33],

τroll =
2IxxVs

qsSb2y|Clp |
, qs =

1

2
ρV 2

s . (5.4)

Accordingly, the complete sizing problem was written as

z⋆ = argmin
z∈B

J(z; θ, ξs) subject to Ck(z; θ, ξs) ≤ 0 , k = 1, . . . , NC , (5.5)

where θ collects the fixed material, actuator, avionics, and build assumptions introduced in Sections 3.2.2

and above, ξs contains the optimiser flight condition, and Ck are the feasibility constraints chosen for the

indoor flight task in this thesis, covering lift balance, pitching moment trim, static margin, tail volume,

control authority, wing loading, minimum Reynolds number, roll damping, and structural limits.

The full numerical setup is not expanded here for brevity. Appendix E.1 gives the complete bounds,

feasibility limits, objective weights, solver settings, and workflow algorithms.
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5.2.2 Uncertainty-Aware Design Selection

A preliminary glider design can appear optimal at one sizing point, but still be sensitive to local solver

convergence or small build variations [73], [176]. To reduce this risk, the nonlinear problem was solved

from multiple initial guesses to expose different feasible local designs [150]. Near-identical solutions were

removed, and the remaining candidates were evaluated under 100 uncertainty scenarios [177]. These

scenarios separated possible manufacturing errors from the local updraft conditions experienced by the

glider, based on the flow characterisation in Chapter 4. The former varied mass growth up to 10%,

longitudinal CG shift by ±0.06MAC, incidence by ±2◦, control effectiveness by 0.85 – 1.00, control

surface zero offset by ±3◦, inertia by 0.90 – 1.10, wing and horizontal tail stiffness by 0.80 – 1.30, and

drag by 1.00 – 1.25, while the latter varied the vertical-flow speed at optimisation point by ±0.30m s−1.

Accordingly, the final glider design was selected from the uncertainty evaluation metrics using a

lexicographic ranking rule, where lower-priority criteria were considered only when candidates had

similar higher-priority performance [178], [179]. In this problem, candidates were ranked first by the

fraction of uncertainty cases that remained feasible, then by the mean sink rate over the worst successful

cases, and finally by the original sizing objective.

The selected candidate was then carried into the design-manufacture-measure loop discussed in

Section 5.1. Five iterations were completed before the final design was selected. During this loop, the

sizing model was updated to reflect practical manufacturing constraints, including the tip-deflection

penalties in (5.3), revised avionics mass and placement, component locations that avoided mutual

interference, and iterative refinement of the 3D-printed mounting design discussed later in Section 5.3.

The final selected preliminary design is summarised in Table 5.1. It used the full allowable projected

span, by = 0.750m, since a larger span reduced sink rate and improved roll response without violating

the static margin or mass constraints. The corresponding uncertainty evaluation is shown in Fig. 5.1,

where the design remained feasible in all 100 uncertainty scenarios. Manufacturing perturbations mainly

increased sink rate and roll response, while updraft-only cases primarily reduced the trim angle of attack

margin. The compound cases combined these effects and produced the tightest trim margin.

Fig. 5.1. Uncertainty scenario evaluation map for
the selected candidate in fifth iteration. The scenario
families separate manufacturing perturbations,
updraft perturbations, and compound cases where
both are applied together, “mild” and “harsh” denote
the lower and higher uncertainty ranges.

Table 5.1 Final selected glider design.

Quantity Symbol Unit Value

Projected wing span by m 0.750

Canted wing span b m 0.762

Wing chord c m 0.165

Tail arm lt m 0.400

Boom length lb m 0.564

Horizontal tail span bH m 0.366

Vertical tail height hV m 0.119

Design mass m g 117.5

Wing loading W S−1 Nm−2 9.20

Lift-to-drag ratio LD−1 - 9.70

Static margin SM %MAC 10.0

Sizing sink rate Vsink ms−1 0.670

Worst sink rate V tail
sink ms−1 0.852

The iteration history, geometry, and mass breakdown diagrams are provided in Appendix E.2, while

the detailed optimiser inputs and selected design properties are provided in Appendix E.3.
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5.2.3 Sensitivity Analysis

To separate the effect of individual geometry choices from the combined uncertainty cases above, local

normalised sensitivities were evaluated about the selected design [170], [180]. For an output quantity q

and design parameter p, the sensitivity at the selected design, denoted by (·)⋆, is written as

S̄q,p =
p⋆

|q⋆|
∂q

∂p

∣∣∣∣
⋆

. (5.6)

Representative local sensitivities are summarised in Table 5.2. Since small changes in lifting surface

geometry significantly affect glider sink rate, roll response, and static margin, the glider properties must

be remeasured after manufacturing before being used to build the control-oriented model in Chapter 6.

Table 5.2 Representative normalised local sensitivities to geometry increases about the selected design.

Perturbed quantity Symbol Vsink m τroll SM Dominant effect

Wing span b -0.535 0.305 -1.334 -8.377
Lower sink and faster roll response,

but reduced static margin

Wing chord c 0.001 0.231 -0.417 -6.723
Mainly increases mass and reduces

static margin

Tail arm lt 0.017 0.048 0.113 3.177
Improves longitudinal stability, with

small mass and roll penalties

Horizontal tail span bH 0.046 0.093 -0.189 8.608
Strongly improves static margin but

adds mass

Vertical tail height hV 0.038 0.019 0.001 -0.621
Weak effect on these longitudinal and

roll metrics

5.3 Detailed Design and Manufacture

The fifth iteration sizing result in Table 5.1 defined the main glider geometry, while the material choices

in Section 5.1 set the basic structural architecture. To turn this preliminary design into a physical

glider, the mounting structure, landing protection, and control linkages still needed to be designed in

detail, bringing together the lifting surfaces, wing spar, fuselage tube, Vicon reflective markers, onboard

receiver and servos from the selected control interface in Fig. 3.4 into one airframe.

5.3.1 Modular Hardware Interface Design

As shown in Fig. 5.3, the main hardware interfaces were built as 3D-printed modules that slid onto the

carbon-fibre fuselage tube and were fixed with removable adhesive, so their positions could be adjusted

during assembly or later modification. The upper part of the centre module provided the wing and wing

spar mounting points, with chamfered and tapered supports used to improve local stiffness while avoiding

concentrated loads at sharp corners. The lower plate carried the onboard avionics and was perforated to

reduce mass, provide wiring access, and leave sufficient space for future avionics and payload expansion.

The landing gear attached to this centre module acted as the primary impact-absorbing structure during

normal landings, protecting the avionics mounted below the centre plate. The tail module fixed the

horizontal and vertical tails to the fuselage rod, while the tail gear acted as a rear skid.

To balance printability, stiffness, mass, and part function, PLA-CF [168] was used for the geometrically

complex centre module and landing gear, where reliable printing and sufficient local stiffness were

prioritised. PAHT-CF [169] was used for the smaller tail mount and tail skid, where the simpler geometry

made more demanding filament practical and its lower density helped reduce rear-end mass.

The glider material properties and hardware interfaces print settings are listed in Appendix E.4.
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Fig. 5.2. General arrangement and key dimensions of the fifth iteration glider assembly.

5.3.2 Manufacture and Assembly

With the hardware interface modules designed and 3D-printed, the Depron [67] lifting surfaces were

bonded to them using epoxy [181]. Cross-weave reinforced transparent filament tape [182] was then

applied along the spar, hinge lines, and tail joints to improve local stiffness and damage tolerance.

Hot-melt adhesive was used to attach the Vicon reflective markers, allowing them to be quickly removed

and reattached when changing the tracking configuration between Fig. 3.5 and 3.6 for different tests.

The control surfaces were cut directly into the lifting surfaces. Along each hinge line, the moving

edge was bevelled so that the surface could rotate freely, and transparent tape was used as a simple,

flexible hinge. The ailerons were driven by short 0.8mm diameter 304 stainless-steel wire [183] pushrods,

since their servos were directly mounted on the wing. For the elevator and rudder, the servos were

placed on the centre module to help control the CG position, so longer pushrods were required. These

longer linkages used 1.5mm diameter carbon-fibre rods [167] as the main members, with the same

stainless-steel wire bonded to each end using hot-melt adhesive and covered with heat-shrink tubing 10.

10 This linkage layout was adapted from an online RC aircraft construction tutorial, available at https://www.bilibili.c
om/video/BV11XLUzKEpc.
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Fig. 5.3. Manufactured fifth iteration glider and key assembly details.

5.3.3 Manufacturing Deviations and Flight Configuration

After assembly, the glider was first checked through open-loop launches, which showed a pitch-up stall

tendency. Hence, a 15 g ballast was added near the nose to move the longitudinal CG forward.

As shown in Table 5.3, the geometry of the manufactured glider remained close to the preliminary

sizing output, but the measured mass and longitudinal CG changed significantly. This type of variation

was already considered in the uncertainty-aware evaluation in Section 5.2.2, but the measured mass

growth and CG shift were larger than the assumed limits even before adding ballast. Such a mismatch

reveals the main weakness of the sizing workflow in this chapter, even with the design-manufacture-

measure loop: it largely underestimated the practical mass and placement of wiring and soldered joints,

which were only installed during final assembly, while leaving too little margin for potential ballast.

Table 5.3 Measured glider configurations, with percentage changes relative to the optimised value.

Parameter Symbol Unit Optimised Manufactured ∆ Ballasted ∆

Mass m g 117.5 133.6 +13.6% 148.6 +26.4%

Wing span b m 0.762 0.764 +0.3% 0.764 +0.3%

Wing chord c m 0.165 0.165 0% 0.165 0%

Dihedral Γ deg 10.0 9.28 -7.2% 9.28 -7.2%

Boom length l m 0.564 0.568 +0.7% 0.568 +0.7%

Horizontal tail span bH m 0.366 0.364 -0.5% 0.364 -0.5%

Vertical tail height hV m 0.119 0.119 0% 0.119 0%

Wing loading W S−1 Nm−2 9.20 10.4 +13.0% 11.6 +26.1%

Longitudinal CG xCG c
−1 %MAC 69.1 76.4 +10.6% 63.9 -7.5%

Nevertheless, after ballast was added, the manufactured glider met the experimental requirements.

During the subsequent flight testing reported in Chapter 6 and 7, it completed 1042 launch attempts

across still air and strong updraft conditions, providing a stable platform for real-world controller

evaluation. Even after occasional hard wall or floor impacts, damage was limited to the wing edges and

could be repaired quickly with transparent tape, leaving no noticeable change in flight behaviour.

The completed glider design and manufacture, together with the sensing and command architecture,

latency quantification, and environment design and characterisation established in the preceding

chapters, now form a repeatable, reproducible, and extensible platform for indoor fixed-wing sim-to-real

experiments. Building on this platform, the thesis can proceed to develop a lift-aware guidance and

control method for flying the glider through uncertain indoor updrafts.
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6 Flying Through Uncertainty with Viable Manoeuvre Primitives

This chapter returns to the control problem introduced in Chapter 1: how should a small fixed-wing

aircraft operate near terrain, structures, or other flow-shaping boundaries [1], [3], [5] when the local

vertical airflow can be useful or harmful depending on the flight condition [6], [7], and how can the

aircraft explore and exploit that flow when it repeatedly flies through the same operating region?

6.1 Problem Formulation

In outdoor flight, sensing delays, flow structure, and safety constraints vary together over space and time,

making the control problem difficult to study. Therefore, a controlled laboratory setting is needed, so

the effects of these coupled factors can be reproduced, isolated, measured, and examined systematically.

The preceding chapters provide this setting in the Flight Arena, allowing the broader control problem

to be studied as a repeatable flight segment: a hand-launched glider enters the bounded volume, meets

fan-generated updrafts, and aims to safely reach the opposite side while using any lift along its path.

6.1.1 Mission Definition and Launch Gate

As discussed in Section 3.1, the Flight Arena defines an arena frame, with x along the intended flight

direction, y lateral, and z upward. The body frame follows the flight dynamics convention shown in

Fig. 3.5, with its origin taken at the glider CG. Expanding the 15-state vector in (3.2) gives

x = [x, y, z, ϕ, θ, ψ, ub, vb, wb, pb, qb, rb, δa, δe, δr]
⊤ . (6.1)

The first twelve components are obtained from the processed Vicon motion capture stream [123], while

the final three are propagated from the command history. Both procedures are described in Section 3.3.

Section 3.1 also defines the smaller flight volume used for controller evaluation, selected to maintain

visibility of the reflective markers attached to the glider by the Vicon motion capture system:

Xsafe = {x : x ∈ [1.2, 6.6] m , y ∈ [0.0, 4.4] m , z ∈ [0.4, 3.5] m} . (6.2)

To ensure that the glider enters this flight volume within a repeatable range, while still allowing the

unavoidable variation of a hand launch, the launch gate is defined as the admissible initial condition set:

Xlaunch =
{
x : x ∈ [1.2, 1.4] m , y ∈ [1.8, 2.2] m , z ∈ [1.3, 1.8] m ,

|ϕ| ≤ 20 deg , −10 deg ≤ θ ≤ 20 deg , |ψ| ≤ 20 deg ,

4.0 ≤ ub ≤ 8.0 m s−1 , |vb| ≤ 1.5 m s−1 , |wb| ≤ 0.9 m s−1 ,

|pb| ≤ 1.2 rad s−1 , |qb| ≤ 1.2 rad s−1 , |rb| ≤ 1.8 rad s−1
}
.

(6.3)

Because the glider may cross the launch

gate between two processed motion capture

frames, the launch trigger is interpolated to

the plane x = 1.3m and accepted only after

two consecutive frames satisfy Xlaunch. This

approach reduces sensitivity to both frame

timing and single-frame measurement noise.

As illustrated in Fig. 6.1, mission success

is defined as the glider reaching the down-

stream side of the admissible flight volume

Xsafe through the intended exit face. The mis-

sion failure occurs if the glider hits the floor,

ceiling, or lateral walls. Fig. 6.1. Mission geometry.
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The local updrafts used in this mission is generated by Clarke CAMAX30 axial drum fans [136], as

characterised in Chapter 4. The mission-specific fan placements are introduced later in this chapter.

6.1.2 Controller Design Objective

The main controller design difficulty is guiding the glider through the uncertain updrafts while completing

the mission. The glider must balance the useful lift provided by the updraft against the risk of crossing

the safety boundary. This requirement can be expressed as a constrained finite-horizon control problem:

maximise
π

Eπ [H(x(tf ))−H(x(t0)) + λℓTℓ]

subject to x(t) ∈ Xsafe , ν(t) ∈ U , t ∈ [t0, tf ] .
(6.4)

where H = z + ∥vb∥2/(2g) is glider’s specific energy in metres, Tℓ is the time spent in useful lift, λℓ sets

weight on lift exploitation, ν = [νa, νe, νr]
⊤ is the executable aggregate command for aileron, elevator,

and rudder, and U is the allowable command set defined by the command interface in Section 3.3.2.

6.2 Control-Oriented Glider Model

The model used in this chapter must be accurate enough to support local feedback design and expose

the effect of uncertain updrafts, while remaining simple enough to run repeatedly across many candidate

controllers and environment settings. These requirements lead to a control-oriented 6-DoF model with

panelwise aerodynamic loading and simple residual calibration through system identification.

6.2.1 Glider Dynamics

The continuous-time rigid-body and actuator model uses the 15-state notation in (6.1). It is written as

ṗ = DzCwb(η)vb , (6.5) η̇ = T(η)ωb , (6.6) δ̇ = τ−1
δ

(
δcmd − δ

)
, (6.7)

v̇b =
1

m
Fb(x, W) + C⊤

wb(η)Dz gw − ωb × vb , (6.8) ω̇b = I−1
b [Mb(x,W) − ωb × Ibωb] , (6.9)

where Fb and Mb are the total aerodynamic force and moment in body axes, and gw = [0, 0, −g]⊤ is the

gravitational acceleration vector. The matrices Cwb(η) and Dz = diag(1, 1, −1) follow the Vicon-based

state processing convention detailed in Appendix B.2. The measured mass m and body-axis inertia

matrix Ib come from the manufactured glider mass properties in Appendix E.5. The commanded control

surface target δcmd and response time constant τδ follow the model introduced in (3.4) and (3.5).

6.2.2 Panelwise Aerodynamic Loading

The updraft can vary significantly across the lifting surfaces, producing uneven aerodynamic loading

and changing the net force and moment on the glider. To represent this effect, the control-oriented

glider model divides the lifting surfaces into 24 aerodynamic strips: 12 on the wing, 8 on the horizontal

tail, and 4 on the vertical tail. Each strip is approximated as a local 2D flat-plate section, so lift and

drag are computed from the part of the relative airflow that crosses the strip chordwise [66], [82].

For a representative strip indexed by i, the model stores its body frame location ri,b, area Si, chord

ci, span direction si,b, surface normal ni,b, aspect ratio Ai, zero-lift offset α0,i, profile drag coefficient

CD0,i, and control effectiveness vector mi. The local airflow is evaluated at the centre of the strip:

Vi,b = vb + ωb × ri,b − C⊤
wbDzW(pi, t) , pi = p + DzCwb ri,b . (6.10)

where pi is the corresponding centre position in the arena frame, and W(pi, t) is the arena frame wind

velocity at that position. The strip dynamic pressure and effective angle of attack are then computed as

qi =
1

2
ρ ∥V⊥

i,b∥2, αi,eff = αi − α0,i + λim
⊤
i δ , V⊥

i,b = Vi,b −
(
V⊤
i,b si,b

)
si,b , (6.11)
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where V⊥
i,b is the relative airflow after removing the spanwise component, which does not define the local

section angle of attack in strip approximation, and λim
⊤
i δ is the control-induced local incidence change.

Using these local quantities, the attached flow lift slope is corrected for finite aspect ratio [184]:

ai =
2πAi

Ai + 2
, Catt

L,i = ai αi,eff , Catt
D,i = CD0,i +

(Catt
L,i)

2

πeiAi
. (6.12)

This attached flow model is reliable only at moderate angles of attack. To provide a smooth transition to

post-stall behaviour, the attached coefficients are blended into a flat-plate post-stall approximation [66]:

CL,i = (1− σi)Catt
L,i + σiC

post
L,i , Cpost

L,i = 2 sinαi,eff cosαi,eff , (6.13)

CD,i = (1− σi)Catt
D,i + σiC

post
D,i , Cpost

D,i = CD0,i + kD sin2 αi,eff , (6.14)

where the smooth activation σi ∈ [0, 1] is a function of |αi,eff |. Values near σi = 0 correspond to attached

flow, values near σi = 1 represent post-stall flow, and intermediate values define the transition regime.

Finally, the total aerodynamic force and moment are obtained by summing the strip contributions

and adding compact residual corrections identified in the following section:

Fb =

Ns∑
i=1

Fi,b + Fres(x, δ) , Fi,b = qiSi (CL,i ℓi,b − CD,i di,b) , (6.15)

Mb =

Ns∑
i=1

Mi,b + Mres(x, δ) , Mi,b = ri,b × Fi,b , (6.16)

where the lift and drag directions of each strip, ℓi,b and di,b, are defined from V⊥
i,b and ni,b.

6.2.3 System Identification

To match the model with the manufactured glider described in Chapter 5, a calibration step is required.

The calibration follows the standard aircraft system identification sequence [83], [84], using hand-

launched flight records in still air. Open-loop throws first refine the rigid-body glider model, and flights

with control surface deflections then adjust the model response to commanded inputs.

Because flight test time is limited and hand launches inevitably introduce variation in the initial

conditions, only a compact set of aerodynamic correction parameters is identified:

θaero =
[
θ⊤
m, θ⊤

lat, θ⊤
δ

]⊤
. (6.17)

Here, θm = [Catt
m , Ctr

m, C
post
m , Cpost

mq ]⊤ corrects pitch moment in the attached, transition, and post-stall

regimes introduced above, with an additional post-stall pitch damping term. θlat = [θ⊤
Y , θ

⊤
l , θ

⊤
n ]

⊤

contains side force, roll moment, and yaw moment coupling corrections, where θ = [C0, Cβ, Cp, Cr]
⊤.

θδ = [γ⊤
att, γ

⊤
tr , γ

⊤
post]

⊤ contains conservative control surface effectiveness scales, where γ = [γa, γe, γr]
⊤.

The parameter vector in (6.17) is fitted by replaying the model from the measured launch condition

under the logged control inputs, then minimising the error between the replayed and recorded flights:

J (θaero) =
∑

s∈Dtrain

Nfit,s∑
k=1

∥∥∥yflight
s,k − ysim

s,k (θaero)
∥∥∥2
Qy

+ ∥θaero − θaero,0∥2Rθ
. (6.18)

Validation is performed on held-out throw records separate from those used for fitting. A calibration

is accepted only if it improves or preserves the objective in (6.18) on these held-out records. This

validation stage reduces the sensitivity of the calibrated model to unrepresentative launch records.

The baseline glider parameters and calibration results are summarised in Appendix F.1. The dataset
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contains 157 open-loop launches and 214 launches with control inputs. Longitudinal corrections are

applied with higher confidence because sink and pitch are clearly observed, while transition regime,

post-stall, and lateral corrections are treated more cautiously since launch variation in attitude, roll, yaw,

and sideslip makes their effects harder to isolate. This modelling limitation reappears in Chapter 7, when

replay results are compared with real flights with the controller developed in the following sections.

6.3 Randomised Simulation Environment

A lift-aware controller must be tested across launch variation, uncertain updraft conditions, aerodynamic

mismatch, and system latency before flight testing. As discussed in Section 2.1, simulation provides a

controlled sim-to-real development stage, where controllers can be designed and stress-tested without

consuming limited flight test opportunities or exposing the physical glider to avoidable failures.

In this thesis, each finite-horizon simulated flight is defined by the environment instance

e = (we, θp, θτ , θδ, x0) , (6.19)

where we is the vertical-flow field, with we(p) = 0 denoting still air, and fan-generated updrafts are

presented using the residual annular GP surrogates developed in Chapter 4. The remaining terms define

the glider properties θp, latency parameters θτ , control surface effectiveness θδ, and initial state x0.

As discussed in Section 4.4, domain randomisation is introduced to avoid designing the controller

around a single imperfect updraft surrogate. By varying the surrogate position and strength, the real

updraft is more likely to fall within the family of simulated cases [10], [12], [15]. The same principle is

applied to other parts of the present problem, where glider mass, inertia, aerodynamic coefficients, control

surface effectiveness, system latency, and launch condition also varied during controller development:

e ∼ pE(e) = p(we) p(θp) p(θτ ) p(θδ) p(x0) . (6.20)

The detailed randomisation ranges, including the initial state sampling rule, are listed in Appendix F.2.

They are chosen from the measured platform variation reported in the preceding chapters and refined

using the launch and replay observations from the system identification procedure discussed above.

6.4 Viability-Guided Manoeuvre Selection

With the randomised simulation environment in place, the control problem for a small glider crossing a

tight, flow-disturbed volume is reduced to a question of local commitment. Following the primitive,

funnel, and governor ideas reviewed in Section 2.4, the controller is formulated as a lightweight real-time

viability governor: at each decision step in flight, it selects a short, locally stabilised manoeuvre primitive

from a finite pre-built library according to the current flight condition. The flight path then emerges as

a sequence of admissible manoeuvres that collectively guide the glider toward mission completion.

6.4.1 Manoeuvre Primitive Library

In the present problem, manoeuvre primitives use a short execution horizon of T = 0.10 s, so that the

controller can replan frequently within the confined arena. Each primitive is designed for a group of

entry conditions, identified from the current 15-state vector in (6.1) through an entry class:

c = χ(x) ∈ {launch, post-launch, stable, boundary, recovery, terminal, failure} . (6.21)

The primitive library is organised by these entry classes and the following manoeuvre families:

P =

{
glide, safety margin recovery, updraft entry, updraft exploitation,

mild left turn, mild right turn, energy-retaining bank, safe exit

}
. (6.22)
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Each family contains multiple candidate primitives, allowing the same manoeuvre type to be adapted to

different entry conditions. For candidate manoeuvre primitive j, the nonlinear control-oriented glider

model in Section 6.2 is linearised around a local operating point:

en+1 = Ajen +Bj∆νn , en = xn − xref
j , ∆νn = νn − νref

j = −Kj ên , (6.23)

where the reference state and aggregate command, (xref
j , νref

j ), define that operating point, and ên is the

state error used by the feedback controller after applying the latency model developed in Section 3.3.2.

The local feedback gain Kj is obtained from the finite-horizon LQR problem

min
∆ν0, ...,∆νN−1

N−1∑
n=0

(
e⊤nQjen + ∆ν⊤

nRj∆νn

)
+ e⊤NQf,jeN . (6.24)

To construct a rich library that enables the controller to select manoeuvres across the range of

scenarios the glider may encounter, each candidate is generated and tested in simulation by combining

a manoeuvre family from (6.22), an entry class from (6.21), and an environment instance from the

randomised simulation distribution in (6.20). A generated candidate first becomes eligible if its local

LQR can be built and a 0.10 s simulated execution from the sampled entry state gives enough information

to classify the exit state, check the safety margin, and measure the energy change. The construction

process then keeps a smaller retained set by removing candidates that are numerically invalid, end in an

undefined flight condition, or duplicate an already covered manoeuvre. Each retained candidate is then

expanded across the admissible subset of local speed-bin from 2.5 to 8.0m s−1 in 0.5m s−1 increments.

Within the selected entry class, the initial state is sampled over a wide range of positions, airspeeds,

attitudes, body rates, and control surface deflections, detailed in Table F.18. The corresponding

environment families are summarised in Table 6.1. Following the domain randomisation logic introduced

in Section 6.3, this construction exposes the library to updraft, plant, timing, implementation, and

launch uncertainty before it is brought to the physical system.

Table 6.1 Environment families used in the controller development and validation ladder.

Environment Updraft representation Introduced randomisation

Still air No updraft, we(p) = 0
Isolates glider, launch, timing, and controller

behaviour without fan forcing.

Fixed single-fan
Nominal single-fan residual annular GP

surrogate

Tests response to one measured updraft region

with fixed fan placement and strength.

Fixed four-fan
Nominal four-fan residual annular GP

surrogate

Tests the controller in the multi-source lift field

without randomised fan parameters.

Fan parameter
variation

Randomised four-fan residual annular GP

surrogate

Varies fan strength, width, and local fluctuation

level while keeping the nominal fan positions.

Local fan-position
variation

Randomised four-fan residual annular GP

surrogate with shifted layout

Applies local placement shifts to test sensitivity to

updraft displacement in the arena.

Active-fan-count
variation

Randomised residual annular GP

surrogate with different active fans

Varies the number of useful lift sources from no

active fan to all four fans.

Full-environment
variation

Randomised residual annular GP

surrogate with arena-wide fan placement

Combines fan parameter, active-fan-count, and fan

placement variation with fixed plant and timing.

Full-domain
variation

Randomised residual annular GP

surrogate combining the above variations

Combines full-environment variation with plant,

launch, and latency uncertainty.

The expanded speed-bin variants are passed to the held-out validation introduced later in Section 6.5.

The outcomes across the sampled validation cases are stored in Ej(c), which contains the probability
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that execution from entry class c exits into the next manoeuvre entry class c+, the hard failure 11 rate,

the useful updraft exposure time, the mean specific energy change, and the minimum safety margin:

Ej(c) =
{
P̂j(c

+|c) =
Nj(c→ c+)

Nj(c)
, p̂hardj (c) =

Nhard
j (c)

Nj(c)
, T̂ℓ,j(c) =

1

Nj(c)

Nj(c)∑
s=1

Tℓ,s ,

Ĝj(c) =
1

Nj(c)

Nj(c)∑
s=1

[Hs,exit −Hs,entry] , dsafej (xk) = min
τ∈[0,Tj ]

dsafe (x̂j(τ ;xk))
}
.

(6.25)

Together with the manoeuvre family, entry class, local reference, command, feedback gain, and execution

horizon, this validation record defines one candidate primitive in the library:

Πj =
(
ρj ∈ P, cinj , xref

j , νref
j , Kj , Tj , Ej

)
. (6.26)

6.4.2 Spatial Lift Memory

The validation record in (6.25) is fixed before flight and only indicates which primitives performed well

in simulation. During operation, repeated visits to nearby regions of an uncertain flow field provide

new local evidence about useful or risky lift. Therefore, the controller further adds a bounded spatial

memory, allowing later decisions to exploit observed benefit while still exploring admissible alternatives.

After a selected primitive is executed, the controller records the residual lift evidence along its path:

ϵℓ = [∆Hobs −∆Hpred, Tℓ,obs − Tℓ,pred] . (6.27)

The residuals are stored in the 0.1× 0.1× 0.1m grid cells, and the local belief is computed from

ϵ̄(p) =

∑
q∈N0.20(p)

αqd
−1
q ϵq∑

q∈N0.20(p)
αqd

−1
q

, αq = 2−∆nq/n1/2 , (6.28)

where N0.20(p) is the set of cells within a 0.20m radius of position p, dq is the distance from p to cell q,

and the factor αq downweights older observations so the memory can adapt to changing flow conditions.

6.4.3 Viability Governor

The validation record and spatial lift memory make each stabilised primitive selectable during flight.

Let L(c) be the primitives whose entry class matches the current state c = χ(x). The viability governor

first removes candidates that do not support safe execution, leaving the admissible set

A(x) =
{
j ∈ L(c) : cinj = c, p̂hardj (c) ≤ p̄hard, P̂ cont

j (c) + P̂ term
j (c) > 0, dsafej (x) ≥ 0, ℓj ∈ Lτ

}
, (6.29)

where ℓj ∈ Lτ requires the candidate to be supported by the active latency model. The remaining

admissible candidates are then scored as

Sj(x) = wcP̂
cont
j + wtP̂

term
j − whp̂

hard
j + wℓT̂ℓ,j

+ wgĜj + wmMj(x) + wbBj(x) − wrR
regime
j (x).

(6.30)

Here, Mj(x) is the predicted mission progress toward the exit face in Fig. 6.1, Bj(x) is the bounded

correction obtained by querying the spatial lift memory in (6.28) along the candidate path, and Rregime
j (x)

penalises candidates that rely on poorly calibrated flow regimes, as discussed in Section 6.2.3.

To prevent the spatial lift memory from degrading the selection, the governor accepts a memory-driven

choice only when it does not weaken performance relative to the no-memory choice, this gives

Ashield(x) = {j ∈ A(x) :∆Smem(j) > 0, ∆p̂hardj ≤ 0, ∆P̂ cont
j ≥ −ϵP , ∆mpath,j ≥ −ϵm } . (6.31)

11 Hard failure in the present problem is defined as a floor or ceiling violation, numerical failure of the simulated
trajectory, or a physically impossible flight state.
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Finally, the governor selects the remaining manoeuvre primitive with the highest score in (6.30):

j⋆(x) = arg max
j∈Ashield(x)

Sj(x) , (6.32)

6.4.4 Library Compression and Decision Loop

The dense primitive library constructed in Section 6.4.1 gives the governor many possible local com-

mitments. As discussed in Section 2.4, a larger library can improve behavioural coverage, but it also

increases validation burden and online search cost. This trade-off is especially important here because

each decision must be made within the 0.10 s primitive horizon. Hence, after validation, candidates are

grouped by primitive family and entry class, and each group is represented by a medoid:

jmedoid
g = argmin

j∈g

∑
i∈g

d(zi, zj), (6.33)

where zj collects behaviour, validation, airspeed, and the range of randomised environments where the

primitive was tested. The medoid is always chosen as an existing validated primitive, ensuring that

compression does not create synthetic controller objects that were never tested.

Combining all the components introduced above, the in-flight decision loop can be summarised as

xk
classify−−−−→ ck

retrieve−−−−→ L(ck)
govern−−−−→ A(xk)

memory check−−−−−−−−→ Ashield(xk)
score−−−→ jk

execute−−−−→ xk+1. (6.34)

6.5 Validation Ladder for Controller Development

This section assembles the plant model, randomised environments, and viability guided controller into a

repeatable validation ladder for controller development.

After library construction in Section 6.4.1, the primitives are replayed using the same environment

families introduced in Table 6.1, without retuning their local feedback gains. The validation record in

(6.25) is then used to retain only primitives that, from sampled initial states in their assigned entry

class, keep hard failure risk below the accepted threshold and exit into either a terminal class at the

final exit face or a continuation class from which another validated primitive can be selected.

The validated set is then compressed by the medoid procedure in (6.33) into five executable library

tiers of decreasing size: no-cluster, super-light, light, balanced, and heavy. Launch entry groups in (6.21)

are given a larger representative budget to account for unavoidable human release variation.

All five library tiers are then used to tune the viability governor: its thresholds in (6.29), scoring

weights in (6.30), memory shield margins in (6.31), and lift belief settings in (6.28). Tuning is performed

by simulating the complete mission in Section 6.1.1 under the full-domain randomised setting in Table 6.1,

aiming to maximise the controller design objective in (6.4) while reducing sensitivity to library size.

The final simulation stage evaluates the completed controller over the full mission using the same

held-out strategy as the primitive validation above. A zero command open-loop case is included as a

comparison baseline, and the spatial memory policy is tested with repeated launch histories: before each

final held-out simulation across the same launch gate, the controller may observe h = 3, 10, 30 previous

launches from the same held-out case, while the no-memory baseline uses h = 0. This stage provides

the evidence needed to decide whether controller is safe and robust enough to transfer to reality.

This structure gives two practical advantages. First, it supports rapid diagnosis and iteration by

separating primitive generation, library compression, and viability-governor tuning. Hence, development

can resume from the failed stage without rerunning the full ladder. Second, because the basic decision

algorithm is unchanged throughout the workflow, the ladder is not limited to the present problem: a

different plant model, environment surrogate, or mission objective can be adapted by regenerating the

primitive library and rerunning validation, without redesigning the controller architecture.
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7 Crossing the Reality Gap from Simulation to Real Flight

The controller development workflow is designed to be efficient and extensible, but these advantages

are only meaningful if the resulting controller can survive sim-to-real transfer. Therefore, this chapter

asks the final question of this thesis: whether a controller built in simulation can be carried into real

flight and still guide the glider safely through uncertain local updrafts, maximise useful lift to improve

its specific energy, and balance exploitation with exploration over repeated launches, even when the

vehicle, launch, command path, sensing, and flow field differ from the simulation.

7.1 Simulation Evidence for Controller Readiness

The first answer is sought in simulation, where the controller can be stress-tested before real flight.

7.1.1 Primitive Library Construction

The simulation results be-

gin with the dense ma-

noeuvre library generated

by the construction pro-

cedure in Section 6.4.1.

Each manoeuvre family

starts from the same con-

struction budget: 128 can-

didate primitives assigned

to entry classes and tested

over 12800 simulated re-

plays. The construction

removes many candidates

while preserving manoeu-

vre diversity across all

eight families.

Table 7.1 Dense manoeuvre primitive library.

Manoeuvre family
Eligible

objects

Retained

objects

Speed-bin

variants

Glide 98 20 200

Safety margin recovery 98 20 199

Updraft entry 99 21 206

Updraft exploitation 97 19 193

Mild left turn 99 21 207

Mild right turn 97 19 193

Energy-retaining bank 98 20 200

Safe exit 99 21 207

Total 785 161 1605

7.1.2 Held-Out Primitive Validation

Held-out primitive validation applies the procedure in Section 6.5 to the speed-bin variants in Table 7.1.

All 1605 speed-bin variants remain eligible after validation, but each carries a conservative validation

record in (6.25). These records are summarised over 256800 held-out simulations in Table 7.2.

Table 7.2 Held-out primitive validation summary.

Validation result Count Rate Interpretation

Usable transition
outcome

64460 25.1%
Manoeuvre exits into a class that can continue or complete the

route.

Controlled terminal
boundary exit

46355 18.1%
Manoeuvre hit the wall or exit face with bounded attitude and

body rates, without floor or ceiling violation.

Weak outcome 145964 56.8%
Manoeuvre completes the replay, but its energy gain, probability

of continuation to the next manoeuvre, or terminal evidence is

insufficient for acceptance.

Hard wall failure 21 0.008% Manoeuvre hit the wall with excessive attitude or body rate.

Floor or ceiling failure 0 0% Manoeuvre violate the floor or ceiling boundary.
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Chapter 7 Crossing the Reality Gap from Simulation to Real Flight

7.1.3 Library Compression

As shown in Table 7.3,

the validated variants

are compressed into five

library tiers using the

medoid procedure in

(6.33). This creates the

independent cases used

later in mission simula-

tion to study the effect

of library size.

Table 7.3 Compressed primitive library tiers after medoid selection.

Library Total Boundary In flight Launch Recovery Kept

No-cluster 1605 527 528 432 118 100.0%

Super-light 374 96 96 96 86 23.3%

Light 208 48 48 64 48 13.0%

Balanced 112 24 24 40 24 7.0%

Heavy 40 8 8 16 8 2.5%

7.1.4 Viability Governor Tuning

The viability governor is tuned using all five library tiers, each is tested over 200 full domain randomised

mission simulations. To directly compare complete missions, a post-run score is defined:

Jsim = Jfail + IJfail=0

(
Jroute + clip(20∆H+

ℓ , 0, 40) + clip(5Tℓ, 0, 20) + JH,f
)
, (7.1)

where

JH,f = Imission clip
(
10H+

res, 0, 20
)
, Hres = H(xf )−Hfloor . (7.2)

Here, Hres is the glider’s terminal specific energy, contributes to Jsim only when the mission is marked

successful, otherwise sets to zero. The reward term Jroute is 100 for mission completion, 30 for useful

updraft capture without completing the mission, and 10 for a safe simulated flight that avoids failure

but neither completes the route nor captures useful lift. The failure term Jfail is −100 for hard failure

in (6.26), −70 for no viable primitive at launch, −40 in flight, −50 for lateral wall exit.

Table 7.4 Viability governor tuning result across five library tiers.

Library Safe Exit face Hard failure No viable Lateral wall Mean Hres Mean Jsim

No-cluster 58.0% 54.0% 16.0% 6.0% 8.0% 2.22m 47.2

Super-light 58.0% 54.0% 14.0% 8.0% 8.0% 2.22m 48.4

Light 58.0% 54.0% 16.0% 6.0% 8.0% 2.21m 47.2

Balanced 58.0% 54.0% 14.0% 8.0% 8.0% 2.22m 48.4

Heavy 54.0% 50.0% 24.0% 8.0% 10.0% 2.15m 33.6

As intended in Section 6.5, the tuned viability governor remains effective across a wide range of

library sizes. Balanced, light, super-light, and no-cluster libraries give similar mission success rates,

showing that increasing the library beyond a moderate size gives only marginal benefit. However, the

heavy tier loses performance because it is too small. The same trend is further confirmed in next section.

This marks the end of controller development, since the remaining simulation stages are used to

evaluate the frozen design. Across repeated development runs, the workflow consistently finished in

under three hours on an older laptop, demonstrating strong computational efficiency and giving the

controller design an additional practical advantage beyond what was discussed in Section 6.5.

7.1.5 Mission Simulation

The full mission simulation evaluates the completed controller over the environment families in Table 6.1.

The dataset contains 36000 final mission runs and 384795 executed 0.100 s primitive flight segments.
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Chapter 7 Crossing the Reality Gap from Simulation to Real Flight

The first marginal effect observed is launch speed, because the initial kinetic energy determines how

much authority the first few primitives have before the glider approaches the arena boundary.

Table 7.5 Mission simulation results at different launch speeds magnitudes ∥v(t0)∥ in m s−1.

∥v(t0)∥ Runs Segments Safe Exit face Main limit Mean Hres Mean Jsim

4.0–5.0 5600 63777 15.6% 14.5%
No viable primitive:

19.6%
1.29m 10.5

5.0–6.0 7200 86690 64.6% 51.2%
Hard failure: 27.1%;

wrong wall: 17.0%
1.51m 30.8

6.0–8.0 16000 151788 90.9% 83.7%
Hard failure: 5.9%;

wrong wall: 8.2%
2.56m 99.2

Since the low-speed failures are dominated by insufficient energy, the remaining analysis focuses on

runs with ∥v(t0)∥ ≥ 5.0m s−1 to isolate controller behaviour within the feasible launch energy envelope.

Across the environment cases defined in Table 6.1, Table 7.6 shows how controller performance degrades

as the updraft and uncertainty model become less ideal. The still air case is kept as an isolated evidence

case. It is expected to have a higher failure rate because there is no energy source for glider to exploit.

Table 7.6 Mission simulation across the held-out environment ladder for ∥v(t0)∥ ≥ 5.0m s−1.

Environment Runs Segments Safe
Exit

face

Hard

failure

No

viable

Lateral

wall

Mean

Hres

Mean

Jsim

Still air 2900 27534 67.0% 59.7% 22.6% 10.4% 7.3% 2.21m 40.4

Fixed single-fan 2900 29832 86.1% 77.3% 10.6% 3.3% 8.8% 2.29m 83.5

Fixed four-fan 2900 31146 97.2% 87.3% 2.1% 0.7% 10.6% 2.48m 115.4

Fan parameter
variation

2900 31092 92.7% 80.7% 5.5% 1.8% 14.8% 2.39m 99.4

Local fan-position
variation

2900 30941 87.6% 79.0% 9.3% 3.1% 14.2% 2.41m 94.0

Active-fan-count
variation

2900 29161 81.0% 71.9% 14.2% 4.8% 10.1% 2.29m 72.0

Full-environment
variation

2900 29275 81.2% 71.9% 14.1% 4.7% 10.2% 2.29m 72.1

Full-domain
variation

2900 29497 69.4% 60.8% 21.2% 9.4% 11.4% 2.24m 46.9

The spatial memory policy is also evaluated. Its aggregate effect is insignificant, fewer than 10% of

runs change the selected primitive because of memory, and the mission performance is almost unchanged.

Table 7.7 Mission simulation with different spatial memory history lengths for ∥v(t0)∥ ≥ 5.0m s−1.

History
h

Runs Segments Safe
Exit

face

Hard

failure

No

viable

Lateral

wall

Memory

switch

Mean

Hres

Mean

Jsim

0 5800 59628 82.7% 73.5% 12.4% 4.9% 11.0% 0% 2.33m 77.9

3 5800 59609 82.8% 73.6% 12.4% 4.8% 10.9% 7.5% 2.33m 78.1

10 5800 59612 82.8% 73.6% 12.4% 4.8% 10.9% 7.9% 2.33m 78.1

30 5800 59629 82.7% 73.5% 12.5% 4.8% 10.9% 8.4% 2.33m 77.9

In the present arena, most controller authority is spent stabilising the glider and maintaining a
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Chapter 7 Crossing the Reality Gap from Simulation to Real Flight

viable route through the updraft field. The glider has limited freedom to choose a longer or more

aggressive path purely to exploit remembered lift, especially when that manoeuvre would cost more

energy than the expected lift benefit. Therefore, the spatial memory component should be treated as

a questionable addition in this experiment: its aggregate benefit is small compared with the added

controller development complexity. Inspection of individual launches gives the same interpretation.

Fig. 7.1. Mission run 2322 in the local fan-position variation environment with the light cluster,
showing that the memory component has little effect. Both the memory and no-memory flights survive
and exploit the updraft, while the open-loop launch hits the ground.

The final marginal effect is library compression, because it changes the number of primitives the

governor must inspect at each decision. The mission performance trend agrees with the tuning result

in Section 7.1.4: Despite the heavily compressed one, no-cluster gives only a small benefit over the

compressed libraries. The runtime columns make the practical trade-off clear. Balanced keeps near

no-cluster mission performance, reduces the mean evaluated set to 7.0 candidates, and completes 85.2%

of selector decisions within the 0.100 s primitive horizon. Therefore, it is used for the real flight controller.

Table 7.8 Effect of library compression on mission simulation and selector runtime. Mission outcomes
use feasible launch runs with ∥v(t0)∥ ≥ 5.0m s−1. Runtime is the online controller compute time.

Library Size Runs Safe
Exit

face

Hard

failure

Mean

Jsim

Mean

candidates

Mean

time

T <

0.100 s

No-cluster 1605 4640 83.8% 75.1% 11.9% 81.0 110.1 258.1ms 44.6%

Super-light 374 4640 82.7% 73.5% 12.9% 77.6 27.9 122.8ms 70.8%

Light 208 4640 83.3% 74.3% 12.1% 79.5 14.4 79.4ms 74.9%

Balanced 112 4640 84.0% 74.7% 10.8% 80.9 7.0 50.9ms 85.2%

Heavy 40 4640 80.0% 70.3% 14.5% 71.1 2.9 39.4ms 94.3%

The complete stage-by-stage controller development statistics are provided in Appendix G.1.

7.2 Real Flight Transfer

Since the flight test opportunities are limited, the sim-to-real transfer is first evaluated in cases already

represented by the controller development ladder. This makes the expected failure modes easier to

diagnose and allows the physical flights to be compared directly with the simulation evidence above.

The real-flight outcomes are reported with the same launch speed split used in simulation, ∥v(t0)∥ =
6.0m s−1. Below this threshold, failures are dominated by insufficient launch energy, as expected. Above

it, still-air and single-fan flights transfer reliably, while the four-fan case remains limited by floor impacts.

As in the simulation study, spatial memory does not form a separate success case in these validated

transfer flights. Above 6.0m s−1, still-air and single-fan flights already reach the exit face reliably
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without memory, leaving little room for memory to improve the outcome. In the four-fan case, memory

reduces the exit face rate from 77.3% to 68.1% and increases floor impacts from 18.2% to 31.9%. Hence,

in the validated flight cases, spatial memory is still not the main mechanism behind transfer.

Table 7.9 Real-flight transfer summary separated by launch speed magnitude ∥v(t0)∥ in m s−1.

Flight condition ∥v(t0)∥
Closed-loop Closed-loop with memory

throws
exit

face

floor

impact

mean

Hres
throws

exit

face

floor

impact

mean

Hres

Still-air
5.0–6.0 7 71.4% 28.6% 1.54m 14 35.7% 64.3% 1.62m

6.0–8.0 23 100.0% 0.0% 1.81m 16 100.0% 0.0% 1.90m

Single-fan updraft
5.0–6.0 16 62.5% 37.5% 1.53m 51 68.6% 27.5% 1.62m

6.0–8.0 14 100.0% 0.0% 1.76m 9 100.0% 0.0% 1.67m

Four-fan updraft
5.0–6.0 8 0.0% 87.5% 1.60m 13 15.4% 84.6% 1.47m

6.0–8.0 22 77.3% 18.2% 1.84m 47 68.1% 31.9% 1.64m

To diagnose the source of the remaining reality gap, selected open-loop and closed-loop flights with

similar launch states are replayed in simulation from the measured launch condition using the logged

control input sequence. The representative four-fan case in Fig. 7.2 shows that the glider’s longitudinal

behaviour is reproduced well, but the lateral trajectory diverges in both open-loop and closed-loop replay.

This divergence is consistent with two limitations discussed earlier: first, the weaker lateral system

identification confidence, launch state sensitivity, and post-stall coupling identified in Section 6.2.3;

and second, the larger four-fan surrogate error caused by plume interaction, unequal fan strength and

alignment, height-dependent flow merging, and time variation not captured by the fixed measured

surrogate, as discussed in Section 4.4.

Fig. 7.2. Four-fan updraft replay. Closed-loop transfer flight with memory, throw 13, and the
open-loop failure, throw 8, are selected with similar launch states.

7.3 Transfer Beyond the Validated Environments

The final experiments challenge the developed controller with two randomised fan layouts that were not

included in the held-out simulation validation.

As demonstrated in Table 7.10, with representative cases in Fig. 7.3 and Fig. 7.4, these layouts give

stronger sim-to-real evidence because open-loop flight fails frequently, mainly through floor impact after

the updraft increases pitch and angle of attack beyond the glider’s passive recovery margin, while the

closed-loop controller reaches the exit face in most throws. However, memory again does not form

a separate success mechanism: it reduces the exit face success in both random layouts, although the

four-fan memory case gives the highest mean terminal energy among successful flights. This further

37



Chapter 7 Crossing the Reality Gap from Simulation to Real Flight

motivates treating spatial memory as optional, or removing it from the present controller, because its

small and inconsistent benefit does not justify the additional tuning and validation burden in this study.

Table 7.10 Real flight transfer beyond the validated environment layouts.

Layout Controller Throws Exit face Floor impact Lateral wall Other Mean Hres

Random
three-
fan

Open-loop 10 30.0% 60.0% 10.0% 0.0% 1.63m

Closed-loop 30 86.7% 13.3% 0.0% 0.0% 1.90m

- with memory 30 70.0% 16.7% 6.7% 6.7% 1.85m

Random
four-fan

Open-loop 10 20.0% 70.0% 10.0% 0.0% 1.74m

Closed-loop 30 93.3% 0.0% 6.7% 0.0% 1.83m

- with memory 30 90.0% 10.0% 0.0% 0.0% 1.96m

The replay comparisons in Fig. 7.3 and Fig. 7.4 reveal a pattern that is less visible in Section 7.2.

In simulation, the updraft produces only a modest trajectory change when the glider passes through

the modelled lift region along its centreline. In flight, the same passage is stretched and deflected more

strongly, producing faster attitude and body rate changes than the model prediction. However, the real

flights still succeed, and in some cases finish with more specific energy than the simulation replay.

Fig. 7.3. Randomised three-fan challenge replay. Closed-loop transfer flight with memory, throw 18,
and the open-loop failure, throw 8, are selected with similar launch states.

Fig. 7.4. Randomised four-fan challenge replay. Closed-loop transfer flight with memory, throw 26,
and the open-loop failure, throw 7, are selected with similar launch states.

Therefore, at the final stage of the thesis, these random layout tests provide the strongest sim-to-real

evidence. The controller survives layouts outside the validation ladder, remains viable when the real

flow departs visibly from the replay. In that sense, the reality gap is crossed in flight.

The full flight test records are provided in Appendix G.2, with videos available upon request.
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8 Conclusions and Future Work

This thesis began with a flight-control question: whether a small fixed-wing aircraft can safely exploit

uncertain local lift inside a confined space, when the model used for controller development differs

from reality. The answer developed here is conditional but positive. Sim-to-real transfer is possible in

this setting, but only when the vehicle, flow field, command path, controller, validation ladder, and

real-flight replay are treated as one traceable evidence chain.

8.1 Summary of Contributions and Main Findings

The contribution of this thesis is not limited to a single successful flight. It extends across three connected

parts: an indoor workflow that makes the reality gap measurable, a viability-guided manoeuvre selection

controller that exposes its assumptions, and real flight tests that show whether transfer succeeds.

8.1.1 Indoor Fixed-Wing Sim-to-Real Workflow

The first contribution is a reusable indoor workflow for fixed-wing sim-to-real testing under controlled

aerodynamic forcing. The Flight Arena, Vicon-based state measurement and processing, command

interface, measured latency model, safety-bounded flight volume, and manufactured glider were integrated

into a repeatable experimental system. This workflow separates the main sources of difficulty: sensing,

command delay, vehicle design limitations, updraft modelling, controller development, and real flight

replay. It turns sim-to-real transfer from a binary success claim into a diagnosable engineering process.

A second part of this workflow is the updraft surrogate. The residual annular Gaussian process model

gave the best reconstruction of the measured fan-generated updraft, reducing single-fan error significantly

compared with simpler plume models. The four-fan case remained harder since plume interaction,

fan-to-fan asymmetry, height-dependent merging, and time variation produced a less coherent residual

field. This finding became important later: the controller could be transferred through four-fan updrafts,

but the multi-source flow model is one of the main sources of the reality gap.

8.1.2 Viability-Guided Manoeuvre Selection

The second contribution is a viability-guided controller that replaces long-horizon trajectory tracking

with short, locally stabilised manoeuvre primitives. Each primitive carries explicit evidence about its

entry class, likely exit class, hard-failure rate, safety margin, lift exposure, and energy change. This

makes online selection conservative by construction: a primitive is scored only after passing admissibility

checks based on validation evidence, timing compatibility, and safety margin.

The simulation results show that this structure is computationally practical. The dense construction

process generated 1605 speed-bin variants from 102400 construction replays, and held-out primitive

validation summarised 256800 replay labels before library compression. Compression then exposed the

central trade-off. The no-cluster library preserved the largest action set but was too slow for reliable

real-time deployment. The balanced library retained near no-cluster mission performance while reducing

the mean evaluated set from 110.1 to 7.0 candidates and completing 85.2% of selector decisions within

the 0.10 s primitive horizon. In contrast, the heavy library was even faster but lost manoeuvre coverage,

reducing mission performance. This shows that expanding the library beyond a moderate size gives

only marginal benefit, so the library can be made much smaller, but also not arbitrarily small.

The spatial lift-memory component was less successful. In simulation, fewer than 10% of feasible

launches changed the selected primitive due to memory, and mission performance was almost the same.

In real flight, memory did not create a separate success mode and sometimes reduced the mission success.

This is likely because, in the confined arena, most control authority is already spent maintaining a viable

route through the updraft field, so the glider has limited freedom to take longer or more aggressive paths
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to exploit remembered lift. Therefore, bounded memory can only be concluded as a useful architectural

idea, but in this experiment, its benefit does not justify the added tuning and validation burden.

8.1.3 Simulation and real flight Transfer Evidence

The third contribution is the transfer evidence itself. Mission simulation showed that launch speed is

the main physical gate: below 5.0m s−1, failures are dominated by insufficient initial kinetic energy,

while at 6.0 – 8.0m s−1 the controller reached the exit face in 83.7% of runs with a mean mission score

of 99.2. Across the held-out environment ladder, performance degraded as uncertainty increased, but

the controller still retained useful mission performance under full-domain randomisation.

The real flights confirmed the main simulation trend but also exposed the remaining model limitations

under a more conservative launch speed range. Above 6.0m s−1, still-air and single-fan flights reached

the exit face reliably. The four-fan case remained harder, with floor impacts still present, consistent

with the larger four-fan surrogate error and weaker lateral identification confidence. Matched simulation

replay showed that longitudinal behaviour was reproduced reasonably, while lateral trajectories diverged,

confirming that transfer did not occur because the simulator was perfect.

The strongest evidence came from the randomised fan layouts that were not included in the held-out

validation ladder. In the random three-fan layout, open-loop mission success was 30.0%, while the

closed-loop controller achieved 86.7%. In the random four-fan layout, open-loop success was 20.0%, while

closed-loop success reached 93.3%. These tests show that the controller was not merely reproducing one

validated updraft case. It survived new structured lift layouts under a reality gap that remained visible

in replay, which is the central sim-to-real claim of the thesis.

8.2 Recommendations for Future Work

The first direction is to reduce the remaining reality gap. The present thesis used a quasi-steady glider

model and a measured but fixed updraft surrogate for simplicity. The flight test discrepancies are

consistent with known modelling difficulties in high angle of attack, sideslip-coupled and post-stall fixed-

wing UAV dynamics [89], [185], [186], and with the need to model thermal updrafts as uncertain, drifting,

time-varying flow fields [32], [116], [187]. Instead of immediately replacing the present quasi-steady model

with a full CFD pipeline, future work should target control-oriented reduced-order modelling (ROM):

unsteady aerodynamic ROMs, parametric ROMs, and data-driven operator-inference methods provide a

practical middle layer between rigid-body simplicity and high-fidelity fluid structure [188], [189], [190].

The second direction is to move from sequential design toward co-design. In the present workflow,

the glider is first designed, then identified, and finally controlled. This separation made the experiment

tractable, but the results also show that vehicle design, control authority, latency, and mission success are

tightly coupled. Future work could optimise geometry, structure, control surfaces, and guidance objectives

together, following MDO [73], [74], [170] and control co-design methods [191], [192]. For aircraft, this

direction is supported by high-fidelity aerostructural optimisation [193], [194], mission-aware wing

optimisation [195] and simultaneous design-trajectory optimisation [196]. Morphing wing mechanisms

provide another extension, because they allow the vehicle to change its aerodynamic response in flight

and can themselves be integrated in concurrent aerostructural and mission optimisation [80], [197], [198].

The third direction is to extend the workflow toward greater autonomy. The present controller

still assumes a known arena, a fixed updraft surrogate, motion-capture feedback, and offline validation.

Future systems should reason from flight-level objectives instead of pre-specified manoeuvres [199], while

estimating local flow online and updating uncertainty across repeated flights [200], [201], [202]. In this

sense, the Flight Arena workflow is valuable beyond the specific controller tested here: it provides a

reusable, reproducible, and extensible setting where flight experience can be accumulated and transferred

while keeping the vehicle, model, controller, and validation evidence traceable.
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A Reproducibility, Research Integrity, and Version Record

A.1 Reproducibility Statement

This thesis is accompanied by a reproducibility package containing source code, configurations, processed

datasets, calibration artefacts, frozen controller inputs, plotting scripts, and editable source files required

to inspect and reproduce the reported computational and experimental results. It is archived on Zenodo

at https://doi.org/10.5281/zenodo.20927007 and browsable at https://github.com/GH-X-ST/Nausicaa.

The repository is organised by workflow instead of a single monolithic software package. Each major

project folder provides a local environment.toml describing the relevant software requirements and

an implement sequence.txt summarising the execution order used to generate or analyse the results.

The root README.md provides the repository-level entry point, while the folder-level files define the

reproducibility procedure for the corresponding thermal modelling, glider design, control, flight test,

and latency analysis components.

Computational results based on simulation, modelling, optimisation, system identification, and

post-processing can be reproduced by executing the supplied scripts with the corresponding configuration

files and fixed random seeds where stochastic methods are used. The software environment was tested

on Windows 11 25H2 with Python 3.12.11, MATLAB R2026a, Arduino IDE 2.3.8 and Vicon Tracker 3.9.

Minor numerical differences across platforms are expected because of standard floating point, solver,

and library version differences.

Experimental results reported in Appendices B, C, F and G depend on physical measurements in

the Flight Arena and therefore cannot be regenerated deterministically without the same hardware,

calibration state, firmware, and experimental setup. To support verification, the archived materials

include the measurement logs, preprocessing scripts, calibration records, frozen inputs, and plotting

code used to produce the reported statistics, heat maps, validation figures, and latency summaries.

Figures designed by the author, including conceptual illustrations, workflow diagrams, and schematics,

were prepared using standard graphical software such as Microsoft PowerPoint, Adobe Photoshop,

Adobe Illustrator, and Union. Their preparation drew on the author’s prior graphic design experience

and did not involve external assistance or the use of generative AI tools.

A.2 Declaration of Generative AI Use

Generative AI tools were used in a limited and documented manner to support the preparation of this

thesis, consistent with Imperial College London guidance on responsible use 12.

Specifically, generative AI was used for: (i) proofreading, polishing, and grammar refinement of draft

text written by the author, (ii) restructuring of LATEX formatting, and (iii) programming assistance

for non-novel tasks (e.g. refactoring and debugging). All technical decisions, modelling assumptions,

experimental procedures, results, and interpretations remain the author’s work.

Accordingly, generative AI was not used to: (i) fabricate, alter, or otherwise misrepresent data,

including experimental measurements, simulation outputs, and numerical results, (ii) write code to

produce figures or tables without author verification and reproducibility from the project database, (iii)

create citations, or (iv) produce assessment content in a manner that would replace the author’s original

analysis and understanding.

All AI-assisted content was reviewed and edited by the author. Code suggestions were adopted

only after inspection, execution, and validation against expected behaviour. Textual suggestions were

checked for technical accuracy and consistency with the project record. No confidential, personal, or

restricted information (e.g. unpublished third-party materials) was entered into generative AI tools.

12 Available at https://www.imperial.ac.uk/about/education/resources/ai-education-hub/generative-ai-principles.
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B Supplementary State Processing and Timing Characterisation

B.1 Command Interface Hardware and Latency Characterisation

B.1.1 Hardware and Signal Path Definitions

Table B.1 Command interface components, specifications, and test settings.

Component Use Relevant specification or test setting Source

Vicon Vantage cameras
Motion capture

camera network

Gigabit-Ethernet camera connection carrying power,

data, and synchronisation; provides high-speed optical

tracking of reflective markers

[123]

Vicon host PC, Vicon
Tracker software, and
DataStream SDK

Reflective marker

reconstruction and

state streaming

Vicon Tracker software processed the camera data,

while the DataStream SDK provided programmatic

access to the reconstructed Vicon data stream

Ground computer and
Vicon DataStream link

State reception and

host-time alignment

Vicon DataStream SDK connection to the Vicon host

computer in ServerPush mode; segment data enabled

with buffer size one; Vicon capture time recorded as

host read time minus reported Vicon latency

Arduino Nano 33 IoT
Direct-servo

controller and COTS

RC bridge

3.3V logic with non-5V-tolerant I/O; Wi-Fi and Micro

USB interfaces used in different timing tests; D9 –D12

generated four 50Hz direct servo PWM outputs; D3

generated the trainer port PPM signal, and D2

provided the reference pulse for clock alignment
[141]

Ground computer to
Arduino Nano 33 IoT
command links

Command dispatch

and firmware

telemetry logging

Direct servo tests sent UDP packets to the Arduino

Nano 33 IoT over Wi-Fi; COTS RC tests used USB

serial at 1Mbaud; 15-byte command packets were sent

every 0.02 s, with command, telemetry, and event logs

saved for analysis

GNB LiHV battery
Onboard and test

power source

1S LiHV, 3.8V nominal voltage, 300mAh capacity, and

80C discharge rating
[204]

Pololu S7V7F5
regulator

Direct servo test

power regulation

2.7 – 11.8V input range and fixed 5V output for the

servo side supply rail
[205]

FrSky Taranis Q X7
transmitter

COTS RC

transmitter and

trainer port interface

ACCESS/ACCST transmitter; wired trainer port

retained; 50Hz PPM signal injected through the

3.5mm TS trainer input in the timing test

[139]

FrSky Archer Plus R6
receiver

Onboard RC receiver

and COTS timing

endpoint

Six PWM channel ports, 3.5 – 10V operating range,

< 65mA current at 5V, and ACCESS/ACCST D16

compatibility

[140]

AITRIP logic analyser
Electrical timing

capture

Eight digital channels; 24MHz maximum sampling

specification, with 4MHz used in the present setting
[142]

DOMAN S0020 micro
servo

Control surface

actuator

Digital 2.1 g servo; 4.8–6.0V operating range; speed

0.10 s/60◦ and torque 0.20 kg cm at 4.8V, or 0.08 s/60◦

and 0.25 kg cm at 6.0V; 500–2500µs PWM range

[143]

Direct servo command
path PWM mapping

Direct command

path timing signal

Arduino pins D9 –D12 generated 50Hz PWM signals

captured on analyser channels CH0 –CH3 for left

aileron, right aileron, rudder, and elevator

-

COTS RC command
path PPM/PWM
mapping

Transmitter-receiver

timing signal

Arduino D3 generated the 50Hz trainer PPM signal;

D2 provided clock alignment; receiver CH1 –CH4

provided the captured PWM outputs

-
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Appendix B Supplementary State Processing and Timing Characterisation

B.1.2 Direct Servo Command Path Latency Test

Fig. B.1. Hardware implementation of the direct servo command path latency test setup.

Algorithm B.1 Direct servo command path latency extraction.

Input: Direct servo test firmware FD, command schedule U , capture set YD, matching tolerances τD,

and run mode r.

Output: Accepted transition set ED, latency segment table ΛD, and rejection audit AD.

1 Upload FD and verify communication with the direct servo controller

2 ED ← ∅, AD ← ∅
3 if r = new then
4 U ← generate a repeatable surface transition schedule

5 (GD,BD)← execute U through the direct servo command path

6 YD ← capture reference and servo output pulse trains

7 else
8 (GD,BD,YD,U)← load the selected recorded run

9 ϕD ← fit ground computer, controller, and capture clock maps from GD, BD, and YD
10 CD ← decode command transitions and servo output transitions under ϕD

11 for each command transition ci ∈ CD do
12 ai ← unique controller apply event associated with ci

13 yi ← first admissible servo output transition after ai within τD

14 if ai and yi satisfy uniqueness, ordering, and pulse consistency tests then
15 λi ← {trx − tcmd, tapply − trx, tout − tapply, tout − tsched}
16 Add (ci, λi) to ED
17 else
18 Add (ci, reason) to AD

19 ΛD ← aggregate latency segments from ED by surface and over all surfaces

20 return ED, ΛD, and AD
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Appendix B Supplementary State Processing and Timing Characterisation

Table B.2 Per-run stage-by-stage electrical timing for the direct servo command path. The nmatch

column denotes accepted matched transition events.

Run nmatch Path segment Unit median P95 P99 σ

1 914

Ground command to dispatch ms 0.26 1.14 4.76 0.84

Ground dispatch to controller receive ms 21.6 24.0 24.4 1.33

Controller receive to PWM update ms 0.20 0.21 0.22 0.01

PWM update to next servo pulse ms 19.9 29.3 30.4 5.93

Ground command to servo pulse ms 42.3 51.7 52.7 5.90

2 940

Ground command to dispatch ms 0.20 0.41 0.94 0.15

Ground dispatch to controller receive ms 21.7 34.1 35.6 8.14

Controller receive to PWM update ms 0.20 0.21 0.22 0.01

PWM update to next servo pulse ms 12.2 21.8 23.1 6.02

Ground command to servo pulse ms 34.2 51.7 56.8 10.3

3 910

Ground command to dispatch ms 0.27 0.90 3.36 0.97

Ground dispatch to controller receive ms 22.6 32.3 33.2 5.32

Controller receive to PWM update ms 0.21 0.30 0.31 0.04

PWM update to next servo pulse ms 12.5 21.8 23.0 5.97

Ground command to servo pulse ms 36.5 50.7 54.3 8.14

4 956

Ground command to dispatch ms 0.20 0.64 1.96 0.85

Ground dispatch to controller receive ms 27.5 28.8 29.1 1.15

Controller receive to PWM update ms 0.20 0.21 0.22 0.01

PWM update to next servo pulse ms 20.5 30.2 31.5 5.92

Ground command to servo pulse ms 48.6 58.1 58.9 5.86

5 932

Ground command to dispatch ms 0.34 2.24 7.38 1.22

Ground dispatch to controller receive ms 21.5 33.1 33.5 6.20

Controller receive to PWM update ms 0.20 0.21 0.22 0.01

PWM update to next servo pulse ms 14.7 24.5 25.3 6.03

Ground command to servo pulse ms 38.1 52.0 57.3 8.25
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B.1.3 COTS RC Transmitter-Receiver Command Chain Latency Test

Fig. B.2. Hardware implementation of the COTS RC command chain latency test setup 13.

Algorithm B.2 COTS RC transmitter-receiver command chain latency extraction.

Input: COTS RC bridge firmware FC , command schedule U , trainer and receiver captures YC , clock
repair model ϕC , matching tolerances τC , and run mode r.

Output: Accepted COTS RC transition set EC , command chain latency table ΛC , and audit AC .

1 Upload FC and verify the ground computer command link, trainer output, and receiver output

2 EC ← ∅, AC ← ∅
3 if r = new then
4 U ← generate a repeatable COTS RC transition schedule

5 (GC ,BC)← execute U through the RC command path

6 YC ← capture reference, trainer, and receiver pulse trains

7 else
8 (GC ,BC ,YC ,U)← load the selected recorded run

9 ϕC ← repair the controller clock from ground computer dispatch, board receive, and board commit events

10 CC ← decode scheduled, trainer output, and receiver output transitions under ϕC

11 for each scheduled transition ci ∈ U do
12 bi ← associated board receive and commit pair

13 pi ← associated trainer output transition

14 qi ← associated receiver output transition

15 if bi, pi, and qi satisfy uniqueness and τC then
16 λi ← {trx − tcmd, tcommit − trx, ttrainer − tcommit, treceiver − ttrainer}
17 Add (ci, λi) to EC
18 else
19 Add (ci, reason) to AC

20 ΛC ← aggregate command chain latency segments from EC by surface and over all surfaces

21 Add clock repair residuals and rejected event counts to AC

22 return EC , ΛC , and AC

13 The transmitter was configured using the factory trainer port settings. For ACCESS-based FrSky transmitters running
OpenTX, firmware version 2.3.15 or later is recommended for this setup, since the 2.3 branch includes a fix for trainer port
detection on selected FrSky ACCESS radios, including the X7 Access and X9 Lite. The related OpenTX issue and fix are
documented at https://github.com/opentx/opentx/issues/8670 and https://github.com/opentx/opentx/pull/8811.
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Appendix B Supplementary State Processing and Timing Characterisation

Table B.3 Per-run stage-by-stage electrical timing for the COTS RC transmitter-receiver command
chain. The nmatch column denotes accepted matched transition events.

Run nmatch Path segment Unit median P95 P99 σ

1 919

Ground command to dispatch ms 0.16 0.44 0.83 0.17

Ground dispatch to Nano receive ms 5.28 5.74 6.07 0.36

Nano receive to PPM update ms 16.5 17.1 17.2 0.43

PPM update to next trainer frame ms 4.39 20.0 20.1 8.10

Trainer PPM to receiver PWM ms 12.9 34.2 34.4 11.1

Ground command to receiver PWM ms 37.8 57.8 57.8 7.17

2 947

Ground command to dispatch ms 0.16 0.47 1.15 0.17

Ground dispatch to Nano receive ms 6.64 7.07 7.26 0.26

Nano receive to PPM update ms 3.55 3.97 4.07 0.34

PPM update to next trainer frame ms 4.44 20.1 20.1 8.25

Trainer PPM to receiver PWM ms 6.98 28.5 48.6 12.9

Ground command to receiver PWM ms 20.5 40.6 60.6 9.28

3 912

Ground command to dispatch ms 0.17 0.57 1.43 0.41

Ground dispatch to Nano receive ms 6.96 7.53 7.71 0.26

Nano receive to PPM update ms 11.6 11.9 12.0 0.52

PPM update to next trainer frame ms 4.44 20.1 20.2 8.23

Trainer PPM to receiver PWM ms 12.1 33.6 33.7 11.0

Ground command to receiver PWM ms 34.0 54.0 54.0 6.97

4 953

Ground command to dispatch ms 0.17 0.72 1.57 0.58

Ground dispatch to Nano receive ms 7.07 7.49 7.68 0.22

Nano receive to PPM update ms 5.50 5.83 5.90 0.69

PPM update to next trainer frame ms 4.38 20.0 20.1 8.26

Trainer PPM to receiver PWM ms 5.39 43.8 46.9 15.7

Ground command to receiver PWM ms 21.1 61.0 61.2 12.8

5 941

Ground command to dispatch ms 0.16 0.37 0.80 0.11

Ground dispatch to Nano receive ms 6.91 7.31 7.52 0.26

Nano receive to PPM update ms 14.6 15.0 15.1 0.30

PPM update to next trainer frame ms 1.48 4.48 4.52 1.63

Trainer PPM to receiver PWM ms 2.41 40.3 42.7 11.9

Ground command to receiver PWM ms 25.2 64.7 65.4 11.8
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B.2 Implementation Details for Vicon-Based State Estimation

This appendix gives the state-processing details behind Section 3.3.1. Vicon motion capture system

provides rigid-body position and attitude. The controller developed later in Chapter 6, however, requires

the 15-state vector in (3.2). Position and attitude are first mapped into the arena frame defined in

Fig. 3.1, translational velocity, angular rate, and actuator state are then estimated online.

B.2.1 Pose Calibration Convention

Let pV,k = [xV,k, yV,k, zV,k]
⊤ denote the raw Vicon position at frame k, and let ηV,k = [ϕV,k, θV,k, ψV,k]

⊤

denote the corresponding raw roll, pitch, and yaw angles.

During calibration, the airframe is held at a known arena-frame point p⋆. If the valid Vicon samples

collected during this calibration are indexed by Kc, their mean is

p̄V =
1

|Kc|
∑
j∈Kc

pV,j . (B.1)

The session position offset is then

∆p = p⋆ − p̄V , pk = pV,k +∆p. (B.2)

The attitude correction accounts for the Vicon system to the controller sign convention and the

calibrated roll, pitch, and yaw offsets. The processed attitude is

ηk = wrapπ (SηV,k + ϵa) , (B.3)

or, equivalently, ϕkθk
ψk

 = wrapπ

1 0 0

0 −1 0

0 0 −1

ϕV,kθV,k
ψV,k

+

ϵϕϵθ
ϵψ

 , (B.4)

where wrapπ(·) is applied elementwise and maps each angle to [−π, π):

wrapπ(α) = α− 2π

⌊
α+ π

2π

⌋
. (B.5)

The active calibration profile stores the position offset ∆p, the attitude sign matrix S, the attitude

offset ϵa, and a calibration hash recorded with each flight log.

B.2.2 Frame Timing and Translational Velocity

The Vicon stream provides both a host timestamp and, when available, a Vicon frame number [135].

The frame number time step is preferred because it follows the motion capture sampling clock:

∆tk =
nk − nk−1

fV
, fV = 200 Hz , (B.6)

where nk is the Vicon frame number. If frame numbers are missing or not strictly increasing, the host

timestamp difference is used instead. Duplicate or reordered frames are not used for derivative updates.

The raw arena frame velocity estimate is the finite difference of the calibrated position,

ṽk =
pk − pk−1

∆tk
. (B.7)

This finite-difference estimate is noisy because it is computed directly from successive measured positions.
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Hence, a one-pole low-pass filter with cut-off frequency fc = 8Hz is applied:

vk = vk−1 + αk (ṽk − vk−1) , αk = 1− exp(−2πfc∆tk) . (B.8)

The controller uses translational velocity in the aerodynamic body frame. The arena frame is z-up,

whereas the aerodynamic body-axis convention takes w as positive downward. The vertical component

is therefore sign-reversed before the velocity is rotated into body axes:ub,kvb,k
wb,k

 = C⊤
wb,kDzvk , Dz =

1 0 0

0 1 0

0 0 −1

 . (B.9)

The body-to-world (arena) direction cosine matrix used in this rotation is formed from the processed

attitude ηk = [ϕk, θk, ψk]
⊤:

Cwb,k =

cθ,k cψ,k sϕ,k sθ,k cψ,k − cϕ,k sψ,k cϕ,k sθ,k cψ,k + sϕ,k sψ,k
cθ,k sψ,k sϕ,k sθ,k sψ,k + cϕ,k cψ,k cϕ,k sθ,k sψ,k − sϕ,k cψ,k
−sθ,k sϕ,k cθ,k cϕ,k cθ,k

 , (B.10)

where cϕ,k = cosϕk, sϕ,k = sinϕk, and similarly for θk and ψk.

B.2.3 Angular Rate Estimation

The body angular rate is estimated on the rotation group SO(3), the space of valid 3D rotation matrices,

instead of by directly differentiating Euler angles. Motivated by the geometric treatment of noisy

rotations by Jongeneel and Saccon [144], the implementation uses a logarithm map estimate of the

frame-to-frame rotation, followed by clipping and one-pole filtering.

For two successive body-to-world (arena) direction cosine matrices, the incremental body-axis

rotation is expressed by

ω̃b,k =
1

∆tk
Log(Qk)

∨, Qk = C⊤
wb,k−1Cwb,k, (B.11)

where Log(Qk)
∨ is the rotation vector associated with the incremental rotation from sample k − 1 to

sample k. The resulting body-rate estimate is ordered as ω̃b,k = [p̃b,k, q̃b,k, r̃b,k]
⊤.

Occasional frame-to-frame tracking errors can produce unrealistically large angular rate estimates. To

prevent these spikes from entering the controller state, the raw estimate is first limited component-wise:

ω̃ c
b,k = clip (ω̃b,k, −ωmax, ωmax) . (B.12)

where each angular-rate component is bounded to ±6.0 rad s−1. This clipped estimate is smoothed with

the same one-pole filter used for translational velocity in (B.8):

ωb,k = ωb,k−1 + αk
(
ω̃ c
b,k − ωb,k−1

)
. (B.13)

The filtered value is then stored in the controller state as [pb,k, qb,k, rb,k]
⊤ = ωb,k.

B.2.4 Controller State Assembly

At each valid Vicon frame, the processed position, attitude, velocity, angular-rate, and actuator-state

estimates are packed into the 15-state vector required by the controller:

xk =
[
p⊤
k η⊤

k v⊤
b,k ω⊤

b,k δ⊤k
]⊤
, (B.14)

where

vb,k = [ub,k, vb,k, wb,k]
⊤, ωb,k = [pb,k, qb,k, rb,k]

⊤, δk = [δa,k, δe,k, δr,k]
⊤. (B.15)
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The control surface state δk is not measured by Vicon during flight, it is propagated from the command

history using the command to control surface timing model introduced in Appendix B.3.

The runtime constants used by the state processing routine are listed in Table B.4.

Table B.4 Runtime constants for Vicon-based state processing.

Quantity Symbol Unit Value

Vicon tracking rate fV Hz 200

Velocity and angular rate filter cut-off frequency fc Hz 8

Angular rate clipping bound ωmax rad s−1 6.0

Position offset, x ∆px m 3.9965

Position offset, y ∆py m 2.5229

Position offset, z ∆pz m 0.0362

Attitude sign, roll Sϕϕ – 1

Attitude sign, pitch Sθθ – -1

Attitude sign, yaw Sψψ – -1

Attitude offset, roll ϵϕ rad 7.44×10−4

Attitude offset, pitch ϵθ rad 7.20×10−5

Attitude offset, yaw ϵψ rad 6.25×10−4

The complete online state processing procedure is summarised in Algorithm B.3.

Algorithm B.3 Vicon state processing and controller state assembly

Input: Rigid-body Vicon stream, calibration point p⋆, calibration profile, cutoff frequency fc, and

command-history actuator model.

Output: Processed controller state xk and state-processing audit.

1 Average valid calibration samples to obtain p̄V

2 Compute ∆p = p⋆ − p̄V

3 Load attitude signs S and attitude offset ϵa

4 Initialise filtered velocity, filtered angular rate, actuator state, and audit flags

5 for each Vicon frame k do
6 Read raw position pV,k, raw attitude ηV,k, frame number, and timestamp

7 if the pose is invalid or occluded then
8 log the invalid frame, skip derivative updates, and continue

9 Compute pk using (B.2)

10 Compute ηk using (B.3)

11 Resolve ∆tk from Vicon frame timing or host timestamp fallback

12 Estimate and filter translational velocity using (B.7)–(B.9)

13 Estimate, clip, and filter angular rate using (B.11)–(B.13)

14 Propagate actuator state from the command history model in Appendix B.3

15 Assemble xk using (B.14)

16 Log timing source, validity, filtering status, and rate-limiting flags

17 return processed states and audit log
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B.3 Control Surface Command Mapping and Actuator Timing

This appendix gives the command-side details behind Section 3.3.2. It defines how the controller’s three

aggregate commands are quantised, mapped to the four physical control surfaces, and converted into

the actuator state model used in simulation and real flight state estimation. The Vicon state feedback

delay is treated separately from the actuator model in the controller simulations in Chapter 6.

B.3.1 Command Lattice and Hardware Mapping

The controller outputs the normalised aggregate command vector ucmd
k = [ucmd

a,k , u
cmd
e,k , u

cmd
r,k ]⊤, where

the entries correspond to aileron, elevator, and rudder action. Before use, each component is clipped to

[−1, 1] and rounded to the executable command lattice:

Q0.2(u) = 0.2 round

(
sat[−1,1](u)

0.2

)
, νk =

Q0.2(u
cmd
a,k )

Q0.2(u
cmd
e,k )

Q0.2(u
cmd
r,k )

 . (B.16)

The resulting executable aggregate command is νk = [νa,k, νe,k, νr,k]
⊤.

The physical surface vector and the servo command vector are written in the receiver channel order,

sk = [saR,k, saL,k, sr,k, se,k]
⊤, which is demonstrated in Fig. 3.4. The aggregate command is expanded

to this order as

sphysk = Ms νk , Ms =


−1 0 0

1 0 0

0 0 1

0 1 0

 . (B.17)

Servo installation signs are then applied:

sservok = Ds s
phys
k , Ds =


−1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 −1

 . (B.18)

Each normalised servo command is then encoded as a 16-bit packet value:

ci,k = round

[
sservoi,k + 1

2

(
216 − 1

)]
, i = 1, . . . , 4 . (B.19)

B.3.2 Bench Response Measurement

As illustrated in Fig. 3.6, the actuator timing test tracked temporary Vicon markers attached to the

individual control surfaces while repeated step commands were sent through the selected COTS RC

command path. For event i, let ti be the command write time and let si(tj) be the filtered measured

surface position at sample time tj .

A pre-command window W0,i defines the initial surface position,

s0,i =
1

|W0,i|
∑

tj∈W0,i

si(tj) , (B.20)

and a final settled window W1,i defines the achieved surface position,

s1,i =
1

|W1,i|
∑

tj∈W1,i

si(tj) . (B.21)
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The measured response is then normalised as

ηi(tj) =
si(tj)− s0,i
s1,i − s0,i

. (B.22)

This normalisation handles both positive and negative steps, because the denominator keeps the

measured step direction. Events were rejected when the averaging windows were invalid, the achieved

step was too small, or the crossing time could not be identified reliably.

For a response fraction γ ∈ {0.1, 0.5, 0.9}, the crossing time is defined as

tγ,i = inf {tj − ti : tj ≥ ti, ηi(tj) ≥ γ} . (B.23)

When the crossing lies between two samples, ηi(tj) < γ ≤ ηi(tj+1), linear interpolation is used:

tγ,i = tj − ti +
γ − ηi(tj)

ηi(tj+1)− ηi(tj)
(tj+1 − tj) . (B.24)

B.3.3 Control Surface State Model

The controller and command interface use normalised aggregate commands, but the flight dynamics

model uses control surface deflections in radians. Therefore, the executable command νk is first converted

into an aggregate surface target:

δcmd
k = Rδ(νk) =

Ra(νa,k)Re(νe,k)
Rr(νr,k)

 , (B.25)

where Ra, Re, and Rr apply the measured aggregate surface limits: [19.3◦, −21.5◦] for aileron,

[23.7◦, −32.0◦] for elevator, and [33.0◦, −33.0◦] for rudder.
The measured surface motion is then modelled as two effects: an initial-response delay before

repeatable movement begins, followed by a first-order lag toward the delayed surface target. The

initial-response delay is taken as the median 10% crossing time, t̃10. The delayed target is denoted by

δcmd
k−d, where d is the corresponding delay in samples.

According to Fig. 3.5, Vicon system tracking configuration during the flight test does not provide direct

control surface deflection measurements. Accordingly, for simulation and real flight state estimation,

the actuator state is updated by

δk+1 = δk +

[
1− exp

(
−∆tk
τδ

)](
δcmd
k−d − δk

)
. (B.26)

The time constant τδ is selected from the measured half-response time. For a first-order response,

0.5 = 1− exp

[
− t50 − t̃10

τδ

]
, τδ =

t50 − t̃10
ln 2

. (B.27)

B.3.4 Timing Cases Passed to Controller Development

The controller timing model developed from the preceding measurements keeps two effects separate:

Vicon-based state feedback delay and the actuator response model. The median case uses the median

state feedback delay, the median initial-response time t̃10, and the median actuator time constant τ̃δ.

The conservative case uses the conservative state feedback delay, the same measured initial-response

time, and the conservative actuator time constant τ consδ . This separation allows the controller tests in

Chapter 6 to evaluate timing mismatch in state estimate and in control surface response separately.

The per-run response statistics used to form these timing cases are listed in Table B.5, where the n

column counts Vicon frames for Vicon latency rows and accepted events for the surface response rows.
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Table B.5 Per-run Vicon latency and command to control surface response timing.

Run n Metric Unit median P95 P99 max σ

1

20728 Vicon capture to report latency, TV,ℓ ms 16.5 18.0 19.5 28.4 1.14

160 Surface initial-response, t10 ms 74.5 112.7 120.3 127.3 31.5

160 Surface half-response, t50 ms 111.2 132.9 140.2 150.5 15.1

160 Surface near-final response, t90 ms 131.1 166.7 242.9 278.9 25.0

2

27464 Vicon capture to report latency, TV,ℓ ms 14.8 15.3 15.6 17.1 0.47

160 Surface initial-response, t10 ms 72.6 97.1 111.2 131.9 28.3

160 Surface half-response, t50 ms 105.6 123.4 133.1 149.7 13.5

160 Surface near-final response, t90 ms 129.2 170.6 270.2 274.5 29.2

3

23860 Vicon capture to report latency, TV,ℓ ms 14.8 15.3 15.7 17.1 0.53

160 Surface initial-response, t10 ms 71.3 96.6 111.5 114.3 27.4

160 Surface half-response, t50 ms 104.2 126.0 139.1 149.1 14.0

160 Surface near-final response, t90 ms 127.5 161.2 283.7 318.5 28.9

4

25500 Vicon capture to report latency, TV,ℓ ms 14.8 15.3 15.7 31.8 0.52

160 Surface initial-response, t10 ms 72.4 106.9 116.7 137.0 35.7

160 Surface half-response, t50 ms 109.2 128.3 140.8 147.3 18.6

160 Surface near-final response, t90 ms 131.5 151.7 166.1 175.3 15.9

5

25364 Vicon capture to report latency, TV,ℓ ms 14.8 15.3 15.7 36.9 0.59

160 Surface initial-response, t10 ms 74.6 112.2 127.2 136.2 35.9

160 Surface half-response, t50 ms 109.0 134.6 141.7 150.8 19.1

160 Surface near-final response, t90 ms 130.1 152.6 165.9 174.0 16.6

The full response-extraction workflow is summarised in Algorithm B.4.

Algorithm B.4 Command to control surface response analysis

Input: Command schedule, selected RC command path, Vicon surface marker stream, surface filter, and

crossing fractions Γ = {0.1, 0.5, 0.9}.
Output: Accepted response events, crossing-time summary, and rejection audit.

1 Initialise the command path, set surfaces to neutral, and start the Vicon stream

2 for each scheduled command event do
3 Quantise and map the aggregate command using (B.16)–(B.19)

4 Send the packet, record the command-write time ti, and log the filtered surface measurement si(tj)

5 for each recorded event do
6 Compute s0,i, s1,i, and ηi(tj) using (B.20)–(B.22)

7 if the event has insufficient amplitude or ambiguous crossing then
8 reject the event and record the reason

9 else
10 Compute t10,i, t50,i, and t90,i using (B.23)–(B.24)

11 add the event to the accepted table

12 Aggregate accepted events into median crossing times and the conservative half-response bound

13 return accepted events, timing summary, and rejection audit

64



C Experimental Characterisation of the Fan-Generated Updraft

C.1 Test Facility and Measurement Configurations

(a) with a single axial drum fan. (b) with four axial drum fans.

Fig. C.1. Experimental layout for indoor updraft measurements.

(a) outlet height: 0.245m,
support offset: 0.040m.

(b) outlet height: 0.330m,
support offset: 0.125m.

(c) outlet height: 0.425m,
support offset: 0.220m.

Fig. C.2. Single fan configuration with varying outlet heights for ground-effect assessment.
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C.2 Spatial Field Measurements

C.2.1 Single-Fan Case

(a) 0.20m above fan outlet plane.

(b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane.

Fig. C.3. Spatial distribution of mean vertical velocity at lower measurement heights (single fan).
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(a) 0.75m above fan outlet plane.

(b) 1.10m above fan outlet plane.

(c) 1.60m above fan outlet plane.

(d) 2.20m above fan outlet plane.

Fig. C.4. Spatial distribution of mean vertical velocity at higher measurement heights (single fan).

67



Appendix C Experimental Characterisation of the Fan-Generated Updraft

C.2.2 Four-Fan Case

(a) 0.20m above fan outlet plane.

(b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane.

Fig. C.5. Spatial distribution of mean vertical velocity at lower measurement heights (four fans).
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(a) 0.75m above fan outlet plane.

(b) 1.10m above fan outlet plane.

(c) 1.60m above fan outlet plane.

(d) 2.20m above fan outlet plane.

Fig. C.6. Spatial distribution of mean vertical velocity at higher measurement heights (four fans).
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C.3 Supplementary Measurements at Sampling Points

C.3.1 Single-Fan Case

(a) Point 1 (near-core) at (x, y) = (4.60, 2.40)m. (b) Point 2 (near-core) at (x, y) = (3.80, 2.40)m.

(c) Point 3 (off-core) at (x, y) = (4.20, 3.20)m. (d) Point 4 (off-core) at (x, y) = (3.80, 1.60)m.

(e) Point 5 (far-field) at (x, y) = (5.40, 2.00)m. (f) Point 6 (far-field) at (x, y) = (5.00, 3.60)m.

Fig. C.7. Vertical velocity profiles at six sampling points for three fan outlet plane heights (single fan).
The solid line shows the mean, semi-transparent markers show the 15 samples (1Hz over 15 s) at each
measurement height, and shaded bands show ±1σ.
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(a) Point 1 (near-core) at (x, y) = (4.60, 2.40)m. (b) Point 2 (near-core) at (x, y) = (3.80, 2.40)m.

(c) Point 3 (off-core) at (x, y) = (4.20, 3.20)m. (d) Point 4 (off-core) at (x, y) = (3.80, 1.60)m.

(e) Point 5 (far-field) at (x, y) = (5.40, 2.00)m. (f) Point 6 (far-field) at (x, y) = (5.00, 3.60)m.

Fig. C.8. Vertical velocity profiles at six sampling points for two fan speed settings (single fan). The
solid line shows the mean, semi-transparent markers show the 15 samples (1Hz over 15 s) at each
measurement height, and shaded bands show ±1σ.
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C.3.2 Four-Fan Case

(a) Point 1 (near-core) at (x, y) = (3.40, 3.60)m. (b) Point 2 (near-core) at (x, y) = (5.00, 1.20)m.

(c) Point 3 (interaction) at (x, y) = (4.60, 3.20)m. (d) Point 4 (interaction) at (x, y) = (4.20, 2.40)m.

(e) Point 5 (far-field) at (x, y) = (6.20, 0.00)m. (f) Point 6 (far-field) at (x, y) = (0.00, 4.80)m.

Fig. C.9. Vertical velocity profiles at six sampling points (four fans). The solid line shows the mean,
semi-transparent markers show the 15 samples (1Hz over 15 s) at each measurement height, and shaded
bands show ±1σ.
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D Supplementary Updraft Surrogate Fits at Measurement Planes

D.1 Empirical Fluctuation Fields Used for Variance Assignment

D.1.1 Single-Fan Empirical Fluctuation Field

(a) 0.20m above fan outlet plane. (b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.1. Supplementary empirical fluctuation field, σi (single fan). The grey dotted rings indicate the
annular regions used to assign the empirical fluctuation level, σi, as described at the beginning
of Section 4.3.
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D.1.2 Four-Fan Empirical Fluctuation Field

(a) 0.20m above fan outlet plane. (b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.2. Supplementary empirical fluctuation field, σi (four fans). The grey dotted rings indicate the
annular regions used to assign the empirical fluctuation level, σi, as described at the beginning
of Section 4.3.
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D.2 Axisymmetric Gaussian Plume Baseline Fits

D.2.1 Single-Fan Axisymmetric Gaussian Plume Baseline

(a) 0.20m above fan outlet plane. (b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.3. Supplementary spatial distribution of fitted mean vertical velocity from the Gaussian plume
baseline model (single fan).
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D.2.2 Four-Fan Axisymmetric Gaussian Plume Baseline

(a) 0.20m above fan outlet plane. (b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.4. Supplementary spatial distribution of fitted mean vertical velocity from the Gaussian plume
baseline model (four fans).
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D.3 Axisymmetric Annular Gaussian Surrogate Fits

D.3.1 Single-Fan Axisymmetric Annular Gaussian Surrogate

(a) 0.20m above fan outlet plane. (b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.5. Supplementary spatial distribution of fitted mean vertical velocity from the axisymmetric
annular Gaussian surrogate (single fan).
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D.3.2 Four-Fan Axisymmetric Annular Gaussian Surrogate

(a) 0.20m above fan outlet plane. (b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.6. Supplementary spatial distribution of fitted mean vertical velocity from the axisymmetric
annular Gaussian surrogate (four fans).
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D.4 Harmonic Annular Gaussian Surrogate Fits

D.4.1 Single-Fan Harmonic Annular Gaussian Surrogate

(a) 0.20m above fan outlet plane. (b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.7. Supplementary spatial distribution of fitted mean vertical velocity from the harmonic
annular Gaussian surrogate (single fan).
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D.4.2 Four-Fan harmonic annular Gaussian Surrogate

(a) 0.20m above fan outlet plane. (b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.8. Supplementary spatial distribution of fitted mean vertical velocity from the harmonic
annular Gaussian surrogate (four fans).
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D.5 Residual Annular Gaussian Process Surrogate Predictions

D.5.1 Single-Fan Residual Annular Gaussian Process Surrogate

(a) 0.20m above fan outlet plane. (b) 0.50m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.9. Supplementary spatial distribution of fitted mean vertical velocity from the residual annular
Gaussian process surrogate (single fan).
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(a) 0.20m above fan outlet plane. (b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.10. Supplementary predictive standard deviation field, σres, of the residual annular Gaussian
process surrogate (single fan).
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(a) 0.20m above fan outlet plane. (b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.11. Supplementary total fluctuation field, σHAG−GP, of the residual annular Gaussian process
surrogate (single fan). The grey dotted rings indicate the annular regions used to assign the empirical
fluctuation level, σi, as described at the beginning of Section 4.3.
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D.5.2 Four-Fan Residual Annular Gaussian Process Surrogate

(a) 0.20m above fan outlet plane. (b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.12. Supplementary spatial distribution of fitted mean vertical velocity from the residual
annular Gaussian process surrogate (four fans).
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Appendix D Supplementary Updraft Surrogate Fits at Measurement Planes

(a) 0.20m above fan outlet plane. (b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.13. Supplementary predictive standard deviation field, σres, of the residual annular Gaussian
process surrogate (four fans).
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(a) 0.20m above fan outlet plane. (b) 0.35m above fan outlet plane.

(c) 0.50m above fan outlet plane. (d) 0.75m above fan outlet plane.

(e) 1.10m above fan outlet plane. (f) 1.60m above fan outlet plane.

(g) 2.20m above fan outlet plane.

Fig. D.14. Supplementary total fluctuation field, σHAG−GP, of the residual annular Gaussian process
surrogate (four fans). The grey dotted rings indicate the annular regions used to assign the empirical
fluctuation level, σi, as described at the beginning of Section 4.3.
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E.1 Glider Optimisation Workflow

E.1.1 Pseudocode for Optimisation Workflow

Algorithm E.1 Glider design optimisation based on AeroSandbox [77].

Input: Design bounds B, fixed parameters θ, mission condition ξ0, objective J , and requirements C.
Output: Feasible design d⋆, solved decision vector z⋆, and feasibility audit A⋆.

1 Define z = {α, δa, δe, δr, b, c, lt, bH , bV } with z ∈ B
2 For a candidate z, construct G(z; θ), M(z; θ), and the trim model at ξ0

3 Define J(z) and C(z) using the objective terms and requirements in Tables E.2 and E.3

4 z† ← argminz∈B J(z) subject to C(z) ≤ 0

5 A† ← post-solve feasibility audit of z†

6 if the solver converges and A† passes then
7 z⋆ ← z†, d⋆ ← d(z⋆), and A⋆ ← A†

8 else
9 z⋆ ← ∅, d⋆ ← ∅, and A⋆ ← A†

10 return d⋆, z⋆, and A⋆, or an infeasibility flag

Algorithm E.2 Multistart uncertainty-aware candidate selection selection.

Input: Initial guesses {z(i)0 }
Ns
i=1, retained count K, uncertainty scenarios Ω = {ωj}Nω

j=1, and

Algorithm E.1.

Output: Robust selected design d⋆, selected candidate index i⋆, and robust audit R⋆.

1 F ← ∅
2 for each initial guess z

(i)
0 do

3 Solve Algorithm E.1 from z
(i)
0 to obtain (di, zi, Ai)

4 if di ̸= ∅ and Ai passes then
5 Add (di, zi, Ji, Ai) to F

6 if F = ∅ then
7 return a failure flag

8 Remove duplicate geometries from F , sort by nominal objective, and retain the best K candidates

9 for each retained candidate di ∈ F do
10 Mi ← ∅
11 for each uncertainty scenario ωj ∈ Ω do
12 Apply ωj to di, re-solve trim, and compute scenario feasibility and performance metrics

13 Add the scenario result toMi

14 Ri ← robust audit fromMi

15 i⋆ ← argminiRi using success rate, tail sink metric, and nominal objective as ordered ranking criteria

16 return d⋆ = di⋆ , i
⋆, and R⋆ = Ri⋆
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Algorithm E.3 Finite difference sensitivity analysis.

Input: Selected design d⋆, parameter set P, output metrics Q, step ladder H, and stability tolerances.

Output: Sensitivity matrix S, selected step table H⋆, and stability audit AS .

1 S ← ∅, H⋆ ← ∅, AS ← ∅
2 Evaluate the baseline model for d⋆ to obtain q0j for all qj ∈ Q
3 for each parameter pi ∈ P do
4 Select a central-difference scheme, or a forward scheme if a lower bound is active

5 Build the admissible step set Hi ⊆ H
6 for each step hi,ℓ ∈ Hi do
7 Evaluate feasible perturbed designs at pi ± hi,ℓ, or pi + hi,ℓ for a forward scheme

8 Store the perturbed metrics and feasibility flags

9 for each output metric qj ∈ Q do
10 Dij ← derivative candidates from feasible perturbation pairs

11 eij ← truncation and round-off error estimates for Dij

12 if at least one non-round-off step is defensible then
13 h⋆ij ← argminhi,ℓ

eij

14 Sij ← (pi/max(|q0j |, qj,min)) ∂qj/∂pi at h
⋆
ij

15 Add (pi, qj , h
⋆
ij , stable) to AS

16 else
17 Sij ← NaN

18 Add (pi, qj , ∅,unresolved) to AS

19 return S, H⋆, and AS

E.1.2 Optimisation Inputs and Robustness Settings

Table E.1 Design variables and bounds used in
the nominal optimisation.

Quantity Symbol Unit Bounds

Trim angle of
attack

αtrim deg [−4.0, 8.0]

Aileron deflection δa deg [−30, 30]

Elevator deflection δe deg [−30, 30]

Rudder deflection δr deg [−30, 30]

Wing span b m [0.30, 0.75]

Wing chord c m [0.10, 0.30]

Tail arm lt m [0.40, 0.80]

Horizontal tail span bH m [0.20, 0.50]

Vertical tail height bV m [0.10, 0.30]

Tail boom length lb m [0.35, 0.70]

Table E.2 Principal feasibility limits enforced in
the optimiser.

Quantity Symbol Unit Limit

Pitching moment
tolerance

|Cm| - 1× 10−6

Maximum nominal
lift coefficient

CL,max - 1.2

Minimum glide ratio L/D - 6.0

Minimum wing
Reynolds number

Rec - 2× 104

Wing loading interval W/S Nm−2 [2.0, 20.0]

Static margin
interval

SM MAC [0.05, 0.10]

Horizontal tail
volume

VH - [0.50, 1.00]

Vertical tail volume VV - [0.03, 0.08]

Roll damping
magnitude

|Cℓp | - ≥ 1× 10−4

Servo torque rating Ts Nm 0.009
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Table E.3 Objective terms and weights used in
the nominal optimisation.

Objective Symbol Scale Weight

Sink speed Jsink 1.0m s−1 1.000

Mass Jm 0.10 kg 0.04699

Trim effort Jtrim 10◦ 0.01326

Wing deflection JδW – 2.152

Horizontal tail
deflection

JδH – 0.07831

Roll time
constant

Jτp 0.45 s 0.2471

Mass included
in penalty

all aircraft mass

Table E.4 Solver and candidate selection
settings used by the workflow.

Setting Value

Solver IPOPT

Maximum iterations 1000

Hessian treatment limited memory

Multistart solves 30

Retained candidates 10

Multistart seed 20

Uncertainty-aware selection
scenarios

100

Scenario seed 30

Geometry deduplication [0.010, 0.005, 0.010]m

Active set tolerance 1.0× 10−3

Table E.5 Uncertainty intervals used in the
uncertainty-aware selection.

Perturbation Unit Interval

Mass scale - [1.00, 1.10]

Longitudinal CG shift MAC [−0.06, 0.06]

Incidence bias deg [−2.0, 2.0]

Control effectiveness - [0.85, 1.00]

Control neutral bias deg [−3.0, 3.0]

Principal inertia scale - [0.90, 1.10]

Surface stiffness scale - [0.80, 1.30]

Nominal vertical gust m s−1 [−0.30, 0.30]

Turn vertical gust m s−1 [−0.20, 0.20]

Drag scale - [1.00, 1.25]

Table E.6 Robust ranking and rate-check policy
used after the nominal solve.

Setting Value

Selection order
success rate, tail
risk, objective

Tail-risk fraction 20%

Default robust-in-loop cases 8

Robust-in-loop case interval 4–8

Scenario families
mild, harsh, gust,

compound

Nominal trim time 1.5 s

Bank entry time 0.20 s

Rate utilisation allowance 0.80

Gust time constant 0.50 s

Robust gust flag on
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E.2 Optimised Glider Design Iterations

E.2.1 First Iteration

(a) Three-view geometry. (b) Mass breakdown.

Fig. E.1. First iteration optimised glider configuration.

E.2.2 Second Iteration

(a) Three-view geometry. (b) Mass breakdown.

Fig. E.2. Second iteration optimised glider configuration.
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Fig. E.3. Detail engineering drawing of the second iteration glider assembly, corresponding to a
half-span of 0.428m and chord length of 0.207m. Key 3D-printed mounting and skid components are
shown; avionics, wiring, and tape reinforcements are omitted for clarity.

E.2.3 Third Iteration

(a) Three-view geometry. (b) Mass breakdown.

Fig. E.4. Third iteration optimised glider configuration.
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Fig. E.5. Detail engineering drawing of the third iteration glider assembly, corresponding to a
half-span of 0.381m and chord length of 0.182m. Key 3D-printed mounting and skid components are
shown; avionics, wiring, and tape reinforcements are omitted for clarity.

E.2.4 Fourth Iteration

(a) Three-view geometry. (b) Mass breakdown.

Fig. E.6. Fourth iteration optimised glider configuration.
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Fig. E.7. Detail engineering drawing of the fourth iteration glider assembly, corresponding to a
half-span of 0.381m and chord length of 0.160m. Key 3D-printed mounting and skid components are
shown; avionics, wiring, and tape reinforcements are omitted for clarity.

E.2.5 Fifth Iteration

(a) Three-view geometry. (b) Mass breakdown.

Fig. E.8. Fifth iteration optimised glider configuration.
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E.3 Glider Optimisation Model and Selected Design

E.3.1 Model Assumptions

Table E.7 Mission, arena, and aerodynamic
settings used by the optimiser.

Quantity Unit Value

Nominal design speed m s−1 6.50

Turn diagnostic speed m s−1 4.00

Commanded bank angle deg 50.0

Bank entry time s 0.20

Arena length m 8.40

Arena width m 4.80

Arena height m 3.50

Wall clearance allowance m 0.20

Airfoil section – NACA0002

Wing dihedral deg 10.0

Table E.8 Planform and control surface
assumptions used by the optimiser.

Quantity Unit Value

Horizontal tail aspect
ratio

- 4.0

Vertical tail aspect ratio - 2.0

Wing section count count 7

Tail section count count 5

Aileron span stations semispan [0.30, 0.85]

Aileron chord ratio - 0.30

Elevator chord ratio - 0.30

Rudder chord ratio - 0.35

Nose station m -0.10

Fuselage radius m 0.002

Table E.9 Material and reinforcement
assumptions used in the mass and stiffness model.

Quantity Unit Value

Wing foam density kgm−3 33.0

Tail foam density kgm−3 40.0

Wing foam thickness mm 6.00

Tail foam thickness mm 3.00

Wing secant modulus Pa 1.5× 106

Tail secant modulus Pa 1.0× 106

Wing spar outer diameter mm 4.00

Wing spar inner diameter mm 3.00

Spar modulus Pa 25× 109

Tape width mm 10.0

Tape thickness mm 0.13

Tape areal density kgm−2 0.175

Table E.10 Onboard mass and actuation
assumptions used in the design model.

Quantity Unit Value

Centre module mass g 28.0

Tail module mass g 4.0

Battery mass g 5.0

Receiver mass g 6.0

Regulator mass g 1.0

Servo mass, each g 4.0

Servo count count 4

Control deflection limits deg ±30

Servo rate limit deg s−1 400

Servo torque rating Nm 0.009

E.3.2 Selected Design
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Table E.11 Geometry and mass properties.

Quantity Symbol Unit Value

Wing span b m 0.7616

Wing chord c m 0.1646

Wing area S m2 0.1254

Wing aspect ratio A - 4.626

Tail moment arm lt m 0.4000

Horizontal tail span bH m 0.3656

Vertical tail height bV m 0.1188

Aircraft mass m g 117.5

Longitudinal CG xCG m 0.1137

Lateral CG yCG m 0

Vertical CG zCG m 0.0158

Table E.12 Trim and performance.

Quantity Symbol Unit Value

Trim angle of attack αtrim deg 3.808

Trim elevator deflection δe,trim deg -0.114

Sink speed Vsink ms−1 0.6703

Glide ratio L/D - 9.697

Wing loading W/S Nm−2 9.195

Wing Reynolds number Rec - 7.33×104

Static margin SM MAC 0.100

Horizontal tail volume VH - 0.647

Vertical tail volume VV - 0.030

Lift coefficients CL - 0.355

Drag coefficients CD - 0.0366

Table E.13 Grouped mass budget.

Group Share Mass

Wing and tail surfaces 25.3% 29.68 g

Spar, tape, and slot 8.3% 9.70 g

Mounts and joiners 15.5% 18.22 g

Boom and tail hardware 8.7% 10.24 g

Avionics and servos 34.9% 40.99 g

Glue allowance 7.4% 8.71 g

Total 100% 117.5 g

Table E.14 Objective decomposition.

Objective term Value

Total objective, J 2.166

Sink speed term 0.670

Mass term 0.0552

Trim effort term 1.72× 10−6

Wing deflection term 1.311

Horizontal tail deflection term 0.117

Roll time constant term 0.0126

Table E.15 Turn footprint and roll response.

Quantity Symbol Unit Value

Turn lift coefficient CL,turn - 0.355

Allowable turn radius Rallow m 1.825

Predicted turn radius Rach m 2.129

Predicted turn footprint dturn m 2.704

Required lateral
acceleration

ay,req ms−2 8.767

Predicted lateral
acceleration

ay,ach ms−2 7.515

Lateral acceleration
margin

∆ay ms−2 -1.252

Steady roll rate pss rad s−1 5.240

Roll time constant τp s 0.0229

Bank angle in 0.2 s ϕ(tp) deg 25.60

Table E.16 Structural and stability.

Quantity Symbol Unit Value

Wing deflection
ratio

δW /δW,max - 0.272

Horizontal tail
deflection ratio

δH/δH,max - 0.140

Maximum servo
torque utilisation

us - 0.00481

Lift curve slope CLα
rad−1 5.648

Pitch stability Cmα
rad−1 -0.565

Dihedral effect Cℓβ rad−1 -0.199

Directional stability Cnβ
rad−1 0.0257

Roll damping Cℓp - -0.779

Pitch damping Cmq - -11.47

Aileron effectiveness Cℓδa rad−1 -0.827
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E.4 Material Properties and Additive Manufacturing Settings

E.4.1 Glider Material Properties

Table E.17 summarises the material and section properties used in the glider sizing model. Since the

Depron datasheet [67] gives compressive stress at 10% deformation pnly, the model used the secant

estimate Esec,10 = σd10/0.10. Carbon tube and rod section properties were computed from the listed

diameters using standard circular section formulae. For the 3D-printed modules, measured printed mass

and CAD volume were used to obtain the effective density used in the mass model, while datasheet

values are listed for reference.

Table E.17 Glider materials, datasheet references, and sizing model properties.

Material Part Dimension Datasheet values Model properties Source

Depron

Wing lifting

surface

6mm
thickness

σd10 = 150 kPa
ρ = 33 kgm−3,

Esec,10 = 1.5MPa
[67]

Tail lifting

surfaces

3mm
thickness

σd10 = 100 kPa
ρ = 40 kgm−3,

Esec,10 = 1.0MPa

UD carbon-fibre
tube

Fuselage

boom

4/2mm
OD/ID

ρ = 1400 kgm−3,
Ef = 25GPa

A = 9.42mm2,
I = 11.8mm4,
µ = 13.2 gm−1,
EI = 0.295Nm2

[167]

Wing spar
4/3mm
OD/ID

A = 5.50mm2,
I = 8.59mm4,
µ = 7.70 gm−1,
EI = 0.215Nm2

UD carbon-fibre
rod

Long linkage

member

1.5mm
diameter

ρ = 1400 kgm−3,
Ef = 25GPa

A = 1.77mm2,
I = 0.249mm4,
µ = 2.47 gm−1,

EI = 0.00621Nm2

[167]

304 stainless-steel
wire

Pushrod wire
0.8mm
diameter

-
ρ = 8000 kgm−3,
E = 187.5GPa,
G = 70.3GPa

[183]

PLA-CF
Centre

module and

landing gear

-
ρ = 1.22 g cm−3,
EXY = 2.79GPa,
Eb,XY = 3.95GPa

ρeff = 1192 kgm−3 [168]

PAHT-CF
Tail module

and tail skid
-

ρ = 1.06 g cm−3,
EXY = 3.86GPa,
Eb,XY = 4.23GPa

ρeff = 1108 kgm−3 [169]

WEST 105/205
epoxy

Bonding

allowance
-

ρ = 1.11 g cm−3,
Et = 2.81GPa,
Eb = 3.18GPa

8% glue mass
allowance

[181]

Cross-weave
filament tape

Tape

reinforcement

0.13mm
thickness

t = 0.125mm,
Tw = 135N cm−1

m̄ = 0.175 kgm−2,
Eeff = 10GPa

[182]

E.4.2 Additive Manufacturing Settings
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Table E.18 Printer, material, and geometric
print settings used for 3D-printed components.

Setting Option

Printer Bambu Lab X1 Carbon

Nozzle diameter 0.4mm

Filament PLA-CF [168]

PAHT-CF [169]

Process preset 0.20mm Strength

Layer height 0.20mm

Initial layer height 0.20mm

Default line width 0.42mm

Initial layer line width 0.50mm

Inner wall line width 0.45mm

Sparse infill line width 0.45mm

Elephant foot
compensation

0.15mm

X-Y hole and contour
compensation

0mm

Table E.19 Shell and infill settings used for
3D-printed components.

Setting Option

Wall generator Classic

Wall loops 4

Wall order Internal perimeter first

Top surface pattern Monotonic

Top shell layers 5

Top shell thickness 1mm

Bottom surface pattern Monotonic

Bottom shell layers 3

Internal solid infill
pattern

Rectilinear

Sparse infill density 15%

Sparse infill pattern Gyroid

Infill/wall overlap 15%

Infill direction 45◦

Bridge direction 0◦

Table E.20 Speed and acceleration settings used
for 3D-printed components.

Setting Option

Initial layer speed 50mms−1

Initial layer infill speed 105mms−1

Outer wall speed 60mms−1

Inner wall speed 300mms−1

Sparse infill speed 270mms−1

Internal solid infill speed 250mms−1

Top surface speed 200mms−1

Bridge speed 50mms−1

Gap infill speed 250mms−1

Travel speed 500mms−1

Normal printing acceleration 10000mms−2

Travel acceleration 10000mms−2

Initial layer travel
acceleration

6000mms−2

Slow down for overhangs On

Table E.21 Support and bed-adhesion settings
used for 3D-printed components.

Setting Option

Enable support On

Support type Tree

Threshold angle 30◦

On build plate only On

Remove small overhangs On

Raft layers 0

Top and bottom Z distance 0.20mm

Top interface layers 2

Top interface spacing 0.5mm

Support/object X-Y distance 0.35mm

Support/object first layer
gap

0.20mm

Brim type Outer brim

Brim width 5mm

Brim-object gap 0.24mm
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E.5 Manufactured Glider Configuration

E.5.1 Glider Configuration Before and After Added Ballast

Table E.22 Manufactured glider configuration before and after added ballast.

Quantity Symbol Unit Pre-ballast Ballasted

Total mass m g 133.56 148.56

Added nose ballast mb g - 15.00

Ballast station from wing leading edge xb m - -0.075

Wing span b m 0.764

Wing chord c m 0.165

Wing area S m2 0.126

Wing loading W S−1 Nm−2 10.4 11.6

Longitudinal CG from wing leading edge xCG m 0.126 0.106

Longitudinal CG xCG c
−1 %MAC 76.4 63.9

Vertical CG from fuselage rod centreline zCG m -0.00894 -0.00804

Body-axis roll inertia Ixx kgm2 2.702× 10−3 2.703× 10−3

Body-axis pitch inertia Iyy kgm2 2.459× 10−3 2.988× 10−3

Body-axis yaw inertia Izz kgm2 5.079× 10−3 5.606× 10−3

Body-axis product of inertia Ixz kgm2 4.763× 10−5 2.315× 10−5

E.5.2 Mass Distribution Model

The mass distribution model in Tables E.25 to E.26 lists the component-level inputs used to compute

the vehicle mass, centre of gravity, and inertia in Table E.22.

Each manufactured part is represented by a lumped mass located at its estimated component centre.

The coordinate system follows the build frame used during measurement: x is measured aft from the

wing leading edge, y is positive to starboard, and z is positive downward from the fuselage rod centreline.

Therefore, negative entries indicate components ahead of the wing leading edge, to port, or above the

fuselage rod centreline.

Table E.23 Mass distribution model for avionics, servos, and pushrods in the final configuration.

Component Mass x location y location z location

Battery 9.380 g 2.400 cm 0 cm 1.625 cm

Receiver 8.900 g 12.100 cm 0 cm 1.285 cm

Right/left aileron servo 4.000 g 5.700 cm ±19.934 cm −1.968 cm

Rudder servo 4.000 g 12.000 cm 1.500 cm −0.350 cm

Elevator servo 4.000 g 12.000 cm −1.500 cm −0.350 cm

Rudder pushrod 2.000 g 12.600 cm 2.700 cm 0 cm

Elevator pushrod 2.000 g 12.600 cm −2.700 cm 0 cm
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Table E.24 Mass distribution model for mounts, boom, and centre structure in the final configuration.

Component Mass x location y location z location

Right/left forward wing mount 3.854 g 4.618 cm ±3.743 cm −1.054 cm

Right/left aft wing mount 3.854 g 11.813 cm ±3.743 cm −1.054 cm

Wing spar joiner 0.596 g 4.300 cm 0 cm −1.050 cm

Centre module core 11.986 g 6.555 cm 0 cm 0.295 cm

Right/left horizontal tail mount 0.763 g 44.875 cm ±1.469 cm 0.675 cm

Vertical tail mount 0.679 g 43.815 cm 0 cm −1.456 cm

Tail module core 0.795 g 44.385 cm 0 cm 0.400 cm

Tail skid 1.000 g 39.431 cm 0 cm 0.937 cm

Fuselage rod 8.236 g 18.400 cm 0 cm 0 cm

Table E.25 Mass distribution model for lifting surfaces and reinforcements in the final configuration.

Component Mass x location y location z location

Right/left wing foam half 12.480 g 8.250 cm ±19.037 cm −2.695 cm

Right/left horizontal tail foam half 1.987 g 44.875 cm ±9.100 cm 0.600 cm

Vertical tail foam 0.843 g 44.775 cm 0 cm −6.450 cm

Wing spar tube 6.326 g 4.300 cm 0 cm −2.600 cm

Wing spar adhesive 1.898 g 4.300 cm 0 cm −2.600 cm

Removed spar slot foam −0.403 g 4.300 cm 0 cm −2.600 cm

Bottom wing tape 1.438 g 4.250 cm 0 cm −2.845 cm

Top wing tape 0.693 g 4.250 cm 0 cm −4.008 cm

Horizontal tail bottom tape 1.274 g 45.425 cm 0 cm 0.743 cm

Horizontal tail top tape 1.274 g 45.425 cm 0 cm 0.456 cm

Vertical tail side tape pair 0.315 g 45.625 cm ±0.157 cm −7.900 cm

Table E.26 Mass distribution model for tracking markers, ballast, and residual mass in the final
configuration.

Component Mass x location y location z location

Forward fuselage Vicon marker 1.600 g −10.750 cm 0 cm 0 cm

Wing leading edge Vicon marker 1.600 g −0.750 cm 0 cm −1.200 cm

Right/left wingtip Vicon marker 1.600 g 4.500 cm ±38.825 cm −3.940 cm

Nose ballast 15.000 g −7.500 cm 0 cm 0 cm

Residual adhesive and
manufacturing mass

5.737 g 38.372 cm 0 cm 0 cm
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E.5.3 Manufactured Airframe Views

Fig. E.9. Bottom view of the manufactured glider,
showing the centre module, receiver wiring, aileron
servos, pushrods, wing spar, and tape reinforcement.

Fig. E.10. Side view of the tail assembly,
showing the vertical tail, rudder linkage, tail
skid, and reinforcement around the tail mount.

Fig. E.11. Top view of the tail assembly, showing
the horizontal tail, tail boom attachment, pushrod
routing, and 3D-printed tail mount structure.

Fig. E.12. Aileron installation detail, showing
the wing-mounted servo, pushrod linkage, hinge
line, and tape reinforcement.

Fig. E.13. Side view of the manufactured glider during longitudinal CG measurement.
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F Controller Development and Validation Ladder Setup

F.1 Control-Oriented Glider Model

Section 6.2 presents the control-oriented glider model compactly, the present appendix writes the same

equations in scalar flight-dynamics form so that the signs, aerodynamic strip construction, and calibrated

residual terms can be checked directly against the reported tables.

The body axes follow the standard aircraft convention used throughout the control model: xb is

forward, yb is starboard, and zb is downward, as illustrated in Fig. 3.5. As shown in Fig. 3.1, the

arena frame uses z positive upward, so vertical position changes acquire the opposite sign after rotating

body-axis velocity into the arena frame. With vb = [ub, vb, wb]
⊤, ωb = [pb, qb, rb]

⊤, and η = [ϕ, θ, ψ]⊤,

the position kinematics are

ẋ = ubcθcψ + vb (sϕsθcψ − cϕsψ) + wb (cϕsθcψ + sϕsψ) ,

ẏ = ubcθsψ + vb (sϕsθsψ + cϕcψ) + wb (cϕsθsψ − sϕcψ) ,
ż = ubsθ − vbsϕcθ − wbcϕcθ,

(F.1)

where cϕ = cosϕ, sϕ = sinϕ, and similarly for θ and ψ. The corresponding Euler-angle rates are

ϕ̇ = pb + qbsϕ tan θ + rbcϕ tan θ,

θ̇ = qbcϕ − rbsϕ,

ψ̇ =
qbsϕ + rbcϕ

cθ
.

(F.2)

Let Xb, Yb, and Zb be the total body-axis forces, including aerodynamic and gravitational terms, and

let Lb, Mb, and Nb be the total aerodynamic moments about the centre of gravity. The translational

dynamics are then

u̇b =
Xb

m
+ rbvb − qbwb,

v̇b =
Yb
m

+ pbwb − rbub,

ẇb =
Zb
m

+ qbub − pbvb.

(F.3)

Equivalently, if only the aerodynamic force components Xaero, Yaero, and Zaero are listed, the gravity

terms are added as −mg sin θ, mg sinϕ cos θ, and mg cosϕ cos θ, respectively.
The manufactured glider inertia has the retained product of inertia Ixz and negligible Ixy and Iyz.

Defining

RL = Lb − Ixzpbqb + (Iyy − Izz) qbrb,
RM =Mb + (Izz − Ixx) pbrb + Ixz

(
p2b − r2b

)
,

RN = Nb + (Ixx − Iyy) pbqb + Ixzqbrb,

∆I = IxxIzz − I2xz,

(F.4)

the rotational accelerations are

ṗb =
IzzRL − IxzRN

∆I
,

q̇b =
RM
Iyy

,

ṙb =
−IxzRL + IxxRN

∆I
.

(F.5)
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The three realised control-surface states follow the first-order timing model described in Section B.3.3:

δ̇a =
δcmd
a − δa
τδ,a

, δ̇e =
δcmd
e − δe
τδ,e

, δ̇r =
δcmd
r − δr
τδ,r

. (F.6)

F.1.1 Mass, Geometry, and Panelwise Aerodynamic Model

The first group of tables defines the rigid-body and strip geometry used by the scalar model above. The

centre of gravity fixes the origin of the body frame, the measured mass and inertia define the rigid-body

response, and the lifting surfaces are then discretised into local aerodynamic strips.

Table F.1 Mass and reference geometry.

Quantity Symbol Unit Value

Mass m kg 0.14856

CG from wing leading edge xCG m 0.10550

CG from fuselage rod zCG m −0.008037

Reference area Sref m2 0.12606

Reference span bref m 0.764

Reference chord cref m 0.165

Fuselage drag area Sdrag,fuse m2 2.4488× 10−4

Table F.2 Body-axis inertia.

Quantity Symbol Unit Value

Roll
inertia

Ixx kgm2 2.7027×
10−3

Pitch
inertia

Iyy kgm2 2.9876×
10−3

Yaw
inertia

Izz kgm2 5.6062×
10−3

Product
of inertia

Ixz kgm2 2.3151×
10−5

For a horizontal lifting surface, the strip centre is placed at a spanwise distance s from the centreline.

On the starboard side ry,b = s cos Γ, whereas on the port side ry,b = −s cos Γ. The body-axis vertical

coordinate is rz,b = zLE,b − s sin Γ, and the chordwise centre is evaluated at the quarter chord as

rx,b = xLE,b − ci/4.
For the vertical tail, the strips are stacked in the body zb direction. Given that, ry,b = 0 and

rz,b = zLE,b − s.

Table F.3 Lifting-surface geometry and strip discretisation. The location vector is the root leading
edge position in body axes, relative to the CG; Si is the area of each generated strip.

Lifting surface Strips ci Span Si rLE,b Dihedral

Wing 12 0.165m 0.764m 0.0105m2 (0.10550, 0, −0.00346)m 4.64◦

Horizontal tail 8 0.091m 0.364m 0.00414m2 (−0.29775, 0, 0.01404)m 0◦

Vertical tail 4 0.059m 0.119m 0.00176m2 (−0.31275, 0, 0.00304)m 0◦

The lifting-surface aerodynamic and control parameters in Table F.4 are used by a local two-

dimensional section model.

Table F.4 Lifting surfaces aerodynamic and control parameters.

Lifting surface CD0,i ei α0,i Control surface

Wing 0.054 0.2542 0.057◦ Aileron, 0.30c, η = 0.30 – 0.85

Horizontal tail 0.060 0.2418 −3.000◦ Elevator, 0.30c, η = 0– 1

Vertical tail 0.060 0.2325 0◦ Rudder, 0.35c, η = 0– 1

For strip i, the local relative airflow is first evaluated at the strip centre. If the body-axis wind

velocity at that strip is written as (Wx,i,b, Wy,i,b, Wz,i,b), then the relative airflow components before
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removing spanwise flow are

Vx,i,b = ub + qbrz,i,b − rbry,i,b −Wx,i,b,

Vy,i,b = vb + rbrx,i,b − pbrz,i,b −Wy,i,b,

Vz,i,b = wb + pbry,i,b − qbrx,i,b −Wz,i,b.

(F.7)

Only the chord-normal component of this velocity is used for the strip lift and drag. With si,b =

(sx,i,b, sy,i,b, sz,i,b), the spanwise velocity is

Vs,i = Vx,i,bsx,i,b + Vy,i,bsy,i,b + Vz,i,bsz,i,b, (F.8)

and the chord-normal components are

V ⊥
x,i,b = Vx,i,b − Vs,isx,i,b,
V ⊥
y,i,b = Vy,i,b − Vs,isy,i,b,
V ⊥
z,i,b = Vz,i,b − Vs,isz,i,b.

(F.9)

The dynamic pressure and local angle of attack are then

qi =
1

2
ρ

[(
V ⊥
x,i,b

)2
+
(
V ⊥
y,i,b

)2
+
(
V ⊥
z,i,b

)2]
,

αi = atan2
(
−
(
V ⊥
x,i,bnx,i,b + V ⊥

y,i,bny,i,b + V ⊥
z,i,bnz,i,b

)
, V ⊥

x,i,b

)
.

(F.10)

The local control incidence is obtained from the realised aileron, elevator, and rudder deflections,

not from the raw command. With the control effectiveness scales γa, γe, and γr selected by the current

angle of attack regime, the local incidence increment is

δi = γami,aδa + γemi,eδe + γrmi,rδr, αi,eff = αi − α0,i + λiδi. (F.11)

The finite aspect ratio lift slope, attached flow coefficients, and post-stall flat-plate coefficients are

ai =
2πAi

Ai + 2
,

Catt
L,i = aiαi,eff ,

Catt
D,i = CD0,i +

(
Catt
L,i

)2
πeiAi

,

Cpost
L,i = 2 sinαi,eff cosαi,eff ,

Cpost
D,i = CD0,i + kD sin2 αi,eff .

(F.12)

The stall activation σi blends attached and post-stall behaviour:

CL,i = (1− σi)Catt
L,i + σiC

post
L,i , CD,i = (1− σi)Catt

D,i + σiC
post
D,i . (F.13)

The generated strip tables list the numerical values that feed the preceding calculation. Once CL,i
and CD,i are known, the body-axis force from strip i is evaluated component by component. Taking

ℓi,b = (ℓx,i,b, ℓy,i,b, ℓz,i,b) and defining di,b = (dx,i,b, dy,i,b, dz,i,b) in the drag force direction,

Xi,b = qiSi (CL,iℓx,i,b + CD,idx,i,b) ,

Yi,b = qiSi (CL,iℓy,i,b + CD,idy,i,b) ,

Zi,b = qiSi (CL,iℓz,i,b + CD,idz,i,b) .

(F.14)
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The moment of the same strip about the centre of gravity is

Li,b = ry,i,bZi,b − rz,i,bYi,b,
Mi,b = rz,i,bXi,b − rx,i,bZi,b,
Ni,b = rx,i,bYi,b − ry,i,bXi,b.

(F.15)

Summing (F.14)–(F.15) over the 24 strips gives the baseline aerodynamic force and moment.

Table F.5 Generated strip geometry and scalar aerodynamic parameters. Strip positions are body-axis
centre locations relative to the CG.

i Surface rx,b ry,b rz,b CD0,i α0,i ei

1 Wing 0.0643 0.0317 −0.00604 0.054 0.057 0.254

2 Wing 0.0643 0.0952 −0.0112 0.054 0.057 0.254

3 Wing 0.0643 0.159 −0.0163 0.054 0.057 0.254

4 Wing 0.0643 0.222 −0.0215 0.054 0.057 0.254

5 Wing 0.0643 0.286 −0.0266 0.054 0.057 0.254

6 Wing 0.0643 0.349 −0.0318 0.054 0.057 0.254

7 Wing 0.0643 −0.0317 −0.00604 0.054 0.057 0.254

8 Wing 0.0643 −0.0952 −0.0112 0.054 0.057 0.254

9 Wing 0.0643 −0.159 −0.0163 0.054 0.057 0.254

10 Wing 0.0643 −0.222 −0.0215 0.054 0.057 0.254

11 Wing 0.0643 −0.286 −0.0266 0.054 0.057 0.254

12 Wing 0.0643 −0.349 −0.0318 0.054 0.057 0.254

13 Horizontal tail −0.321 0.0228 0.0140 0.060 −3.00 0.242

14 Horizontal tail −0.321 0.0683 0.0140 0.060 −3.00 0.242

15 Horizontal tail −0.321 0.114 0.0140 0.060 −3.00 0.242

16 Horizontal tail −0.321 0.159 0.0140 0.060 −3.00 0.242

17 Horizontal tail −0.321 −0.0228 0.0140 0.060 −3.00 0.242

18 Horizontal tail −0.321 −0.0683 0.0140 0.060 −3.00 0.242

19 Horizontal tail −0.321 −0.114 0.0140 0.060 −3.00 0.242

20 Horizontal tail −0.321 −0.159 0.0140 0.060 −3.00 0.242

21 Vertical tail −0.328 0 −0.0118 0.060 0 0.233

22 Vertical tail −0.328 0 −0.0416 0.060 0 0.233

23 Vertical tail −0.328 0 −0.0713 0.060 0 0.233

24 Vertical tail −0.328 0 −0.101 0.060 0 0.233
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Table F.6 Generated strip orientation and control surface parameters. The control effectiveness vector
is ordered as aileron, elevator, rudder.

i Lifting surface si,b ni,b mi Flap scale

1 Wing (0, 0.997, −0.081) (0, −0.081, −0.997) (0, 0, 0) 0

2 Wing (0, 0.997, −0.081) (0, −0.081, −0.997) (0, 0, 0) 0

3 Wing (0, 0.997, −0.081) (0, −0.081, −0.997) (1, 0, 0) 0.661

4 Wing (0, 0.997, −0.081) (0, −0.081, −0.997) (1, 0, 0) 0.661

5 Wing (0, 0.997, −0.081) (0, −0.081, −0.997) (1, 0, 0) 0.661

6 Wing (0, 0.997, −0.081) (0, −0.081, −0.997) (0, 0, 0) 0

7 Wing (0, −0.997, −0.081) (0, 0.081, −0.997) (0, 0, 0) 0

8 Wing (0, −0.997, −0.081) (0, 0.081, −0.997) (0, 0, 0) 0

9 Wing (0, −0.997, −0.081) (0, 0.081, −0.997) (−1, 0, 0) 0.661

10 Wing (0, −0.997, −0.081) (0, 0.081, −0.997) (−1, 0, 0) 0.661

11 Wing (0, −0.997, −0.081) (0, 0.081, −0.997) (−1, 0, 0) 0.661

12 Wing (0, −0.997, −0.081) (0, 0.081, −0.997) (0, 0, 0) 0

13 Horizontal tail (0, 1, 0) (0, 0, −1) (0, −1, 0) 0.661

14 Horizontal tail (0, 1, 0) (0, 0, −1) (0, −1, 0) 0.661

15 Horizontal tail (0, 1, 0) (0, 0, −1) (0, −1, 0) 0.661

16 Horizontal tail (0, 1, 0) (0, 0, −1) (0, −1, 0) 0.661

17 Horizontal tail (0, −1, 0) (0, 0, −1) (0, −1, 0) 0.661

18 Horizontal tail (0, −1, 0) (0, 0, −1) (0, −1, 0) 0.661

19 Horizontal tail (0, −1, 0) (0, 0, −1) (0, −1, 0) 0.661

20 Horizontal tail (0, −1, 0) (0, 0, −1) (0, −1, 0) 0.661

21 Vertical tail (0, 0, −1) (0, −1, 0) (0, 0, 1) 0.707

22 Vertical tail (0, 0, −1) (0, −1, 0) (0, 0, 1) 0.707

23 Vertical tail (0, 0, −1) (0, −1, 0) (0, 0, 1) 0.707

24 Vertical tail (0, 0, −1) (0, −1, 0) (0, 0, 1) 0.707
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F.1.2 System Identification Procedure

For each accepted flight record s, the measured state at launch gate defines the replay initial condition.

The simulation is propagated with the scalar dynamics in (F.1)–(F.6) and the strip forces in (F.14). At

the comparison time, the replay error is recorded in the physical coordinates used for flight assessment:

ex,s = xsims − xflights , ey,s = ysims − yflights , ez,s = zsims − zflights ,

eϕ,s = ϕsims − ϕflights , eθ,s = θsims − θflights , eψ,s = ψsim
s − ψflight

s .
(F.16)

The selected parameter set is the local Pareto candidate that improves or preserves the held-out

longitudinal replay while reducing the relevant lateral-directional error. This conservative selection

rule is important because the final controller uses the model for local feedback design, where excessive

control surface authority or over-fitted post-stall damping would produce unsafe optimism.

Algorithm F.1 Neutral still air residual calibration and Pareto selection.

Input: Neutral launch records D0, Xlaunch, baseline θaero,0, residual family (6.17), objective J (6.18),

and held-out seed.

Output: Accepted residual parameter θ⋆aero and replay audit.

1 Load accepted neutral open-loop records and processed states xs,k
2 for each record s ∈ D0 do
3 Interpolate the launch state, check xs,0 ∈ Xlaunch, and align replay start to the launch-handoff window

4 Reject s if the aligned start fails the replay-start envelope; otherwise compute its lateral

launch-confidence weight

5 Split kept records into Dtrain and Dhold by session-stratified sampling

6 Initialise the scalar residual force and moment coefficients in (F.18)–(F.21) from θaero,0

7 for each staged candidate θ
(j)
aero do

8 Replay (6.5)–(6.9) on Dtrain and evaluate J (θ(j)
aero)

9 Keep θ
(j)
aero only if held-out longitudinal replay is improved or preserved

10 Generate joint candidates by adding selected lateral and coupling terms to accepted longitudinal proposals

11 for each joint candidate do
12 Replay Dhold and record (∆x,∆y,∆zloss, sink, ϕ, θ, ψ)

13 Reject dominated candidates and select the conservative local Pareto candidate that preserves

longitudinal replay while reducing relevant lateral error

14 return θ⋆aero and audit tables

Algorithm F.2 Commanded control surface effectiveness calibration.

Input: Commanded launch records Dδ, θ⋆aero, surface model (6.7), incidence term (6.11), and candidate

schedules for θδ in (6.17).

Output: Conservative surface-effectiveness schedule θ⋆δ .

1 Load aileron, elevator, and rudder pulse-launch records with logged aggregate commands

2 Keep command conversion, servo signs, actuator timing, and θ⋆aero fixed

3 Assign launch-level train/held-out splits within each surface and command-magnitude ladder

4 for each candidate schedule θ
(j)
δ do

5 Modify only the aerodynamic effectiveness scales γa, γe, and γr in the scalar incidence mapping (F.11)

6 Propagate δ with (6.7) and replay (6.5)–(6.9)

7 Reject θ
(j)
δ if held-out trajectory replay degrades or conservative schedule bounds are violated

8 Freeze the normal, transition, and post-stall effectiveness schedule for controller development

9 return θ⋆δ in Table F.9
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F.1.3 Calibration and Residual Parameters

Table F.7 Still air calibration metadata.

Quantity Value

Calibration status Active

Calibration class
Neutral still air residual

replay alignment

Throw records available 105

Filtered throw records
used

9

Held-out throw records 14

Held-out policy
Randomised, stratified

by session label

Held-out seed 606

Alignment window 0.040 s

Parameter count 4 total, 2 lateral

Table F.8 Held-out replay metrics for the
accepted calibration.

Metric Unit Value

Held-out score - 9.1195

Longitudinal score - 6.9168

Lateral score - 2.2027

∆x MAE m 0.2988

∆y MAE m 0.5866

Altitude-loss MAE m 0.3260

Sink MAE ms−1 0.2814

Roll MAE deg 8.1588

Pitch MAE deg 3.8974

Yaw MAE deg 3.9455

Table F.9 Scalar aerodynamic calibration
parameters.

Quantity Value

CD0 strip scale 3.0000

Fuselage drag-area scale 5.0000

Strip efficiency scale 0.3100

Catt
m 0.11310

Ctr
m 0.05712

Global Cm bias 0

Post-stall lift residual 0

Post-stall drag residual 0

Cpost
m 0.07586

Cpost
mq 4.0000

Table F.10 Post-stall residual blend and surface
schedule parameters.

Quantity Value

Residual blend start 14.0 deg

Residual blend full 18.0 deg

RBF centres (20, 45, 70) deg

RBF width 15.0 deg

Neutral surface trim (0, 0, 0) rad

Normal effectiveness (0.85, 0.75, 0.85)

Transition effectiveness (0.55, 0.55, 0.55)

Post-stall effectiveness (0.45, 0.45, 0.40)

Table F.11 Attached and transition lateral-directional residual coefficients.

Regime Component Bias β p̂ r̂

Attached

Side force

0

−1.98

0 0Roll moment 0

Yaw moment −0.0343

Transition

Side force

0

0 0 −3.00

Roll moment 0 0 0

Yaw moment −0.0147 −0.146 0
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Table F.12 Post-stall RBF residual coefficient vectors at α = (20, 45, 70) deg.

Component Term Coefficient vector

Lift/Drag
Direct residual All zero

Pitch moment/Pitch damping

Side force Bias, β, p̂, r̂ All zero

Roll moment
Bias, β, p̂ All zero

r̂ (−0.460, 0, 0)

Yaw moment

Bias, r̂ All zero

β (−0.0187, 0, 0)

p̂ (−0.0712, 0, 0)

The calibration parameters above enter the force and moment calculation as nondimensional residual

coefficients. Let V be the airspeed at CG, q̄ = 1
2ρV

2, and

p̂ =
pbbref
2V

, q̂ =
qbcref
2V

, r̂ =
rbbref
2V

. (F.17)

The attached-flow lateral-directional residual coefficients have the textbook derivative form [33]

Catt
Y = Catt

Y,0 + Catt
Y,ββ + Catt

Y,p̂p̂+ Catt
Y,r̂r̂,

Catt
l = Catt

l,0 + Catt
l,β β + Catt

l,p̂ p̂+ Catt
l,r̂ r̂,

Catt
n = Catt

n,0 + Catt
n,ββ + Catt

n,p̂p̂+ Catt
n,r̂ r̂.

(F.18)

The transition terms use the same derivative form, but are multiplied by the transition weight generated

from the post-stall activation. The pitch residual is separated into attached, transition, and post-stall:

Cres
m = C0

m +WattC
att
m +WtrC

tr
m +Wpost

(
Cpost
m + Cpost

mq q̂
)
+ CRBF

m + CRBF
mq q̂. (F.19)

The post-stall lift and drag residuals are applied in the chord-normal plane at CG. If ℓCG,b and dCG,b
are the corresponding lift and drag-force directions at the centre of gravity, their scalar contribution is

XLD,res = q̄Sref (C
res
L ℓx,CG,b + Cres

D dx,CG,b) ,

ZLD,res = q̄Sref (C
res
L ℓz,CG,b + Cres

D dz,CG,b) .
(F.20)

The active coefficients for these two force residuals are zero in Table F.9, but the calculation is retained

so that the model form is explicit. The remaining residual loads are added to the strip sums as

Xres = XLD,res,

Yres = q̄Sref
(
Catt
Y +WtrC

tr
Y + CRBF

Y

)
,

Lres = q̄Srefbref
(
Catt
l +WtrC

tr
l + CRBF

l

)
,

Mres = q̄SrefcrefC
res
m ,

Nres = q̄Srefbref
(
Catt
n +WtrC

tr
n + CRBF

n

)
,

Zres = ZLD,res.

(F.21)

The post-stall RBF entries in Table F.12 are evaluated at the angle of attack at CG using

Rh(α) = exp

[
−1

2

(
α− αh
∆αRBF

)2
]
, αh ∈ {20◦, 45◦, 70◦} . (F.22)

For example, a listed post-stall yaw coefficient vector (c20, c45, c70) contributes c20R20(α) + c45R45(α) +

c70R70(α) before being multiplied by the appropriate force or moment scale.
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F.2 Randomised Simulation Settings

F.2.1 Environment Factors and Updraft Settings

Table F.13 Factors used to define one finite-horizon simulated flight.

FactorMeaning Source

we Vertical-flow field Still air, fixed fan surrogate, or randomised fan surrogate

θp Glider properties Mass, CG, inertia, aerodynamic scale, and control effectiveness multipliers

θτ Timing parameters State-feedback delay, command delay, actuator lag, and timing jitter

θδ Surface implementation Neutral bias, limit scale, and aileron asymmetry

x0 Initial state Launch, in-flight, boundary, or recovery sample

Table F.14 Initial state family allocation used by the sampler.

Start state family Weight Slots per 20

Launch gate 0.40 8

In-flight nominal 0.25 5

In-flight lift region 0.15 3

Boundary-near 0.10 2

Recovery-edge 0.10 2

Table F.15 Fan and updraft settings used by the simulation environments.

Quantity Symbol or policy Value

Still air field we(p) 0

Single-fan base centre c01 (4.2, 2.4)m

Four-fan base centres c0f (3.0, 3.6), (5.4, 3.6), (3.0, 1.2), (5.4, 1.2)m

Local fan-layout shift ∆c U([−0.20, 0.20]2)m

Arena-wide fan centre cf U([0, 8]× [0, 4.8])m

Arena-wide separation dmin 0.5m

Position rejection attempts – 10000

Per-fan strength scale af U(0.85, 1.15)

Global amplitude scale – 1.0

Width scale κf U(0.85, 1.15)

Global centre shift – (0, 0)m

Local uncertainty scale κσ U(1.0, 2.5)

Default active-fan mask µf At least one active fan

Scheduled active-fan counts Nactive 0, 1, 2, 3, 4

Residual field –
Single-layer annular-GP randomisation without

duplicate strength or centre shift
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F.2.2 Plant and Implementation Randomisation

Table F.16 Glider model randomisation ranges.

Quantity Fixed and nominal cases Randomised cases

Mass scale 1.0 U(0.95, 1.05)

CG offset (0, 0, 0) U([−0.01, 0.01]3)m

Common and principal inertia scales 1.0 U(0.92, 1.08)

Cross-inertia perturbation None None

Aerodynamic coefficient scale 1.0 U(0.95, 1.05)

Surface-calibration scale 1.0 1.0

Global control-effectiveness multiplier 1.0 U(0.75, 1.25)

Aileron, elevator, and rudder effectiveness
multipliers

1.0 U(0.85, 1.15)

Table F.17 Timing and surface implementation randomisation ranges.

Quantity Diagnostic cases Nominal transfer cases Randomised transfer case

Latency case
None or selected

nominal
Nominal or conservative

Nominal or conservative, sampled
with equal probability

State-feedback
delay scale

1.0 1.0 U(0.90, 1.20)

Command-onset
delay scale

1.0 1.0 U(0.90, 1.25)

Command-
transport delay
scale

1.0 1.0 U(0.90, 1.25)

Latency jitter 0 0 U(0, 0.015) s

Actuator
time-constant
scale

1.0 1.05 U(0.90, 1.25)

Surface neutral
bias

(0, 0, 0) (0, 0, 0) U([−0.015, 0.015]3) rad

Surface-limit scale 1.0 1.0 U(0.90, 1.00)

Left-right aileron
asymmetry

1.0 1.0 U(0.95, 1.05)

Command
quantisation flag

None None Fixed 20% lattice
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F.3 Controller Algorithm Specification

Algorithm F.3 Offline construction of validated manoeuvre primitives.

Input: (χ, C), P, {Xc}c∈C in Table F.18, pE , f∆, T , U , Ngen, Nval, and Θacc.
Output: Validated primitive set V with evidence records.

1 J ← ∅, V ← ∅
2 for c ∈ C, π ∈ P, n = 1, . . . , Ngen do

3 x0 ∼ Xc, E ∼ pE

4 rj ← Reference(π, c, x0, E)
5 (Kj , ok)← SynthesiseLQR(f∆, rj , T )

6 if ok then

7 τj ← Rollout(f∆, x0, E , rj ,Kj , T )

8 ηj ← Metrics(τj , χ)

9 if Retain(τj , ηj ,J ,Θacc) then

10 J ← J ∪ {(j, π, c, rj ,Kj , T )}

11 for (j, u) ∈ SpeedExpand(J ,U) do
12 Dj,u ← {Rollout(f∆, xm, Em, rj ,Kj , T, u)}Nval

m=1, where xm ∼ Xcj and Em ∼ pE

13 Ej,u(cj)← Evidence(Dj,u)

14 if Accept(Ej,u(cj),Θacc) then

15 V ← V ∪ {Primitive(j, u, rj ,Kj , T, Ej,u)}

16 return V

Algorithm F.4 Online viability governor primitive selection.

Input: x̂k, LB , Θg,Mk, active latency model Λk, and mission target.
Output: j⋆k , µk:k+N−1,Mk+1, and no-viable flag bnv.

1 ck ← χ(x̂k), bnv ← false

2 if ck ∈ {terminal, failure} then
3 return ∅, TerminalCommand(x̂k),Mk, bnv

4 Ak ← ∅
5 for j ∈ {i ∈ LB : cini = ck} do
6 τ̂j,k ← Predict(x̂k, j,Λk), ζj,k ← MemoryQuery(Mk, τ̂j,k)

7 if Admissible(j, x̂k, τ̂j,k,Λk,Θg) then

8 S0
j,k ← Score(j, x̂k, τ̂j,k, 0,Θg), Sj,k ← Score(j, x̂k, τ̂j,k, ζj,k,Θg)

9 Ak ← Ak ∪ {j}

10 if Ak = ∅ then
11 bnv ← true

12 return ∅, RecoveryCommand(x̂k),Mk, bnv

13 j0k ← argmaxj∈Ak S0
j,k

14 Ash
k ← {j ∈ Ak : Shield(j, j0k, x̂k, τ̂j,k, ζj,k,Θg)}

15 j⋆k ← j0k if Ash
k = ∅; otherwise j⋆k ← argmaxj∈Ash

k
Sj,k

16 µk:k+N−1 ← Track(x̂k, j
⋆
k ,Λk), τ

obs
k ← Execute(µk:k+N−1)

17 Mk+1 ← UpdateMemory(Mk, τ
obs
k , τ̂j⋆

k
,k)

18 return j⋆k , µk:k+N−1,Mk+1, bnv
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F.4 Validation Ladder Setup

Table F.18 Entry classes sampling ranges.

Manoeuvre
family

Position Attitude Body velocity Body rate
Control

surface state

Launch
x[1.2, 1.4]m,
y[1.8, 2.2]m,
z[1.3, 1.8]m

ϕ± 20◦,
θ[−10, 20]◦,
ψ ± 20◦

ub[4, 8]m s−1,
vb ± 1.5m s−1,
wb ± 0.9m s−1

pb ± 1.2 rad s−1,
qb ± 1.2 rad s−1,
rb ± 1.8 rad s−1

0

Stable
x[1.6, 5.8]m,
y[0.5, 3.9]m,
z[0.9, 2.8]m

ϕ± 18◦,
θ ± 10◦,
ψ ± 25◦

ub[3.0, 8.2]m s−1,
vb ± 0.35m s−1,
wb ± 0.25m s−1

pb ± 0.35 rad s−1,
qb ± 0.245 rad s−1,
rb ± 0.28 rad s−1

δ ± 0.22 rad

Stable,
updraft
region

x[2.0, 4.3]m,
y[1.2, 3.2]m,
z[1.2, 2.4]m

ϕ± 22◦,
θ ± 12◦,
ψ ± 35◦

ub[3.2, 8.0]m s−1,
vb ± 0.30m s−1,
wb ± 0.22m s−1

pb ± 0.30 rad s−1,
qb ± 0.21 rad s−1,
rb ± 0.24 rad s−1

δ ± 0.20 rad

Boundary
Nominal, with
x[6.35, 6.58]m or
y[0.04, 0.20]m

Nominal
ub[3.0, 8.0]m s−1;
otherwise nominal

Nominal δ ± 0.22 rad

Recovery
x[1.6, 5.8]m,
y[0.5, 3.9]m,
z[0.9, 2.8]m

ϕ± 42◦,
θ[−35, 25]◦,
ψ ± 25◦

ub[2.2, 5.2]m s−1,
vb ± 1.0m s−1,

wb[−0.3, 2.0]m s−1

pb ± 1.2 rad s−1,
qb ± 1.2 rad s−1,
rb ± 1.0 rad s−1

δ ± 0.35 rad

Algorithm F.5 Validation ladder assembly for controller development.

Input: Validated primitive set V, library tiers Blib = {no-cluster,heavy,balanced, light, super-light},
environment distribution pE in (6.20), start-state ranges in Table F.18, and environment cases in

Table 6.1.

Output: Compressed libraries LB , frozen viability-governor setting, held-out validation schedules, and

flight-test handoff.

1 for each library tier B ∈ Blib do
2 Build LB ⊆ V using the medoid compression in (6.33)

3 Use wider representative budgets for launch-entry groups to preserve human-release variation

4 for each LB do
5 Simulate the complete mission in Section 6.1.1 under the full-domain randomised case in Table 6.1

6 Tune the viability-governor thresholds, scoring weights, memory-shield margins, and

spatial-lift-memory settings in (6.28)–(6.31)

7 Select settings that improve the objective in (6.4) while remaining effective across the tested library

tiers

8 Freeze the plant model, selected primitive library, viability-governor settings, latency model, and

spatial-memory policy

9 for each held-out environment case do
10 Sample start states from Table F.18 and environment instances from pE
11 Replay the frozen controller over the complete mission without retuning local gains or governor

settings

12 Record safety, terminal-route, lift-use, memory, timing, and library-tier metrics

13 Accept the controller for real-flight testing only if the held-out complete-mission replay satisfies the safety

and route criteria

14 return LB , frozen governor setting, held-out schedules, and flight-test handoff
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F.5 Real Flight Runtime Protocol

Algorithm F.6 Real flight launch handoff and controller runtime.

Input: Frozen library LB , governor parameters Θg, latency model Λ, launch gate Glaunch, arena bounds Xarena,
mission terminal set Xgoal, state stream yk, control period ∆tc, dropout limit Ndrop, runtime limit Tmax,
and neutral/fail-safe command µsafe.

Output: Flight log Dflight, termination reason ρ, and command history Ucmd.
1 Dflight ← ∅, Ucmd ← ∅,M0 ← ∅, k ← 0, ndrop ← 0, ρ← none

2 InitialiseLog(); ArmInterface(); Command(µsafe)

3 while ρ = none do

4 (yk, qk, tk)← ReadTracking()

5 if ¬Valid(yk, qk) then
6 Command(µsafe); ρ← AbortIfTimeout(ρ, tk); continue

7 x̂k ← InitialiseState(yk,Λ)

8 if LaunchGate(x̂k,Glaunch) then
9 Mk ←M0; t0 ← tk; break

10 Command(µsafe)

11 while ρ = none do

12 (yk, qk, tk)← ReadTracking()

13 if Valid(yk, qk) then
14 ndrop ← 0; x̂k ← EstimateState(yk,Λ)

15 else

16 ndrop ← ndrop + 1; x̂k ← PredictState(x̂k−1, µk−1,Λ)

17 if ndrop > Ndrop then

18 ρ← tracking loss; break

19 if x̂k /∈ Xarena then

20 ρ← arena boundary; break

21 if x̂k ∈ Xgoal then

22 ρ← mission complete; break

23 if tk − t0 > Tmax then

24 ρ← runtime limit; break

25 (j⋆k , µk:k+N−1,Mk+1, bnv)← GovernorSelect(x̂k,LB ,Θg,Mk,Λ)

26 µk ← SaturateRateLimit(µk:k+N−1[0])

27 if bnv ∧ UnsafeRecovery(x̂k) then

28 ρ← no viable primitive; break

29 Command(µk)

30 Ucmd ← Ucmd ∪ {(tk, µk)}
31 Dflight ← Dflight ∪ Log(tk, yk, qk, x̂k, j

⋆
k , µk, bnv,Mk+1)

32 WaitUntil(tk +∆tc); k ← k + 1

33 Command(µsafe); DisarmInterface(); CloseLog(Dflight, ρ)

34 return Dflight, ρ, and Ucmd
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G.1 Simulation Validation Ladder Result

G.1.1 Supplementary Held-Out Primitive Validation Statistics

Table G.1 Retained held-out primitive validation by manoeuvre family. Distances are in metres; time

spent in useful lift is in seconds.

Glide 200 32000 81.8% 18.1% 0% −0.07 −0.02 0.04

Safety margin
recovery

199 31840 82% 18% 0% −0.07 −0.02 0.04

Updraft entry 206 32960 82.4% 17.6% 0% −0.07 −0.02 0.04

Updraft
exploitation

193 30880 81.2% 18.8% 0% −0.07 −0.02 0.04

Mild left turn 207 33120 82.5% 17.5% 0% −0.07 −0.02 0.04

Mild right turn 193 30880 81.2% 18.8% 0% −0.07 −0.02 0.04

Energy-retaining
bank

200 32000 81.8% 18.1% 0% −0.07 −0.02 0.04

Safe exit 207 33120 82.5% 17.5% 0% −0.07 −0.02 0.04

Manoeuvre
family

Variants Replays
Continuation

valid

Terminal

useful

Hard

failure

Wall

margin

Mean

∆H

Mean

Tℓ

Table G.2 Retained held-out primitive validation by entry class. Distances are in metres; time spent in

useful lift is in seconds.

Boundary 527 84320 45% 55% 0% −0.07 −0.03 0.03

In flight 528 84480 100% 0% 0% 0.21 −0.00 0.06

Launch 432 69120 100% 0% 0% 0.00 −0.01 0.02

Recovery 118 18880 100% 0% 0% 0.43 −0.08 0.06

Entry
class

Variants Replays
Continuation

valid

Terminal

useful

Hard

failure

Wall

margin

Mean

∆H

Mean

Tℓ

Table G.3 Held-out transition compatibility by entry and exit class.

Boundary

Boundary 25296 0% 0% non-continuing class

In flight 7115 100% 0% compatible continuation

Recovery 5533 0% 0% non-continuing class

Safe terminal 46376 100% 0% compatible continuation

In flight

Boundary 42677 100% 0% compatible continuation

In flight 19260 100% 0% compatible continuation

Recovery 22543 0% 0% non-continuing class

Entry class Exit class Replays Compatible
Hard

failure
Validation result

Continued on the next page.
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Table G.3 Held-out transition compatibility by entry and exit class. (continued)

Launch

Boundary 3119 0% 0% non-continuing class

In flight 27703 100% 0% compatible continuation

Post-launch

degraded
38298 100% 0% compatible continuation

ecovery

Boundary 3945 0% 0% non-continuing class

In flight 4438 100% 0% compatible continuation

Recovery 10497 5.7% 0% partly compatible

Entry class Exit class Replays Compatible
Hard

failure
Validation result

G.1.2 Supplementary Viability Governor Tuning Statistics

Table G.4 Viability governor tuning result by library tier and spatial memory history length. Mean

terminal energy reserve is in metres.

No-cluster

0 50 58% 54% 16% 6% 8% 0% 1.87 47.2

3 50 58% 54% 16% 6% 8% 10% 1.87 47.2

10 50 58% 54% 16% 6% 8% 10% 1.87 47.2

30 50 58% 54% 16% 6% 8% 12% 1.87 47.2

Super-light

0 50 58% 54% 14% 8% 8% 0% 1.87 48.4

3 50 58% 54% 14% 8% 8% 6% 1.87 48.4

10 50 58% 54% 14% 8% 8% 4% 1.87 48.4

30 50 58% 54% 14% 8% 8% 8% 1.87 48.4

Light

0 50 58% 54% 16% 6% 8% 0% 1.86 47.2

3 50 58% 54% 16% 6% 8% 4% 1.86 47.2

10 50 58% 54% 16% 6% 8% 4% 1.86 47.2

30 50 58% 54% 16% 6% 8% 6% 1.86 47.2

Balanced

0 50 58% 54% 14% 8% 8% 0% 1.87 48.4

3 50 58% 54% 14% 8% 8% 6% 1.87 48.4

10 50 58% 54% 14% 8% 8% 6% 1.87 48.4

30 50 58% 54% 14% 8% 8% 8% 1.87 48.4

Heavy

0 50 54% 50% 24% 8% 10% 0% 1.83 33.6

3 50 54% 50% 24% 8% 10% 0% 1.83 33.6

10 50 54% 50% 24% 8% 10% 0% 1.83 33.6

30 50 54% 50% 24% 8% 10% 0% 1.83 33.6

Library
History

h
Runs Safe

Exit

face

Hard

failure

No

viable

Lateral

wall

Memory

switch

Mean

Hres

Mean

Jsim
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Table G.5 Selector runtime audit by primitive library tier. Timing values are in milliseconds.

No-cluster 1605 1976 108.9 144 278.1 1228.2 1895.0 33.7%

Super-light 374 1980 28.1 41 155.4 796.9 1170.3 62.3%

Light 208 1980 15.3 23 95.4 510.4 909.6 67.9%

Balanced 112 1988 7.4 18 60.4 355.1 616.5 81.5%

Heavy 40 1960 3.0 10 49.6 195.8 5223.6 93.5%

Library Size Decisions
Mean

candidates

Max can-

didates

Mean

time

99th

time

Max

time
T < 0.100

G.1.3 Supplementary Simulated Mission Statistics

Table G.6 Mission simulation by held-out environment ladder and launch speed for the balanced

controller. Mean terminal specific energy is in metres.

Still-air

4.0–5.0 35 0% 0% 0% 34.3% 0% 1.17 −13.7

5.0–6.0 45 40% 31.1% 37.8% 22.2% 8.9% 1.37 −15.8

6.0–7.0 41 82.9% 73.2% 12.2% 4.9% 9.8% 1.96 68.0

≥ 7.0 59 79.7% 74.6% 11.9% 8.5% 5.1% 2.65 71.7

Fixed single-fan

4.0–5.0 35 5.7% 5.7% 0% 28.6% 0% 1.15 −3.5

5.0–6.0 45 71.1% 60% 22.2% 6.7% 11.1% 1.39 47.3

6.0–7.0 41 97.6% 90.2% 0% 2.4% 7.3% 2.09 112.3

≥ 7.0 59 93.2% 83.1% 5.1% 1.7% 10.2% 2.80 96.0

Fixed four-fan

4.0–5.0 35 51.4% 51.4% 2.9% 8.6% 2.9% 1.29 68.7

5.0–6.0 45 93.3% 75.6% 4.4% 2.2% 17.8% 1.75 94.8

6.0–7.0 41 100% 92.7% 0% 0% 7.3% 2.31 126.9

≥ 7.0 59 100% 94.9% 0% 0% 5.1% 3.03 128.4

Fan parameter
variation

4.0–5.0 35 22.9% 22.9% 5.7% 17.1% 5.7% 1.14 21.5

5.0–6.0 45 82.2% 57.8% 13.3% 4.4% 31.1% 1.49 52.7

6.0–7.0 41 95.1% 87.8% 4.9% 0% 9.8% 2.21 113.6

≥ 7.0 59 100% 93.2% 0% 0% 6.8% 2.96 124.5

Local fan-position
variation

4.0–5.0 35 28.6% 28.6% 5.7% 17.1% 5.7% 1.10 29.4

5.0–6.0 45 75.6% 60% 15.6% 8.9% 24.4% 1.49 56.4

6.0–7.0 41 90.2% 85.4% 9.8% 0% 12.2% 2.18 105.4

≥ 7.0 59 98.3% 93.2% 1.7% 0% 5.1% 2.97 124.2

Active-fan-count
variation

4.0–5.0 35 11.4% 8.6% 0% 22.9% 2.9% 1.16 1.2

5.0–6.0 45 60% 46.7% 35.6% 4.4% 15.6% 1.41 15.6

6.0–7.0 41 92.7% 82.9% 2.4% 4.9% 9.8% 2.07 98.3

≥ 7.0 59 91.5% 86.4% 0% 8.5% 5.1% 2.78 105.9

Environment ∥v(t0)∥ Runs Safe
Exit

face

Hard

failure

No

viable

Lateral

wall

Mean

Hres

Mean

Jsim

Continued on the next page.
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Table G.6 Mission simulation by held-out environment ladder and launch speed for the balanced

controller. Mean terminal specific energy is in metres. (continued)

Full-environment
variation

4.0–5.0 35 5.7% 2.9% 0% 20% 2.9% 1.16 −5.3

5.0–6.0 45 62.2% 46.7% 28.9% 8.9% 15.6% 1.41 19.5

6.0–7.0 41 92.7% 82.9% 4.9% 2.4% 9.8% 2.08 97.7

≥ 7.0 59 89.8% 84.7% 3.4% 6.8% 5.1% 2.79 100.5

Full-domain variation

4.0–5.0 35 0% 0% 2.9% 22.9% 2.9% 1.09 −12.0

5.0–6.0 45 48.9% 40% 35.6% 15.6% 11.1% 1.29 2.4

6.0–7.0 41 80.5% 68.3% 12.2% 7.3% 14.6% 1.90 65.7

≥ 7.0 59 81.4% 76.3% 11.9% 6.8% 10.2% 2.63 78.0

Environment ∥v(t0)∥ Runs Safe
Exit

face

Hard

failure

No

viable

Lateral

wall

Mean

Hres

Mean

Jsim

Table G.7 Mission simulation by primitive library tier and spatial memory history length for

∥v(t0)∥ ≥ 5.0m s−1. Mean terminal specific energy is in metres.

No-cluster

0 1160 83.8% 75.1% 11.9% 4.3% 10.3% 0% 2.19 80.9

3 1160 83.9% 75.2% 11.9% 4.2% 10.2% 11.4% 2.19 81.1

10 1160 83.9% 75.2% 11.9% 4.2% 10.2% 12.1% 2.19 81.1

30 1160 83.7% 75.1% 12.1% 4.2% 10.3% 12.8% 2.19 80.8

Super-light

0 1160 82.7% 73.4% 12.9% 4.4% 11.9% 0% 2.19 77.4

3 1160 82.8% 73.5% 12.8% 4.4% 11.8% 9.3% 2.19 77.6

10 1160 82.8% 73.5% 12.8% 4.4% 11.8% 9.7% 2.19 77.6

30 1160 82.7% 73.5% 12.9% 4.4% 11.8% 10.3% 2.19 77.6

Light

0 1160 83.3% 74.2% 12.2% 4.6% 10.9% 0% 2.19 79.3

3 1160 83.4% 74.3% 12.1% 4.6% 10.8% 7.1% 2.19 79.6

10 1160 83.4% 74.3% 12.1% 4.6% 10.8% 7.5% 2.19 79.6

30 1160 83.3% 74.2% 12.2% 4.6% 10.9% 8.1% 2.19 79.3

Balanced

0 1160 83.9% 74.6% 10.9% 5.3% 10.8% 0% 2.19 80.6

3 1160 84.1% 74.8% 10.7% 5.2% 10.7% 7.1% 2.19 81.2

10 1160 84.1% 74.8% 10.7% 5.2% 10.7% 7.6% 2.19 81.2

30 1160 83.9% 74.6% 10.9% 5.2% 10.8% 7.7% 2.19 80.6

Heavy

0 1160 80% 70.3% 14.2% 5.8% 11% 0% 2.13 71.2

3 1160 80% 70.3% 14.6% 5.4% 11% 2.7% 2.13 71.0

10 1160 80% 70.3% 14.6% 5.4% 11% 2.8% 2.13 71.0

30 1160 80% 70.3% 14.6% 5.4% 11% 2.9% 2.13 71.0

Library
History

h
Runs Safe

Exit

face

Hard

failure

No

viable

Lateral

wall

Memory

switch

Mean

Hres

Mean

Jsim
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G.2 Real-Flight Experiment Result

Table G.8 Still-air flight test records.

Controller Throws Exit face Floor impact Lateral wall Other Mean Hres

Open-loop 10 3/10 (30.0%) 7/10 (70.0%) 0/10 (0.0%) 0/10 (0.0%) 1.63m

Closed-loop 30 28/30 (93.3%) 2/30 (6.7%) 0/30 (0.0%) 0/30 (0.0%) 1.75m

- with memory 30 21/30 (70.0%) 9/30 (30.0%) 0/30 (0.0%) 0/30 (0.0%) 1.77m

Table G.9 Single-fan updraft flight test records.

Controller Throws Exit face Floor impact Lateral wall Other Mean Hres

Open-loop 10 6/10 (60.0%) 4/10 (40.0%) 0/10 (0.0%) 0/10 (0.0%) 1.51m

Closed-loop 30 24/30 (80.0%) 6/30 (20.0%) 0/30 (0.0%) 0/30 (0.0%) 1.64m

- with memory 1st 30 21/30 (70.0%) 9/30 (30.0%) 0/30 (0.0%) 0/30 (0.0%) 1.59m

- with memory 2nd 30 23/30 (76.7%) 5/30 (16.7%) 0/30 (0.0%) 2/30 (6.7%) 1.66m

Table G.10 Four-fan updraft flight test records.

Controller Throws Exit face Floor impact Lateral wall Other Mean Hres

Open-loop 10 1/10 (10.0%) 9/10 (90.0%) 0/10 (0.0%) 0/10 (0.0%) 1.12m

Closed-loop 30 18/30 (60.0%) 11/30 (36.7%) 0/30 (0.0%) 1/30 (3.3%) 1.77m

- with memory 1st 30 16/30 (53.3%) 14/30 (46.7%) 0/30 (0.0%) 0/30 (0.0%) 1.62m

- with memory 2nd 30 18/30 (60.0%) 12/30 (40.0%) 0/30 (0.0%) 0/30 (0.0%) 1.58m

Table G.11 Randomised three-fan updraft flight test records.

Controller Throws Exit face Floor impact Lateral wall Other Mean Hres

Open-loop 10 3/10 (30.0%) 6/10 (60.0%) 1/10 (10.0%) 0/10 (0.0%) 1.63m

Closed-loop 30 26/30 (86.7%) 4/30 (13.3%) 0/30 (0.0%) 0/30 (0.0%) 1.90m

- with memory 30 21/30 (70.0%) 5/30 (16.7%) 2/30 (6.7%) 2/30 (6.7%) 1.85m

Table G.12 Randomised four-fan updraft flight test records.

Controller Throws Exit face Floor impact Lateral wall Other Mean Hres

Open-loop 10 2/10 (20.0%) 7/10 (70.0%) 1/10 (10.0%) 0/10 (0.0%) 1.74m

Closed-loop 20 18/20 (90.0%) 0/20 (0.0%) 2/20 (10.0%) 0/20 (0.0%) 1.85m

Closed-loop 10 10/10 (100.0%) 0/10 (0.0%) 0/10 (0.0%) 0/10 (0.0%) 1.80m

- with memory 30 27/30 (90.0%) 3/30 (10.0%) 0/30 (0.0%) 0/30 (0.0%) 1.96m
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